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SUMMARY 

 

Viral hemorrhagic septicemia virus (VHSV) has four major genotypes (I, II, III, and IV) with 

different sub-lineages (Ia-e and IVa-c). VHSV infects a wide-host-range with a preference for 

low-temperature environments. The virus leads to a deadly disease and causes severe 

economic losses to rainbow trout (Oncorhynchus mykiss) and olive flounder (Paralichthys 

olivaceus) farming in Europe and East Asia. Infection also causes great losses in wild fish, 

particularly in the Great Lakes in North America.  

The aim of this study (Paper I) was to identify virulence mechanisms of VHSV. It is known 

that virulence to rainbow trout vary between genotypes and on this basis the pathogenicity 

profile of different strains was tested for their ability to infect and translocate across polarized, 

rainbow trout gill epithelial cells (GECs). Infection of GECs in vitro mimic the initial 

infection process in vivo and four VHSV strains were tested for their ability to infect and 

translocate across GEC cells. On this basis the strains were separated into two virulence 

categories, one virulent and one avirulent group. The strains were (or had been tested) tested 

for in vivo virulence to rainbow trout. Next the different strains were subject to full genome 

sequencing and the obtained sequences were aligned and from this, single amino acid residues 

that were different between the two virulence categories were identified and selected as 

potential virulence residues. Among the differences detected between high and low virulence 

strains, eight amino acid residues spread across the G, NV, and L proteins were selected. An 

avirulent, genotype IVa strain (JF-09) was used as a template or backbone, and by use of 

reverse genetics the selected 8 residues were changed one by one, except for residues in the 

NV protein that were mutated as a block of 3 residues. The results showed that of those 

selected, only one residue was found to change the in vitro virulence profile of JF-09. When 

isoleucine (I) was exchanged with phenylalanine (F) in position 1012 of the L protein the 

mutated strain changed from an avirulent to an intermediate-virulent variant, using the GECs 

system in vitro. This residue is located in the conserved region (CR) IV of the L protein (RNA 

polymerase).  

In the next study (Paper II), the importance of the terminal untranslated region (UTR) for in 

vitro viral replication and in vivo pathogenicity was studied. The conserved 3’-terminal 

sequence was identified as a potential promoter for initiation of RNA synthesis, and a specific 

sequence in 3’-terminus was then analyzed using an approach by point mutations at 

nucleotides A
4
G

5
 and A

7
U

8
. Through various mutations it was shown that the primary 
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sequence (A
4
G

5
) at the 3’-terminus is vital for replication and in vitro and in vivo virulence 

tested in a zebrafish model.   

Finally, in the third study (Paper III), the importance of the L protein for temperature 

sensitivity was studied. This study indicated that VHSV strains have different temperature 

sensitivities. To assess the importance of the L protein as a determinant of temperature 

sensitivity, the L protein encoding region from two different strains within genotype IV were 

interchanged. This study showed that the L protein determines temperature sensitivity at 

elevated temperatures in vitro.  

From our findings, we conclude that the RNA polymerase (L) is linked with the virulence of 

VHSV related to infectivity in vitro and in vivo virulence, and also temperature sensitivity. 

The conserved 3’-terminal promoter sequence is important for optimal replication in host cells 

and thus virulence, both in vitro and in vivo. Hence, the results obtained add to the 

understanding of virulence of VHS virus. 
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SAMMENDRAG  

 

Viral hemoragisk septikemi virus (VHSV) har fire genotyper (I, II, III, og IV), med flere 

subgenotyper (Ia-e og IVa-c). VHSV har et bredt vertsspekter og gir sykdom ved lave 

vanntemperaturer. Viruset fører til en dødelig sykdom og gir spesielt store økonomiske tap i 

oppdrett av regnbueørret (Oncorhynchus mykiss) i Europa og i flyndreoppdrett (Paralichthys 

olivaceus) i Sør-Øst Asia. 

Med det siktemål å bedre forstå virulensmekanismer hos VHSV for ulike genotyper, ble det i 

den første studien (Paper I) fokusert på å definere virulensmotivene hos regnbueørretpatogene 

VHSV stammer. Vi benyttet en in vitro modell som etterligner den naturlige 

infeksjonsbarrieren hos fisk. Dette ble gjort ved å dyrke gjelle-epitelceller fra regnbueørret 

(RBT-GEC) som så ble infisert med fire ulike stammer av VHSV, som igjen var inndelt i to 

forskjellige virulenskategorier (virulente og avirulente stammer). Ved å sammenligne 

aminosyresekvensen hos de ulike virusisolatene ble 8 utvalgte posisjoner i G, NV, og L- 

proteinene utvalgt for introduksjon av enkeltmutasjoner (på aminosyrenivå) hos en prototype 

av et marint VHSV isolat, kalt JF-09, som opprinnelig ikke er virulent overfor regnbueørret 

og heller ikke infiserer GEC i kultur. Av alle de introduserte mutasjoner så viste det seg at 

posisjon 1012 i polymerase-proteinet hadde betydning for in vitro virulens i GEC og når 

isoleucin (I) ble endret til fenylalanin (F), lokalisert i en konservert region (CR) IV i L protein 

(RNA-polymerase), ble virus ”omdannet” fra en avirulent variant til en middels virulent 

variant i GECs celler. Dette er første gang det er påvist at virulensegenskaper hos VHSV er 

knyttet til polymerasen. 

I den neste studien (Paper II) så vi på betydningen av den 3`-terminalen ikke-translatert 

regionen (UTR) hos VHSV for in vitro replikasjon og in vivo patogenisitet. Den konservert 3'-

terminale sekvensen ble karakterisert og ved hjelp av enkelt posisjon-mutagenese, og 

posisjonene 4/5 og 7/8 ble studert. Vi foretok en ombytting av nukleotidrekkefølgen i posisjon 

4/5, A4G-G5A, og en mutasjon i posisjon 7/8, A7C-U8A. Gjennom in vitro studier fant vi at 

posisjon 4/5 er en mulig promotor for initiering av RNA-syntese, og at det er en spesifikk 

sekvens i 3'-enden som er av betydning. På samme måte fant vi at de effekter som ble 

observert in vitro også lot seg reprodusere in vivo når denne virusmutanten ble benyttet for å 

infisere zebrafisk. Studien viste at rekkefølgen av den primære sekvensen (A4G5) i 3'-enden 

er en viktig kode for replikasjon og in vitro/in vivo-virulens. 
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Til slutt, i den tredje studien (Paper III), ble betydningen av L proteinet for 

temperaturfølsomhet studert. For å vurdere om L proteinet fungere som en determinant for 

temperaturfølsomhet, ble genet som koder for L-proteinet fra to forskjellige stammer av 

genotype IV byttet om ved revers genetikk. Disse hydrid-stammene ble så testet ved ulike 

temperaturer fra 15 °C til 23 °C. Her ble det vist for det første, at ulike VHSV stammer har 

ulik temperaturfølsomhet og at man ved å bytte om polymerasen kan oppnå både en ”loss-of-

function” og ”gain-of-function”. Denne studien viste at L- proteinet spiller en viktig rolle ved 

temperaturfølsomhet for vekst in vitro. 

På bakgrunn av disse resultatene konkluderer vi med at RNA polymerase (L) protein er 

direkte knyttet til de virulensmekanismer hos VHS virus; dette har betydning for smittsomhet 

mellom fiskearter (host-species specificity) og temperaturfølsomhet. Den konservert 3'-

terminale promotorsekvens er viktig for viruset virulens og for optimal replikasjon i 

vertsceller.  

Resultatene i denne avhandlingen kan benyttes for å forstå virulensmekanismer og i siste 

instans også gi verdifulle bidrag til forebyggelse av utbrudd av VHS i oppdrettsnæringen. 
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ACRONYMS/ABBREVIATIONS 

 

cRNA 

CPM 

DNA 

HPIV-3                                          

hRSV  

IFN 

IHNV 

G 

L 

M   

MOI 

N 

NNS RNA     

NV  

NFĸB         

ORF 

P 

PB2    

RBT GEC 

RdRp           

RNA  

RNP      

RT-PCR 

SHRV 

SVCV 

TNF-α    

UTR    

VHS          

VHSV          

vRNA 

VSV 

- Complementary ribonucleic acid 

- Cumulative percent mortality 

- Deoxyribonucleic acid 

- Human parainfluenza virus type 3 

- Human respiratory syncytial virus 

- Interferon 

- Infectious hematopoietic necrosis virus 

- Glycoprotein  

- RNA polymerase 

- Matrix 

- Multiplicity of infection 

- Nucleocapsid  

- Non-segmented negative strand RNA 

- Non-virion 

- Nuclear factor kappa B  

- Open reading frame 

- Phosphoprotein 

- Subunit of influenza virus RNA polymerase 

- Rainbow trout gill epithelial cell 

- RNA-dependent-RNA-polymerase 

- Ribonucleic acid 

- Ribonucleoprotein complex 

- Reverse transcriptase polymerase chain reaction 

- Snakehead rhabdovirus 

- Spring viremia of carp virus 

- Tumor necrosis factor alpha 

- Untranslated region 

- Viral hemorrhagic septicemia 

- Viral hemorrhagic septicemia virus  

- Viral ribonucleic acid 

- Vesicular stomatitis virus 
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INTRODUCTION 

 

GENERAL BACKGROUND 

 

A disease syndrome, with resemblance to viral hemorrhagic septicaemia (VHS), was first 

described by Schäperclaus in rainbow trout in 1938 [1]. He termed the disease 

“Nierenschwellung” (kidney swelling) and in 1946 Pliszka described a similar syndrome in 

Poland [2]. The same disease syndrome was later described in Denmark in the 1950s [3,4] 

and the first successful isolation of what turned out to be the causative agent, was done by 

Jensen (in Denmark) in 1963 [5]. He termed the virus Egtved virus and also called the disease 

Egtved disease. It was named after the Danish village from which the fish originated [6].  

VHS virus was isolated from wild fish, Atlantic cod (Gadus morhua), for the first time from 

the coastal waters of Zealand in 1979 [7,8]. Despite so, up to the mid-90s VHS was 

considered primarily a disease of farmed fish in continental Europe [1,9–11]. The change 

came with detection of VHS virus in 1988/89 in healthy returning Chinook salmon and Coho 

salmon in the North American Pacific Northwest region [9,10,12]. Later it was also isolated 

from haddock (Melanogrammus aeglefinus) and cod in the Scottish waters (East coast) in 

1993 and later in 1995 [13]. The first isolation in farmed marine fish in European waters 

occurred in 1991 in Germany [14], in Scotland in 1994 [15,16] and Ireland in 1997 [17] and 

on the basis of these findings, the virus and the disease attracted more attention from the 

legislators, particularly in the European Union. This resulted in the launch of the large 

screening project (FAIR CT 96-1594. Rhabdoviruses in wild marine fish in European coastal 

waters: characterization and significance for aquaculture) where Norwegian partners also 

joined in and this project is the basis for the research activities leading up to this thesis. The 

separation of the different virus strains into clades, aligns with previous categorization of 

strains of VHS virus into four major genotypes (I, II, III, and IV) with different sublineages 

(Ia-e and IVa-c). The different stains are found in different geographical regions but not 

related to host-specific infectivity [11,18].  

Outbreaks of VHS have been observed in pen-reared rainbow trout in the marine coastal area 

off Gothenburg [19,20]. The isolates from these outbreaks were grouped in genotype Ib 

indicating that the virus causing the outbreak can originate from wild marine fish in the 

Kattegat. Outbreaks have also been observed in Finnish coastal waters off the Åland Island 
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[21]. Challenge studies using the Finnish and Swedish isolates show 20-40 % mortality in 

rainbow trout fingerlings (unpublished data in Skall et al. 2004). VHS virus is present at very 

low prevalence in marine fish species but despite so clinical outbreaks of VHS have occurred 

in rainbow trout farmed in seawater in the North-west coast of Norway (Storfjorden, Møre 

and Romsdal county) [22]. 

Through the referred project (FAIR CT 96-1594), which included a large screening program 

of wild caught marine fish species also in Norwegian waters [23], it became clear that VHS 

virus infects a vast diversity of species in the marine environment [17]. Also in Norwegian 

waters, VHS virus was detected in wild fish species, but at very low prevalence [23]. Over the 

last 25 years several VHSV strains have been isolated from freshwater and marine fish in the 

Northern hemisphere, altogether approximately 80 species [24,25]. On this basis, we now 

know there are VHSV strains circulating in wild fish in the North Pacific and the North 

Atlantic oceans, and in addition, VHS virus circulates in farmed fish in continental Europe 

(Fig. 1) [26]. From each of these “sources” of wild fish, inter-species transmission or host-

switch has occurred several times, as indicated in Figure 1.  
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Figure 1. Continental Europe and UK. Until 1998 continental Europe was considered as the principal region of 

occurrence of VHS in rainbow trout farmed in freshwater. The disease was also found in rainbow trout held in 

the marine environment in Sweden (1998), and later in Finland (2000), and recently in Norway (2007) 

[17,21,22,27–29]. In Baltic Sea and North Sea Clupidae and Norway pout were the predominant host of VHSV 

[17,30]. In the North Sea VHSV was also isolated from cod with ulcus syndrome and haddock with skin 

haemorrhages [13]. Furthermore, VHSV was detected from wild marine fish without lesions [17,30]. 

North Atlantic Ocean – East Coast. The VHS disease also caused mass mortality of freshwater drum 

(Aplodinotus grunniens) and round goby (Neogobius melanostomus) in the Great Lakes in 2005 [31].   

North West Coast. The first VHS virus isolates in North America originate from returning Chinook salmon 

(Onchorhyncus tshawytscha) and Coho salmon (Onchorhyncus kisutch) [9,10] The isolates were low or 

apathogenic for salmon and trout [32] but were highly pathogenic for marine fish species [33]. It clearly 

indicates that the virus isolates were originated from the marine environment.  

North Pacific – Japan and Korea. Rhabdoviral disease was reported with mass mortality in olive/Japanese 

flounder (Paralichthys olivaceus) farms in the Seto inland Sea of Japan in 1996 and later the causative pathogen 

was identified as VHSV [34]. In East Asia VHSV was found widely distributed in both wild and farmed olive 

flounder [34,35].  
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Based on genome sequencing of the G-protein encoding gene [11] VHS virus strains have 

been divided into several different clades and the clades are shown below (Fig. 2). 

Subdivision includes one Eurasian clade with genotypes (strains) I, II and III and one New-

World clade (strain) IV.  

Figure 2. Compiled clade picture showing the Eurasian clade at the top equivalent to genotypes I, II and III, and 

the New world clade at the bottom, equivalent to Genotype IV and sublineages. 
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Farmed fish 

VHS causes severe economic losses in fish farming, with higher incidences during the winter 

season [17,29,36,37]. All European marine VHSV strains (genotypes I, II, and III) were 

generally thought to be low- or nonpathogenic to rainbow trout, until VHS outbreaks were 

seen in rainbow trout farmed in the marine environment in Sweden (1998), Finland (2000), 

and Norway (2007), all caused by marine VHSV strains (genotype Ib-e and III) [17,21,22,27–

29]. It is probable that low- or nonpathogenic marine VHSV strains, through mutations, cross 

the species barrier and infect farmed rainbow trout. Using waterborne infection (under 

experimental conditions) it was shown that a marine VHSV strain, genotype IVa could extend 

the host range from Pacific herring (Clupea harengus pallasii) to Atlantic salmon (Salmo 

salar L.) [38]. From these studies, it seems probable that low- or nonpathogenic marine 

VHSV strains can spread into salmonid aquaculture but very little is known about the 

underlying mechanisms of virulence differences between strains and genotypes.  

Rainbow trout fresh water fish farms in continental Europe are highly affected by VHS 

disease outbreaks (fresh water VHSV genotype Ia). In Norway VHS has not been a problem 

in rainbow trout fish farms until 2007 when an outbreak of VHS (marine VHSV genotype III) 

occurred in seawater-reared rainbow trout located in Møre and Romsdal on the west coast of 

Norway [22]. Survey within the region identified VHSV in three other fish farms operated by 

the same company [22]. This was the first detection of VHSV in Norway since 1974, which at 

that time were caused by genotype Id [22]. The isolates in 2007 were tested in bath challenge 

trials in rainbow trout and showed high virulence to rainbow trout [22]. It was the first 

registration of a marine VHSV genotype III being virulent for rainbow trout [22] but luckily, 

Norwegian rainbow trout farms have not experienced disease outbreaks since 2007.  

Olive flounder farming have been heavily affected by VHS disease outbreaks in Japan, South 

Korea, and China with mass mortality [34,35,39]. In Japan VHSV (Obama 25, genotype IVa) 

was first isolated from wild olive flounder caught in Wakasa Bay in 1999 [40]. Also a 

rhabdoviral disease was diagnosed in 1996 causing 50-70 % cumulative mortality in cultured 

olive flounder in the Inland Sea of Japan at water temperatures ranging from 8-15 °C. A later 

study identified the causative virus as VHSV (KRRV 9601, genotype Ib) [34]. According to 

in vivo challenge test with KRRV 9601, pathogenicity declined with increasing fish weight 

[34]. In South Korea VHSV was first detected in cultured juvenile olive flounder in East sea 

of Korea in 2001 [41]. VHSV was also detected in cultured market-sized olive flounder in 

South sea of Korea from winter to spring of 2005 with heavy mortalities, 40-60 % cumulative 
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mortality [35]. Until today, all VHS outbreaks in South Korea have been associated with 

genotype IVa [42]. In China a rhabdovirus was isolated from diseased olive flounder in 2005 

and named Paralichthys olivaceus Rhabdovirus (PORV) and the virus has 98.3 % identity 

(nucleotide level) with a Korean VHSV strain (KJ2008, genotype IVa) [39].    

 

 

GENOME ORGANIZATION OF VHSV 
 

VHSV is an enveloped non-segmented negative strand (NNS) RNA virus and belongs to the 

genus Novirhabdovirus in the family Rhabdoviridae [43]. The viral genome is approximately 

11.2 kb in size and encodes five structural proteins (Fig. 3); namely, (i) nucleocapsid protein 

(N), (ii) phosphoprotein (P), (iii) matrix protein (M), (iv) glycoprotein (G), and (v) RNA 

polymerase protein (L). The structural proteins consist of two major functional units: (i) a 

ribonucleoprotein complex (RNP) unit composed of N, P, and L for transcription and 

replication of genomic and anti-genomic viral RNA, and (ii) envelope components composed 

of G and M proteins to allow RNP in and out of the host cell [44]. In contrast to the 

rhabdoviruses, novirhabdoviruses have a nonstructural non-virion (NV) protein-coding gene 

placed in between G and L protein-coding genes [45]. In general, the NNS RNA viruses have 

highly conserved gene order, N, P, and M gene near 3’-end and L gene near 5’-end [46].  

The VHSV RNA genome has (i) conserved UTR sequences in the 3’- and 5’-ends and (ii) 

conserved intergenic UTR sequences in between open reading frame (ORF) genes, similar to 

other rhabdoviruses.  

 

 

                       

Figure 3. Genome organization of five structural proteins (N, P, M, G, and L) and a nonstructural protein (NV) 

of Novirhabdovirus. Pictures are from Viral Zone: www.expasy.org/viralzone, Swiss Institute of Bioinformatics. 
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Ribonucleoprotein complex 

i. Nucleocapsid protein (404 amino acids) has five highly variable regions [45]. As a 

constituent of the RNP unit, the concentration of the N protein-encapsulated RNA genomic 

template is an important signal for switching from transcription (viral RNA to mRNA) to 

replication (cRNA to viral RNA) and viral genome copying (Fig. 4) [47,48]. 

       

 

           

Figure 4. Transcription and replication cycle of negative strand RNA virus. In the absence of free nucleocapsid 

(N) protein, the RNA-dependent-RNA polymerase (RdRp) complex transcribes the genome to make mRNA at 

the early infection stage. After translation of the N proteins, the complex uses the highly N-coated 

complementary RNA (cRNA) genome as a copy to make more viral RNA (vRNA) and to produce more viral 

proteins, especially RNPs [48]. Figure prepared by S-H. Kim.  

 

 

ii. Phosphoprotein (222 amino acids) has a highly variable N-terminal half and a conserved 

C-terminal half [45]. P, which is a noncatalytic polymerase-associated protein, has a putative 

conserved domain for binding with L protein to be a complete RNA-dependent-RNA 

polymerase (RdRp) complex [44,49]. Based on vesicular stomatitis virus (VSV, 

Rhabdoviridae), the P has three domains: an N-terminal domain to bind with the L protein, a 

central oligomerization domain, and a C-terminal domain to bind with the N-RNA template 

[50,51]. 

iii. RNA polymerase (1984 amino acids) which is a large catalytic RdRp subunit has six 

highly conserved regions (domains) in all NNS RNA viruses [52]. The L protein may be 

organized as a series of separated structural domains but the domains are functionally linked 

to influence other domains [50,53,54]. The conserved regions have been mapped to CR III, 

which is required for RNA polymerization on a template U tract; CR V, which is required for 

mRNA cap addition; and CR VI, which is required for cap methylation activities; whereas the 

vRNA (- polarity) 

(Free N)  

 

Transcription 

Replication 
cRNA (+ polarity) 
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functions of CR I, CR II, and CR IV remain unclear [50,55,56]. However, based on VSV, 

CRs I, II, and IV seem to play an additional structural role for the integrity of the ring domain, 

which is required for facilitating RNA synthesis [50]. The NNS RNA viruses initiate viral 

copying in host cells by a specialized RNA synthesis machine that consists of RNP composed 

of the genomic RNA coated by N protein and the RdRp complex (Fig. 4) but the L protein 

alone is not capable of RNA synthesis [50,55,57]. During RNA synthesis, the N protein-

encapsulated RNA is displaced for the L protein [50]. The enzymatic action of the RdRp 

complex (L-P complex) is important for the initiation and maintenance of viral RNA 

synthesis, but the RdRp complex of RNA viruses lacks the capacity for accurate proofreading, 

unlike DNA-dependent polymerases [48,58,59]. Hence, it may trigger the viral adaptation or 

evolution into new environments [48,58,59]. In general, the L proteins of RNA viruses have a 

similar shape, which resembles a right hand with conserved palm, thumb, and fingers domain 

[48]. 

 

Envelope component 

i. The gene encoding the matrix protein (201 amino acids) is the most conserved among the 

six VHSV protein-coding genes across different isolates, with the protein itself being a 

structural component in between the viral outer membrane of the glycoprotein and RNP coil 

[45,60]. Studied in the family Rhabdoviridae, this protein works mainly for viral assembly, 

nucleocapsid condensation, bullet-shape formation, and viral budding processes [60–63]. It 

also induces host innate immune responses such as apoptosis (a programmed cell death 

process) and down-regulation of the host-directed gene expression, but it is unlikely to play a 

role in determining the host-specific virulence of VHSV [49,64].    

ii. Glycoprotein (507 amino acids) constitutes viral spikes and is the viral attachment protein 

to cellular surface receptors and entry into host cells but only a few amino acids are involved 

in membrane fusion [65–67]. Unlike the M, G is not required for the viral budding process 

and it plays a key role in immunity and immune stimulation but lesser of a role in the host-

specific virulence of VHSV [66,68–70].  

 

Non-structural protein 

i. The Non-virion protein (NV, 122 amino acids) is a unique entity in the genus 

Novirhabdovirus. The NV protein-coding gene is highly variable among novirhabdoviruses, 

has the ability to suppress host innate immune responses like VHSV and infectious 
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hematopoietic necrosis virus (IHNV) [71–73]. For VHSV the NV protein-coding gene is the 

most variable among the six protein-encoding genes (Fig. 5). It suppresses (i) apoptosis at the 

early infection stage, (ii) type I interferon (IFN) transcription, (iii) IFN-induced Mx 

expression, and (iv) tumor necrosis factor alpha (TNF-α)-mediated activation of nuclear 

factor kappa B (NFĸB) [73–76]. Furthermore, the NV protein is important for pathogenicity, 

but it does not determine host-specific virulence in rainbow trout [68,73,74,77]. In contrast to 

low-temperature novirhabdoviruses, the NV protein of snakehead rhabdovirus (SHRV), 

which is a high-temperature novirhabdovirus, is not required for viral pathogenicity [78].  

 

 

 

Figure 5. Variation of the non-virion (NV) protein-coding gene among viral hemorrhagic septicemia virus 

(VHSV) strains (DK-3592B: Ia; NO/650/07: III; 1p8: Ib; and JF-09: IVa). 

 

 

Conserved UTR RNA sequence 

A summary of the conserved UTR sequences and the patterns are given in Table 1. 

 i. 3’- and 5’-end UTRs of VHSV have conserved sequences, and the end sequences are 

complementary (Table 1). The end-UTRs have an unusual A/U-rich content. In the NNS 

RNA viruses, the end-UTRs have been shown to be multifunctional, which include control of 

RNA synthesis processes (transcription and replication), encapsidation, and assembly of 

newly synthesized RNAs [46].  

ii. Intergenic UTRs of VHSV have a conserved gene-start (-CG(A)UG-), and gene-end 

sequence (UCUAU(A)CUUUUUUU). The poly-A
7
 is a putative transcription stop signal of 

the shuttering mechanism [45,79]. The UTRs also have two conserved intergenic nucleotides 

(G(A)C), which serve as a spacer between genes for subsequently moving the RdRp complex 

to the next gene-start sequence [45,79]. The gene starting point of the L protein has a Kozak 

context (-ACCATGG-), which is unique among the six protein-coding genes [45].  

 

 

Table 1. Conserved intergenic, untranslated regions (UTRs) and 3’- and 5’-end UTRs from the complete 

genomic sequence of JF-09 strain (GenBank: KM926343.1).  
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 Gene-end Intergene     Gene-start Position 

3'- / N        GC        CGUG 54-59 

N / P UCUAUCUUUUUUU       GC        CGUG 1415-1433 

P / M UCUAUCUUUUUUU       GC        CGUG 2177-2195 

M / G UCUAUCUUUUUUU       AC        CAUG 2920-2938 

G / NV UCUAUCUUUUUUU       AC        CGUG 4530-4548 

NV / L UCUAUCUUUUUUU       AC        CGUG 4953-4971 

L /- 5' UCUAACUUUUUUU   11041-11053 

3’-end CAUAGUAUUUU 1-11 

5’-end TAAAAGAUAUG 11158-11168 

Complementary 

                                                

 

 

VIRULENCE MECHANISM OF VHSV 

 

Virus virulence is defined by the capacity of the viral infection to cause tissue damage, 

ailment, clinical signs in infected host fish, and it correlates with viral replication ability [80]. 

The virulence of a VHSV is critically dependent on the viral strain, host fish species, fish size, 

and water temperature [80]. The clinical signs and gross pathology of two representative 

cultured fish that are highly susceptible to VHSV infection are presented as follows (Fig. 6). 

 

 

 

Figure 6. Gross pathology of viral hemorrhagic septicemia virus (VHSV)-infected fish. A) Infected rainbow 

trout from [81]: skin ulcer (SU), congested liver (CL), and petechial hemorrhage (PH). B) Infected olive flounder 

from [35]: congested liver (CL) and enlarged spleen (ES). 

 

i. Rainbow trout swim in circles (or spiral) near the water surface. VHSV infection results in 

loss of scales, skin ulcers, pale gills, severe anemia, slight pericarditis, necrosis of the 

                 GUA     

3’- CAUA         UUUU 

5’- GUAU         AAAA 

                 AG_ 

A B 

SU 

CL PH 



19 
 

cardiomyocytes in the heart ventricle, congested liver, enlarged dark spleen, muscle bleeding 

(petecchiae) and petecchiae over the pyloric caeca (Fig. 6A) [22,81]. 

ii. Olive flounder show dark body coloration, expanded abdomen due to ascites, pale gills, 

clear fluid in the peritoneal (or pericardial cavities), congested liver, enlarged spleen, swollen 

kidney, and multiple petecchiae (Fig. 6B) [34,35].  

 

Sequence of viral infection and spread 

In general virus infections of fish include a port of entry, often with some local replication, 

spread to primary replication sites/organs, dissemination and often secondary replication in 

target organs, and then shedding of the virus to the external environment and spread to new 

hosts (simplified in Fig. 7) [82].  

 

 

Figure 7. Infection and spread of virus. 

 

 

i. Port of entry: VHSV enters the host circulation system via three main epithelial cell 

barriers of fish, namely the gill, skin, and gut [80]. In the gill, virulent strains (for rainbow 

trout) can translocate across gill epithelial cells (GECs) and also replicate at early post-

infection time in the cells [25,80]. Fin cells and tissues can be entry sites for viral infection 

and formation of progeny [83–85]. Studies of VHSV and IHNV infections have shown that 

the fin bases are important ports of entry, likely more important than the gills in rainbow trout 

[86,87]. Vaccination studies show that virus can have an entry route through the gut epithelial 

layer with systemic host immune responses being induced by the oral delivery of attenuated 

VHSV strains [88,89].  

i. Virus in environment at pre-infection 

stage  ii. Virus at portal of entries 

iii. Local replication and shedding of virus iv. Virus spread to environment at post-infection 

(
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ii. Local replication and systemic dissemination: At the fin base which is considered a key 

port of entry, major chemokine components of mucosal immunity and IFN-induced Mx 

transcripts are up-regulated at early time of infection [87]. The virus is actively replicating in 

dermis cells with translation being interfered by chemokine production in epidermal cells [87]. 

Most virus infections have a viral incubation period with no disease signs or symptoms during 

the dissemination period [82]. Following entry through the primary barriers, the virus particles 

spread through the host circulation system to hematopoietic organs (primary replication sites) 

such as the kidney and spleen [23,25,80].  

iii. Shedding and transmission: Infected fish transmit VHSV horizontally to naïve fish by 

direct contact, spread of virus to the water or mucosal uptake from the water, but vertical 

transmission from brood-fish to egg has not yet been reported [36,90,91]. For interspecies 

transmission, there is a requirement that the virus conditions in different hosts provide a 

similar environment for a successful viral infection cycle to take place (entry, replication, 

translation, assembly, and release) [36]. Viral reproduction and release/shedding from the 

infected host are most likely essential factors determining transmission rate [36]. Under 

natural conditions, VHSV is more stable in freshwater than in seawater and prefers lower 

water temperatures (5-25 °C) in the aquatic environment [34,92].     

 

Viral host specificity: species and size  

i. Host species: VHSV has a broad host-range infecting approximately 80 fish species in fresh 

water and marine environments. However only a few VHSV strains cause disease in rainbow 

trout and there are no reports on clinical outbreaks in farmed Atlantic salmon under field 

conditions (Table 2) [17,18,21,24,25,28,29,36,37,68,81,91,93–95]. Marine VHSV genotype 

III strains have been found pathogenic in both turbot (Scophthalmus maximus) and rainbow 

trout, and marine VHSV genotype I strains cause severe economic losses in rainbow trout 

farming [17,21,22,27–29,36,81]. While VHSV has a broad host-range, cross-species infection 

mechanisms are still not well understood. By use of reverse genetics entire genes have been 

transferred from virulent VHSV strains to IHNV backbones and a recent study showed that G 

or NV proteins are less likely to be determinants of host-specific virulence for rainbow trout 

[68]. In avian influenza virus (Orthomyxoviridae), a single amino acid in polymerase (residue 

627 in PB2) changes cross-species infectivity and the avian isolate H5N1 with the single 

amino acid mutation is able to invade extrapulmonary tissues [96–98]. In VHSV, the host-

specific role of the RdRp complex has not yet been investigated in any detail.  
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ii. Host size/age: VHS in fry has a typical acute progression compared with that in adult fish 

[80]. For example, challenge of small-sized (14 g) and a medium-sized (124 g) groups of olive 

flounder resulted in close to 100 % cumulative percent mortality (CPM) but the small fish 

reached 100 % CPM 9 days earlier than the medium-sized fish, following challenge with 

wild-type VHSV, genotype IVa [34]. In larger fish (1059 g), CPM reached 60 % by 60 days 

post-infection [34]. Olive flounder of 9.8 cm in size had higher up-regulation of Mx immune 

gene expression and viral-specific antibody against VHSV antigen than smaller fish (less than 

9.8 cm) where Mx up-regulation was low and specific antibodies were undetectable [99].  

 

 

Table 2. Susceptibility of viral hemorrhagic septicemia viruses in cultured fish tested by artificial waterborne 

infection trials (based on genotype). 

Susceptibility from different genotypes (region of origin) 

Atlantic salmon [22,38] 
Yes IVa (Pacific Ocean) 

No III (North East Norway) 

Rainbow trout [22,29] 
Yes Ia (Freshwater) and III (North East Norway) 

No I, II, and III (Baltic sea, North sea, English Channel, Kattegat, and Skagerrak) 

Turbot [100] 
Yes Ib (Baltic sea) and III (North sea) 

No Ia (Freshwater) and II (Baltic sea) 

Olive Flounder [35,90] Yes IVa (Pacific Ocean) 

Atlantic Halibut [37] No Ia (Freshwater),  Ib, II (Baltic sea), III (North sea), and IV (US) 

Atlantic Cod [37] No Ia (Freshwater),  Ib, II (Baltic sea), III (North sea), and IV (US) 

 

 

Viral RNA synthesis in host cell 

Viral transcription or replication of NNS RNA virus involve the RdRp complex where the 

complex interacts with encapsulated N protein to form RNP [101]. In general, an RNA virus 

is rather “self-reliant”, with a virally encoded preexisting “machinery” (RNP: N, P, and L) to 

support viral RNA-dependent RNA synthesis [101]. RNA virus take over the normal cellular 

RNA processing machineries for its own viral RNA synthesis [101]. The RdRp complex is 

essential for viral copying of RNA from RNA, and thus the L protein has a well-defined 

positively charged template tunnel, holding the RNA template to initiate RNA synthesis 

[48,59,102,103]. From VSV studies, a two-entry sites model was suggested with a standpoint 

that transcription is initiated at gene-start and replication likely occurs at end of 3’-UTR 

resulting in RNA synthesis [104–106]. The L-P complex (RdRp complex) is essential for 
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RNA synthesis but it is not sufficient for viral copying [59] and here the template-associated 

N protein is required [59]. The L protein is in charge of the recognition template or nucleotide 

polymerization, but P and N proteins are not essential for this to occur [59]. For example, 

influenza virus, which is a segmented negative strand RNA virus, has 3’- and 5’-ends 

conserved and complementary sequences forming a panhandle structure that guides the RdRp 

complex for RNA synthesis while no such mechanisms have been shown for NNS RNA virus 

species. For negative strand RNA viruses, the conserved terminal sequences are essential for 

control of transcription and replication, possibly functioning as a promoter for the RdRp 

complex [46]. In the genus Novirhabdovirus, VHSV also has the conserved end terminal UTR 

sequences at the 3’- and 5’-ends, which are complementary, also found in other NNS RNA 

viruses [45,46]. The promoter region might be acting as a catalytic core domain for RNA 

synthesis [48,107] but there are no previous studies showing the importance of the UTR-

sequence for the initiation of transcription or/and replication in the genus Novirhabdovirus.  

 

Temperature sensitivity 

VHSV has a preference for lower temperatures and its virus replication and formation of 

progeny is very limited (or not occurring) at temperatures above 25 ºC [108–111]. For 

poikilothermic animals the immune responses are obviously influenced by the water 

temperature, and temperature directly affects the susceptibility of VHSV infection in several 

fish species [92,109,112,113]. For example, VHSV replicates well in olive flounder at 

temperatures below 21 °C, but it does not cause VHS at 21 °C or above [109].  

The L protein is a multifunctional component in the RdRp complex [114]. Studies carried out 

in VSV (Rhabdoviridae) show that the L protein determines temperature sensitivity at high-

temperature: (i) Insertion of a fluorescence gene into a hinge region (in front of CR VI) 

changes the virus to a temperature-sensitive variant at high temperature (37 °C) [55] and (ii) 

an L protein mutant ((G)114) triggers the temperature sensitivity at high temperature (39 °C) 

and interestingly the mutant ((G)114) affects mRNA transcription but not viral RNA 

replication [114].  

The L protein of human parainfluenza virus type 3 (HPIV-3, Paramyxoviridae) is also 

functionally influenced by temperature, which has been used for the development of a 

candidate vaccine strain (cp45) [115]. Viral RNA accumulation of influenza virus was also 

significantly decreased as a consequence of dissociation of the L protein-RNA template 
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(promoter) at elevated temperatures (41 ºC) [116]. Furthermore, a non-structural NS1 gene in 

the influenza virus is required for optimal growth at high temperature (39 °C) [117,118]. 

There are few studies addressing the underlying mechanisms of temperature sensitivity in 

novirhabdoviruses. Using a reverse genetics approach, it was shown that the functional 

aspects of the G protein are not enough to determine temperature sensitivity, and the 

polymerase complex is likely involved in defining temperature optimum for replication 

[62,119]. The determinant for the temperature sensitivity of novirhabdoviruses, however, has 

not yet been documented. The difference of temperature sensitivity (or permissibility) among 

different VHSV strains is also not understood. 

 

 

REVERSE GENETICS OF VHSV 

 

Since the first recovery of an entire negative strand RNA virus from cDNA in 1994, the 

reverse genetics system has been found to be a powerful manipulation tool to study all aspects 

of viral RNA synthetic mechanisms, virus-host interaction, pathogenicity, etc. [44,120]. A 

principle of the reverse genetics method is that the genome-manipulated viral DNA sequences 

are inserted into heterologous recombinant plasmids that are subsequently transfected into 

cells [120–123]. In strike contrast to the positive strand RNA virus (mRNA sense (+)), the 

negative stand RNA virus (anti-mRNA sense (-)) is more difficult to manipulate by reverse 

genetics, for the following three reasons: (i) precise 3’- and 5’- end UTR sequences are 

required; (ii) RNA polymerase is essentially transcribing both viral RNA sense (-) and 

complementary mRNA sense (+) sequences; and (iii) RNPs, which preexist in virus particles 

under natural conditions, are required to drive the initial viral RNA synthesis as helpers (RNP: 

N, P, and L) [120,124]. 

For negative strand RNA viruses infecting fish, reverse genetics systems have been developed 

for VHSV, IHNV, SHRV, and spring viremia of carp virus (SVCV) with the purpose to 

develop live attenuated viral vaccines, to characterize unknown functions of viral proteins, 

and to better understand viral infection routes (or patterns) in host fish [62]. In contrast to 

positive strand RNA viruses, the genomes of negative strand RNA viruses alone are not 

infectious [62]. Negative strand RNA viruses need a minimal infection unit, such as RNP 

containing RNA polymerase, to transcribe and replicate the full-length RNA genome [62]. To 

fulfill the complete recovery of recombinant viruses, helper plasmids harboring RNPs (N, P, 
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and L) are co-transfected into permissive cells together with a complete genomic plasmid 

harboring the full-length viral genome [62]. The plasmids are under the controlled of T7 or 

cytomegalovirus (CMV) promoters, using a RNA polymerase II system driving the 

transcription of the viral genomes in the plasmids [62]. In this system, a self-cleaving hepatitis 

delta virus ribozyme (HdvRz) sequence is precisely fused to the 3’-end of anti-genome 

without any additional nucleotides inhibiting recombinant virus rescue [62]. By use of reverse 

genetics, the following viral gene functions of VHSV have been elucidated:  

i. The NV protein is a determinant of pathogenicity [74]. 

ii. The NV protein suppresses host apoptosis [73]. 

iii. The NV protein suppresses type I IFN induced Mx gene expression [75]. 

iv. The NV protein suppresses early activation of TNF-α-mediated NFĸB expression [76]. 

v. The structural protein G of VHSV can be exchanged with IHNV G [62]. 

vi. Both G and NV protein are unlikely to be host-specific virulence determinants [68]. 

vii. As a vector system, the non-coding regions in between N-P or P-M are optimal places 

for insertion of “foreign genes” for heterologous expression [125]. 

viii. As a vaccine delivery system, recombinant VHSV presents as the surface E 

glycoprotein from West Nile virus (Flaviviridae), which is a non-segmented positive 

strand RNA virus, and it provides immune protection [126].  
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OBJECTIVES 
 

The aim of this study was to elucidate some of the virulence mechanisms employed by VHS 

virus and particularly, the role of the polymerase in virus virulence. The work was subdivided 

into the following subtasks: 

 

i.    Importance of the polymerase for infectivity: 

a. Study the in vitro virulence between different genotypes of VHSV using primary 

cultures of rainbow trout gill epithelial cells (GECs). 

b. Identify virulence residues or motifs through comparison of high and low-virulent 

strains. 

c. Evaluate the importance of individual residues for virulence by site-directed 

mutations using the backbone of a low-virulence marine VHSV strain (JF-09) using 

a gain-of-virulence approach. 

 

ii.    Importance of 3’-end UTR for transcription and replication and in vivo infection:  

a. Study the conserved sequences in 3’-end UTR as a potential promoter region. 

b. Study the functions of 3’-end UTR sequence as a primary, specific viral promoter 

code. 

c. Study the importance of the 3’-UTR region for virus virulence in vitro and in vivo. 

 

iii.   Importance of the L protein for temperature sensitivity of genotype IV strains: 

a. Study the difference of temperature sensitivity between different VHSV strains. 

b. Study the importance of the L protein for VHSV temperature sensitivity for genotype 

IV strains particularly. 
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SUMMARY OF PAPERS 

 

Paper I 

 

A single amino acid mutation (I1012F) of the RNA polymerase changes the in vitro virulence 

profile of marine viral hemorrhagic septicemia virus to rainbow trout gill epithelial cells  

 

Sung-Hyun Kim
1
, Beate J. Thu

1
, Helle F. Skall

2
, Niccolò Vendramin

3
, and Øystein Evensen

1
 

 

Norwegian University of Life Sciences, P.O. Box 8146 Dep, N-0033 Oslo, Norway
1
; Dept. of 

Animal Science, Aarhus University, Hangøvej 2, DK-8200 Aarhus N, Denmark
2 

 

Viral hemorrhagic septicemia virus (VHSV) is separated into four different genotypes (I, II, 

III, and IV) with different sub-lineages. European marine VHSV strains (of genotypes I, II, 

and III) are in general nonpathogenic or have very low pathogenicity to rainbow trout after 

waterborne challenge, and here we also show that genotype IVa is non-pathogenic to trout. 

Despite several attempts it has not been possible to link genomic variation to in vivo virulence. 

In vitro virulence to gill epithelial cells (GECs) has been used as a proxy for in vivo virulence 

and here we extend these studies further with the purpose to identify residues associated with 

in vitro virulence. Genotype Ia (DK-3592B) and genotype III (NO/650/07) isolates, 

pathogenic to rainbow trout, were compared to two marine strains nonpathogenic to trout, 

genotype Ib [29] and genotype IVa (JF-09). DK-3592 and NO/650/07 were pathogenic to gill 

epithelial cells (GECs), while marine strains 1p8 and JF-09 were non-pathogenic to GECs. 

Eight conserved amino acid substitutions contrasting high and low virulent strains were 

identified and reverse genetics was used for a gain-of-virulence approach based on the JF-09 

backbone. Mutations were introduced in the G, NV and L genes and 7 different virus clones 

were obtained. For the first time we show that a single amino acid mutation of the L protein 

close to the RNA dependent RNA polymerase domain, I1012F, rendered the virus able to 

replicate and induce cytopathic effect in trout GECs. The other six mutated variants remained 

nonpathogenic.  
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Paper II 

 

Specific nucleotides at the 3’-terminal promoter of viral hemorrhagic septicemia virus are 

important for virulence in vitro and in vivo  

 

Sung-Hyun Kim
1
, Tz-Chun Guo

1
, Vikram N. Vakharia

2
 and Øystein Evensen

1 

 

Norwegian University of Life Sciences, P.O. Box 8146 Dep, N-0033 Oslo, Norway
1
; 

University of Maryland Baltimore County, 701 East Pratt Street, Baltimore, USA
2
 

 

Viral hemorrhagic septicemia virus (VHSV), a member of the Novirhabdovirus genus, 

contains an 11-nucleotide conserved sequence at the terminal 3’- and 5’-untranslation regions 

(UTRs) that are complementary. To study the importance of the 3’-UTR terminal sequence as 

a potential promoter for virus replication of novirhabdoviruses, we performed site-directed 

mutagenesis of selected residues at the 3’-terminus and generated mutant viruses using a 

reverse genetics approach. Assessment of growth kinetics and in vitro real-time 

cytopathogenicity studies showed that the two nucleotides order (A
4
G

5
) of the 3’-terminus of 

VHSV directly affects growth kinetics in vitro as the mutant A4G-G5A virus has reduced 

positive-strand RNA synthesis efficiency at 48 hrs post-transfection (51 % of wild-type; WT-

VHSV) and 70 hrs delay in causing complete cytopathic effect in susceptible fish cells, as 

compared to the WT-VHSV. Furthermore, when the A4G-G5A virus was used to challenge 

zebrafish, it exhibited reduced pathogenicity by 54 % difference, as compared to the WT-

VHSV. From these studies, we infer that specific residues in the 3’-UTR terminal sequence of 

VHSV are essential to modulate the virulence in cells and pathogenicity in fish. 
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Paper III 

 

Interchange of the L polymerase protein between two strains of viral hemorrhagic septicemia 

virus (VHSV) genotype IV alters temperature sensitivities in vitro 

 

Sung-Hyun Kim
1
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2
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2
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1
; 
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2
 

 

Viral hemorrhagic septicemia virus (VHSV) has four major genotypes (I-IV) with sub-

lineages (Ia-e and IVa-c). First of all, we compared different temperature sensitivities among 

five VHSV strains (or genotypes) on growth in vitro. Using reverse genetics, we show L 

polymerase protein interchanged between two strains of VHSV genotype IV growing at 

different temperatures results in exchanged temperature sensitivities in vitro. 
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METHODOLOGY 

 

OUTLINE OF THE STUDY 

 

This thesis includes five different VHSV strains (DK-3592B - genotype Ia; 1p8 - genotype Ib; 

NO/650/07 - genotype III; JF-09 - genotype IVa; and MI03GL - genotype IVb) used in three 

different studies represented by Papers I, II, and III. The purpose was to elucidate parts of the 

virulence mechanisms of VHSV.  

 

 

Figure 8. Schematic layout of the studies performed as part of this thesis.. 

 

 

Three knowledge gaps in VHS virus research were addressed in this study (Fig. 8):  

i. VHSV is a wide-host-range virus (approximately 80 species) [24,25]; therefore, the 

first question is “What determines fish species infectivity or cross-species infectivity?” 

(Paper I).  

ii. Negative strand RNA virus has a unique transcription and replication cycle; the RdRp 

complex is a crucial factor combining with viral promoter sequence in the 3’-end UTR 

and 3’- and 5’-end UTR sequences are conserved among VHSV strains and are 

complementary. Hence, the second question is “What is the function of the UTR end 

sequences in the transcription and replication of the virus ?”  (Paper II). 

VHSV 

virulence mechanism 

 Cross-species  

infectivity 

 Specificity of  

RNA synthesis 

 Temperature  

sensitivity 
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iii. VHSV growth is restricted at high temperatures; thus, the third question based on 

other previous NNS RNA virus studies is “Is the L protein important for temperature 

sensitivity?” (Paper III).  

Based on these three questions, the differences in viral virulence and the 

similarities/differences in genomic sequences between different VHSV strains were studied in 

this thesis. To answer these questions, we first developed a reverse genetics system (rJF-09) 

as an over-arching method. 

To find sequence differences between the VHSV strains, the entire genome of four VHSV 

strains (DK-3592B, 1p8, NO/650/07, and JF-09) was sequenced in Paper I. We were 

interested in understanding what rendered virus strains virulent to rainbow trout under 

experimental conditions. Genome sequencing was carried out with the purpose to identify 

host-specific virulence residues or motifs (amino acids) for two pathogenic rainbow trout 

VHSV strains (DK-3592B and NO/650/07). The sequence obtained for these strains will not 

provide this information per se, but the sequences obtained were compared to VHSV strains 

(1p8 and JF-09) with low- or non-pathogenic profiles for rainbow trout. The biological 

characteristics of the 4 strains were studied with regard to virulence profiles using in vitro 

virulence tests whereby the strains were used to infect primary cultures of rainbow trout (RBT) 

gill epithelial cells (GECs). Previous studies have shown that RBT GECs serve as an 

excellent proxy of in vivo virulence [25,127]. The GEC systems separated the strains into 

high-virulence and low-virulence strains, with DK-3592B and NO/650/07 being highly 

virulent and 1p8 and JF-09 having an avirulent profile. These results were also confirmed by 

in vivo challenge in rainbow trout. Aligning the sequences for the 4 isolates, we were able to 

pin-point hypothetical virulence residues. By reverse genetics using the JF-09 backbone, these 

positions were mutated in one-by-one and the recombinant JF-09 variants were then used to 

infect RBT GEC in vitro (in Paper I).   

In Paper II, focus was on the 3’- and 5’-end UTR regions. The virus genome sequences were 

aligned and the similarity (or differences) between VHSV strains (DK-3592B, 1p8, 

NO/650/07, and JF-09) was assessed. The 3’- and 5’-end UTRs were conserved across strains 

and the 3´ and the 5´-region was found to be complementary. We then studied the importance 

of specific positions in the 3’-end for viral RNA synthesis for in vitro growth characteristics, 

using a strand-specific quantitative RT-PCR, western blotting, and viral growth kinetics. 

Various mutations were introduced in the 3´-region and the different mutants were 
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successively studied with regard to in vitro growth characteristics and an in vivo pathogenicity 

using a zebrafish (Danio rerio) infection model [128–131].  

Temperature sensitivities for the different VHSV strains were studied in Paper III. To explore 

the importance of the L protein for in vitro temperature sensitivity, the L protein encoding 

regions were interchanged between VHSV genotype IVa and IVb by gene swapping. The 

growth characteristics at different temperatures were assessed, an approach also used for other 

NNS RNA viruses [55,114,115,132–135]. This study focused on the importance of the L 

protein (RNA polymerase) for in vitro growth at elevated temperatures. 

 

 

VIRUSES AND CELLS 

 

The DK-3592B, 1p8, NO/650/07, JF-09, and MI03GL strains were used in this thesis and 

propagated in Epithelioma papulosum cyprini (EPC) cells in L15 cell medium (Invitrogen) 

containing 10 % fetal bovine serum (FBS; Sigma Aldrich) at 15 °C [25]. The DK-3592B and 

1p8 strains were a kind gift of Dr. Niels Jørgen Olesen, Danish Veterinary Institute, Århus, 

Denmark, and the NO/650/07 strain was kindly provided by Dr. Renate Johansen, Norwegian 

Veterinary Institute, Oslo, Norway. The JF-09 strain originated from VHSV-infected olive 

flounder in Jeju, South Korea (2009). The MI03GL strain was isolated in Great Lake, USA 

(2003) [45]. Viral titration was performed on the EPC cells using the 50% tissue culture 

infective dose (TCID50) method as previously described [136].  

In order to use the in vitro GEC assay as a proxy of in vivo infectivity, primary cultured RBT 

GECs were isolated from fry of rainbow trout (Fig. 9), using to the following procedure 

[25,80]:  

i. Gills of rainbow trout were dissected and disinfected with antibiotics (400 µg/ml of 

gentamicin and 200 µg/ml of penicillin-streptomycin B; Invitrogen) and antifungal 

medicine (250 µg/ml of fungizon; Gibco). 

ii. Blood clots in the gill filaments were removed and trypsinized (in vortex for 15 min 

twice). 

iii. Trypsin activation was stopped by the addition of 10 % FBS in phosphate-buffered 

saline (PBS).  

iv. The cells were collected by centrifugation (400 × g for 10 min). 
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v. The collected cells were seeded to a cell culture flask with L15 (Invitrogen) containing 

10 % FBS and 200 µg/ml gentamicin. 

vi. The cells were incubated at 20 °C for 24 h to allow for attachment to the bottom of the 

flask.  

vii. Debris and blood cells in the cell culture medium were removed by washing with PBS. 

viii. The cell culture medium was exchanged everyday until infection. 

 

 

 

Figure 9. Primary cultured rainbow trout gill epithelial cells. A) Cells are shown by phase contrast imaging. B) 

Cells infected by a low-virulence VHSV strain (JF-09). C) Cells infected by a high-virulence VHSV strain (DK-

3592B). D) Viral-induced Mx protein in cells infected with DK-3592B. E) Combination of viral infection and 

Mx protein expression in cells by infected with DK-3592B. F) Mx protein expression in the cells by application 

of salmonid recombinant IFN-alpha from [137]. Viral N protein expression by using MAb IP5B11 as a primary 

antibody (green fluorescence) and Mx protein expression by using anti-rainbow trout Mx as a primary antibody 

(red fluorescence) are shown by indirect fluorescent antibody testing. 
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JF-09 PLASMID AND RECOMBINANT JF-09 

 

(i) First-strand cDNA is amplified by RT-PCR to produce 6.1 and 5 kb DNA products covering the whole genome.                

 

(ii) Parental plasmid, pTurboFP635N, is selected. 

 

(iii) PCR products (6.1 and 5 kb) are inserted into sub-plasmids. 

    

(iv) Sub-plasmids are combined at the EcoRI site following enzyme digestion. 

 

(v) Helper plasmids encoding the RNP complex (N, P, and L) and supplementary NV gene are constructed. 

    

(vi) Plasmids are co-transfected into permissive EPC cells. 

 

(vii) Recombinant VHSV (rJF-09) is rescued from the cell culture supernatant and growth of virus was documented by IFAT 

(as shown).                                    

Figure 10. Schematic layout of the reverse genetics system for production of recombinant VHSV (rJF-09). 
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In this study, we first developed a recombinant VHSV system (JF-09, genotype IVa) using 

reverse genetics, based on the following process (Fig. 10):  

i. The entire genomic sequencing of JF-09, including 3’- and 5’-end sequences, was 

completed. On the basis of a two subclones strategy, two viral genomic DNAs were 

produced by RT-PCR, following ultracentrifugation, to obtain a high-yield viral RNA 

concentration. The genomic DNAs were long RT-PCR products (6.1 and 5 kb) 

containing a NheI restriction site in front of gene-start sequence, a NotI restriction site at 

the 3’-end tail of the anti-genome sequence, and a common overlapping EcoRI 

restriction site. Precise 3’- and 5’-end sequences are important for the negative strand 

RNA virus reverse genetics system. 

ii. A commercial plasmid (pTurboFP635N; Everogen) containing a standard CMV early 

promoter site and restrition sites (NheI, EcoRI, and NotI) was selected for insertion of 

the viral genome. 

iii. The two RT-PCR products (6.1 and 5 kb) were inserted into pTurboFP635N following 

enzyme digestions at restrition sites the NheI, EcoRI, and NotI sites, respectively. The 

common restriction site EcoRI was used for both subclones, but only one of the two end 

restriction sites (NheI or NotI) was used for either individual subclone: (i) NheI-EcoRI 

and (ii) EcoRI-NotI. The CMV promoter sequence was positioned exactly in front of the 

5’-end of the anti-genome start sequence.   

iv. A full viral genomic plasmid (rJF-09) was constructed following combination of the two 

subclones by ligation at the EcoRI restriction site with the two end sites (NheI and NotI). 

The HdvRz sequence was added at the 3’-end of the anti-genome sequence with the 

purpose to obtain precise cutting, followed by the SV40 early mRNA polyadenylation 

signal. 

v. Helper plasmids, based on pTurboFP635N for RNP (N, P, and L) to initiate RNA 

synthesis and a supplemental plasmid (NV) to increate viral copy numbers with 

suppression of the cellular innate immunity, were constructed following the gene RT-

PCR amplifications. A Kozak consensus sequence was created in front of the start 

codon of each ORF. 

vi. The full genomic JF-09 plasmid and helper plasmids (N, P, L, and NV) were co-

transfected into permissive EPC cells by using chemical-based transfection reagents [74]; 

pVHSVJF-09 (120 ng), pN (70 ng), pP (30 ng), pNV (15 ng), and pL (30 ng) were mixed 

in 25 µl of Opti-MEM
®
 medium (Invitrogen) and then 1 µl of X-tremeGENE 9 DNA 

CMV 

promoter 
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transfection reagent (Roche) was added. The transfected cells were incubated at 28 °C 

for 5-8 h for optimal activation of the CMV early promoter, based on the RNA 

polymerase II system driving the VHSV genes in the plasmids, and the incubation 

temperature was then reduced to 15 °C for optimal viral RNA synthesis. 

vii. Following verification of the virus-induced cytopathic effect (CPE), the recombinant JF-

09 strain was harvested from the cell culture medium.  

The growth kinetics of the recombinant JF-09 in permissive EPC cells was compared with 

that of wild-type virus (JF-09 strain, genotype IVa). The full genome sequence of the 

recombinant JF-09 virus was identical with that of the wild type, except for an amino acid at 

position 91 in the NV protein (serine (S) to asparagine (N), both polar amino acids).  

 

 

SEQUENCE COMPARISON 

  

With the aim to analyze genomic differences and similarities, all ORF sequences of the four 

VHSV strains (DK-3952B, 1p8, NO/650/07, and JF-09) were obtained by RT-PCR, covering 

the whole coding region. 3’- and 5’-end UTR sequences for the JF-09 strain were obtained by 

using a SMARTer RACE cDNA Amplification kit (Clontech). The 3’- and 5’-RACEs and 

RT-PCR products were sequenced by GATC Biotech, Germany. The assembly of contiguous 

sequences, multiple sequence alignments, and comparative sequence analyses were conducted 

by using the Vector NTI Advance 11 software (Invitrogen) and the Basic Local Alignment 

Search Tool (BLAST) in the National Center for Biotechnology Information (NCBI) database. 

To identify candidate virulence motifs in Paper I where identified by these alignments.   

 

 

In Vitro PROFILING OF VIRUS ISOLATES 

 

For the in vitro growth kinetics of the characterization of VHSV strains, progeny was detected 

intracellularly by immunofluorescence staining, by quantitative real-time RT-PCR targeting a 

conserved N protein-coding gene, and viral titration using permissive EPC cells. Cell viability 

after infection was measured using a CellTiter AQueous One Solution reagent (Promega) in 96-

well plates [25,80] and the XCelligence system from Roche, giving a real-time-based cell 

viability assay (Paper I).  
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With the purpose to mimic in vivo translocation across primary barriers, translocation of 

VHSV was study in ex vivo systems of gill epithelial cells (GEC) of rainbow trout where 

GECs were grown on inserted filters (Falcon, 0.4 μm-pore sizes). The establishment of a tigh 

barrier was measured using standard resistance measurement (≥ 1.0 KΩ×cm
2
) (Paper I). Virus 

particles translocating across the epithelial barrier were collected from the basal medium and 

inoculated onto EPC cells. Virus growth was detected by indirect fluorescence antibody test 

(IFAT) [25,80].  

A strand-specific quantitative RT PCR assay was established in which the forward primer 

amplifies negative strand RNA and the reverse primer favors mRNA synthesis. At early time 

post transfection/infection, this will exceed cRNA levels. We used this setup to detect viral 

RNA synthesis (positive- or negative strand RNA), in Paper II (Fig. 11) [138,139].  

 

 

                   

Figure 11. Schematic design of the strand-specific RT-PCR for making strand-specific cDNA. The black arrow 

is forward primer (+) to detect negative strand RNA (-) and the blue arrow is reverse primer (-) to detect plus 

strand RNA (+). Strand-specific first strand cDNAs were detected by quantitative real time RT-PCR to measure 

the strand-specific RNA amounts. Figure prepared by S.-H. Kim.  

 

 

Western blotting was used to determine production of viral proteins for recombinant VHSV 

strains using a polyclonal anti-VHSV antibody [73] (Paper II).  

 

 

MUTAGENESIS OF RECOMBINANT VIRUSES 

  

Three different procedures were used for the manipulation of a parental plasmid (recombinant 

JF-09), as follows:  

     Positive strand RNA (+) 

     Negative strand RNA (-) 

    Positive strand RNA specific cDNA 

     Negative strand RNA specific cDNA 
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i. Site-directed mutagenesis (GENEART
®

 Site-Directed Mutagenesis System; 

Invitrogen) using gene-specific primers was used for site-directed, single nucleotide 

mutations in the complete genomic parental plasmid (recombinant JF-09, Papers I and 

II). The site-directed mutagenesis reaction, with two overlapping primers, methylated 

the parental plasmid DNA and also amplified the plasmid, including the target 

nucleotide mutations.  

ii. PCR-directed mutagenesis was based on target nucleotide mutation in the gene-

specific primers (forward or reverse primer), using a restriction enzyme site. This 

introduced gene deletions or single nucleotide mutations on a complete genomic 

plasmid (recombinant JF-09, Paper II). 

iii. Restriction site cutting at two identical restriction enzyme sites in the two parental 

recombinant plasmid backbones (recombinant JF-09 and recombinant MI03GL) was 

applied (in Paper III) with the purpose to swap the ORF genes between the two VHSV 

strains. 

Following mutagenesis, the reconstructed recombinant VHSVs were rescued from EPC cells 

transfected with VHSV plasmids and helper plasmids (N, P, L, and NV) by using chemical-

based transfection reagents, as previously described [74].  

 

 

In Vivo ZEBRAFISH INFECTION MODEL 

 

To correlate in vitro results with in vivo virulence, a zebrafish infection model was used for 

testing the attenuated virus (A4G-G5A, in Paper II). Wild-type zebrafish (sex ratio, 50:50) 

were gradually transferred from 28 °C water temperature to 16.5 °C in a closed aquarium (6 

L), and fed every day. The water was aerated. The zebrafish infection facility is kept in a 

closed room with no outlet water being released without documented disinfection and 

complete killing of the virus. The water temperature is 16.5 ± 1 °C during challenge with 

VHSV (Fig. 12). Fish were kept at 16.5 ± 1 °C for a minimum of 2 days prior to challenge. 

One third of the water volume in the tanks was exchanged daily and the water quality was 

monitored every day for NO2-, NO3-, NH3, pH, KH, and GH. The light regime was 12:12 

hours light/darkness. The zebrafish were injected intraperitoneally or intramuscularly with 2 

µl of virus solution, in three parallel tanks, using insulin needles fitted with 2.5 µl pipette tips. 

Non-infected control groups were anesthetized and injected with 2 µl of L15 medium. After 
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virus challenge, the mortality and health condition of the zebrafish were recorded daily. 

Humane endpoints were employed and moribund fish were collected, anesthetized and 

decapitated to reduce further suffering. Fish were counted daily for mortality. Dead fish and 

euthanized fish were summarized for estimation of cumulative percent mortality (CPM), used 

to determine virus pathogenicity.  

 

 

                                                       

Figure 12. A) Viral hemorrhagic septicemia virus (VHSV) infection at 16.5 ± 1 °C. B) Three typical gross signs 

of VHS in zebrafish. Figure and photos by S.-H. Kim.  
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RESULTS AND GENERAL DISCUSSION 

 

HOST-SPECIFIC VIRULENCE IN RAINBOW TROUT 

 

The in vitro primary cultured RBT GEC system was previously used our laboratories (at 

NMBU) as a proxy to predict in vivo virulence in rainbow trout [25]. The experiments 

reported herein have further substantiated previous findings and show that virulence in 

rainbow trout of VHS virus strains from all genotypes can be assessed by their ability to infect 

and cause CPE in GECs. Further, translocation across GEC is similarly a proxy of virulence, 

as has also been shown before [25]. Such a system has several advantages over in vivo testing: 

(i) it is faster, simpler and much cheaper; (ii) it will allow for screening of a large number of 

virus variants within a short time; (iii) it is a good replacement for in vivo testing and 

therefore contributes to reducing the number of animal used for experimental purposes. 

Further it can be used for functional testing of neutralizing antibodies and even anti-viral 

therapies, an approach explored to a very little extent in aquaculture.  

The main purpose of Paper I was to identify amino acid positions correlating with virus 

virulence and GEC was used to predict virulence changes, i.e. using a gain-of-virulence 

approach. Hypothetical virulence positions were identified by comparing the genome 

sequence of VHS virus strains defined by their high or low virulence to rainbow trout. Further, 

strains of high and low virulence profiles in vitro were or had been tested by in vivo challenge 

in rainbow trout. Single amino acid residues were mutated, one-by-one, using a low-virulent 

backbone (JF-09 strain, genotype IVa) and adding amino acids from a high-virulent profile or 

imprint, using a reverse genetics system. By using the GEC model it was possible to rule out 

most of the identified positions that differed between the high and low virulence strains as a 

marker of virulence. Of the 8 different positions tested, a single amino acid mutation, I1012F, 

of the L protein, which is a multifunctional component of the catalytic RdRp complex, 

resulted in gain-of-virulence. This amino acid is located in the conserved region (CR) IV and 

this mutant virus increased its replication rate close to 5.6-fold compared with wild type JF-09. 

It also induced cytopathic effects in GEC monolayers, whereas the remaining six recombinant 

JF-09 variants did not change the pathogenicity profile in vitro relative to the wild-type strain 

(JF-09). The mutant, I1012F, was compared to a high-virulent strain (DK-3592B), which 

showed 50-fold higher replication level than wild type JF-09, i.e. 9-fold higher than the 

mutated variant. From this we concluded that the L protein plays a role in infectivity of GECs 
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and the I1012F variant has an intermediate virulence profile in vitro. The underlying 

mechanisms are not understood but the L protein in NNS RNA viruses has six conserved 

regions (CRs I-VI) [52]. Following alignment with other NNS viruses, the 1012 position is 

located at the C-terminus of CR IV (Table 3).  

 

 

Table 3. Alignment of the 1012 point (VHSV) in CR IV in the L with NNS RNA viruses. 

 

  VHSV (JF-09)          1009 AYQIRNITDQKESEMFVTKFATAKTM…KRSQAKEIYTIWRT 1067 

  VHSV (1p8)            1009 AYQIRNITDQKESEMFVTKFATAKTM…KRSQAKEIYTIWRT 1067 

  VHSV (DK-3592B)       1009 AYQFRNITDQKESEMFVTKFATAKTM…KRSQAKEIYTIWRT 1067 

  VHSV (NO/650/07)      1009 AYQFRNITDQKESEMFVTKFATAKTM…KRSQAKEIYTIWRT 1067 

  IHNV (Q82685)         1011 NYMIRSITDEKESEMFVTKFASARTM…MKSQQKETYTIWRT 1069 

  SHRV (Q9QJT4)         1008 AHLIRDITDEKESEMFVTKFATARTM…KKSRAKETYTIWRS 1066 

  TPMV (Q9JFN3)         1130 ASEIVDNSITGARESLAGLLDTTKGL…YDYNQFRQFNRLMQ 1190 

  SVCV (Q91DS4)         1003 LSEFRSSTFVGVTDSLIGLFQNSKTI…SELSSLEHLGSYRK 1061 

  ISFV (Q5K2K3)         1004 LSEFKSGTFMGVASSVVSLFQNSRTI…SEVNSLEHLCKYKG 1062 

  CHAV (P13179)         1004 LSEFKAGTFMGVASSIVSLFQNSRTI…SELTSLEHLSNYTD 1062 

  BDV  (Q8JMN0)          925 MSALFALSNVAYGLSIIDLFQKSSTV…VALESVRYKESIIQ 976 

  RABV (Q8B6J5)         1028 LSELFSSSFLGIPESIIGLIQNSRTI…SEIHGINRMTQTPQ 1086 

  SENDZ(P06447)         1060 AHEILGNSLTGVREAIAGMLDTTKSL…YDLLQYETLTRTLR 1120 

  

*SHRV=Snakehead rhabdovirus, TPMV=Tupaia paramyxovirus, SVCV=Spring viraemia of carp virus, 

ISFV=Isfahan virus, CHAV=Chandipura virus, BDV=Borna disease virus, RABV= Rabies virus, and SENDZ= 

Sendai virus.            

 

 

The function of CR IV still remains unclear [50,140,141]. Studies in Sendai virus and 

parainfluenza-3 virus have shown that single point mutations in this region rendered the virus 

temperature sensitive [132,133]. Further, a single point mutation at the 1321 position of the L 

protein of human respiratory syncytial virus (hRSV) also rendered the virus avirulent [134] 

and deletion of codon 1313 changed hRSV to an attenuated and temperature-sensitive vaccine 

candidate [135]. The CR-IV region of the polymerase likely plays a role in protein structure 

and possibly interacts with the incoming RNA strand (template strand) but very little is 

actually understood as regards the underlying mechanisms. Our studies on the impact of the 

mutation (of the L) on transcription or replication are not studied in detail for VHSV apart 

from the observed increased replication level. A single mutation in CR IV (L992F) in Sendai 

virus resulted in improved replication [132]. Further we have not examined combinations of 

mutations, i.e. position 1012, combined with any of the other residues found different 

between high and low virulent strains. Like for IPN virus [142], it is not unlikely that 

combined mutations play a role. Thus, there are numerous additional studies to be carried out 
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to better understand the mechanisms involved. Concluding, this is the first study to clearly 

demonstrate in vitro that the virulence of VHSV can be linked to a specific amino acid residue 

(I1012F) in CR IV of the L protein. Yet another implication of these findings is that the L 

protein plays a role in defining the host specific virulence of VHSV strains. This remains a 

speculation but it certainly warrants further studies along these lines. Particularly since some 

VHS virus variants (genotypes) infect a multitude of species while others have a relatively 

narrow species range.  

While the involvement of the polymerase in VHS virus virulence has been studied to a very 

little extent, several studies have addressed the possible involvement of the G protein in this 

regard. This is also the reason we included a mutation in the G-protein but could not find this 

had any impact on virus virulence. Our findings concur with what has been reported recently 

in which IHN virus harboring the G or NV proteins from high- or low-virulent VHSV strains 

without seeing any difference between the two profiles when tested in rainbow trout using in 

vivo challenge methods [68].  

 

 

SPECIFICITY OF VIRAL RNA SYNTHESIS  

 

Yet another aspect of VHS virus replication and virulence that has not been studied in any 

detail is the untranslated 3’ and 5’ region of the virus genome. It is well known that these 

regions play an important role for establishing a successful reverse genetics systems but the 

importance of these regions in virus virulence has remained largely unexplored. Working with 

reverse genetics and aligning virus sequences we noted the similarity of the conserved 3’- (3’-

CAUAGUAUUUU) and 5’- (UAAAAGAUAUG-5’) end sequences in terms of 

complementarity. There are previous studies addressing this in other NNS RNA viruses, like 

vesicular stomatitis virus (VSV; prototype rhabdovirus) where it was suggested that the 3´ 

region plays an important role for initiation of transcription and replication [143]. Further the 

indications are that there are there is one entry sequence for transcription (at the start point of 

the N protein) and another for initiation of replication, at the start point of 3’ UTR [104–106]. 

There are no previous studies on the function of the UTR related to transcription or 

replication of novirhabdoviruses and this was a good motivation for initiating these studies. 

Studies on VSV virus gave some guidance and our first approach was to design a PCR 

method whereby we could differentiate between transcription bias versus replication bias 
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during the virus replication cycle. Our approach was simple, we designed a strand-specific 

quantitative RT-PCR in which forward primers are used to transcribe cDNA from negative 

strand RNA (for determining the replication rate) and reverse primers are used to transcribe 

cDNA from positive strand RNA, mRNA and cRNA [138,139]. Our challenge was that the 

single-sided quantitative RT-PCR (ssqRT-PCR) would not differentiate between mRNA and 

cRNA, and since it is anticipated that the CMV promoter will produce cRNA from the anti-

genome (of the plasmid), which might account for a portion of the measured RNA(+) 

measured by ssqRT-PCR. To overcome this we performed a transfection where the pL 

plasmid was omitted (as a control) and we were then able to measure the relative contribution 

from the CMV-driven part. This was shown to be very low, less than 1%, of the total cRNA. 

Thus, we were now able to differentiate between transcription and replication during early 

and late infection stages.  

Next, we spent a lot of time deciding which nucleotide positions we should mutate. Through 

various approaches we ended up with modeling the 2-D image (tentative) of the 

complementary 3´and 5´ends, giving us a panhandle-like structure (see Fig. 13).  

 

 

 

Figure 13. Tentative panhandle-like structure with an open inner ring structure. The “upper” sequence 

corresponds to the 3´end while the lower is the 5´.  

 

 

Despite a panhandle structure has never been documented for the genus Novirhabdovirus (or 

NNS RNA viruses) we decided to target what appeared as “opening” and “closing” 

nucleotides of the inner ring structure. Positions 4 (A) and 5 (G) (counting from the 3´ end) 

were permutated and position 7 (A) was exchanged with a C and position 8 (U) with an A. 

We also included a single mutation in position 8, U8C. These mutations were vigorously 

tested with regard to transcription and replication capacity, and for in vitro and in vivo 

virulence. What we found from these studies was that an A4G-G5A mutation resulted in 

lower transcription efficiency and corresponding lower protein levels were found in 

transfected or infected cells. ssqRT-PCR studies showed that A4G-G5A mutant had a 
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significant decrease in total positive-strand synthesis of 51% at 2 days after transfection when 

compared to a non-mutated control, a recombinant wild type virus. There was however no 

difference indicating lower level of virus negative-strand synthesis. By western blot viral 

proteins G and NV proteins were low at 2 days post transfection (Fig. 14), distinct at 5 days 

post transfection for the wild-type and mutants U8C and A7C-U8A, while for A4G-G5A G 

protein was hardly seen. For rescued virus the same pattern was obtained (Fig. 15).  

 

 

 

 

 

Figure 14. Western blot of transfected cells at 2 and 

5 days post transfection. Lane 1:wt, lane 2:A4G-G5A, 

lane 3:A7C-U8A, and lane 4:U8C. Note lane 2 at 5 

day, the G protein of A4G-G5A is hardly discernible.  

 

 

 

 

When infecting permissive cell lines with rescued virus, A4G-G5A showed delayed 

expression of N and P protein compared to WT-JF-09 (Fig. 15).  

 

 

 

 

Figure 15. Western blot of permissive cells with rescued virus 

showing weak N and P proteins expression at 72h post infection 

for A4G-G5A versus WT (wild-type). 

 

 

 

 

 

Comparing viral titers, the A4G-G5A mutant took an additional 24 hours for this variant to 

reach a viral titer comparable to WT-VHSV. 
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In vivo studies in zebrafish, the A4G-G5A variant exhibited reduced pathogenicity with 

accumulated mortality at half (50 % approximately) compared to wild-type virus. In 

conclusion, we showed that a single point mutation in the 3’-end promoter sequence reduced 

viral RNA synthesis, reduced the growth of the virus in vitro with slower formation of viral 

progeny, having an impact on viral virulence in vitro and in vivo. Collectively, these studies 

show that the primary sequence is important for production of viral virulence. It is possibly 

that the mutations affect recognition by the polymerase complex of the viral RNA and thus 

delay synthesis of mRNA, production of viral proteins and ultimately genome replication.  

Additional studies should be pursued to address various combinations of mutations in the 3´ 

region, and also possible interactions with the N protein during initiation of transcription. 

These phenomena are largely unexplored in novirhabdoviruses. Furthermore, the A4G-G5A 

can possibly be useful for vaccination in aquaculture operation using the strain as a live, 

attenuated vaccine.  

 

 

TEMPERATURE SENSITIVITY 

 

The water temperature significantly affects VHS virus virulence in fish (in all species affected 

by the virus) and is possibly linked to virus replication being less efficient at temperatures 

away from optimum, that being an increase or decrease of temperature, plus for 

poikilothermic hosts immune response have a temperature optimum [108,110,111,144]. In 

general VHS virus infections are more frequently seen at lower water temperatures but 

different VHS virus strains have different optima. To assess the function of the L protein 

under different temperature conditions (Paper III), we first evaluated the sensitivity to 

increased temperatures for strains DK-3592B, 1p8, NO/650/07, MI03GL, and JF-09 (Fig. 16) 

grown in EPC cells.  

In a previous study, the structural G protein of novirhabdoviruses, which is a determinant for 

viral neutralization and attachment to cell membranes, was found not to be the only protein 

involved in defining temperature sensitivity, and the suggestion was that the polymerase 

complex plays an even more important role [62,119]. Previous studies of other NNS RNA 

virus species also indicated that the polymerase (L) protein is important for in vitro 

temperature sensitivity [55,114,115,132–135]. 



45 
 

The results in Paper III showed that the JF-09 strain (genotype IVa) was replicating at 23 °C, 

whereas other strains tested, DK3592B, 1p8, NO/650/07 and M103GL, did not. With the 

purpose to examine the role of the L protein, we exchanged the L-gene between genotype IVa 

and IVb (JF-09: IVa; [145] and MI03GL: IVb [45]) keeping the rest of the genome unchanged. 

The purpose being to study gain- and/or loss-of-function related to temperature sensitivity. 

The results showed that the temperature sensitivities of recombinant VHSVs strains harboring 

heterologous L proteins were different from the parental strains at high temperatures (21.5 ºC 

and 23 ºC), grown in EPC cells. However there was no significant difference at a low 

temperature (15 ºC). These findings indicate that the VHSV L protein plays a role in 

determining the temperature optimum and changes render the virus strains sensitivity to high 

temperatures, here 21.5 ºC and 23 ºC. These findings concur what has been found in other 

NNS RNA viruses [55,114,115,132–135].  

This is the first report on novirhabdoviruses showing that differences in temperature-

sensitivity among VHSV strains is linked to the L protein, and that both gain- or loss-of-

function can be observed within genotype IV. 

At present climate change is likely to impact modern aquaculture in many ways and 

geographic distribution of viruses (strains or species) will likely be influenced by 

environmental alterations. Here we showed that an Asian VHSV strain (JF-09, genotype IVa) 

has a different property than other VHSV strains under increased temperature (23 ºC). 

Furthermore, the JF-09 strain also showed improved in vitro growth at higher temperature in a 

non-permissive cell line (GEC). These findings warrant further studies including studies of 

gene switch between different genotypes than those tested here.  
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Figure 16. The phylogenetic tree based on the RNA polymerase (L) protein, showing the genetic distance 

among viral hemorrhagic septicemia viruses. Generated by using the CLC Main Workbench 6, set at root 1p8. 

 

 

 

 

 

 

 

 

 

 

 

 

 



47 
 

CONCLUSIONS 

 

VHS in rainbow trout was last diagnosed in Norway in 2007 and since then there are no 

reports of VHS in Norway. Screening programs aimed to define the prevalence of VHSV 

infection in marine (wild) fish in Norwegian coastal areas were last performed between 2009 

and 2011 and showed that VHS virus is present in wild fish populations [146] and may serve 

as a source of transfer to farmed fish species. Further, VHS is an important disease in rainbow 

trout aquaculture in continental Europe and is an important disease in farmed marine fish 

species in many Asian countries, including South Korea. Further to this, disease outbreaks in 

wild fish populations in the Great Lakes in North America have resulted in huge die-offs 

likely with ecological impacts.  

The work carried out in this thesis concludes that the RNA polymerase (L) protein plays an 

important role for VHSV virulence and temperature sensitivity. In detail, the findings reported 

here show that a specific sequence in 3’-end UTR is required for optimal viral replication and 

formation of infectious progeny in vitro and in vivo. There are few studies prior to those 

published as part of this thesis, focusing on the importance of the L protein for VHSV 

virulence.  

 

Summary points 

 

i.  A single point codon (I1012F) in the VHSV L protein CR IV is a determinant for in 

vitro virulence to GEC cells and possibly plays a role for cross-species infectivity 

(Paper I). 

ii. A specific sequence in 3’-UTR is required for virulence of VHSV (Paper II). 

iii. The VHSV L protein is a determinant of in vitro temperature sensitivity at elevated 

temperatures. Swapping the L proteins results in gain- and/or loss-of-function VHSV 

genotype IV strains (Paper III). 
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FUTURE PERSPECTIVES 

 

This work also creates new questions and set direction for future research: 

i. The I1012F-variant should be studied for in vivo virulence in rainbow trout and this 

combination should be combined with those identified as being different for high and 

low virulent strains.  

ii. The I1012F-variant should be tested for its virulence in olive flounder in vivo. 

iii. A F1012I-variant (loss-of-virulence study) should be applied to virulent strains (DK-

3592B or NO/650/07) and studied in vitro and in vivo of rainbow trout. 

iv. The 3’-end UTR-variant (A4G-G5A) should be used in vaccine trials with olive 

flounder to evaluate their suitability as live vaccine candidates. And combinations of 

mutations for these positions should be studied in more detail.  

 

Furthermore, there are also obvious limitations when it comes to explaining several details of 

the VHSV virulence. To strengthen the present concepts, the following future studies should 

be conducted:  

i. Addressing the functions of CR IV in the L protein.  

ii. Addressing the importance of (long-range) RNA-RNA interaction and importantly, if a 

panhandle structure is actually formed in VHSV. 

iii. Pinpointing single amino acid residues important for temperature sensitivity.  

 

The following should be applied to under aquaculture conditions to prevent VHS in farmed 

fish:  

i. The 3’-end UTR variant should be tested as a live vaccine with the purpose to acquire 

protective immunity against VHSV. 

ii. With awareness of the temperature sensitivity, the water temperature of in-land fish 

farming systems will be controlled to reduce VHSV virulence. 

 

 

 

 



49 
 

REFERENCE LIST 
 

 1.  Schäperclaus W (1938) Die Schadigungen der deutschen Fischerei durch 

Fischparasiten und Fischkrankheiten. Allg Fischztg 41: 267-270. 

 2.  Pliszka F (1946) Anamia zarazliwa pstragow (Anemia infectiosa truttae). Medycyna 

Weterynaryjna 2: 133-140. 

 3.  Schäperclaus W (1954) Undersøgelse af sygdom hos ørrederne I danske ørreddambrug 

og forslag til bekæmpelse heraf. Ferskvandsfiskeribladet 52: 145-149, 161-166. 

 4.  Rasmussen CJ (1965) A biological study of the Egtved disease (INUL). Annals of the 

New York Academy of Sciences 126: 427-460. 

 5.  Kim R, Faisal M (2010) Comparative susceptibility of representative Great Lakes fish 

species to the North American viral hemorrhagic septicemia virus Sublineage 

IVb. Diseases of Aquatic Organisms 91: 23-34. 

 6.  Jensen MH (1965) Research on the virus of Egtved disease. Annals of the New York 

Academy of Sciences 126: 422-426. 

 7.  Jensen MH, arsen JL (1979) The ulcus-syndrome in cod (Gadus Morhua) I. A 

pathological and histopathological study. Nordisk Veterinærmedisin 31: 222-

228. 

 8.  Jørgensen PEV, Olesen NJ (1987) Cod ulcus syndrom rhabdovirus is indistinguishable 

from the Egtved (VHS) virus. Bull Eur Ass Fish Pathol 7: 73-74. 

 9.  Brunson R, True K, Yancey J (1989) VHS virus isolated at Makah national fish 

hatchery. Am Fish Soc Fish Health Sec Newsl 17: 2837-2846. 

 10.  Hopper K (1989) The isolation of VHSV from chinook salmon at Glenwood Springs, 

Orcas island, Washington. Am Fish Soc Fish Health Sect Newsl 17: 1-2. 

 11.  Pierce LR, Stepien CA (2012) Evolution and biogeography of an emerging 

quasispecies: Diversity patterns of the fish Viral Hemorrhagic Septicemia virus 

(VHSv). Molecular Phylogenetics and Evolution 63: 327-341. 

 12.  Eaton WD, Hulett J, Brunson R, True K (1991) The first isolation in North America of 

infectious hematopoietic necrosis virus (IHNV) and viral haemorrhagic 

septicaemia virus (VHSV) in coho salmon from the same watershed. J Aquat 

Anim health Jun 3: 114-117. 

 13.  Smail DA (2000) Isolation and identification of Viral Haemorrhagic Septicaemia 

(VHS) viruses from cod Gadus morhua with the ulcus syndrome and from 

haddock Melanogrammus aeglefinus having skin haemorrhages in the North 

Sea. Diseases of Aquatic Organisms 41: 231-235. 



50 
 

 14.  Schlotfeldt HJ, Ahne W, Vestergård-Jørgensen PE, Glende W (1991) Occurrence of 

viral haemorrhagic septicaemia virus in turbot (Scophthalmus maximus) – A 

natural outbreak. Bull Eur Ass Fish Pathol 11: 105-107. 

 15.  Ross K, McCarthy U, Huntly PJ, Wood BP, Stuart D, Rough EI, Smail DA, Bruno 

DW (1994) An outbreak of viral haemorrhagic septicaemia (VHS) in turbot 

(Scophthalmus maximus) in Scotland. Bull Eur Ass Fish Pathol 14: 213-214. 

 16.  Munro AS (1996) Report on the first recorded outbreak of viral haemorrhagic 

septicaemia (VHS) in Great Britain and subsequent actions to contain, 

eradicate and investigate the origins of the infection. Scottish Aquaculture 

Research Report Number 3. 

 17.  Skall HF, Olesen NJ, Mellergaard S (2005) Viral haemorrhagic septicaemia virus in 

marine fish and its implications for fish farming - a review. Journal of Fish 

Diseases 28: 509-529. 

 18.  Einer-Jensen K, Ahrens P, Forsberg R, Lorenzen N (2004) Evolution of the fish 

rhabdovirus viral haemorrhagic septicaemia virus. Journal of General Virology 

85: 1167-1179. 

 19.  Nordblom B (1998) Report on outbreak of viral haemorrhagic septicaemia in Sweden.  

 20.  Nordblom B, Norell AW (2000) Report on outbreak of VHS (viral haemorrhagic 

septicaemia) in farmed fish in Sweden.  

 21.  Raja-Halli M, Vehmas TK, Rimaila-Parnanen E, Sainmaa S, Skall HF, Olesen NJ, 

Tapiovaara H (2006) Viral haemorrhagic septicaemia (VHS) outbreaks in 

Finnish-rainbow trout farms. Diseases of Aquatic Organisms 72: 201-211. 

 22.  Dale OB, Orpetveit I, Lyngstad TM, Kahns S, Skall HF, Olesen NJ, Dannevig BH 

(2009) Outbreak of viral haemorrhagic septicaemia (VHS) in seawater-farmed 

rainbow trout in Norway caused by VHS virus Genotype III. Diseases of 

Aquatic Organisms 85: 93-103. 

 23.  Brudeseth BE, Castric J, Evensen O (2002) Studies on pathogenesis following single 

and double infection with viral hemorrhagic septicemia virus and infectious 

hematopoietic necrosis virus in rainbow trout (Oncorhynchus mykiss). 

Veterinary Pathology 39: 180-189. 

 24.  Bandin I, Dopazo CP (2011) Host range, host specificity and hypothesized host shift 

events among viruses of lower vertebrates. Veterinary Research 42: 1-15. 

 25.  Brudeseth BE, Skall HF, Evensen O (2008) Differences in Virulence of Marine and 

Freshwater Isolates of Viral Hemorrhagic Septicemia Virus In Vivo Correlate 

with In Vitro Ability To Infect Gill Epithelial Cells and Macrophages of 

Rainbow Trout (Oncorhynchus mykiss). Journal of Virology 82: 10359-10365. 

 26.  Kurath G, Winton J (2011) Complex dynamics at the interface between wild and 

domestic viruses of finfish. Current Opinion in Virology 1: 73-80. 



51 
 

 27.  Campbell S, Collet B, Einer-Jensen K, Secombes CJ, Snow M (2009) Identifying 

potential virulence determinants in viral haemorrhagic septicaemia virus 

(VHSV) for rainbow trout. Diseases of Aquatic Organisms 86: 205-212. 

 28.  Dixon PF (1999) VHSV came from the marine environment: Clues from the literature, 

or just red herrings? Bulletin of the European Association of Fish Pathologists 

19: 60-65. 

 29.  Skall HF, Slierendrecht WJ, King JA, Olesen NJ (2004) Experimental infection of 

rainbow trout Oncorhynchus mykiss with viral haemorrhagic septicaemia virus 

isolates from European marine and farmed fishes. Diseases of Aquatic 

Organisms 58: 99-110. 

 30.  Mortensen HF, Heuer OE, Lorenzen N, Otte L, Olesen NJ (1999) Isolation of viral 

haemorrhagic septicaemia virus (VHSV) from wild marine fish species in the 

Baltic Sea, Kattegat, Skagerrak and the North Sea. Virus Research 63: 95-106. 

 31.  Lumsden JS, Morrison B, Yason C, Russell S, Young K, Yazdanpanah A, Huber P, 

Al-Hussinee L, Stone D, Way K (2007) Mortality event in freshwater drum 

Aplodinotus grunniens from Lake Ontario, Canada, associated with viral 

haemorrhagic septicemia virus, Type IV. Diseases of Aquatic Organisms 76: 

99-111. 

 32.  Follett JE, Meyers TR, Burton TO, Geesin JL (1997) Comparative susceptibilities of 

salmonid species in Alaska to infectious hematopoietic necrosis virus (IHNV) 

and north American viral hemorrhagic septicemia virus (VHSV). Journal of 

Aquatic Animal Health 9: 34-40. 

 33.  Meyers TR, Short S, Lipson K (1999) Isolation of the North American strain of viral 

hemorrhagic septicemia virus (VHSV) associated with epizootic mortality in 

two new host species of Alaskan marine fish. Diseases of Aquatic Organisms 

38: 81-86. 

 34.  Isshiki T, Nishizawa T, Kobayashi T, Nagano T, Miyazaki T (2001) An outbreak of 

VHSV (viral hemorrhagic septicemia virus) infection in farmed Japanese 

flounder Paralichthys olivaceus in Japan. Diseases of Aquatic Organisms 47: 

87-99. 

 35.  Kim WS, Kim SR, Kim D, Kim JO, Park MA, Kitamura SI, Kim HY, Kim DH, Han 

HJ, Jung SJ, Oh MJ (2009) An outbreak of VHSV (viral hemorrhagic 

septicemia virus) infection in farmed olive flounder Paralichthys olivaceus in 

Korea. Aquaculture 296: 165-168. 

 36.  Schönherz AA, Lorenzen N, Einer-Jensen K (2013) Inter-species transmission of viral 

hemorrhagic septicemia virus (VHSV) from turbot (Scophthalmus maximus) 

to rainbow trout (Onchorhynchus mykiss). Journal of General Virology 94: 

869-875. 

 37.  Snow M, King JA, Garden A, Raynard RS (2005) Experimental susceptibility of 

Atlantic cod, Gadus morhua (L.), and Atlantic halibut, Hippoglossus 

hippoglossus (L.), to different genotypes of viral haemorrhagic septicaemia 

virus. Journal of Fish Diseases 28: 737-742. 



52 
 

 38.  Lovy J, Piesik P, Hershberger PK, Garver KA (2013) Experimental infection studies 

demonstrating Atlantic salmon as a host and reservoir of viral hemorrhagic 

septicemia virus type IVa with insights into pathology and host immunity. 

Veterinary Microbiology 166: 91-101. 

 39.  Zhu RL, Zhang QY (2014) Determination and analysis of the complete genome 

sequence of Paralichthys olivaceus rhabdovirus (PORV). Archives of Virology 

159: 817-820. 

 40.  Takano R, Nishizawa T, Arimoto M, Muroga K (2000) Isolation of viral haemorrhagic 

septicaemia virus (VHSV) from wild Japanese flounder, Paralichthys olivaceus. 

Bulletin of the European Association of Fish Pathologists 20: 186-192. 

 41.  Kim SM, Lee JI, Hong MJ, Park HS, Park SI (2003) Genetic relationship of the 

VHSV (viral hemorrhagic septicemia virus) isolated from cultured olive 

flounder, Paralichthys olivaceus in Korea. J Fish Pathol 16: 1-12. 

 42.  Kim WS, Oh MJ (2014) Genetic positioning of aquabirnavirus isolates from cultured 

Japanese eel Anguilla japonica in Korea. Diseases of Aquatic Organisms 109: 

9-14. 

 43.  King, A. M. Q., Adams, M. J., Lefkowitz, E. J., and Cartens, E. B. (2012) Virus 

taxonomy: classification and nomenclature of viruses: Ninth Report of the 

International Committee on Taxonomy of Viruses. Elsevier.  

 44.  Conzelmann KK (2004) Reverse genetics of Mononegavirales. Biology of Negative 

Strand Rna Viruses: the Power of Reverse Genetics 283: 1-41. 

 45.  Ammayappan A, Vakharia VN (2009) Molecular characterization of the Great Lakes 

viral hemorrhagic septicemia virus (VHSV) isolate from USA. Virology 

Journal 6: 1-16. 

 46.  Whelan SPJ, Barr JN, Wertz GW (2010) Transcription and replication of 

nonsegmented negative-strand RNA viruses. In. pp. 61-119. 

 47.  Klumpp K, Ruigrok RWH, Baudin F (1997) Roles of the influenza virus polymerase 

and nucleoprotein in forming a functional RNP structure. Embo Journal 16: 

1248-1257. 

 48.  Ahlquist P (2002) RNA-dependent RNA polymerases, viruses, and RNA silencing. 

Science 296: 1270-1273. 

 49.  Benmansour A, Paubert G, Bernard J, Dekinkelin P (1994) The Polymerase-

Associated Protein (M1) and the Matrix Protein (M2) from A Virulent and An 

Avirulent Strain of Viral Hemorrhagic Septicemia Virus (Vhsv), A Fish 

Rhabdovirus. Virology 198: 602-612. 

 50.  Rahmeh AA, Schenk AD, Danek EI, Kranzusch PJ, Liang B, Walz T, Whelan SPJ 

(2010) Molecular architecture of the vesicular stomatitis virus RNA 

polymerase. Proceedings of the National Academy of Sciences of the United 

States of America 107: 20075-20080. 



53 
 

 51.  Ding HT, Green TJ, Lu SY, Luo M (2006) Crystal structure of the oligomerization 

domain of the phosphoprotein of vesicular stomatitis virus. Journal of Virology 

80: 2808-2814. 

 52.  Poch O, Blumberg BM, Bougueleret L, Tordo N (1990) Sequence Comparison of 5 

Polymerases (L-Proteins) of Unsegmented Negative-Strand Rna Viruses - 

Theoretical Assignment of Functional Domains. Journal of General Virology 

71: 1153-1162. 

 53.  Li JR, Rahmeh A, Brusic V, Whelan SPJ (2009) Opposing Effects of Inhibiting Cap 

Addition and Cap Methylation on Polyadenylation during Vesicular Stomatitis 

Virus mRNA Synthesis. Journal of Virology 83: 1930-1940. 

 54.  Ogino T, Kobayashi M, Iwama M, Mizumoto K (2005) Sendai virus RNA-dependent 

RNA polymerase L protein catalyzes cap methylation of virus-specific mRNA. 

Journal of Biological Chemistry 280: 4429-4435. 

 55.  Ruedas JB, Perrault J (2009) Insertion of Enhanced Green Fluorescent Protein in a 

Hinge Region of Vesicular Stomatitis Virus L Polymerase Protein Creates a 

Temperature-Sensitive Virus That Displays No Virion-Associated Polymerase 

Activity In Vitro. Journal of Virology 83: 12241-12252. 

 56.  Barr JN, Whelan SPJ, Wertz GW (1997) cis-acting signals involved in termination of 

vesicular stomatitis virus mRNA synthesis include the conserved AUAC and 

the U7 signal for polyadenylation. Journal of Virology 71: 8718-8725. 

 57.  Emerson SU, Wagner RR (1972) Dissociation and Reconstitution of Transcriptase and 

Template Activities of Vesicular Stomatitis B and T-Virions. Journal of 

Virology 10: 297-309. 

 58.  Barr J, Fearns R (2010) How RNA viruses maintain their genome integrity. Journal of 

General Virology 91: 1373-1387. 

 59.  Morin B, Rahmeh AA, Whelan SPJ (2012) Mechanism of RNA synthesis initiation by 

the vesicular stomatitis virus polymerase. Embo Journal 31: 1320-1329. 

 60.  Mebatsion T, Weiland F, Conzelmann KK (1999) Matrix protein of rabies virus is 

responsible for the assembly and budding of bullet-shaped particles and 

interacts with the transmembrane spike glycoprotein G. Journal of Virology 73: 

242-250. 

 61.  Jayakar HR, Jeetendra E, Whitt MA (2004) Rhabdovirus assembly and budding. Virus 

Research 106: 117-132. 

 62.  Biacchesi S (2011) The reverse genetics applied to fish RNA viruses. Veterinary 

Research 42: 1-14. 

 63.  Newcomb WW, Brown JC (1981) Role of the Vesicular Stomatitis-Virus Matrix 

Protein in Maintaining the Viral Nucleocapsid in the Condensed Form Found 

in Native Virions. Journal of Virology 39: 295-299. 



54 
 

 64.  Chiou PP, Kim CH, Ormonde P, Leong JAC (2000) Infectious hematopoietic necrosis 

virus matrix protein inhibits host-directed gene expression and induces 

morphological changes of apoptosis in cell cultures. Journal of Virology 74: 

7619-7627. 

 65.  Roche S, Albertini AAV, Lepault J, Bressanelli S, Gaudin Y (2008) Structures of 

vesicular stomatitis virus glycoprotein: membrane fusion revisited. Cellular 

and Molecular Life Sciences 65: 1716-1728. 

 66.  Boudinot P, Bernard D, Boubekeur S, Thoulouze MI, Bremont M, Benmansour A 

(2004) The glycoprotein of a fish rhabdovirus profiles the virus-specific T-cell 

repertoire in rainbow trout. Journal of General Virology 85: 3099-3108. 

 67.  Gaudin Y, Ruigrok RWH, Tuffereau C, Knossow M, Flamand A (1992) Rabies Virus 

Glycoprotein Is A Trimer. Virology 187: 627-632. 

 68.  Einer-Jensen K, Harmache A, Biacchesi S, Bremont M, Stegmann A, Lorenzen N 

(2014) High virulence differences between phylogenetically distinct isolates of 

the fish rhabdovirus VHSV is not associated with variability of the surface 

glycoprotein G nor the nonvirion protein NV. Journal of General Virology 95: 

307-316. 

 69.  Lorenzen N, Lorenzen E, Einer-Jensen K, Lapatra SE (2002) DNA vaccines as a tool 

for analysing the protective immune response against rhabdoviruses in rainbow 

trout. Fish & Shellfish Immunology 12: 439-453. 

 70.  Mebatsion T, Konig M, Conzelmann KK (1996) Budding of rabies virus particles in 

the absence of the spike glycoprotein. Cell 84: 941-951. 

 71.  Choi MK, Moon CH, Ko MS, Lee UH, Cho WJ, Cha SJ, Do JW, Heo GJ, Jeong SG, 

Hahm YS, Harmache A, Bremont M, Kurath G, Park JW (2011) A Nuclear 

Localization of the Infectious Haematopoietic Necrosis Virus NV Protein Is 

Necessary for Optimal Viral Growth. Plos One 6: 1-13. 

 72.  Biacchesi S, Lamoureux A, Merour E, Bernard J, Bremont M (2010) Limited 

Interference at the Early Stage of Infection between Two Recombinant 

Novirhabdoviruses: Viral Hemorrhagic Septicemia Virus and Infectious 

Hematopoietic Necrosis Virus. Journal of Virology 84: 10038-10050. 

 73.  Ammayappan A, Vakharia VN (2011) Nonvirion Protein of Novirhabdovirus 

Suppresses Apoptosis at the Early Stage of Virus Infection. Journal of 

Virology 85: 8393-8402. 

 74.  Ammayappan A, Kurath G, Thompson TM, Vakharia VN (2011) A Reverse Genetics 

System for the Great Lakes Strain of Viral Hemorrhagic Septicemia Virus: the 

NV Gene is Required for Pathogenicity. Marine Biotechnology 13: 672-683. 

 75.  Kim MS, Kim KH (2012) Effects of NV gene knock-out recombinant viral 

hemorrhagic septicemia virus (VHSV) on Mx gene expression in Epithelioma 

papulosum cyprini (EPC) cells and olive flounder (Paralichthys olivaceus). 

Fish & Shellfish Immunology 32: 459-463. 



55 
 

 76.  Kim MS, Kim KH (2013) The role of viral hemorrhagic septicemia virus (VHSV) NV 

gene in TNF-alpha- and VHSV infection-mediated NF-kappa B activation. 

Fish & Shellfish Immunology 34: 1315-1319. 

 77.  Thoulouze MI, Bouguyon E, Carpentier C, Bremont M (2004) Essential role of the 

NV protein of Novirhabdovirus for pathogenicity in rainbow trout. Journal of 

Virology 78: 4098-4107. 

 78.  Alonso M, Kim CH, Johnson MC, Pressley M, Leong JA (2004) The NV gene of 

Snakehead rhabdovirus (SHRV) is not required for pathogenesis, and a 

heterologous glycoprotein can be incorporated into the SHRV envelope. 

Journal of Virology 78: 5875-5882. 

 79.  Banerjee AK (1987) Transcription and Replication of Rhabdoviruses. Microbiological 

Reviews 51: 66-87. 

 80.  Brudeseth, B. E. (2008) Novirhabdovirus infection of fish - with emphasis on VHS 

pathogenesis [dissertation]. Oslo, Norway: Norwegian School of Veterinary 

Science. 65 p. 

 81.  Duesund H, Nylund S, Watanabe K, Ottem KF, Nylund A (2010) Characterization of 

a VHS virus genotype III isolated from rainbow trout (Oncorhychus mykiss) at 

a marine site on the west coast of Norway. Virology Journal 7: 1-15. 

 82.  Baron S, Fons M, Albrecht T (1996) Viral Pathogenesis. In: Baron S, editors. Medical 

Microbiology. The University of Texas Medical Branch at Galveston. 

 83.  Quillet E, Dorson M, Aubard G, Torhy C (2001) In vitro viral haemorrhagic 

septicaemia virus replication in excised fins of rainbow trout: correlation with 

resistance to waterborne challenge and genetic variation. Diseases of Aquatic 

Organisms 45: 171-182. 

 84.  Quillet E, Dorson M, Aubard G, Torhy C (2007) In vitro assay to select rainbow trout 

with variable resistance/susceptibility to viral haemorrhagic septicaemia virus. 

Diseases of Aquatic Organisms 76: 7-16. 

 85.  Estepa A, Frias J, Coll M (1993) In vitro susceptibility of rainbow trout fin cells to 

viral haemorrhagic septicaemia virus. Diseases of Aquatic Organisms 15: 35-

39. 

 86.  Harmache A, LeBerre M, Droineau S, Giovannini M, Bremont M (2006) 

Bioluminescence imaging of live infected salmonids reveals that the fin bases 

are the major portal of entry for Novirhabdovirus. Journal of Virology 80: 

3655-3659. 

 87.  Montero J, Garcia J, Ordas MC, Casanova I, Gonzalez A, Villena A, Coll J, Tafalla C 

(2011) Specific Regulation of the Chemokine Response to Viral Hemorrhagic 

Septicemia Virus at the Entry Site. Journal of Virology 85: 4046-4056. 

 88.  Adelmann M, Kollner B, Bergmann SM, Fischer U, Lange B, Weitschies W, 

Enzmann PJ, Fichtner D (2008) Development of an oral vaccine for 



56 
 

immunisation of rainbow trout (Oncorhynchus mykiss) against viral 

haemorrhagic septicaemia. Vaccine 26: 837-844. 

 89.  Kim MS, Kim DS, Kim KH (2011) Oral immunization of olive flounder (Paralichthys 

olivaceus) with recombinant live viral hemorrhagic septicemia virus (VHSV) 

induces protection against VHSV infection. Fish & Shellfish Immunology 31: 

212-216. 

 90.  Muroga K, Iida H, Mori K, Nishizawa T, Arimoto M (2004) Experimental horizontal 

transmission of viral hemorrhagic septicemia virus (VHSV) in Japanese 

flounder Paralichthys olivaceus. Diseases of Aquatic Organisms 58: 111-115. 

 91.  Schönherz AA, Hansen MHH, Jorgensen HBH, Berg P, Lorenzen N, Einer-Jensen K 

(2012) Oral transmission as a route of infection for viral haemorrhagic 

septicaemia virus in rainbow trout, Oncorhynchus mykiss (Walbaum). Journal 

of Fish Diseases 35: 395-406. 

 92.  Hawley LM, Garver KA (2008) Stability of viral hemorrhagic septicemia virus 

(VHSV) in freshwater and seawater at various temperatures. Diseases of 

Aquatic Organisms 82: 171-178. 

 93.  Campbell S, Collet B, Einer-Jensen K, Secombes CJ, Snow M (2009) Identifying 

potential virulence determinants in viral haemorrhagic septicaemia virus 

(VHSV) for rainbow trout. Diseases of Aquatic Organisms 86: 205-212. 

 94.  Campbell S, McBeath A, Secombes C, Snow M, Collet B (2011) Interferon response 

following infection with genetically similar isolates of viral haemorrhagic 

septicaemia virus (VHSV) exhibiting contrasting virulence in rainbow trout. 

Fish & Shellfish Immunology 30: 287-294. 

 95.  Snow M, Cunningham CO, Melvin WT, Kurath G (1999) Analysis of the 

nucleoprotein gene identifies distinct lineages of viral haemorrhagic 

septicaemia virus within the European marine environment. Virus Research 63: 

35-44. 

 96.  Hatta M, Neumann G, Kawaoka Y (2001) Reverse genetics approach towards 

understanding pathogenesis of H5N1 Hong Kong influenza A virus infection. 

Philosophical Transactions of the Royal Society of London Series B-

Biological Sciences 356: 1841-1843. 

 97.  Hatta M, Gao P, Halfmann P, Kawaoka Y (2001) Molecular basis for high virulence 

of Hong Kong H5N1 influenza A viruses. Science 293: 1840-1842. 

 98.  Baigent SJ, McCauley JW (2003) Influenza type A in humans, mammals and birds: 

determinants of virus virulence, host-range and interspecies transmission. 

Bioessays 25: 657-671. 

 99.  Matsuyama T, Nakayasu C, Fujiwara A, Kurita J, Takano T, Ito T, Sano M (2012) 

Ontogeny of anti-viral hemorrhagic septicemia virus (VHSV) immunity in 

developing Japanese flounder. Developmental and Comparative Immunology 

37: 313-322. 



57 
 

 100.  Snow M, King JA, Garden A, Shanks AM, Raynard RS (2005) Comparative 

susceptibility of turbot Scophthalmus maximus to different genotypes of viral 

haemorrhagic septicaemia virus. Diseases of Aquatic Organisms 67: 31-38. 

 101.  Lai MMC (1998) Cellular factors in the transcription and replication of viral RNA 

genomes: A parallel to DNA-dependent RNA transcription. Virology 244: 1-

12. 

 102.  Nomaguchi M, Ackermann M, Yon C, You S, Padmanbhan R (2003) De novo 

synthesis of negative-strand RNA by dengue virus RNA-dependent RNA 

polymerase in vitro: Nucleotide, primer, and template parameters. Journal of 

Virology 77: 8831-8842. 

 103.  Lohmann V, Overton H, Bartenschlager R (1999) Selective stimulation of hepatitis C 

virus and pestivirus NS5B RNA polymerase activity by GTP. Journal of 

Biological Chemistry 274: 10807-10815. 

 104.  Whelan SPJ, Wertz GW (2002) Transcription and replication initiate at separate sites 

on the vesicular stomatitis virus genome. Proceedings of the National 

Academy of Sciences of the United States of America 99: 9178-9183. 

 105.  Chuang JL, Perrault J (1997) Initiation of vesicular stomatitis virus mutant polR1 

transcription internally at the N gene in vitro. Journal of Virology 71: 1466-

1475. 

 106.  Qanungo KR, Shaji D, Mathur M, Banerjee AK (2004) Two RNA polymerase 

complexes from vesicular stomatitis virus-infected cells that carry out 

transcription and replication of genome RNA. Proceedings of the National 

Academy of Sciences of the United States of America 101: 5952-5957. 

 107.  Bae SH, Cheong HK, Lee JH, Cheong C, Kainosho M, Choi BS (2001) Structural 

features of an influenza virus promoter and their implications for viral RNA 

synthesis. Proceedings of the National Academy of Sciences of the United 

States of America 98: 10602-10607. 

 108.  Avunje S, Oh MJ, Jung SJ (2013) Impaired TLR2 and TLR7 response in olive 

flounder infected with viral haemorrhagic septicaemia virus at host susceptible 

15 degrees C but high at non-susceptible 20 degrees C. Fish & Shellfish 

Immunology 34: 1236-1243. 

 109.  Nishizawa T, Takami I, Yang M, Oh MJ (2011) Live vaccine of viral hemorrhagic 

septicemia virus (VHSV) for Japanese flounder at fish rearing temperature of 

21 degrees C instead of Poly(I:C) administration. Vaccine 29: 8397-8404. 

 110.  Goodwin AE, Merry GE, Noyes AD (2012) Persistence of viral RNA in fish infected 

with VHSV-IVb at 15 degrees C and then moved to warmer temperatures after 

the onset of disease. Journal of Fish Diseases 35: 523-528. 

 111.  Avunje S, Kim WS, Oh MJ, Choi I, Jung SJ (2012) Temperature-dependent viral 

replication and antiviral apoptotic response in viral haemorrhagic septicaemia 

virus (VHSV)-infected olive flounder (Paralichthys olivaceus). Fish & 

Shellfish Immunology 32: 1162-1170. 



58 
 

 112.  Sano M, Ito T, Matsuyama T, Nakayasu C, Kurita J (2009) Effect of water 

temperature shifting on mortality of Japanese flounder Paralichthys olivaceus 

experimentally infected with viral hemorrhagic septicemia virus. Aquaculture 

286: 254-258. 

 113.  Isshiki T, Nagano T, Miyazaki T (2002) Effect of water temperature on pathological 

states of Japanese flounder experimentally infected with viral hemorrhagic 

septicemia virus, an flounder isolate KRRV-9601. Fish Pathology 37: 95-97. 

 114.  Galloway SE, Wertz GW (2009) A temperature sensitive VSV identifies L protein 

residues that affect transcription but not replication. Virology 388: 286-293. 

 115.  Ray R, Galinski MS, Heminway BR, Meyer K, Newman FK, Belshe RB (1996) 

Temperature-sensitive phenotype of the human parainfluenza virus type 3 

candidate vaccine strain (cp45) correlates with a defect in the L gene. Journal 

of Virology 70: 580-584. 

 116.  Dalton RM, Mullin AE, Amorim MJ, Medcalf E, Tiley LS, Digard P (2006) 

Temperature sensitive influenza A virus genome replication results from low 

thermal stability of polymerase-cRNA complexes. Virology Journal 3: 1-16. 

 117.  Falcon AM, Marion RM, Zurcher T, Gomez P, Portela A, Nieto A, Ortin J (2004) 

Defective RNA replication and late gene expression in temperature - Sensitive 

influenza viruses expressing deleted forms of the NS1 protein. Journal of 

Virology 78: 3880-3888. 

 118.  Garaigorta U, Falcon AM, Ortin J (2005) Genetic analysis of influenza virus NS1 

gene: a temperature-sensitive mutant shows defective formation of virus 

particles. Journal of Virology 79: 15246-15257. 

 119.  Biacchesi S, Bearzotti M, Bouguyon E, Bremont M (2002) Heterologous exchanges of 

the glycoprotein and the matrix protein in a Novirhabdovirus. Journal of 

Virology 76: 2881-2889. 

 120.  Pekosz A, He B, Lamb RA (1999) Reverse genetics of negative-strand RNA viruses: 

Closing the circle. Proceedings of the National Academy of Sciences of the 

United States of America 96: 8804-8806. 

 121.  Mackett M, Smith GL, Moss B (1982) Vaccinia Virus - A Selectable Eukaryotic 

Cloning and Expression Vector. Proceedings of the National Academy of 

Sciences of the United States of America-Biological Sciences 79: 7415-7419. 

 122.  Panicali D, Paoletti E (1982) Construction of Poxviruses As Cloning Vectors - 

Insertion of the Thymidine Kinase Gene from Herpes-Simplex Virus Into the 

Dna of Infectious Vaccinia Virus. Proceedings of the National Academy of 

Sciences of the United States of America-Biological Sciences 79: 4927-4931. 

 123.  Post LE, Mackem S, Roizman B (1981) Regulation of Alpha-Genes of Herpes-

Simplex Virus - Expression of Chimeric Genes Produced by Fusion of 

Thymidine Kinase with Alpha-Gene Promoters. Cell 24: 555-565. 



59 
 

 124.  Palese P, Zheng HY, Engelhardt OG, Pleschka S, GarciaSastre A (1996) Negative-

strand RNA viruses: Genetic engineering and applications. Proceedings of the 

National Academy of Sciences of the United States of America 93: 11354-

11358. 

 125.  Kim MS, Park JS, Kim KH (2013) Optimal place of a foreign gene in the genome of 

viral haemorrhagic septicaemia virus (VHSV) for development of VHSV-

based viral-vectored vaccines. Journal of Applied Microbiology 114: 1866-

1873. 

 126.  Nzonza A, Lecollinet S, Chat S, Lowenski S, Merour E, Biacchesi S, Bremont M 

(2014) A recombinant Novirhabdovirus Presenting at the Surface the E 

Glycoprotein from West Nile Virus (WNV) Is Immunogenic and Provides 

Protection against Lethal WNV Challenge in BALB/c Mice. Plos One 9: 1-13. 

 127.  Pärt P, Norrgren L, BERGSTRÖM E, SJÖBERG P (1993) Primary cultures of 

epithelical cells from rainbow trout gills. J exp Biol 175: 219-232. 

 128.  Chinchilla B, Gomez-Casado E, Encinas P, Falco A, Estepa A, Coll J (2013) In vitro 

neutralization of viral haemorrhagic septicemia virus (VHSV) by plasma from 

immunized zebrafish. Fish & Shellfish Immunology 34: 1647. 

 129.  Garcia-Valtanen P, Martinez-Lopez A, Ortega-Villaizan M, Cheikh SL, Perez L, Coll 

J, MacKenzie S, Figueras A, Estepa A (2013) Zebrafish differential 

transcriptomic profiles induced by VHSV and SVCV G glycoproteins after 

genetic immunization. Fish & Shellfish Immunology 34: 1652-1653. 

 130.  Encinas P, Rodriguez-Milla MA, Novoa B, Estepa A, Figueras A, Coll J (2010) 

Zebrafish fin immune responses during high mortality infections with viral 

haemorrhagic septicemia rhabdovirus. A proteomic and transcriptomic 

approach. Bmc Genomics 11: 1-16. 

 131.  Novoa B, Romero A, Mulero V, Rodriguez I, Fernandez I, Figueras A (2006) 

Zebrafish (Danio rerio) as a model for the study of vaccination against viral 

haemorrhagic septicemia virus (VHSV). Vaccine 24: 5806-5816. 

 132.  Feller JA, Smallwood S, Skiadopoulos MH, Murphy BR, Moyer SA (2000) 

Comparison of identical temperature-sensitive mutations in the L polymerase 

proteins of Sendai and parainfluenza3 viruses. Virology 276: 190-201. 

 133.  Feller JA, Smallwood S, Horikami SM, Moyer SA (2000) Mutations in conserved 

domains IV and VI of the large (L) subunit of the Sendai virus RNA 

polymerase give a spectrum of defective RNA synthesis phenotypes. Virology 

269: 426-439. 

 134.  Luongo C, Winter CC, Collins PL, Buchholz UJ (2012) Increased Genetic and 

Phenotypic Stability of a Promising Live-Attenuated Respiratory Syncytial 

Virus Vaccine Candidate by Reverse Genetics. Journal of Virology 86: 10792-

10804. 

 135.  Luongo C, Winter CC, Collins PL, Buchholz UJ (2013) Respiratory Syncytial Virus 

Modified by Deletions of the NS2 Gene and Amino Acid S1313 of the L 



60 
 

Polymerase Protein Is a Temperature-Sensitive, Live-Attenuated Vaccine 

Candidate That Is Phenotypically Stable at Physiological Temperature. Journal 

of Virology 87: 1985-1996. 

 136.  Kärber G (1931) Beitrag zur kollektiven behandlung pharmakologischer 

reihenversuche. Arch Exp Pathol Pharmakol 162: 480-483. 

 137.  Cheng Xu, Tz-Chun Guo, Stephen Muoloki, Øyvind Haugland, Inderjit S.Marjara, 

Øystein Evensen (2010) Alpha interferon and not gamma interferon inhibits 

salmonid alphavirus. Journal of Virology 84: 8903-8912. 

 138.  Matzinger SR, Carroll TD, Dutra JC, Ma ZM, Miller CJ (2013) Myxovirus Resistance 

Gene A (MxA) Expression Suppresses Influenza A Virus Replication in Alpha 

Interferon-Treated Primate Cells. Journal of Virology 87: 1150-1158. 

 139.  Troutt AB, Mcheyzerwilliams MG, Pulendran B, Nossal GJV (1992) Ligation-

Anchored Pcr - A Simple Amplification Technique with Single-Sided 

Specificity. Proceedings of the National Academy of Sciences of the United 

States of America 89: 9823-9825. 

 140.  Ruedas JB, Perrault J (2009) Insertion of Enhanced Green Fluorescent Protein in a 

Hinge Region of Vesicular Stomatitis Virus L Polymerase Protein Creates a 

Temperature-Sensitive Virus That Displays No Virion-Associated Polymerase 

Activity In Vitro. Journal of Virology 83: 12241-12252. 

 141.  Liuzzi M, Mason SW, Cartier M, Lawetz C, McCollum RS, Dansereau N, Bolger G, 

Lapeyre N, Gaudette Y, Lagace L, Massariol MJ, Do F, Whitehead P, Lamarre 

L, Scouten E, Bordeleau J, Landry S, Rancourt J, Fazal G, Simoneau B (2005) 

Inhibitors of respiratory syncytial virus replication target cotranscriptional 

mRNA guanylylation by viral RNA-dependent RNA polymerase. Journal of 

Virology 79: 13105-13115. 

 142.  Song HC, Santi N, Evensen O, Vakharia VN (2005) Molecular determinants of 

infectious pancreatic necrosis virus virulence and cell culture adaptation. 

Journal of Virology 79: 10289-10299. 

 143.  Emerson SU (1982) Reconstitution Studies Detect A Single Polymerase Entry Site on 

the Vesicular Stomatitis-Virus Genome. Cell 31: 635-642. 

 144.  Estepa A, Coll JM (1997) Temperature and pH requirements for viral haemorrhagic 

septicemia virus induced cell fusion. Diseases of Aquatic Organisms 28: 185-

189. 

 145.  Kim SH, Thu BJ, Skall HF, Vendramin N, Evensen O (2014) A single amino acid 

mutation (I1012F)of the RNA polymerase of marine viral hemorrhagic 

septicemia virus changes the in vitro virulence to rainbow trout gill epithelial 

cells. Journal of Virology 88: 7189-7198. 

 146.  Sandlund N, Gjerset B, Bergh O, Modahl I, Olesen NJ, Johansen R (2014) Screening 

for Viral Hemorrhagic Septicemia Virus in Marine Fish along the Norwegian 

Coastal Line. Plos One 9: 1-12. 



A Single Amino Acid Mutation (I1012F) of the RNA Polymerase of
Marine Viral Hemorrhagic Septicemia Virus Changes In Vitro
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ABSTRACT

Viral hemorrhagic septicemia virus (VHSV) is separated into four different genotypes (I to IV) with different sublineages (K.
Einer-Jensen, P. Ahrens, R. Forsberg, and N. Lorenzen, J. Gen. Virol. 85:1167–1179, 2004; K. Einer-Jensen, J. Winton, and N.
Lorenzen, Vet. Microbiol. 106:167–178, 2005). European marine VHSV strains (of genotypes I to III) are, in general, nonpatho-
genic or have very low pathogenicity to rainbow trout after a waterborne challenge, and here we also show that genotype IVa is
nonpathogenic to trout. Despite several attempts, it has not been possible to link genomic variation to in vivo virulence. In vitro
virulence to gill epithelial cells (GECs) has been used as a proxy for in vivo virulence, and here we extend these studies further
with the purpose of identifying residues associated with in vitro virulence. Genotype Ia (DK-3592B) and III (NO/650/07) iso-
lates, which are pathogenic to rainbow trout (O. B. Dale, I. Orpetveit, T. M. Lyngstad, S. Kahns, H. F. Skall, N. J. Olesen, and B. H.
Dannevig, Dis. Aquat. Organ. 85:93–103, 2009), were compared to two marine strains that are nonpathogenic to trout, genotypes
Ib (strain 1p8 [H. F. Mortensen, O. E. Heuer, N. Lorenzen, L. Otte, and N. J. Olesen, Virus Res. 63:95–106, 1999]) and IVa (JF-09).
DK-3592 and NO/650/07 were pathogenic to GECs, while marine strains 1p8 and JF-09 were nonpathogenic to GECs. Eight con-
served amino acid substitutions contrasting high- and low-virulence strains were identified, and reverse genetics was used in a
gain-of-virulence approach based on the JF-09 backbone. Mutations were introduced into the G, NV, and L genes, and seven dif-
ferent virus clones were obtained. For the first time, we show that a single amino acid mutation in conserved region IV of the L
protein, I1012F, rendered the virus able to replicate and induce a cytopathic effect in trout GECs. The other six mutated variants
remained nonpathogenic.

IMPORTANCE

This is the first study to clearly link in vitro virulence of viral hemorrhagic septicemia virus (VHSV) with an amino acid residue
in the L protein, a site located in conserved region IV of the L protein. In vitro virulence is documented by induction of cyto-
pathic effects and viability studies of gill epithelial cells, and the observed cellular responses to infection are associated with in-
creased viral replication levels. There are no previous studies addressing the importance of the L protein or the RNA-dependent
RNA polymerase for virus virulence in vitro or in vivo. Therefore, the findings reported here should broaden the search for
pathogenicity traits in novirhabdoviruses, and there is a possibility that the polymerase participates in defining the host species
virulence of various VHSV strains.

Viral hemorrhagic septicemia virus (VHSV) is an enveloped,
nonsegmented negative-sense (NNS), single-stranded RNA

virus that belongs to the Novirhabdovirus genus of the family Rh-
abdoviridae (1). The virus genome contains the nucleocapsid (N)
protein, polymerase-associated phosphoprotein (P), matrix (M)
protein, surface glycoprotein (G), and viral polymerase (L) genes
and a nonstructural (NV) protein gene (1). Until the late 1980s,
VHSV was thought to cause only a disease of farmed rainbow
trout (Oncorhynchus mykiss) in Europe, but with the detection of
VHSV in returning Chinook (2) and Coho (3) salmon in the
United States, later defined as genotype IVa, its detection in At-
lantic cod (Gadus morhua) (4), and later the identification of a
VHSV (genotypes I to III) in a vast number of marine fish species
in Europe (5), the understanding of the virus’s origin, its species
range, and the dynamics of the interchange between wild and
farmed populations changed. Investigations into the source of the
trout-pathogenic European genotype Ia isolate showed that it
likely emerged from a marine source some 60 years earlier (6).
Today, VHSV is separated into four different genotypes (I to IV)

with different sublineages (6, 7), and the different genotypes are
separated geographically. All European marine VHSV strains have
been shown to be nonpathogenic or have very low pathogenicity
to rainbow trout after a waterborne challenge (5, 6, 8). The marine
source of genotype I (6–11) and the later emergence of a trout-
virulent genotype III isolate of marine origin in Norway (12) show
that VHSV is capable of crossing host species barriers. Obviously,
this creates a continuous concern to aquaculture operations, but it
has not been possible to link virulence traits to specific sequence
motifs of any of the expressed virus proteins. One approach has

Received 16 February 2014 Accepted 6 April 2014

Published ahead of print 9 April 2014

Editor: D. S. Lyles

Address correspondence to Øystein Evensen, oystein.evensen@nmbu.no.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.00423-14

July 2014 Volume 88 Number 13 Journal of Virology p. 7189 –7198 jvi.asm.org 7189

 on June 5, 2014 by N
O

R
G

E
S

 V
E

T
E

R
IN

A
E

R
H

O
G

S
K

O
LE

http://jvi.asm
.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1128/JVI.00423-14
http://jvi.asm.org
http://jvi.asm.org/


been to identify pathogenicity markers of these new variants
through genome sequencing (10, 13), but so far it has not been
possible to tie such variation or specific amino acid motifs of the
viral proteins to virulence (14). We have shown that the ability of
defined VHSV strains to infect and translocate across primary
cultures of rainbow trout gill epithelial cells (GECs) correlate with
in vivo virulence by using a bath challenge of trout fry (15). Isolates
not able to infect (flat) cultures of GECs and/or translocate across
polarized GECs also did not cause death postchallenge. In this
study, we obtained the same results and found that one genotype
Ia isolate (6) and a genotype III (NO/650/07) variant (12), both
pathogenic to trout (by in vivo challenge), are able to infect and
translocate across GECs. In contrast, two marine strains non-
pathogenic to trout, genotype Ib strain 1p8 (16) and genotype IVa
strain JF-09, lack the ability to infect, replicate in, and translocate
across GECs cultures in vitro. Thus, we found that the in vitro GEC
infection model is a good proxy of in vivo virulence to trout. All
four isolates were sequenced and aligned, and we selected eight
conserved amino acid substitutions contrasting high- and low-
virulence strains. Reverse genetics was used and the JF-09 back-
bone was point mutated at the selected residues to obtain seven
different mutant JF-09 virus clones (all able to replicate in epithe-
lioma papulosum cyprini [EPC] cells). Through this gain-of-vir-
ulence approach, we show for the first time that the replacement of
a single amino acid of the L protein, isoleucine (I) at position 1012,
which is in conserved region IV (CRIV), with phenylalanine (F)
renders mutant JF-09 able infect, replicate in, and induce a cyto-
pathic effect (CPE) in trout GECs. The other mutated variants of
JF-09 were nonpathogenic, like wild-type (WT) JF-09.

MATERIALS AND METHODS
Cells and viruses. VHSV isolates designated DK-3592B (genotype Ia),
1p8 (genotype Ib), NO/650/07 (genotype III), and JF-09 (genotype IVa)
were used in this study and propagated in EPC cells (ATCC CRL-2872) in

L15 cell medium (Invitrogen) containing 10% fetal bovine serum (FBS;
Sigma-Aldrich) at 15°C (15). Strains DK-3592B and 1p8 were a kind gift
of Niels Jørgen Olesen, Danish Veterinary Institute, Århus, Denmark, and
NO/650/07 was kindly provided by Renate Johansen, Norwegian Veteri-
nary Institute, Oslo, Norway. Isolate JF-09 originated from VHSV-in-
fected olive flounder (Paralichthys olivaceus) in South Korea. All strains
were plaque purified and propagated in EPC cells in L15 cell medium
(Invitrogen) containing 10% FBS (Sigma-Aldrich) at 15°C. Titration was
performed on EPC cells by the 50% tissue culture infective dose (TCID50)
method as described previously (17). In addition, we used primary cul-
tured rainbow trout GECs isolated from fry of rainbow trout (18, 19) as
modified by Brudeseth et al. (15).

Complete genomic sequencing of strain JF-09. Gene-specific primers
(GSPs) for sequencing were designed to produce overlapping fragments
(Table 1). First-strand cDNA synthesis was carried out with the Tran-
scriptor First Strand cDNA synthesis kit (Roche). Reverse transcription
(RT)-PCR was done with a thermal cycler with denaturation at 98°C for
10 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min. In order
to identify the 3=-terminal region of the genomic RNA, a poly(A) tail was
added to the 3= end by using the poly(A) polymerase enzyme with the
mMESSAGE mMACHINE T7 Ultra kit (Ambion), and RNA was purified
with the RNeasy Plus minikit (Qiagen). cDNA synthesis was conducted
with a SMARTer rapid amplification of 5= cDNA ends (RACE) cDNA
Amplification kit (Clontech) with a VHSV-f1-Reverse GSP (Table 1). The
5=-terminal region of genomic RNA was identified by RACE with a JF09 5=
end (5=-CCTCGGTGCCCTGCTCCACCTGGAGTCC-3=) GSP and a
SMARTer RACE cDNA amplification kit (Clontech). The amplified cD-
NAs of 3= and 5= ends were cloned with a TOPO TA Cloning kit (Invitro-
gen). The 3= and 5= RACE and RT-PCR products were sequenced by
GATC Biotech, Germany. The assembly of contiguous sequences, multi-
ple-sequence alignments, and comparative sequence analyses were con-
ducted with Vector NTI Advance 11 software (Invitrogen) and BLAST
searches of the NCBI database.

Plasmid constructions. The complete genomic plasmid was con-
structed by assembling two overlapping subclones in modified pTur-
boFP635-N vectors (Evrogen) with GSPs (Table 2). In the final construct,
the trailer end of antigenome cDNA was fused with hepatitis delta virus
ribozyme (HdvRz) (20), followed by the simian virus 40 early mRNA
polyadenylation signal. For construction of helper plasmids, RT-PCR was
used to amplify the open reading frames (ORFs) of the N, P, L, and NV

TABLE 1 Primers used for complete genomic sequencing of VHSV
strains

Primer Sequencea

VHSV-f1-Forward GTATCATAAAATATGATGAGTTATG
VHSV-f1-Reverse CCCTCCAAGGAGTCCACTGC
VHSV-f2-Forward CTGATGAGGCAGGTGTCGGA
VHSV-f2-Reverse ACTGAGCCCTTGCAGAGTAC
VHSV-f3-Forward GAACGGGAAGAAGACCGACA
VHSV-f3-Reverse GGGTCAGTCCTTTGGGTCTA
VHSV-f4-Forward ATGTGGGGGGAAAAGGCCAC
VHSV-f4-Reverse GACAGTTTCTTCGCTCCCCC
VHSV-f5-Forward GGACACATGATCACAGGGTG
VHSV-f5-Reverse CAAGCACATGGAGGTAGGGAA
VHSV-f6-Forward TGTCCTTCGCGAGATGATCG
VHSV-f6-Reverse CTGGCAGATGGCTGTGAGGA
VHSV-f7-Forward AGTTCGAGTTCAAGGAAGGG
VHSV-f7-Reverse GCGATGCTCTCTCGGAGAAC
VHSV-f8-Forward GCTGACGAAATCTACGACAC
VHSV-f8-Reverse GATTCCTTGCAACCGGACCT
VHSV-f9-Forward CAATCTCAGAATGCGTGAAC
VHSV-f9-Reverse GAGTTCCATGTAGGCTTTTG
VHSV-f10-Forward ATCATGGGAGGAAGAGAAGG
VHSV-f10-Reverse GAGATTGCTTTGGCGAGTGT
VHSV-f11-Forward AGACATCTCATACCAAGCAC
VHSV-f11-Reverse GGATGATGTGACGTGCAGCT
VHSV-f12-Forward GACCCCGACAATTTGCTCAG
VHSV-f12-Reverse GTATAGAAAATAATACATACCACACC

a The GenBank accession no. is AB179621.

TABLE 2 Primers used for plasmid construction

Application and primer Sequencea

pVHSV construction
VHS-segment1-Forward-NheI AATGCTAGCGTATCATAAAAGATGATGAG

TTATGTTAC
VHS-segment1-Reverse-EcoRI TATCGGATGTAGAATTCCTCCCTAATCTTG
VHS-segment2-Forward-EcoRI CAAGATTAGGGAGAATTCTACATCCGATA
VHS-segment2-Reverse-NotI TTAGCGGCCGCGTATAGAAAATGATACAT

ACCACAACC
VHS-HdvRz-Reverse-NotI TTAGCGGCCGCCTCCCTTAGCCATCCGAG

TGGACGTGCGTCCTCCTTCGGATGCCC
AGGTCGGACCGCGAGGAGGTGGAGAT
GCCATGCCGACCCGTATAGAAAATGAT
ACATACCAC

Helper plasmid construction
N-Forward-NheI GCTAGCGCCACCATGGAAGGGGGAATCC
N-Reverse-NotI ATGCGGCCGCTTAATCAGAGTCCCCTGG
P-Forward-NheI GCTAGCGCCACCATGACTGATATTGAGA
P-Reverse-NotI ATGCGGCCGCCTACTCCAACTTGTCCAAC
L-Forward-NheI GCTAGCGCCACCATGGAGATGTTCGAGC
L-Reverse-NotI ATGCGGCCGCTCATTGCTCTCCAAATGG
NV-Forward-NheI GCTAGCGCCACCATGACGACCCAGTCGG
NV-Reverse-NotI ATGCGGCCGCTCATGGGGGAGATTCGGAG

a Restriction enzyme sites are underlined, the HdvRz sequence is in boldface, and the
Kozak consensus sequence is in italics.
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genes with GSPs (Table 2). A Kozak consensus sequence was created in
front of the start codon of each ORF. The amplified genes were cloned into
modified pTurboFP635-N vectors and were under the control of the cy-
tomegalovirus promoter. The recombinant JF-09 (rJF-09) isolate was res-
cued from EPC cells transfected with VHSV plasmids and helpers with
FuGENE HD transfection reagent (Roche) as described previously (21).

In vitro replication of VHSV in rainbow trout GECs. For immuno-
fluorescence staining (IFAT), GECs (1 � 106) were seeded into 24-well
plates and cultured for 24 h at 20°C (15). The cells were infected with
VHSV isolates (multiplicity of infection [MOI] of 10) and further incu-
bated at 15°C. Sampling was performed at the time points indicated (see
below) by fixing the cells in a 4% paraformaldehyde solution for 20 min.
VHSV was identified by IFAT with monoclonal antibody (MAb) IP5B11
(anti-N protein) (15) as the primary antibody. Anti-rainbow trout Mx
antibody was used to detect Mx protein in infected cells (22). Stained cells
were washed and examined with an inverted Olympus IX81 fluorescence
microscope.

Virus replication in GECs (1 � 105) was assessed by quantitative real-
time RT-PCR. Every 24 h, 100 �l cell culture supernatant was sampled for
RNA extraction with a viral RNA minikit (Qiagen) and cDNAs were syn-
thesized with a Transcriptor First Strand cDNA synthesis kit (Roche).
Quantitative RT-PCR was carried out with a LightCycler 480 SYBR green
I master mix and the LightCycler 480 system (Roche) with a pair of GSPs
(0.5 �M), VHSV 23-N-Forward (5=-CGCCATCATGATGAGTCGGATG
CTG-3=) and VHSV 23-N-Reverse (5=-CTTCTCTGTCACCTTGATCCC
CTCC-3=), targeting a conserved N protein gene in four VHSV isolates.
The specificity of the PCR products was confirmed by melting curve anal-
ysis and subsequent agarose gel electrophoresis.

For viability analysis, GECs (6.4 � 104) were seeded into 96-well plates
and cultured for 24 h at 20°C. Three different virus preparations (MOIs of
0.15, 1.5, and 15) of each of the four VHSV isolates were added to the cell
cultures. Cell viability was measured with a CellTiter AQueous One solu-
tion reagent (Promega) (15).

Transepithelial passage through GECs. An in vitro system was set up
to determine the ability of VHSV to translocate across the barrier of GECs
(15, 24). GECs (2.5 � 105) were seeded onto insert filters (Falcon; 0.4-�m
pore size). Infection (MOI of 0.4) of cells was initiated when the transep-
ithelial electrical resistance (TER) exceeded 1.0 � 103 �/cm2 (15). Trans-
epithelial passage of virus to the bottom well was detected by inoculation
onto EPC cells, assessment of a CPE, and detection by IFAT (15).

In vivo virulence of WT JF-09 in rainbow trout. Strains DK-3592B,
1p8, and NO/650/07 had all been tested for in vivo virulence in rainbow
trout and shown to be pathogenic (DK-3592B [15] and NO/650/07 [12])
or nonpathogenic (1p8 [15]). The in vivo pathogenicity of WT JF-09 to

rainbow trout and olive flounder was tested by using artificial infection.
Olive flounder (20 � 2 g) were divided into three groups kept in tanks
containing 20 liters of UV-disinfected seawater at 11 � 0.5°C in a con-
trolled indoor seawater facility. The fish were acclimatized to their respec-
tive rearing conditions for 7 days prior to infection. Ten fish per group
were injected intramuscularly (i.m.) with 100 �l of a viral suspension
(106.5 or 105.5 TCID50 per fish), and six fish were given phosphate-buff-
ered saline (PBS) as a control. The rainbow trout infection trial was car-
ried out in triplicate tanks by immersion and intraperitoneal (i.p.) injec-
tion (average weight, 2.0 g). Two tanks were infected by immersion with
DK-3592B as a positive control, and two tanks (per administration) of fish
treated by virus-free cell medium immersion and injected to simulate
stress conditions served as noninfected negative controls. Immersion in-
fection was carried out for 2 h with 8 liters of softened tap water with a viral
suspension added. The challenge dose of WT JF-09 was 104.5 TCID50/ml
of water, and that of DK-3592B was 103.7 TCID50/ml of water. WT JF-09
was also injected i.p. at 105.5 TCID50 per fish under anesthesia (benzo-
caine, 10 mg/liter). Approximately 35 fish were placed into each tank.
During the infection trials, fish were kept in tanks containing 8 liters of
soft, fresh, unchlorinated water (around 3 German degrees [dH]) main-
tained at 10.5 � 1.1°C. Fish that died during the experiment were sampled
for virus examination. Deaths were recorded daily.

Sequencing of ORFs and amino acid comparison analysis. ORF se-
quences were obtained by first-strand cDNA synthesis with the Transcrip-
tor First Strand cDNA synthesis kit (Roche) with extracted total RNAs
according to the manufacturer’s instructions. Consensus GSP sets (Table
1) were used for complete genomic sequences (by GATC Biotech) from
cDNAs of four VHSV isolates (DK-3952B, 1p8, NO/650/07, and JF-09).
The assembly of contiguous sequences, multiple-sequence alignments,
and comparative sequence analyses were conducted with Vector NTI Ad-
vance 11 software (Invitrogen).

Mutated variants of JF-09. Site-directed mutagenesis (GENEART
site-directed mutagenesis system; Invitrogen) with GSPs (Table 3) was
performed, and seven different variants were generated, T288GA, VSE55-
57NVILD, E57NVD, G80NVR, G149LE, E298LK, and I1012LF (see Fig. 4B).
Mutated plasmids pVHSVJF-09 (120 ng), pN (70 ng), pP (30 ng), pNV (15
ng), and pL (30 ng) were mixed into 25 �l Opti-MEM medium (Invitro-
gen), and 1 �l of X-tremeGENE 9 DNA transfection reagent (Roche) was
added to rescue mutated virus variants. The mixtures were incubated for
10 min at room temperature and added to subconfluent layers of EPC cells
(1 � 105) on a 24-well plate. The cells were incubated at 28°C for 5 h and
then shifted to 15°C. The cell culture supernatants (passage 0) were clar-
ified by centrifugation, 10-fold diluted, and inoculated onto a subconflu-

TABLE 3 Primers used for point mutations

Primer Sequencea Protein

T288A-Forward GAAGTGTGTCAACGCCGACGTTCAGATGA G
T288A-Reverse TCATCTGAACGTCGGCGTTGACACACTTC

E57D-Forward TCTAGAGTCTCAGATGATCTAAGGACCTG NV
E57D-Reverse CAGGTCCTTAGATCATCTGAGACTCTAGA
VSE55-57ILD-Forward ACAACTCTTTCTAGAATCTTAGATGATCTAAGGACCTGC NV
VSE55-57ILD-Reverse GCAGGTCCTTAGATCATCTAAGATTCTAGAAAGAGTTGT
G80R-Forward GATAAGTCTTCTAGAGAGAACTCATTACATACT NV
G80R-Reverse AGTATGTAATGAGTTCTCTCTAGAAGACTTATC

G149E-Forward GATGTCAAGGGAAAAGAAAAAAGAAAGTT L
G149E-Reverse AACTTTCTTTTTTCTTTTCCCTTGACATC
E298K-Forward CCAGGTCGTATAAACGGATGATGAAAACT L
E298K-Reverse AGTTTTCATCATCCGTTTATACGACCTGG
I1012F-Forward AATCGCCTACCAATTTCGAAACATCACAG L
I1012F-Reverse CTGTGATGTTTCGAAATTGGTAGGCGATT
a Point-mutated nucleotides are in boldface.
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ent layer of EPC cells. The rescued viruses were confirmed by IFAT in EPC
cells.

In vitro virulence of mutated (I1012F) JF-09. To evaluate the increase
in virulence, mutated JF-09 was added (MOI of 1, 5, or 10) to GECs (2 �
105) on 24-well plates and incubated at 15°C for 48 h. VHSV protein
expression was identified with a standard IFAT with a polyclonal antibody
(23) or MAb IP5B11 (15) as the primary antibody. Virus quantities in
sampled supernatants (100 �l) were estimated by quantitative real-time
RT-PCR (QuantiFast SYBR Green RT-PCR; Qiagen) with a pair of GSPs
[VHSV(4)-N-Forward and VHSV(4)-N-Reverse]. The mutated variants
of JF-09 were compared to DK-3592B and WT JF-09. To assess cell via-
bility, GECs (1 � 104) were seeded into 96-well plates and the viruses
(I1012F, DK-3592B, and JF-09) were added (MOI of 1 or 5) to the cells at
15°C. Cell viability was measured with CellTiter AQueous One solution
reagent (Promega) (15).

Statistical analysis. A t test was used to calculate differences when
relevant, and a P value of �0.05 was considered statistically significant.

RESULTS
Strain JF-09 is nonpathogenic to rainbow trout and highly
pathogenic to olive flounder in an in vivo challenge. An experi-
mental challenge of rainbow trout with WT JF-09 gave a cumula-
tive percent mortality (CPM) of 7% by i.p. injection (105.5 TCID50

per fish) and a CPM of 1% by immersion challenge (104.5

TCID50/ml of water) (Fig. 1A), while DK-3592B gave a CPM of
73% (103.7 TCID50/ml of water, immersion infection; positive

control). In contrast, we confirmed the virulence of WT JF-09 by
an in vivo challenge of olive flounder, which gave a CPM of �80%
(Fig. 1B).

Replication and induction of a CPE in primary trout cells can
be used to differentiate between low- and high-virulence
strains. DK-3592B and NO/650/07 infected, replicated, and
caused a CPE in GECs, a pattern typical of high-virulence strains
(Fig. 2A to C). 1p8 and JF-09 infected GECs (Fig. 2A) but did not
replicate (Fig. 2B) and did not cause a CPE or loss of viability in
GECs (Fig. 2C) infected at an MOI of �10. Progeny of 1p8 and
JF-09 were detected by IFAT in GECs (Fig. 2A), but at the same
time, we found induction of Mx protein expression at 60 h postin-
fection (Fig. 2A), likely limiting the replication of the virus. We
were also interested in assessing the impact of the MOIs (of all four
strains) used to infect GECs, and MOIs of 15, 1.5, and 0.15 were
tested and cell viability was monitored over a period of 96 h. At
high MOIs (�1.5), DK-3592B and NO/650/07 induced a CPE
earlier (Fig. 2C), while for JF-09 and 1p8, there was no difference
between MOIs of 0.15 and 1.5,which also did not differ from un-
infected controls. At an MOI of 15, there was reduced viability,
significantly lower than that of controls, from 3 days postinfection
with JF-09 and 1p8 onward (Fig. 2C). This shows that when given
as a large infectious dose (single-cycle infection), low-virulence
strains replicated and induced a CPE in GECs but the reduction in

FIG 1 (A) In vivo virulence of WT JF-09 in rainbow trout. Challenges were performed by i.p. injection and by immersion (for details, see Materials and Methods).
The CPM was 7% in the injected groups, which is not different from that in the uninfected group following an immersion challenge. DK-3592B was used as a
positive control and gave a CPM of 73%. (B) Challenge of olive flounder with WT JF-09. Fish were injected i.m. with the WT JF-09 strain at the indicated titers
per fish, and controls were injected with PBS. Onset of death occurred earlier in the high-challenge group. In both groups, the CPM was �80%.
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viability was significantly less (P � 0.01) than that caused by DK-
3592B and NV/650/07 (Fig. 2C).

Nonvirulent and low-virulence strains of VHSV replicate less
and are unable to translocate across polarized GECs (mimicking
primary gill barriers) (15). We therefore included a functional
assay in which GECs were grown on filters and polarized and the
different VHSV isolates were inoculated onto the apical side, i.e.,
on top of the insert filters (15). DK-3592B and NO/650/07 were
detected in the bottom samples, indicating translocation across
the epithelium at 48 and 72 h postinfection. Detection was by
culture on EPC cells confirmed by IFAT. In contrast, no 1p8 or
JF-09 virus was detected in bottom wells over the observation

period (Fig. 2D), showing that these strains did not translocate
across GECs in vitro. We also observed the extent to which the
tight junctions of the cells were maintained; this was confirmed by
measuring the TER (103 �/cm2) in parallel following DK-3592B
infection, which was 3.74 � 103 �/cm2 at 72 h postinfection (well
above the 1.0 � 103 �/cm2 threshold).

Virulent rJF-09 was rescued from EPC cells. rJF-09 was res-
cued from transfected EPC cells, and the growth pattern and final
virus titer were compared to those of WT JF-09 and found to be
identical (Fig. 3A). The full sequence of the rescued recombinant
virus was also obtained, and the sequences were identical, except
for position 91 in the NV protein (S91N, both polar amino acids).

FIG 2 In vitro replication and translocation of strains DK-3592B, 1p8, NO/650/07, and WT JF-09 in polarized GECs. (A) GECs were infected at an MOI of 10.
VHSV N protein expression (green fluorescence) and Mx protein expression (red fluorescence) in GECs were detected by IFAT at 24 and 60 h postinfection. Note
the high number of Mx-positive cells and few virus-positive cells for JF-09 and 1p8. No Mx staining was observed for DK-3592B and NO/650/07. (B) Viral
replication in GECs was quantified by real-time RT-PCR targeting the VHSV N gene up to 4 days postinfection (MOI of 10) (average � the standard error of the
mean [SEM]; n � 3). The cycle threshold in a real-time PCR was determined. (C) Viabilities of infected GECs at three different MOIs (0.15, 1.5, and 15) compared
with that of the uninfected control. Results are presented as the mean absorbance at 490 nm � SEM (n � 3). Labeling is identical for all MOIs. (D) The
translocation of viruses through GECs is presented as the number of positive wells in three parallel experiments at different time points postinfection (MOI of
0.4).
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This had no impact on the growth pattern in permissive EPC cells
(Fig. 3A).

I1012F mutant JF-09 replicates and produces progeny in
trout GECs. We then aligned the sequences of the four strains
included in this study and found 13 positions that differed be-
tween high- and low-virulence strains (Table 4). We selected eight
positions (Fig. 3B) in the G (one residue), NV (four residues), and
L (three residues) proteins and generated mutated clones with one
amino acid mutation per clone in the rJF-09 backbone. For the NV
ORF, we also introduced a three-amino-acid en-block mutation,
VSE to ILD (positions 55 to 57). The candidate proteins (G, NV,
and L) were chosen because the G protein is a membrane protein
involved in virus attachment and entry (25) and the NV protein
has been shown to have an impact on antiapoptosis functions and

virulence (23). There are very few, if any, studies addressing to
what extent the polymerase plays a role in the virulence of novirh-
abdoviruses, but it is well known that a single amino acid muta-
tion in PB2 (polymerase B2 protein) of human influenza virus
renders the virus able to replicate in chicken cells (26). The various
mutants (Table 4) were harvested from transfected EPC cells, all of
the mutated variants grew in EPC cells and induced a CPE, and the
harvested supernatants were used to infect GECs. We found that
the I1012F mutant JF-09 virus infected GECs at MOIs ranging
from 1 to 10 (Fig. 3C and D). None of the other mutated variants
of rJF-09 were able to infect or replicate in GECs (Fig. 3C). Fur-
thermore, we assessed the replication of the I1012F mutant JF-09
virus by real-time RT-PCR and found a close-to-6-fold increase in
virus replication over that of WT JF-09, while the replication level

FIG 3 Infectivity of mutated variants of JF-09 in rainbow trout GECs. (A) Growth kinetics of rJF-09 and WT JF-09 in (permissive) EPC cells over 144 h of
incubation (MOI of 0.1) (mean � SEM; n � 3). rJF-09 and WT JF-09 show similar growth patterns. (B) Point mutations were introduced into the rJF-09
backbone at eight positions (	), as indicated. (C) Viral protein expression (red fluorescence) in GECs infected with the different mutated clones, shown by IFAT
at 24 h postinfection (p.i.) (MOI of 10). A noninfected control and a positive control, DK-3592B, were included, and in addition, we also included WT JF-09 and
rJF-09 as controls. DK-3592B infected the GECs (as expected), and the only other positive well is that containing the I1012F mutant. (D) Infection with the I1012F
mutant at an MOI of 1 was also included. Shown are a phase-contrast micrograph (left) and viral protein expression (red fluorescence; right) at 24 h postinfection.
(E) Replication of the DK-3592B, I1012F, and WT JF-09 viruses was assessed by real-time RT-PCR (N GSPs) at 48 h postinfection (MOI of 5). The I1012F mutant
shows a replication level 5.6 times as high as that of WT JF-09, while that of DK-3592B is 50 times as high (mean � SEM; n � 3). (F) WT JF-09 and I1012F mutant
clone replication in permissive EPC cells. The replication kinetics and final titers of the two variants are identical (mean; n � 3).
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of the DK-3592B strain again was 50-fold higher (Fig. 3E). We also
compared the replication of WT JF-09 with that of the I1012F
mutant isolate in a permissive cell line (EPC), and the titers ob-
tained were similar and the growth curves of the two strains over-
lapped (Fig. 3F). The entire genome of strain I1012F was also
sequenced after culture in EPC cells and GECs, and the nucleotide
sequences of the viruses obtained from the two cell lines were
identical to that of the original clone, rJF-09, showing that no
other compensatory mutations had occurred.

The I1012F mutant strain has an intermediate-virulence
phenotype in trout GECs. As a next step, we measured the cell

viability (cellular integrity) of infected GECs with a standard
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) assay and found a signif-
icant drop in cell viability by 48 h and beyond (72 and 96 h postin-
fection; Fig. 4A), where the I1012F mutant strain appeared as an
intermediate-virulence variant between DK-3592B and WT JF-
09. WT JF-09 was not different from the noninfected control. We
also included GECs from different-size rainbow trout to account
for the possible effect of the size of the donor fish (Fig. 4B) and
found no effect. Further, rJF-09 and WT JF-09 had an amino acid
difference in NV (S91N) and this had no impact on in vitro viru-

TABLE 4 Amino acid positions conserved across the entire genomes of high (DK-3592B and NO/650/07)- and low (1p8 and JF-09)-virulence
strainsa

Virulence group and
strain

N (404) P (222) M (201) G (507) NV (122) L (1984)

5 401 39 2 288 55-57 57 80 149 298 1012

Low virulence
1p8 I G P A T ILN N K G E I
JF-09 I G S A T VSE E G G E I

High virulence
DK-3592B L E T T A ILD D R E K F
NO/650/07 L E T T A ILD D R E K F

a Viral proteins and the total numbers of amino acids (in parentheses) are shown at the top. The mutations in the backbones of the JF-09 G, NV, and L proteins are in boldface. The
mutations are T288A (G), VSE55-57ILD (NV), E57D (NV), G80R (NV), G149E (L), E298K (L), and I1012F (L), corresponding to the residues indicated.

FIG 4 Infectivity of the I1012F clone in rainbow trout GECs. (A) GECs (25 g) from rainbow trout were infected (MOI of 5) with the WT JF-09, I1012F, and
DK-3592B (positive control) viruses and monitored for 72 h postinfection (p.i.). The in vitro virulence of the I1012F mutant is intermediate between those of the
two other strains (MOI of 1). Asterisks indicate significant differences (P � 0.05) from WT JF-09. (B) GECs (150 g) from rainbow trout were infected (MOI of
5) with the WT JF-09, rJF-09, I1012F, and DK-3592B (positive control) viruses and monitored for 72 h postinfection. Also here, the in vitro virulence of the
I1012F mutant is intermediate between those of the two other strains (MOI of 1). Asterisks indicate significant differences (P � 0.05) from WT JF-09. (C)
Phase-contrast (PC) images (top) and viral N protein expression (green fluorescence images, bottom) shown by IFAT at 48 h postinfection (MOI of 5).
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lence to GECs; both were avirulent (Fig. 4B). A CPE was observed,
and virus protein (N) was detected in infected GECs at 48 h
postinfection (Fig. 4C). On the basis of these studies, we conclude
that the I1012F mutant gains the abilities to infect trout GECs,
produce viral progeny, and induce a CPE in infected cells. Finally,
the entire genome of the I1012F mutant strain was also sequenced
after passage in GEC cultures and the nucleotide sequence ob-
tained was identical to that of the original I1012F mutant clone.
We also aligned JF-09 with other NNS strains, with a particular
focus on the CR. Position 1012 is located in the C-terminal part of
CRIV, toward CRV (Table 5).

DISCUSSION

The main finding of this study is that a single amino acid mutation
(I1012F) of the viral polymerase renders an otherwise nonpatho-
genic marine isolate of VHSV able to infect, produce live progeny,
and induce a CPE in primary cultures of trout gill cells. Exchange
of amino acids of the G protein, the NV protein, or two other
residues of the polymerase did not change the pathogenicity pro-
file of the mutated virus strains.

There are no previous publications addressing the importance
of the polymerase for in vitro virulence of VHSV strains. WT JF-09
and 1p8 are both able to infect GECs but do not replicate and do
not induce a CPE in cells infected at an MOI of �10 (Fig. 2A to C).
Mutation of residue 1012 (I1012F) of the L protein enhanced the
replication capacity of the polymerase, while two other point mu-
tations had no such effect. The viral polymerase (L) protein is
involved in many aspects of viral replication and transcription as a
large RNA-dependent RNA polymerase (RdRp) complex compo-
nent of VHSV, and here we also have an indication that the RdRp
also plays a role in host specificity, with similarities to the viral
heterotrimeric polymerase complex in influenza A virus (27). The
L protein of NNS RNA viruses has six CRs (CRI to CRVI) (28).
Following an alignment with other NNS viruses, some of which
have relatively high levels of identity in the CRIV region, we found
that position 1012 is located in the C-terminal region of CRIV,
toward CRV. The RdRp activity maps to the CRIII region, which is
also involved in polyadenylation, while CRV is involved in cap-
ping activities (29–31). However, the function(s) of CRIV remains
unclear, apart from the fact that it is a key structural component of

the ring domain of the polymerase (30, 31). It has been shown that
point mutations (in the CRIV region) of Sendai virus and parain-
fluenza 3 virus render these viruses temperature sensitive (32, 33).
Further, mutation of codon 1321 of the L-encoding gene of hu-
man respiratory syncytial virus (hRSV) rendered the virus aviru-
lent (34). Additionally, deletion of codon 1313 also yielded an
attenuated and temperature-sensitive vaccine candidate of hRSV
(35). We show here that a single point mutation (I1012F) in CRIV
of VHSV increases virulence in nonpermissive cells. We have not
explored if the mutation has an impact on transcription and/or
replication, but a single mutation in CRIV (L992F) of Sendai virus
resulted in better replication than transcription (33). CRIV con-
stitutes a part of the ring domain that creates a cage structure that
is likely involved in the spatial coordination of template entry and
product exit (28). Mutations in this region of the L protein of NNS
RNA viruses could thus potentially influence the functionality of
viral transcription or replication, but additional studies are obvi-
ously needed to elucidate the mechanisms involved. Finally,
I1012F mutant rJF-09 does not replicate to levels comparable to
those of DK-3592B, but 5.6-fold higher replication levels than WT
JF-09 at 48 h postinfection resulted in loss of GEC viability over 72
h of incubation and production of viral progeny. Thus, the I1012F
variant has an intermediate virulence between those of highly vir-
ulent trout isolates and nonvirulent marine strains of VHSV.

The importance of the G protein in VHSV virulence has been
subjected to a lot of research, motivated partly by the fact that the
G protein is involved in virus attachment and entry (25). How-
ever, it has not been possible to link particular residues or motifs
of the G protein to virulence. In a recent study, it was shown that
when the entire G protein of a nonvirulent marine VHSV isolates
was used to create a VHSVG/IHNVNPMLNv hybrid (infectious he-
matopoietic necrosis virus [IHNV] backbone), this hybrid virus
attained full virulence to rainbow trout (14). We also could not
identify any residue of the G protein that explains the differences
in virulence between high- and low-virulence strains. All together,
these findings strongly indicate that the G protein plays lesser of a
role in the virulence of VHSV than has been discussed earlier.

We found that infected GECs show strong upregulation of Mx
protein expression. At an MOI of �10, we did not see induction of
a CPE and the virus could not be rescued from cell cultures. In
contrast, when a high infectious dose level was used (MOI of 15),
a CPE was observed but it was less extensive than that caused by
the high-virulence strains. At such a high MOI, more than 99.95%
of the cells will be infected with more than one virus particle (Pois-
son distribution), while at an MOI of 5, this fraction drops to
95.96%, and at an MOI of 0.15, only 13.93% of the cells (total) will
be infected. This shows that low-pathogenicity strains rely on a
high number of cells being infected with more than one virus
particle for successful infection to take place. The fact that low-
virulence strains induce Mx protein expression (and also inter-
feron I; not shown) is in contrast to what has been found in pre-
vious in vivo studies (36), where low-virulence strains were not
found to induce interferon and Mx responses in infected fish.
These observations were obtained after an in vivo challenge of
rainbow trout, and the authors also discussed the possibility that
the nonvirulent strains did not pass across primary barriers (skin,
gills, gut) and thus the lack of innate immune responses reflects a
lack of infection and a lack of virus replication (36).

Findings herein corroborate and extend results from a previ-
ous study showing that high-virulence strains of VHSV translo-

TABLE 5 Alignment of VHSV (including position 1012) with the L
proteins of NNS viruses maps the residue to CRIV

Virusa
Accession
no. Sequenceb

VHSV isolates:
JF-09 (1009) AYQIRNITDQKESEMFVTKFATAKTM (1035)
DK-3592B (1009) AYQFRNITDQKESEMFVTKFATAKTM (1035)

IHNV Q82685 (1011) NYMIRSITDEKESEMFVTKFASARTM (1037)
SHRV Q9QJT4 (1008) AHLIRDITDEKESEMFVTKFATARTM (1034)
TPMV Q9JFN3 (1130) ASEIVDNSITGARESLAGLLDTTKGL (1156)
SVCV Q91DS4 (1003) LSEFRSSTFVGVTDSLIGLFQNSKTI (1029)
ISFV Q5K2K3 (1004) LSEFKSGTFMGVASSVVSLFQNSRTI (1030)
CHAV P13179 (1004) LSEFKAGTFMGVASSIVSLFQNSRTI (1030)
BDV Q8JMN0 (925) MSALFALSNVAYGLSIIDLFQKSSTV (951)
RABV Q8B6J5 (1028) LSELFSSSFLGIPESIIGLIQNSRTI (1054)
SENDZ P06447 (1060) AHEILGNSLTGVREAIAGMLDTTKSL (1086)

a Abbreviations: SHRV, snakehead rhabdovirus; TPMV, Tupaia paramyxovirus; SVCV,
spring viremia of carp virus; ISFV, Isfahan virus; CHAV, Chandipura virus; BDV,
Borna disease virus; RABV, rabies virus; SENDZ, Sendai virus.
b The start and end positions are shown in parentheses at the left and right, respectively.
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cate across GECs, in contrast to their low-virulence counterparts.
Translocation occurs without disruption of cellular tight junc-
tions, documented by TER measurements in wells infected with
DK-3592B, showing that epithelial tight junction was still intact
and higher than 1.0� 103 �/cm2 (15, 19, 24) during the experi-
mental period. Interestingly, the abilities to replicate and induce
cytopathic responses in nonpolarized cultures of GECs correlate
with translocation abilities. These findings are in contrast to what
has been seen in a permanent rainbow trout GEC line (RTgill-
W1), where the VHSV IVa and IVb strains, both of which are
nonpathogenic to rainbow trout, were able to replicate, cause a
CPE, and produce infectious progeny (37), and no conclusion
could be drawn with regard to pathogenicity on the basis of in vitro
replication abilities, further substantiating the suitability of the
GEC model.
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a b s t r a c t

Viral hemorrhagic septicemia virus (VHSV), a member of the Novirhabdovirus genus, contains an 11-
nucleotide conserved sequence at the terminal 30- and 50-untranslated regions (UTRs) that are complemen-
tary. To study the importance of nucleotides in the 30-UTR of VHSV for replication of novirhabdoviruses, we
performed site-directed mutagenesis of selected residues at the 30-terminus and generated mutant viruses
using a reverse genetics approach. Assessment of growth kinetics and in vitro real-time cytopathogenicity
studies showed that the order of two nucleotides (A4G5) of the 30-terminus of VHSV directly affects growth
kinetics in vitro. The mutant A4G-G5A virus has reduced total positive-strand RNA synthesis efficiency (51%
of wild-type) at 48 h post-transfection and 70 h delay in causing complete cytopathic effect in susceptible
fish cells, as compared to the WT-VHSV. Furthermore, when the A4G-G5A virus was used to challenge
zebrafish, it exhibited reduced pathogenicity (54% lower end-point mortality) compared to the WT-VHSV.
From these studies, we infer that specific residues in the 30-UTR of VHSV have a promoter function and are
essential to modulate the virulence in cells and pathogenicity in fish.

& 2014 Elsevier Inc. All rights reserved.

Introduction

Viral hemorrhagic septicemia virus (VHSV) of the genus Novirhabdo-
virus and the family Rhabdoviridae belongs to the order Mononegavirales
(King et al., 2012). It has a linear non-segmented negative strand (NNS)
RNA genome of 11 kb which contains the nucleocapsid protein (N),
phosphoprotein (P), matrix protein (M), glycoprotein (G), RNA polymer-
ase (L), and nonstructural NV gene (Schutze et al., 1999). The VHSV
genome contains an 11 nucleotide-long, conserved sequences at the 30-
and 50-termini that are unusual for high A/U content and complemen-
tary (Whelan et al., 2010). The terminal conserved and complementary
sequences at the 30- and 50-termini are also found in other members of
the order Mononegavirales (family Rhabdoviridae, Filoviridae, and Para-
myxoviridae) (King et al., 2012). Based on vesicular stomatitis virus (VSV,
the genus Vesiculovirus in the family Rhabdoviridae), it has been shown
that the initiation of transcription and replication likely occurs at two
different sites in the 30-region of the virus (Whelan and Wertz, 2002;
Chuang and Perrault, 1997;Qanungo et al., 2004). Furthermore, two
polymerase complexes, one containing L and P and the other replicase
complex containing N, P and L were proposed to control transcription
and replication in VSV (Qanungo et al., 2004) but it is still unclear how
the polymerase complexes are initiated at the 30-terminus versus the N
gene start (Galloway and Wertz, 2009). It is believed that the intracel-
lular concentration of N that encapsidate the nascent leader RNA is a

regulator for RNA-dependent-RNA polymerase (RdRp) activity switching
from transcription to replication (Blumberg and Kolakofsky, 1981;
Blumberg et al., 1983;Whelan et al., 2010).

In the family Paramyxoviridae and Rhabdoviridae (lyssavirus, rabies
virus, and vesiculovirus), the terminal promoter regions have been
shown to be multifunctional and not only are required for control of
transcription and replication but also for encapsidation and assembly
of newly synthesized RNAs (Whelan et al., 2010). However, no such
information exists for the novirhabdoviruses and the underlying
mechanisms governing the switch from transcription to replication
mode have never been examined for the novirhabdoviruses. Our
notion was that the conserved primary sequence which has A/U-rich
content at the 30- untranslated region (UTR) terminus may function as
a potential promoter that could impact the transcription or/and
replication of the virus (Grinnell and Wagner, 1984). We found that
the 30-UTR terminus nucleotides are 30-C1AUA4G5UA7U8UUU11 and
while C1AUA4 and U8UUU11 are complementary with the 50-termi-
nus, G5UA7 is not. The in silico secondary RNA structure is similar to
the panhandle secondary RNA structure of influenza virus (Orthomyx-
oviridae) (Baudin et al., 1994) but there are no documentation in the
literature that a panhandle structure is formed in novirhabdoviruses.
We used this information as a guide and mutated the positions
defined at the end and beginning of complimentarity (position
4 and 8 from the 30 end) and beginning of non-complimentarity
(positions 5 and 7), with the purpose to understand the importance of
the 30-terminal primary sequence for virus transcription and
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replication using site-directed mutagenesis and reverse genetics. The
resulting mutant VHSVs were characterized by strand-specific quanti-
tative RT-PCR (Matzinger et al., 2013;Purcell et al., 2006), growth
kinetics, in vitro real-time cytopathogenicity, and challenge studies in
zebrafish to assess the role of 30- terminal specific sequence (A4G5) in
replication and pathogenicity of the virus.

Results

Reduced RNA synthesis process rate of A4G-G5A corresponds with
lower protein synthesis

To compare the viral protein expression level of VHSV mutants to
that of rWT-VHSV (1st passage), the virus-specific N protein was
detected in Epithelioma papulosum cyprini (EPC) cells by the indirect
fluorescent antibody test (IFAT) (Fig. 1). The A4G-G5A variant exhibited
reduced infectivity as evidenced by the reduced fluorescence (if any),
whereas the other variants (A7C-U8A and U8C) yielded strong
fluorescencewhich was comparable to rWT-VHSV (Fig. 1). The rescued
viral titer of A4G-G5A variant (from supernatant) was 3 logs less than
other variants and WT-VHSV control at 5 days post-transfection (not
shown). To clarify the reason of the low infectivity of the A4G-G5A, we
examined the efficiencies of RNA synthesis processes at 2 days post-
transfection by using a strand-specific quantitative RT-PCR (ssqRT-
PCR) to separately quantify the positive strand RNAs (mRNA and
cRNA) and negative-strand RNA (viral RNA) at early time-points post-
transfection. We anticipated that the reverse primer (�) would favor
mRNA (þ) and cRNA (þ) levels while the forward primer (þ) will
favor negative-strand RNA expressions. We found that A4G-G5A
variant had significant decrease of total positive-strand (51%) at 2 days
post-transfection compared to a non-mutated control (rWT), while
there was no difference indicating lower level of virus negative-strand
(Fig. 2a). ssq RT-PCR will not differentiate between mRNA and cRNA
and the CMV promoter will produce cRNA from the antigenome
plasmid which may account for a portion of the measured RNA (þ) by
ssqRT-PCR. The relative contribution was shown to be minimal (o1%)
of the total cRNA using a control without pL helper plasmid (Fig. 2b).
These findings are in favor of a reduction in cRNA synthesis in the
A4G-G5A variant. By western blot viral proteins generated frommRNA
(G and NV) are low at 2 days post-transfection (Fig. 3b) while present
at 5 days post-transfection, expect for A4G-G5A where G protein is
hardly discernible (Fig. 3b). Post-infection using rescued A4G-G5A

showed delayed expression of N and P protein compared to WT-VHSV
(Fig. 3a). Concurrently it took an additional 24 h for this variant to
reach a viral titer comparable to WT-VHSV (Fig. 4).

30-terminal mutations impact growth kinetics that corresponds with
cytopathic effects of recombinant VHSV strains in vitro

The rescued recombinant VHSV strains (2nd passage) were then
used to study infection kinetics in EPC (MOI¼0.1). A4G-G5A had a
slower growth pattern (in conformity with what was shown for the
viral protein expression; Fig. 3). We observed that A4G-G5A virus
grew even slower with no increase in titer by 2 days post-infection,
whereas the final titer was comparable to the WT virus (Fig. 4). These
studies indicate that the A4G-G5A virus has delayed growth during
early stages of infection.

To study the cell viability post-infection in real-time, we used the
XCELLigence (Roche) system, which shows that U8C virus induced a
drop in cell viability 4 h earlier than the WT-VHSV (Fig. 5a). For A7C-
U8A virus, the loss of cell viability was delayed by 30 h and for A4G-
G5A virus, the delay was 70 h, when compared to WT-VHSV (Fig. 5a).

Table 1
List of terminal RNA sequences of VHSVs and an in silico secondary RNA structure.

RNA sequencea Gene bank

Fil3 (genotype Ia) 30-CAUAGUAUUUUCUA UAAUAAAAGAUAUG_-50 Y18263.1
23–27 (genotype Ia) 30-CAUAGUAUUUUCUA UAAUAAAAGAUAUG_-50 FN665788.1
MI03GL (genotype IVb) 30-CAUAGUAUUUUAUA UAAUAAAAGAUAUGU-50 GQ385941.1
JF00Ehi1 (genotype IVa) 30-CAUAGUAUUUUCUA UAGUAAAAGAUAUG_-50 AB490792.1
KRRV9822 (genotype IVa) 30-CAUAGUAUUUUAUA UAAUAAAAGAUAUG_-50 AB179621.1
JF-09 (genotype IVa) 30-CAUAGUAUUUUCUA UAGUAAAAGAUAUG_-50

Conserved sequence 30-CAUAGUAUUUU_UA UA_UAAAAGAUAUG_-50

Complementary nucleotides G5UA7

30-CAUA4 U8UUU
50-GUAU A AAA

A G

in silico secondary RNA structure (ΔG¼�8.43)b

a Different nucleotides among the VHSV RNA sequences are in italics and red color.
b The in silico secondary RNA structure was created by ‘Mfold’ web server.

Table 2
List of primers used for the point mutagenesis and quantitative RT-PCR.

Point mutation at 30-terminal promotera Gene bank

A4G-G5A-Forward gtcagatccgctagcgta CT ataaaagatgatgagttatgttac
A4G-G5A-Reverse gtaacataactcatcatcttttat AG tacgctagcggatctgac
A7C-U8A-Forward gtcagatccgctagcgtatca GT aaagatgatgagttatgttac
A7C-U8A-Reverse gtaacataactcatcatcttt AC tgatacgctagcggatctgac
U8C-Forward gtcagatccgctagcgtatcat G aaagatgatgagttatgttac
U8C-Reverse gtaacataactcatcatcttt C atgatacgctagcggatctgac
30-UTR-Forward cattgacgcaaatgggcggta
30-RACE-Reverse atccacgatcaccttcccatcatctg

Strand-specific quantitative RT PCR
VHSV-G-Forward ggacacatgatcacagggtg
VHSV-G-Reverse gacagtttcttcgctccccc
Carp-40s-Forward ccgtgggtgacatcgttaca AB012087
Carp-40s-Reverse tcaggacattgaacctcactgtct

Virus replication analysis (in zebrafish)
VHSV-N-Forward cgccatcatgatgagtcggatgctg
VHSV-N-Reverse cttctctgtcaccttgatcccctcc
Zf-β-actin-Forward atggatgaggaaatcgctg AF025305
Zf-β-actin-Reverse atgccaaccatcactccctg

a Target nucleotides are in capital letter and red color.
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Relative rate of virus replication of A4G-G5A virus was drastically lower
(5%), compared to WT-VHSV at 72 h post-infection (Fig. 5b). Significant
difference in cytopathic effect (CPE) was detected at 72 h post-infection
between EPC cells infected with A4G-G5A and WT-VHSV (MOI¼1)
(Fig. 6).

All variants (A4G-G5A, A7C-U8A, and U8C) were sequenced by
RACE with a GSP, 30-RACE-Reverse (Table. 2), for the 30-terminal
nucleotides followed by a previously described method (Kim et al.,
2014) with the purpose to ensure that the introduced mutation
was still present following four passages in EPC cells. No mutation
or reversion to wild-type was observed.

Pathogenicity studies in fish

To study if the observed attenuation would also impact in vivo
virus virulence, we infected zebrafish with these viruses. Since it has
been shown that VHSV is pathogenic to zebrafish after lowering of
the water temperatures, we compared virulence of WT-VHSV and
the A4G-G5A variant. Fish injected i.m. with 4�103 TCID50 per fish
(WT-VHSV) showed close to 90% cumulative percent mortality (CPM)
over a period of 15 days post-challenge in zebrafish (Fig. 7a). When
fish were injected i.p., the CPM was 83.3%. When the injection dose
was lowered to 4�102 TCID50 per fish (WT-VHSV) by i.m. and i.p.,
both gave 72.2% CPM. Injection of 4�103 and 4�102 TCID50 per fish
of A4G-G5A, i.p. resulted in 37.0% and 18.5% CPM, respectively
(Fig. 7a), lowered by more than 50% compared to the WT-VHSV.
There was also a delay in onset of mortality by almost 7 days (Fig. 7a).
When the dose was lowered to 4�10 TCID50 per fish for the A4G-
G5A strain, no mortality was seen over a period 15 days post-
challenge. All dead fish had signs of typical VHSV infection, hemor-
rhagic septicemia, ascites, and exophthalmia. VHSV was detected and
confirmed from randomly sampled dead fish by cell culture and RT-
PCR. A4G-G5A was detected at early time post-infection by RT-PCR
only in fish infected with high-doses (Fig. 7b).

Discussion

Here we show that the primary sequence at 30-terminus of VHSV is
important for production of virus progeny in cell culture and patho-
genicity in zebrafish. It has been shown that VSV, a prototype of the
family Rhabdoviridae, has conserved complementary sequence of 30-
and 50-termini which have been studied to understand RNA synthesis
processes (Whelan et al., 2010). A single entry model predicts that a
single polymerase entry site is located at the extreme 30-terminus to
make mRNA or copy viral RNA genome (Emerson, 1982). Later studies
have shown that there are different sites initiating transcription and
replication in the 30-UTR of VSV (Whelan and Wertz, 2002;Chuang and
Perrault, 1997; Qanungo et al., 2004). In NNS RNA viruses, the gene
order is conserved with N, P, and M genes near the 30-terminus and L
gene at the 50-terminus. The 30-terminus promoter sequence seems a
major determinant for control of gene expression in the viral life cycle
(Whelan et al., 2010). The 30- and 50-termini of NNS RNAviruses contain
specific sequences required for encapsidation of the RNA strand, binding
of the RdRp, leader synthesis, transcription, replication, and assembly/
budding of viral particles (Whelan et al., 2010). For VSV, positions 47–50
of the 30-UTR leader-N gene junction were found essential for tran-
scription and positions 15–50 at the terminus were dispensable for
replication (Whelan and Wertz, 1999). Another study indicated that the
signals for both transcription and replication for VSV were contained
and overlapped within positions 1–24 at the 30-terminus and positions
25–47 were needed for optimal transcription (Li and Pattnaik, 1999).
There are no previous studies addressing the involvement of the
terminal UTRs of novirhabdoviruses. Here we aimed at elucidating the
importance of some positions of the primary sequence of the 30-
terminus of VHSV for virus propogation in vitro and in vivo

pathogenicity using an in silico approach (Table 1). To differentiate
between the positive-strand RNA (mRNA or cRNA) and negative-strand
RNA (vRNA) formation, we used a previously published the ssq RT-PCR
method (Matzinger et al., 2013;Purcell et al., 2006). The A4G-G5A in 30-
terminus had a significant negative effect (51% of rWT) on total positive-
strand RNA synthesis (mRNA or cRNA) at 2 days post-transfection
(Fig. 2). However, we cannot clearly differentiate between mRNA
(transcription) and cRNA (replication) synthesis by ssqRT-PCR although
the western blot studies are indicative of lower protein synthesis in the
attenuated variant (A4G-G5A). We would need to follow up using an
RNA assay (like Northern blotting) to differentiate between transcription
and replication. Furthermore, A4G-G5A showed delayed expression of N
and P protein post-infection compared to WT-VHSV (Fig. 3) and it took
5 days for this variant to reach a viral titer (107.55 TCID50/ml) comparable
to WT-VHSV (107.88 TCID50/ml) which plateaued at 4 days post-
infection, likely due to running out of available cells to infect (Fig. 4).
Concurrent with this observation, the A4G-G5A variant also induced full
CPE 70 h later than WT-VHSV (Fig. 5a).

As mentioned earlier, previous studies are indicative of transcrip-
tion and replication being initiated at different sites for VSV, transcrip-
tion initiated at the start of the N-gene (Whelan and Wertz, 2002;
Chuang and Perrault, 1997;Qanungo et al., 2004). Moreover, there is an
alternative possibility that RdRp always enters at the 30-terminus
(scanning) but the transcription is initiated at the start of the N-gene
regardless of the 30-terminus specific sequence (Whelan et al., 2010).
The template-dependence of NNS RNA viruses for the RNA synthesis
initiation is found to vary. Initiation of VSV is dependent on the first
two nucleotides at 30-terminus while for respiratory syncytial virus
(RSV, Paramyxoviridae) initiation is independent of the first two
nucleotides on the promoter terminus (Morin et al., 2012;Noton and
Fearns, 2011). The transcription of RSV polymerase could be initiated
at the 3rd nucleotide of the 30-terminal promoter unlike that of VSV
(Tremaglio et al., 2013) and the RSV polymerase–promoter interactions
display sophisticated mechanisms for the viral promoter activity
(Noton et al., 2012;Tremaglio et al., 2013).

Our findings would be suggestive of the initiation of replication is
affected by the primary sequence near the 30-terminus for VHSV and
positions 4 and 5 play a key role like that of VSV (Whelan and Wertz,
2002;Chuang and Perrault, 1997;Qanungo et al., 2004;Whelan and
Wertz, 2002) and these mutation were found genetically stable.
While it is still not fully understood how the 30-terminal sequences
regulate transcription or/and replication efficiency for NNS RNA
viruses in general, we are just beginning to understand how the 30-
terminus regulates these mechanisms for VHSV. This study showed
that the primary sequence is an important promoter but it is not
sufficient to document the importance of any secondary RNA
structure (like double strand RNA promoter). The RNA synthesis
profile should be examined to distinguish between effects of primary
sequence versus secondary structure.

The introduced mutations at the 30-terminus of VHSV affect
formation of virus progeny in vitro and this is also corroborated by
in vivo studies. We used the zebrafish model to study the impact
of mutations on pathogenicity. It has been shown previously that
VHSV is pathogenic to adult zebrafish (Encinas et al., 2010; Novoa
et al., 2006) when the water temperature is lowered to 18 1C and
below. The attenuation for the A4G-G5A strain is consistent over
two virus doses, 4�102–4�103 TCID50 per fish, and for the two
doses tested there is a marked drop in end-point mortality
compared to wild type virus (Fig. 7). Injection of 4�10 TCID50

per fish of the A4G-G5A variant does not result in mortality
(Fig. 7).

In conclusion this is the first study to show the importance of
some positions (A4G5) of the primary sequence at the 30-terminus
as a potential promoter that governs progeny formation in VHSV,
the genus Novirhabdovirus, in vitro. Similarly it is important for
in vivo virulence in zebrafish (Fig. 7).
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Materials and methods

Virus and cells

VHSV (JF-09) was isolated from VHSV-infected olive flounder
(Plathychtis japonicus) (juvenile) in a fish farm located in South
Korea (June 2009) (Kim et al., 2014). The virus was propagated in
Epithelioma papulosum cyprini (EPC) cells in L15 cell medium
(Invitrogen) containing 10% FBS (Sigma-Aldrich) at 15 1C.

Site-directed mutagenesis

VHSV has conserved complementary RNA sequence in 30-end
(30-CAUAGUAUUUU) and 50-end (UAAAAGAUAUG-50) (Table 1). By
“introducing” a RNA hairpin loop, 30-GGCUUC-50, between con-
served 30- and 50- terminal sequences, it was possible to predict an
in silico secondary RNA structure by ‘Mfold’ web server (Table 1)
(Zuker, 2003;Cheong et al., 1996, 1990;Varaniet al., 1991). Using
the in silico secondary RNA structure as a guide, point-mutations
were introduced mutations in positions A4G5 and A7U8 by site-
directed mutagenesis (GENEARTs, Invitrogen), referred to as A4G-
G5A, A7C-U8A, and U8C. A previously constructed plasmid of

Fig. 1. Viral N protein expression of rescued recombinant VHSVs (1st passage; green fluorescence) in EPC cells (3 parallels) were shown by IFAT at 2 days post-infection. For
the A4G-G5A variant, only a few cells showed positive fluorescence (shown in insert). A non-mutated recombinant VHSV (rWT) was used as a control.

Fig. 2. Relative RNA quantification using strand-specific quantitative RT-PCR.
a) Relative quantification of RNA using VHSV-G-Forward/Reverse of different mutants
relative to a non-mutated control plasmid (rWT) at 2 days post-transfection. Negative-
and positive-strand RNA quantification of mutated plasmids (A4G-G5A, A7C-U8A, and
U8C). The results are expressed as mean7SEM; n¼3. An asterisk (*) denotes
significant reduction (Po0.05) compared to a control reference (rWT). b) Relative
quantification of A4G-G5A excluding pL (plasmid encoding the polymerase) showing
background cRNA generation from plasmid (0.8% of pos-strand for A4G-G5A in a).

Fig. 3. Kinetics of viral protein expression of strain A4G-G5A. a) Viral specific proteins
(Nucleocapsid protein, 42 kDa and Phosphoprotein, 26 kDa) of strain A4G-G5A and
WT-VHSV in cell lysates were detected by western blotting post-infection of EPC cells
(MOI¼1), 48 and 72 h post-infection. b) Expression of VHSV proteins post-transfection
by western blot using polyclonal antibody at 2 and 5 days post-transfection (lane 1:
U8C, lane 2: A4G-G5A, lane 3: A7C-U8A, and lane 4: WT-VHSV).
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complete genome (rJF-09) (Kim et al., 2014) was used for this
purpose. The point-mutated sequences were confirmed by
sequencing (GATC Biotech) with GSPs (30-UTR-Forward, Table 2).

Transfection and characterization of virus infection by IFAT

VHSV plasmids (250 ng), pN (60 ng), pP (50 ng), pL (50 ng), and
pNV (30 ng) were mixed in 25 ml Opti-MEMs medium (Invitrogen)
and 1.5 ml of FuGENE HD transfection reagent (Roche) was added.
The mixtures were incubated for 10 min at room temperature and
added to sub-confluent layers of EPC cells (1�105) in a 24-well
plate. The cells were incubated at 28 1C for 5 h and then trans-
ferred to 15 1C and incubated further for desired time points or till

cytopathic effects (CPE) was evident. The cell culture supernatants
were collected at 4 days post-transfection, clarified by centrifuga-
tion, 10-fold diluted and inoculated onto EPC cells (2�105) in a
24-well plate. The cells were incubated at 15 1C for 48 h and fixed
with of 4% paraformaldehyde for 20 min. The rescued viral N
proteins were identified by using the standard indirect fluorescent
antibody test (IFAT), using MAb IP5B11 as the primary antibody
and Alexa 488 anti-mouse IgG (Molecular Probes, Invitrogen) as
secondary antibody. The stained cells were washed and examined
under an Olympus IX81 fluorescence microscope.

Strand-specific quantitative RT-PCR

Strand-specific quantitative RT-PCR (ssqRT-PCR) assay based on
a published method (Matzinger et al., 2013;Troutt et al., 1992;
Purcell et al., 2006) was modified for our study. VHSV plasmids
(250 ng), pN (60 ng), pP (50 ng), pL (50 ng), and pNV (30 ng) were
mixed in 25 ml Opti-MEMs medium (Invitrogen) and 1.5 ml of
FuGENE HD transfection reagent (Roche) was added. The mixtures
were incubated for 10 min at room temperature and added on sub-
confluent layers of EPC cells (1�105) in a 24-well plate. The cells
were incubated at 28 1C for 5 h and shifted to 15 1C. At 2 days post-
transfection, the cells were harvested and total RNA were extracted
from the cells by using a RNeasys Plus Mini kit (Qiagen). To
eliminate background plasmid DNA contamination prior to reverse
transcription, the samples were DNase treated twice (TURBO DNA-
freeTM kit, Ambion). 11 μl of DNase treated total RNA was used as a
template with a single GSP (0.5 μM), VHSV-G-Forward or VHSV-G-
Reverse targeting G protein gene, in a final volume of 20 μl to create
strand-specific cDNA templates (Transcriptor First Strand cDNA
Synthesis kit, Roche). Quantitative RT-PCR was carried out by using
LightCycler 480 SYBR green I master mix and LightCycler 480

Fig. 4. In vitro viral growth pattern following infection of EPC cells (MOI¼0.1). A
non-mutated recombinant VHSV (rWT) and wild-type VHSV (WT) were used as a
control. The titer values are presented as mean7SEM from three parallels.

Fig. 5. Real-time cytopathic effects (CPE) of EPC cells after infection with recombinant VHSV strains (MOI¼0.01). a) CPE was monitored in real-time by use of xCELLigence
(see Material and methods). The results are expressed as mean7SD (n¼3). The first time point shown is 72 h post-infection since this was the earliest occurrence of reduced
cell index (CI). b) Viral quantification in infected EPC cells (MOI¼0.01) at 72 h post-infection by quantitative RT-PCR. The results are expressed as mean7SEM (n¼3).
Wild-type VHSV (WT) was used as a reference. An asterisk (*) denotes significant reduction (Po0.05) compared to WT.
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system (Roche). 2 μl of the strand-specific cDNA templates were
used with a pair of GSPs (0.5 μM), VHSV-G-Forward and VHSV-G-
Reverse, in a final volume of 20 μl. The mixtures were first
incubated at 95 1C for 10 min, followed by 40 amplification cycles:
10 s at 95 1C, 20 s at 60 1C, and 8 s at 72 1C. Random hexamer
primers (Transcriptor First Strand cDNA Synthesis kit, Roche) were
used for cDNA templates for gene expression of carp 40 s, which is a
reference gene to normalize the data (Joerink et al., 2006). The GSPs
used for strand-specific quantitative RT-PCR are listed in Table 2. To
compare the impact of pCMV driven cRNA synthesis from the
plasmid relative to viral cRNA (polymerase), the A4G-G5A and
rWT plasmids were transfected into the EPC cells without the pL
helper plasmid followed by ssq RT-PCR.

Western blotting

EPC cells infected by A4G-G5A (2nd passage) and WT-VHSV
(MOI¼1) as described above and cells were lysed by using CelLytic
M reagent (Sigma), at 48 and 72 h post-infection. Proteins were
separated by SDS-PAGE and blotted onto a polyvinylidene difluoride
(PVDF) membrane. The VHSV proteins were detected by western
blotting using polyclonal antibody against VHSV (Ammayappan and
Vakharia, 2011).

Growth kinetics

Growth kinetics was assessed by the TCID50 method and the
VHSV variants (2nd passage, MOI¼0.1) were used to infect EPC
cells (1�105) in 24-well plates in three parallels at 15 1C. After
virus infection, the supernatants were collected at designated time
points, clarified by centrifugation and titrated on EPC cells by the
50% tissue culture infective dose (TCID50) method (Kärber, 1931).

For monitoring of cytopathic effects in real-time, VHSV variants
(MOI¼0.01) were used to infect EPC cells (1�104) in E-Plates
(xCELLigence, Roche) in three parallels at 15 1C. The xCELLigence
system showed a parameter termed ‘Cell Index’ which is derived

as a relative change in measured electrical impedance and a
correlate of cell status (integrity).

To measure viral replication in the cells by quantitative real-
time RT-PCR, EPC cells (1�105) in a 24-well plate were infected by
VHSVs (MOI¼0.01) for the parallel sampling and collection was at
72 h post-infection, a starting point of CPE, at 15 1C. For the viral
replication quantification, total RNAs were extracted from infected
cells in a 24-well plate by using a RNeasys Plus Mini kit (Qiagen).
Quantitative real-time RT-PCR was carried out by using Quanti-
Fasts SYBRs Green RT-PCR (Qiagen) and LightCycler 480 system
(Roche). Total RNAs (10 ng) were used as templates with a pair of
GSPs (1 μM), VHSV-G, in a final volume of 25 μl. The mixtures
were subject to reverse transcription at 50 1C for 10 min, first
incubated at 95 1C for 5 min and followed by 40 amplification
cycles: 10 s at 95 1C, 30 s at 60 1C. Carp 40 s, which is a reference
gene, was used to normalize the data (Joerink et al., 2006). The
GSPs used for virus replication are listed in Table 2.

Pathogenicity studies in zebrafish

Wild-type zebrafish (Danio rerio) of 0.5–0.8 g (female:male¼1:1)
were obtained from the zebrafish experimental facility at the Norwe-
gian University of Life Sciences. The fish were gradually transferred to
lower water temperatures (1 1C per day) and kept to acclimate for
2 days at 16.571 1C before virus infection. The water and feed were
provided from the zebrafish facility. For each experiment, zebrafish
were moved to closed aquaria (6 L) at 16.571 1C and maintained at
these conditions by water exchange (2 L) every day. The water quality
was monitored by daily measurement of ammonia. The fish were

Fig. 6. a) Cytopathic effects (CPE) in EPC cells 72 h post-infection (MOI¼1). b) The
viral titer 72 h post-infection (mean7SEM; n¼3 parallels). A non-mutated
recombinant VHSV (rWT) and wild-type VHSV (WT) were used as controls.

Fig. 7. a) In vivo viral pathogenicity in zebrafish. Cumulative percentage mortality
(CPM) 15 days post-infection. Zebrafish were infected by intraperitoneal (i.p.)
injection with WT-VHSV (WT), and A4G-G5A at three different doses; 4�10,
4�102 and 4�103 TCID50 per fish. A non-infected control group was injected with
2 ml of L15 medium i.p.. Comparable infection groups are indicated by ‘]’. b) PCR
amplicons (VHSV N gene) in A4G-G5A infected fish at 1, 3, and 6 days post-
infection. Infection doses (TCID50 per fish) are shown. Strength of bands is indicated
semi-quantitatively.
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anesthetized with benzocaine and injected intraperitoneally (i.p.) or
intramuscularly (i.m.) at two infection doses for WT-VHSV (4�102

TCID50 per fish or 4�103 TCID50 per fish; 18 fish per group per dose)
in three parallels using an injection volume of 2 ml and the fish
injected i.p. at three infection doses for A4G-G5A variant (4�10
TCID50, 4�102 TCID50 or 4�103 TCID50; all doses per fish; 36 fish per
group per dose) in three parallels using an injection volume of 2 ml.
Control groups were anesthetized and injected with 2 ml of L15
medium. Randomly selected healthy fish without gross pathology
were decapitated and the whole organs were collected for virus
detection by RT-PCR at early time post-infection. The selected fish (9
fish per group) were excluded from estimation of cumulative mor-
tality. The GSPs used for virus replication are listed in Table 2.

Data analysis

The comparative delta delta Ct (2�ΔΔCt) method was used to
calculate relative difference of the RNA synthesis in this study
(Livak and Schmittgen, 2001). Specificity of the PCR products was
ensured by checking the melting temperature and profile of each
melting curve. A t test was used to calculate differences with
P-valueo0.05 considered as significantly different.
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a  b  s  t  r  a  c  t

Viral  hemorrhagic  septicemia  virus  (VHSV)  has  four  genotypes  (I–IV)  and  sub-lineages  within  genotype
I  and  IV. Using  a reverse  genetics  approach,  we explored  the  importance  of  the  L gene for  growth  char-
acteristics  at  different  temperatures  following  interchange  of the  L  gene  within  genotype  IV  (IVa  and
IVb)  strains.  VHSV  strains  harboring  heterologous  L  gene  were  recovered  and  we  show  that  the  L gene
determines  growth  characteristics  at different  temperatures  in  permissive  cell  lines.
eywords:
iral hemorrhagic septicemia virus
enotype IV
emperature sensitivity

 protein
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everse genetics

Viral hemorrhagic septicemia virus (VHSV), an enveloped non-
egmented negative-strand (NNS) RNA virus, belongs to the genus
ovirhabdovirus in the family Rhabdoviridae (Tordo et al., 2004).
he viral genome encodes five structural proteins (N, M,  P, G,
nd L) and a non-structural protein (NV) between G and L pro-
ein (Ammayappan and Vakharia, 2009). VHSVs are classified into
our major genotypes (I–IV) and further separated into different
ub-lineages (Ia-e and IVa-c) based on geographical distribution
Einer-Jensen et al., 2004; Einer-Jensen et al., 2005; Pierce and
tepien, 2012). While various strains of VHSVs infect fish under
ifferent climate and temperature conditions, any difference in
emperature sensitivity of VHSV genotypes (or strains) has been
ot studied.

The polymerase protein is a multifunctional catalytic com-
onent in RNA-dependent-RNA-polymerase (RdRp) complex
equired for viral replication, transcription, and gene expression
Galloway and Wertz, 2009). Earlier studies have shown that muta-
ions of the RdRp are involved in temperature sensitivity of Sendai
irus (Paramyxoviridae) (Feller et al., 2000a; Feller et al., 2000b),

uman parainfluenza virus type 3 (Paramyxoviridae) (Feller et al.,
000b), respiratory syncytial virus (Paramyxoviridae) (Luongo et al.,
012; Luongo et al., 2013), and vesicular stomatitis virus (VSV,

∗ Corresponding author. Tel.: +47 47400119.
E-mail address: oystein.evensen@nmbu.no (Ø. Evensen).

ttp://dx.doi.org/10.1016/j.virusres.2014.10.013
168-1702/© 2014 Elsevier B.V. All rights reserved.
Rhabdoviridae).  For VSV, an insertion of EGFP in a hinge region or
a point mutation in conserved region (CR) II in the L gene induces
sensitivity to high temperature (Galloway and Wertz, 2009; Ruedas
and Perrault, 2009). The functions of NNS RNA virus CRs are partly
known: CR III is involved in the RNA polymerization, CR V for the
cap addition, CR VI for the cap methylation, and CRs I, II and IV
for the RdRp-containing ring domain composition (Rahmeh et al.,
2010; Ogino and Banerjee, 2011). The implication of the L protein of
novirhabdoviruses in temperature sensitivity still remains uncer-
tain. Previously, it was  shown that the G protein is a determinant for
temperature sensitivity and it was suggested that the polymerase
complex would be involved, but it was not studied (Biacchesi et al.,
2002; Biacchesi, 2011). In this study, we interchanged the L protein
gene between two  strains of VHSV, JF-09 with an ability to grow at
higher temperature (Kim et al., 2014) and MI03GL, a Great Lakes
strain, (Ammayappan and Vakharia, 2009) sensitive to tempera-
tures above 18 ◦C. These strains belong to genotype IVa and IVb,
respectively. Here, we  demonstrate the gain- and loss-of-function
of VHSV titers at different temperatures using reverse genetics
approach.

First we  propagated five different VHSV strains (DK-3592B; Ia,
1p8; Ib, NO/650/07; III, JF-09; IVa, and MI03GL; IVb) in Epithelioma

papulosum cyprini (EPC) cells at 15 ◦C, in line with previous stud-
ies (Ammayappan and Vakharia, 2009; Kim et al., 2014). All strains
were also used to infect EPC cells at 23 ◦C for 72 h post-infection
(MOI = 1) to test temperature sensitivities of the viruses. The culture

dx.doi.org/10.1016/j.virusres.2014.10.013
http://www.sciencedirect.com/science/journal/01681702
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Fig. 1. In vitro temperature sensitivity of VHSV strains. (a) Different temperature sensitivities for five VHSV strains tested in permissive cells (EPC) at 23 ◦C. Virus titers are
given  (TCID50/ml) over a 72 h incubation period (MOI = 1). (b) Temperature sensitivity of JF-09 in permissive cells (EPC) shown viral titration (TCID50/ml) over a 72 h incubation
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eriod  (MOI = 1; 15 ◦C, 20 ◦C, 23 ◦C, and 25 ◦C). The viral titers in supernatants are pres
f  JF-09 in non-permissive cells (primary cultured RBT GECs) at 24 h post-infection 

lympus IX81 fluorescence microscope. NO/650/07 was used for a positive (virulen

upernatants were collected and titrated on EPC cells (Karber,
931). The results showed that JF-09 grew to significantly higher
iters than any of the other strains at 23 ◦C, and results were in the
rder JF-09 > NO/650/07 > MI03GL > 1p8 > DK-3592B (Fig. 1a).

Then we examined the temperature sensitivity of JF-09 over a
emperature in permissive EPC cells between 15 and 25 ◦C with 72 h
ncubation and titration as above (MOI = 1). JF-09 grew between
5 and 23 ◦C but not at 25 ◦C (Fig. 1b, 1 log increase at 25 ◦C).
e  also examined the temperature sensitivity of the JF-09 strain

n non-permissive cells using primary cultured rainbow trout gill
pithelial cells (RBT GECs) using a virulent strain (NO/650/07) as
ositive control (Kim et al., 2014). Viral proteins were detected
t 24 h post-infection (MOI = 1) by indirect fluorescent-antibody
est (IFAT) (Kim et al., 2014). Interestingly, JF-09 showed increased
taining at 20–23 ◦C in GECs while NO/650/07 staining declined
ith increasing temperature (Fig. 1c).

Mutations of the RdRp of other non-segmented, negative-strand
iruses have shown to influence temperature sensitivity (Feller
t al., 2000a,b; Galloway and Wertz, 2009; Luongo et al., 2012,
013; Ruedas and Perrault, 2009). With this in mind, we  used

 previously made recombinant VHSV genotype IVa construct of
JF-09 (genotype IVa, Genbank no. KM926343) (Kim et al., 2014)
nd one of rMI03GL (genotype IVb) (Ammayappan et al., 2011)
ith the purpose to swap the two L protein encoding genes after

ntroducing a silent mutation at a rear KpnI restriction site, as
escribed (Ammayappan et al., 2011) (Fig. 2a). The parental plas-
ids were double digested with KpnI and NotI restriction sites

nd the L protein genes were then cross-inserted into two  back-
ones by ligation (T4 DNA ligase) (Fig. 2a). Digestion with KpnI
estriction enzyme did not result in any substitution of first 44
mino acids in the N-terminus sequence (Fig. 2a). However due
o L gene exchange, 31 amino acids in the L protein (1984 amino

cids) are different between JF-09 (IVa) and MI03GL (IVb), which
re depicted in Fig. 3. Substitutions of amino acid residues are
ndicated on a linear map, with the six CRs of VHSV, based on a
revious NNS virus L protein mapping study (Poch et al., 1990)
 as a mean ± standard deviation (SD) from three parallels. (c) Temperature sensitivity
 1; 15 ◦C, 20 ◦C, and 23 ◦C) was shown by IFAT (viral proteins in red color) under an
in in RBT GECs.

(Fig. 3). All four recombinant viruses were rescued from EPC cells
transfected as described (Kim et al., 2014) and the viruses were par-
tially sequenced to clearly identify the L protein interchange. The
viruses (MOI = 0.1) were used to infect EPC cells at 15 ◦C, 21.5 ◦C, and
23 ◦C, incubated for 72 h post-infection and then supernatants were
titrated. We  found that L protein interchange between two strains
of VHSV genotype IV results in change of temperature sensitivities
at the high-temperature (21.5 and 23 ◦C). First, substitution of the
L gene in rJF-09 virus with L-IVb (IVa + LIVb) resulted in reduced
viral titers when compared with the parental rJF-09 strain. Titers
were down 102.25 at 21.5 ◦C and 102.67 at 23 ◦C (Fig. 2b). When IVa
L gene was  substituted in rMI03GL virus (IVb + LIVa), the viral titers
were up compared to the parental rMI03GL (increased by 102.33 at
21.5 ◦C and 101.08 at 23 ◦C; Fig. 2b). For both “daughter strains” the
viral titers were slightly lower at 15 ◦C (100.17 difference; p > 0.05)
compared the parental strain (Fig. 2b). Furthermore, the titer of
‘IVb + LIVa’ still was  down 101.42 at 23 ◦C compared to the titer at
15 ◦C. The titers obtained for the parental strains at MOI  = 1 and
MOI = 0.1 were the same (Fig. 1a compared to Fig. 2b). Together, the
MOI  range used did not seem to influence the titers obtained at the
two temperatures tested and the data is also indicative of the L pro-
tein not being the only determinant of temperature sensitivity. The
L protein could be involved in other viral replication mechanisms
such as the functionality of the RNP (Ribonucleoprotein) complex.

This study is first report to show that the L protein gene of
Novirhabdovirus plays a role in sensitivity to growth at different
temperatures, and we find a gain- and loss-of-function effect from
L protein interchange. The observation that the JF-09 strain also
shows improved growth at higher temperature in a non-permissive
cell line (GEC) is also an interesting observation that warrants fur-
ther studies. Amino acid differences between IVa and IVb for the L
protein is shown in Fig. 3, and among the 31 amino acids positions

that are different, there are no differences in CR II, an important
region for the temperature-sensitive VSV strain ((G)114) (Galloway
and Wertz, 2009). Furthermore, the 31 amino acids could be impor-
tant in determining temperature sensitivity of VHSV strains and
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Fig. 2. In vitro growth of recombinant VHSVs genotype IV a and b strains harboring heterologous L protein. (a) A construction map  of recombinant VHSVs harboring
heterologous L protein (“daughter” rVHSV). (b) Temperature sensitive of the rVHSVs in permissive cells (EPC) was shown by viral titration (TCID50/ml) at 72 h post-infection
(MOI  = 0.1; 15 ◦C, 21.5 ◦C, and 23 ◦C) for the parental and hybrid strains. The viral titers in supernatants are presented as a mean ± SD from three parallels. T-test was used to
calculate differences where relevant and a p-value < 0.05 was  considered statistically significant (*).

Fig. 3. A schematic linear map  of VHSV L protein (1984 amino acids) with the six conserved regions (CR I-VI). 31 residues, which are different between JF-09 (IVa) and
M as ind
p m009
e

t
r
u
t
v

A

S
p
n
d
d

I03GL (IVb), were shown by numbers. An unclear border of N-terminus of CR VI w
ositions of CRs were analyzed with the Conserved Domains in NCBI database (pfa
t  al., 1990; Ogino and Banerjee, 2011).

his should be addressed in future studies. Finally, the findings
eported here underlines the importance of the L protein for vir-
lence of VHSV strains and conforms with a recent study showing
hat a point mutation of the CR IV region is important for virus
irulence in vitro (Kim et al., 2014).
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