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Preface

We are three veterinary students in our last year of study who have chosen to specialize in
scientific research to explore and become more familiar with scientific investigation,
methodology and analysis. Due to a common interest in virology and aquaculture we wanted to
immerse ourselves in these topics, and fortunately we got the opportunity to work with the
virology team at the Department of Paraclinical Sciences at the Faculty of Veterinary Medicine
and their ongoing research on Piscine orthoreovirus-1 (PRV-1). Today PRV-1 is the most
widespread virus in Norwegian Atlantic salmon aquaculture and the causative agent of the
important and emerging disease heart and skeletal muscle inflammation (HSMI). Improved
knowledge about PRV-1 and HSMI is important for the future productivity and sustainability
of the aquaculture sector and working on such a significant project has been incredibly

motivating and rewarding as well as an educational process.
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Abstract
Title: Sequence Analysis of PRV-1 Isolates Pre- and Post-emergence of HSMI
Authors: Thea Carlsson, Anette Edvardsen and Anneli Yrjonheikki

Supervisors: Espen Rimstad, @ystein Wessel and Nina Askim Vatne, Department of

Paraclinical Sciences

Piscine orthoreovirus-1 (PRV-1) is the causative agent of heart and skeletal muscle
inflammation (HSMI) in farmed Atlantic salmon, first described in Norway in 1999. Not all
infected fish develop HSMI, and the virus has been revived from archived samples dating back
to 1988, leading to a hypothesis that viral evolution has generated new genotypes with increased
virulence contributing to disease development. The objective was to identify PRV-1 isolates
present in Norwegian farmed salmon in the years before and after 1999. Archived samples from
Norwegian farmed salmon, comprising 204 samples from 1987-2008, were screened for PRV-
1. Coding sequences were obtained for segment S1, S4, M2, L1 and L2, putatively linked to
virulence, from six isolates. Phylogenetic analysis and genogrouping was performed. Screening
displayed that PRV-1 was common in farmed salmon predating the first described HSMI-
outbreak, and sequence analysis demonstrated a mixture of assumed high and low virulent
isolates following 1999. Coinfection with isolates belonging to different phylogenetic groups
was demonstrated in two fish from 1998 and 2005. Co-infection is a prerequisite for
reassortment, linked to the hypothesis of the origin of the high virulent strains through
evolution. In the presumed receptor binding protein o1, a new amino acid change was

discovered (E254K).
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Sammendrag (Abstract in Norwegian)

Tittel: Sekvensanalyse av PRV-1-isolater fra tidsrommet da HSMI brgt ut i Norge
Forfattere: ~ Thea Carlsson, Anette Edvardsen og Anneli Yrjonheikki
Veiledere: Espen Rimstad, @ystein Wessel og Nina Askim Vatne, Institutt for parakliniske

fag

Piscine orthoreovirus-1 (PRV-1) er arsaken til hjerte- og skjelettmuskelbetennelse (HSMB) hos
oppdrettslaks, farst beskrevet i Norge i 1999. Alle PRV-1-infiserte fisk utvikler imidlertid ikke
HSMB og viruset har blitt detektert helt tilbake til 1988, som har fort til en hypotese om at viral
evolusjon har generert nye genotyper med gkt virulens som har bidratt til sykdomsutvikling.
Hovedmalet med studien var & kartlegge genomet til PRV-1-isolater far og etter farste
beskrevne HSMB-utbrudd. 204 arkiverte prgver fra norsk oppdrettslaks fra 1987-2008 ble
screenet for PRV-1. Kodende sekvens ble sekvensert for segment S1, S4, M2, L1 og L2, antatt
koblet til virulens, fra seks isolater. Fylogenetisk analyse og genogruppering ble utfart.
Screeningen viste at PRV-1 var et vanlig forekommende virus hos oppdrettslaks allerede far
det farste beskrevne HSMB-utbruddet og sekvensanalysen demonstrerte en blanding av antatt
hayvirulente og lavvirulente isolater i tidsperioden etter 1999. Studien paviste ogsa koinfeksjon
med to isolater tilhgrende ulike fylogenetiske grupper hos to fisk, fra 1998 og 2005.
Koinfeksjon er en forutsetning for reassortering, som knyttes til hypotesen om at hgyvirulente
stammer har oppstatt gjennom reassortering av ulike lavvirulente stammer. | det antatt

reseptorbindende proteinet c1 ble det oppdaget en ny aminosyreendring (E254K).
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Definitions and Abbreviations

Aa

Ambiguous nucleotide

Bp
cDNA
CMS

Codon

Co-infection

Ct

ddNTP
DEPC water
dNTP

DPBS

DTT
dsRNA
EF10B
HSMI

ISA

IPN

IUPAC nucleotide codes
MRNA

MRV

Amino acid

Position with > two peaks in a chromatogram, where the
smallest is at least half as tall as the tallest peak

Base pair

Complementary DNA

Cardiomyopathy syndrome

Three succeeding nucleotides in a DNA or RNA sequence,
together forming a unit encoding a particular amino acid
Virology; simultaneous infection of a single cell by two or more
virus particles

Cycle threshold

Dideoxynucleotide triphosphate

Diethyl pyrocarbonate water

Deoxynucleotide triphosphate

Dulbecco’s phosphate buffered saline

Dithiothreitol

Double stranded RNA

Elongation factor 1aB of Atlantic salmon

Heart and skeletal muscle inflammation

Infectious salmon anemia

Infectious pancreatic necrosis

International letter codes for describing ambiguous nucleotides
Messenger RNA

Mammalian orthoreovirus
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NCBI National Center for Biotechnology Information

NMBU Norwegian University of Life Sciences

NVI Norwegian Veterinary Institute

ORF Open reading frame, a portion of an RNA sequence that, when

translated into amino acids, contains no stop codons

PD Pancreas disease

PCR Polymerase chain reaction

PRV Piscine orthoreovirus

gPCR Quantitative polymerase chain reaction

Reading frame One of three possible ways to translate an RNA strand

RNA Ribonucleic acid

RT-gPCR Reverse transcriptase quantitative polymerase chain reaction
Salmonid species Taxonomic; Family Salmonidae

Secondary peaks Position with > two peaks in a chromatogram

Silent mutation A single nucleotide change within a protein-coding portion of a

gene that does not affect the amino acid sequence
TAE Tris-acetate-EDTA

UTR Untranslated region

10
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Introduction

Atlantic Salmon Aquaculture in Norway

Aquaculture is the fastest growing animal food-production sector globally and Atlantic salmon
(Salmo salar) is one of the species that is extensively used in fish farming (FAO, 2022). In
2021, the total global production of farmed Atlantic salmon was approximately 2,7 million
metric tons (Statista, 2022). Norway is the largest salmon farming nation in the world
accounting for more than 50 % of the total global production (The Norwegian Directorate of
Fisheries, 2022). The global aquaculture sector is still growing, and is expected to expand

further (FAO, 2022).

The Norwegian salmon farming has its origin in the 1970s, when the pioneers Ove and Sivert
Grgntvedt slaughtered 20 000 salmon smolt from octagonal fish cages in Laksavika on the
Norwegian west coast. This is considered as the first successful salmon fish farm in the world
and has laid the foundation of modern Atlantic salmon aquaculture worldwide. Salmon farming
became an industry in Norway during the 1980s, and the sector has over the last decades grown
and developed at a rapid pace with a total production of roughly 1,5 million metric tons in 2021
(see figure 1). The rapid expansion and intensification have given rise to challenges that impact
mortality, growth rate and slaughter quality (Norwegian Seafood Council, 2020; The

Norwegian Directorate of Fisheries, 2022).

11



Thea Carlsson, Anette Edvardsen og Anneli Yrjonheikki — Historical PRV-1 Isolates

1,800,000
1,600,000
1,400,000
1,200,000
1,000,000
800,000
600,000
400,000

200,000

=—8— Metric ton round weight

Figure 1. Total slaughtered salmon in Norway from 1998-2021. The Norwegian Directorate of Fisheries.
(2022). Salg 1994-2021. Available at: https://www.fiskeridir.no/Akvakultur/Tall-og-analyse/Akvakulturstatistikk
-tidsserier/Laks-regnbueoerret-og-oerret/Matfiskproduksjon (accessed 12.09.2022).

One of the greatest threats to the aquaculture sector is emerging infectious diseases, due to their
negative impact on both welfare, environment and profit through loss of biomass and reduced
slaughter quality (Aldrin et al., 2009). Large-scale farming of a monoculture at high stocking
density as well as transportation of fish and equipment over large geographic distances provides
optimal conditions for the spread of infectious diseases. The salmon farming industry has
encountered several challenges related to various bacterial, viral and parasite infections since

its beginning in 1970, such as furunculosis, infectious salmon anemia (ISA) and salmon lice.

Disease prevention and control is essential to ensure a sustainable farming industry, both
ecologically and economically. Immunoprophylaxis has been an important tool in preventing

and controlling some of the most common infectious diseases, primarily bacterial (Gudding &

12
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Van Muiswinkel, 2013), which has been crucial for the rapid growth in the industry. Some of
the first effective vaccines were introduced against several of the most prevalent bacterial
diseases in the 1980s, i.e., classical and cold water vibriosis and furunculosis. The control of
furunculosis was pivotal and led to a linear growth in the industry as well as a massive decrease
in the use of antibiotics (Gravningen & Berntsen, 2008). Vaccines against viral diseases have
not had the same success as for bacterial diseases, and several viral diseases therefore still pose

a significant threat to the industry today (Aldrin et al., 2009).

The most important viral diseases in Norway today are heart and skeletal muscle inflammation
(HSMI), cardiomyopathy syndrome (CMS), pancreas disease (PD) and infectious salmon
anemia (ISA). Out of these, HSMI was the most frequently reported disease in 2021 with a total
of 188 diagnoses (see table 1) (Norwegian Veterinary Institute, 2022). To be able to develop
methods for preventing and controlling these diseases in the future, in-depth knowledge about

the causative agents is crucial.

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
HSMI 162 142 134 181 135 101 93 104 79 161*  188*

CMS 74 89 100 107 105 90 100 101 82 154*  155*
IPN 154 119 56 48 30 27 23 19 23 22* 20*
ISA 1 2 10 10 15 12 14 13 10 23 25
PD 89 137 99 142 137 138 176 163 152 158 100

Table 1. Number of salmon farming sites in Norway with detected viral diseases from 2011-2021. For ISA
and PD, new locations with diagnosed disease are shown. For CMS, IPN and HSMI, annual disease diagnoses are
shown. *For the period 2011-2019, the number of diagnoses is based on cases submitted to the Norwegian
Veterinary Institute, while data made available from private laboratories is included for 2020 and 2021. Modified
table from: Norwegian Veterinary Institute. (2022). Norwegian Fish Health Report 2021. Norwegian Veterinary
Institute Report, series 2a/2022. Available at: https://www.vetinst.no/rapporter-og-publikasjoner/rapporter/2022/
fish-health-report-2021 (accessed 20.08.2022).

13
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Emergence and Spread of HSMI in Norway

In 1999, the first outbreak of a new and emerging disease in sea-caged Atlantic salmon was
reported in Trgndelag, Mid-Norway. The disease was characterized by observation of a unique
set of histopathological lesions in heart and skeletal muscle, and the disease was therefore
designated “heart and skeletal muscle inflammation” (Kongtorp et al., 2004a). In the following
years, the disease spread along the coast and became an increasing problem with a yearly
increase in the number of reported outbreaks (see figure 2) (Norwegian Veterinary Institute,

2012; Olsen, 2022).

180
160

140

120
100
8
6
4
2
111

1998 1999* 2000* 2001* 2002* 2003* 2004* 2005 2006 2007 2008 2009 2010

Figure 2. Annual HSMI-diagnosed locations in Norway from 1998-2010. *The numbers are uncertain as the
disease probably was underdiagnosed. Norwegian Veterinary Institute. (2012). The Health Situation in Norwegian
Aquaculture 2011. Norwegian Veterinary Institute Report. Available at: https://www.vetinst.no/rapporter-0g-
publikasjoner/rapporter/2012/fish-health-report-2011 (accessed 05.10.2022); Olsen, A. B. (2022). Number of
HSMI Qutbreaks 1999-2005 (e-mail to Anne Berit 04.10.2022)

o

o

o

o

o

Today numerous outbreaks of HSMI are reported annually in Norway (see table 1). HSMI was

classified as a notifiable disease in Norway from 2006 to 2014, with the highest number

14
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reported outbreaks in 2014 (Norwegian Veterinary Institute, 2015). The denotification of HSMI
in 2014, i.e. the diagnosis did not have to be verified by NVI, led to increased use of private
diagnostic laboratories, resulting in loss of overview of the total number annual HSMI
outbreaks and a decline in the number reported outbreaks declined the following years (see
table 1). It is assumed that the disease was highly underreported at this time, and the drop in
prevalence did therefore not necessarily reflect an actual decrease in disease outbreaks
(Norwegian Veterinary Institute, 2018). From 2020, results from private diagnostic laboratories
and the Norwegian Veterinary Institute have been merged, which has led to an increase in the
total number yearly outbreaks again. In 2021, the currently highest number of annual HSMI
diagnoses was reported, with a total of 188 diagnoses. Out of these outbreaks, 75 % were

reported in between January and July (Norwegian Veterinary Institute, 2022).

Heart and Skeletal Muscle Inflammation (HSMI)

HSMI is a transmissible viral disease affecting Atlantic salmon, usually occurring 5-9 months
after sea transfer during spring and early summer. Clinically affected fish display unspecific
symptoms such as anorexia and abnormal swimming behavior. The morbidity during an
outbreak can reach 100 %, while the mortality can vary from almost negligible up to 20 %.
Environmental and management stress such as delousing can predispose to the development of

disease (Kongtorp et al., 2004b).

Gross Pathology and Histopathology

Common autopsy findings indicate signs of circulatory failure and include pale heart, yellow

liver, swollen spleen, ascites and petechiae in perivisceral fat (Kongtorp et al., 2004Db).

15
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The diagnosis of HSMI is based on histopathological examination (Kongtorp et al., 2004a) and
the major histopathological changes are found in the heart and red skeletal muscle. Typical
lesions in the heart are epicarditis with different degrees of mononuclear inflammatory cell
infiltrations, inflammation in the endocardium and sometimes myocardium, in severe cases
resulting in a pancarditis. Together with heart lesions, one often finds degeneration and necrosis
of red skeletal muscle. As a result of the heart failure, ischemic necrosis may develop in the

liver (Kongtorp et al., 2004b; Bjargen et al., 2015).

Piscine Orthoreovirus-1 (PRV-1) is the Causative Agent of HSMI

In 1999, at the time HSMI was first discovered, the etiology of the disease was unknown. In
2004, an infectious etiology was demonstrated through transmission of the disease to naive fish
by experimental injections with tissue homogenate from previously HSMI-diagnosed fish as
well as by cohabitation challenge. The experiment suggested viral etiology as no difference in
disease induction was observed between fish inoculated with inoculum containing antibiotics
and a non-treated inoculum (Kongtorp et al., 2004a). A later challenge experiment indicated
that the causal agent may be a non-enveloped virus through inoculation with tissue homogenate

pre-treated with chloroform (Kongtorp & Taksdal, 2009).

In 2010, a novel reovirus, given the name Piscine orthoreovirus (PRV), was discovered and
found to be associated with HSMI (Palacios et al., 2010). A causal relationship was later
confirmed as experimental infection with purified PRV-1 reproduced histopathological lesions
consistent with HSMI, which defined PRV-1 as the causative agent of HSMI in Atlantic salmon

(Wessel et al., 2017).

16
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PRV-1 can be detected in association with the heart lesions during development of HSMI,
underpinning the etiology of the disease (Finstad et al., 2012). Although the virus is mainly
known to induce heart pathology, the virus replicates to high titer in its main target cell
erythrocytes prior to the onset of cardiac lesions and this seems to be a consistent and important
part of the pathogenesis (Finstad et al., 2014). It has also been shown that PRV can infect
macrophages (Malik et al., 2019). The heart lesions eventually resolve after an HSMI outbreak.
However, the virus is not cleared from the fish but causes a persistent infection (Garver et al.,

2016).

Piscine Orthoreovirus-1 (PRV-1)

Piscine orthoreovirus (PRV) belongs to the family Spinareoviridae (formerly called
Reoviridae), genus Orthoreovirus (International Committee of Taxonomy of Viruses, s.a.). The
type species of genus Orthoreovirus is Mammalian orthoreovirus (MRV). MRV is associated
with rare diseases in young humans, including celiac disease (Bouziat et al., 2017), and has
been extensively used as a model virus in virology research. Based on phylogenetic relationship
between MRV and PRV and similarities in secondary and tertiary protein structure, MRV has
been used as a model to study PRV viral structure, viral replication and function of viral proteins
(Schiff et al., 2007; Markussen et al., 2013). Gene segments, PRV proteins and functional
properties are in the following described based on studies of MRV, assuming similarity (see

table 2).

There are currently three known strains of PRV called PRV-1, PRV-2 and PRV-3, which are
associated with different diseases in different salmonid species. PRV-1 is the causative agent
of HSMI in Atlantic salmon (Salmo salar) (Wessel et al., 2020; Polinski et al., 2020). PRV-2

causes erythrocytic inclusion body syndrome (EIBS), a disease that can induce mass mortality

17
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in Coho salmon (Oncorhynchus kisutch) (Takano et al., 2016). PRV- 3 is associated with heart
inflammation in Rainbow trout (Oncorhynchus mykiss) (Olsen et al., 2015). The present study

will only focus on PRV-1.

Virus Particle and Genome

The PRV virion is spherical, non-enveloped with a double-layered icosahedral capsid, like all
Spinareoviruses (see figure 4) (Joklik, 1981). The genome is linear, segmented dsRNA,
consisting of ten segments grouped into three different groups based on nucleotide sequence
length: small (S1-S4), medium (M1-M3) and large (L1-L3) (see figure 3) (Palacios et al., 2010).
Each segment codes for one protein, except for S1 which is bicistronic, i.e. codes for two
proteins. Thus, the genome encodes a total of at least eleven proteins, however S2 and L2 are

also potentially bicistronic encoding hypothetical proteins (Markussen et al., 2013).

3916
vl sorre-ssey

3935

LZ__

1397—+1693
3911

1081

31,,”_

108=482

Figure 3. The PRV genome. Gene segments are assigned according to MRV. Open reading frames (ORFs) and
putative encoded proteins are indicated by regions in grey, with start and end positions indicated. Non-translated
regions (UTR’s) at gene segment ends are indicated by regions in black. Gene segment S1 is bicistronic. S2 and
L2 are possibly bicistronic. Markussen, T., Dahle, M., K., Tengs, T., Lavoll, M., Finstad, &., W., Wiik-Nielsen,
C., R, Grove, S., Lauksund, S., Robertsen, B. & Rimstad, E. (2013). Sequence Analysis of the Genome of Piscine
Orthoreovirus (PRV) Associated with Heart and Skeletal Muscle Inflammation (HSMI) in Atlantic Salmon (Salmo
Salar). PLoS ONE, 8 (7). doi:10.1371/journal.pone.0070075.
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Segment Protein Length bp (aa) Structural/non-structural (predicted location/function)

S1 o3 1081 (330) Structural (outer capsid protein, zinc metalloprotein)
p13 (124) Non-structural (integral membrane protein, cytotoxic)
S2 o2 1329 (420) Structural (inner capsid protein, RNA binding)
p8 Hypothetical protein
S3 oNS 1143 (354) Non-structural (virus inclusion formation)
sS4 cl 1040 (315) Structural (outer capsid protein, cell attachment protein)
M1 p2 2383 (760) Structural (NTPase, RNA triphosphatase, RNA binding)
M2 ul 2179 (687) Structural (outer capsid protein, membrane penetration)
M3 uNS 2403 (752) Non-structural (virus inclusion formation)
L1 A3 3916 (1286) Structural and non-structural (RNA-dependent RNA polymerase)
L2 A2 3935 (1290) Structural (guanylyltransferase, methyltransferase)
pll Hypothetical protein
L3 A 3911 (1282) Structural (helicase, NTPase, RNA triphosphatase)

Table 2. List of the PRV encoded proteins and their predicted location and functional properties from
comparative studies with MRV. Modified table from: Markussen, T., Dahle, M., K., Tengs, T., Lavoll, M.,
Finstad, @., W., Wiik-Nielsen, C., R, Grove, S., Lauksund, S., Robertsen, B. & Rimstad, E. (2013). Sequence
Analysis of the Genome of Piscine Orthoreovirus (PRV) Associated with Heart and Skeletal Muscle Inflammation
(HSMI) in Atlantic Salmon (Salmo Salar). PLoS ONE 8 (7). doi: 10.1371/journal.pone.0070075.

The Outer Capsid

The outer capsid consists of the structural proteins 61, 63 and pl (see figure 4) (Joklik, 1981).
Most of the outer capsid is built up of 63 and p1, which together form a heterohexamer structure
coating the inner capsid (Joklik, 1981; Dryden et al., 1993). The outer capsid protein o1 is
associated with A2 turrets in the inner capsid and makes up the spikes of the outer capsid
(Dryden etal., 1993). In 1981, Lee et al. (cited in Dryden et al., 1993) characterized these spikes
as cell attachment proteins. The cell attachment protein is involved in the virus’ ability to bind
host cells and facilitate entry (Guglielmi et al., 2006). The outer capsid protein pl is believed
to play an important role in endosomal membrane penetration of the host cell (Nibert et al.,
2005). After entering a host cell, it is demonstrated that PRV-1 63 binds dsRNA, which is most

likely beneficial for modulating the host cell immune response (Wessel et al., 2015).
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The Inner Capsid

The inner capsid, containing the viral genome, consists of the proteins 62, 2, A1, A2 and A3
(Joklik, 1981). The two proteins A1 and 62 forms most of the inner core, while the other proteins
are present in smaller amounts (Schiff et al., 2007). The protein A3 is the RNA-dependent RNA
polymerase, responsible for viral transcription and replication (Markussen et al., 2013). This
protein can be categorized as both structural and non-structural, since the protein both have a
functional property, but also is a consistent part of the inner capsid (Joklik, 1981; Markussen et
al., 2013). The polymerase synthesizes non-polyadenylated mRNA from each dsRNA segment
inside the core, which are then translocated to the cell cytoplasm. This way the virus ensures
that the dSRNA is never exposed to cytoplasm, preventing activation of an antiviral response
by the host cell. The protein p2 is a minor structural RNA-binding protein, which displays
NTPase and RTPase activities and possibly can act as a co-factor for RNA polymerase
(Brentano et al., 1998; Markussen et al., 2013). The protein A2 is a capping enzyme that contains
guanylyltransferase and methyltransferase activities, necessary to generate the 5’-terminal cap
on virally encoded mRNAs, creating stable, mature mRNA (Markussen et al., 2013). It is
arranged in pentamers of twelve copies, forming turrets that project the inner capsid. The

capped mRNA exists through this protein (Reinisch et al., 2000).

Non-structural Proteins

The non-structural proteins uNS, 6NS and p13 are not a part of the viral particle itself. uNS and
oNS are responsible for organizing viral factories in MRV (Becker et al., 2003). For PRV it has
been shown that uNS forms viral factory-like structures to where cNS among A1 and p2 are
recruited (Haatveit et al., 2016). The protein p13 is a cytotoxic integral membrane protein,
however, the cytotoxic function has not been determined in vivo but it is likely to be involved

in molecular interaction with the host (Key et al., 2013; Dhamotharan et al., 2019).
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Figure 4. Schematic representation of PRV. Structural proteins are represented. The protein in parenthesis is
categorized as both structural and non-structural. Modified figure from Vallejos-Vidal, E., Reyes-Ldpez, F. E.,
Sandino, A. M. & Imarai, M. (2022). Sleeping with the Enemy? The Current Knowledge of Piscine Orthoreovirus
(PRV) Immune response Elicited to Counteract Infection. Frontiers in Immunology, 13. doi:
10.3389/fimmu.2022.768621.

PRV-1 Virulence Differences

PRV-1 is Ubiquitous while HSMI is not

Today PRV-1 is ubiquitous in Norwegian aquaculture and nearly all farmed Atlantic salmon
undergo infection during a production cycle, but not all infected salmon develop HSMI (Wessel
et al., 2017). This is reflected in the fact that PRV-1 can be detected in both clinically affected
fish during HSMI outbreaks and clinically healthy fish with no reported disease as well as in
wild stock (Garseth et al., 2012; Lavoll et al.,, 2012). PRV-1 is also widespread in other
countries with large-scale Atlantic salmon farming, but the prevalence of HSMI appears to
differ (Wessel et al., 2020). HSMI has been reported in Scotland, Chile and Canada (Ferguson
et al., 2005; Godoy et al., 2016; Di Cicco et al., 2017). However, Canada have only reported a

few cases of clinical disease, despite the virus being widespread in the farmed Atlantic salmon
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population (Di Cicco et al., 2017, Polinski et al., 2019). Faroe Islands has also reported the

virus, but no clinical disease so far (Rimstad, 2022).

Challenge trials performed with Norwegian and Canadian PRV-1 isolates have given different
results regarding reproduction of HSMI. Challenge trials using Norwegian PRV -1 isolates have
repeatedly reproduced HSMI lesions, whereas trials using Canadian isolates have produced
little or no lesions consistent with HSMI (Polinski et al., 2019, Garver et al., 2016). The field
observations and challenge trials indicated that unknown viral, host or environmental factors

are important for development of HSMI (see figure 5).

Environment

Figure 5. Epidemiologic triangle displaying the interaction of virus, host and environment for development
of disease.

PRV-1 Virulence Differences Confirmed in Challenge Trial

Confirmation of the hypothesized difference in virulence was provided by a standardized dose
challenge trial, which demonstrated that PRV-1 isolates differ in their ability to induce HSMI.
The challenge trial compared three historical Norwegian isolates sampled before the first

reported outbreak of HSMI (NOR-1988, NOR-1996 and NOR-1997), two modern Norwegian
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field isolates (NOR-2018/NL and NOR-2018/SF) and one Canadian isolate (CAN 16-005ND)

(Wessel et al., 2020).

The two Norwegian field isolates from 2018 both induced histopathological lesions in the heart
and red skeletal muscle consistent with HSMI, while the three historical Norwegian and the
Canadian isolate only resulted in mild lesions. Based on the findings, the isolates were
characterized as high virulent (NOR-2018/NL and NOR-2018/SF) or low virulent (NOR-1988,
NOR-1996, NOR-1997 and CAN 16-005ND) (Wessel et al., 2020). Segment S1, S4, M2, L1
and L2 were found to differentiate between the high and low virulent isolates, which have

putatively linked these segments to virulence.

Mechanisms of Viral Evolution

Virulence differences derive from viral evolution. All viruses can change and evolve through
altering of their genomes through point mutations and recombination. Point mutations occur
when a single base pair is changed, added or deleted due to errors made by the polymerase. In
general, RNA viruses exhibit high mutation rates, but the mutation rate of double stranded RNA
viruses is lower than that of single stranded RNA viruses, and the length of the genome has a
negative correlation to the mutation rate (Sanjuan & Domingo-Calap, 2016). An exchange of a
single base pair alters the codon and can in some cases result in a codon encoding a different
amino acid than originally. Other base exchanges do not alter the encoded amino acid and are
therefore regarded as silent mutations. It is therefore natural that the nucleotide sequence often
varies more than the amino acid sequence. A single base insertion or deletion can on the other

hand change the entire reading frame and therefore every subsequent amino acid in the protein.
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RNA recombination is a process where the RNA polymerase switches from one template RNA
molecule to another during synthesis, resulting in a mRNA with mixed ancestry (Simon-Loriere
& Holmes, 2011). Recombination often occurs for non-segmented RNA viruses with positive-
sense RNA genome and can happen anywhere in the genome (McDonald et al., 2016).
Segmented viruses, like PRV-1 and other Spinareoviruses, can also alter their genome through
reassortment, where entire segments are exchanged between different viruses. Both
recombination and reassortment can only occur during co-infections (see figure 6), where a cell

is infected with two or more virus particles of the same virus (Simon-Loriere & Holmes, 2011).

[ Mutation ] [ Recombination ] [ Reassortment ]
Strain A Strain A Strain B Strain A Strain B
: Co-infection ZE Co-infection j;

RNA polymerase

!

RNA polymerase

Figure 6. Mechanisms of viral genome evolution through point mutations, recombination and reassortment.

Most viral mutations confer no benefit to the virus or can be deleterious, while others can be
advantageous. If the change is advantageous or indifferent for the virus, it will continue to
replicate. This does not alter the other virus particles; they will also continue replication. Over
time, selection pressure will optimize the virus’ fitness to environmental changes, and it is a

continuous way of evolution. In this way it is possible to get many different isolates that
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originate from one virus particle. The rapid rate of viral mutation combined with natural
selection allows viruses to quickly adapt to changes in their host environment. High fish density
in sea pens in combination with the short generation time of viruses provides optimal conditions

for viral replication and therefore facilities viral evolution.

Genogrouping: High and Low Virulent Isolates

Recently sampled PRV-1 isolates in Norwegian aquaculture have been identified and
genogrouped through a system based on combinations of the five genomic segments putatively
linked to virulence (S1, S4, M2, L1 and L2) (see table 3). Segment S1, M2, L1 and L2 were
phylogenetically grouped into Group A or B, while S4 was analyzed with respect to single
amino acid substitutions due to a conserved nucleotide sequence. Segments S1 and M2
displayed the same phylogenetic clustering, indicating a co-evolution for these two segments.
The genogroups have been characterized as high virulent, low virulent or of unknown virulence

based on comparison with PRV-1 reference isolates of known virulence (Vatne et al., 2021).

The genogrouping of the recently sampled PRV-1 isolates revealed that we today have a variety
of both high virulent and low virulent isolates in Norway. Overall, both high virulent and low
virulent isolates have been identified throughout the coast, but the high virulent isolates show

a tendency to be more prevalent (Vatne et al., 2021).
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Genogroup Reference isolate(s) S1 (63), L1(A3) L2(2) S4(ol)
M2 (1)
High-1 NOR-2018/NL B A A D252N
High-2 NOR-2018/SF B A A V107A
Low-1 NOR-1997 B B B
Low-2 NOR-1996, NOR-1988, CAN 16-005ND A A A
Unknown-1 B B A
Unknown-2 B A A
Unknown-3 B B A D252N
Unknown-4 A A A D252N

Table 3. Categorization of PRV-1 into genogroups. The grouping is based on the phylogenetic grouping (Group
A or B) of S1 (63), M2 (ul), L1 (A3) and L2 (A2) in addition to the presence of S4 (c1) amino acid substitution
V107A or D252N. Eight genogroups have currently been identified, including High-1, High-2 and Low-1, Low-2
with reference isolates of known virulence. In addition, four genogroups of unknown virulence have been
identified (Unknown 1-4). Vatne, N., Stormoen, M., Lund, M., Devold, M., Rimstad, E. & Wessel, @. (2021).
Genetic grouping and geographic distribution of Piscine orthoreovirus-1 (PRV-1) in farmed Atlantic salmon in
Norway. Veterinary Research, 52. doi: 10.1186/513567-021-01000-1.

Limited Sequence Data during the Emergence of HSMI

The growing amount of sequence data from recently sampled PRV-1 isolates shows that we
today have a variety of both high virulent and low virulent isolates in Norway. A lot of the
variation appears to be a consequence of reassortment events from the ancestral isolates prior
to 1999 (NOR-1988, NOR-1996 and NOR-1997). However, there is only a limited number of
isolates from before the first reported outbreak of HSMI in 1999 and there is a lack of sequence
information from isolates in the recent years following 1999. Description of isolates from this
critical time at which HSMI emerged have the potential to explain the evolution of PRV-1

isolates from before the emergence of HSMI to the isolates that circulates in Norway today.
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Aims of Study

Main goal

The principal aim of the present study was to sequence PRV -1 isolates that circulated in farmed
Norwegian Atlantic salmon before and after the first reported clinical outbreak of HSMI in

1999.

Sub goals

1) Screen and identify PRV-1 positive samples from archived material collected before and

after 1999.

2) Sequence the PRV-1 positive samples, targeting segment S1, S4, M2, L1 and L2 because

of their putative link to virulence.
3) Compare the sequenced isolates to existing reference isolates of known virulence (NOR-

1988, NOR-1996, NOR-1997, NOR-2018/NL, NOR-2018/SF and CAN 16-005ND)

through phylogenetic analysis.
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Materials and Methods

Sample Overview

The study included 25 separate sample sets (see table 4) comprising a total of 204 single

samples (see appendix 1). The samples were collected from 1987 to 2008 and included both

whole fish, tissue, plasma and serum samples. Some samples were sampled in conjunction with

disease outbreaks, others were sampled for unknown reasons. The samples had been preserved

through freezing at different temperatures at Norwegian University of Life Sciences (NMBU)

and the Norwegian Veterinary Institute (NVI) (see appendix 2).

Sample set Year Number of samples Sample type Purpose of sampling
1 1987 33 Serum Unknown

2 1988 2 Plasma Disease outbreak
3 1988 5 Unknown Disease outbreak
4 1995 5 Plasma Disease outbreak
5 1996 9 Plasma Disease outbreak
6 1996 7 Plasma Disease outbreak
7 1996 16 Heart, spleen Suspected ISA

8 1997 4 Plasma Disease outbreak
9 1998 12 Kidney, spleen Suspected ISA
10 1998 20 Kidney, spleen Suspected ISA
11 1998 2 Plasma Disease outbreak
12 1999 10 Plasma Disease outbreak
13 2001 5 Plasma Disease outbreak
14 2004 6 Heart, head kidney, spleen  Suspected HSMI
15 2004 12 Heart, head kidney, spleen  Suspected HSMI
16 2004 3 Plasma Disease outbreak
17 2004 12 Heart, head kidney, spleen  Suspected HSMI
18 2004 6 Heart, head kidney, spleen  Suspected HSMI
19 2005 6 Heart, head kidney, spleen  Suspected HSMI
20 2005 3 Heart, head kidney, spleen  Suspected HSMI
21 2005 5 Plasma Disease outbreak
22 2007 9 Heart, head kidney, spleen  Suspected HSMI
23 2007 3 Heart, head kidney, spleen  Suspected HSMI
24 2007 6 Heart, head kidney, spleen ~ Suspected HSMI
25 2008 3 Heart, head kidney, spleen  Suspected HSMI

Table 4. Sample set overview. Overview of sample sets, number of samples in each sample set, year sampled,
type of samples and the purpose of sampling.
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Method Overview

The study was divided into three parts (see figure 7). The first part of the study aimed at
identifying PRV-1 positive samples. To achieve that, RNA was isolated from all the samples.
Some samples were stored as preprepared tissue samples, while others had to be retrieved from
whole fish through dissection before RNA isolation. The samples were initially screened for
PRV-1 through RT-gPCR. In the second part, cDNA was synthesized, amplified by PCR and
separated through agarose gel electrophoresis. Thereafter, the amplicons were extracted and
sequenced using Sanger sequencing. The third and final part of the study consisted of sequence

analysis and phylogenetic analysis.

e e Y
PART 1 PART 2 PART 3
PRV-1 Screening PRV-1 Sequencing Analysis
A S 4
s ' 0
METHOD METHOD PROGRAM
RNA isolation cDNA synthesis CLC main workbench
- J
Sequence analysis
Phylogenetic analysis
METHOD METHOD METHOD
Dissection RT-qPCR PCR
Retrieve Positive test
samples continues to
from whole part 2
fish

METHOD
Gel electrophoresis

SEND PRODUCT TO SEQUENCING

Figure 7. Method overview. The study was divided into three parts, consisting of PRV-1 screening, PRV-1
sequencing and analysis.
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PART 1: PRV-1 SCREENING

RNA Isolation

Preparation for RNA Isolation: Dissection of Whole Fish

The study material included 22 whole fish (see appendix 3), stored at —20 °C, that needed to be
dissected to prepare tissue samples for RNA isolation. Samples from the heart, head kidney and
spleen were retrieved from each fish and fixated in RNAlater (Invitrogen, Waltham,
Massachusetts, USA #AM7021) before proceeding with RNA isolation. To reduce the risk of
cross contamination, the worktable was cleaned, disposable equipment such as sheets and
gloves changed and reusable equipment such as scalpel holders and tweezers disinfected

between dissection of different fish. The retrieved samples were stored at —80 °C.

Principle of RNA Isolation

In general, RNA isolation consists of cell lysis and homogenization followed by separation and
retrieval of RNA. There are many techniques for RNA isolation, targeting total RNA or specific
variants of RNA. The methods used in the present study are isolation of total RNA through
organic extraction methods and filter-based spin basket formats. The first step requires effective
cell lysis to release the RNA followed by homogenization. This can be achieved using
mechanical methods, including high pressure and bead-beating, or non-mechanical methods,
including physical, chemical or enzymatic methods (Islam et al., 2017). After homogenization,
organic extractions methods, for example with phenol-chloroform-based extractions, use a
three-phase partition to separate the RNA. Filter-based methods do not generate the three-phase
separation but use silica-membrane based spin technology where spin columns capture RNA

(Thermo Fisher, s.a.a).
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RNA Isolation: Tissue

From tissue samples, preserved in RNAlater or through freezing at -80 °C, total RNA was
isolated using RNeasy Mini QIAcube Kit (Qiagen, Hilden, Germany #74116). Pinpoint sized
tissue pieces were dissected from the original samples and transferred to individual sample
tubes. To reduce the risk of cross contamination, disposable equipment such as scalpels and
petri dishes were exchanged between preparation of samples from different sample sets.
Subsequently, a solution of 98 % lysis buffer RLT (Qiagen) and 2 % dithiothreitol (DTT) (Bio-
Rad, Hercules, California, United States #1610611) and steel beads (Qiagen #69989) were
added to each sample before cell lysis and homogenization using TissueLyser Il (Qiagen) at 25
Hz for 8 minutes. After homogenization, the samples were centrifuged at 13 000 G for 3 minutes
using Centrifuge 5424 R (Eppendorf, Hamburg, Germany). The supernatant was collected, and
the following RNA isolation procedure was automated in QlIAcube (Qiagen), following the
manufacturer’s instructions. The total RNA was eluted in 30 pul RNase free water. The
concentration of the extracted RNA was quantified and the purity assessed using mySPEC
spectrophotometer (VWR, Randor, Pennsylvania, United States). After extraction, the RNA

samples were stored at -80 °C.

RNA Isolation: Plasma and Serum

Plasma and serum are cell-free fluids, and thus require a different protocol for RNA isolation
compared to the tissue samples described above. Two different protocols were used, QIAmMp

Viral RNA mini kit and Trizol LS protocol.

QlAamp Viral RNA Mini Kit

From plasma and serum, total RNA was mainly isolated using QlAamp Viral RNA Mini kit

(Qiagen #52904), according to the manufacturer’s instructions. RNA was isolated from 10 pL
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plasma diluted in 130 pL Dulbecco’s phosphate buffered saline (DPBS) (Thermo Fisher
Scientific, Waltham, Massachusetts, USA #14190094). Carrier RNA was used, which is useful
if there is a small amount of RNA in the sample because it enhances binding of RNA to the
membrane (Qiagen, 2020). The isolated RNA was eluted in 50 pL RNase free water and stored
at—80 °C. The RNA concentration was not quantified in the plasma and serum samples because

carrierRNA influences the measurement (Qiagen, 2020).

Trizol LS protocol

Total RNA was also isolated using a combination of Trizol LS protocol and RNeasy Mini
QIlAcube Kit (Qiagen #74116). This protocol was performed on a total of four samples (see
table 18) because of their special interest due to their year of origin and after unsuccessfully
PCR amplifications following isolation with QlAamp Viral RNA Mini kit. In brief, 50 pL of
plasma was diluted in 150 uL DPBS (Thermo Fisher Scientific), followed by cell lysis with 600
ML Trizol LS (Invitrogen #15596018) and homogenization by pipetting. After homogenization,
the samples were incubated at room temperature for 5 minutes. Chloroform was added and the
mixture was shocked manually for 15 seconds. The samples were then incubated at room
temperature for 2-3 minutes before centrifugation at 4 °C at 12 000 g for 15 minutes, separating
the phases. The aqueous phase was collected and proceeded with the RNeasy Mini QIAcube
Kit (Qiagen) as described by the manufacturer. The isolated RNA was eluted in 50 pL RNase

free water and stored at —80 °C.
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Quantitative Reverse Transcription PCR (RT-gPCR)

Principle of RT-gPCR

Quantitative reverse transcription PCR (RT-gPCR) is a method for detection and quantification
of specific RNA molecules in a sample. The method consists of reverse transcription of the total
RNA or mRNA to complimentary DNA (cDNA) by the enzyme reverse transcriptase, followed
by amplification and detection of the cDNA using quantitative PCR (qPCR), also referred to as
real-time PCR. RT-gPCR can be performed in one step or two step assays, depending on
whether the reverse transcription and qPCR are performed combined or as separate reactions

(Thermo Fisher, s.a.b).

The amplification consists of three steps, where the first step denatures the template, the second
step allows optimal annealing of primers, and the third step permits the DNA polymerase to
bind to the cDNA template and synthesize the PCR product (Lorenz, 2012). During each PCR
cycle, the quantity of DNA can be measured in real-time by using a variety of fluorescent
chemistries, for example through hydrolyzing probes. The fluorescence accumulates as the
cycles are repeated and can be detected as a visible curve on software, representing real time
amplification (SigmaAldrich, s.a.). Cycle threshold (Ct) is defined as the number of cycles
required for the fluorescent signal to cross a set threshold and are inversely logarithmic to the

amount of target nucleic acid in the sample.

One step RT-qPCR: Tissue

The isolated RNA from tissue was analyzed through a probe-based one step RT-qPCR,
targeting RNA of PRV-1 63 and the elongation factor 1aB (EF1aB) of Atlantic salmon (see
table 5). The EF1aB was included as a reference gene to control that the samples did not contain

RNases or inhibitors and that the RNA was not degraded. External, positive and negative
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controls were included. Diethyl pyrocarbonate (DEPC) water was used as a negative control to
reveal contamination of the qPCR mix, and PRV-1 virus as a positive control to verify that the

reagents were working, optimal conditions and consistency between different runs.

Primers/probes Primer sequence (5° > 3°) Accession number
PRV-1 63 S1-659 Fwd TGCGTCCTGCGTATGGCACC GU994022

PRV-1 63 S1-801 Rev GGCTGGCATGCCCGAATAGCA

PRV-1 63 S1-693 Probe FAM-ATCACAACGCCTACCT-MGBNFQ

EF10B Fwd TGCCCCTCCAGGATGTCTAC BG933897

EFl1oB Rev CACGGCCCACAGGTACTG

EF1aB Probe 6FAM-AAATCGGCGGTATTGG-MGBNFQ

Table 5. RT-qPCR primers and probes. The quencher and reporter dye of the probes are in italic. Accession
numbers in GenBank (NCBI) are shown in the right column.

RT-gPCR was performed using the Brilliant 111 Ultra-Fast qRT-PCR master mix kit (Agilent
Technologies, Santa Clara, California, United States #600885). The total input of isolated total
RNA per reaction was set to standard 100 ng (5 pL of 20 ng/uL). The template RNA was diluted
in DEPC water to obtain the correct RNA concentration, centrifuged and denatured at 95 °C for
5 minutes in Veriti 96-well Thermal Cycler (Thermo Fisher Scientific) to separate the strands
of the dsRNA. The same type of thermal cycler was used throughout gPCR, cDNA synthesis
and PCR. The master mixes of both PRV-1 63 and EF1oB were prepared after the protocol

described in table 6 and table 7.

Reagent Final concentration
Brilliant 111 Ultra-Fast QRT-PCR Master Mix (2X) (Agilent Technologies) 1X

RT/RNase Block (Agilent Technologies) 1:20*

Reference dye (1 mM) (Agilent Technologies) 0,03 uM

DTT (100 mM) (Agilent Technologies) 1000 uM

PRV-1 63 S1-659 Fwd (10 M) 0,4 M

PRV-1 63 $1-801 Rev (10 uM) 0,4 uM

PRV-1 63 $1-693 Probe (10 uM) 0,3 uM

Table 6. RT-qPCR reagents targeting PRV-1 ¢3 and their final concentration for tissue samples. The final
concentrations are based on earlier assays. *RT/RNase Block are provided as a ratio.
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Reagent Final concentration
Brilliant 111 Ultra-Fast QRT-PCR Master Mix (2X) (Agilent Technologies) 1X

RT/RNase Block (Agilent Technologies) 1:20*

Reference dye (1 mM) (Agilent Technologies) 0,03 uM

DTT (100 mM) (Agilent Technologies) 1000 uM

EF1aB Fwd (10 pM) 0,3 uM

EF1aB Rev (10 pM) 0,3 uM

EF1oB Probe (10 uM) 0,2 uM

RNase free water (Qiagen) 1:100*

Table 7. RT-gPCR reagents targeting EF1aB and their final concentration for tissue samples. The final
concentrations are based on earlier assays. *RT/RNase Block and RNase free water are provided as ratios.

All samples were run in duplicates, in addition to duplicates of positive and negative controls,
on AriaMx 96 well plates (Agilent Technologies, #401419). gqPCR was performed using

AriaMx Real-time PCR System (Agilent Technologies) using the protocol illustrated in table

8.

Step Temperature/time Cycle(s)
RT 50 °C /10 min 1X
Denaturation 95 °C/3 min 1X
Denaturation 95 °C/5 sec 40X
Annealing 60 °C/10 sec

Table 8. RT-gPCR cycle parameters for tissue samples.

The results were analyzed using the software AriaMx (Agilent). The fluorescence threshold
was set to 0.01 to assess which samples were positive for PRV-1. The average Ct value was
calculated for the duplicate Ct values, and samples were defined positive if both parallel

samples had a Ct value < 35.

One step RT-gPCR: Plasma and Serum

Detection of PRV-1 RNA from plasma and serum samples were performed by a probe-based

one step RT-gPCR, targeting PRV-1 3. Primers and probes are listed in table 5.
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RT-gPCR was performed using QIAGEN OneStep RT-PCR Kit (Qiagen #210212). The
reagent mixture was prepared with the conditions described in table 9. The plasma and serum
samples were centrifuged, preheated in a thermal cycler at 95 °C for 5 minutes and then
centrifuged again. The reagent mixture and template were added to AriaMx 96 well plates
(Agilent Technologies). PRV-1 o3 were set up as duplicates, in addition to external controls as
described under the tissue protocol. The plates were centrifuged, and then analyzed in AriaMx
Real-time PCR System (Agilent Technologies), following the protocol in table 10. The results

were analyzed as described under RT-gPCR for tissue samples.

Reagent Final concentration
QIAGEN OneStep RT-PCR Enzyme Mix (Qiagen) 1X

QIAGEN OneStep RT-PCR Buffer (5X) (Qiagen) 1X

dNTP Mix (10 mM) (Qiagen) 400 uM

Reference dye (Agilent Technologies) 0,03 uM

MgClI; (Invitrogen) 1260 uM

PRV-1 63 S1-659 Fwd (10 pM) 0,4 uM

PRV-1 63 S1-801 Rev (10 uM) 0,4 M

PRV-1 63 S1-693 Probe (10 uM) 0,3 uM

RNase free water (Qiagen) 17:100*

Table 9. RT-gPCR reagents targeting PRV-1 ¢3 and their final concentration for plasma and serum
samples. *RNase free water is provided as ratio.

Step Temperature/time Cycle(s)
RT 50 °C /30 min 1X
Denaturation 95 °C/15 min 1X
Denaturation 94 °C/15 sec 40X
Annealing 60 °C/30 sec

Extension 72°C/30 sec

Table 10. RT-gPCR cycle parameters for plasma and serum samples.
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PART 2: PRV-1 SEQUENCING

Selection Criteria for Sequencing

A subset of samples was subjected to sequencing based on the results from RT-gPCR and RNA
quality. A total of 24 samples, including two duplicates isolated with different RNA isolation
protocols described earlier, were selected based on the lowest Ct values (see table 18). For tissue
samples originating from the same sample set where all samples had similar Ct values, the RNA
concentration was taken into consideration. The highest RNA concentration was then
prioritized over the lowest Ct value. A few selected samples had Ct values > 30 but were chosen
because they were sampled from a period of special interest, years before and close to 1999.

These samples had the lowest Ct value from that specific time period.

cDNA Synthesis

Principle of Single Stranded cDNA Synthesis from dsRNA

On the molecular level cDNA can be single stranded or double stranded. For amplifying a gene
sequence through PCR, a single stranded cDNA is sufficient. Through reverse transcription,
using the RNA as a template, a cDNA strand is transcribed. The synthesis can be summed up
in three main steps all facilitated in a thermal cycler: primer annealing, DNA polymerization

and enzyme deactivation (Thermo Fisher, s.a.c).

cDNA Synthesis

cDNA synthesis was performed on all samples selected for sequencing, using Superscript 11l
(Invitrogen #18080085). The primer chosen for the synthesis was random hexamers (Thermo
Fisher Scientific #N8080127). A total of 20 pl cDNA was synthesized for all samples with a

concentration of 50 ng/ul.
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Firstly, mixture 1 was prepared in two steps (see table 11). The first step consisted of
preparation and denaturation of the RNA template. For tissue samples, the total input RNA was
set to 1000 ng and DEPC water was added to obtain a total reaction volume of 13 puL. For
plasma samples, with unknown RNA concentration, 11 puL undiluted template was used. The
RNA template was denatured at 95°C for 5 minutes. The second step consisted of adding
random hexamers and dNTPs to each template mixture, before incubating at 65 °C for 5
minutes. After incubation, mixture 2 (see table 12) was added to mixture 1. The RNA mixtures
were then incubated in a thermal cycler at 25 °C for 5 min, 50 °C for 60 min, 70 °C for 15 min

and then cooled down to 4 °C before stored at —20 °C.

Tissue Plasma and serum

Reagent Added volume Added volume
Step 1 RNA template 1000 ng 11l

DEPC water x uL -
Step 2 Random hexamers (250 ng) (Thermo Fisher 1 ulL 1 uL

Scientific)

dNTP Mix (10 mM) (Qiagen) 1 uL 1 uL

Total volume 13 uL 13 ul

Table 11. Mixture 1. Volume of added random hexamers, dNTPs, template and DEPC water for each tissue and
plasma/serum sample. In the tissue samples, the total input RNA was set to 1000 ng, and the volume to be added
was calculated based on earlier calculated RNA concentrations. The volume DEPC water was then added to obtain
a total volume of 13 pL.

Reagent Volume
5X First-strand buffer (Invitrogen) 4 uL
DTT (Invitrogen) 1 uL
RNaseOUT (Invitrogen) 1 uL
Superscript 111 Reverse Transcriptase (Invitrogen) 1 uL

Table 12. Mixture 2. Overview of the reagents added to each sample after incubation at 65°C for 5 minutes.
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Polymerase Chain Reaction (PCR)

Principle of PCR

Polymerase chain reaction (PCR) is conducted in a thermal cycler to amplify DNA. The DNA

goes through denaturation, annealing and extension stepwise in repeated cycles with the goal

of amplifying itself. Amplification is necessary to generate enough DNA for detection in gel

electrophoresis and sequencing.

PCR

The five genomic segments were amplified by PCR, using kit Platinum™ SuperFi™ DNA

Polymerase (Invitrogen #12351010). PCR was conducted on all five selected genomic

segments, using the primers listed in table 13. The segments S1, L1 and L2 had to be divided

into two parts to retrieve high quality sequences.

Target gene Primers Primer sequence (5’ 2 3°) Accession number
PRV-1 S1 (part 1) S1 orfF GATCAAAGACTTCTGTACGTGAAACC MK675858.1
SlintR 611 GTTCAGCTCCTCCATGTCTTC MW260151.1
PRV-1 S1 (part 2) S1intF 404 CGCGGTTCAAACGACAGACC MW260151.1
SlorfR GATGAATAAGACCTCCTTCCCC MW260151.1
PRV-1 54 S4 orfF ATGCATAGATTTACCCAAGAAGACCATG MW260154.1
S4 orfR CTAGATGATGATCACGAAGTCTCCA MW260154.1
PRV-1 M2 M2 orfF ATGGGTAACTATCAGACAAGTAACAACC MW260149.1
M2 orfR CTATTTTTGGCCTCGACGTGAGTC MW260149.1
PRV-1 L1 (part 1) L1 orfF ATGGAGAAACCTAAAGCGCTTGTCAA MW260145.1
L1intR 2284 GACGACCATCATTAGTGGGTAG MW260145.1
PRV-1 L1 (part 2) LlintF 2151 CCTGATGCACTGGTTACCTAAT MW260145.1
L1 orfR CTAAAAATCGGACACCATCCAATTAAGG MWwW260145.1
PRV-1 L2 (part 1) L2 orfF ATGGCTACGCTTTATGGGCTACG MW260146.1
L2 intR 2497 GCAGGACCACTACCAACATCAA MW260146.1
PRV-1 L2 (part 2) L2 intF 2218 ACCATCACCATCTCACGTAATC MW260146.1
L2 orfR CTATGGCAACTTCAAGAACGTGTA MW260146.1

Table 13. Primers used for PCR and sequencing targeting PRV-1 segment S1, S4, M2, L1 and L2. Accession
numbers in GenBank (NCBI) are shown in the right column.
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The total reaction volume was set to 50 puL, comprising 47 pL reagent mixture and 3 pL
template. The mixture used in each reaction contained the reagents listed in table 14. PCR was
conducted in a thermal cycler using the cycle parameters described in table 15. Separate

protocols were used for each segment to optimize temperature, time and number of cycles.

Reagent Final concentration
Platinum SuperFi DNA polymerase (2 U/uL) (Invitrogen) 0,02 U/uL

SuperFi Buffer (5X) (Invitrogen) 1X

SuperFi GC Enhancer (5X) (Invitrogen) 1X

dNTP Mix (10 mM) (Qiagen) 200 uM

Primer Fwd (10 uM) 0,5 uM

Primer Rev (10 uM) 0,5 uM

RNase free water 41:100*

Table 14. Reagents for PCR and their final concentration. *RNase free water is provided as a ratio.

Temperature/time (cycles)

S1 S4 M2 L1 L2

Initial 98 °C/30 sec 98 °C/30 sec 98 °C/30 sec 98 °C/30 sec 98 °C/30 sec
denaturation (1X) (1X) (1X) (1X) (1X)
Denaturation 98 °C/10 sec 98 °C/10 sec 98 °C/10 sec 98 °C/10 sec 98 °C/10 sec
Annealing 58 °C/10 sec 60 °C/10 sec 58 °C/10 sec 56 °C/10 sec 56 °C/10 sec
Extension 72 °C/30 sec 72 °C/30 sec 72 °C/1 min 72 °C/1,5 min 72 °C/2 min

(35X) (40X) (40X) (42X) (42X)
Final 72 °C/5 min 72 °C/5 min 72 °C/5 min 72 °C/5 min 72 °C/5 min
extension (1X) (1X) (1X) (1X) (1X)

Table 15. PCR cycle parameters used for each genomic segment.
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Agarose Gel Electrophoresis

Principle of Agarose Gel Electrophoresis

Agarose gel electrophoresis is a method for separating macromolecule fragments based on their
size and/or charge to distinguish and identify segments of known size. The macromolecules
could be proteins or nucleic acids, as in this study (DNA). By casting a gel block, loading it
with PCR product and then running an electric current through the gel, negatively charged
molecules will migrate towards the positive electrode, at a rate determined by fragment length.
Many variable methods of staining exist, which are needed for detection. A marker with
molecules of known fragment lengths is usually run through the gel at the same time as the PCR
product. After staining and separation the gel is put in an imager and the PCR product can be
detected as bands, identified (owing to the marker as reference) and then cut out before

cleansing of PCR product (Bio-Rad, s.a.).

Agarose Gel Electrophoresis

To visualize the amplified PCR products, agarose gel electrophoresis was conducted. A 1%
agarose gel was made, by dissolving agar powder (Sigma Aldrich, Saint-Louis, Missouri, USA
#A9539) in 1X Tris-acetate-EDTA (TAE) buffer (Thermo Fisher Scientific #B49) and adding
SYBR Safe DNA Gel Stain (Invitrogen, #S33102). The gel was poured into an appropriate
casting tray and solidified for 30 minutes. The solidified agarose gel was put in a gel
electrophoresis chamber and covered with 1X TAE buffer. PCR products were mixed with
either Orange DNA Loading Dye (6X) (Thermo Fisher Scientific #R0631) or TriTrack DNA
Loading Dye (6X) (Thermo Fisher Scientific #R1161). The first well was then filled with
GeneRuler 1kb DNA ladder (Thermo Fisher Scientific #SM031) or GeneRuler 1kb Plus DNA
ladder (Thermo Fisher Scientific #SM1331), as a molecular weight marker, followed by

duplicates of each PCR product with empty wells between different samples. The gel was run
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at 95 Volts for 60 minutes in Model 200/2.0 Power Supply (Bio Rad). The gel was imaged
using ChemiDoc XRS+ Imager (Bio-Rad) (see figure 8) and then examined by the Safe Imager
Blue-Light Transilluminator (Invitrogen), with care taken to not expose the gel to UV light.
Sufficiently amplified PCR products, visualized as single strong bands of appropriate size on
the gel, were cut out from the gel with separate, sterile scalpels and stored at -20° C before

cleansing of PCR product. For simplification, the term classic PCR will be used to describe

PCR and agarose gel electrophoresis hereafter.

Figure 8. Agarose gel electrophoresis. The figure illustrates an example of agarose gel with distinct bands.
GeneRuler 1kb Plus DNA was applied as reference.

Cleansing of PCR Products

Principle of Cleansing of PCR Products

Gel bands from agarose gel electrophoresis containing PCR products need to be extracted and
cleansed before sequencing. This procedure is done in steps: First, the gel slice is solubilized.
Then the DNA is bound to the silica membrane, before washing and drying of the membrane.

DNA is then eluted, and concentration is measured.
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Cleansing of PCR Products

PCR products, evaluated on the gel as sufficiently amplified, were purified using NucleoSpin
Gel and PCR Clean-up kit (Macherey-Nagel, Duren, Germany #740609.50), prior to
sequencing. Buffer NTI, a water bath holding the temperature of 50 °C and a vortex were used
to solubilize the gel slices. Each gel band was weighed to determine the volume of buffer NTI
to be added, following the manufacturer's description. Next, binding of the cDNA to the silica
membrane was done by passing the solvent through the membrane of a column by
centrifugation for one minute at 11000 G. Washing was performed by adding buffer NT3 to the
column and centrifugation in repeated steps. Thereafter drying by centrifugation. The cDNA
was then eluted by adding buffer NE to the column and incubating for one minute at room
temperature. The column was centrifuged, and the eluted cDNA was collected. The samples

were stored at 4 °C until submission for sequencing.

DNA Sequencing

DNA sequencing is the process of determining the nucleic acid sequence. There exist different
methods of sequencing, but only Sanger sequencing will be further described as this method

was used in this study.

Principle of Sanger Sequencing

There are four nitrogen base types in DNA in the form of deoxynucleotide triphosphates
(dNTPs). In Sanger sequencing dideoxynucleotide triphosphates (ddNTPs) are a part of the
reaction, these are different from dNTPs. If a ddNTP binds a DNA strand, no further dNTPs
can be added and it therefore functions as a DNA chain elongating inhibitor. ddNTPs of the
four nitrogen bases are marked with fluorescent labels, one color for each nitrogen base. dNTPs,

ddNTPs with labels, DNA polymerase and primers are mixed with PCR-amplicon template.
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Primers bind the template and DNA polymerase elongates DNA. However, segments of
different lengths are produced since the binding of dNTPs and ddNTPs is random. It can be
visualized a color in every sequence segment since ddNTPs are labeled with fluorescent light.
When separating the DNA molecules (segments) in order of size, the ddNTP of each nitrogen
base can be lit up, which creates a ladder of segments, differing by one nucleotide. With every
segment illuminating a color this ladder can be visualized as a chromatogram (Hawkins, 2017).
Sanger sequencing does not give complete sequences, typically lacking some sequence in the

beginning and in the end. This is taken into consideration in the following analysis.

Sanger Sequencing

Sanger sequencing through Eurofins genomics was performed to identify the PRV-1 sequences
from the samples. The primers used for sequencing were the same as for PCR (see table 13).
For samples with unsatisfactory quality, synthesis of supplementary primers was ordered for

internal sequencing (see table 16).

Target gene Primers Primer sequence (5’ = 3°) Accession number
PRV-1 M2 M2 intF_657 GCTCTGCAAGTGATTCGAGCTA MW260149.1
PRV-1 L1 (part 1) L1 intR_1496 GAGCTCTTAGCGCCAGATTT MW260145.1

L1 intR_815 AAGCATCATACGTACCGTTGG MW260145.1
PRV-1 L2 (part 2) L2 intF_700 TTCGACAATCCAACTTACGCT MW260146.1

Table 16. Primers used for internal sequencing. Accession numbers in GenBank (NCBI) are shown in the
right column.
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PART 3: SEQUENCE ANALYSIS

Sequence and Phylogenetic Analysis

The software used for sequence and phylogenetic analysis were CLC Main Workbench

(Qiagen) and MEGA X (available at www.megasoftware.net).

Reference Isolates

Six isolates (NOR-1988, NOR-1996, NOR-1997, NOR-2018/NL, NOR-2018/SF and CAN 16-

005ND) with previously determined virulence, were used as references in the analysis.

Sequence Analysis

The first part included quality control of the raw nucleotide sequences received from Eurofins
with respect to trace and quality data. Quality control was done through visualizing the
sequences as four-color chromatograms, where each of the nitrogenous bases was indicated by
a specific color (adenine (green), cytosine (blue), guanine (black), and thymine (red)). A high-
quality chromatogram was defined as a chromatogram with evenly spaced peaks with a single
color, similar peak amplitude and minimal baseline noise. Sequences with poor-quality
chromatograms or significant amounts missing were re-sequenced, further described in the

previous paragraph.

After quality checking, sequences were assembled and analyzed for ambiguous nucleotides.
Ambiguous nucleotides are defined as positions where two or more nucleotides gave
fluorescent signal at the same time during sequencing, resulting in secondary peaks in the
chromatogram. When a strand had two or more well defined peaks, a letter code (IUPAC

nucleotide codes) was inserted to signalize an ambiguous nucleotide. To be defined as a
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secondary peak, the peak amplitude had to be higher than half of the primary peak (see figure

9).

Mot Mt

Figure 9. Secondary peaks. The figure illustrates examples of secondary peaks in a chromatogram.

Consensus nucleotide sequences were translated into the corresponding amino acid sequence
through identification of the correct reading frame. The correct reading frame was identified by
the absence of early stop codons and by comparing them with references of each protein. Both
the nucleotide sequences and amino acid sequences were aligned with reference isolates into

nucleotide and amino acid alignments.

Based on results from sequence analysis some nucleotide and amino acid sequences were
blasted to a registered database in NCBI, with the aim of comparing the queries to existing
sequences. Further description of the results and which sequences were blasted and why can be

found under “Results”.

Phylogenetic Analysis

Phylogenetic Grouping: S1 (63), M2 (ul), L1 (A3) and L2 (72)
Phylogenetic analysis was performed using CLC Main Workbench and Mega X, using partial

nucleotide and corresponding amino acid sequences from the four genomic segments S1, M2,

L1 and L2.

46



Thea Carlsson, Anette Edvardsen og Anneli Yrjonheikki — Historical PRV-1 Isolates

Phylogenetic trees were made for all analyzed partial nucleotide sequences and amino acid
sequences to investigate the phylogenetic affiliation of the field isolates into the established
grouping system described earlier (Group A and B). Phylogenetic grouping is defined as sorting
the sequences to groups based on which reference they resemble. The trees were made based
on differences in nucleotide and amino acid sequence, as observed in the manual analysis of
the alignments. Maximum likelihood was used to construct phylogenetic trees for nucleotide
sequences and neighbor joining was used for amino acid sequences, as statistic models. For all
trees, the best-fitting substitution model suggested by the software was used. PRV-3
NOR/060214 was selected as outgroup in all trees. Bootstrap values were calculated from 1000

replicates and values above 70 considered significant.

Phylogenetic Analysis: S4 (c1)

Segment S4 and the encoded 61 were analyzed by aligning the isolates with the references.

Genogrouping

Finally, the field isolates were categorized into the genogroups described in the introduction

based on combinations of the five segments analyzed.
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Results

Study Overview

In brief, the study material consisted of 25 separate sample sets collected form Norwegian
Atlantic salmon from 1987 to 2008, comprising a total of 204 samples. All samples were
screened for PRV-1 by RT-gPCR and PRV-1 was detected in 20 out of the 25 sample sets
including 110 positive individual samples (see table 17). A subset of 24 samples were subjected
to classic PCR to generate material for sequencing of the five segments linked to PRV-1
virulence (S1, S4, M2, L1 and L2) (see table 18). From six samples, high-quality sequences

were obtained from all five segments (see table 19). These results are illustrated in figure 10.

25 sample sets
(204 individual samples)

PRV-1 screening: RNA isolation and RT-gPCR

20 PRV-1 positive sample sets
(120 individual samples)

Selection of samples for sequencing

16 selected sample sets
(24 individual samples)

PRV-1 sequencing: classic PCR and Sanger sequencing

6 sequenced isolates

Figure 10. Study overview. lllustration of the total number sample sets screened for PRV-1 by RT-qPCR. Among
the 110 PRV-1 positive samples, 24 samples from different sample sets were selected for sequencing, resulting in
six sequenced isolates from different sample sets.
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Sample Year Samples Ct range
set PRV-1 positive/Total

1 1987 0/33 35.7-35.7
2 1988 02 No Ct

3 1988 5/5 28.2-32.6
4 1995 5/5 27.8-34.1
5 1996 0/9 36.9-36.9
6 1996 5/7 27.5-36.4
7 1996 4/16 32.8-37.7
8 1997 1/4 31.5-31.5
9 1998 2/12 33.6-38.0
10 1998 16/20 19.9-29.3
11 1998 1/2 22.8-22.8
12 1999 2/10 17.7-21.6
13 2001 3/5 31.5-36.2
14 2004 6/6 19.1-25.4
15 2004 12/12 20.8-25.4
16 2004 0/3 No Ct

17 2004 12/12 19.7-30.5
18 2004 6/6 21.7-25.6
19 2005 6/6 21.7-26.6
20 2005 3/3 27.8-30.8
21 2005 0/5 No Ct

22 2007 9/9 22.1-30.5
23 2007 3/3 26.4-27.3
24 2007 6/6 24.5-28.3
25 2008 3/3 26.5-27.5

Table 17. Overview of the number of PRV-1 positive samples and Ct range in each sample set. The Ct range
displays the lowest and highest Ct-value in each sample set. Highlighting in grey indicates positive results, while
white indicates negative results.
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PRV-1 Screening: Virus Detected in 20 out of 25 Sample Sets

The measured RNA concentration of the isolated tissue samples varied strongly, both within
and between sample sets, probably reflecting variation in preservation of RNA. The RNA
concentration varied from as little as 0,6 ng/uL to as much as 1520.4 ng/uL. The 260/280 nm

ratio varied as well but was ~2 for the samples selected for sequencing.

PRV-1 positive samples were identified by RT-gPCR in 20 out of 25 sample sets, comprising
110 positive individual samples. In general, the Ct values varied both within and between
different sample sets. Samples from some sample sets displayed a wide range in Ct values
(Sample set 17: Ct: 19.7-30.5), while other sample sets had narrow Ct ranges (Sample set 23:
Ct: 26.4-27.3). For an overview of the RNA concentration, 260/280 nm ratio and Ct value of

all samples, see appendix 1.

PRV-1 Sequencing

Based on the results from RT-gPCR and RNA quality, a subset of 24 samples from 16 different
sample sets were subjected to classic PCR. Sixteen of the amplified samples were successfully
amplified for a varying number of the segments, visible as single distinct bands in agarose gel
electrophoresis (see table 18). Eight samples from three different sample sets did not obtain
bands on any segments. PCR amplification was attempted for all five segments on two of these
samples. A total of ten samples from nine different sample sets were not successfully amplified
for one or more segments. A total of six samples from six different sample sets were
successfully amplified on each analyzed segment. In general, samples with the lowest Ct values
gave successful PCR amplifications, while the ones that did not had higher Ct values. All

successfully PCR amplifications were sequenced.
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Sample Sample Ct RNA S1 S1 S4 M2 L1 L1 L2 L2
set name value ng/ul 1 2 1 2 1 2
4 NOR-1995-001 314 na -
NOR-1995-002* 329 na -
NOR-1995-003 31.6 na -
NOR-1995-004 27.8 na - - - - - - - -
NOR-1995-004* 27.8 na -
6 NOR-1996-013* 29.0 na -
NOR-1996-014 27.5 na - - - - - - - -
NOR-1996-014* 27.5 na -
10 NOR-1998-ROG-3 19.9 107.1 X X X X X X X X
NOR-1998-ROG-017 24.8 232.0 X X - - - - - X
11 NOR-1998-5 22.8 na X X X X X X X X
12 NOR-1999-003 21.6 na X X X X - - - -
NOR-1999-007 17.7 na X X X X X X - -
13 NOR-2001-003 31.5 na -
NOR-2001-004 322 na -
14 NOR-2004-MRO-9 19.1 250.1 X X X X X X X X
NOR-2004-003 24.4 82.3 X X - - - - - X
15 NOR-2004-007 20.8 333.6 X X X X - X - X
17 NOR-2004-028 19.7 123.9 X X X X - X - X
18 NOR-2004-12 21.7 652.7 X X X X X X X X
19 NOR-2005-13 21.7 131.4 X X X X X X X X
20 NOR-2005-008 27.8 80.0 X X - - - - - X
21 NOR-2007-010 26.7 160.8 X X - X - X - X
22 NOR-2007-15 22.1 266.7 X X X X X X X X
24 NOR-2007-017 24.5 307.3 X X - X X X - X
25 NOR-2008-003 26.5 106.2 X X - - - X - X

Table 18. Overview of the RNA concentration, Ct value and successful PCR amplifications of the 24 samples
selected for sequencing. RNA concentration is not applicable (na) for cell-free material. X indicates successful
PCR amplification in given segment. — indicates unsuccessful PCR amplification in given segment. Empty fields
indicate gel not attempted in given segment. * indicates sample isolated with Trizol LS protocol, including two
duplicates. The six sequenced isolates are highlighted in grey.
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Overview of the Six Sequenced PRV-1 Isolates

High-quality sequence of each of the five selected genomic segments (S1, S4, M2, L1 and L2)
putatively linked to virulence were obtained for a total of six PRV-1 isolates collected from
farmed Atlantic salmon in Norway in 1998, 2004, 2005 and 2007 (see table 18 and 19). Two of
the samples were collected before 1999 and thus the emergence of HSMI. One of these was
collected for unknown reasons, while the other was collected from a suspected ISA outbreak.
The remaining four samples were collected from 2004-2007 from suspected HSMI outbreaks.

The geographic origin was known for two of the samples. All sequenced isolates had Ct values

<22.8.

Name Sample set County Purpose of sampling Ctvalue
NOR-1998-ROG-3 10 Rogaland Suspected ISA 19.9
NOR-1998-5 11 Unknown Unknown 22.8
NOR-2004-MRO-9 14 Mgre og Romsdal Suspected HSMI 19.1
NOR-2004-12 18 Unknown Suspected HSMI 21.7
NOR-2005-13 19 Unknown Suspected HSMI 21.7
NOR-2007-15 22 Unknown Suspected HSMI 221

Table 19. Overview of the six sequenced isolates.
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Phylogenetic and Sequence Analysis

Phylogenetic analysis was performed on each separate segment (S1, M2, L1 and L2) including
both the nucleotide sequence and the encoded amino acid sequence (o3, p13, ul, A3 and A2)
(see table 20). In general, similar tree topologies were observed for all nucleotide sequences
and corresponding amino acid sequences, but the trees based on nucleotide sequences displayed
a greater degree of subgrouping reflecting more variation in the sequences. The present study
will mainly focus on the amino acid sequence, and the nucleotide trees can be found in appendix

5. All observed amino acid differences can be found in appendix 4.

Segment Protein Analyzed coding sequence bp (aa)
S1 o3 29-1021 (1-330)
pl3 108-482 (1-124)
S4 ol 78-967 (14-309)
M2 pl 77-2020 (18-664)
L1 A3 1100-3788 (365-1260)
L2 A2 1652-3772 (546-1251)

Table 20. Overview of the coding sequences and amino acids analyzed.
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S1 (63 and p13)

Phylogenetic analysis of the amino acid sequence of 63 (S1) separated the PRV-1 isolates into
two distinct phylogenetic groups, 63 (S1) Group A and B. One of the isolates from the present
study, NOR-1998-ROG-3, clustered to 63 (S1) Group A and had a highly similar sequence to
the low virulent reference isolates NOR1998, NOR-1996 and CAN 16-005ND. Three isolates,
NOR-2004-MRO-9, NOR-2004-12 and NOR-2004-15, clustered to 63 (S1) Group B with a
bootstrap value of 99. These isolates had identical or highly similar sequences to the high
virulent reference isolates NOR-2018/NL and NOR-2018/SF as well as the low virulent isolate
NOR-1997. Isolate NOR-1998-5 and NOR-2005-13 were excluded from the phylogenetic tree
due to a significant number of unknown amino acids during sequence analysis. These findings
will be addressed later in the results section. A similar tree topology was observed by

phylogenetic analysis of the amino acid sequence of p13 (see appendix 6).

o3 (S1) — NOR-2004-MRO-9 |
NOR-2007-15
9o | NOR-2004-12 03 (S1)

—
NOR-2018/SF Group B

NOR-2018/NL

NOR-1997

— NOR-1988

NOR-1998-ROG-3 03 (S1)
88 —

NOR-1996 Group A
65

-——CAN 16-005ND

—

PRV-3 NOR/060214

0.020

Figure 11. Phylogenetic analysis of 63 (S1). Phylogenetic tree constructed from the amino acid sequence 63 (aa
1-330), using neighbor joining. The analysis included four isolates from the present study (black) and six reference
isolates of known virulence (low virulent in green, high virulent in red). PRV-3 NOR/060214 (MG253816) (grey)
was used as outgroup. The field isolates clustered into two distinct groups annotated as 63 (S1) Group A and B.
Bootstrap values were calculated from 1000 replicates.
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M2 (ul)

Phylogenetic analysis of the partial amino acid sequence of pul (M2) separated the PRV-1
isolates into the same two distinct phylogenetic groups observed for S1 (63), which is natural
as co-segregation of these two segments have been confirmed earlier. In contrast to in segment
S1, there were no secondary peaks for NOR-1998-5 in M2 and the isolate could therefore be
placed in Group B. NOR-2005-13 was excluded from the phylogenetic tree due to a significant

number of unknown amino acids, described in detail under sequence analysis.

—_

u1 (M2) NOR-1998-5
NOR-2004-MRO-9
NOR-2004-12

86 p1 (M2)
NOR-2007-15 —
Group B

NOR-1997
NOR-2018/SF

NOR-2018/NL
CAN 16-005ND
NOR-1998-ROG-3

p1 (M2)
—
a7 | NOR-1996 Group A

— NOR-1988

PRV-3 NOR/060214

0.010
Figure 12. Phylogenetic analysis of p1 (M2). Phylogenetic tree constructed from the partial amino acid sequence
ul (aa 18-664), using neighbor joining. The analysis included five isolates from the present study (black) and six
reference isolates of known virulence (low virulent in green, high virulent in red). PRV-3 NOR/060214
(MG253811) (grey) was used as outgroup. The field isolates clustered into two distinct groups annotated as pl
(M2) Group A and B. Bootstrap values were calculated from 1000 replicates.
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L1 (A3)

Phylogenetic analysis of the partial amino acid sequence of A3 (L1) clustered the PRV -1 isolates
into two different distinct phylogenetic groups, named A3 (L1) Group A and B. However, these
two clusters were composed of different isolates than that observed for S1 (63) and M2 (ul).
The PRV-1 field isolates, NOR-1998-ROG-3, NOR-1998-5, NOR-2004-MRO-9 and NOR-
2005-13 clustered to A3 (L1) Group A, together with both high virulent and low virulent
reference isolates. No field isolates clustered together with NOR-1997 in A3 (L1) Group B.
NOR-2004-12 and NOR-2007-15 were excluded due to inconclusive results, described in detail

under sequence analysis.

A3 (L1) —— NOR-1998-5
NOR-1998-ROG-3
NOR-2004-MRO-9

CAN 16-005ND
69

[ NOR-2018/NL L A3 (L1)
Group A
NOR-2018/SF
95
NOR-1996
NOR-1988

NOR-2005-13 _

A3 (L1)

NOR-1997 Group B

PRV-3 NOR/060214

0.0050

Figure 13. Phylogenetic analysis of .3 (L.1). Phylogenetic tree constructed from the partial amino acid sequence
A3 (aa 365-1260), using neighbor joining. The analysis included four isolates from the present study (black) and
six reference isolates of known virulence (low virulent in green, high virulent in red). PRV-3 NOR/060214
(MG253807) (grey) was used as outgroup. The field isolates clustered into two distinct groups annotated as A3
(L1) Group A and B. Bootstrap values were calculated from 1000 replicates.
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L2 (A2)

Phylogenetic analysis of the partial amino acid sequence of A2 (L2) separated the PRV-1
isolates into the same two distinct groups observed for A3. All the six PRV-1 field isolates,
NOR-1998-ROG-3, NOR-1998-5, NOR-2004-MRO-9, NOR-2004-12, NOR-2005-13 and
NOR-2005-13 clustered to A2 (L2) Group A, together with both high virulent and low virulent
reference isolates. A2 (L2) Group A had a bootstrap value of 95 and was subdivided into two
sub-groups, but with a low bootstrap value support (>70). No field isolates clustered together

with NOR-1997 in A2 (L2) Group B.

A2 (L2) —— CAN 16-005ND
NOR-2004-12
NOR-1998-ROG-3
68 | NOR-2007-15

NOR-2004-MRO-9
NOR-2018/SF L A2(L2)
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NOR-1996
L{ NOR-1998-5
66
NOR-2005-13 ]
L NOR-1997 A2 (L2)
Group B

PRV-3 NOR/060214

P
0.010
Figure 14. Phylogenetic analysis of 22 (L.2). Phylogenetic tree constructed from the partial amino acid sequence
A2 (aa 546-1251), using neighbor joining. The analysis included six isolates from the present study (black) and six
reference isolates of known virulence (low virulent in green, high virulent in red). PRV-3 NOR/060214
(MG253808) (grey) was used as outgroup. The field isolates clustered into two distinct groups annotated as A2
(L2) Group A and B. Bootstrap values were calculated from 1000 replicates.

57



Thea Carlsson, Anette Edvardsen og Anneli Yrjonheikki — Historical PRV-1 Isolates

S4 (o1)

Segment S4 did not cluster into distinct phylogenetic groups, and the partial amino acid
sequence o1, encoded by S4, were therefore analyzed with respect to single amino acid
substitutions putatively linked to virulence. NOR-2007-15 shared the amino acid substitution
D252N with the high virulent reference isolate NOR-2018/NL. NOR-2004-MRO-9 and NOR-
2004-12 had an amino acid substitution in position 254, where glutamic acid was replaced by
lysine, due to a single point mutation in bp 798 (G798A). Neither this amino acid substitution
nor any variation was observed in this position in the reference isolates. The amino acid
sequences of these isolates were blasted to the database of GenBank (NCBI) for comparison
with publicly available DNA sequences, which displayed other described PRV-1 isolates with

variation in this position, but none with lysine. All observed amino acid substitutions are shown

in table 21.

Isolate 107 252 254 Isolate 107 252 254
NOR-1988 \% D E NOR-1998-ROG-3 \% D E
NOR-1996 A% D E NOR-1998-5 A% D E
NOR-1997 \% D E NOR-2004-MRO-9 \% D E254K
CAN 16-005ND \% D E NOR-2004-12 \% D E254K
NOR-2018/SF V107A D E NOR-2005-13 \% D E
NOR-2018/NL \% D252N E NOR-2007-15 \% D252N E

Table 21. Observed amino acid variations in the partial analyzed amino acid sequence of 61 (S4) for all
PRV-1 isolates in the present study. The reference isolate NOR-2018/SF, with demonstrated high virulence, had
a V107A substitution. The reference isolate NOR-2018/NL, also with demonstrated high virulence, had a D252N
substitution. The same substitution was observed in NOR-2007-15. NOR-2004-MRO-9 and NOR-2004-12 had a
E254K substitution.
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Genetic Grouping of Each Isolate

NOR-1998-ROG-3: Genogroup Low-2

The phylogenetic analysis demonstrated that isolate NOR-1998-ROG-3 clustered to Group A
in all segments (S1, M2, L1 and L2) and had no single amino acid substitutions in 61 (S4). This
is consistent with the genetic composition of isolates in genogroup Low-2, which includes the
low virulent reference isolates NOR-1988, NOR-1996 and CAN 16-005ND. This strongly

suggests that isolate NOR-1998-ROG-3 is of low virulence.

NOR-2004-MRO-9: Genogroup Unknown-5

NOR-2004-MRO-9 clustered to Group B in segment S1 and M2 and Group A in L1 and L2,
which is similar to genogroup High-1 and High-2. However, the isolate differed from these
groups in S4 (o). Interestingly, the isolate contained an amino acid substitution in amino acid
position 254 o1 (E254K). There is no reference isolate with a similar genetic composition, and

the findings placed the isolate in a new genogroup with unknown virulence, Unknown-5.

NOR-1998-5: Potential Co-infection

During sequence analysis of isolate NOR-1998-5, a number of secondary peaks in the
chromatograms was observed in all segments, except M2, resulting in ambiguous nucleotides
and unknown amino acids in the nucleotide and amino acid sequences. The total number
secondary peaks were 18 in S1, 5in S4, 25 in L1 and 16 in L2. The high number of secondary
peaks throughout the segments rendered them non-suitable for phylogenetic analysis and

indicated a potential co-infection with two different isolates.
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Figure 15. lllustration of six of the secondary peaks found in the nucleotide sequence of S1 of NOR-1998-5.

In segment S1 and the encoded 63 and p13, a high number of the secondary peaks were located
in nucleotide positions defining the grouping into Group A and Group B. Interestingly, the
isolate had ambiguous nucleotides and unknown amino acids in the positions defining grouping
in the first part of S1, while the remaining half mostly sorted into Group A. In positions with
ambiguous nucleotides it was evident that one of the isolates was similar to the reference
isolates in Group A, while another was similar to the references in Group B. S1 was sequenced
in two parts with two different primer sets, and the shift from unknown nucleotides and amino
acids to clear grouping coincided with the overlapping section of the sequences from the two
different primer sets, which may indicate that only the first primer set detected both isolates.
As the isolate could not be grouped in this segment, it was therefore excluded from the

phylogenetic trees of S1, 63 and p13.

In segment M2, no secondary peaks were observed and NOR-1998-5 clustered to Group B. In
segment, L1 and L2, the secondary peaks were to a greater extent present in positions not
defining grouping, and NOR-1998-5 could therefore be grouped in these segments. NOR-1998-
5 was grouped in Group A in L1 and A in L2 and had no amino acid substitution in S4.
Nevertheless, due to the observation of potential co-infection, the isolate could not be assigned

to a genogroup.
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NOR-2005-13: Potential Co-infection

In comparison with NOR-1998-5, NOR-2005-13 also displayed a significant number of
secondary peaks in the chromatograms of all segments, indicating a co-infection. 22 secondary
peaks were observed in S1, 3 in S4, 48 in M2, 44 in L1 and 20 in L2, interfering with the

grouping in some of the segments.

780 800 820
| | |

NOR2018-SF AACGAAAGCGCACATGGTAAACATGATACGAAGGATGTGCTATTCGGGCATGCCAGCCAACATI

Consensus AACRAAAGCGCACATGGTAAACMTGATACGAAGGATGTGCTATTCRGGCATGCCAGCCAAYAT!

NOR-2005-13 S1 Seq2 PrimerR2 AACRAAAGCGCACATGGTAAACMTGATACGAAGGATGTGCTATTCGGGCATGCCAGCCAACAT!
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NOR-2005-13 S1 Seq2 PrimerR1 AACAAAAGCGCACATGGTAAACATGATACGAAGGATGTGCTATTCGGGCATGCCAGCCAACAT!L
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Figure 16. lllustration of six of the secondary peaks found in the nucleotide sequence of S1 of NOR-2005-
13.

Secondary peaks and following ambiguous nucleotides and unknown amino acids interfered
with the grouping of the isolate in segment S1 and the encoded ¢3, but the isolate showed clear
affiliation to group B in p13. In comparison to NOR-1998-5, the isolate had ambiguous
nucleotides and unknown amino acids in half of S1 and clear grouping in the remaining half.
All positions with ambiguous nucleotides and unknown amino acids were found in the second
half of S1, while the first half grouped in Group B. Interestingly, this group shift also found
place in the overlapping section between the two primer sets, indicating a possible technical
error. As the isolate could not be grouped in S1 or 63, it was therefore excluded from these

phylogenetic trees.

61



Thea Carlsson, Anette Edvardsen og Anneli Yrjonheikki — Historical PRV-1 Isolates

Secondary peaks also interfered with the grouping of NOR-2005-13 in M2 and the encoded p1,
and the isolate was therefore also excluded from these phylogenetic trees. In segment, L1 and
L2, the secondary peaks were to a greater extent present in positions not defining grouping, and
NOR-2005-13 could therefore be grouped in Group A in L1 and A in L2. The isolate had no
amino acid substitution in S4. As the isolate could not be grouped in all segments, it was not

genogrouped.

NOR-2004-12: Inconclusive in L1

NOR-2004-12 showed a clear affiliation to one group in three of four analyzed segments: Group
B in S1 and M2 and Group A in L2. Due to inconclusive results in L1 the isolate could not be
grouped on this particular segment and consequently not assigned to a genogroup. The isolate
had an amino acid substitution in 61, E254K, which was also observed in NOR-2004-MRO-9.
The substitution was explained by a point mutation in position 798 in the nucleotide sequence

of S4.

In the partial analyzed nucleotide sequence of L1 and the encoded amino acid sequence of A3,
signs of recombination was observed. In both sequences, NOR-2004-12 was identical to Group
B in the first positions defining grouping, while it was identical to Group A in the remaining
positions defining grouping. The observed group shift indicated a possible recombination, and
to investigate this further the nucleotide sequence was blasted to study if this recombination
was detected in earlier described isolates. Blasting revealed that the recombination was not
found in any other existing isolates. Due to the inconclusive results with respect to grouping,
NOR-2004-12 was excluded from the phylogenetic tree of both the nucleotide sequence of L1

and the amino acid sequence of A3. The group shift was located to an overlapping section
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between the two sequenced part sequences, indicating a possible sample confusion, or that

primer design was not optimal. Regardless of the reason, the results were inconclusive.

NOR-2007-15: Inconclusive in L1

NOR-2007-15 belonged to Group B in segment S1 and M2, and Group A in L2. In L1 the
results were inconclusive, and the isolate could therefore not be grouped in this segment nor
genogrouped. The isolate had an amino acid substitution in 61, encoded by S4, D252N, also
observed in NOR-2018/NL. The substitution was explained by a point mutation in position 792

in the nucleotide sequence.

In L1, the same signs of recombination were observed as for NOR-2004-12. In the amino acid
sequence, the isolate was identical to group B in the positions from amino acid 372-490, then
shifted to group A between amino acid 491 and 758 from where it continued to sort in group A
the rest of the amino acid sequence. In the nucleotide sequence, NOR-2007-15 was highly
similar to Group B from position 1121-2176, then it shifted to group A between base pair 2177-
2260 and uninterruptedly continued the sorting into Group A until the end of the nucleotide
sequence. The nucleotide sequence was blasted, revealing that this recombination was not
known. The group shift was located to an overlapping section between the two sequenced part
sequences, indicating a possible sample confusion, or that primer design was not optimal.
Regardless of the reason, the results were inconclusive. As the isolate could not be grouped in

this segment, it was excluded from the phylogenetic trees of L1 and A3.
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Overview of Genogrouping

Genogroup  Reference S1(63), L1 L2 S4 Isolates from
isolate(s) M2 (ul) (23) 2) (c1) present study
Low-2 NOR-1988, NOR-1996, A A A NOR-1998-ROG-3
CAN16-005 ND
Unknown-5 B A A E254K NOR-2004-MRO-9
Inconclusive - A A NOR-1998-5
Inconclusive B - A E254K NOR-2004-12
Inconclusive - A A NOR-2005-13
Inconclusive B - A NOR-2007-15

Table 22. Overview of the genogrouping of the isolates, based on the phylogenetic grouping (Group A or B)
of S1, M2, L1 and L2 and the presence of the amino acid substitution V107 or D252N in S4. NOR-1998-
ROG-3 sorted into the genogroup Low-2. NOR-2004-MRO-9 sorted into a new genogroup of unknown virulence,
Unknown-5. The remaining four isolates could not be genogrouped due to unclear grouping in at least one segment.
Two isolates (NOR-1998-5, NOR-2005-13) had a significant number of secondary peaks in at least one segment.
The remaining two isolates (NOR-2004-12, NOR-2007-15) had inconclusive results in segment L1 but showed a
distinct affiliation to one group in the other segments. Hyphens indicate segments that could not be grouped.
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Discussion

The aim of the present study was to study PRV-1 isolates that circulated in farmed Norwegian
Atlantic salmon before and after the first reported HSMI outbreak in 1999. The genomic
segments S1, S4, M2, L1 and L2 and their encoded proteins were chosen as a basis for the
analysis because of their putative link to virulence. Sequences from six PRV-1 isolates from
farmed Norwegian Atlantic salmon sampled in 1998 to 2007 were obtained and analyzed, to
provide information about a critical time period around the emergence of HSMI (see figure 17).
Based on phylogenetic analysis of the five segments, the isolates were categorized into

genogroups according to the definition established by Vatne et al (2021).
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Figure 17. Timeline illustrating the emergence of HSMI, the year of origin of the Norwegian reference
isolates and the sequenced isolates from the present study. The sequenced isolates are marked in black. The
reference isolates are marked in grey.

PRV-1 Isolate Collected Prior to 1999 is of Low Virulence

All Norwegian PRV-1 isolates sampled prior to the emergence of HSMI (NOR-1988, NOR-
1996 and NOR-1997) have previously been confirmed to be of low virulence (Wessel et al.,
2020). NOR-1998-R0OG-3, from the present study, was genogrouped in the genogroup Low-2,
together with the reference isolates NOR-1988, NOR-1996 and CAN 16-005ND, which

indicates that NOR-1998-ROG-3 is likely also of low virulence. This substantiates the
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hypothesis that PRV-1 isolates present in Norwegian farmed salmon aquaculture in the years

before the emergence of HSMI predominantly were of low virulence.

PRV-1 Isolates Collected after 1999 Resemble High Virulent VVariants

In the present study, four isolates were sampled after 1999 within the time period 2004-2007.
None of these were categorized as low virulent. In general, the isolates grouped with B in S1
and M2 and with A in L1 and L2, a segment combination that has only been found in high
virulent isolates. Although they could not be classified as high-virulent, they generally
displayed a higher similarity with the reference isolates of demonstrated high virulence, NOR-
2018/NL and NOR-2018/SF (Wessel et al., 2020). In addition, co-infections that most likely
included low and high virulent isolates, was observed. Altogether this indicates that there was
a mix of low and high virulent isolates in the time period after 1999. Earlier studies also
illustrate genetic variation in samples originating from 2010, but only one segment (S1) was

investigated (Levoll et al., 2012).

Evolution from Low Virulent to High Virulent: Reassortment

The fact that the current dominating PRV-1 isolates in Norwegian salmon farming aquaculture
differ from the isolates pre-dating the first reported clinical HSMI outbreak reflects viral
evolution. PRV-1 evolves through mutations, recombination and reassortment, and for viruses
with segmented genomes reassortment is of particular importance. Viral evolution, possibly
through reassortment and mutation, has generated new genotypes with increased virulence that
induced HSMI, and this event occurred about the time of the first reported outbreak of the

disease.
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A large genetic pool increases viral evolution. The wide-spread wild Atlantic salmon population
as well as the farmed salmon in Norway have been a contributor to the size of the PRV-1 genetic
pool (Garseth et al., 2013). Genetics and environmental conditions of wild and farmed Atlantic
salmon differ. Stocking density, stress and almost unlimited number of susceptible hosts will
provide different selection criteria for a virus compared to that in the wild. The development of
the PRV-1 isolates is likely related to the rapid expansion of the farming industry, i. e. large
farms, high stocking density, transportation of fish and equipment provides optimal conditions

for spread of infectious diseases and evolution of pathogens.

The Norwegian reference isolates sampled prior to 1999 either belonged to Group A (NOR-
1988, NOR-1996) or Group B (NOR-1997) in all segments. The high virulent reference isolates
(NOR-2018/NL and NOR-2018/SF) that are prevalent today are combinations of Group A and
B. Based on this, the evolution from low virulent to high virulent can tentatively be explained
by reassortment of the segments S1 and M2 of genogroup Low-1 (NOR-1997) and L1 and L2
of genogroup Low-2 (NOR-1996 and NOR-1988) and accumulations of mutations, which have
formed High-1 (NOR-2018/NL) and High-2 (NOR-2018/SF) (see figure 18). In contrast, PRV-
1 strains from the North American Pacific Coast and Faroe Islands does not appear to have
undergone this evolution. These isolates all appear to be closely related to genogroup Low-2
and not associated with clinical HSMI. Interestingly, the NOR1997 variant (genogroup Low 1)
have not been observed in North American Pacific salmon, which according to the model
proposed above is a prerequisite for the reassortment event that generated the high virulent

variants observed in Norway (Dhamotharan et al., 2019).
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Figure 18. PRV-1 evolution model from low virulent to high virulent through reassortment and mutations.
Segment S1, M2, L1 and L2 originating from NOR-1988 and NOR-1996 (Group A) are marked in green. The
same segments originating from NOR-1997 (Group B) are marked in blue. S4 with an amino acid substitution
linked to high virulence are marked in yellow.

Discovery of Co-infections: A Prerequisite for Reassortment

Co-infection is simultaneous infection in a host by multiple viruses. If two PRV-1 virus
particles infect the same host cell, they can exchange segments during replication, and thereby
create new hybrid viruses. In the present study we observed signs of co-infection with PRV-1
in two samples, in one sample from 1998 (NOR-1998-5), one year prior to the first description

of HSMI, and in one sample from 2005 (NOR-2005-13).

The sequences of NOR-1998-5 and NOR-2005-13 displayed a significant number of secondary
peaks on the chromatograms, interpreted as co-infections. A sample containing two virus
isolates that differ in nucleotide sequence, will occur if the primers anneal to both isolates. RNA
samples of bad quality can also give secondary peaks, but these typically occur intensely in the
beginning and end of the sequence as well as randomly throughout the sequence, and often with
small amplitudes. Our observations with well-defined secondary peaks with sufficient

amplitude indicated that they represented co-infections.
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Although the data strongly indicates co-infection in these two samples, secondary peaks were
not detected in all segments. In segment M2 in NOR-1998-5 and one partial sequence of S1 for
both NOR-1998-5 and NOR-2005-13, the isolates did not show secondary peaks. This could be
explained by at least two theories: (1) The primers had higher affinity to one isolates’ segment,
or (2) this segment originally belongs to the same phylogenetic group for both isolates. In
segments L1 and L2 the secondary peaks were in arbitrary positions that did not define the
grouping of NOR-1998-5 and NOR-2005-13 and therefore did show clear affiliation to one

group in these segments. This can most likely be explained by theory two (2) above.

Interestingly, NOR-1998-5 and NOR-2005-13 had features of both Group A and B. A co-
infection with this combination of isolates is especially interesting, due to the theory of Low-1
donating S1 and M2 to Low-2, contributing to the high virulent genogroups High-1 and High-
2. Even more interesting, is that one of these isolates was sampled prior to the first reported
outbreak of HSMI in 1999, and thus can represent an example of how high virulent isolates

occurred.

All currently described high virulent isolates, and the co-infected samples NOR-1998-5 and
NOR-2005-13 in this study, had group A in segment L1 and L2. This may indicate that gGoup
B in these segments is not advantageous for the virus. This is substantiated by the fact that
Group A dominates in segment L1 and L2 in recently described Norwegian PRV-1 field

isolates.

New Amino Acid Substitution in 61

Variation in viral receptor binding proteins is of particular interest when it comes to

investigating virulence, as it can impose consequences for the virus’ cell tropism and therefore
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also virulence. In general, there is little variation in the assumed PRV-1 receptor-binding
protein o1. However, a single amino acid substitution is observed in both reference isolates of
confirmed high-virulence, NOR-2018/NL and NOR-2018/SF, D252N and VV107A respectively
(Vatne et al., 2021). If these amino acids substitutions are implicated in virulence, they impose

a common phenotypic effect.

Interestingly, a new variation in 61 was found with an amino acid substitution in position 254,
not being present in any of the reference isolates. The amino acid change in position 254 is only
two positions from the amino acid change in position 252 in NOR-2018/NL. The amino acid
substitution in 254 was observed in two isolates, NOR-2004-MRO-9 and NOR-2004-12 and
gave an exchange from glutamic acid to lysine (E254K). The E254K substitution was not
observed in any other sequences in GenBank (NCBI), but interestingly other variations in the
same amino acid position were found in the deposited sequences of GenBank (NCBI),
indicating a possible hot spot for mutations. S4 has a highly conserved sequence, and the fact

that two different isolates displayed the same amino acid substitution suggests a common origin.

The observed variation in other isolates in the same position together with E254K is only two
amino acid positions away from the known D252N substitution makes it interesting with respect
to the receptor binding function of 1. The importance of the E254K substitution for virulence
should therefore be further investigated in a challenge trial. It would also be interesting to
visualize the predicted secondary structure of the protein of the different variants, in order to

investigate the spatial consequence of the amino acid changes.
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Methodological Considerations: Degradation of RNA

Out of the 24 selected samples, high quality sequences were obtained from six samples. It is
important to recognize that the results from amplification and sequencing can be negatively
influenced by poor integrity of RNA and it is natural to question the RNA quality of the
samples. RNA is sensitive to spontaneous degradation due to its chemical structure and highly
susceptible to cleavage catalyzed by ubiquitous RNases. Caution must therefore be taken when
handling and preserving RNA to avoid contamination and ensure optimal storage conditions

for stability (Fleige et al., 2006).

The archived samples used in the present study were not originally stored for the purpose of
sequencing. All the investigated samples had been stored for a long time, from between 14 and
35 years, and had been stored in different ways, in general not favorable with respect to
preservation of RNA. RNases are less active in lower temperatures. and non-fixated samples
should be stored at —80 °C, however many samples of the samples had been stored at -20°C,
which increases the risk of RNA degradation by RNases significant over time. None of the
samples were stored in RNAlater or similar fixatives, as these were not yet available at the time
when many of the samples were collected. The storage methods and time contributed to the
challenges with obtaining acceptable sample quality for classic PCR amplification and

subsequent amplicon sequencing.

In addition to ensuring the right preservation method, it is important to ensure stability and
avoid contamination of the samples both before, during and after isolation. Both the sampling,
handling methods before preservation and the preservation were out of our hands in regards of
this. From storage to the extraction of RNA and further on preservation, general principles for

ensuring stability of RNA and reducing the risk of contamination were implemented. To avoid
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spontaneous degradation, the samples were thawed as few times as possible, always thawed on
ice and kept on ice during experiments. To avoid contamination, workspaces were disinfected

with ethanol 70 % and gloves were used when handling samples.

As general principles for avoiding degradation were used during the present study, the variable
RNA quality and challenges with sequencing were most likely related to the storage of the

samples.

Conclusion

Sequence analysis of PRV-1 isolates pre- and post-emergence of HSMI have brought us a step
closer in understanding the emergence of the disease through evolution of the virus. Today
PRV-1 is considered ubiquitous. The results from the present study revealed that the prevalence
of PRV-1 was high throughout the study period (1987-2008), as virus was detected in 20 out of
25 sample sets. This confirms that PRV-1 was common in farmed Atlantic salmon prior to the

emergence of HSMI.

The analyzed sample prior to 1999 was likely of low virulence, while the ones sampled after
1999 were more similar the high-virulent isolates described from recently sampled Norwegian
farmed Atlantic salmon, indicating viral evolution. Even though HSMI was a notifiable disease
until 2014, there were no specific measures taken from the Norwegian Food Safety Authority
at this time. Thus, PRV-1 spread freely and adapted to changes and expansion in the farming
situation over time. Evolutionary selection for isolates that gave high viral loads and were
effective spreaders was inevitable, since this is the nature of evolution. Co-infection and
reassortment are a part of this evolution and two co-infections with isolates belonging to

different monophyletic clusters were observed in this study, illustrating that reassortment can
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occur. For PRV-1 it looks like the virus has evolved towards a genotype resembling the isolates

with confirmed high virulence.

Even though this is the conclusion for now, one cannot know what the future brings. PRV-1
will keep adapting and it may evolve to a virus inducing less or more severe pathology, or stay
indifferent, since it is the ability to infect and spread that is essential for viruses. For this reason,
it is imperative to recognize PRV-1 as a ubiquitous virus that needs to be kept under
surveillance. However, the findings are based on a few sequenced isolates. More knowledge
regarding PRV-1 variants in Norwegian aquaculture before and after the emergence of HSMI
is of central importance in understanding the evolution of PRV-1 and emergence of disease.
Further attempts to sequence the remaining PRV-1 positive isolates would be beneficial. The
properties of genogroup Unknown 1-5 should be further investigated, both in challenge trials
to understand their virulence as well as investigation of the secondary structure and phenotypic

property of the E254K substitution discovered in this study.
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Appendix 1. Total sample overview. Overview of all 204 screened samples with respect to sample set, sample
date, sampling county, sample type, [RNA], 260/280 nm ratio and Ct value. Selected samples for sequencing are
colored grey; light grey to mark amplified samples, dark grey to mark sequenced isolates.

Sample set Sample name Sample date County Type RNA ng/pL 260/280 nm ratio Ct value

1 NOR-1987-001 16.11.1987 Unknown  Serum - - -
NOR-1987-002 16.11.1987 Unknown  Serum - - -
NOR-1987-003 16.11.1987 Unknown  Serum - - -
NOR-1987-004 16.11.1987  Unknown Serum - - -
NOR-1987-005 16.11.1987 Unknown  Serum - - -
NOR-1987-006 16.11.1987 Unknown  Serum - - -
NOR-1987-007 16.11.1987  Unknown Serum - - -
NOR-1987-008 16.11.1987 Unknown  Serum - - -
NOR-1987-009 16.11.1987 Unknown  Serum - - -
NOR-1987-010 17.11.1987  Unknown Serum - - -
NOR-1987-011 17.11.1987 Unknown  Serum - - -
NOR-1987-012 17.11.1987 Unknown  Serum - - -
NOR-1987-013 17.11.1987  Unknown  Serum - - -
NOR-1987-014 17.11.1987 Unknown  Serum - - -
NOR-1987-015 17.11.1987 Unknown  Serum - - -
NOR-1987-016 17.11.1987 Unknown  Serum - - -
NOR-1987-017 17.11.1987 Unknown  Serum - - -
NOR-1987-018 17.11.1987  Unknown Serum - - -
NOR-1987-019 17.11.1987 Unknown  Serum - - -
NOR-1987-020 17.11.1987 Unknown  Serum - - -
NOR-1987-021 17.11.1987  Unknown Serum - - -
NOR-1987-022 18.11.1987 Unknown  Serum - - -
NOR-1987-023 18.11.1987 Unknown  Serum - - -
NOR-1987-024 18.11.1987 Unknown  Serum - - 35.7
NOR-1987-025 18.11.1987 Unknown  Serum - - -
NOR-1987-026 18.11.1987 Unknown  Serum - - -
NOR-1987-027 18.11.1987  Unknown Serum - - -
NOR-1987-028 18.11.1987 Unknown  Serum - - -
NOR-1987-029 18.11.1987 Unknown  Serum - - -
NOR-1987-030 18.11.1987 Unknown  Serum - - -
NOR-1987-031 18.11.1987 Unknown  Serum - - -
NOR-1987-032 18.11.1987  Unknown  Serum - - -
NOR-1987-033 18.11.1987 Unknown  Serum - - -

2 NOR-1988-001 27.04.1988 Unknown Plasma - - -
NOR-1988-002 28.04.1988 Unknown Plasma - - -

3 NOR-1988-003 1988 Unknown  Unknown 0.8 1.38 -
NOR-1988-004 1988 Unknown  Unknown 2.6 1.39 321
NOR-1988-005 1988 Unknown  Unknown 8.8 1.43 32.6
NOR-1988-006 1988 Unknown  Unknown 10.0 1.54 30.4
NOR-1988-007 1988 Unknown  Unknown 2.8 1.33 28.2
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NOR-1995-001 17.10.1995  Unknown Plasma - - 314
NOR-1995-002 17.10.1995  Unknown Plasma - - 32.9
NOR-1995-003 17.10.1995  Unknown Plasma - - 31.6
NOR-1995-004 17.10.1995  Unknown Plasma - - 27.8
NOR-1995-005 17.10.1995 Unknown Plasma - - 34.1
NOR-1996-001 1996 Unknown Plasma - - -

NOR-1996-002 1996 Unknown Plasma - - -

NOR-1996-003 1996 Unknown  Plasma - - -

NOR-1996-004 1996 Unknown Plasma - - 36.9
NOR-1996-005 1996 Unknown Plasma - - -

NOR-1996-006 1996 Unknown  Plasma - - -

NOR-1996-007 1996 Unknown Plasma - - -

NOR-1996-008 1996 Unknown  Plasma - - -

NOR-1996-009 1996 Unknown Plasma - - -

NOR-1996-010 1996 Unknown Plasma - - 29.4
NOR-1996-011 1996 Unknown Plasma - - 353
NOR-1996-012 1996 Unknown  Plasma - - 36.4
NOR-1996-013 1996 Unknown Plasma - - 29.0
NOR-1996-014 1996 Unknown Plasma - - 27.5
NOR-1996-015 1996 Unknown Plasma - - 30.9
NOR-1996-016 1996 Unknown Plasma - - 31.2
NOR-1996-017 1996 Unknown  Heart 63.6 1.96 36.5
NOR-1996-018 1996 Unknown  Heart 107.2 1.80 334
NOR-1996-019 1996 Unknown  Heart 27.6 1.98 32.8
NOR-1996-020 1996 Unknown  Heart 37.8 1.99 36.0
NOR-1996-021 1996 Unknown  Heart 26.2 191 36.6
NOR-1996-022 1996 Unknown  Heart 160.3 2.00 37.7
NOR-1996-023 1996 Unknown  Heart 129.3 2.03 353
NOR-1996-024 1996 Unknown  Heart 81.5 2.00 37.6
NOR-1996-025 1996 Unknown  Heart 26.7 1.90 35.6
NOR-1996-026 1996 Unknown Spleen 6.7 1.85 37.4
NOR-1996-027 1996 Unknown  Spleen 8.2 1.67 35.2
NOR-1996-028 1996 Unknown  Spleen 5.4 1.34 37.1
NOR-1996-029 1996 Unknown  Spleen  34.9 1.55 34.7
NOR-1996-030 1996 Unknown  Spleen  23.7 1.95 35.6
NOR-1996-031 1996 Unknown  Spleen 2.2 2.04 34.1
NOR-1996-032 1996 Unknown  Spleen 3.5 2.57 35.8
NOR-1997-001 1997 Unknown Plasma - - 315
NOR-1997-002 1997 Unknown Plasma - - -

NOR-1997-003 1997 Unknown  Plasma - - -

NOR-1997-004 1997 Unknown Plasma - - -

NOR-1998-001 12.02.1998  Unknown Kidney 2.2 2.03 37.2
NOR-1998-002 12.02.1998 Unknown  Kidney 17.2 1.90 -

NOR-1998-003 12.02.1998 Unknown  Kidney 2.1 1.69 37.0
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NOR-1998-004 12.02.1998 Unknown Kidney 1.4 1.07 35.6
NOR-1998-005 12.02.1998 Unknown  Kidney 5.2 1.83 36.7
NOR-1998-006 12.02.1998  Unknown Kidney 3.8 2.60 37.0
NOR-1998-007 12.02.1998  Unknown  Spleen  369.7 1.81 37.6
NOR-1998-008 12.02.1998 Unknown  Spleen  40.1 2.01 33.8
NOR-1998-009 12.02.1998  Unknown  Spleen  280.7 1.94 38.0
NOR-1998-010 12.02.1998 Unknown  Spleen 144.4 2.03 37.8
NOR-1998-011 12.02.1998 Unknown  Spleen 57.4 2.03 33.6
NOR-1998-012 12.02.1998 Unknown  Spleen  23.0 2.02 355

10 NOR-1998-ROG-013 11.03.1998  Rogaland  Kidney 116.0 2.02 -
NOR-1998-ROG-014 11.03.1998 Rogaland  Kidney 76.5 2.05 255
NOR-1998-ROG-015 11.03.1998 Rogaland  Kidney 57.5 2.00 22.7
NOR-1998-ROG-016 11.03.1998  Rogaland  Kidney 54.0 1.97 21.2
NOR-1998-ROG-017 11.03.1998  Rogaland  Kidney 232.0 2.04 24.8
NOR-1998-ROG-018 11.03.1998 Rogaland  Kidney 0.6 0.75 -
NOR-1998-ROG-019 11.03.1998  Rogaland  Kidney 21.6 1.95 29.2
NOR-1998-ROG-020 11.03.1998 Rogaland  Kidney 12.8 2.15 23.8
NOR-1998-ROG-021 11.03.1998 Rogaland  Kidney 28.2 2.14 26.6
NOR-1998-ROG-022 11.03.1998 Rogaland  Kidney 7.9 1.79 21.9
NOR-1998-ROG-023 11.03.1998 Rogaland  Spleen  99.9 1.99 -
NOR-1998-ROG-024 11.03.1998  Rogaland  Spleen  62.3 2.03 232
NOR-1998-ROG-025 11.03.1998 Rogaland  Spleen  116.2 1.99 26.4
NOR-1998-ROG-026 11.03.1998 Rogaland  Spleen  84.0 1.99 23.1
NOR-1998-ROG-027 11.03.1998  Rogaland  Spleen  60.0 2.01 215
NOR-1998-ROG-028 11.03.1998 Rogaland  Spleen  40.6 1.92 -
NOR-1998-ROG-029 11.03.1998 Rogaland  Spleen  46.0 1.88 275
NOR-1998-ROG-3 11.03.1998  Rogaland  Spleen  107.1 1.98 19.9
NOR-1998-ROG-031 11.03.1998 Rogaland  Spleen  54.3 2.04 29.3
NOR-1998-ROG-032 11.03.1998 Rogaland  Spleen  25.0 2.05 224

11 NOR-1998-5 16.04.1998  Unknown Plasma - - 22.8
NOR-1998-034 16.04.1998 Unknown Plasma - - -

12 NOR-1999-001 17.02.1999 Unknown Plasma - - -
NOR-1999-002 17.02.1999 Unknown  Plasma - - -
NOR-1999-003 17.02.1999 Unknown Plasma - - 21.6
NOR-1999-004 17.02.1999 Unknown Plasma - - -
NOR-1999-005 17.02.1999 Unknown  Plasma - - -
NOR-1999-006 17.02.1999 Unknown  Plasma - - -
NOR-1999-007 17.02.1999  Unknown Plasma - - 17.7
NOR-1999-008 17.02.1999 Unknown  Plasma - - -
NOR-1999-009 17.02.1999 Unknown Plasma - - -
NOR-1999-010 17.02.1999 Unknown Plasma - - -

13 NOR-2001-001 11.12.2001 Unknown Plasma - - 36.2
NOR-2001-002 11.12.2001 Unknown Plasma - - 32.6
NOR-2001-003 11.12.2001 Unknown Plasma - - 315
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NOR-2001-004 11.12.2001  Unknown Plasma - - 322
NOR-2001-005 11.12.2001 Unknown Plasma - - 35.6
14 NOR-2004-001 2004 Unknown  Spleen 7.8 3.27 222
NOR-2004-002 2004 Unknown Kidney 23.8 2.20 254
NOR-2004-003 2004 Unknown  Heart 82.3 2.15 244
NOR-2004-MRO-9 2004 Mgre og Spleen  250.1 2.09 19.1
Romsdal

NOR-2004-MRO-005 2004 Mgre og Kidney 75.6 211 22.7
Romsdal

NOR-2004-MRO-006 2004 Magre og Heart 108.1 211 25.2
Romsdal

15 NOR-2004-007 06.10.2004  Unknown  Spleen  333.6 2.09 20.8
NOR-2004-008 06.10.2004  Unknown Kidney 1374.4 1.98 254
NOR-2004-009 06.10.2004 Unknown  Heart 120.6 212 235
NOR-2004-010 06.10.2004  Unknown  Spleen 1815 1.99 235
NOR-2004-011 06.10.2004 Unknown Kidney 193.7 2.02 245
NOR-2004-012 06.10.2004 Unknown  Heart 2.2 * 225
NOR-2004-013 06.10.2004  Unknown  Spleen  116.0 2.12 20.9
NOR-2004-014 06.10.2004 Unknown  Kidney 463.9 1.95 234
NOR-2004-015 06.10.2004 Unknown  Heart 104.2 2.09 23.7
NOR-2004-016 06.10.2004 Unknown  Spleen 119.1 2.12 215
NOR-2004-017 06.10.2004 Unknown Kidney 34.5 2.06 22.4
NOR-2004-018 06.10.2004 Unknown  Heart 43.0 2.06 21.2

16 NOR-2004-019 25.10.2004  Unknown Plasma - - -
NOR-2004-020 25.10.2004 Unknown  Plasma - - -
NOR-2004-021 25.10.2004 Unknown Plasma - - -

17 NOR-2004-022 28.10.2004 Unknown  Spleen 27.5 1.84 22.1
NOR-2004-023 28.10.2004 Unknown  Kidney 370.7 2.01 24.6
NOR-2004-024 28.10.2004 Unknown  Heart 162.6 2.04 28.8
NOR-2004-025 28.10.2004 Unknown Spleen  270.9 1.94 224
NOR-2004-026 28.10.2004  Unknown Kidney 80.3 2.00 23.9
NOR-2004-027 28.10.2004 Unknown  Heart 336.2 2.03 26.8
NOR-2004-028 28.10.2004  Unknown Spleen  123.9 2.03 19.7
NOR-2004-029 28.10.2004 Unknown  Kidney 379.5 1.90 24.7
NOR-2004-030 28.10.2004 Unknown  Heart 1520.4 2.04 29.0
NOR-2004-031 28.10.2004 Unknown  Spleen 51.2 1.93 30.5
NOR-2004-032 28.10.2004 Unknown  Kidney 1581.0 1.88 24.9
NOR-2004-033 28.10.2004 Unknown  Heart 199.8 2.07 26.0

18 NOR-2004-12 29.10.2004  Unknown Spleen  652.7 1.82 21.7
NOR-2004-035 29.10.2004 Unknown  Kidney 414.7 1.89 254
NOR-2004-036 29.10.2004 Unknown  Heart 334.6 2.04 245
NOR-2004-037 29.10.2004  Unknown  Spleen  309.2 1.87 232
NOR-2004-038 29.10.2004 Unknown  Kidney 332.1 1.89 24.2
NOR-2004-039 29.10.2004 Unknown  Heart 611.8 1.97 25.6

19 NOR-2005-13 09.06.2005  Unknown Spleen 131.4 2.01 21.7
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NOR-2005-002 09.06.2005  Unknown Kidney 437.2 1.86 24.8
NOR-2005-003 09.06.2005 Unknown  Heart 206.7 1.96 26.4
NOR-2005-004 09.06.2005  Unknown Spleen  762.0 1.70 26.6
NOR-2005-005 09.06.2005  Unknown Kidney 543.2 1.78 24.9
NOR-2005-006 09.06.2005 Unknown  Heart 545.2 0.55 23.6

20 NOR-2005-007 19.10.2005  Unknown  Spleen  103.2 2.03 30.8
NOR-2005-008 19.10.2005  Unknown Kidney 80.0 2.02 27.8
NOR-2005-009 19.10.2005 Unknown  Heart 115.0 1.98 30.6

21 NOR-2005-010 16.12.2005  Unknown Plasma - - -
NOR-2005-011 16.12.2005 Unknown Plasma - - -
NOR-2005-012 16.12.2005 Unknown  Plasma - - -
NOR-2005-013 16.12.2005  Unknown Plasma - - -
NOR-2005-014 16.12.2005 Unknown  Plasma - - -

22 NOR-2007-001 06.06.2007 Unknown  Spleen 281.1 2.04 24.8
NOR-2007-002 06.06.2007 Unknown  Kidney 90.3 2.05 25.3
NOR-2007-003 06.06.2007  Unknown  Heart 149.3 2.10 305
NOR-2007-004 06.06.2007 Unknown  Spleen 229.5 2.01 22.9
NOR-2007-005 06.06.2007  Unknown  Kidney 320.2 2.02 26.8
NOR-2007-006 06.06.2007 Unknown  Heart 114.4 2.10 28.7
NOR-2007-15 06.06.2007  Unknown  Spleen  266.7 2.07 22.1
NOR-2007-008 06.06.2007  Unknown  Kidney 344.5 1.99 255
NOR-2007-009 06.06.2007  Unknown  Heart 271.2 2.08 25.6

23 NOR-2007-010 19.06.2007 Unknown  Spleen  160.8 1.94 26.7
NOR-2007-011 19.06.2007  Unknown Kidney 117.2 2.01 26.4
NOR-2007-012 19.06.2007 Unknown  Heart 168.5 2.01 27.3

24 NOR-2007-013 22.06.2007 Unknown  Spleen  154.0 1.95 27.6
NOR-2007-014 22.06.2007  Unknown Kidney 574.2 1.96 25.6
NOR-2007-015 22.06.2007 Unknown  Heart 616.6 2.00 24.8
NOR-2007-016 22.06.2007 Unknown  Spleen  956.7 1.89 28.3
NOR-2007-017 22.06.2007  Unknown Kidney 307.3 2.01 245
NOR-2007-018 22.06.2007 Unknown  Heart 555.4 1.97 24.6

25 NOR-2008-001 27.03.2008 Unknown  Spleen 213.6 2.03 275
NOR-2008-002 27.03.2008  Unknown Kidney 37.4 1.98 27,0
NOR-2008-003 27.03.2008  Unknown  Heart 106.2 2.04 26.5
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Appendix 2. Storage overview. Overview of sampling year, storage location, form and temperature for each
sample set prior to RNA isolation.

Sample set Year Storage location Storage form Storage temperature (°C)
1 1987 NMBU Serum -20
2 1988 NVI Plasma -80
3 1988 NVI Unknown -80
4 1995 NVI Plasma -80
5 1996 NVI Plasma -80
6 1996 NVI Plasma -80
7 1996 NVI Heart, spleen -20
8 1997 NVI Plasma -80
9 1998 NMBU Kidney, spleen -20
10 1998 NMBU Kidney, spleen -20
11 1998 NVI Plasma -80
12 1999 NVI Plasma -80
13 2001 NVI Plasma -80
14 2004 NMBU Whole fish -20
15 2004 NMBU Whole fish -20
16 2004 NVI Plasma -80
17 2004 NMBU Whole fish -20
18 2004 NMBU Whole fish -20
19 2005 NMBU Whole fish -20
20 2005 NMBU Whole fish -20
21 2005 NVI Plasma -80
22 2007 NMBU Whole fish -20
23 2007 NMBU Whole fish -20
24 2007 NMBU Whole fish -20
25 2008 NMBU Whole fish -20
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Appendix 3. Whole fish overview. Overview of weight of dissected fish and samples originating from each fish.

Sample set Fish number Weight (gram) Samples
14 1 65 NOR-2004-001, NOR-2004-002, NOR-2004-003
2 203 NOR-2004-MRO-9, NOR-2004-MRO-005, NOR2004-MRO-006
15 3 210 NOR-2004-007, NOR-2004-008, NOR-2004-009
4 220 NOR-2004-010, NOR-2004-011, NOR-2004-012
5 230 NOR-2004-013, NOR-2004-014, NOR-2004-015
6 220 NOR-2004-016, NOR-2004-017, NOR-2004-018
17 7 820 NOR-2004-022, NOR-2004-023, NOR-2004-024
8 655 NOR-2004-025, NOR-2004-026, NOR-2004-027
9 816 NOR-2004-028, NOR-2004-029, NOR-2004-030
10 846 NOR-2004-031, NOR-2004-032, NOR-2004-033
18 11 711 NOR-2004-12, NOR-2004-035, NOR-2004-036
12 571 NOR-2004-037, NOR-2004-038, NOR-2004-039
19 13 502 NOR-2005-004, NOR-2005-005, NOR-2005-006
14 689 NOR-2005-002, NOR-2005-003, NOR-2005-004
20 15 220 NOR-2005-007, NOR-2005-008, NOR-2005-009
22 16 511 NOR-2007-15, NOR-2007-008, NOR-2007-009
17 491 NOR-2007-004, NOR-2007-005, NOR-2007-006
18 279 NOR-2007-001, NOR-2007-002, NOR-2007-003
23 19 690 NOR-2007-010, NOR-2007-011, NOR-2007-012
24 20 465 NOR-2007-013, NOR-2007-014, NOR-2007-015
21 385 NOR-2007-016, NOR-2007-017, NOR-2007-018
25 22 719 NOR-2008-001, NOR-2008-002, NOR-2008-003
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Appendix 4. Differences in amino acid sequence. Differences in amino acid sequence between the six reference
isolates and the six sequenced isolates from the present study in the analyzed coding sequences. Amino acids
differing from the consensus sequence or three reference isolates differing at a site (i.e. 63, p13 and pl) are shown
in red color. Unknown amino acids are shown in grey color.

NOR- NOR- NOR- CAN NOR- NOR- NOR- NOR- NOR- NOR- NOR- NOR-
1988 1996 1997 16- 2018/ 2018/ 1998- 1998- 2004-  2004- 2005- 2007-
005ND NL SF ROG- 5 MRO- 12 13 15
3 9
o3 Sag P39 Psg P39 P39 P39 P39 P39 P39 P39 P39 P39
(S1) Teo Teo Vo Teo Voo Voo Teo Xe9 Voo Voo Voo Voo
Evs E7s Ds Es Ds Drs E7s X7 Drs Drs Drs Ds
Ass Ass Tes Ass Tes Tss Ass Xas Tss Tss Tss Tss
Tur Tur N117 Tur N117 N117 Tur X7 N117 N117 N117 N117
l137 l137 V137 l137 V137 V137 l137 Xia7 V137 V137 X137 V137
Auise Auise T1s6 Auise T1s6 T1se Ause Ause T1s6 T1s6 X156 T1se
Sis7 Sis7 Ais7 Sis7 Ais7 Ais7 Sis7 S157 Ais7 Aus7 Xis7 Ausy
K174 K174 E174 K174 E174 E174 K174 K174 E174 E174 X174 E174
Si80 Sig80 Siso L1so Sis0 Si80 Si80 Sis0 Si80 Si80 Si80 Si80
K199 K199 Kigg K199 K199 K199 K199 K199 E199 K199 K199 K199
V206 V206 Az V206 Az A6 V206 V206 Aaoe Aae X206 A6
l218 I218 Va1 l218 Va1 Vais l218 Xo1s Va1 Va1 X218 Vais
Va30 V230 Va30 Az30 Va30 Va30 Va3o V230 Va30 Va30 Va30 V230
Moase Mase Mase Moase Mase Moase Mase Mase Mase Moase X256 Mase
p13 V6 Ve A V6 Az A Ve X16 Az Az Aus Ass
(S1) P23 P23 P23 Hos P23 P23 P23 P23 P23 P23 P23 P23
Ts9 Tag Mg Tsg Mg Mzg Tag Xag Mz Mag Mag M3o
Miso Mso Tso Mo Tso Tso Mso Xs0 Tso Tso Tso Tso
Ks2 Ks2 Is2 Ksz Is2 Is2 Ks2 Xs2 Is2 Is2 Is2 152
Az Az A7 Az V74 V74 Az X4 V74 V74 V7a Vs
R7e R7e Q7 R7e Q7 Q7 R7s X6 Q7 Q7 Qs Qs
Qs Qs1 Rs1 Qs1 Rs1 Rs1 Qs1 Xs1 Rs1 Rs1 Ra1 Rs1
Lo Lo Mo1 Lo Moz Moz Loz Xo1 Moz Moz Moz Mo1
Nos So3 Nos Nos Nos Nos Nos Nos Nos Nos Nos Nos
Az Gz Aur Az Aur Az Az A7 A1z A1z X7 Az
ol V107 Vo7 Vo7 V1o Vo7 Aoz Vior Vo7 Vo7 Vo7 Vior Vior
(S4) Tus Tus Tus Tus Tus Tus Tus X113 Tus Tus Tus Tas
D2s2 D2s2 D2s2 D2s2 N2s2 D2s2 Das2 D2s2 D2s2 D2s2 D2s2 N2s2
Eo2s4 E2s4 E2s4 E2s4 E2s4 E2s4 E2s4 E2s4 Ko2s4 K2s4 E2s4 E2s4
pl Siga Siga Taiss Sigs Tiss Tiss Siga Tasa Tiss Tiss X184 Tasa
(M2) Azes2 Azes2 S262 Azes2 S262 Sa262 Azes2 Sa62 S262 Sa262 X262 Sa62
N370 Na370 D370 N370 D370 Dso N370 Das7o Do Do Ds7o Da7o
Asgg Vagg Vg9 Vagg Vg9 Vagg Vagg Vg9 Vg9 V3ago Vagg Vagg
A3 Na372 Na372 Das72 Na372 N372 Na372 Na372 Na372 Na372 Das72 Na372 D72
(L1) Vg0 Vg0 la90 Vago Vago Vago Vg0 N2 Vago la90 Xago 1190
Ses7 Ses7 Ses7 Ses7 Ses7 Ses7 Ses7 Xes7 Ses7 Ses7 Ses7 Ses7
M719 M719 M719 M719 M719 M719 M719 M7 M719 M719 M719 T719
N7ss N7sg S7ss N7ss N7sg N7ss N7s8 N7ss N7sg N7sg N7sg N7ss
Fae3 Fas3 Fse3 Fse3 Fse3 Fse3 Fae3 Ls72 Fse3 Fse3 Fae3 Fae3
Ks72 Ks72 Ksr2 Ks72 Ksr2 Ks72 Ks72 Xar2 Ks72 Ks72 Ks72 Ks72
Dos7 Dos7 Agz7 Dos7 Dos7 Dos7 Dos7 Dos7 Dos7 Dos7 Dos7 Dos7
Loa1 Loa1 Loa1 Loa1 Loa1 Loa1 Loa1 Loa1 Loa1 Loa1 Loa1 Soa1
Voe2 Vos2 los2 Voe2 Vos2 Voe2 Voe2 Vos2 Voe2 Voe2 Voe2 Voe2
Noge Noge Sog6 Noge Nogs Noge Noge Noge Nogs Nogs Noge Noge
Di226  Dizzs  Dazs Di226 D1226 Di226  Diazs X226 Dai22s D1226 Di226  Dixs
L1233 L1233 L1233 L1233 L1233 L1233 L1233 Xizzs  Lazss L1233 L1233 L1233
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Ti254 T1254 T1254 T1254 T1254 T1254 Ti254 Kizsa  Tios4 T1254 Ti254 T1254
A2 Rs7e Rs76 Rs76 Rs76 Rs7e Rs76 Xs76 Rs76 Rs7e Rs76 Rs76 Rs76
(L2) Tos2 Tos2 Aos2 Tos2 Tos2 Tos2 Tos2 Tos2 Tos2 Tos2 Tos2 Tos2
T1043 N1043 S1043 T1043 T1043 T1043 T1043 N1043 T1043 T1043 N1043 T1043
V1055 V1055 11055 V1055 V1055 V1055 V1055 V1055 V1055 V1055 V1055 V1055
Dion1 Diom1 Eiom Dion1 Dion1 Dion1 Dion1 Diom1 Dion1 Dion1 Dion1 Dio71
l107s l1075 l1075 V1075 l1075 l107s l107s l1075 l1075 l1075 l1075 l1075
Au128 Ai2s Auizs T1128 Au128 Au128 Au128 Au128 Au128 Au128 Au128 Au128
P1141 P1141 L1141 P1141 P1141 P1141 P1141 P1141 P1141 P1141 P1141 P1141
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Appendix 5. Phylogenetic trees from segment S1, M2, L1 and L2. Phylogenetic trees constructed from the
partial analyzed sequences from gene segment S1, M2, L1 and L2 using maximum likelihood (ML). Bootstrap
values were calculated from 1000 replicates and values above 70 were considered significant.

S1 NOR-2018/SF
NOR-2018/NL

97 | NOR-1997 S1

—
NOR-2004-12 Group B

I NOR-2004-MRO-9

NOR-2007-15

NOR-1996

NOR-1998-ROG-3 S1
Group A

63

NOR-1988
65

86 CAN 16-005ND —

PRV-3 NOR/060214

0,050

Phylogenetic tree of S1. Phylogenetic tree constructed from the nucleotide sequence of S1 (bp 21-1021). The
analysis included four isolates from the present study (black) and six reference isolates of known virulence (low
virulent in green, high virulent in red). PRV-3 NOR/060214 (MG253816) (grey) was used as outgroup. The field
isolates clustered into two distinct groups annotated as S1 Group A and B.

M2 NOR-1998-5
NOR-2004-MRO-9
NOR-2004-12

87 L M2
NOR-2007-15 Group B

NOR-1997
NOR-2018/SF

NOR-2018/NL _J
CAN 16-005ND
NOR-1988 M2

ss | NOR-1996 Group A

NOR-1998-ROG-3 ]

PRV-3 NOR/060214

0,010

Phylogenetic tree of M2. Phylogenetic tree constructed from the nucleotide sequence of M2 (bp 77-2020). The
analysis included five isolates from the present study (black) and six reference isolates of known virulence (low
virulent in green, high virulent in red). PRV-3 NOR/060214 (MG253811) (grey) was used as outgroup. The field
isolates clustered into two distinct groups annotated as M2 Group A and B.
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L1

89

920

34

©

9|
80

| NOR-2018/SF

NOR-1998-ROG-3 |
NOR-1998-5
NOR-1996

| NOR-2018/NL

L CAN 16-005ND
NOR-1988

‘I NOR-2004-MRO-9

NOR-2005-13 _

—— NOR-1997

PRV-3 NOR/060214

0,10

L1

—
Group A

L1
Group B

Phylogenetic tree of L1. Phylogenetic tree constructed from the nucleotide sequence of L1 (bp 1100-3788). The
analysis included four isolates from the present study (black) and six reference isolates of known virulence (low
virulent in green, high virulent in red). PRV-3 NOR/060214 (MG253807) (grey) was used as outgroup. The field

isolates clustered into two distinct groups annotated as L1 Group A and B.

L2

79

49 [, NOR-2004-12 —

99

98

NOR-2018/NL
NOR-2007-15
NOR-1998-ROG-3
NOR-1988

CAN 16-005ND

I NOR-2018/SF

NOR-2004-MRO-9

91 | NOR-2005-13  _J

}

NOR-1997

NOR-1998-5

NOR-1996

PRV-3 NOR/060214

0,20

L2
Group A

L2
Group B

Phylogenetic tree of L2. Phylogenetic tree constructed from the nucleotide sequence of M2 (bp 1652-3772). The
analysis included six isolates from the present study (black) and six reference isolates of known virulence (low
virulent in green, high virulent in red). PRV-3 NOR/060214 (MG253808) (grey) was used as outgroup. The field

isolates clustered into two distinct groups annotated as L2 Group A and B.
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Appendix 6. Phylogenetic tree from protein pl13 (S1). Phylogenetic tree constructed from the amino acid
sequence p13 (aa 1-124) using neighbor joining. The analysis included four isolates from the present study (black)
and six reference isolates of known virulence (low virulent in green, high virulent in red). PRV-3 NOR/060214
(MG253816) (grey) was used as outgroup. The field isolates clustered into two distinct groups annotated as p13
(S1) Group A and B. Bootstrap values were calculated from 1000 replicates and values above 70 were considered
significant.
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