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Summary 
 

Viral haemorrhagic septicaemia virus (VHSV) is the causative agent of a very serious 

and threatening disease affecting rainbow trout (Oncorhynchus mykiss) aquaculture. It causes a 

systemic disease with various mortality rates in rainbow trout. VHSV has been isolated from several 

species of fish, including marine species which can be infected and carry the virus without clinical 

symptoms. It has been previously found that VHSV isolated from marine species causes low to no 

mortality in rainbow trout, while VHSV isolated from rainbow trout has similar results in challenges 

with marine species. Many earlier studies have tried to identify genetic molecular markers of VHSV to 

rainbow trout with little success. The development of new technologies for DNA sequencing such as 

Next Generation Sequencing (NGS) has recently supported the full genome sequencing of a large 

number of VHSV field isolates while reverse genetics technique has allowed the manipulation of the 

entire genome of VHSV.  

In this project, we assessed the in vivo virulence by immersion challenges in rainbow 

trout of several VHSV isolates obtained from the DTU Aqua VHSV repository. These isolates were 

also subjected to full genome sequencing by NGS and analyzed together with other mixed virulence 

isolates generating the largest VHSV full genome sequence dataset up to date. Based on earlier 

studies and on these results we hypothesized that virulence markers of VHSV to rainbow trout were 

located in the nucleoprotein gene. By the establishment of a new reverse genetics system based on 

the low virulent VHSV isolate SE SVA 1033-9C as a backbone, we were able to rescue three mutant 

recombinant VHSVs (rVHSVs) with specific amino acid residue changes in the nucleoprotein and two 

chimeric rVHSVs with parts containing the nucleoprotein gene exchanged from the high virulent 

VHSV DK-3592B to the low virulent SE SVA 1033-9C. The virulence of these rVHSVs was evaluated 

by in vivo challenges in rainbow trout by intraperitoneal injection (IP) and by immersion. Results 

indicated that both strategies (amino acid residue changes and chimeras in the low virulent VHSV 

backbone) caused gain-of-function in IP injected rainbow trout but not in immersion infected. We 

show evidence that the nucleoprotein is implicated in VHSV virulence to rainbow trout however, the 

results obtained also show that these alterations are probably not acting alone and therefore further 

investigation is necessary to look into the role of other genes and intergenic regions that could be 

associated with virulence to rainbow trout. 
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Sammendrag  
 

Viral hæmorrhagisk septikæmi virus (VHSV) er årsag til en meget alvorlig,  

anmeldepligtig sygdom, som rammer regnbueørreder (Oncorhynchus mykiss) i akvakulturbrug. Det 

forårsager en systemisk infektion med variabel mortalitet hos regnbueørreder. VHSV er blevet isoleret 

fra flere forskellige fiskearter, heriblandt marine arter, som kan blive inficeret og bære virus uden 

kliniske symptomer. Det er tidligere blevet påvist, at VHSV isoleret fra marine arter bevirker lav eller 

ingen dødelighed hos regnbueørred, mens VHSV isoleret fra regnbueørred giver tilsvarende lav 

dødelighed i marine arter. I flere tidligere studier har man forsøgt at identificere molekylærgenetiske 

markører for VHSV i regnbueørred med begrænset succes. Udviklingen af nye teknologier til DNA-

sekventering som for eksempel Next Generation Sequencing (NGS) har for nylig givet mulighed for 

fuld genomsekventering af et stort antal VHSV-feltisolater, mens teknik til ”reverse genetic” har 

muliggjort manipulering af hele VHSV genomet. 

I dette projekt har vi ved immersion-smitteforsøg med regnbueørred undersøgt in vivo-

virulensen i et antal VHSV-isolater hentet i VHSV-banken hos DTU Aqua. Disse isolater blev også 

underkastet fuld genom-sekventering med NGS og analyseret sammen med andre isolater med 

forskellig virulens i håbet om at finde formodede virulensmarkører. Disse resultater førte os til 

hypotesen om, at virulensmarkører for VHSV I regnbueørred er lokaliseret i nukleoproteingenet. Efter 

at have etableret et system til reverse genetics baseret på det lavvirulente VHSV-isolat SE SVA 1033-

9C som backbone blev vi i stand til at fremstille og opformere  tre recombinante VHSV’er (rVHSV’er) 

med specifikke forandringer i nukleoproteinets aminosyreresidual, og to kimære-rVHSV’er med dele, 

som indeholder det udvekslede nukleoproteingen fra det højvirulente VHSV 3592B til det lavvirulente 

SE SVA 1033-9C. Virulensniveauet for disse rVHSV’er blev evalueret i in vivo-forsøg på 

regnbueørreder ved intraperitoneal (IP) injektion og ved immersion. Resultaterne indikerede, at begge 

strategier (forandringer i aminosyreresidualer og kimærer i det lavvirulente VHSV-backbone) førte til  

øget virulens i de IP-injicerede regnbueørreder, men ikke i immersions inficerede fisk. Vi har påvist 

evidens for at nukleoproteinet er en medvirkende faktor for VHSV-virulens hos regnbueørreder, men 

de opnåede resultater viser også, at disse forandringer ikke kan gøre det alene. Derfor er yderligere 

undersøgelser nødvendige for at finde ud af, hvilken rolle andre gener og intergeniske regioner spiller 

i relation til virulens hos regnbueørred. 
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1. Introduction and aim 
 

Viral haemorrhagic septicaemia (VHS) is an important fish listed disease that impacts 

rainbow trout (Oncorhynchus mykiss) aquaculture mainly in continental Europe, North America and 

Asia. It is caused by the Viral Haemorrhagic Septicaemia Virus (VHSV), a rhabdovirus classified into 

the genus Novirhabdovirus. Infected fish have a systemic disease with the most common clinical 

signs being lethargy, exophthalmia, skin darkening, anaemia and several internal haemorrhages (1). 

VHSV has been classified into four genotypes (I-IV) according to phylogenetic analysis of the viral 

nucleoprotein and glycoprotein and these genotypes are correlated to the areas where the isolates 

were isolated (2). VHSV can infect a wide range of fish species and mortality rate is varied. The 

virulence of VHSV is known to be host specific and varies among genotypes. Genotypes Ia and Ic are 

known to be high virulent to rainbow trout while genotype Ib, II and III comprise isolates obtained from 

marine species and are low to no virulent to rainbow trout (3). Previous studies have shown that 

VHSV isolated from marine species cause low to no mortality in rainbow trout, whereas similar results 

are obtained when infecting marine species with VHSV isolates from rainbow trout (4). This finding 

resulted in the start of the search for the genetic basis of virulence in VHSV to rainbow trout. The 

current serological diagnostic methods for VHSV cannot distinguish between a high or low virulent 

isolate and only by genotyping an indication of virulence may be inferred. The proximity of rainbow 

trout farming to wild marine species is seen as a threat, as studies show that high virulent VHSV in 

rainbow trout has evolved and adapted from VHSV circulating in marine species (5,6). 

Early studies looking upon genetic basis for VHSV virulence to rainbow trout used the 

approach to compare DNA sequencing of viral genes among different genotype isolates (7). It was 

believed that genetic virulence markers for VHSV would be present in the glycoprotein due to its 

higher variability and its main role in the interaction with the host cell, as well as the discovery of 

markers in other rhabdoviruses glycoprotein such as in rabies virus. However, this idea has been 

discarded in later studies involving reverse genetics (8,9). The development of new methods of DNA 

sequencing such as next generation sequencing (NGS) and the establishment of new reverse 

genetics systems for VHSV have improved the possibilities of finding genetic virulence markers of 

VHSV for rainbow trout. A recent study using recombinant VHSV found evidence that the virulence of 

VHSV to rainbow trout lies in the N gene which is enhanced by the P gene (10).   

This PhD project aimed at: 

1. Obtain data on in vivo virulence of a number of VHSV isolates with expected different 

virulence to rainbow trout as well as providing the full genome sequences of a large number of VHSV 

isolates of previously known virulence;  

2. Establish a reverse genetics system for VHSV at DTU; 

3. Analyze the full genome sequences of VHSV isolates and identify putative virulence 

markers/regions of VHSV to rainbow trout; 
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4. Evaluate these putative markers/regions by reverse genetics followed by in vivo 

challenge and in vitro characterization of mutants; 

 

The activities conducted during this PhD project are detailed in three manuscripts with 

the following content: 

 

Manuscript 1 (published in Frontiers in Microbiology on August 27th, 2020) describes 

the cross-analysis of full genome sequencing data and in vivo challenge data of 55 VHSV isolates. 

Alignment and phylogenetic analysis of the VHSV genes have been carried out together with 

statistical analysis on the virulence phenotypes. Single amino acid polymorphisms (SAPs) were 

identified and associated with in vivo virulence phenotypes. By establishing a classification of 

virulence classes into high, medium and low, an association between virulence phenotype data and 

amino acid signatures was made revealing 38 single amino acid polymorphisms that can be 

interpreted as putative genetic markers of virulence of VHSV to rainbow trout.  

 

Manuscript 2 (in preparation) describes the establishment of a reverse genetics 

system for VHSV using the low virulent isolate SE SVA 1033 9C (genotype Ib) and two strategies for 

evaluation of the impact of the nucleoprotein in the virulence of VHSV to rainbow trout. First, the 

generation of two chimeric recombinant VHSVs (rVHSVs) containing either only the nucleoprotein of a 

high virulent isolate or the nucleoprotein, the leader sequence and part of the intergenic N-P 

sequence of a high virulent isolate by reverse genetics. We also generated three rVHSVs containing 

amino acid changes in the positions 46, 168, 82 and 83, sites which were identified in manuscript 1. 

The rescued rVHSVs were evaluated in vivo and in vitro. 

 

Manuscript 3 (in preparation) describes the troubleshooting and optimization 

strategies for the methodology implemented in the establishment of the reverse genetics done in 

manuscript 2. This manuscript reports the optimization steps for the alternative use of other fish cell 

line than the original protocol and the use in combination of different cell lines with reduced incubation 

periods. Both strategies were successful in recovering recombinant VHSV in the new cell line. 

 

The reference list for the thesis excluding the references for the manuscripts is found 

in the last section of this thesis. 



21 
 

2. Background 

2.1 VHS 

2.1.1 Epidemiology of VHS 

 

Viral haemorrhagic septicaemia virus (VHSV) is responsible for a systemic disease of high 

importance in farmed rainbow trout (Oncorhynchus mykiss) with a large economic impact. It was estimated 

that there were 40-million-pound losses annually due to VHS (11). VHS was first reported in rainbow trout, 

near Egtved in Denmark around 1950 and it was similar to a disease described in 1938 by Schäperclaus in 

Germany (12). Infected fish showed unspecific clinical signs in the early state of the disease but it usually led 

to a fast onset of mortality with the most common clinical signs being lethargy, exophthalmia, darkening of 

the skin, anaemia and hemorrhages at the base of the fins, gills and internally. Destruction of the endothelial 

lining is the major cause of these symptoms in rainbow trout. Ascites can also be observed, with distension 

of the abdomen (13,14). The disease can manifest itself in a nervous form represented by abnormal 

swimming behavior (14).  

Rainbow trout is known to be the traditional host of the virus but it has already been isolated 

from approximately 80 different fish species so far (14). The establishment of RTG-2 cell line made it 

possible to isolate and cultivate the virus and therefore the development of more comprehensive studies on 

the virus (12). The susceptibility to the disease varies according to several factors, such as age, size and 

even genetic variance (15). Infected fish as well as wild covert carriers can act as reservoirs of VHSV to 

farmed fish (13). VHS is widely distributed in continental Europe areas producing rainbow trout intensively in 

freshwater aquaculture, with some areas recognized as VHS-free zones (category I). In 2018, 76% of the 

European authorized trout farms were categorized in the category III (undetermined) while 23% are in 

category I. Fourty eight VHS outbreaks have been reported during the year 2018 with its majority occurring 

in Germany and Belgium, respectively (16) 

VHSV has been shown to survive for longer periods of time in both salt water and freshwater 

at low temperatures (17). Viral transmission is usually done by contact with other infected fish or 

contaminated water or fomites, under the optimal temperatures of 1-15˚C (18). VHSV can be transmitted on 

the surface of the fish eggs and therefore, disinfection procedures are highly recommended (19).  
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2.1.2 Pathogenesis of VHS 
 

  A  study using bioluminescence with infectious hematopoietic necrosis virus (IHNV, a closely 

related fish rhabdovirus) has shown that the virus enters the fish by the base of the fins (20). The presence 

of virus was detected in the gill epithelium one day right after infection (IP) and at later stages of infection 

VHSV it was possible to detect it mostly in endothelial cells (21). The primary target organs of the virus are 

the hematopoietic tissues such as the spleen and kidney with VHSV showing a strong tropism towards 

endothelial cells such as the cells present in the heart (1,22). VHSV was found in the liver later during the 

infection, being able to be detected after five days post infection. 

 Brudeseth et al. (2002) (21) also described that the endothelial cells of the kidney were the 

first cells of the internal organs to become infected by the virus and as the infection progressed; it spread 

with leucocytes and macrophages becoming infected. Leucocytes and especially melanomacrophages/ 

macrophages have been shown to be the target cells for early replication of VHSV in vitro but the role of 

these cells in the development of VHSV infection needs to be further explained (23). Other in vitro studies 

using a rainbow trout macrophage cell line (RTS11) have previously demonstrated that there was no viral 

replication of genotype Ia, IVa and IVb isolates in this cell line even though viral expression of two VHSV 

genes were detected by RT-PCR and Western Blotting. This indicated that the virus could enter the cell and 

start its replication which was then aborted. The reason for this was still not fully clarified but it is believed 

that antiviral Mx genes probably play a role in this mechanism (24,25).  

The macrophages together with the granulocytes are responsible for inactivating invasive 

pathogens by secreting reactive oxygen species (respiratory burst) and nitric oxide (NO) (26). It has been 

experimentally demonstrated that VHSV infections in vivo in turbot (Scophthalmus maximus) increased the 

respiratory burst rates with no significant alterations in the NO production (27). Montero et al. (2011) have 

demonstrated that there was an initial very limited chemokine response to VHSV infection in the primary site 

of replication (base of fins) while a stronger chemokine response in the gills was observed. The study 

corroborates with another study by Aquilino et al. (2014) (29) which also reported that infection with VHSV in 

rainbow trout causes up-regulation of transcription of several chemokines in the gills at early times of 

infection. Both studies suggested that VHSV possesses a mechanism to modulate early chemokine 

response at its active replication sites within the infected mucosal areas to facilitate viral entry.  

Rhabdoviruses can induce apoptosis in the hosts cell without inhibiting the viral replication, 

with the novirhabdoviruses being even more efficient at this, due to the presence of the non-virion protein 

which has shown to balance early and late apoptosis optimizing the viral replication (30,31).  
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2.1.3 Diagnostic tools and prevention 
 

There are currently several diagnostic assays available for the detection of VHSV but the 

golden standard for target surveillance and diagnostics is based on direct detection methods (viral isolation 

in cell culture followed by confirmation using antibody based methods (ELISA, IFAT) or nucleic acid 

detection methods (RT-PCR, RT-qPCR) (1).  

VHSV was reported to grow and give high titers in EPC and BF-2 cell lines, however BF-2 is 

the recommended cell line (32,33). Isolates originating from North America (genotype IV) seem to grow well 

in EPC (Epithelioma Papulosum Cyprini), FHM (Pimephales promelas, fathead minnow) and BF-2 (Lepomis 

macrochirus, bluegill) cell lines (34). Incubation of cell monolayers with homogenized infected fish tissue 

takes place at 15ºC for 7 to 10 days for development of cytopathic effect (CPE). When CPE is observed, viral 

identification can be done by different methods (virus neutralization test, antibody based tests and molecular 

techniques). Serological methods for surveillance are not fully validated yet but they bring an advantage in 

cases where water temperature is too high or in endemic populations with no signs of disease (1).  

Antibody-based test ELISA has been an efficient method for identification of VHSV on 

suspect supernatant of cell culture on target surveillance and diagnostic samples but it has low sensitivity 

when used directly in fish tissues (35,36). ELISA has some disadvantages such as: unspecific reaction 

between fish antibodies and the viral solution which might cause a high background signal; antibodies 

cannot be detected earlier than 2 weeks to 3 months after infection, depending on the temperature of the 

water where the fish are being grown (37–40). Viral identification by real time RT-PCR is the most used 

technique today as it is quick, specific and has minimized risk of contamination. A two-step conventional RT-

PCR targeting the nucleoprotein gene has been used for sequencing and phylogenetic analysis (41). Two 

real time RT-PCR methods targeting the nucleoprotein gene are currently suitable for identifying VHSV of all 

genotypes (42,43).  

Currently, the prevention of VHS is based on the control of movement of infected fish and 

eggs, water sources, fomites and vectors. Active and passive surveillance is usually enforced (40).  There is 

currently no evidence that VHSV has true vertical transmission but disinfection of eggs is usually 

recommended as the eggs can carry the virus on their external surface (44). The Council directive 

2006/88/EC by the European Union establishes control measures in relation to outbreaks, minimum 

preventive measures and requirements for market trading and export. Eradication by the use of stamping-out 

procedures has shown to be an efficient method for control of VHS (45). 

Vaccination is the only sustainable method for the control of viral diseases in a farmed fish 

environment, however so far there are relatively few efficient vaccines available. This may be due to 

differences between fish and other vertebrates in regards to their immune system and metabolism which are 

temperature-dependent and also due to the fish antibodies having lower antigenic affinity (46). So far some 

types of vaccines against VHSV have been designed and tested (47,48). DNA vaccination based on VHSV 

glycoprotein intramuscularly (IM) injected in rainbow trout has shown to induce high levels of protection, that 

was persistent for the normal lifespan of the farmed fish (49–51). Recently, a commercial DNA vaccine 
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against salmon alphavirus was approved for use in European aquaculture increasing expectations in regard 

to DNA vaccines commercialization, since regulatory issues concerning GMOs impose limitations in the use 

of these vaccines. (48). However, no vaccine is currently commercially available for VHSV.  

 

2.2 VHSV  

2.2.1 Biology of VHSV 

2.2.1.1 Taxonomy and Virus Structure 

VHSV, currently known as piscine novirhabdovirus, is classified into the Novirhabdovirus 

genus, which belongs to the Rhabdoviridae family (52). This genus also includes IHNV, which is another 

important pathogen in European aquaculture. Viruses in this genus are enveloped, bullet-shaped and 

contain a linear genome of negative-stranded RNA of about 11kb in size encoding six proteins. The 

genomes of rhabdoviruses usually contain five genes encoding the viral proteins: 3’ the nucleoprotein (N), 

the phosphoprotein (P), the matrix protein (M), the glycoprotein (G) and the RNA-dependent RNA 

polymerase (L) ‘5, where the extremity 3’ is considered the leader sequence and the very end of 5’ is the 

trailer sequence. The trailer, leader and the intergenic sequences are important in viral transcription and 

replication (53). Fish rhabdoviruses contain a small non-virion (NV) gene in between G and L which has 

been reported to be dispensable for virus replication in cell culture but may be involved in the virulence in 

rainbow trout and other species (20,54–56).  

 

Figure 1. Schematic organization of VHSV genome. 

 

 

2.2.1.1.1 Nucleoprotein (N protein) 

The nucleoprotein has a critical role in encapsidating the RNA genome into a RNAse-

resistant helical structure (ribonucleoprotein complex / RNP complex) which is used for transcription and 

replication inside the cell. This complex is essential for viral assembly and genomic synthesis (53,57,58). 

Comparisons between vesicular stomatitis virus (VSV) and  rabies virus (RABV) have shown that this 

structure possesses well conserved characteristics in regards to folding, RNA binding and assembly even 

though their DNA sequences are different (59). The nucleoprotein has another major role in switching off 

transcription to start viral replication (57).  
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2.2.1.1.2 Phosphoprotein (P protein) 

The phosphoprotein is a multiple phosphorylated protein which is known to be a cofactor of 

the polymerase, with its exact mechanism still unclear. It is suggested that P allows the correct positioning of 

the polymerase on the template and has shown to complex with the nucleoprotein in two different ways 

during the replication cycle. In one case, it was shown that the attachment of L into the N-RNA complex 

required the presence of the phosphoprotein suggesting that this is one of its main functions. In the other 

case, the concentration of the complex N-P plays a role in switching from transcription to replication (58).  

2.2.1.1.3 Matrix (M protein) 

The matrix protein is responsible for keeping the structural integrity of the virus and 

associates with the cytoplasmic membrane recruiting and condensing newly synthetized RNP complexes 

driving them to bud from the host plasma membrane (60). It is the most abundant and smallest protein in the 

rhabdovirus virion (61).  

2.3.1.1.4 Glycoprotein (G protein) 

The glycoprotein is a transmembrane protein that is responsible for attachment to the cell 

membrane and entry. It is the best characterized protein in rhabdoviruses and is the only viral protein with an 

external domain, which makes it a good target for neutralizing antibodies (62). Knockout studies have shown 

that while the G protein was involved with, it was not required for assembly and budding (63). After binding, 

the viral entry is mediated by a pH mediated membrane fusion mediated by the glycoprotein following 

endocytosis (64).  

2.3.1.1.5 Non-virion (NV protein) 

The Non-virion protein appears exclusively in fish rhabdoviruses and despite not being 

essential for replication, its role seems to be related to the downregulation of the hosts immune response 

during viral replication by delaying the VHSV infected cell apoptosis, improving viral growth (31,65,66).  

2.3.1.1.6 L protein (polymerase) 

The L protein is the largest and is responsible for RNA synthesis, mRNA capping, methylation 

and polyadenylation. It is highly conserved and it is subdivided into six domains (I-VI). The region III is 

involved in the RNA-dependent-RNA-polymerase functions while the regions V and VI are responsible for 

mRNA capping (58,67).  

2.2.3 VHSV replication cycle 

Replication and molecular biology of the rhabdoviruses prototype VSV and RABV have been 

extensively studied over the years (58,60,62,68,69). The replication happens exclusively in the cytoplasm of 

host cells (70). The glycoprotein is the only viral surface protein and together with the matrix protein, they are 

both directly involved in the entry of the virus in the host cell and in the assembly and budding of newly 

formed viral particles. The virus attaches to the host cell by the G protein in a process mediated by 

fibronectin and it enters the cell by chlathrin-mediated endocytosis (62,71). Once inside the cell, this 
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ribonucleoprotein complex containing the genomic RNA together with N, P and L proteins (nucleocapsid) is 

released into the cytoplasm by a pH-dependent induced fusion of the viral envelope with the lipid bilayer of 

the endocytic vesicle. 

 

Figure 2. Replication cycle of a rhabdovirus. The viral particle enters the cell by chlathrin-mediated 

endocytosis. The ribonucleoprotein complex (RNP) is released to the cytoplasm and starts a primary 

transcription associated with its RdRp/P, generating mRNAs that are translated in the host cell 

ribosome into the viral proteins (N, P, L, G, NV, M). In a later stage, the RNP is also used to make a 

positive copy of the genome (+RNP), which is used as a template for the synthesis of (-)RNP. Newly 

formed RNPs are recruited to the cell surface by the M proteins, which also triggers the budding and 

exit of the cell of the viral particle. Figure from Ryu et al (2017) used with permission from Elsevier 

Reprinted from Molecular Virology of Human Pathogenic Viruses, Ryu, W., Chapter 14: 

Rhabdoviruses, p190, 2017, with permission from Elsevier. (72). https://doi.org/10.1016/C2013-0-

15172-0 

At first, this complex carries out primary transcription of the genome generating a short 

uncapped and untranslated leader RNA plus five capped and polyadenilated messenger RNAs (mRNAs) 

that encode each viral protein. It was suggested that the polymerase complex mechanism starts and stops at 

each gene start and stop codons. In this process, the polymerase generates mRNAs capped and methylated 

at their 5’ end and polyadenylated tails by 3’ end by the L protein. These mRNAs are used by the host cell 

ribosomes to produce the viral proteins, which are then assembled into new virions. Later in the process, the 

viral polymerase complex switches from transcription to replication of the viral genome, a process which is 

triggered by optimal concentration of N and P in the cytosol (53,57,58). The virus exits the cell by budding 

and infects other cells.  
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2.2.4 Genotypes of VHSV 

VHSV was classified into four genotypes according to phylogenetic analysis of nucleotide 

sequencing datasets of the nucleoprotein gene that were later confirmed by similar analysis on the 

glycoprotein gene (2,6). These genotypes were first identified by Snow et al. (1999) using DNA sequencing 

of the nucleoprotein gene and later (6) confirmed and supported the genotypes using sequencing of the 

glycoprotein gene. The genotypes correlate to the geographical regions where the viruses were isolated and 

are classified into: 

Genotype I: Isolates from this group are classified into subgroups (Ia-Ie) but they comprise isolates 

obtained from freshwater species from continental Europe, isolates from the Black Sea and a group of 

marine isolates from the Baltic Sea, Kattegat, Skagerrak, the North Sea and the English Channel.  

Genotype II: Isolates recovered from the Baltic Sea 

Genotype III: Isolates originating from the North Atlantic Sea and around the British Isles 

Genotype IV: North American, Japanese and Korean VHSV isolates. They can be classified into 3 

subgroups (IVa-IVc).  IVa  occurs  in  marine  environment  of  the  North-Eastern  Pacific  Ocean,  Japan  

and  Korea, IVb comprises freshwater isolate found  in  the  Laurentian  Great  Lakes  region and IVc occurs 

in estuarine waters on the east coast of Canada (73). 
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Figure 3. Phylogenetic trees constructed using G-gene protein of 62 different VHSV isolates 
illustrated as (a) radial tree and (b) phylogram using the American US/Makah as an outgroup. The 
genotypes I (and sublineages), II, III and IV are shown. Figure from Einer-Jensen et al. (2004) with 

permission from the author. Republished with permission of Microbiology Society, from “Evolution 

of the fish rhabdovirus viral haemorrhagic septicaemia virus, Einer-Jensen et al., Journal of General 
Virology (2004), 85; permission conveyed through Copyright Clearance Center, Inc. (6). 

 

Figure 4. Geographical distribution of VHSV showing the different genotypes and subtypes. Major 
genotypes are depicted with different symbols while subtypes are shown with different colors. Figure 
from He et al. (2014) with permission from Elsevier (74).  Reprinted from Molecular Phylogenetics and 
Evolution, 77 ; He et al; Evolution of the viral hemorrhagic septicemia virus: Divergence, selection 
and origin; p34-40., 2014, with permission from Elsevier.  
 https://www.sciencedirect.com/science/article/abs/pii/S1055790314001286 
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2.2.5 Virulence of VHSV 
 

The definition of virulence is complex and has gained new meanings over time with the 

development of new techniques and new knowledge. Viral virulence has been defined as “the capacity of a 

virus to produce lesions, symptoms and death” and has since a long time been linked to viral genes (75). 

Early studies on influenza viruses and reoviruses identified genetic characteristics associated to virulence in 

these viruses based on their pathogenesis (76–79). In the same manner, many studies tried to identify and 

link VHSV viral genes to virulence in rainbow trout. It is known that viral virulence is closely related to viral 

evolution as empirical studies have shown that viral virulence is based on predictions of trade-offs between 

costs and benefits of having a higher or lower virulence which ultimately aims at the selection of optimal 

virulence levels (80). Studies based on molecular clock analysis estimated that the common ancestor of 

European fresh water VHSV isolates was circulating in the 1950’s, corroborating to the first findings of 

clinical signs of VHS in Denmark in rainbow trout. The same study showed that VHSV came from the marine 

environment adapting and developing virulence to rainbow trout in the recent times (6).  

Virulence of VHSV is usually host-specific and commonly associated with the virus genotype, 

being the isolates in genotype Ia most virulent for rainbow trout. It is known that VHSV isolated from wild 

marine fish are low to no virulent to rainbow trout and rainbow trout isolates are low virulent to marine 

species (4,13). Most of the search for virulence markers in VHSV is usually focused on rainbow trout as 

together with salmon, it is the most important commodity traded in terms of value (81). VHSVs in the 

genotype III, which includes a large group of isolates from marine environment (also from healthy marine 

fish) and isolates obtained from outbreaks in farmed turbot (Scophthalmus maximus) are low virulent to 

rainbow trout (3,82). An experimental challenge evaluated the inter-species transmission of a genotype III 

and a genotype Ia isolates from turbot to rainbow trout and was successful with both genotypes being able to 

replicate and cause mortality in turbot, with only the Ia being transmitted to rainbow trout with mortality (83). 

In 2007, a VHSV was isolated from an outbreak in sea water farmed rainbow trout in Norway in which the 

analysis of the G gene indicated it to belong to genotype III. This isolate, named NO-2007-50-385, was the 

first and only genotype III isolate that was known to be pathogenic to rainbow trout, which raised the concern 

that a marine VHSV can be transferred and adapt to sea water-farmed rainbow trout and also provided some 

clues for potential virulence markers in VHSV to rainbow trout (5). Another study showed that Atlantic cod 

(Gadus morhua) juveniles were highly susceptible to IP infection with the genotype III isolate (UK H16/7/95) 

but resistant to infection by immersion with the same isolate (84,85). Genotype III was also responsible for 

an outbreak of VHSV in a wrasse population in Scotland with mortality on 2012 (86). Genotype IV is known 

to cause low mortality in rainbow trout but causes mortality events in other species of fish such as 

muskellunge (Esox masquinongy), round gobies (Neogobius melanostomus) and fathead minnow 

(Pimphales promelas) (73,87,88). Experimental challenge showed that yellow perch (Perca flavescens) was 

highly susceptible to genotype IV isolates with mortality rates ranging from 70 to 100% while rainbow trout, 

Chinook salmon (O. tshawytscha) and koi (Cyprinus carpio koi) showed low mortality in the same conditions. 

The same study concluded that while currently there are no genotype IV isolates adapted to rainbow trout, 
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these VHSV isolates were capable of replicating in both rainbow trout and Chinook salmon so there must be 

potential for adaptation (89). More recently the genotype IV was identified for the first time in European 

waters during an outbreak of VHSV in lumpfish in Iceland (90). VHSV of genotype IVa is known to be highly 

pathogenic to olive flounder (Paralichthys olivaceus) and was first described in Japan and later spread in 

flounder farms in Korea (91,92). VHSV is a major concern in Korean aquaculture as it causes severe losses 

in flounder farms and it was detected in wild marine fish in Korean coastal waters indicating that these could 

act as reservoir for the farmed flounder (93).  

The development of reverse genetics for VHSV allowed the manipulation of the entire genome 

of VHSV contributing to a greater understanding of its biology and virus-host interactions (94). In earlier 

studies, it was commonly hypothesized that genetic virulence markers for VHSV for rainbow trout were 

present in the glycoprotein due to its variability and its role in the interaction with the host cell (95). The fact 

that virulence markers in the glycoprotein of other rhabdoviruses were previously identified also contributed 

to the hypothesis (96–98). Campbell, Collet, Einer-Jensen, Secombes, & Snow (2009) identified four amino 

acid substitutions (N-R46G, G-S113G, NV-L12F, L-S56A) across the genome when comparing genotype Ib 

isolates of different virulence. The same amino acid position 46 in the nucleoprotein was also reported by T. 

Ito et al. (2018) when comparing different virulent Ib plaque cloned isolates. They highlighted the region 43-

46 and the position 168 in the nucleoprotein as of importance for virulence to rainbow trout. (S.-H. Kim, Thu, 

Skall, Vendramin, & Evensen (2014) have identified 13 amino acid positions that differed between high and 

low virulent isolates using VHSV isolates from genotype Ia, III (high virulent to rainbow trout) and Ib and IVa 

(low virulent to rainbow trout). Through reverse genetics, seven mutants VHSVs were generated based on 

the isolate JF09 (genotype IVa) and they found that the mutation I1012F in the L gene changed in vitro 

virulence to gill epithelial cells whereas all the other mutants, as well as wild type remained avirulent to the 

same cell line. The residue 116 in the NV gene has shown to have impact in the in vivo virulence to rainbow 

trout when altering it from the residue arginine (R), present in virulent isolates, to serine (S), present in low 

virulent isolates (54). The exchange of G-gene between IHNV and VHSV was successfully accomplished by 

Biacchesi et al. (2002) showing that the rescued rIHNV was viable, virulent to fish and grew as well as wild 

type in cell culture. The introduction of the G or the NV gene of high or low virulent VHSV into a IHNV 

recombinant virus showed similar pathogenicity towards rainbow trout regardless whether the gene came 

from a high or low virulent isolate showing that these proteins do not determine the virulence alone (9). The 

knock-down of the G gene in a genotype IVa VHSV (pathogenic to olive flounder) generated replication-

deficient viral particles unable to cause plaque in cell culture. Even though this G-deficient VHSV did not fully 

protect against infection with the wild type virus, it was suggested that it could be used in a future strategy for 

vaccination as it seemed to be a safe method (102,103). The exchange of L protein between IVa and IVb 

genotypes caused changes in temperature sensitivity of the virus at higher temperatures demonstrating the 

importance of the L protein in growth temperature of the virus (104). 

A recent study conducted by Yusuff et al. (2019) generated chimeric viruses with exchanged 

G, NV and L proteins (both single protein swap and in combinations) between Ia and IVb VHSV genotypes 

when tested in vivo showed that that neither of these genes are determinants of virulence to rainbow trout. A 
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continuation of the same study, exchanging the other remaining proteins (N, P and M) between the same 

isolates showed that the exchange of N resulted in gain of function in the low virulent and loss of function in 

the high virulent mutant in an in vivo challenge while the exchange of both N and P proteins together 

resulted in even higher gain/loss of function suggesting that the nucleoprotein contains the virulence 

determinants that are enhanced by the P protein (10). More recently, Baillon et al. (submitted) have 

generated thirty-five recombinant VHSVs containing amino acid changes in all viral proteins putatively 

related to virulence to rainbow trout. This study confirmed the role of the N protein position 46 in virulence as 

well as revealed another two positions, one in the N protein and another in the NV protein that are also 

implicated in the virulence to rainbow trout. Further studies will clarify how these specific amino acids are 

involved in virulence mechanisms. 
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2.3 Reverse genetics 
 

2.3.1 Introduction to reverse genetics in RNA viruses 
 

 In the classical forward genetics, the genes in an organism are deduced from observations in 

the phenotype of the organism. The term “reverse genetics” describes the process where the information 

flows in the opposite direction, so that a gene is changed and the resultant phenotype is observed. This is an 

important tool in virology, so that viral isolates can be modified into vaccines or vectors and to study genes 

and non-coding areas in their genome (105,106). 

The development of reverse genetics started with DNA viruses in the 70’s and progressed to 

RNA positive-strand viruses in the 80’s and only later in the 90’s to RNA negative-strand viruses, specifically 

on rabies virus (RABV), a rhabdovirus (107–109). Negative-strand RNA viruses have been thought to be the 

most difficult to be manipulated due to 3 factors: they require a precise 5’ and 3’ ends for replication and 

packaging of genome; they require the viral RNA polymerase to transcribe both mRNA and complementary 

positive-sense RNA and because these RNAs are present as RNP complexes (described in item 2.ii)). 

Besides that, many of the negative-strand RNA viruses are comprised of segmented genomes which added 

another obstacle to the development of new systems (105,110,111). These problems were circumvented by 

the improvement of DNA sequencing techniques, the discovery of optimized ribozyme sequences that flank 

the viral genome extremities processing the 3’ and 5’ ends precisely, the use of T7 RNA polymerase 

provided from cell infection with recombinant vaccinia virus (vTF7-3) expressing the enzyme or plasmids 

encoding the RNA polymerase and finally, the use of helper DNAs or viruses providing the system with the 

co-expression of proteins required for transcription and replication (112–115). 

RNA viruses require a viral RNA-dependent-RNA-polymerase (RdRp) to generate copies of 

its genome. In the case of positive-stranded RNA viruses, the genomic RNA can be directly translated by the 

ribosomes, after entry and uncoating, producing the viral proteins. In this case, the reverse genetics system 

is focused on the delivery of the genomic RNA into the cytoplasm or delivery of cDNA under control of a viral 

promoter such as T7 or CMV. However, in the case of negative-strand and double-strand RNA viruses, the 

reverse genetics system requires the use of helper constructs and essential proteins which are necessary to 

start the genomic replication (116). 
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Figure 5. How rescue of different types of viruses is achieved by reverse genetics. Figure from 

Reverse Genetics of RNA viruses, edited by Anne Bridgen, © 2013 by John Wiley & Sons, Ltd (2013), 

with permission from John Wiley and Sons. All rights reserved1. (105). 

Currently there are well established reverse genetics systems for several important human 

and animal viral diseases that allow further studies on the biology of these viruses and potential recombinant 

vaccine development (60,109,117–123). Today the most common difficulties that are still encountered to 

establish a reverse genetics system are usually due to incorrect, incomplete or missing viral sequence, 

instability of cloning certain genes in bacteria, problems in transfection efficiency or rescue and inability of 

the virus to replicate in cell culture. (105). 

 

2.3.2 Reverse genetics applications in virology 
 

  The development of molecular biology, modern DNA sequencing methods and reverse 

genetics have revolutionized the way viruses are now studied as now full manipulation of viral genomes is 

possible allowing the evaluation of genomic changes impact on the biology and pathogenicity of the rescued 

viruses (94,124).  

Reverse genetics can be used to genetically engineer viruses (by gene deletion, mutations, 

additions, deletions, heterologous gene exchanges) into attenuation, that can ultimately be used as a 

vaccine. It allows the generation of vaccines that can discriminate infected animals from vaccinated animals 

by diagnostic methods (DIVA: differentiating infected from vaccinated animals), which is important when 

working with diseases prevention and control (125–128). DNA-based vaccines can encode specific antigens 
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and have shown to have enhanced stability when transporting and storing when compared to the traditional 

vaccines. However, currently, there are no commercially licensed DNA vaccines available for use in humans 

in the USA, Europe or Japan as regulations for licensing require extensive safety evaluation and there is a 

long time for approval (129). DNA vaccination against fish rhabdoviruses was proven to be very effective and 

on 2005 Canada approved a DNA vaccine against IHNV which has been extensively used since then 

(51,130).  

Reverse genetics models have been employed to use viruses as vectors, as in the example of 

influenza virus where the viral hemagglutinin (HA) and neuraminidase (NA) can be manipulated to express 

foreign genes. The live attenuated influenza vaccine viruses have HA and NA from circulating viruses with 

the remaining genes from a donor attenuated virus (131,132). Another useful application of reverse genetics 

is the characterization of viral replication and the viral protein roles. Through reverse genetics it was 

determined that a non-structural protein of the human parvovirus is facilitating the viral DNA replication by its 

interaction with a cellular growth factor protein (133). The search of viral genetic virulence markers have 

greatly increased with the development of reverse genetics for the many diverse types of viruses. As an 

example, recent findings using reverse genetics on the study of the emerging zikavirus identified that a 

single amino acid substitution in one of the viral proteins contributed to the development of the foetal 

microcephaly (134,135). 

2.3.3 Current methods in reverse genetics of VHSV 
 

The first description of a rhabdovirus reverse genetics system was made by Schnell et al. 

(1994) when they rescued the rabies virus strain SAD B19 entirely from cloned cDNA. This system was 

based on the co-transfection of plasmids containing the RABV proteins N, P and L together with a full length 

RABV antigenome-like in a cell line previously infected with the recombinant vaccinia virus vTF7-3 for the 

expression of T7 RNA polymerase. The T7 RNA polymerase was required to start the transcription of the 

viral genome and of the viral mRNAs that are required for replication and production of genomic RNA of new 

virions (136). A year later Lawson et al. (1995) and Whelan et al. (1995) were able to rescue VSV using a 

similar reverse genetics system.  

The recombinant vaccinia virus transient-expression systems allowed the rescue of many 

negative-sense RNA viruses, with high efficiency (113). However, it also imposed higher biosafety 

requirements and further processing of the rescued viruses in order to inhibit or eliminate vaccinia. (139). A 

reverse genetics system that did not use vaccinia virus as helper to rescue viruses was first described by 

Radecke et al. (1995) using the cell line 293 (derived from human embryonic kidney) that expressed T7 RNA 

polymerase by co-transfection of a plasmid mix containing the T7 RNA polymerase gene and other required 

proteins for rescue of measles virus (MV), a paramyxovirus whose genome is single-stranded RNA. Several 

other systems based on cell lines expressing T7 RNA polymerase have been reported since then, using
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several other cell lines as for example, MDBK cells (140), BSR cells (141), HeLa cells (142) and BHK-21 

cells (143,144).  

Reverse genetics systems for fish viruses have been established for the rhabdoviruses IHNV, 

VHSV and SHVV (66,145–148), the salmonid alphavirus causative of the sleeping disease (Sleeping 

Disease Virus - SDV) (149), the Aquabirnavirus Infectious Pancreatic Necrosis Virus (IPNV) (150) and for 

some Betanodaviruses (151,152). The first reverse genetics systems for fish rhabdoviruses was adapted 

from the earlier work on RABV and VSV but a problem occurred as the replication of these viruses in fish 

cells only occurs in temperatures lower than 15˚C, which conflicts with the temperature of incubation with the 

vaccinia virus, which requires 37˚C to express the RNA T7 polymerase. This problem was solved by the use 

of the EPC cell line, which is more robust and is able to endure the incubation time necessary for vaccinia 

virus at 37˚C and then the exchange for 15˚C for fish viral growth (94).  

Currently there are three types of reverse genetics systems designed for VHSV which will be 

described as follows. The first reverse genetics system designed for VHSV was described by Biacchesi et al. 

(2010) and was based on the recombinant vaccinia transient-expression system using the French VHSV 

isolate 23-75 which belongs to the genotype Ia and therefore has high virulence in rainbow trout. The full 

length genome cDNA of the VHSV 23-75 was amplified by RT-PCR and assembled into a pBluescript SK- 

flanked by a T7 promoter and the hepatitis virus delta ribozyme (HDVRZ) sequence followed by T7 

terminator. Another system was described by Kim et al. (2011) which was not based on the recombinant 

vaccinia as a helper, but in the establishment of EPC cells expressing the T7 RNA polymerase. This 

vaccinia-free system also solved the problem in regards to temperature incubation, since there is no need for 

incubation at 37˚C for the expression of T7 RNA polymerase. This system was based on the VHSV isolate 

KJ2008J which belongs to the genotype IVa, (isolated in Korea) only virulent to olive flounder. This system 

as well as the previous is based upon a backbone containing a full length VHSV cDNA genome flanked by 

T7 promoter and HDVRZ followed by T7 terminator. The last designed system for VHSV which is a vaccinia-

free system was developed by Ammayappan et al. (2011). This reverse genetics system was based on the 

VHSV isolate MI03 isolated from the Great Lakes in North America (genotype IVb) and it had the full length 

viral cDNA genome flanked by the Hammerhead ribozyme (HHRZ) and the HDVRZ. All the cDNAs were 

cloned into pCI expression vectors and therefore were driven by a cytomegalovirus (CMV) immediate-early 

promoter instead of the T7 promoter which was used in the previous systems. The cellular RNA polymerase-

II was used for transcription instead and therefore this system did not require T7 RNA polymerase. A similar 

system had been described earlier for IHNV with success also by Ammayappan et al. (2010). 



36 
 

 

Figure 6. Schematic illustration of the three current types of available reverse genetics systems for 

VHSV. A: Reverse genetics using vaccinia virus (vTF7-3) transient-expression system for VHSV.  A 

plasmid mix containing the plasmids pT7-VHSV (a full length cDNA genome of VHSV flanked by the 

T7 promoter and HDVRZ sequence followed by T7 terminator), pT7-N (plasmid containing VHSV 

nucleoprotein gene under T7 promoter), pT7-P (plasmid containing VHSV phosphoprotein gene 

under T7 promoter) and pT7-L (plasmid containing VHSV polymerase gene under T7 promoter) is 

transfected into previously infected by vTF7-3 EPC cells. B: Vaccinia-free reverse genetics system 

for VHSV. A plasmid mix containing the plasmids pCMV-VHSV (a full length cDNA genome of VHSV 

flanked by the HHRZ and the HDVRZ under the control of CMV immediate-early promoter), pCMV-N 

(plasmid containing VHSV nucleoprotein gene under CMV promoter), pCMV-P (plasmid containing 

VHSV phosphoprotein gene under CMV promoter) and pCMV-L (plasmid containing VHSV 

polymerase gene under CMV promoter). C: Reverse genetics system using established EPC cell line 

expressing T7 RNA polymerase. Similar plasmid mix used in the reverse genetics system described 

in A is used in this system. 
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3. Material and Methods 
 

This section includes a general overview on the methodology used throughout the project. 

The methodology is described in more detail in the manuscripts on section 6.1, 6.2 and 6.3. 

In manuscript 1, twelve VHSV isolates with different virulence were selected from the DTU 

Aqua’s VHSV repository for full genome sequencing by next generation sequencing (NGS) and in vivo 

virulence assessment. These isolates were chosen based on their virulence and genetic proximity as they all 

belong to genotype I (Ia to Id). They were propagated in cell culture and plaque cloned prior to propagation 

for both infection trial and DNA sequencing, so that the viral population used was homogeneous. NGS was 

performed by Ion Proton System at ANSES in Ploufragan-Plouzané, France. Bioinformatics and NGS 

protocols were described in Zamperin et al. (2019). The challenge experiments were carried out in the 

facilities at DTU-VET (Frederiksberg, Denmark) in accordance with the animal welfare regulations (Directive 

2010/63/EU) under the license 2013-15-2934-00976 on September, 2017 and lasted 30 days. The protocols 

were approved by the Danish Animal Research Authority. Experimental challenge was performed by 

immersion, in triplicate 8L tanks, containing 50 rainbow trout each. The fish were exposed to 105 TCID50/mL 

for 5 hours, except for the VHSV isolate DK-203490 whose titer was 104. Negative control group consisted of 

triplicate tanks with same conditions and were mock challenged with cell culture media. The fish were 

monitored daily for mortality, welfare and clinical signs. Fish showing clinical signs were euthanized in 

benzocaine chloride overdose and pooled for re-isolation of VHSV in cell culture.  

Data obtained from previous studies conducted at DTU both published and unpublished were collected from 

original data files from DTU Aqua (formerly DTU Vet). This data refers to experimental challenges conducted 

with the VHSV isolates M.rhabdo, DK-3345, DK-4635, DK-7054, DK-7300, DK-9895174, DK-5p276, DK-

5p405, DK-5p26, DK-5e454, DK-5p393, DK-5p508, DK-5p795, DK-5p263, DK-5p11, DK-5p457, DK-5p785, 

NO-2007-50-385, SE-SVA-1033-9C and JF-JF00Ehil (3,4,99,155). These isolates were also full genome 

sequenced as described in (156). 

In manuscript 2, a reverse genetics system was designed based on the VHSV reverse 

genetics system created by Biacchesi et al. (2010). A backbone containing the full cDNA genome of VHSV 

SE SVA 1033 9C (Genotype Ib - low virulent to rainbow trout) flanked by the T7 promoter and the Hepatitis 

Delta Ribozyme followed by T7 terminator was designed into a modified pBluescript SK- (Agilent). This 

isolate was chosen due to its low virulence to rainbow trout and because since it belongs to the Ib genotype, 

it is genetically closer to other high virulent VHSV isolates, such as the ones in the Ia genotype. We believed 

that this would facilitate to address virulence markers, as it is difficult to discriminate markers for virulence 

from those that are related to host adaptation. RNA from the wild type VHSV SE SVA 1033 9C was purified 

and the whole genome was amplified by RT-PCR wish specific primers described in the manuscript 2. The 

six amplified products were cloned into pJETs 1.2 (ThermoFisher Scientific) and was assembled by digestion 

and ligation by Bioneer Co (Korea). Helper plasmids containing N, P and L genes of the VHSV isolate FR23-

75 were kindly provided by Dr. Michel Bremont (INRA, France).  
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In order to generate the chimeric viruses with the exchanged nucleoprotein, RNA was purified 

from the VHSV DK-3592B isolate and amplification by RT-PCR with specific primers was done for the entire 

fragment containing the leader sequence, nucleoprotein and part of the intergenic N-P or only the 

nucleoprotein containing NruI and PmlI restriction sites in the extremities. These amplified pieces were 

cloned in pJETs 1.2 (ThermoFisher Scientific) and exchange of fragments occurred by digestion and ligation. 

Site directed mutagenesis with specific primers also described in manuscript 2 was performed on the pJET 

1.2 containing the nucleoprotein of VHSV SE SVA 1033 9C for insertion of the restriction sites NruI and PmlI. 

Digestion and ligation of the exchanged nucleoprotein into the new fragment were done and the entire 

fragment was digested and ligated into the backbone by HpaI and PsiI. Both chimeric mutants were 

generated this way. For the amino acid changed mutants, site directed mutagenesis with specific primers 

was performed also on the pJET 1.2 containing the nucleoprotein of VHSV SE SVA 1033 9C. The changed 

fragment was inserted into the backbone by digestion and ligation by HpaI and PsiI. All the mutations and 

alterations in the plasmids were confirmed by DNA sequencing (Eurofins Genomics).  

Co-transfection of backbone and helper plasmids in specific amounts was carried out in BF-2 

cells previously infected with the recombinant vaccinia virus (vTF7-3) for an hour at 37˚C and incubated at 

37˚C for 5 hours. This reverse genetics system relied on the T7 RNA polymerase being provided by the 

recombinant vaccinia virus, and therefore previous infection of cells was necessary prior to transfection.  

After incubation period, the cells were transferred to 15˚C to allow the replication of recombinant VHSV 

(rVHSV) for 7 days. This supernatant (100µL) was passaged onto new cells and the cells were monitored 

daily for CPE. After 7 days the rescued viral supernatant was collected, centrifuged and propagated onto a 

new BF-2 cells monolayer for both in vitro and in vivo evaluation. As positive control for transfection, we used 

a pVHSV GFPmax kindly provided by Dr. Michel Bremont (INRA, France) which is based on the VHSV FR23-

75 isolate with a GFP inserted in between M-G intergenic region.  

Characterization in vitro of each rescued virus was done by establishing a growth curve in BF-

2 cells in a 24 well tray. Cells were infected with 1 MOI of each virus and incubated at 15˚C for 4 days. 

Supernatant was collected at specific time points and kept under -80˚C. All time points were titrated in BF-2 

cells. VHSV DK-3592B was used as positive control. Titres were analyzed through two-way analysis of 

variance (ANOVA) with 5% significance level. 

The rescued viruses were evaluated in vivo in experimental challenges with rainbow trout by 

both immersion and intraperitoneal injection (IP). Challenge by immersion was performed in triplicate 8L 

tanks with 30 fish per tank where rainbow trout were exposed to 105 TCID50/mL for 6 hours. Challenge by IP 

injection was performed only in one 8L tank per group containing 30 fish. Fish were anesthetized prior to 

injection and injected with 50µL of each virus containing 105TCID50. Negative controls were immersed in 

water containing cell culture media or injected with cell culture media. Fish in all groups were monitored for 

clinical signs daily. The experiment lasted for 28 days. Two fish per tank were sampled in immersion groups 

8 days post infection to evaluate the infection through re-isolation in cell culture of the rVHSVs. Survival fish 
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from IP infection were sampled and subjected to re-isolation in cell culture. All positives were confirmed by 

ELISA for VHSV. 

All viruses used in the study (including controls) were fully genome sequenced by NGS. Ten 

mL of each virus isolate was centrifuged and precipitated. The viral pellet was resuspended in 200µl of 

resuspension solution and one aliquot was used. Eighty microliters of PBS were added to 80µl of viral 

resuspension, and 140µl of this mixture was used for RNA purification. DNA was removed from the purified 

RNA and seven microliters of the this DNA-free RNA was used in a SISPA amplification (Sequence 

Independent Single Primer Amplification) based on the method described by (157) and the final PCR 

products were purified. Libraries were prepared using the Nextera XT DNA Library Sample Preparation Kit 

(Illumina) and sequenced using the MiSeq v3 Reagent Kit (300PE). Sequencing was performed in a MiSeq 

Desktop Sequencer (Illumina). Library preparation and sequencing were done at DTU core sequencing 

facilities. Cleaning and removal of Nextera adapters from the Illumina MiSeq raw data was done as well as 

the SISPA primers were removed in both sequence ends. Obtained reads were mapped to reference 

sequence VHSV SE SVA 1033 9C, and a strict (50%) consensus sequence was generated for each isolate. 

Once the consensus sequence of the backbone isolate VHSV SE SVA 1033 9C was generated, all other 

recombinant isolates were also mapped using it as reference sequence. 

In manuscript 3, troubleshooting steps were described on how to adapt the original reverse 

genetics protocol from EPC to BF-2 cells. BF-2 cells showed to be very heat sensitive and therefore were not 

suitable for the original protocol involving 8 hours (total time) incubation at 37˚C. Transfection efficiency in 

BF-2 cells was assessed with three different transfection reagents: Fugene® (Promega), Lipofectamine™ 

3000 (ThermoFisher Scientific) and PEI (Polyethylenimine). Transfection of the plasmid pEGFP-C1 

containing a EGFP reporter gene in different amounts (500ng to 2µg of DNA) was performed according to 

the manufacturer’s instructions and in the case of PEI as described in (158). Activity of T7 RNA polymerase 

(T7-RNAP) was assessed in BF-2 cells infected with the vTF7-3 by a luciferase assay. Different amounts (25 

or 50µL) of vTF7-3 were used to infect BF-2 cells that were transfected with 1µg of the the plasmid 

pFluc/EMCV/Rluc which contained both firefly and renilla luciferase genes under the control of a T7 promoter 

with a picornavirus IRES in between both genes. For comparison, transfection with the pFluc/EMCV/Rluc 

was done in EPC cells using PEI. BF-2 and EPC cells monolayers in 24 well cell culture plates were 

inoculated with 25µL or 50µL of the vTF7-3 supernatant and incubated at 37˚C for 1h. The transfection mixes 

containing 1µg of plasmid were added by droplets over the media. The transfected cells were incubated at 

37˚C for 2h and then incubated at 21˚C for 2 days. A luciferase reporter assay was done using Luciferase 

Assay System (Promega) and readings were obtained in the GloMax® 96 microplate luminometer 

(Promega). 

A strategy employed for the recovery of recombinant VHSVs and to minimize the exposure of 

BF-2 cells to the warm temperatures was to: reduce the time of incubation of BF-2 to either 3 or 6h; and to 

employ a combination of BHK-21 (baby hamster kidney tissue) cells and BF-2 cells also with the reduction of 

incubation times to 3 or 6h. For this assay, pT7VHSV-GFPmax, a backbone containing the full cDNA 
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genome of VHSV FR 23-75 with the inclusion of a GFP reporter gene in between M-G genes was used in 

association with the helper plasmids for the system containing the N, P and L genes of the same isolate. 

Both BHK-21 and BF-2 cells were infected in 24 well plates with 50µL of the vTF7-3. The vTF7-3 inoculum 

was removed and the cells were washed and added media. The transfection mix for the VHSV reverse 

genetics system consisted of helper plasmids (600 ng) and pT7VHSV-GFPmax (1µg) with Lipofectamine™ 

3000 and was added by droplets over the media. Media was used as negative control instead of the plasmid 

mix. The transfected BHK-21 or BF-2 cells were incubated at 37˚C for 3 or 6 hours. After the incubation 

period, the BHK-21 cells received a cell suspension containing BF-2 and there incubated at 15˚C for seven 

days. For the BF-2 suspension, a T25 flask containing BF-2 cells in 90% confluence was trypsinized and the 

cells were resuspended and centrifuged at 4˚C for 10 minutes at 1100 RPM. The cell pellet was 

resuspended in 10mL of GMEM with 2% FBS. The supernatant was harvested after the seven days and 

100µL was transferred to fresh BF-2 cells monolayers in 24 well plates. 

 

4. Results and general discussion 

 

This PhD project has aimed to identify possible genetic VHSV virulence markers/regions to 

rainbow trout and address them in vivo and in vitro. In order to study and identify these markers, data from 

early isolated VHSV was obtained by selecting a range of isolates from DTU Aqua repository for both full 

genome sequencing and virulence determination by in vivo studies. We have obtained the full genome 

sequences of 72 VHSV isolates during this study (where 55 of these were used in the analysis of manuscript 

1) which comprises the largest dataset of VHSV full genome sequences up to date. Most of these VHSV 

isolates have the in vivo virulence to rainbow trout data available and this was included in the analysis 

conducted in manuscript 1. New virulence data in vivo was evaluated for 12 VHSV isolates belonging to the 

genotype I (subtypes a-d) and mortality ranged from 99% (VHSV DK-203490) to 1% (VHSV F1-506). Part of 

this virulence data was used in the manuscript 1 together with data from earlier studies on marine VHSVs. A 

list of 38 single amino acid polymorphisms (SAPs) scattered among the viral proteins was revealed based on 

analysis of this data together with data obtained from other partners in the NOVIMARK project. The 

association of these SAPs with virulence data revealed a strong statistical association between virulence and 

phylogeny. Most of the earlier studies on virulence markers of VHSV to rainbow trout were based in visual 

evaluation, whereas this study used a statistical approach. These SAPs can be addressed by reverse 

genetics to confirm each site’s importance in virulence to rainbow trout. The residue 46 in the N protein was 

addressed in this study using a low virulent backbone as well as in the study by Baillon et al. (submitted), 

where they used a high virulent backbone and also addressed several other sites identified in this study.  

A reverse genetics system based on the T7 RNA polymerase for VHSV using the low virulent 

isolate SE SVA 1033 9C (genotype Ib) as backbone was established at DTU Aqua GMO1 laboratory 

facilities. The system was based on the T7 RNA polymerase provided by a recombinant vaccinia virus 
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(vTF7-3) in BF-2 cells and allowed us to generate recombinant VHSV (rVHSV). The choice of the SE SVA 

1033 9C isolate for the backbone of the system was based on the fact that while it is a low virulent isolate, it 

is genetically closer to the genotype Ia (containing all high virulent to rainbow trout VHSV isolates) as it 

belongs to genotype Ib. This isolate was obtained from an outbreak in sea-farmed rainbow trout in Sweden 

and has drawn a lot of attention as most representatives of genotype Ib are low virulent to rainbow trout 

(99,159,160) and it is among one of the few viruses in genotype Ib isolated from rainbow trout. During the 

establishment of the reverse genetics system we found that the specific isolate VHSV isolate SE SVA 1033 

9C did not replicate or show CPE in EPC cells, which was the cell line required for the rescue of viruses 

according to the original protocol by Biacchesi et. al (2002) (101). Therefore, this system had to be adapted 

to BF-2 cells, making this to be the first reverse genetics system for VHSV to be implemented in BF-2 cells. 

Reverse genetics systems for fish RNA viruses in BF-2 cells have been previously implemented only for 

salmonid alphavirus only (149). These cells are more sensitive to higher temperatures which hindered the 

protocol adaptation (175,176). The adaptation and troubleshooting steps of this system was addressed in the 

manuscript 3 in this thesis.  

Based on previous and recent studies and findings, we hypothesized that changes in the 

nucleoprotein would lead to gain-of-virulence in the recombinant VHSV SE SVA 1033 9C (7,99,160). We 

selected four amino acid positions of interest in the nucleoprotein to evaluate its impact in virulence and, in 

parallel, also generated chimeras exchanging fragments containing the nucleoprotein from a high virulent 

isolate. We generated two chimeric rVHSVs: one by exchanging the nucleoprotein with the high virulent 

isolate VHSV DK-3592B (rVHSV-SE9C-3592N) and another by exchanging the entire leader sequence, the 

nucleoprotein and part of the intergenic N-P region with the high virulent isolate VHSV DK-3592B (rVHSV-

SE9C-3592F1). We also generated three rVHSVs harboring the following amino acid changes in the 

nucleoprotein G46K, Y168H and G82E/M83T. Some of these amino acids were previously suggested as 

possible markers for virulence and were also identified in the statistical association study described in 

manuscript 1 (7,99,161). The rescued viruses were subjected to in vitro characterization by titration in three 

different cell lines (BF-2, RTG-2 and EPC) as well as a growth curve in BF-2 cells showing that the high 

virulent VHSV showed high titres in all cell lines whereas all the recombinant VHSVs can replicate and also 

showed high titres only in BF-2 and RTG-2 cells. Growth curve showed a similar pattern common to all 

viruses. Earlier study conducted by Brudeseth et al. (2008) has showed that a high virulent isolate could 

infect and cause CPE in gill epithelial cells faster than a low virulent isolate, which did not infect the cells and 

showed a delayed translocation (162).   

We conducted an experimental infection trial using the rescued recombinant viruses with 

rainbow trout juveniles using both immersion and intraperitoneal injection (IP) routes of infection. Both 

nucleoprotein exchanged chimeras and amino acid changed rVHSVs showed an increase in virulence when 

compared to the parental rVHSV-SE-9C when IP infected but not when challenged by immersion. Rainbow 

trout infected by immersion with the rVHSVs did not develop clinical signs. Sampling and virological 

examination 8 days post infection in immersion groups showed that 4 out 6 fish were infected in the positive 

control VHSV DK-3592B and one out of six were infected in both rVHSV-SE9C (parental virus) and rVHSV 
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Y168H groups. No virus was re-isolated from the other groups. However, rainbow trout in the IP infected 

groups developed clinical signs and mortality. Sampling and virological examination 28 days post infection 

(at the end of the infection trial) in IP infected groups showed that fish were still carrying virus even without 

clinical signs. The rVHSV G46K reached 50% mortality, same as rVHSV-SE9C-3592F1. Both chimeric 

groups and amino acid changed groups did not differ significantly among each other when comparing 

survival curves, but they did differ from positive and negative controls indicating that there was a gain-of-

function when comparing to the negative control and parental rVHSV.  

Based on our results, we suggested that the alterations we introduced in the nucleoprotein of 

VHSV by reverse genetics may change factors associated to the interaction between virus and host, or that 

they may trigger the innate immunity of the fish effectively in a way that prevents the infection. However, 

when this defense is removed (by means of injection), the virus is able to replicate and cause disease. We 

also show that only few alterations are necessary to impact the virulence to rainbow trout as in our study 

both rVHSV G46K and rVHSV-SE9C-3592F1 reached the same mortality, even though the latter has a 

higher genetic variability than rVHSV G46K. A previous study by Cho et al. (2012) has compared two 

genetically similar VHSVs with different virulence phenotypes isolated from olive flounder in Korea and 

reached the same conclusion that only few amino acids are necessary to change the virulence in VHSV 

(163). Another study has shown that one single amino acid change in the NV protein has caused attenuation 

in a genotype Ia VHSV in immersion challenge in rainbow trout (54). More recently Baillon et al. (submitted) 

has generated the same substitution on position 46 of the N protein we did in our study, but using a high 

virulent isolate backbone. This substitution has made the virus unable to establish an infection in rainbow 

trout by immersion and when injected peritoneally, this isolate showed 25% cumulative percent mortality, 

therefore showing a reduction in virulence when compared to the high virulent control and corroborating to 

our findings.  

Most of the studies on the virulence of VHSV to rainbow trout have focused in exchanging, 

removing (knockout) or adding genes to VHSV (8,9,66,101,102,164). The most comprehensive study on 

specific amino acid substitutions was recently done by Baillon et al. (submitted), where thirty-five rVHSVs 

were generated with several substitution in all VHSV proteins addressing putative virulence markers 

identified by Panzarin et al. (2020) (161). Vakharia et al. (2019) showed that both the nucleoprotein and the 

phosphoprotein are implicated in the virulence of VHSV to rainbow trout by generating a chimeric VHSV with 

N and P genes exchanged from a Ia genotype to a IVb genotype and vice-versa addressing both loss-of-

function and gain-of-function in in vivo experimental challenges by IP infection (165). In RABV, another 

rhabdovirus, it has been shown that the nucleoprotein acted with the phosphoprotein together with the 

glycoprotein to inhibit antiviral immune response pathways and therefore increased the pathogenicity in mice 

(166). It seems that the same mechanism occurs in VHSV corroborating with the results obtained in our 

study and in Baillon et al. (submitted). 

We showed evidence that the nucleoprotein is implicated in the virulence of VHSV to rainbow 

trout and that few amino acids are necessary to impact the virulence of VHSV. Further studies on other 
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putative markers of virulence in the nucleoprotein and probably in the phosphoprotein, as suggested by 

Vakharia et al. (2019) (165), will elucidate how this mechanism works and how it is modulated. 

 

5. Conclusion and future perspectives 
 

This study has largely contributed to the current knowledge in regard to the search and 

identification of genetic virulence markers in VHSV to rainbow trout. Together with collaborators in the 

NOVIMARK project, it has generated the largest dataset of full genome sequences of VHSV up to date 

which provides important data for further studies on VHSV. Several suggested virulence markers have also 

been revealed which are available to be addressed by reverse genetics. 

The development of a reverse genetics system for VHSV at DTU Aqua also opened a wide 

range of possibilities for further studies in the group involving not only the search of virulence markers but 

the use of VHSV as a vector and vaccine development. The established system may also be adapted to 

other RNA fish viruses of interest such as salmonid alphaviruses (sleeping disease and salmon pancreas 

disease) and fish aquabirnaviruses (as infectious pancreatic necrosis). Both genus already had reverse 

genetics systems previously described in literature based on T7 RNA polymerase similar to the system we 

established for VHSV (94). 

The increase in virulence of the rVHSV-SE-9C observed after alterations in the nucleoprotein 

corroborated to recent findings by Vakharia et al. (2019) and Baillon et al. (submitted) and confirmed earlier 

suggestions by Ito et al. (2018). Therefore this study confirmed and showed evidence that the nucleoprotein 

has a major role in the virulence factors related to the development of disease in rainbow trout. The amino 

acid residues in the positions 46, 168, 82 and 83 of the nucleoprotein gene have impact in the virulence of 

VHSV for rainbow trout but they may not function alone. The next steps will clarify how this mechanism 

happens and how it is modulated, looking in the direction of the development of better diagnostic tools for 

virulent and avirulent VHSVs and even vaccination. 
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The Viral Hemorrhagic Septicemia Virus (VHSV) is an OIE notifiable pathogen
widespread in the Northern Hemisphere that encompasses four genotypes and nine
subtypes. In Europe, subtype Ia impairs predominantly the rainbow trout industry
causing severe rates of mortality, while other VHSV genotypes and subtypes affect a
number of marine and freshwater species, both farmed and wild. VHSV has repeatedly
proved to be able to jump to rainbow trout from the marine reservoir, causing mortality
episodes. The molecular mechanisms regulating VHSV virulence and host tropism
are not fully understood, mainly due to the scarce availability of complete genome
sequences and information on the virulence phenotype. With the scope of identifying
in silico molecular markers for VHSV virulence, we generated an extensive dataset of
55 viral genomes and related mortality data obtained from rainbow trout experimental
challenges. Using statistical association analyses that combined genetic and mortality
data, we found 38 single amino acid polymorphisms scattered throughout the complete
coding regions of the viral genome that were putatively involved in virulence of VHSV in
trout. Specific amino acid signatures were recognized as being associated with either
low or high virulence phenotypes. The phylogenetic analysis of VHSV coding regions
supported the evolution toward greater virulence in rainbow trout within subtype Ia, and
identified several other subtypes which may be prone to be virulent for this species. This
study sheds light on the molecular basis for VHSV virulence, and provides an extensive
list of putative virulence markers for their subsequent validation.

Keywords: VHSV, molecular markers, single amino acid polymorphism (SAP), virulence, rainbow trout
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INTRODUCTION

Viral Hemorrhagic Septicemia Virus (VHSV), member of genus
Novirhabdovirus, species Piscine novirhabdovirus, possesses a
bullet-shaped enveloped conformation and a negative-sense
single-stranded RNA genome typical of the Rhabdoviridae family
(Walker et al., 2018). Genes in the order 3′-N-P-M-G-NV-
L-5′ encode five structural proteins with conserved functions
among Rhabdoviruses (Schütze et al., 1999; Dietzgen et al.,
2017). The nucleoprotein (N) is the major structural protein that
tightly encapsidates the viral RNA. Together with its cofactor P
(phosphoprotein), N binds the viral polymerase (L) to form with
the viral RNA the ribonucleoprotein complex (RNP) responsible
for transcription and replication of the viral genome. The matrix
protein (M) coils and condenses the RNP complex and suppresses
transcription of the host genome (Ke et al., 2017). The surface
glycoprotein (G) is the main antigenic protein that binds to the
cell surface permitting virus attachment and entry (Béarzotti
et al., 1995; Lorenzen et al., 1999b). The genome of VHSV also
encodes the non-virion protein (NV), which is exclusive to the
Novirhabdovirus genus and has been shown to be required for
in vivo pathogenicity (Biacchesi et al., 2010; Ammayappan et al.,
2011) due to its role in inhibiting cell apoptosis and modulating
the host immune response (Ammayappan and Vakharia, 2011;
Kim and Kim, 2013; Biacchesi et al., 2017; Chinchilla and Gomez-
Casado, 2017).

The nucleotide sequence encoding the G protein has been
widely employed as the preferred molecular target to assess the
genetic diversity and evolution of VHSV (Einer-Jensen et al.,
2004; Kahns et al., 2012; He et al., 2014; Cieslak et al., 2016;
Ghorani et al., 2016; Schönherz et al., 2018), although the N gene
has also been adopted (Snow et al., 2004; Einer-Jensen et al.,
2005). The phylogenetic studies undertaken so far have identified
four genotypes over the Northern Hemisphere (I, II, III, and IV)
encompassing nine subtypes (Ia, Ib, Ic, Id, Ie, IVa, IVb, IVc, IVd)
and a number of clades (Einer-Jensen et al., 2004; Kahns et al.,
2012; Pierce and Stepien, 2012; Vendramin et al., 2019).

In susceptible fish species, VHSV causes a severe systemic
disease (i.e., the viral hemorrhagic septicemia, VHS), that often
results in high mortality. Until the 1980s, the disease was thought
to be restricted only to rainbow trout (Oncorhynchus mykiss)
reared in freshwater. However, active and passive surveys have
revealed that VHSV affects also other marine and freshwater fish,
both farmed and wild, raising to more than 110 the number of
species with evidence of susceptibility to infection (Skall et al.,
2005; Anonymous, 2019; Dadar, 2020). VHSV plasticity in terms
of host tropism, is a matter of concern because of the risk
of host-jumps from wild fauna to fish species of relevance for
the aquaculture industry, and in particular to rainbow trout.
Indeed, it was shown that subtypes of VHSV adapted to rainbow
trout reared in freshwater share a common ancestor with those
subtypes from marine fish species, thus suggesting the occurrence
of at least one successful spill over event that resulted in the
establishment of subtypes Ia and Ic (Einer-Jensen et al., 2004; He
et al., 2014; Schönherz et al., 2018).

In Europe, rainbow trout-adapted subtype Ia is responsible
for the majority of disease outbreaks affecting this species,

with severe sanitary and economic consequences (Einer-
Jensen et al., 2004; Cieslak et al., 2016; Schönherz et al.,
2018). In contrast, marine isolates of genotypes II and III,
and of subtype Ib showed little or no pathogenicity in
rainbow trout under experimental conditions (Skall et al.,
2004; Ito et al., 2016). However, subsequent laboratory trials
demonstrated that the degree of virulence of isolates belonging
to subtype Ib and genotype III in rainbow trout depends,
at least to some extent, on the route of infection (Campbell
et al., 2009; Dale et al., 2009; Ito et al., 2018). Indeed, the
survival rate of intra-peritoneal injected fish was lower,
compared to that of bath challenged animals, highlighting
that viral entry is critical for pathogenesis. Nevertheless,
host adaptation, meaning the capacity of the pathogen to
recognize, enter the cells and spread to target organs, is just
one of the possible mechanisms that account for virulence.
In addition to this, pathways involving genome replication
and transcription, assembly and release of virions, and the
interaction between viral and host macromolecules (e.g.,
those involved in the recruitment of cellular factors or in
the inhibition of host antiviral defense) can also modulate
virulence phenotype and host tropism. Thus, viral proteins
and genetic motifs engaged in these processes might be
virulence determinants (Baron et al., 1996; Cann, 2012).
Consequently, in order to recognize molecular markers
modulating VHSV pathogenicity and to understand their
synergies, analytical approaches based on the study of the
whole genome would be more informative than relying on
individual genes.

Two studies carried out using the gain- or loss-of-function
approach through reverse genetics, showed that the glycoprotein,
the non-virion protein and the polymerase are not virulence
determinants for VHSV by themselves, nor in combination
(Einer-Jensen et al., 2014; Yusuff et al., 2019), although some
authors disagree with this hypothesis (Kim et al., 2014; Baillon
et al., 2017). In another study, the phenotype characterization
of chimeric viruses resulting from the exchange of the N
and P genes of viral clones with different pathogenicity
revealed that the N gene plays an essential role in VHSV
virulence to rainbow trout. More interestingly, the complete
gain of function of chimeric viruses could have been achieved
when N was combined with the P gene from the same
ancestry (Vakharia et al., 2019). One common denominator
of some of the above mentioned studies aiming to identify
virulence markers in VHSV genome, is that they are based
on the comparison of only two phylogenetically distant
isolates (Vakharia et al., 2019; Yusuff et al., 2019). In
addition, the virulence of chimeric VHSV was only evaluated
in vivo by intra-peritoneal injection, which bypasses the
natural infection barriers (Campbell et al., 2009; Dale et al.,
2009; Ito et al., 2018). A recent study based on sequences
comparison of 14 VHSV with different virulence phenotypes
in trout has demonstrated that a unique amino acid change
in the NV protein, repeatedly observed in several isolates
from non-salmonid fish, had been the cause of a strong
attenuation of mortality in rainbow trout (Baillon et al., 2017).
Thus, it is likely that VHSV possesses different virulence
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mechanisms in rainbow trout, with other proteins possibly
contributing to virulence and to the determination of the
clinical outcome.

The combination of phenotype data and complete viral
genomes through appropriate statistical models appears to be
one of the most effective strategies to understand the molecular
basis for VHSV virulence. However, a comprehensive study of
this kind, which takes into account the genetic variability of
VHSV is still lacking. To bridge this gap, within the Novimark
project (Anhiwa ERA-Net) we generated the largest dataset of
in vivo virulence records and associated whole genome sequences
comprising 55 VHSV isolates from most of the known VHSV
genotypes and subtypes. We used statistical association models
that correlate phenotypic and genetic data to identify amino
acid changes (i.e., single amino acid polymorphisms, SAPs)
conserved within discrete virulence categories and, as such,
potentially involved in VHSV virulence in trout. Secondly,
we recognized specific amino acid signatures associated with
different virulence phenotypes and mapped them across VHSV
phylogenic reconstruction. This integrated approach allowed us
to identify VHSV subtypes with potential for higher virulence in
rainbow trout. Importantly, we also recognized 38 SAPs within
the VHSV genome that are putative virulence determinants
in this fish species. These polymorphic sites are candidates
for subsequent validation to confirm their role in modulating
virulence phenotype in vivo.

MATERIALS AND METHODS

Selection of Viral Isolates
Fifty-five VHSV isolates (Table 1) were gathered together to
identify putative virulence markers in the coding regions of
the viral genome by coupling in vivo virulence data with
related genetic sequences. Viruses were selected in order to
encompass the largest possible genetic variability, according to
previous molecular characterization studies based on analyses
of partial genome sequences (Einer-Jensen et al., 2004; Abbadi
et al., 2016; Baillon et al., 2017). The virulence phenotype
(i.e., cumulative percent mortality in bath-challenged rainbow
trout) of 35 strains was experimentally determined during
the Novimark project, while 20 additional strains (DK-3345,
DK-4635, DK-7054, DK-7300, DK-9895174, DK-5p276, DK-
5p405, DK-5p26, DK-5e454, DK-5p393, DK-5p508, DK-5p795,
DK-5p263, DK-5p11, DK-5p457, DK-5p785, SE-SVA-1033-9C,
NO-2007-50-385, JF-JF00Ehil, M.rhabdo) were included in the
analysis based on previous knowledge of their level of virulence
(Ito et al., 2004, 2018; Skall et al., 2004; Dale et al., 2009). The
collection covered a time period of more than 50 years (1962–
2015) and comprised genotypes I (Ia–Ie), III and IVa. Most
viruses (36/55) were isolated from rainbow trout (Oncorhynchus
mykiss), while the remaining isolates originated from Anguilla
anguilla (1/55), Clupea harengus (5/55), Esox lucius (1/55), Gadus
morhua (1/55), Limanda limanda (2/55), Merlangius merlangus
(1/55), Paralichthys olivaceus (1/55), Platichthys flesus (1/55),
Pleuronectes platessa (2/55), Salmo trutta (2/55) and Sprattus
sprattus (2/55).

Viral Batches Production
Laboratory 1 – ANSES
Isolates He-70, FR07/71, 23/75, FR02/84, 1458, 3771P, N11298,
MM73 and 1236-01 were propagated in bluegill fry (BF-2)
cell monolayers (ATCC R© CCL91TM) according to standard
procedures (Lorenzen et al., 1999a; Anonymous, 2019). In detail,
1 ml of each viral strain was added to 75 cm2 polystyrene flasks
(Falcon R©) seeded with 24-h BF-2 cells and adsorbed for 1 h
at 14 ± 1◦C. After adsorption, 12 ml of pH 7.6 Tris-buffered
L15 medium (Gibco) supplemented with 10% fetal calf serum
(FCS, BioWest), 1% L-glutamine 200 mM (HycloneTM) and 1%
penicillin–streptomycin solution 100X (PanTM Biotech) were
added to each flask and viruses were incubated at 14 ± 1◦C
until completion of cytopathic effect (CPE). For each strain, cell
culture supernatant was then collected, clarified at 4◦C for 15 min
at 2000 × g and checked by IFAT (Afnor, 2010; Anonymous,
2019). Viral stocks were titrated in 96-well plates using the
50% tissue culture infectious dose (TCID50) endpoint method
(Kärber, 1931). Viral batches were finally aliquoted and stored at
−80◦C until use.

Laboratory 2 – DTU
Isolates F1, NO-A163-68-EG46, DK-2149, M.rhabdo, GE 1.2,
DK-3612, DK-3592B, FiP02b.00, DK-203490, Trabzon 207111,
and 2009-50-315-1 from the VHSV repository of the EURL
for Fish and Crustacean Diseases were propagated in BF-2 cell
monolayers in 25 cm2 flasks at 15◦C for 7 days. Supernatant
from the flasks was harvested, filtered using 0.45 µM Minisart R©

syringe filters (Sartorius) to remove cell debris and stored at
−80◦C until use.

Viruses were subject to plaque purification using
methylcellulose in order to produce a homogeneous viral
population. Briefly, all propagated isolates were ten-fold serially
diluted and incubated with BF-2 cells monolayers in 96-well trays
for 1 h at 15◦C. The viral inoculum was removed and a mixture
of methylcellulose and cell culture medium (Eagle’s MEM with
L-glutamine, penicillin–streptomycin, Tris-HCl and 2% bovine
fetal serum, Gibco) was added to each well. Cells were incubated
at 15◦C for 7 days and monitored for plaques formation. Due
to the liquid nature of methylcellulose, plaques were collected
only from wells containing single plaques to avoid mixed viral
populations. Collected plaques were propagated in 75 cm2 flasks
containing BF-2 monolayers, harvested as described above and
frozen at−80◦C in aliquots for subsequent titration, full genome
sequencing and use in infection trials (see below). Determination
of viral titer of the isolates was calculated through the method
of Spearman-Karber (Kärber, 1931). Information regarding
processing of the remaining isolates is available in the respective
papers (Ito et al., 2004, 2018; Skall et al., 2004; Dale et al., 2009).

Laboratory 3 – IZSVe
All Italian VHSV isolates were ten-fold serially diluted (from
10−1 to 10−6) with MEM Eagle (Sigma-Aldrich) containing
2% FCS (Hyclone), 2 mM L-glutamine (Sigma-Aldrich) and 1X
antibiotic/antimycotic (Sigma-Aldrich). Six-hundred microliters
of each dilution were inoculated into Falcon R© 12-well polystyrene
culture plates (Corning) seeded with confluent 24-h-old EPC
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TABLE 1 | List of VHSV isolates tested in vivo and subject to whole genome sequencing.

Isolate Genotype Origin Year Host Facility tested %CPM

F1 I Denmark 1962 Oncorhynchus mykiss DTU 6.6%

He-70 I-undetermined Denmark 1970 Oncorhynchus mykiss ANSES 40.9%

FR07/71 Ia France 1971 Oncorhynchus mykiss ANSES 76.3%

23/75 Ia France 1975 Salmo trutta ANSES 98.1%

FR02/84 Ia France 1984 Oncorhynchus mykiss ANSES 89%

1458 Ia France 1990 Oncorhynchus mykiss ANSES 99.4%

3771P Ia France 1990 Oncorhynchus mykiss ANSES 100%

N11298 Ia France 2003 Esox lucius ANSES 100%

MM73 Ia France 2014 Oncorhynchus mykiss ANSES 100%

1236-01 Ia France 2014 Oncorhynchus mykiss ANSES 100%

DK-6137 Ia Denmark 1991 Oncorhynchus mykiss ANSES 98.1%

DK-3345a Ia Denmark 1985 Oncorhynchus mykiss DTU 46.1%

DK-3592B Ia Denmark 1989 Oncorhynchus mykiss DTU 92%

DK-6435a Ia Denmark 1992 Oncorhynchus mykiss DTU 71.6%

DK-7054a Ia Denmark 1993 Oncorhynchus mykiss DTU 56%

DK-7300a Ia Denmark 1994 Oncorhynchus mykiss DTU 67.5%

DK-9895174a Ia Denmark 1998 Oncorhynchus mykiss DTU 73.9%

DK-203490 Ia Denmark 2003 Oncorhynchus mykiss DTU 99.3%

VHSV/O.mykiss/I/TN/480/Oct96 Ia Italy 1996 Oncorhynchus mykiss IZSVe 14.5%

VHSV/O.mykiss/I/PN/234/Mar99 Ia Italy 1999 Oncorhynchus mykiss IZSVe 100%

VHSV/O.mykiss/I/BZ/301/Jun00 Ia Italy 2000 Oncorhynchus mykiss IZSVe 89%

VHSV/O.mykiss/I/TV/3/Dec02 Ia Italy 2002 Oncorhynchus mykiss IZSVe 55.7%

VHSV/O.mykiss/I/TV/299/Aug04 Ia Italy 2004 Oncorhynchus mykiss IZSVe 100%

VHSV/O.mykiss/I/TN/475/Nov04 Ia Italy 2004 Oncorhynchus mykiss IZSVe 94.1%

VHSV/S.trutta/I/TN/470/Nov09 Ia Italy 2009 Salmo trutta IZSVe 55.7%

VHSV/O.mykiss/I/TN/80/Mar10 Ia Italy 2010 Oncorhynchus mykiss IZSVe 100%

VHSV/O.mykiss/I/TN/28/Feb11 Ia Italy 2011 Oncorhynchus mykiss IZSVe 100%

VHSV/O.mykiss/I/TN/62/Feb15 Ia Italy 2015 Oncorhynchus mykiss IZSVe 100%

VHSV/O.mykiss/I/TN/68/Feb15 Ia Italy 2015 Oncorhynchus mykiss IZSVe 100%

VHSV/O.mykiss/I/TN/84/Feb15 Ia Italy 2015 Oncorhynchus mykiss IZSVe 90%

DK-1p8 Ib Baltic Sea 1996 Clupea harengus ANSES 0%

M.rhabdo Ib Baltic Sea 1979 Gadus morhua DTU 0%

DK-5p276a Ib Kattegat 1998 Pleuronectes platessa DTU 5.2%

DK-5p405a Ib Baltic Sea 1998 Limanda limanda DTU 8.2%

DK-5p26a Ib Kattegat 1998 Limanda limanda DTU 8.2%

DK-5e454a Ib Baltic Sea 1998 Platichthys flesus DTU 5.2%

DK-5p393a Ib Baltic Sea 1998 Clupea harengus DTU 11.4%

DK-5p508a Ib Baltic Sea 1998 Clupea harengus DTU 9.7%

DK-5p795a Ib Baltic Sea 1998 Clupea harengus DTU 5.6%

DK-5p263a Ib Kattegat 1998 Clupea harengus DTU 5.6%

DK-5p11a Ib Skagerrak 1998 Pleuronectes platessa DTU 5.2%

DK-5p457a Ib Baltic Sea 1998 Sprattus sprattus DTU 12.95%

DK-5p785a Ib Baltic Sea 1998 Sprattus sprattus DTU 4.7%

SE-SVA-1033-9Cb Ib Sweden 2000 Oncorhynchus mykiss DTU 4%

DK-2149 Ic Denmark 1978 Oncorhynchus mykiss DTU 66%

DK-3612 Ic Denmark 1986 Oncorhynchus mykiss DTU 18.6%

NO-A163-68-EG46 Id Norway 1968 Oncorhynchus mykiss DTU 4%

FiP02b.00 Id Finland 2000 Oncorhynchus mykiss DTU 16%

GE 1.2 Ie Georgia 1981 Oncorhynchus mykiss DTU 53.3%

Trabzon 207111 Ie Turkey 2004 Oncorhynchus mykiss DTU 30.6%

2009-50-315-1 Ie Turkey 2009 Oncorhynchus mykiss DTU 78.6%

FR-L59x III France 1987 Anguilla anguilla ANSES 0%

DK-4p101 III North Sea 1997 Merlangius merlangus ANSES 0%

NO-2007-50-385c III Norway 2007 Oncorhynchus mykiss DTU 69.1%

JF-JF00Ehild IVa Japan 2000 Paralichthys olivaceus DTU 0.9%

For all the viruses, information on the geographic origin, host and year of isolation, genotype and cumulative percent mortality in experimentally challenged rainbow trout
(Oncorhynchus mykiss) are provided. References for viruses tested in vivo in previous studies are reported. aSkall et al. (2004); b Ito et al. (2018); cDale et al. (2009); d Ito
et al. (2004).
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cells. Viral inoculum was adsorbed at 15◦C for 3 h under gentle
shaking and then removed. Subsequently, 2 ml of a 1:3 solution
of 2% FCS-MEM Eagle (Sigma-Aldrich) and carboxymethyl
cellulose (Sigma-Aldrich) were added to each well. Plates were
then incubated at 15◦C and checked daily for cytopathic effect.
Upon observation of CPE, for each strain 10 µl of supernatant
were collected from discrete plaques with defined edges with the
aid of a pipette under the light microscope. Viruses originating
from individual plaques were subject to two additional plaque-
purification rounds as described above. Each viral clone was
then propagated in 75 cm2 polystyrene flasks (Falcon R©) seeded
with 24-h-old EPC cells. Briefly, viruses were adsorbed for 1 h
at 15◦C under gently shaking. After adsorption, 15 ml of 10%
FCS-MEM Eagle (Sigma-Aldrich), 2 mM L-glutamine (Sigma-
Aldrich) and 1X antibiotic/antimycotic (Sigma-Aldrich) were
added to each flask and viruses were incubated at 15◦C until
complete CPE. For each strain, cell culture supernatants were
collected, clarified for 10 min at 2800× g at 4◦C, and checked by
real-time reverse-transcription polymerase chain reaction PCR
(rRT-PCR) (Jonstrup et al., 2013) and by G-gene sequencing
(Abbadi et al., 2016). Viral titer was expressed as TCID50/ml
according to the Reed and Müench formula (Reed and Müench,
1938). Viral batches were divided into aliquots and stocked at
−80◦C until use.

Experimental Challenges
Laboratory 1 – ANSES
The experimental protocol for fish challenges was conceived in
compliance with the Directive 2010/63/EU and the transposition
texts published in the Official Journal of the French Republic
on the 6th January 2012 and on the 7th February 2013. The
experimental design was evaluated by ANSES Ethics Committee
(ANSES/ENVA/UPC n◦ 16) and finally approved by the
Ministère de l’Éducation Nationale, de l’Enseignement Supérieur
et de la Recherche, with the authorizations n◦ 08/04/14-10 and
14/06/16-8 (APAFiS: 2016053117453469).

In vivo tests were performed using pathogen-free rainbow
trout of approximately 3 g originating from ANSES breeding
facilities. Fish were maintained in filtered freshwater at a
temperature of 10 ± 2◦C and fed once a day with commercial
feed. Infection trials were conducted in triplicate using 10 L tanks
containing 50 fish each. Fish were exposed for 3 h to a static water
4 L bath containing 104 TCID50/ml of virus under enhanced
aeration. One additional group (three tanks) was mock-infected
with sterile L15 medium (Gibco) applying the same conditions.
At the end of the challenge, water level was restored up to 10 L
by adding clean freshwater and the flow was turned on (open
water system, 10 L/h). Fish were monitored regularly for 32 days,
and daily mortality was recorded. At the end of the observation
period, survivor fish were euthanized by anesthetic overdose
(Eugenol, Fili@vet). Bacteriological and virological analyses were
conducted on dead fish as confirmatory diagnosis.

Laboratory 2 – DTU
Experimental infections were performed in accordance with the
current animal welfare regulations (Directive 2010/63/EU) and

approved by the Danish Animal Research Authority under the
license 2013-15-2934-00976.

Rainbow trout (average size 1 g) reared at DTU facilities
were transferred into aerated freshwater 8 L capacity tanks with
constant flow-through system and 300% water renewal per day.
Housing conditions were: 12± 1◦C, a light to dark ratio of 12:12,
a stocking density≤ 70 kg/m3, feeding 1.5% of biomass. For each
strain (i.e., F1, NO-A163-68-EG46, DK-2149, GE 1.2, DK-3612,
DK-3592B, FiP02b.00, DK-203490, Trabzon 207111, 2009-50-
315-1) the experimental infection was done in triplicate tanks
containing 50 fish each. Challenge groups were bath-exposed for
5 h to 105 TCID50/ml of each VHSV isolate, except for the isolate
DK-203490, whose infection dose was 104 TCID50/ml. Three
additional 50-fish tanks were used to mock-infect animals with
Eagle’s Essential Media (Gibco) with Tris-HCl and 10% fetal calf
serum (Gibco), under the same conditions as above. The trial was
terminated after 30 days. Fish were monitored daily for mortality,
as well as for their welfare status. Animals presenting clinical
signs (i.e., apathy, skin darkening, exophthalmos and swimming
abnormal behavior) were euthanized by immersion in benzocaine
chloride (800 mg/L) (Sigma-Aldrich), pooled by day and tank,
and tested for VHSV by re-isolation in cell culture and ELISA
identification (Anonymous, 2019).

In vivo virulence of strain M.rhabdo was assessed at the
facilities of DTU in Aarhus (Denmark) in December 1990 and
is presented here for the first time. Rainbow trout of 3 g were
housed in duplicate 8 L tanks containing 40 fish each and exposed
by immersion for 2 h to 105 TCID50/ml of virus. Two additional
tanks were used to mock-challenge negative control fish with
MEM (Minimum Essential Medium) containing 10% fetal bovine
serum. Daily mortality was recorded for a 36-day period.

Additional in vivo virulence data related to 19 strains (i.e.,
DK-3345, DK-4635, DK-7054, DK-7300, DK-9895174, DK-
5p276, DK-5p405, DK-5p26, DK-5e454, DK-5p393, DK-5p508,
DK-5p795, DK-5p263, DK-5p11, DK-5p457, DK-5p785, NO-
2007-50-385, SE-SVA-1033-9C, JF-JF00Ehil) were retrieved from
previous papers (Skall et al., 2004; Ito et al., 2004, 2018; Dale et al.,
2009) and used as metadata.

Laboratory 3 – IZSVe
The experimental protocol for fish challenges was designed in
compliance with the Directive 2010/63/EU and the national
Legislative Decree No. 26/2014. The experimental design was
evaluated by the IZSVe Animal Welfare Body and Ethics
Committee and finally approved by the Italian Ministry of Health
with the authorization n◦ 735/2016-PR 22/7/2016.

The sample size for experimental challenges was determined
by conditional Fisher’s exact test for two proportions with
Walters’ normal approximation, assuming an α error of 0.05 (one
tail) and power 1-β of 0.90 (SAS software).

Rainbow trout juveniles of approximately 0.6 g were
purchased from an Italian commercial farm classified within
Category I (EU Directive 88/2006). Fish were housed for 10 days
in a 2500 L tank at 10 ± 2◦C for acclimation, and fed with
commercial feed. After this period, 12 groups of 70 specimens
each were moved into individual tanks and challenged by
immersion. Exposure with 104 TCID50 of each viral strain per
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ml of water was performed for 3 h in 20 L static water supplying
additional aeration. One extra group was mock-infected with
sterile MEM Eagle (Sigma-Aldrich) under the same conditions.
At the end of the challenge, water level was resumed to 80 L
by adding clean freshwater and the flow was turned on (open
water system, 10 L/h). Fish were monitored regularly for a
4-week period, and daily mortality was recorded. At the end
of the observation period, survivor fish were euthanized by
anesthetic overdose (Tricaine, Pharmaq). Confirmatory diagnosis
for VHSV detection was performed on dead specimens by rRT-
PCR (Jonstrup et al., 2013).

Whole Genome Sequencing
All the viruses were subjected to high-throughput sequencing
(HTS) to obtain their complete genome sequences. The isolates
were sequenced by three different laboratories (ANSES, CEFAS,
IZSVe) using two technologies, i.e., Illumina MiSeq (n = 28) and
IonProtonTM (n = 27). Sample processing procedures, as well as
sequencing and bioinformatic (BI) analyses are reported in detail
in Zamperin et al. (2019). To assure data comparability among
different laboratories performing HTS, a proficiency test focusing
on the BI pipelines was carried out as described in the same paper.
The test proved that the BI analyses of the three laboratories were
99.98% accurate and 99.94% repeatable.

Genome annotation was performed using a Blast-like
algorithm1 (version 11.1.5) to identify regions with a similarity
>80% to isolate 96-43 (Betts and Stone, 2000) available under
the GenBank accession number AF143862.1. Coding regions
were translated to protein sequences and visually inspected
for shifts in the open reading frames (ORFs) and to detect
premature/delayed stop codons.

For each strain, we produced a nucleotide (nt) sequence
encompassing the complete open reading frame (ORFs) of every
gene, without stop codons, later referred to as “concatamer.” The
nt-concatamers, and their deduced amino acid (aa) sequences
(aa-concatamers) were used for downstream analyses.

Phylogenetic Analysis
Full genome sequences were aligned using MAFFT v7.388
(Katoh, 2002; Katoh and Standley, 2013), with default settings.
Two different datasets were created, the first including the
whole genome sequences of VHSV isolates, except for the 3′
and 5′ UTRs (10,863 characters). In the second matrix, the
nt-concatamers were included (10,338 characters). Phylogenetic
analyses were carried out in both matrixes using RAxML
v.8 (Stamatakis, 2014) with the GTR+G model, and all
free parameters estimated by the program, with 1000 rapid
bootstrap inferences and a search for the best-scoring maximum
likelihood (ML) tree.

An additional phylogenetic reconstruction based on the
nt-concatamer was carried out with IQ-Tree (Nguyen
et al., 2015; Trifinopoulos et al., 2016) using the best-fitting
nucleotide substitution model as estimated by ModelFinder
(Kalyaanamoorthy et al., 2017), implementing the Bayesian

1https://www.geneious.com

Information Criterion (BIC), and with 1,000 replicates of the
ultrafast bootstrap approximation (Hoang et al., 2018).

Statistical Analyses
All the analyses herein described were carried out using the
R statistical programming environment (R Development Core
Team, 2018).

Survivorship Analyses
Mortality data were analyzed by plotting Kaplan–Meier survival
curves for all the isolates tested in vivo (n = 35) using the
functions implemented in the package survival (Therneau, 2015).

Identification of VHSV Virulence Classes
Based on the multi-sequence alignment of the aa-concatamers,
SAPs with a minimum frequency of 3% were selected. Among
these SAPs, those significantly associated with variations in the
cumulative percent of mortality (CPM) were identified applying
a generalized linear model. The model assumed a quasi-binomial
distribution of the mortality values to account for their over-
dispersion. The strength of the association was then determined
via a likelihood ratio test. SAPs for which we observed a p < 10−4

(significance limit = alpha/SAPs number = 0.05/499 ≈ 10−4)
were considered statistically significant. Virulence classes were
then defined based on CPM thresholds that maximized the
genetic homogeneity among VHSV strains. In detail, for each
polymorphism associated to CPM we conducted an iterative
analysis in which at each cycle: (i) a CPM threshold (range: 1–
99%; stepwise increase: 1%) identifying two viruses partitions
was established; (ii) a contingency table reporting the number of
strains segregating into each partition and displaying any possible
aa signature was generated; (iii) Fisher’s exact test was performed
on the contingency table to assess the dependency between the
aa signatures and the two identified partitions; (iv) the observed
p-value was acquired if smaller than the expected significance
limit (alpha/number of tested thresholds = 0.05/99 ≈ 5 × 10−4).
For each SAP, the CPM value associated with the smallest
p-value was selected. The frequency of all candidate thresholds
identified as above were plotted as histograms, and those showing
the highest number of observations were used to designate
three virulence classes, i.e., high “H”, moderate “M” and low
“L”. Amino acid sequence homogeneity among VHSV strains
belonging to the same virulence class were assessed by a quasi-
binomial generalized linear model relating CPM to the variants
observed at each SAP. Moderate viruses were not tested for their
homogeneity because of dataset size constraints. The strength of
the association was determined via a likelihood ratio test and the
resulting p-value was retained only if smaller than 1.3 × 10−4 in
the case of “H” (number of SAPs: 367) or 1.8 × 10−4 in the case
of “L” (number of SAPs: 274).

Discovery of SAPs Implicated in Virulence and Host
Tropism
Analyses were conducted in the context of conditional inference
based on permutation tests with the package coin (Hothorn
et al., 2008). In detail, the association between SAPs and the trait
“virulence” (categorized as high/moderate/low) was evaluated
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by Cochran-Armitage or extended Cochran-Armitage test, for
polymorphic sites presenting two or more than two different
signatures in the aa-concatamers alignment, respectively. The
association between SAPs and the variable “host tropism”
(categorized as rainbow trout/other) was evaluated by Pearson’s
chi square test. In all cases, p < 10−4 was considered
significant (see above).

The correlation between “virulence” and “host tropism” was
assessed with the Cramer’s index V, determined with the package
vcd (Meyer et al., 2017). In order to infer the strength of
the association of the variables “virulence” and “host tropism”
to the SAPs herein identified, and to determine whether such
association was significant for both traits or if a significant
association between traits was present, a binomial or multinomial
logistic regression model was constructed for each polymorphic
site to relate the frequency of each amino acidic signature
to both the aforementioned variables. In case of complete or
quasi-complete separation, the regression model was based on
penalized maximum likelihood implemented by the package
brglm2 (Kosmidis, 2019). For both variables, the strength of the
association was then determined via a likelihood ratio test.

Identification of Amino Acid Signatures Associated to
Different Virulence Phenotypes
For the SAPs being relevant for virulence, we estimated the
frequency of all the aa signatures within the different virulence
classes previously identified. Based on these estimates, a pairwise
proportion test was conducted to determine which of the aa
signatures were significantly associated with the high, moderate
and low virulence classes (package EnvStats) (Millard, 2013). The
observed p-values were adjusted using the Bonferroni’s method
and considered statistically significant when smaller than 0.05.

RESULTS

Whole Genome Sequencing
In this study, we successfully sequenced the entire genome
of 55 VHSV isolates. The average coverage ranged between
1,015 and 32,372X and was sufficient for variant calling and
for producing high quality consensus sequences. Notably, the
low coverage at the 3′ and 5′ ends of the viral genome
(leader and trailer, respectively) impeded the assignment of
unambiguous nucleotides (nt) in these regions and their full
reconstruction, as previously reported (Zamperin et al., 2019).
Illumina MiSeq and Ion ProtonTM raw data are available through
NCBI’s Sequence Read Archive (SRA2). Consensus sequences can
be retrieved from GenBank3 and the Fishpathogens database4

(Supplementary Table S1).
Annotation revealed the typical VHSV genome architecture,

with six genes coding the N, P, M, G, NV and L proteins.
Relatively numerous genome size differences among isolates
were found at the intergenic regions because of the presence
of deletions with variable extension. In contrast, only two

2www.ncbi.nlm.nih.gov/Traces/sra/
3https://www.ncbi.nlm.nih.gov/genbank/
4http://www.fishpathogens.eu/

peculiarities were found in the coding regions of the
dataset analyzed in this study, both harbored by isolate
VHSV/S.trutta/I/TN/470/Nov09. In the genome of this isolate,
a premature stop codon was found in the M gene, rendering
its deduced amino acid (aa) sequence eight residues shorter
than expected. Additionally, if compared with the other isolates
included within this study, the NV aa sequence of this isolate
showed an extra eight residues near the C-terminus. Whether
the size differences in both proteins had any influence on
the phenotype of VHSV/S.trutta/I/TN/470/Nov09 was not
further investigated.

Notably, as the presence of deletions within the intergenic
regions impeded the comparison of all the isolates at these
portions of the genome, their use in downstream association
analyses was avoided. Thus, the search for VHSV virulence
markers described below was carried out exclusively within the
coding regions (i.e., aa-concatamers).

VHSV in vivo Phenotypes and
Identification of Virulence Classes
Survival rate curves were plotted for the 35 VHSV isolates
tested in vivo during the Novimark project (Figure 1). For
the remaining strains, we referred to the specific publications
(Ito et al., 2004, 2018; Skall et al., 2004; Dale et al., 2009).
Altogether, these data pointed out a variety of different virulence
phenotypes induced by this panel of isolates in experimentally
challenged rainbow trout. Apart from the avirulent strains
FR-L59x, DK-4p101 and DK-1p8, the first mortality records
could be observed between 1 and 6 days post infection
(dpi), depending on the isolate. Upon visual inspection of
the Kaplan–Meier curves, it appeared that the viruses were
clustered in different groups, based on survival rates over
time. In general, the most lethal viruses determined a sharp
decrease in fish survival during the first 10–15 days after
challenge. On the contrary, less virulent viruses showed curves
with a different trend, characterized by a slow and low
decrease of the survival rate over time. Other viruses showed
an intermediate behavior between these two groups, with
no clear pattern.

Overall, the cumulative percentage of mortality recorded
within the whole dataset (55 strains) was highly variable, ranging
between 0% and 100% (Table 1). To assess the phenotypic
differences observed in our virus collection using a more
rigorous methodology, and to categorize each strain in terms of
virulence, we used CPM and available protein sequence data. In
detail, when considering the variable sites in the aa-concatamer
multi-sequence alignment, we identified 41 SAPs that changed
significantly among strains in response to variation in mortality
(p < 10−4) (Supplementary Table S2). For each of these SAPs,
we determined the CPM value that maximized polymorphism
segregation. To do so, we used a simulation process that allowed
viral partitioning into two distinct groups based on CPM cut offs.
The mortality thresholds observed with the highest frequency
among all 41 SAPs were adopted to outline virulence classes
(Figure 2). Our data showed that all the viruses associated with a
CPM of more than 42% (31 out of 55) were homogeneous at their
aa sequences, when compared with isolates which caused a lower

Frontiers in Microbiology | www.frontiersin.org 7 August 2020 | Volume 11 | Article 1984

http://www.ncbi.nlm.nih.gov/Traces/sra/
https://www.ncbi.nlm.nih.gov/genbank/
http://www.fishpathogens.eu/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01984 August 25, 2020 Time: 17:50 # 8

Panzarin et al. Molecular Basis of VHSV Virulence

FIGURE 1 | Kaplan–Meier curves of the 35 VHSV isolates tested for their virulence in rainbow trout in the current study. The y-axis reports the survival rate, and the
x-axis reports the observation period expressed as days post infection (dpi). In each graph, the thresholds that distinguish the high “H” (CPM > 42%), moderate “M”
(14% < CPM ≤ 42%) and low “L” (CPM ≤ 14%) virulent classes as assessed in this study are also reported.

mortality (Supplementary Figure S1). This cluster of viruses was
labeled as high virulent “H”. Similarly, isolates associated with a
CPM of less or equal to 14% (19 out of 55) were characterized
as having high aa homogeneity (Supplementary Figure S2) and
were designated as low virulent strains “L”. Five isolates that did
not fall into any of the “H” or “L” groups showed CPM > 14%
and ≤42%, and were arbitrarily defined as moderate virulent
strains “M”.

Identification of SAPs Associated to
Virulence and Host Tropism
Based on the establishment of the “H”, “M”, and “L” virulence
classes, we recognized 38 SAPs among the variable sites in the
aa multi-sequence alignment that varied significantly among
the three virulence groups (p < 10−4) (Table 2). These SAPs,
putatively linked to VHSV virulence in trout and later referred to
as “SAPs-virulence,” were scattered throughout the entire coding
regions of VHSV (Figure 3). Eight SAPs-virulence were in the N
protein, 4 in P, 2 in M, 8 in G, 7 in NV, and 9 in L. If taking into
account the relative length of each protein, it was noticeable that
the majority of SAPs-virulence were located in the nucleoprotein,
the glycoprotein and the non-virion protein sequence.

To understand whether VHSV virulence might be related to
host tropism, we applied the same analytical criteria as above
to identify polymorphic sites (later referred as “SAPs-host”) that
showed significant variations among isolates in respect to the
host of origin, classing such isolates as either originating from
rainbow trout or from other species (Table 2 and Supplementary
Figure S3). Twenty-two SAPs-host putatively linked to the host
of origin were subsequently identified. Notably, all of them
were associated also with virulence, with the exception of G506,
which was unique to this category. To rule out any possible
bias in our analysis, we assessed the level of collinearity of
the variables virulence and host tropism. The Cramer index V
revealed that virulence and host tropism were, at least to some
extent, co-dependent (0.73). However, a multi-trait association
analysis using logistic binomial/multinomial models revealed the
existence of SAPs (N46, N401, L149) significantly associated with
both variables, individually, indicating that virulence and host
tropism were sufficiently independent from each other to be
considered simultaneously in the same model. Thus, we suggest
that such polymorphisms are VHSV virulence markers acting
as determinants of host tropism. In addition, the same analysis
showed that, among SAPs that initially appeared associated with
both traits (n = 21), all but N46, N401, and L149 could be
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FIGURE 2 | Frequency distribution of virulence-defining mortality thresholds. Each value derived from an iterative analysis conducted on SAPs associated to
cumulative mortality variation. Ninety-nine different mortality thresholds, within the range 1–99%, were tested to identify the value maximizing VHSV strains
segregation in terms of cumulative percent of mortality (CPM) and aa-signature. The CPM thresholds defining the virulence classes “L” (CPM ≤ 14%) and “H”
(CPM > 42%) are highlighted in blue and red, respectively.

considered significantly associated only to the trait “virulence”
(Supplementary Table S3).

Identification of Amino Acid Signatures
Associated to Virulence Phenotypes
For all the 38 SAPs-virulence, we estimated the association of the
aa signatures observed at the polymorphic sites with the virulence
classes “H”, “M”, and “L”. Significant associations (p < 0.05)
were observed only in relation to the high and low virulent
groups, while no aa signature was characteristic of moderate
group (Supplementary Table S4).

Based on this association analysis, it was possible to identify,
for all the VHSV herein studied, the presence of amino acid
residues associated with the “H” or “L” phenotypes at the 38
SAPs implicated in virulence. The combination of amino acids
obtained for all the strains is hereafter referred to as the “virulence
haplotype.” Overall, we observed 23 unique virulence haplotypes
out of 31 “H” strains, 5 “M” haplotypes among the five isolates
of this group, and nine unique haplotypes within the 19 “L”
viruses (Figure 4).

Phylogenetic Reconstruction
Overall, the level of similarity observed among the 55 isolates
based on the nt-concatamer ranged between 86 and 100%. The
percentage of similarity of individual clusters ranged between

95.7 and 100% for Ia, 99.2–100% for Ib, 97.5–99.8% for Ie, and
98.1–98.5% for genotype III, as well as being measured at around
99.7% and 99.2% for types Ic and Id, respectively, neither of which
was represented by more than two isolates.

The tree topology based on the nt-concatamer was the
same irrespective of using RAxML (Figure 4) or IQ-tree
(not shown), and was consistent with the known phylogenetic
reconstruction of VHSV based on the G gene. Genotypes I and
III are monophyletic groups with 100% bootstrap support (BS)
(Figure 4), as well as subtypes Ia, Ib, Ic, Id, and Ie (with 97 to
100% BS). With the exception of subtype Ie being the sister of
other genotype I clusters (BS = 100%), phylogenetic relationships
among subtypes of genotype I are difficult to identify, as they
seem to be the result of a rapid radiation with very short branches
and low BS. The only strongly supported relationship was the
placement of Ib and Id as sister groups (BS > 90%). Ia and Ic were
also recovered as sister groups but with low BS (<50%) forming a
clade with the oldest VHSV isolate known (i.e., F1), although this
relationship also showed low support (BS < 50%).

The phylogenetic tree shown in Figure 4 was annotated
labeling taxa with a color code that identified different
virulence classes established as above, where red was “H”
(CPM > 42%), orange was “M” (14% < CPM ≤ 42%)
and blue was “L” (CPM ≤ 14%). Notably, virulence in
rainbow trout showed a strong phylogenetical component,
except for “M” strains which were interspersed along the
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TABLE 2 | Single amino acid polymorphisms (SAPs) associated to virulence
and host tropism.

Frequency of aa signatures (%) associated to

Virulence Host tropism

SAP Variants Low Moderate High Rainbow trout Other

N46 E 0 20 0 2.9 0
G 89.5 40 12.9 17.1 85
K 0 0 16.1 8.6 10
R 10.5 40 71 71.4 5

N82 E 21.1 100 96.8 91.4 35
G 78.9 0 3.2 8.6 65

N83 A 15.8 0 3.2 2.9 15
M 73.7 0 0 2.9 65
T 10.5 100 96.8 94.3 20

N168 H 31.6 100 100 97.1 40
Y 68.4 0 0 2.9 60

N371 K 26.3 100 100 97.1 35
R 73.7 0 0 2.9 65

N392 E 94.7 60 9.7 20 85
G 5.3 40 90.3 80 15

N393 E 5.3 40 67.7 - -
G 94.7 60 32.3 - -

N401 E 26.3 80 93.5 91.4 30
G 73.7 20 6.5 8.6 70

P23 K 94.7 60 19.4 - -
R 5.3 40 80.6 - -

P39 A 0 20 3.2 2.9 5
N 0 0 6.5 5.7 0
P 73.7 0 0 2.9 65
S 5.3 0 0 0 5
T 21.1 80 90.3 88.6 25

P41 E 73.7 0 0 2.9 65
G 26.3 100 100 97.1 35

P78 F 21.1 80 93.5 88.6 30
L 78.9 20 6.5 11.4 70

M182 I 10.5 60 51.6 - -
L 0 0 6.5 - -
M 15.8 20 41.9 - -
T 73.7 20 0 - -

M201 Q 5.3 20 3.3 2.9 10.5
R 94.7 40 10 22.9. 79
W 0 40 86.7 74.3 10.5

G51 D 0 20 87.1 - -
E 94.7 80 12.9 - -
K 5.3 0 0 - -

G136 D 0 20 80.6 68.6 10
N 100 80 19.4 31.4 90

G212 E 0 0 16.1 - -
K 0 20 61.3 - -
N 0 0 3.2 - -
Q 5.3 20 0 - -
T 94.7 60 19.4 - -

G277 A 89.5 80 9.7 - -
E 10.5 0 3.2 - -
T 0 20 87.1 - -

G283 K 100 60 22.6 - -
N 0 20 67.7 - -
R 0 20 9.7 - -

G290 I 94.7 80 22.6 - -
V 5.3 20 77.4 - -

G328 I 100 80 45.2 - -
V 0 20 54.8 - -

(Continued)

TABLE 2 | Continued

Frequency of aa signatures (%) associated to

Virulence Host tropism

SAP Variants Low Moderate High Rainbow trout Other

G388 D 26.3 80 87.1 85.7 30

G 5.3 20 12.9 11.4 10

N 68.4 0 0 2.9 60

G506 M - - - 34.3 95

T - - - 65.7 5

NV45 M 68.4 60 9.7 - -

R 26.3 20 3.2 - -

T 5.3 0 0 - -

V 0 20 87.1 - -

NV57 D 26.3 100 87.1 88.6 30

E 5.3 0 12.9 8.6 10

N 68.4 0 0 2.9 60

NV67 H 0 40 87.1 74.3 15

Y 100 60 12.9 25.7 85

NV80 G 5.3 40 48.4 45.7 10

K 73.7 0 0 2.9 65

R 21.1 60 51.6 51.4 25

NV104 F 5.3 0 0 - -

I 94.7 80 16.1 - -

V 0 20 83.9 - -

NV113 I 78.9 80 9.7 - -

L 5.3 20 83.9 - -

P 0 0 3.2 - -

T 5.3 0 0 - -

V 10.5 0 3.2 - -

NV116 N 15.8 0 3.2 - -

R 0 20 87.1 - -

S 84.2 80 9.7 - -

L149 E 10.5 60 96.8 88.6 20

G 89.5 40 3.2 11.4 80

L232 I 0 40 90.3 - -

V 100 60 9.7 - -

L298 E 89.5 80 16.1 - -

K 10.5 0 83.9 - -

R 0 20 0 - -

L365 I 31.6 100 100 97.1 40

V 68.4 0 0 2.9 60

L411 F 31.6 100 100 97.1 40

Y 68.4 0 0 2.9 60

L511 K 100 80 12.9 28.6 85

R 0 20 87.1 71.4 15

L1313 A 0 20 3.2 - -

L 0 0 3.2 - -

M 0 20 67.7 - -

T 100 60 9.7 - -

V 0 0 16.1 - -

L1563 I 73.7 0 0 2.9 65

L 26.3 100 100 97.1 35

L1732 A 0 20 87.1 - -

K 0 20 0 - -

T 100 60 12.9 - -

For each SAP, amino acid variants and their frequencies expressed as percentage
are reported for all the categories in our dataset of traits “virulence” (low; moderate;
high) and host tropism (rainbow trout; other). A hyphen (-) indicates that a particular
SAP is neither associated with virulence nor with host tropism.
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tree topology with no apparent pattern. The tree shows for
each taxon the aa signatures associated with virulence (i.e.,
virulence haplotypes). Specific signatures were labeled with
a color code to ease data visualization (red: aa significantly
associated with the “H” phenotype; blue: aa significantly
associated with the “L” phenotype; white: aa with no significant
association). In general, SAPs-virulence appeared conserved
among viruses belonging to the same virulence class, but we
could observe several exceptions to this pattern. Subtype Ia
consisted almost entirely of highly virulent isolates, apart from
isolate VHSV/O.mykiss/I/TN/480/Oct96 (“M”; CPM = 14.5%)
for which it was not possible to identify aa signatures that might
explain its phenotype. Indeed, VHSV/O.mykiss/I/TN/480/Oct96
harbored Q and R residues at positions G212 and L298 which
were unique to this strain. However, such signatures were not
associated with any of the “H” or “L” groups, most likely due
to limitations of our dataset; therefore, this observation should
not be considered conclusive. Another exception is isolate DK-
3612 (Ic), harboring an E at position N46, with no significant
association with the “H” nor to the “L” categories. Similarly,
Trabzon 207111 (Ie) showed a milder virulence phenotype
in comparison to strains GE 1.2 and 2009-50-315-1 of the
same subtype, but no relevant differences in SAPs-virulence
were observed when compared to other “H” and “M” isolates
within the same subtype. Viruses classified as Id, I, and IVa,
encompassing only low virulent and one moderate strains,
showed mixed “L” and “H” signatures, and none of the identified
SAPs accounted for their diverse phenotypes. Similarly, strain
M.rhabdo, a low virulent isolate within the Ib subtype, showed
nine signatures significantly associated with the “H” phenotype,
while causing no mortality. Finally, genotype III comprised two
“L” and one “H” isolates. Differently from its close relatives,
this latter isolate harbored highly virulent signatures at positions
N393 and L149, which might determine its phenotype.

DISCUSSION

Several studies have attempted to link VHSV virulence to specific
molecular markers based on phenotype information and/or
genetic data (Betts and Stone, 2000; Campbell et al., 2009; Dale
et al., 2009; Einer-Jensen et al., 2014; Kim et al., 2014; Ito et al.,
2016, 2018; Baillon et al., 2017; Vakharia et al., 2019; Yusuff
et al., 2019). However, because most of these attempts have
been based on the visual inspection of a restricted number of
sequences, the mechanisms underlying virulence are still elusive
and lack statistical support. The scarce availability of whole
genome sequences data represents a major constraint to the
discovery of VHSV virulence markers. This limit is currently
being overcome by the advent of next generation sequencing
(NGS). Equally crucial to the identification of virulence markers
is the use of empirical research that implements in vitro/in vivo
models to identify genome regions modulating viral phenotype.
While the use of these two strategies alone might be insufficient
because of their inherent limitations, their combination appears
effective in pinpointing mutations and/or motifs involved in
virulence (Geoghegan and Holmes, 2018). In our study, we

adopted this approach and integrated the use of in vivo models
with whole genome sequencing to identify putative virulence
markers in VHSV coding regions. To the best of our knowledge,
this is the first study based on such an extensive dataset of
experimental records and sequence data that encompasses the
highest possible known variability in VHSV phenotypes and
genotypes. This, combined with a robust statistical methodology
to associate CPM scores with genetic polymorphisms, allowed the
identification of putative virulence markers within coding regions
at an unprecedented resolution.

One of the major challenges in this study was to classify the
VHSV isolates into virulence classes to assist the identification
of aa polymorphisms (SAPs) as putative virulence markers in
rainbow trout. While this classification was a requirement for
the approach herein used, it is not a straight-forward process
to decide how the different phenotype categories should be
determined. Here, a consortium of laboratories joined in a
common effort to generate and combine cumulative mortality
and sequence data. While the comparability of the genomes
produced at different facilities was assessed through an intra-
consortium proficiency test (Zamperin et al., 2019), in vivo
virulence data could not undergo the same validation process.
Some of the trials were conducted over a time span of several
years with different positive control viruses, thus it was not
possible to conduct a normalization of CPM among facilities.
On the other hand, the concerted action of different laboratories
allowed collecting mortality data for 55 VHSV isolates. The
size of this dataset and the statistical methodology adopted was
intended to mitigate, to a large extent, the effect of potential
bias in the study.

The “H” and “L” categories described herein encompassed
viruses that, according to our data, were homogeneous in terms
of phenotype (as assessed by CPM values) and protein sequences.
Less well defined was the establishment of the moderate virulence
class, which was arbitrarily formed by genetically heterogeneous
isolates that were not associated with either low or high virulence
classes. For this reason, results associated with this group might
change when subject to greater sampling. Indeed, as part of
the Novimark project, with another set of experiments focused
on determining the steps in the viral replication cycle involved
in virulence (López-Vázquez et al., unpublished), we observed
that the boundary between CPM and virulence classes was not
always as mathematically clean as indicated here. An example is
strain VHSV/O.mykiss/I/TN/480/Oct96, classified as “M” based
on the criteria of the present study (CPM 14.5%), but showing a
replication phenotype in vitro typical of “L” strains. A relevant
issue when defining the in vivo virulence phenotype is that
mortality can be influenced by many factors such as water
temperature, fish genetics and size, housing density, homogeneity
of viral stock, viral propagation and number of passages in
cell culture, as well as inherent variations from tank to tank
(Chevassus and Dorson, 1990; Lorenzen et al., 1999c; Skall
et al., 2004; Hawley and Garver, 2008; Polverino et al., 2016).
Consequently, a virulence phenotype described by CPM is subject
to fluctuations depending on the experimental setting specific
to each trial. Therefore, the cut off thresholds used for different
virulence classes (CPM 42% and 14%) should be taken as a
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FIGURE 3 | Manhattan plot of the association analysis conducted on VHSV SAPs and the trait “virulence.” The SAP position along the genome coding regions is
displayed on the x-axis, while the y-axis reports the negative logarithm of the association p-value. The red dashed line identifies the association test significance limit.

descriptor of our dataset, as CPM values from other in vivo trials
with the same isolates might differ from those reported in this
study. Consequently, the translation of these thresholds to fish
trials performed under different conditions must be cautious.

In our study, we identified an extensive list of polymorphic
sites (SAPs) interspersed throughout VHSV coding regions
that varied significantly with virulence as well as aa signatures
specifically associated with the high and low virulent phenotypes.
Clearly, their effect on the virulence to rainbow trout must be
validated under experimental conditions. The putative virulence
markers identified also include SAPs located in the N and P
protein coding regions, which have recently been suggested to
be major virulence determinants for VHSV in rainbow trout (Ito
et al., 2016, 2018; Vakharia et al., 2019). On the other hand, our
results are not fully in line with previous works that have ruled
out the role of the glycoprotein, the non-virion protein and of the
polymerase in determining VHSV virulence in rainbow trout. In
fact, Einer-Jensen et al. (2014) showed that the replacement of
the G and NV genes of the Infectious Hematopoietic Necrosis
Virus (IHNV) with their VHSV homologs, deriving either from
high (Ia) or low (Ib) virulent strains in rainbow trout, had
no significant impact on the survival rate of rainbow trout

fingerlings. This was in accordance with a more recent study
where the G and NV genes alone, or in the G-NV and G-NV-
L combinations, were interchanged between low (IVb) and high
virulent (Ia) VHSV clones, showing that the virulence phenotype
of chimeric viruses was not governed by the donor genotype of G,
NV, and L genes (Yusuff et al., 2019). However, these studies do
not completely rule out the presence of virulence determinants
in the G, NV and L genes, but indicate that, if present, they
may need to interact with additional determinants elsewhere
in the genome. This is consistent with previous studies where
VHSV clones whose NV gene had been knocked-out showed
reduced mortality in yellow perch and trout, indicating that this
gene is needed for in vivo pathogenicity (Biacchesi et al., 2010;
Ammayappan et al., 2011). In fact, it has been shown that a
change from Arginine (R) to Serine (S) at position 116 of the
NV protein is enough for attenuating VHSV virulence in rainbow
trout experimentally challenged by immersion (Baillon et al.,
2017). Interestingly, this amino acid change was identified also
in our analysis, where aa signatures R and S were significantly
associated with the high and low virulent phenotype, respectively.
Similarly, a recent study using a chimeric VHSV generated by
reverse genetics suggested that positions N46, N82, N83, and P39,
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FIGURE 4 | Phylogenetic reconstruction of the 55 isolates used in this study. (A) ML phylogenetic tree based on the nt-concatamer set. Isolates are color-coded
depending which virulence class they belong to, where red is high (“H”, CPM > 42%), orange is moderate (“M”, 14% < CPM ≤ 42%) and blue is low (“L”,
CPM ≤ 14%). Nodes with bootstrap support ≥ 70% are labeled with a dot. Branch lengths are scaled according to the number of nucleotide substitutions per site.
Vertical bars on the right indicate genotypes/subtypes subdivision. (B) Amino acid residues at SAPs-virulence (i.e., virulence haplotypes) are shown for each isolate,
indicating signatures associated either to the high (in red), or to the low virulence class (in blue) (p < 0.05). Amino acids with no significant association to any of the
virulence classes are showed in white.

also identified in our study, were putative markers of virulence
(Vakharia et al., 2019), highlighting once again the potential of
the analytical model herein presented for predicting virulence
determinants. Indeed, reverse genetics is the most appropriate
tool to verify the SAPs identified in this work. However, studies
carried out so far using this methodology are mostly based on
chimeric constructs where entire genes are replaced with their
homolog counterpart of another ancestry (Einer-Jensen et al.,
2014; Vakharia et al., 2019; Yusuff et al., 2019). By contrast, in vivo
testing of clones subject to site-directed mutagenesis is scarce.
Kim et al. (2014) tested the effect of specific amino acid signatures
on in vitro virulence at some of the positions identified within
this study, namely NV57, NV80, L149, and L298, but no change
in the ability of the recombinant virus to infect and replicate in
rainbow trout gill epithelial cells was found. Moreover, this study
found evidence that a single amino acid change in the polymerase
gene (I1012F) was enough to change virulence in vitro using
rainbow trout epithelial cells. It is not clear, however, how well
these results can be correlated to in vivo studies, as a thorough

evaluation of the usefulness of rainbow trout gill epithelial cells
as a proxy for virulence in fish is lacking. So far, the correlation
between VHSV virulence in vivo and in vitro has only been
assessed by Brudeseth et al. (2008) who demonstrated that a
high virulent isolate infected and caused cytotoxic effect in gill
epithelial cells faster than a low virulent, marine derived isolate.
Further studies using a wide range of VHSV isolates would
be necessary to clarify and understand the differences among
high and low virulence VHSV isolates in cell culture. The same
remark could be made on studies investigating the effect of VHSV
genes as virulence markers and challenging the trout by intra-
peritoneal injection (Vakharia et al., 2019; Yusuff et al., 2019). It
has been demonstrated that fins are the main portal of entry in
trout of IHNV, a closely related virus, and that a NV knockout
virus was blocked at this site, which explains in part its low
pathogenicity (Harmache et al., 2006). Thus, there is a risk by
injection of bypassing this natural infection barrier and excluding
some important virulence markers essential in the entry and early
spread of VHSV in its host.
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The phylogenetic reconstruction of viral coding regions,
coupled with in vivo phenotype information, clearly indicate that
VHSV virulence is largely determined by viral genetic make-
up. As all but one of the isolates included in genotype Ia are
highly virulent, we may assume that many of the signatures
associated to high virulence have originated on the branch
leading to this clade. Although this seems true for many of
the SAPs, particularly within the G-gene, for at least 12 of the
identified polymorphisms the virulent variant seems to be the
ancestral state in the phylogeny of VHSV, with the “H” variant
present in both high and low virulent isolates (Figure 4). Indeed,
only genotype Ib seems completely devoid of high virulence
variants, except for the isolate M.rhabdo. Very few parallelisms
in the way of clear-cut shared convergent mutations were found
among highly virulent isolates through the whole phylogeny
of VHSV. This may indicate that virulence in rainbow trout
was not achieved in the same way in different genotypes and
subtypes. Obviously, it is clear that our data proved insufficient
to entirely describe the genotype-phenotype associations of the
viruses in our dataset, as some of the phenotypes could not be
explained by the aa signatures observed at the SAPs-virulence
herein identified. In truth, some of the polymorphisms might
not necessarily be determinants of virulence, but rather the
result of a natural evolutionary process of VHSV. One obvious
example is VHSV/O.mykiss/I/TN/480/Oct96, the lone Ia isolate
with considerably reduced virulence in rainbow trout (Baillon
et al., 2017). The only virulence markers in this isolate different
from other Ia isolates were G212 (Q), and L298 (R). As both
signatures were unique to this isolate, no statistical association
with virulence was possible. Another strategy to investigate
the reduced virulence of this isolate would be to compare it
at sites other than SAPs-virulence, with relatives sharing the
same ancestry but with contrasting phenotypic differences. When
doing so, we found 15 additional aa differences with close
relatives from subtype Ia. Indeed, there is evidence that one
amino acid change from A to E in position 241 of the N
protein may be involved in the reduction of virulence for this
isolate. Similarly, genotype III isolate NO-2007-50-385 from
rainbow trout (“H”) differs in only two of the SAPs-virulence
from its lower virulence sister isolate DK-4p101 (N393 and
L149). It is surprising to notice that only two SAPs may be
responsible for such dramatic changes in virulence (0 to 69%
CPM), indicating that we should be looking for genotype and
subtype specific virulence determinants, as suggested previously
(Campbell et al., 2009; Ito et al., 2016, 2018). Indeed, changes
in N-T118A, N-D121N, and N-N123S were claimed to be
responsible for shift of virulence to rainbow trout in genotype
III (Ito et al., 2016), but they were not identified herein as
virulence SAPs, possibly due to the few isolates of this genotype
included in our dataset.

In our study, we also attempted to understand whether
VHSV virulence might be related to adaptive mechanisms
of the virus to the host, and in particular to rainbow
trout. Initially, as many as 21 polymorphisms appeared
to be related to both the variables “virulence” and “host
tropism.” However, when the strength of the association
was assessed including both variables in the multinomial

regression models, only SAPs N46, N401, and L149 appeared
significantly associated with both traits. This evidence leads
us to speculate that these markers might be host tropism
determinants and might act as virulence markers in a host-
dependent manner. In this view, the study of these SAPs
and their implication in virulence in terms of viral-host
interactome appears particularly interesting. Differently, the
remaining 35 SAPs resulted solely associated with virulence.
Although such observation seems to be contradictory, it can
be explained with the moderate co-dependence of the variables
“virulence” and “host tropism,” with the former having the
highest predictive strength.

One of the limitations of our work is that we were not able
to provide any information on co-occurring mutations. This is
relevant in light of the recent study by Vakharia et al. (2019)
that hypothesizes a concerted action of the N and P proteins
in VHSV virulence. In future studies, the frequencies observed
for the aa signatures for SAPs-virulence could be one possible
criterion to detect SAPs that are subject to genetic linkage. Indeed,
SAPs showing the same frequency scores are more likely to be co-
occurring, either when they are located within the same gene in
order to produce a more stable and functional protein, in genes
that encode for proteins that interact with each other (e.g., N and
P), or in proteins that interact with specific RNA motifs (e.g., the
RNP complex and the genome RNA). Another consideration that
must be addressed is that virulence markers were investigated in
the current study only in coding regions. Notably, it has been
shown that a single substitution in the 3′-terminus of VHSV
directly affects growth kinetics in vitro (Kim et al., 2015), but
the role of the different intergenic regions, especially in in vivo
studies, has gone completely unexplored in the literature so far.

To date, the molecular basis for VHSV virulence in rainbow
trout is still largely undetermined because of the scarce
availability of sequence and in vivo data. Within this study, we
have generated the largest dataset of in vivo virulence records
and complete VHSV genomes and correlated phenotype and
genetic data applying statistical methods. This experimental
strategy allowed us to identify 38 putative virulence markers
for VHSV virulence in rainbow trout and to provide for the
first time a wide and representative list of candidate virulence
markers for their subsequent confirmation. With the availability
of laboratories facilities for reverse genetics, the data presented
here offer a challenging opportunity to explore VHSV virulence
and verify the role of specific signatures in viral ecology,
including replication, infectivity, pathogenicity, transmissibility
and tropism. A selection of the most promising markers
herein identified were investigated through the generation of
recombinant viruses, and their implications in in vivo virulence
using rainbow trout as a model are presented in a linked
manuscript (Baillon et al., submitted).
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Supplementary Figure 1. Manhattan plot of the association analysis conducted on high virulent 
isolates SAPs and the trait “virulence”. The SAP position along the genome coding regions is 
displayed on the x-axis, while the y-axis reports the negative logarithm of the association p-value. The 
red dashed line identifies the association test significance limit. As shown, no SAP was significant 
associated with virulence in this dataset.  
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Supplementary Figure 2. Manhattan plot of the association analysis conducted on low virulent 
isolates SAPs and the trait “virulence”. The SAP position along the genome coding regions is 
displayed on the x-axis, while the y-axis reports the negative logarithm of the association p-value. The 
red dashed line identifies the association test significance limit. As shown, no SAP was significant 
associated with virulence in this dataset.  
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Supplementary Figure 3. Manhattan plot of the association analysis conducted VHSV SAPs and 
the trait “Host” referring to rainbow trout or other. The SAP position along the genome coding 
regions is displayed on the x-axis, while the y-axis reports the negative logarithm of the association p-
value. The red dashed line identifies the association test significance limit.  
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Supplementary Table 1. VHSV isolates subject to whole genome sequencing. For each strain, the 
SRA (Sequence Read Archive; www.ncbi.nlm.nih.gov/Traces/sra/), GenBank 
(https://www.ncbi.nlm.nih.gov/genbank/), and fish pathogens accession numbers 
(http://www.fishpathogens.eu/) are reported. 

Isolate SRA GenBank FishPathogens 
F1 SRR11235464 MT162452 FP.VHSV.35 
He-70 SRR11235465 MT162451 FP.VHSV.10 
FR07/71 SRR11235457 MT162443 FP.VHSV.248 
23/75 SRR9108123 MN038343 FP.VHSV.306 
FR02/84 SRR9108124 MN038333 FP.VHSV.247 
1458 SRR11235472 MT162445 FP.VHSV.252 
3771P SRR11235471 MT162446 FP.VHSV.2180 
N11298 SRR11235470 KY793102 FP.VHSV.496 
MM73 SRR11235469 MT162447 FP.VHSV.2181 
1236-01 SRR11235468 MT162448 FP.VHSV.2182 
DK-6137 SRR9108120 MN038338 FP.VHSV.225 
DK-3345 SRR8908924 MK829395 FP.VHSV.12 
DK-3592B SRR11235467 MT162449 FP.VHSV.13 
DK-6435 SRR11235456 MT162444 FP.VHSV.276 
DK-7054 SRR8908926 MK829411 FP.VHSV.277 
DK-7300 SRR8908919 MK829412 FP.VHSV.29 
DK-9895174 SRR8908922 MK829413 FP.VHSV.269 
DK-203490 SRR11235466 MT162450 FP.VHSV.677 
VHSV/O.mykiss/I/TN/480/Oct96 SRR8943877 MK829677 FP.VHSV.2183 
VHSV/O.mykiss/I/PN/234/Mar99 SRR8943893 MK829675 FP.VHSV.2184 
VHSV/O.mykiss/I/BZ/301/Jun00 SRR8943899 MK829678 FP.VHSV.2185 
VHSV/O.mykiss/I/TV/3/Dec02 SRR8943898 MK829679 FP.VHSV.2186 
VHSV/O.mykiss/I/TV/299/Aug04 SRR8943896 MK829681 FP.VHSV.2187 
VHSV/O.mykiss/I/TN/475/Nov04 SRR8943897 MK829680 FP.VHSV.2188 
VHSV/S.trutta/I/TN/470/Nov09 SRR8943894 MK829676 FP.VHSV.2189 
VHSV/O.mykiss/I/TN/80/Mar10 SRR8943895 MK829682 FP.VHSV.2190 
VHSV/O.mykiss/I/TN/28/Feb11 SRR8943881 MK829683 FP.VHSV.2191 
VHSV/O.mykiss/I/TN/62/Feb15 SRR8943891 MK829684 FP.VHSV.2192 
VHSV/O.mykiss/I/TN/68/Feb15 SRR8943892 MK829685 FP.VHSV.2193 
VHSV/O.mykiss/I/TN/84/Feb15 SRR8943889 MK829686 FP.VHSV.2194 
DK-1p8 SRR9108116 MN038341 FP.VHSV.52 
M.rhabdo SRR11235459 MT162441 FP.VHSV.36 
DK-5p276 SRR11235458 MT162442 FP.VHSV.81 
DK-5p405 SRR8908909 MK829405 FP.VHSV.83 
DK-5p26 SRR8908914 MK829403 FP.VHSV.72 
DK-5e454 SRR8908916 MK829399 FP.VHSV.84 

http://www.ncbi.nlm.nih.gov/Traces/sra/
https://www.ncbi.nlm.nih.gov/genbank/
http://www.fishpathogens.eu/
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DK-5p393 SRR8908912 MK829404 FP.VHSV.82 
DK-5p508 SRR8908917 MK829407 FP.VHSV.91 
DK-5p795 SRR8908923 MK829409 FP.VHSV.135 
DK-5p263 SRR8908911 MK829402 FP.VHSV.80 
DK-5p11 SRR8908913 MK829401 FP.VHSV.68 
DK-5p457 SRR8908910 MK829406 FP.VHSV.90 
DK-5p785 SRR8908918 MK829408 FP.VHSV.133 
SE-SVA-1033-9C SRR8908921 MK829415 FP.VHSV.1117 
DK-2149 SRR11235461 MT162439 FP.VHSV.791 
DK-3612 SRR11235460 MT162440 FP.VHSV.802 
NO-A163-68-EG46 SRR9108126 MN038331 FP.VHSV.249 
FiP02b.00 SRR9108133 MN038325 FP.VHSV.232 
GE 1.2 SRR11235462 MT162438 FP.VHSV.234 
Trabzon 207111 SRR9108134 MN038326 FP.VHSV.2195 
2009-50-315-1 SRR11235463 MT162437 FP.VHSV.2196 
FR-L59x SRR9108124 MN038333 FP.VHSV.275 
DK-4p101 SRR11235474 MT162435 FP.VHSV.66 
NO-2007-50-385 SRR11235473 MT162436 FP.VHSV.250 
JF00Ehi1 SRR9108132 MN038328 FP.VHSV.226 
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Supplementary Table 2. Single amino acid polymorphisms (SAPs) associated to mortality 
variations. For each SAP, the p-value and the genome location are reported. 

SAP p-value Gene 

N46 1,70e-07 N 
N82 1,01e-07 N 
N83 1,50e-09 N 
N86 2,69e-05 N 
N168 6,30e-08 N 
N371 1,86e-08 N 
N392 3,80e-10 N 
N393 3,19e-05 N 
N401 2,29e-06 N 
P23 1,27e-07 P 
P39 4,35e-07 P 
P41 1,86e-08 P 
P78 1,25e-06 P 

M182 1,29e-08 M 
M201 1,32e-11 M 
G51 1,33e-11 G 
G136 3,89e-09 G 
G212 4,28e-07 G 
G258 6,43e-06 G 
G277 2,19e-11 G 
G283 5,85e-08 G 
G290 1,30e-08 G 
G328 1,22e-05 G 
G388 3,32e-07 G 
NV45 1,03e-10 NV 
NV57 3,91e-07 NV 
NV67 1,91e-11 NV 
NV80 2,50e-08 NV 
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SAP p-value Gene 

NV104 1,29e-10 NV 
NV113 9,89e-09 NV 
NV116 2,48e-11 NV 
L149 9,46e-11 L 
L232 6,26e-13 L 
L298 4,37e-06 L 
L365 6,30e-08 L 
L411 6,30e-08 L 
L511 1,81e-12 L 
L1313 3,90e-11 L 
L1360 1,77e-05 L 
L1563 1,86e-08 L 
L1732 1,66e-11 L 
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Supplementary Table 3. Multi-trait association analysis. The test was carried out on SAPs that 
appeared associated to both “virulence” and “host tropism” traits. The significance of the association 
of each trait, conditionally to each other, was assessed by likelihood ratio test (p < 0.05). 
 

SAP Logistic 
regression Method Likelihood ratio test 

Host tropism Virulence 
N46 multinomial PML* Χ2 = 10.2, df = 3, p = 1.7 × 10-2 Χ2 = 15.4, df = 6, p = 1.8 × 10-2 
N82 binomial PML* Χ2 = -0.035, df = 1, p = 1 Χ2 = 16.9, df = 2, p = 2.1 × 10-4 
N83 multinomial PML* Χ2 = 4.83, df = 2, p = 8.9 × 10-2 Χ2 = 18.4, df = 4, p = 1.0 × 10-3 
N168 binomial PML* Χ2 = 1.71, df = 1, p = 0.19 Χ2 = 12.3, df = 2, p = 2.1 × 10-3 
N371 binomial PML* Χ2 = 2.44, df = 1, p = 0.12 Χ2 = 13.8, df = 2, p = 9.9 × 10-4 
N392 binomial ML** Χ2 = 3.47, df = 1, p = 6.2 × 10-2 Χ2 = 21.1, df = 2, p = 2.6 × 10-5 
N401 binomial ML** Χ2 = 4.42, df = 1, p = 3.5 × 10-2 Χ2 = 7.59, df = 2, p = 2.2 × 10-2 
P39 multinomial PML* Χ2 = 6.05, df = 4, p = 0.19 Χ2 = 16.9, df = 8, p = 3.0 × 10-2 
P41 binomial PML* Χ2 = 2.44, df = 1, p = 0.12 Χ2 = 13.8, df = 2, p = 9.9 × 10-4 
P78 binomial ML** Χ2 = 1.62, df = 1, p = 0.20 Χ2 = 11.5, df = 2, p = 3.1 × 10-3 

M201 multinomial PML* Χ2 = 3.96, df = 2, p = 0.14 Χ2 = 27.8, df = 4, p = 1.4 × 10-5 
G136 binomial PML* Χ2 = 2.15, df = 1, p = 0.14 Χ2 = 22.3, df = 2, p = 1.4 × 10-5 
G388 multinomial PML* Χ2 = 2.71, df = 2, p = 0.26 Χ2 = 12.6, df = 4, p = 1.3 × 10-2 
NV57 multinomial PML* Χ2 = 2.71, df = 2, p = 0.26 Χ2 = 12.5, df = 4, p = 1.4 × 10-2 
NV67 binomial PML* Χ2 = 0.33, df = 1, p = 0.56 Χ2 = 25.6, df = 4, p = 2.7 × 10-6 
NV80 multinomial PML* Χ2 = 2.73, df = 2, p = 0.26 Χ2 = 25.6, df = 4, p = 2.7 × 10-6 
L149 binomial PML* Χ2 = 4.57, df = 1, p = 3.3 × 10-2 Χ2 = 20.9, df = 2, p = 2.8 × 10-5 
L365 binomial PML* Χ2 = 1.71, df = 1, p = 0.19 Χ2 = 12.3, df = 2, p = 2.1 × 10-3 
L411 binomial PML* Χ2 = 1.71, df = 1, p = 0.19 Χ2 = 12.3, df = 2, p = 2.1 × 10-3 
L511 binomial PML* Χ2 = 0.33, df = 1, p = 0.56 Χ2 = 29.2, df = 2, p = 4.4 × 10-7 
L1563 binomial PML* Χ2 = 2.44, df = 1, p = 0.12 Χ2 = 13.8, df = 2, p = 9.9 × 10-4 

* Penalized Maximum Likelihood  
** Maximum Likelihood 
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Supplementary Table 4. Amino acid signatures associated to different phenotypes (high and low 
virulent). For each “SAP-virulence”, all the significant polymorphisms observed and the respective p-
value (< 0.05) are reported. 
 

  Virulence 
SAP 

virulence Variants Low High 

N46 
G 2.75e-04  
K  7.94e-03 
R  2.31e-08 

N82 
E  1.4e-08 
G 8.55e-07  

N83 
M 4.99e-08  
T  5.92e-09 

N168 
H  5.1e-08 
Y 1.92e-07  

N371 
K  7.55e-09 
R 4.99e-08  

N392 
E 2.55e-05  
G  9.34e-12 

N393 E  3.65e-08 

N401 
E  3.76e-08 
G 8.6e-05  

P23 
K 2.26e-03  
R  3.38e-10 

P39 
P 4.99e-08  
T  1.29e-08 

P41 
E 4.99e-08  
G  7.55e-09 

P78 
F  4.62e-09 
L 2.97e-05  

M182 
I  1.27e-04 

M  1.55e-03 
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  Virulence 
SAP 

virulence Variants Low High 

T 2.91e-06  

M201 
R 1.78e-05  
W  3.76e-11 

G51 
D  2.05e-13 
E 1.86e-04  

G136 
D  2.73e-12 
N 1.24e-03  

G212 
E  7.94e-03 
K  5.82e-09 
T 2.26e-03  

G277 
A 3.55e-04  
T  2.05e-13 

G283 
K 3.3e-03  
N  4.61e-10 

G290 
I 7.43e-03  
V  3.55e-11 

G328 V  7.16e-08 

G388 
D  2.62e-07 
N 1.92e-07  

NV45 
M 2.55e-03  
V  2.05e-13 

NV57 
D  3.58e-07 
N 1.92e-07  

NV67 
H  1.1e-11 
Y 5.93e-05  

NV80 
G  2.97e-05 
K 4.99e-08  
R  8.41e-04 

NV104 
I 7.74e-04  
V  7.5e-13 

NV113 
I 1.94e-03  
L  2.87e-12 



 3 

  Virulence 
SAP 

virulence Variants Low High 

NV116 R  2.05e-13 
S 8.41e-04  

L149 
E  4.3e-11 
G 3.36e-06  

L232 
I  3.22e-12 
V 9.55e-06  

L298 
E 1.71e-03  
K  3.76e-11 

L365 
I  5.1e-08 
V 1.92e-07  

L411 
F  5.1e-08 
Y 1.92e-07  

L511 
K 7.67e-05  
R  2.05e-13 

L1313 
M  4.61e-10 
T 9.55e-06  
V  7.94e-03 

L1563 
I 4.99e-08  
L  7.55e-09 

L1732 
A  2.05e-13 
T 5.93e-05  
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1. Abstract  1 

Viral haemorrhagic septicaemia (VHS) is an important listed disease in European rainbow trout 2 

(Oncorhynchus mykiss) aquaculture. The disease is caused by the viral haemorrhagic septicaemia 3 

virus (VHSV), which can be present in a wide range of fish species, including marine fish, which can 4 

act as reservoir. VHSV can cause from no to high mortality in fish and isolates obtained from marine 5 

fish species cause little to no mortality in rainbow trout. Similarly, VHSV isolates high pathogenic to 6 

rainbow trout cause little to no mortality in marine species. Recent studies based on whole genome 7 

sequencing of VHSV have revealed putative genetic virulence markers of VHSV to rainbow trout 8 

highlighting the roles of the nucleoprotein, phosphoprotein and non virion protein. Based on recent 9 

findings and previous studies, the entire viral nucleoprotein and specific amino acid motifs in this 10 

protein were investigated. In this study, we generated a cDNA backbone, rVHSV-SE9C, of the low 11 

virulent isolate VHSV SE SVA 1033 9C (Genotype Ib). Through reverse genetics, we produced 12 

recombinant viruses by introducing parts of or the entire nucleoprotein from the high virulent VHSV 13 

DK-3592B isolate into the low virulent backbone. Furthermore, we also made recombinant viruses 14 

from the low virulent backbone by introducing specific modifications in the nucleoprotein (residues 46, 15 

82, 83 and 168) that seem to play a role in virulence. Rainbow trout challenged with the different 16 

constructs of recombinant viruses (rVHSVs) by intraperitoneal injection (IP) developed clinical signs 17 

and showed increase in virulence when compared to the parental recombinant virus whereas rainbow 18 

trout challenged by immersion did not show clinical signs except for the positive control. Lowest 19 

survival rates in the IP challenged fish were 50% in both rVHSV G46K and rVHSV-SE9C-3592F1 20 

viruses compared to the parental rVHSV-SE9C which had 96% survival. Viral growth in cell culture 21 

showed a similar pattern for all viruses. The recombinant viruses as well as the parental wild type 22 

were unable to replicate and show cytopathic effect in EPC cells whereas the high virulent positive 23 

control VHSV DK-3592B is well adapted and showed high titres in all the three cell lines tested. We 24 

showed evidence that corroborates with the hypothesis that the nucleoprotein has virulence motifs 25 

associated to VHSV virulence in rainbow trout. 26 

 27 

2. Introduction 28 

Viral haemorrhagic septicaemia (VHS) is a serious and economically important disease 29 

primarily in farmed rainbow trout (Oncorhynchus mykiss). It is caused by viral haemorrhagic 30 

septicaemia virus (VHSV), a member of the family Rhabdoviridae, with a negative-sense RNA 31 

genome and approximately 11000bp consisting of 6 genes encoding the viral proteins, nucleoprotein 32 

(N), phosphoprotein (P), matrix (M), glycoprotein (G), non-virion (NV) and the polymerase (L) 33 

(Schütze et al. 1999). Infected rainbow trout develop unspecific clinical signs in the early stage of the 34 

disease but it usually leads to a fast onset of mortality with the most common clinical signs being 35 

lethargy, exophthalmia, darkening of the skin, anaemia and haemorrhages at the base of the fins, gills 36 

and internally. VHSV has been isolated from more than 100 different fish species so far (OIE 2019), 37 
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with host species showing very different susceptibility to VHSV strains. In the case of rainbow trout, 38 

susceptibility to the disease varies according to several factors, such as age, size and even genetic 39 

variation (Henryon et al. 2002). Subclinical infected rainbow trout as well as wild species of fish 40 

carrying the virus can act as reservoirs of VHSV to farmed fish (Skall et al. 2005). 41 

VHSV has been classified into four major genotypes (I-IV) according to phylogenetic 42 

analysis based on the N and the G gene (Benmansour et al. 1997, Snow et al. 1999, Einer-Jensen et 43 

al. 2004). Genotypes I and IV are further divided in subtypes which correlate to the geographical 44 

regions where they were first isolated (Snow et al. 1999, Einer-Jensen et al. 2004). Isolates belonging 45 

to genotype I are classified into subtypes (Ia-Ie) and comprise isolates obtained from freshwater 46 

species from continental Europe, isolates from the Black Sea area and a group of marine isolates 47 

from the Baltic Sea, Kattegat, Skagerrak, North Sea and the English channel. Some of the isolates 48 

recovered from the Baltic Sea belong to the genotype II, whereas most isolates originating from the 49 

North Atlantic Sea and around the British Isles are classified into genotype III. North American, 50 

Japanese and Korean VHSV isolates belong to genotype IV (OIE 2019). Thus, genotypes Ib, II and III 51 

comprise almost only VHSV isolated from marine fish species and are considered low or non-virulent 52 

to rainbow trout. On the other hand, isolates belonging to genotype Ia have shown high virulence to 53 

rainbow trout in experimental challenges with very few exceptions (Skall et al. 2004, Panzarin et al. 54 

2020), whereas showing little or no virulence to marine fish species under experimental conditions 55 

(Skall et al. 2004). Analyses using the inferred substitution rate of VHSV have suggested  that VHSV 56 

originated from the marine environment and has adapted to rainbow trout in freshwater farming 57 

(Einer-Jensen et al. 2004).  58 

These results suggested that there is a genetic component of virulence to rainbow trout 59 

and therefore, several studies have attempted to discover putative genetic virulence markers but still 60 

without definite conclusions (Einer-Jensen et al. 2014, Kim et al. 2014, Ito et al. 2016, Vakharia et al. 61 

2019). Some studies have attempted to identify virulence markers and regions of interest for virulence 62 

to rainbow trout in the VHSV genome by DNA sequencing several isolates partial or complete genes 63 

and comparing this information between high and low virulence isolates. Initially, VHSV virulence was 64 

believed to be linked to the G protein due to its function related to the attachment of the virus to the 65 

cell receptors and its genetic variability, as it is the case for rabies virus (RABV), another rhabdovirus 66 

(Dietzschold et al. 1983). Virulence markers in the N protein were previously suggested by Ito et al. 67 

(2016, 2018) and Campbell et al. (2009), and in a more recent study both gain and loss of virulence of 68 

VHSV was observed in infected rainbow trout by swapping of the N and P genes in both a high and 69 

low virulent backbone, indicating that both proteins are involved in the virulence to rainbow trout 70 

(Vakharia et al. 2019). Recent study by our group (Panzarin et al. 2020) have correlated by statistical 71 

association the in vivo virulence to rainbow trout information with data from whole genome 72 

sequencing of a large panel of varied VHSV isolates. This study found 38 putative amino acid 73 

polymorphisms that could be involved in virulence to rainbow trout and supported the hypothesis that 74 
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VHSV evolution goes toward high virulence in genotype Ia confirming that VHSV virulence to rainbow 75 

trout has a genetic component. 76 

Typically, reverse genetic systems in all VHSV virulence studies were based on a high 77 

virulent VHSV isolate (primarily genotype Ia for virulence assessment in rainbow trout) that was then 78 

modified to address regions of interest and evaluated in vivo and/or in vitro with the hypothesis that 79 

the introduced alterations may lead to a decrease in virulence or differences in in vitro aspects when 80 

compared to the wild type high virulent isolate. These systems have been used to produce alterations 81 

in the VHSV genome targeting all the proteins of VHSV showing that specific alterations can impact 82 

virulence in vivo to rainbow trout as well as affect the virus growth in cell culture (Biacchesi et al. 83 

2010, Einer-Jensen et al. 2014, Kim et al. 2014, Vakharia et al. 2019, Yusuff et al. 2019, Baillon et al. 84 

submitted). Baillon et al. (submitted) have generated 35 recombinant VHSVs addressing several of 85 

the putative virulence markers identified by (Panzarin et al. 2020) highlighting three main positions in 86 

the N and NV proteins corroborating to the results found in the recent study by Vakharia et al. (2019) 87 

and featuring the role of the NV protein in virulence to rainbow trout.  88 

 Currently, to the best of our knowledge, the only published studies based on a low 89 

virulent VHSV isolate are the recent studies by Vakharia et al. (2019) and Yusuff et al. (2019) which 90 

utilize both VHSV isolates DK-3592B  (genotype Ia) and MI03 (genotype IVb) as high virulent and low 91 

virulent to rainbow trout, respectively. The isolate DK-3592B was isolated from rainbow trout and MI03 92 

from muskellunge (Esox masquinongy) and both are quite distinct phylogenetically. Based on earlier 93 

collaboration of Ito et al. (2018) with our group and following the results obtained by (Panzarin et al. 94 

2020) in collaboration, we developed a reverse genetics system using a low virulent VHSV isolate as 95 

backbone and evaluated if the virulence of VHSV to rainbow trout is associated to the N protein by 96 

exchanging only the N protein of VHSV SE SVA 1033 9C (genotype Ib, low virulence) with the N 97 

protein of VHSV DK-3592B or also including the regulatory leader and part of intergenic sequences. 98 

We believe this approach was favored by the fact that both VHSV SE SVA 1033 9C and DK-3592B 99 

are isolated from the same host and are genetically closer (genotypes Ia and Ib), reducing the genetic 100 

variation that can be created by host adaptation signatures. Another approach we did was to 101 

introduce changes in specific amino acids in the N protein of the VHSV SE SVA 1033 9C isolate to 102 

determine if these residues are implicated in the virulence of VHSV to rainbow trout. 103 

 104 

3. Material and Methods 105 

Virus and cells 106 

The low virulent clone VHSV SE SVA 1033 9C (Ito et al. 2018) derived from a 107 

genotype Ib VHSV isolated from rainbow trout was selected and propagated in BF-2 (caudal trunk of 108 

bluegill fry) cells. This biological cloned isolate was derived from the original VHSV SE SVA 1033 109 

isolate from an outbreak in a marine rainbow trout farm at the Swedish west coast (Nordblom B) which 110 



80 

 

is one of the very few genotype Ib VHSV isolated from rainbow trout. The high virulent genotype Ia 111 

isolate VHSV DK-3592B from rainbow trout was obtained from an outbreak in a fish farm in Denmark 112 

in 1986 (Lorenzen et al. 1993) and was also propagated in BF-2 cells. This VHSV isolate is often used 113 

as a reference positive control for in vivo challenge studies in rainbow trout (Ito et al. 2004, Raja-Halli 114 

et al. 2006, Brudeseth et al. 2008, Vakharia et al. 2019, Yusuff et al. 2019).  115 

All VHSVs (including the rescued viruses) were titrated in BF-2, RTG-2 (Rainbow Trout 116 

gonad tissue) and EPC (Epithelioma papulosum cyprinid) cell lines respectively (Wolf & Quimby 1962, 117 

Wolf et al. 1966, Fijan et al. 1983, Winton et al. 2010). Cells were maintained in minimum essential 118 

medium (MEM) supplemented with 10% foetal bovine serum and PenStrep (Gibco). Cultivation of all 119 

VHSV isolates were conducted at 15ºC (±0.5˚C) for 7 days. Viral titres were determined by  end-point 120 

dilutions according to the method of Kärber (1931). Recombinant vaccinia virus expressing the T7 121 

vaccinia polymerase, vTF7-3 was kindly provided by Professor Graham J. Belsham (University of 122 

Copenhagen, Denmark) and propagated and titrated in BHK21 (Baby hamster kidney tissue) cells 123 

(Stoker & MacPherson 1961, Fuerst et al. 1986).  124 

Construction of full-length cDNA backbone based on VHSV isolate SE SVA 1033 9C  125 

A reverse genetics system based on the system created by Biacchesi, Bearzotti, 126 

Bouguyon, & Brémont (2002) was designed and built in the Technical University of Denmark GMO1 127 

laboratory facilities (Kgs Lyngby, Denmark). A backbone encoding all the viral proteins from the 128 

genome of VHSV SE SVA 1033 9C isolate, situated between the T7 promoter and Hepatitis Delta 129 

Ribozyme (HDRZ) followed by T7 terminator in a modified pBluescript SK- vector (Stratagene) was 130 

designed using CLC Main Workbench 7.5 (Qiagen) (Figure 1). Total RNA was purified from the VHSV 131 

SE SVA 1033 9C isolate with RNeasy mini kit (Qiagen) according to the manufacturer’s instructions. 132 

Reverse transcription was done using the reverse primer for each fragment and Superscript IV 133 

Reverse Transcriptase (ThermoFisher Scientific) according to the manufacturer’s instructions. All 134 

primers used are described in table 1. Six fragments of the genome containing unique restriction sites 135 

were amplified with primers designed for the SE SVA 1033 9C isolate using Accuprime Pfx DNA 136 

polymerase (ThermoFisher Scientific) with the product from the reverse transcription. The PCR 137 

conditions were as follows: 2 min at 95ºC and 35 cycles of 15s at 95ºC, 30s at 55ºC and 1min 30s at 138 

68ºC. The obtained PCR products were gel purified and cloned into pJET 1.2 using CloneJET PCR 139 

Cloning Kit (ThermoFisher Scientific). The pJETs containing each of the six fragments were used to 140 

assemble the full-length backbone (Figure 1) by digestion and ligation into a modified pBluescript SK- 141 

(Agilent) generating pT7-VHSV-SESVA1033-9C. Modifications in pBluescript were a PsiI site deletion 142 

and the insertion of multiple cloning site (MCS) with the unique restriction sites present in the genome. 143 

The restriction sites HpaI and NheI were also unique to the construct and were added in the 144 

extremities to facilitate exchange of the first and sixth fragments (Figure 1). Modifications and 145 

assembly of the full-length backbone were done by Bioneer Corporation (Korea). T7terminator 146 

sequence, HDVRZ and remaining nucleotides of VHSV in the sixth fragment were fused into the sixth 147 

fragment amplified PCR product using the M6t7terNheI megaprimer (Table 1) and Phusion™ High-148 
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Fidelity DNA Polymerase (ThermoFisher Scientific). Helper plasmids containing the N, P and L genes 149 

of VHSV isolate FR-23-75 (pT7-N, pT7-P and pT7-L) for the reverse genetics system were kindly 150 

provided by Dr. Michel Brémont (INRAE, UVSQ, Jouy-en-Josas, France) and were described in 151 

Biacchesi et al. (2010). 152 

 153 

Figure 1. A: Linear schematic view of VHSV genome with unique restriction sites (PsiI, BstZ17I, 154 

MfeI, NdeI, AflII), T7 promoter, Hepatitis Delta Virus Ribozyme (HDVRZ) and T7 terminator. B: 155 

Circular schematic view of the pT7-VHSV-SESVA1033-9C backbone containing the full genome 156 

of the VHSV isolate SE SVA 1033 9C, in between T7 promoter and HDVRZ followed by T7 157 

terminator. C: Schematic view of all six pJET plasmids containing the VHSV fragments used 158 

for assembly of the full-length cDNA backbone and gene exchange. Point mutations in the N 159 

gene were introduced in the pJET 1.2 F1 containing the N protein coding sequence.  160 

Selection of putative markers 161 

We selected three residues in the VHSV N protein to be changed by site-directed 162 

mutagenesis: G46K, Y168H and G82E/M83T. This selection was based on alignments of datasets 163 

generated and described in (Panzarin et al. 2020) and by earlier work conducted in our group in 164 

collaboration with Ito et al. (2012, 2018).  165 

Construction of full-length backbone with exchanged N genes and point mutations 166 

In order to generate the chimeric viruses, RNA was purified from the genotype Ia DK-167 

3592B (high virulent in rainbow trout). Reverse transcription was done using reverse primer 1R (Table 168 

1) and Superscript IV Reverse Transcriptase (ThermoFisher Scientific) according to the 169 

manufacturer’s instructions. For the exchange of leader sequence plus the N gene (Fragment 1) 170 
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between Ib and Ia isolate, the correspondent fragment in the VHSV DK-3592B isolate was amplified 171 

using Accuprime Pfx DNA polymerase (ThermoFisher Scientific) and specific primers 1F and 1R 172 

(Table 1)  according to the manufacturer’s instructions. The amplified product was cloned into a pJET 173 

1.2 vector (ThermoFisher Scientific) generating pJET-3592F1. This plasmid was digested by HpaI and 174 

PsiI restriction enzymes and ligated into the HpaI and PsiI-digested backbone generating pT7-VHSV-175 

SE9C-3592F1. For the exchange of only the N gene from the high virulent isolate to the low virulent 176 

isolate backbone, site-directed mutagenesis was performed on pJET-F1 using specific primers 177 

described in Table 2 and Quikchange® II Site-Directed Mutagenesis (Agilent) to insert an NruI site at 178 

the 3’ end of the gene and a PmlI at the 5’ end generating pJET-F1SDM. Primers for site-directed 179 

mutagenesis were designed according to QuikChange® Primer Design 180 

(https://www.agilent.com/store/primerDesignProgram.jsp) (Agilent). The N gene of VHSV DK-3592B 181 

isolate was amplified using specific primers 3592 Nru-F and 3592 Pml-R (Table 2) and cloned into a 182 

pJET 1.2 generating pJET-3592N. After digestion of pJET-3592N with NruI and PmlI, the N gene was 183 

inserted in pJET-F1SDM resulting in pJET-F1SDM-3592 N. Again, pJET-F1SDM-3592 N was 184 

digested with HpaI and PsiI and ligated into the HpaI and PsiI-digested backbone generating pT7-185 

VHSV-SE9C-3592N (Figure 2).  186 

 187 

Figure 2. Schematic representation of the construction of the plasmids containing the 188 

exchanged fragments of the N gene of VHSV DK-3592B ligated into the VHSV SE SVA 1033 9C 189 

genome. A: Construction of the plasmid containing the leader sequence, N gene and part of 190 
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intergenic N-P of VHSV DK-3592B into the VHSV SE SVA 1033 9C genome. B: Construction of 191 

the plasmid containing only the N of VHSV DK-3592B into the VHSV SE SVA 1033 9C 192 

backbone. 193 

In order to generate the plasmids containing the selected point mutations, the pJET 194 

1.2-F1 containing the N gene that was used for the assembly of the backbone was subjected to site-195 

directed mutagenesis using specific primers shown in Table 2. The mutated fragments were digested, 196 

gel purified and substituted into the full-length backbone pT7-VHSV-SESVA1033-9C. The mutated 197 

regions were confirmed by DNA sequencing (Eurofins Genomics). 198 

Transfection and recovery of recombinant viruses 199 

BF-2 cell monolayers in 24-well plates (8 x 105 cells/well) were infected with 200 

recombinant vaccinia virus (vTF7-3) for 1h at 37ºC. The cells were washed once with OptiMEM 201 

(Gibco) and added GMEM with 2% fetal bovine serum. The cells were transfected with a mix of pT7-N 202 

(250ng), pT7-P (200ng), pT7-L (200ng) and pT7-VHSV-SESVA1033-9C (1µg) with Lipofectamine 203 

3000 (ThermoFisher Scientific) according to the manufacturer’s instructions. A pEGFP-C1 plasmid 204 

(Clontech) kindly provided by Dr. Dagoberto Sepulveda (DTU Aqua, Kgs Lyngby, Denmark) and a 205 

pVHSV GFPmax kindly provided by Dr. Michel Brémont (INRAE, UVSQ, Jouy-en-Josas, France) 206 

were used as a positive control for the transfection. The transfected BF-2 cells were incubated for 6h 207 

at 37ºC and then transferred to 15ºC for 7 days. A new BF-2 monolayer was incubated with 100µL of 208 

the supernatant of the transfected cells and was monitored for cytopathic effect (CPE) for 7 days (first 209 

passage – P1). Supernatant was collected and VHSV was confirmed by ELISA (OIE 2019). The 210 

confirmed recombinant viruses were propagated in 75cm2 flasks containing BF-2 monolayer for 211 

titration, in the in vivo and in vitro analysis and sequencing. The rescued viruses were termed: rVHSV-212 

SE9C-3592F1, rVHSV-SE9C-3592N, rVHSV G46K, rVHSV Y168H, rVHSV G82E/M83T and rVHSV-213 

SE9C and are described in table 3. 214 

Full genome sequencing of rescued viruses and controls 215 

 In order to confirm the differences among the recombinant viral isolates, the full genomes of 216 

rescued viruses and positive controls were sequenced. Ten mL of each virus isolate was centrifuged 217 

at 4100×g for 30min at 4˚C. The supernatant was filtered in 0.45µm filter and transferred to a new 218 

tube and precipitated using the PEG Virus Precipitation Kit (abcam) according to the manufacturer´s 219 

instructions. The viral pellet was resuspended in 200µl of resuspension solution and stored in aliquots 220 

of 80µl at -80˚C until further use. Eighty microliters of PBS were added to one of the viral aliquots 221 

containing 80µl of viral resuspension, and 140µl of this mixture was used for RNA purification with 222 

QIAGEN Viral RNA Mini Kit (Qiagen) according to the manufacturer´s instructions. RNA was eluted in 223 

60 µl of nuclease free water. DNA was removed from the purified RNA with DNA-free™ DNA 224 

Removal Kit (Invitrogen™, ThermoFisher Scientific) according to the manufacturer’s instructions. 225 

Seven microliters of the this DNA-free RNA was used in a SISPA amplification (Sequence 226 

Independent Single Primer Amplification) based on the method described by Mohr et al. (2015) and 227 
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the final PCR products were purified using GeneJET PCR Purification Kit (Thermo Scientific™). 228 

Libraries were prepared using the Nextera XT DNA Library Sample Preparation Kit (Illumina) 229 

according to the manufacturer’s instructions, and sequenced using the MiSeq v3 Reagent Kit 230 

(300PE). Sequencing was performed in a MiSeq Desktop Sequencer (Illumina). Library preparation 231 

and sequencing were done at DTU core sequencing facilities.  232 

Cleaning and removal of Nextera adapters from the Illumina MiSeq raw data was done using BBDuk: 233 

Adapter/Quality Trimming and Filtering version 38.97, part of the BBTools package 234 

(https://sourceforge.net/projects/bbmap/), (K-mer = 27, ktrim=r, mink=4, hdis=1), and quality-trim to 235 

Q30 using the Phred algorithm in both left and right sides of the sequence (qtrim=rl); discarding all 236 

reads smaller than 50 nt after trimming. SISPA primers were removed in both sequence ends using 237 

the Trim primers function in Geneious Prime v. 2020.1.1 (www.geneious.com), allowing up to 5 238 

mismatches. Obtained reads were mapped to reference sequence VHSV SE SVA 1033 9C (Genbank 239 

accession number MK829415), using BBMap version 38.37, part of the BBTools package, with 240 

Kmer=13, and a strict (50%) consensus sequence was generated for each isolate. Once the 241 

consensus sequence of the backbone isolate VHSV SE SVA 1033 9C was generated, all other 242 

recombinant isolates were also mapped using it as reference sequence.  243 

Growth curve in cell culture 244 

BF-2 cell monolayers in 24-well plates (7,5 x 105 cells per well) were infected with MOI 245 

1 of  each recombinant isolate and incubated at 15ºC for 4 days. VHSV DK-3592B was used as a 246 

positive control and VHSV SE SVA 1033 9C was used as a low virulent control. The supernatant was 247 

collected at specific time points (24, 36, 48, 60, 72 and 84 hours post inoculation), stored at -80˚C and 248 

titrated in BF-2 cells as according to Kärber (1931). Titres were read 7 days post inoculation and 249 

transformed into logarithmic scale. Titres were analyzed through two-way analysis of variance 250 

(ANOVA) with 5% significance level in GraphPad Prism 8.4.1 for Windows (GraphPad Software, San 251 

Diego, California USA, www.graphpad.com) to determine the significance of differences in titres 252 

means between viruses. 253 

Challenge in vivo 254 

All experimental procedures, including euthanasia, animal care, and maintenance were 255 

conducted in accordance with Danish and EU legislation (Consolidation Act 474 15/05/2014 and EU 256 

Directive 2010/63/EU) and with the approval from the Danish Animal Experimentation Inspectorate 257 

(license number 2013-15-2934-00976).  258 

Rainbow trout eggs were obtained from a Danish commercial fish farm officially 259 

registered free of Infectious Pancreatic Necrosis Virus (IPNV), Infectious Haematopoietic Necrosis 260 

Virus (IHNV), VHSV and bacterial kidney disease (BKD) and hatched at the tank facilities of the 261 

Technical University of Denmark (Kgs Lyngby, Denmark). These specific pathogen free (SPF) fish 262 

were grown using recirculated tap water disinfected by UV light. Prior to the infection trial, rainbow 263 
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trout were moved into the high containment GMO1 infection facility with fresh water at a constant 264 

temperature of 12 °C ± 2 °C. Each tank was supplied with flow-through UV disinfected water (1 full 265 

water exchange per day). 266 

Nine hundred and sixty SPF rainbow trout (average weight of 1g) were separated and 267 

kept in 32 tanks of 8L with 1 L/h flow-through fresh water renewal using the following conditions: 268 

12°C ± 1°C, L:D 12:12 and feeding of 1,5% of biomass/day. There were 30 fish per tank and 3 269 

replicates per group for immersion trial. For infection by intraperitoneal injection (IP) one tank with 30 270 

fish was used per group. For immersion trial, the fish were immersed in water containing 105 271 

TCID50/mL of each viral isolate or mock inoculum (MEM) for 6 hours. For IP infection, fish were 272 

anaesthetized by immersion in water containing benzocaine (30 mg/L water), and then injected with 273 

0,05mL of each viral isolate containing 105 TCID50 or mock inoculum (MEM). The infection trial lasted 274 

for 28 days.  275 

Sampling was performed 8 days post infection in all immersion groups. Two fish per 276 

tank were euthanized by overdose of anesthetics (400mg/L) and kept in transport media at -80ºC until 277 

processing. Virological examination in cell culture of the samples has been done followed by 278 

confirmation of positives by ELISA proceeded as described by OIE (2019).  279 

Kaplan-Meyer survival analysis followed by Logrank (Mantel-Cox) analysis was 280 

performed using GraphPad Prism version 8.2.1 for Windows, GraphPad Software, San Diego, 281 

California USA, http://www.graphpad.com. A p value of 0.05 was considered significant for all 282 

analysis. Comparison of Kaplan-meyer survival curves was performed in both groups: among 283 

chimeric viruses and controls; and among amino acid residue changed viruses and controls. 284 

 285 

4. Results 286 

Rescue of all recombinant viruses was successful after one passage in BF-2 cells and 287 

full CPE developed after approximately 4 days (Figure 3). All recombinant viruses developed high 288 

titres in both BF-2 and RTG-2 cells whereas, interestingly, none of the recombinant VHSVs (rVHSVs) 289 

or the original wild-type isolate were able to grow in EPC cells. In contrast, the high virulent DK-3592B 290 

isolate replicated well in all three cell lines and showed titres as high as 109 TCID50/mL (Table 4). All 291 

isolates including the wild-type controls and recombinant viruses were able to grow and develop CPE 292 

in BF-2 cells.  293 

Viral growth in vitro of all isolates followed a similar pattern (Figure 4). Viral titres of up 294 

to 104 were detected 2h after inoculation. Titres remained in average up to 104 for the following 12h 295 

and increased after 24h to an average of 106, 108 after 48h and final average titre at 72h of 109. Both 296 

VHSV 3592B and rVHSV-SE9C-3592F1 showed the highest final titres of 1,3 x 109 TCID50/mL. The 297 

high virulent isolate 3592B showed the highest titres when compared to the other viruses in earlier 298 
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time points (2h, 8h, 12h and 24h) whereas the low virulent VHSV SE SVA 1033 9C showed the lowest 299 

titres in earlier time points (2h, 6h, 8h, 12h and 24h). Statistical analysis showed that VHSV SE SVA 300 

1033 9C obtained titres were significantly different from both chimeric isolates (rVHSV-SE9C-3592F1 301 

and rVHSV-SE9C-3592N) as well as from its recombinant counterpart (rVHSV-SE9C). However, 302 

VHSV SE SVA 1033 9C titres were not significantly different from the titres obtained by the changed 303 

residues viruses (rVHSV G46K, rVHSV Y168H and rVHSV G82E/M83T). The latter were significantly 304 

different from the positive control isolate VHSV DK-3592B but not significantly different among each 305 

other.  306 

All the designed inserted alterations in the different VHSV constructs were confirmed 307 

by DNA sequencing. Interestingly, all recombinant viruses showed to have a mutation in the L protein 308 

gene (nt 6751) and a single nucleotide mutation A>G in the intergenic P-M region (nt 2175), when 309 

compared with the wild type control VHSV SE SVA 1033 9C.  310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 
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Figure 3. Cytopathic effect (CPE) in BF2 cells after inoculation of recombinant viruses in 322 

passage 0. (40X) A: CPE 4 days post inoculation (DPI) with rVHSV-SE9C-3592F1. B: CPE 4 DPI 323 

with rVHSV-SE9C-3592N. C: Negative Control – non-infected BF-2 cells. D: CPE 4 DPI with 324 

rVHSV-SE9C.  325 

A  B

C  D
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 326 

 327 

Figure 4. Growth curve of rVHSVs in BF-2 cell line monolayer. A: Chimeric rVHSVs with 328 

exchange of full N gene. B: rVHSV with changed residues in the N protein. VHSV DK-3592B is 329 

used as a positive, high virulent control; VHSV 9C-wt (wild type) is the parental virus and 330 

rVHSV-SE9C is the recombinant parental virus. Titres were transformed to logarithmic scale 331 

per time points (every two hours for the first 12h and every 24h for the following 3 days). 332 

Challenge in vivo 333 

Immersion challenge: Rainbow trout in the immersion groups did not show characteristic clinical signs 334 

of VHS except for the positive control (Figure 6). By virological examination all samples from fish 335 

infected by immersion were negative eight days post infection except for one sample from one of the 336 

tanks belonging to the wild-type control group rVHSV-SE9C and one in the rVHSV Y168H group. In 337 

contrast, 4 out of 6 samples from the positive control group VHSV DK-3592B were positive 8DPI. No 338 
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fish were positive in the chimeric infected by immersion groups. Kaplan-Meyer survival curves 339 

comparison by Log rank (Mantel-Cox) analysis in immersion groups showed similar results to both 340 

chimeric viruses and amino acid changed viruses (Table 6 and 7). The survival curves of the 341 

recombinant viruses did not differ significantly from the negative control but they did differ significantly 342 

from the positive control VHSV 3592B. The only exception in the immersion groups was the rVHSV 343 

G82E/M83T whose survival curve differed significantly when compared to the the parental control 344 

rVHSV-SE9C. Fish infected with this isolate by immersion showed 29% survival rate.  345 

IP challenge: Rainbow trout in the IP infected groups started developing typical clinical signs 346 

(darkening of skin, ascites and exophthalmia) and death occurred 3 days post infection in the positive 347 

control VHSV DK-3592B (Figure 5). Samples obtained from IP groups at the end of the challenge 348 

28DPI showed that between 1 and 4 out of the 5 the fish sampled were still carrying virus without the 349 

presence of clinical signs (Table 5). Fish infected with the positive control VHSV DK-3592B in the IP 350 

infected group reached full mortality in six days post infection. The same statistical analysis done for 351 

the IP challenged groups survival curves showed that the negative control (mock infected) did not 352 

differ significantly from the parental recombinant rVHSV-SE9 but it differed significantly from the other 353 

infected groups. All the recombinant viruses (rVHSV G46K, rVHSV Y168H, rVHSV G82E/M83T, 354 

rVHSV-SE9C-3592F1 and rVHSV-SE9C-3592N) differed significantly from the negative and the 355 

positive control. The isolate rVHSV-SE9C-3592F1 obtained 50% survival rate in IP challenge, while 356 

rVHSV-SE9C-N showed 66%. Among the amino acid modified rescued viruses, rVHSV G46K showed 357 

the lowest survival rates with 50% followed by rVHSV Y168H with 53% and rVHSV G82E/M83T with 358 

55% survival rates.  359 

 360 
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 361 

Figure 5. Kaplan-Meyer survival curves of rainbow trout IP infected with the rVHSV containing 362 

alterations in the N protein. A: Chimeric VHSV with exchanged N protein. B: Recombinant 363 

VHSV with altered residues in the N protein. 364 
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 365 

Figure 6. Kaplan-Meyer survival curves of rainbow trout infected through immersion with 366 

rVHSVs. Dotted lines show 95% confidence interval. A: Chimeric VHSV with exchanged N 367 

protein. B: Recombinant VHSV with altered residues in the N protein. 368 

  369 

 370 

 371 

 372 

 373 

 374 
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5. Discussion 375 

In this study we were able to confirm that both chimeric VHSVs with exchanged N 376 

protein and alterations in amino acid residues of the N protein of VHSV increased virulence in vivo in 377 

rainbow trout when compared to its recombinant parental virus, but only when the virus bypasses the 378 

first line of defense and is injected in the fish.  379 

The choice of the low virulent isolate VHSV SE SVA 1033 9C (genotype Ib) to serve as 380 

a backbone for the reverse genetics system we developed was based on its genetic proximity to the 381 

genotype Ia, which possess all high virulent to rainbow trout VHSV isolates. This isolate came from a 382 

plaque cloned isolate (Ito et al. 2018) obtained from sea farmed rainbow trout in Sweden (Nordblom & 383 

Norell 2000) and it has drawn much attention as genotype Ib representatives are usually low virulent 384 

to rainbow trout (Ito et al. 2012, 2018). In addition, this is one of the very few VHSVs isolated from 385 

rainbow trout that belong to genotype Ib. The N gene sequence of this cloned isolate showed 386 

differences associated to reactivity to N-protein-specific monoclonal antibodies when comparing to 387 

other high and low virulent isolates suggesting that these variations in the N gene of VHSV would be 388 

good candidates for virulence markers (Ito et al. 2018). In the current study we use as backbone a 389 

VHSV isolated from rainbow trout, that shows very divergent virulence (low virulence), but it is still 390 

quite closely related genetically to high virulent isolates in rainbow trout. It is difficult to discriminate 391 

which genetic alterations are directly related to host adaptation from the ones that may be potential 392 

virulence markers, therefore having an isolate genetically closer to a high virulent, however with 393 

contrasting virulence, as a template was one of the key points in our study. Most of the studies up to 394 

date investigating putative virulence markers of VHSV to rainbow trout have been based on a loss-of-395 

function approach and an essential counterpart for these studies are a gain-of-function approach 396 

(Gaiano et al. 1999). This specific isolate has been previously tested in vivo in a study in rainbow trout 397 

by Ito et al. (2018) at our facilities, where it showed 81% survival rate in IP infected and 96% survival 398 

rate in immersion corresponding to the low virulence results obtained from its recombinant rVHSV-399 

SE9C in our study (92% and 100% survival in IP and immersion groups respectively). This small 400 

variation may be justified by the experimental conditions in the previous study, which are comparable 401 

to the ones in this current study with few exceptions: fish size (avg of 1g in our study against avg of 2g 402 

in Ito et al., 2018)), number of replicas (one tank in IP challenge, triplicate tanks in immersion 403 

challenge in our study against triplicate tanks in both immersion and IP challenges in Ito et al., (2018)) 404 

and immersion time (6h in our challenge against 2h in Ito et al., 2018). 405 

Reverse genetics systems for VHSV employ the co-transfection of a mix of four 406 

plasmids: a backbone containing the full-length cDNA copy of the VHSV isolate RNA genome and 407 

three separate plasmids, here called helper plasmids, which contain a promoter followed by the N, P 408 

or L gene of VHSV in each.. The use of these helper plasmids containing genes from the VHSV FR 409 

23-75 isolate under a T7 promoter associated with the backbone plasmid containing all viral proteins 410 

of VHSV SE SVA 1033 9C also under a T7 promoter could possibly lead to recombination during the 411 

viral production in the cells infected with vTF7-3 as this system has been reported to be highly 412 
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recombinogenic (Garcin et al. 1995, Biacchesi et al. 2010). Sequencing of the viral genomes was 413 

done to ensure the genetic composition of the viruses responsible for the phenotype observed in the 414 

infection trials. The analysis has confirmed the introduced alterations and further identified two 415 

mutations which may have been caused by failure during the cDNA amplification during the 416 

construction of the backbone or during the RNA synthesis from the cDNA backbone. One of the 417 

alterations refers to a synonymous single nucleotide mutation (C>T) in the L gene which probably 418 

does not cause impact in the virulence as it is silent and since mutations in the L gene that are likely 419 

to disturb replication seem to be eliminated from the recovered viruses (Biacchesi et al. 2000). 420 

However, the other mutation could possibly have some impact as it is located in the intergenic region 421 

P-M and currently these regions have not been fully addressed in relation to virulence. Kim et al. 422 

(2016b) have generated rVHSV expressing both Red Fluorescent Protein (RFP) and Green 423 

Fluorescent Protein (GFP) inserting the genes in the intergenic regions between N-P and P-M 424 

respectively, and they concluded that the extended genome length due to the insertion of the genes 425 

has largely impacted the viral replication efficiency and it has reduced in vivo virulence of this rVHSV 426 

to olive flounder fingerlings. Ammayappan (2009) has successfully recovered recombinant Infectious 427 

Haematopoietic Necrosis Virus (rIHNVs), which is also a fish rhabdovirus very close to VHSV, 428 

expressing the VP2 protein from Infectious Pancreatic Necrosis Virus (IPNV) and another with the 429 

hemagglutinin-esterase (HE) of Infectious Salmon Anemia Virus (ISAV). The VP2 protein gene was 430 

inserted immediately before the N gene whereas the HE protein gene was inserted in the intergenic 431 

N-P. Ammayappan (2009) described that the rIHNVs expressing the foreign proteins showed reduced 432 

titres and produced smaller plaque sizes than their recombinant parental virus; however there was no 433 

data on in vivo virulence reported in this study. While it seems that the intergenic areas are important 434 

for viral replication, we do not attribute virulence to this single intergenic mutation in our study as the 435 

recombinant parental control rVHSV-SE9C also possess the same mutation, differing from the other 436 

recombinant viruses exclusively for the specific modifications we introduced. Additional studies on the 437 

real impact of these intergenic regions on virulence, viral proteins expression and replication in these 438 

viruses are still necessary. 439 

The purpose for creating the two chimeric VHSV isolates was to find out if the N gene 440 

alone was involved in viral pathogenicity or if the leader and intergenic regulatory regions are 441 

implicated in the virulence to rainbow trout as well. We have generated by reverse genetics chimeric 442 

rVHSVs in which the N gene or the leader sequence, the N gene and part of the intergenic N-P 443 

sequences were exchanged from virulent DK-3592B isolate to avirulent SE SVA 1033 9C backbone. 444 

These two chimeric VHSV were named rVHSV-SE9C-3592N and rVHSV-SE9C-3592F1. The former 445 

contains both leader sequence and partial regulatory region between N and P gene of VHSV DK-446 

3592B, whereas the latter was just exchanged for only the N gene of VHSV DK-3592B. 447 

Simultaneously, we generated four rVHSV containing alterations in the amino acid residue positions 448 

46, 168, 82 and 83 of the N protein. Putative markers in the N gene were recently also suggested by 449 

Vakharia et al. (2019) who described that chimeric viruses with exchanged N protein have changes in 450 

the virulence to rainbow trout when IP challenged.  451 
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Based on our obtained results, we suggest that some of the alterations we introduced 452 

in the virus by reverse genetics may change factors related to the viral-host interaction with the fish, or 453 

that they may trigger the innate immunity of the fish effectively in a way that infection does not occur. 454 

However, when this first line of defense is broken (by means of injection), the virus is able to replicate 455 

and cause disease. We could only detect virus on one single fish in the rVHSV Y168H and one on the 456 

parental rVHSV-SE9C infected by immersion groups eight days post infection and we were unable to 457 

recover virus from all the sampled fish in other rVHSV groups except for the positive control VHSV 458 

DK-3592B in the immersion challenge. However, the IP infected fish developed disease with typical 459 

clinical signs and significant mortality during challenge suggesting that the mutations did impact the 460 

virulence. In our study, both rVHSV G46K and rVHSV-SE9C-3592F1 showed the lowest survival rates 461 

(both 50%) in IP infected fish corroborating to suggestions that only few alterations are necessary to 462 

impact VHSV virulence. Cho et al. (2012) have identified that two VHSVs isolated from farmed olive 463 

flounder in Korea (genotype IVa) with different virulence phenotypes were very similar genetically, 464 

concluding that the low virulent VHSV could potentially evolve into higher virulence with few amino 465 

acid exchanges. A more recent study by Baillon et al. (submitted) showed that the same substitution 466 

in the N protein amino acid position 46 we have generated, but in the high virulent backbone VHSV 467 

FR 23-75 made the recombinant virus unable to establish an infection in rainbow trout when having 468 

100% survival in immersion challenge and 25% cumulative percent mortality when fish were 469 

challenged IP with 106 PFU/fish corroborating to our findings. This position in the N protein has been 470 

previously suggested as a potential virulence marker (Campbell et al. 2009, Ito et al. 2018) and the 471 

region 38-46 has been reported to be a variable region that can be assessed with monoclonal 472 

antibodies (MAbs) to discriminate between genotypes (Ito et al. 2012).  Baillon et al., (submitted) also 473 

reports that this specific recombinant virus replicated slower and showed lower titres in vitro. Our in 474 

vitro growth curve analysis did not show any specific differences for rVHSV G46K as all of the 475 

rVHSVs seem to grow similarly in BF-2 cells showing statistical difference only when compared 476 

against the positive control VHSV DK 3592B. This difference observed in our study could be attributed 477 

to the use of BF-2 as cell line instead of EPC, as different VHSV genotypes show different 478 

susceptibility to different cell lines.  479 

Our in vitro characterization showed that the high virulent VHSV DK-3592B grew and 480 

replicated to higher titres in BF-2 in earlier time points than the other isolates whereas the low virulent 481 

VHSV SE SVA 1033 9C showed lower titres in the same time points. The genotype Ib derived 482 

recombinant isolates as well as the wild type do not replicate and cause CPE in the EPC cell line 483 

whereas the high virulent isolate grows and exhibits high titres in all three cell lines we have tested 484 

(RTG-2, BF-2 and EPC). Brudeseth et al. (2008) has previously described that the high virulent VHSV 485 

DK-3592B was able to infect and cause cytotoxic effect in gill epithelial cells in an early time point 486 

whereas the VHSV 1p8 isolate (low virulent) did not infect the cells and showed a delayed 487 

translocation in the same cells. A recent study by Kwon et al. (in preparation) has assessed the 488 

susceptibility of a large panel of VHSV isolates from varied genotypes to three cell lines and has 489 

identified that genotype I and Ia showed higher titres in all cell lines whereas genotype II did not show 490 
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CPE in both EPC and RTG-2 cells. Baillon et al. (submitted) has compared four cell lines in regards to 491 

viral replication of recombinant high and low virulent VHSVs and showed that in both EPC and BF-2 492 

cells, replication efficiency of all viruses were similar, but in CHSE-214 cells (Oncorhynchus 493 

tshawytscha) and in RTG-2, the low virulent recombinant isolates showed reduced replication 494 

efficiency, which was more distinguished in CHSE-214, when compared to the recombinant high 495 

virulent FR 23-75. Further studies focused on this topic are crucial to help to understand the 496 

correlation of virulence of VHSV in vitro and in vivo to rainbow trout.  497 

Studies using reverse genetics so far have been conducted in a way to infer its function 498 

by loss of pathogenicity or replication with the only exceptions on the studies by Yusuff et al. (2019) 499 

and Vakharia et al. (2019) who also use a gain of function counterpart. Kim et al. (2015) showed that 500 

3’-UTR mutation of VHSV caused reduced viral replication, differences in cell susceptibility and 501 

pathogenicity. Biacchesi et al. (2002) have demonstrated that exchanges of the G gene in between 502 

rhabdoviruses (IHNV, VHSV and Spring Viremia of Carp Virus-SVCV) were possible. Einer-Jensen et 503 

al. (2014) has showed that exchanges in the G or NV gene from low virulent or virulent from VHSV to 504 

IHNV caused similar pathogenicity and concluded that the virulence is not determined by either of 505 

these two proteins alone. Biacchesi et al. (2000) and Kim et al. (2011) and have demonstrated that 506 

exchanges of the NV gene for EGFP in VHSV causes slower viral growth but do not stop the viral 507 

replication. Most of the published studies related to the search of virulence markers to rainbow trout in 508 

fish rhabdoviruses have attempted to swap, add or remove genes (Biacchesi et al. 2002, 2010, Kim et 509 

al. 2011, 2016b a, Einer-Jensen et al. 2014, Wang et al. 2016, Vakharia et al. 2019, Yusuff et al. 510 

2019), especially to demonstrate if the G protein is involved in the virulence to rainbow trout 511 

(Biacchesi et al. 2002, Garver et al. 2013, Einer-Jensen et al. 2014, Kim et al. 2016a, Yusuff et al. 512 

2019). 513 

Similar results to those in our study have also been recently reported by Vakharia et al. 514 

(2019). They report that the exchange of N and both the N and P from low virulent isolate MI03 in 515 

rainbow trout (genotype IVb) to virulent DK-3592B resulted in 22% and 82% mortality by IP injection, 516 

respectively. Their conclusion was that the N gene is the essential determinant of trout virulence and 517 

P gene is the enhancer. However, we have confirmed 50% mortality in rVHSV-SE9C-3592F1. One of 518 

the recombinant isolates used in the mentioned study (rVHSVmi-Ndk) and our rVHSV-SE9C-3592F1 519 

are common in intergenic region between N and P genes, as both studies use PsiI restriction site for 520 

the exchange of N gene. Therefore, we suggest that the difference in pathogenicity in the rVHSV-521 

SE9C-3592F1 (50% mortality) and rVHSVmi-Ndk (22% mortality) must be due to the differences in 522 

leader sequence only or related to different experimental conditions. Furthermore, we suggest that the 523 

regulatory regions can play a role in modulating pathogenicity following our results where rVHSV-524 

SE9C-3592F1 turned out to be more virulent than rVHSV-SE9C-3592N (34% mortality). Alignment of 525 

translated N genes of DK-3592B isolate and SE SVA 1033 9C reveals only 14 different amino acids 526 

(Figure 7). Alignment of the entire leader and intergenic N-P regions with both isolates shows that 527 

they differ in only 4 nucleotides in the leader and 5 in the intergenic N-P (Figure 8) until PsiI site.    528 
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 529 

Figure 7. Alignment of VHSV DK-3592B and VHSV SE SVA 1033 9C translated N protein. The 530 

fourteen disagreements are shown. 531 

532 
  533 

Figure 8. Nucleotide alignments of VHSV DK-3592B and VHSV SE SVA 1033 9C showing four 534 

disagreements on A: leader sequence; and five disagreements in B: intergenic region of N-P 535 

until PsiI restriction site (highlighted in blue). Highlight in red refers to the N sequence. 536 

Intraperitoneal injection is a method for verifying pathogenicity without interference of 537 

the host natural immune system (Vakharia et al. 2019). In our study, little to no mortality occurred in 538 

immersion groups whereas significant mortality occurred when the same isolates were used in IP 539 

injection. Mucosal immunity in teleost fish is usually related to the gut, the skin and the gills surfaces 540 

which are colonized by commensal microorganism communities and possess barrier mechanisms 541 

against infections. The skin of the fish contains mucus that is continuously produced and prevents 542 

attachment of pathogens but it is also a carrier of several immune factors (Gomez et al. 2008, 543 

Munang’andu et al. 2015). This alone does not explain the lack of pathogenicity in the immersion 544 

challenge but has to be considered. Fluctuations in water temperature could maybe explain the low 545 
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pathogenicity in immersion challenge. A previous study has demonstrated that complete inactivation 546 

of VHSV in freshwater at 15ºC occurs in 13 days. Our infection challenge has taken place at 12ºC 547 

with fluctuations of up to 2 degrees. While these factors can’t be ignored, we can take from our results 548 

that the high virulent viruses have a higher capacity to bypass the first barriers of protection and 549 

therefore cause disease. Baillon et al. (submitted) have shown through a bioluminescent approach 550 

that fish infected by immersion with the recombinant VHSV containing a substitution in the N protein 551 

position 46 were not infected and rapidly cleared the virus presence hypothesizing that this position is 552 

related to protein-protein interactions that could improve replication efficiency or inhibit antiviral 553 

response. It has been demonstrated in Vesicular Stomatitis Virus (VSV), another close related 554 

rhabdovirus, that differences in virulence among strains in pigs were due to the capability of the virus 555 

to modulate the host’s immune response (Velazquez-Salinas et al. 2018). Another study in VSV has 556 

reported that the translocation of N gene further from the 3’ transcription promoter leads to lower N 557 

protein expression and reduction of the level of nucleocapsids available for transcription which 558 

together with G protein truncation causes attenuation in mice (Clarke et al. 2007). In RABV, efficient 559 

replication of the virus in the target tissue has been previously reported to play an important role in 560 

virulence in mice and virulence markers in the N gene have been linked to the evasion of innate 561 

immune responses and therefore a higher pathogenicity (Masatani et al. 2011, 2013). While it is well 562 

known that in rabies virus (RABV), different residues in the G protein can change the virulence for 563 

RABV in mice (Dietzschold et al. 1983, Luo et al. 2020a b), a recent study has demonstrated that the 564 

N protein together with the P protein act together with the G protein in order to inhibit antiviral immune 565 

response pathways (Wei et al. 2018). This same mechanism seems to have been identified in VHSV 566 

by the recent study by Vakharia et al. (2019) and is in agreement with the results obtained in this 567 

present study.  568 

 Our findings reaffirm that the N protein has virulence factors related to disease in 569 

rainbow trout. The amino acid residues in the positions 46, 168, 82 and 83 of the N gene have some 570 

impact in the virulence of VHSV for rainbow trout but they may not function alone as virulence 571 

markers. Vakharia et al. (2019) have identified the position 39 in the VHSV P protein, which may work 572 

together with some of these residues in the N protein in order to generate virulence to rainbow trout. 573 

Further investigation is necessary to elucidate if this residue in the P protein or others that are 574 

currently unknown, are implicated in the virulence of VHSV to rainbow trout. 575 

 576 

6. Acknowledgements 577 

This project was carried out within the framework of the project NOVIMARK funded through ERA-net 578 

anihwa as a transnational project by the Danish Council for Strategic Research.  579 

This work was supported by the National Research Foundation of Korea (NRF) grant funded by the 580 

Korea government (MSIT) (2017R1D1A1A09000992).  581 



98 

 

We would like to thank the technical assistance of Stephane Biacchesi and the Fish Molecular 582 

Virology team at INRAE-UVSQ, France. 583 

We thank Professor Graham J. Belsham (University of Copenhagen, Denmark) and Dr. Armando 584 

Arias (University of Copenhagen, Denmark) for guidance on the BHK-21 cells and vTF7-3. 585 

We appreciate the technical assistance at DTU Aqua and EURL-fish/crustaceans and DTU Health 586 

Tech. 587 

 588 

7. References 589 

Ammayappan A (2009) Molecular basis of virulence in Infectious Hematopoietic Necrosis Virus 590 

(IHNV) using a reverse genetics approach. University of Maryland, College Park 591 

Benmansour A, Basurco B, Monnier AF, Vende P, Winton JR, De Kinkelin P (1997) Sequence 592 

variation of the glycoprotein gene identifies three distinct lineages within field isolates of viral 593 

haemorrhagic septicaemia virus, a fish rhabdovirus. J Gen Virol 78:2837–2846. 594 

Biacchesi S, Bearzotti M, Bouguyon E, Brémont M (2002) Heterologous exchanges of the 595 

glycoprotein and the matrix protein in a Novirhabdovirus. JVirol 76:2881–2889. 596 

Biacchesi S, Lamoureux A, Merour E, Bernard J, Brémont M, Mérour E, Bernard J, Brémont M (2010) 597 

Limited Interference at the Early Stage of Infection between Two Recombinant 598 

Novirhabdoviruses: Viral Hemorrhagic Septicemia Virus and Infectious Hematopoietic Necrosis 599 

Virus. J Virol 84:10038–10050. 600 

Biacchesi S, Thoulouze M-II, Bearzotti M, Yu Y-XX, Brémont M (2000) Recovery of NV Knockout 601 

Infectious Hematopoietic Necrosis Virus Expressing Foreign Genes. J Virol 74:11247–11253. 602 

Brudeseth BE, Skall HF, Evensen O (2008) Differences in Virulence of Marine and Freshwater 603 

Isolates of Viral Hemorrhagic Septicemia Virus In Vivo Correlate with In Vitro Ability To Infect Gill 604 

Epithelial Cells and Macrophages of Rainbow Trout (Oncorhynchus mykiss). J Virol 82:10359–605 

10365. 606 

Campbell S, Collet B, Einer-Jensen K, Secombes CJ, Snow M (2009) Identifying potential virulence 607 

determinants in viral haemorrhagic septicaemia virus (VHSV) for rainbow trout. Dis Aquat Organ 608 

86:205–212. 609 

Cho MY, Lee UH, Moon CH, Bang JD, Jee BY, Cha SJ, Kim JW, Park MA, Do JW, Park JW (2012) 610 

Genetically similar VHSV isolates are differentially virulent in olive flounder Paralichthys 611 

olivaceus. Dis Aquat Organ 101:105–114. 612 

Clarke DK, Nasar F, Lee M, Johnson JE, Wright K, Calderon P, Guo M, Natuk R, Cooper D, Hendry 613 



99 

 

RM, Udem SA (2007) Synergistic Attenuation of Vesicular Stomatitis Virus by Combination of 614 

Specific G Gene Truncations and N Gene Translocations. J Virol 81:2056–2064. 615 

Dietzschold B, Wunner WH, Wiktor TJ, Lopes AD, Lafon M, Smith CL, Koprowski H (1983) 616 

Characterization of an antigenic determinant of the glycoprotein that correlates with 617 

pathogenicity of rabies virus. Proc Natl Acad Sci U S A 80:70–74. 618 

Einer-Jensen K, Ahrens P, Forsberg R, Lorenzen N, Einer-Jensen K (2004) Evolution of the fish 619 

rhabdovirus viral haemorrhagic septicaemia virus. J Gen Virol 85:1167–1179. 620 

Einer-Jensen K, Harmache A, Biacchesi S, Bremont M, Stegmann A, Lorenzen N (2014) High 621 

virulence differences among phylogenetically distinct isolates of the fish rhabdovirus viral 622 

hemorrhagic septicaemia virus are not explained by variability of the surface glycoprotein G or 623 

the nonvirion protein Nv. J Gen Virol 95:307–316. 624 

Fijan N, Sulimanović D, Bearzotti M, Muzinić D, Zwillenberg LO, Chilmonczyk S, Vautherot JF, de 625 

Kinkelin P (1983) Some properties of the Epithelioma papulosum cyprini (EPC) cell line from 626 

carp cyprinus carpio. Ann l’Institut Pasteur / Virol 134:207–220. 627 

Fuerst TR, Niles EG, Studier FW, Moss B (1986) Eukaryotic transient-expression system based on 628 

recombinant vaccinia virus that synthesizes bacteriophage T7 RNA polymerase. Proc Natl Acad 629 

Sci U S A 83:8122–8126. 630 

Gaiano N, Kohtz JD, Turnbull DH, Fishell G (1999) A method for rapid gain-of-function studies in the 631 

mouse embryonic nervous system. Nat Neurosci 2:812–819. 632 

Garcin D, Pelet T, Calain P, Roux L, Curran J, Kolakofsky D (1995) A highly recombinogenic system 633 

for the recovery of infectious Sendai paramyxovirus from cDNA: Generation of a novel copy-634 

back nondefective interfering virus. EMBO J 14:6087–6094. 635 

Garver KA, Traxler GS, Hawley LM, Richard J, Ross JP, Lovy J (2013) Molecular epidemiology of 636 

viral haemorrhagic septicaemia virus (VHSV) in British Columbia, Canada, reveals transmission 637 

from wild to farmed fish. Dis Aquat Organ 104:93–104. 638 

Gomez D, Sunyer J, Salinas I (2008) The mucosal immune system of fish. Fish Shellfish Immunol 639 

35:1729–1739. 640 

Henryon M, Jokumsen A, Berg P, Lund I, Pedersen PB, Olesen NJ, Slierendrecht WJ (2002) Genetic 641 

variation for growth rate, feed conversion efficiency, and disease resistance exists within a 642 

farmed population of rainbow trout. Aquaculture 209:59–76. 643 

Ito T, Kurita J, Mori K ichiro, Skall HF, Lorenzen N, Vendramin N, Andersen NG, Einer-Jensen K, 644 

Olesen NJ (2018) Virulence marker candidates in N-protein of viral haemorrhagic septicaemia 645 

virus (VHSV): virulence variability within VHSV Ib clones. Dis Aquat Organ 128:51–62. 646 



100 

 

Ito T, Kurita J, Mori KI, Olesen NJ (2016) Virulence of viral haemorrhagic septicaemia virus (VHSV) 647 

genotype III in rainbow trout. Vet Res 47:1–13. 648 

Ito T, Kurita J, Sano M, Skall HF, Lorenzen N, Einer-Jensen K, Olesen NJJJJJ (2012) Typing of viral 649 

hemorrhagic septicemia virus by monoclonal antibodies. J Gen Virol 93:2546–2557. 650 

Ito T, Mori KI, Arimoto M, Nakajima K (2004) Virulence of viral hemorrhagic septicemia virus (VHSV) 651 

isolates from Japanese flounder Paralichthys olivaceus in rainbow trout and several species of 652 

marine fish. Fish Pathol 39:103–104. 653 

Kärber G (1931) Beitrag zur kollektiven Behandlung pharmakologischer Reihenversuche. Arch fur 654 

Exp Pathol und Pharmakologie 162:480–7. 655 

Kim MS, Choi SH, Kim KH (2016a) Effect of G gene-deleted recombinant viral hemorrhagic 656 

septicemia virus (rVHSV-??G) on the replication of wild type VHSV in a fish cell line and in olive 657 

flounder (Paralichthys olivaceus). Fish Shellfish Immunol 54:598–601. 658 

Kim MS, Kim DS, Kim KH (2011) Generation and characterization of NV gene-knockout recombinant 659 

viral hemorrhagic septicemia virus (VHSV) genotype IVa. Dis Aquat Organ 97:25–35. 660 

Kim MS, Lee SJ, Kim DS, Kim KH (2016b) Generation of Recombinant Viral Hemorrhagic Septicemia 661 

Virus (rVHSV) Expressing Two Foreign Proteins and Effect of Lengthened Viral Genome on 662 

Viral Growth and In Vivo Virulence. Mol Biotechnol 58:280–286. 663 

Kim S-H, Thu BJ, Skall HF, Vendramin N, Evensen O (2014) A Single Amino Acid Mutation (I1012F) 664 

of the RNA Polymerase of Marine Viral Hemorrhagic Septicemia Virus Changes In Vitro 665 

Virulence to Rainbow Trout Gill Epithelial Cells. J Virol 88:7189–7198. 666 

Kim SH, Guo TC, Vakharia VN, Evensen Ø (2015) Specific nucleotides at the 3’-terminal promoter of 667 

viral hemorrhagic septicemia virus are important for virulence in vitro and in vivo. Virology 668 

476:226–232. 669 

Lorenzen N, Olesen NJ, Jorgensen PE V. (1993) Antibody response to VHS virus proteins in rainbow 670 

trout. Fish Shellfish Immunol 3:461–473. 671 

Luo J, Zhang B, Lyu Z, Wu Y, Zhang Y, Guo X (2020a) Single amino acid change at position 255 in 672 

rabies virus glycoprotein decreases viral pathogenicity. FASEB J:9650–9663. 673 

Luo J, Zhang B, Wu Y, Guo X (2020b) Amino Acid Mutation in Position 349 of Glycoprotein Affect the 674 

Pathogenicity of Rabies Virus. Front Microbiol 11:1–13. 675 

Masatani T, Ito N, Ito Y, Nakagawa K, Abe M, Yamaoka S, Okadera K, Sugiyama M (2013) 676 

Importance of rabies virus nucleoprotein in viral evasion of interferon response in the brain. 677 

Microbiol Immunol 57:511–517. 678 



101 

 

Masatani T, Ito N, Shimizu K, Ito Y, Nakagawa K, Abe M, Yamaoka S, Sugiyama M (2011) Amino 679 

acids at positions 273 and 394 in rabies virus nucleoprotein are important for both evasion of 680 

host RIG-I-mediated antiviral response and pathogenicity. Virus Res 155:168–174. 681 

Mohr PG, Moody NJG, Williams LM, Hoad J, Crane MSJ (2015) Molecular characterization of 682 

Tasmanian aquabirnaviruses from 1998 to 2013. Dis Aquat Organ 116:1–9. 683 

Munang’andu HM, Mutoloki S, Evensen O (2015) A review of the immunological mechanisms 684 

following mucosal vaccination of finfish. Front Immunol 6:1–11. 685 

Nordblom B NA (no date) Report on an outbreak of VHS (viral hemorrhagic septicaemia) in farmed 686 

fish in Sweden. 687 

Nordblom B, Norell AW (2000) Report on an outbreak of VHS (viral haemorrhagic septicaemia) in 688 

farmed fish in Sweden. 689 

OIE (2019) Viral haemorrhagic septicaemia. 690 

Panzarin V, Cuenca A, Gastaldelli M, Alencar ALF, Pascoli F, Morin T, Blanchard Y, Cabon J, 691 

Louboutin L, Ryder D, Abbadi M, Toffan A, Dopazo CP, Biacchesi S, Brémont M, Olesen NJ 692 

(2020) VHSV Single Amino Acid Polymorphisms (SAPs) Associated With Virulence in Rainbow 693 

Trout. Front Microbiol 11:1–17. 694 

Raja-Halli M, Vehmas TK, Rimaila-Parnanen E, Sainmaa S, Skall HF, Olesen NJ, Tapiovaara H 695 

(2006) Viral haemorrhagic septicaemia (VHS) outbreaks in Finnish rainbow trout farms. Dis 696 

Aquat Organ 72:201–211. 697 

Schütze H, Mundt E, Mettenleiter TC (1999) Complete genomic sequence of viral hemorrhagic 698 

septicemia virus, a fish rhabdovirus. Virus Genes 19:59–65. 699 

Skall HF, Olesen NJ, Mellergaard S (2005) Viral haemorrhagic septicaemia virus in marine fish and its 700 

implications for fish farming [mdash] a review. J Fish Dis 28:509–529. 701 

Skall HF, Slierendrecht WJ, King JA, Olesen NJ (2004) Experimental infection of rainbow trout 702 

Oncorhynchus mykiss with viral haemorrhagic septicaemia virus isolates from European marine 703 

and farmed fishes. Dis Aquat Organ 58:99–110. 704 

Smail DA, Snow M (2011) Viral haemorrhagic septicaemia. Fish Dis Disord 3:110–142. 705 

Snow M, Cunningham CO, Melvin WT, Kurath G (1999) Analysis of the nucleoprotein gene identifies 706 

distinct lineages of viral haemorrhagic septicaemia virus within the European marine 707 

environment. Virus Res 63:35–44. 708 

Stoker M, MacPherson I (1961) Studies on transformation of hamster cells by polyoma virus in vitro. 709 

Virology 14:359–370. 710 



102 

 

Vakharia VN, Li J, McKenney DG, Kurath G (2019) The Nucleoprotein and Phosphoprotein Are Major 711 

Determinants of the Virulence of Viral Hemorrhagic Septicemia Virus in Rainbow Trout. J Virol 712 

93:1–15. 713 

Velazquez-Salinas L, Pauszek SJ, Stenfeldt C, O’Hearn ES, Pacheco JM, Borca M V., Verdugo-714 

Rodriguez A, Arzt J, Rodriguez LL (2018) Increased virulence of an epidemic strain of vesicular 715 

stomatitis virus is associated with interference of the innate response in pigs. Front Microbiol 716 

9:1–18. 717 

Wang C, Lian GH, Zhao LL, Wu Y, Li YJ, Tang LJ, Qiao XY, Jiang YP, Liu M (2016) Virulence and 718 

serological studies of recombinant infectious hematopoietic necrosis virus (IHNV) in rainbow 719 

trout. Virus Res 220:193–202. 720 

Wei XK, Zhong YZ, Pan Y, Li XN, Liang JJ, Luo TR (2018) The N and P genes facilitate pathogenicity 721 

of the rabies virus G gene. Vet Med (Praha) 63:561–570. 722 

Winton J, Batts W, DeKinkelin P, LeBerre M, Brémont M, Fijan N (2010) Current lineages of the 723 

epithelioma papulosum cyprini (EPC) cell line are contaminated with fathead minnow, 724 

Pimephales promelas, cells. J Fish Dis 33:701–704. 725 

Wolf K, Gravell M, Malsberger RG. (1966) Lymphocystis Virus : Isolation and Propagation in 726 

Centrarchid Fish Cell Lines. Science (80- ) 151:1004–1005. 727 

Wolf K, Quimby MC (1962) Established Eurythermic Line of Fish Cells in vitro. Science (80- ) 728 

135:1065–1066. 729 

Yusuff S, Kurath G, Kim MS, Tesfaye TM, Li J, McKenney DG, Vakharia VN (2019) The glycoprotein, 730 

non-virion protein, and polymerase of viral hemorrhagic septicemia virus are not determinants of 731 

host-specific virulence in rainbow trout. Virol J 16:1–16. 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 



103 

 

Table 1. Primers used in the construction of pVHSV SE SVA 1033 9C 741 

Primer Sequence (5’ to 3’) 

1F TTTTGTTAACAGTTAATACGACTCACTATAGGGTATCATAAAAGATGATGAGTTATGTTACAAGG* 

1R GCTCATCTCAATATCAGCCATTGTG 

2F CCGCAAAATGTCACTGTGCA 

2R CGCCATCATGATGAGTCGGA 

3F AAGATCCCCTTGCACTCTGC 

3R CATCCCATCGTACCCGTCTG 

4F TCACCTGTTCGACCAGCTTC 

4R CGATGCTCTCTCGGAGAACC 

5F AGCACAACCAGCTTCTCTCC 

5R TCCCTGATCCATGGTGGCTA 

6F CGCGCCAGAATTCAACACAT 

6R1 CAAGAAATCCGAGGTGGGAGG 

M6t7terNheI  

GCCTCCCACCTCGGATTTCTTGTTCTTCATTCTTTCGACAATGGTATGTATTATTTTCTATACGGGTCGGCATGG
CATCTCCACCTCCTCGCGGTCCGACCTGGGCATCCGAAGGAGGACAGACGTCCACTCGGATGGCTAAGGGA
GAGCCAATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGAAGCCGCACCGGAGCTAGCGCGA
TCTTTCTAGAAGATCTCCTACAATATTCTCAGCT**

* Restriction site HpaI is italicized. T7promoter is in bold. 742 

**Restriction site NheI is italicized; T7terminator is underlined. 743 

 744 

Table 2.  Primers used for mutagenesis and construction of chimeric viruses based on pT7 SE 745 
SVA 1033 9C 746 

Mutation Primer sequence (5’ to 3’)  
N - G46K-F GGATTCGGTGAGGAAGATAAGAAGGTGACCGTGGATGC  
N - G46K-R GCATCCACGGTCACCTTCTTATCTTCCTCACCGAATCC  
N - Y168H-F TGTCAGCGGTGAAGTGCTGCAGTTCCCCAAC  
N - Y168H-R GTTGGGGAACTGCAGCACTTCACCGCTGACA  
N – G823/M83T-
F 

GTGAGGACCTTGCACTTCGTTTCTAGGTCCTCCTGTGTAT  

N – G823/M83T-
R 

ATACACAGGAGGACCTAGAAACGAAGTGCAAGGTCCTCAC  

SDM-Nru-F CGTTGAACAAAAGAACTCAGTTCGCGAATGGAAGGAGGAATTCGTGC Bold letters: NruI recognition site 
Underlined: mutated sequences SDM-Nru-R GCACGAATTCCTCCTTCCATTCGCGAACTGAGTTCTTTTGTTCAACG 

SDM-Pml-F GGGGACTCTGACTAAAAGACACGTGCGCATCATAACCAACATAGATA Bold letters: PmlI recognition site 
Underlined: mutated sequences SDM-Pml-R TATCTATGTTGGTTATGATGCGCACGTGTCTTTTAGTCAGAGTCCCC 

3592 Nru-F GGTCGCGAATGGAAGGAGGACTTCGTGCAG Bold letters: NruI recognition site 

3592 Pml-R CCACGTGTTAGTCGGAGTCCTCGGGGTAGTC Bold letters: PmlI recognition site 

 747 

 748 

 749 

 750 

 751 

 752 
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Table 3. Description of recombinant viruses generated in this study 753 

Recombinant Virus Description

rVHSV-SE9C-3592F1 
Leader sequence, N gene and intergenic N-P until PsiI site from DK 3592B and remaining genome 

from VHSV SE SVA 1033 9C. 

rVHSV-SE9C-3592N N gene from DK 3592B and all remaining genome from VHSV SE SVA 1033 9C. 

rVHSV G46K VHSV SE SVA 1033 9C with the substitution G>K in position 46 of N gene. 

rVHSV Y168H VHSV SE SVA 1033 9C with the substitution Y>H in position 168 of N gene 

rVHSV G82E/M83T VHSV SE SVA 1033 9C with the substitution G>E in position 82 and M>T in position 83 of N gene 

rVHSV-SE9C VHSV SE SVA 1033 9C obtained from the designed backbone. 

 754 

Table 4. Titres of recombinant VHSVs in three different cell lines 755 

Viruses Cell lines 

 BF-2 RTG-2 EPC 

VHSV 3592B 4 x 109 1,3 x 109 8,6 x 108 

rVHSV-SE9C-3592F1 2,7 x 109 8,6 x 108 No CPE 

rVHSV-SE9C-3592N 5,9 x 108 1,9 x 108 No CPE 

rVHSV G46K 1,9 x 108 8,6 x 107 No CPE 

rVHSV Y168H 1,3 x 108 1,6 x 108 No CPE 

rVHSV G82E/M83T 4 x 107 1,9 x 108 No CPE 

rVHSV-SE9C 4 x 107 5,9 x 107 No CPE 

Values are given in TCID50/mL. 756 

 757 

Table 5. Positivity on cell culture of samples obtained in in vivo challenge with rVHSVs 758 

Group and 
date 

Negative 
control 

rVHSV-
SE9C 

VHSV 
3592B 

rVHSV-
SE9C-
3592F1 

rVHSV-
SE9C-
3592N 

rVHSV 
G46K 

rVHSV 
Y168H 

rVHSV 
G82E/M83T 

Immersion 
8dpi 

0/6 1/6 4/6 0/6 0/6 0/6 1/6 0/6 

IP 
28dpi 

0/5 1/5 N/A 4/5 2/5 1/5 3/5 3/5 

 759 

 760 

 761 

 762 

 763 

 764 
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Table 6. Survival rates and statistical groups of challenged rainbow trout groups infected with 765 

rVHSV with amino acid modifications in the nucleoprotein 766 

 IP challenge Immersion challenge 

Viruses 
Survival rate by 

end of challenge 

Statistical 

group 

Survival rate by 

end of challenge 

Statistical 

group 

Negative control 96% a 98% a 

rVHSV-SE9 92% a 100% a* 

rVHSV G46K 50% b 98% a 

rVHSV Y168H 53% b 97% a 

rVHSV G82E/M83T 55% b 94% a* 

VHSV 3592B 0% c 29% b 

Asterisk indicates that both differed significantly among each other on analysis of the survival curves. 767 

 768 

Table 7. Survival rates and statistical groups of challenged rainbow trout groups infected with 769 
rVHSVs with exchanged N protein 770 

 IP challenge Immersion challenge 

Viruses 
Survival rate by 
end of challenge 

Statistical 
group 

Survival rate by 
end of challenge 

Statistical group 

Negative control 96% a 98% a 

rVHSV-SE9C 92% a 100% a 

rVHSV-SE9C-3592F1 50% b 97% a 

rVHSV-SE9C-3592N 66% b 96% a 

VHSV 3592B 0 c 29% b 

 771 
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Abstract 1 

Several reverse genetics systems for viral haemorrhagic septicaemia virus (VHSV) have been 2 

developed over the last decade. These systems have been based on genotype Ia, IVa and IVb 3 

isolates and have used the fish cell line EPC, which is less susceptible to VHSV isolates belonging to 4 

some genotype I isolates and genotypes II and III. While developing a reverse genetics system in our 5 

laboratories for VHSV genotype Ib, we realized that the isolate in interest (SE SVA 1033 9C) did not 6 

grow in EPC cells and it was necessary to adapt the reverse genetics protocols to the BF-2 fish cell 7 

line. This cell line is very sensitive to high temperatures and is therefore not compatible with the 8 

original protocols based on the use of recombinant vaccinia virus (vTF7-3) as a provider of the T7 9 

RNA polymerase (T7-RNAP) to the system, which includes incubation periods at 37˚C. Transfection 10 

efficiency was assessed in BF-2 cells using a reporter plasmid and it showed to be highest when 11 

using Lipofectamine™ 3000 compared to other transfection reagents. A luciferase assay was 12 

performed to determine the optimal activity of T7-RNAP in BF-2 cells with different amounts of vTF7-13 

3. We successfully recovered recombinant VHSV (rVHSV) in BF-2 cells by reducing the incubation 14 

time at 37˚C after transfection to both 3 and 6 hours. Another strategy we attempted successfully was 15 

to transfect mammalian BHK-21 cells, which are routinely used to propagate vTF7-3, and after the 16 

37˚C incubation period, a BF-2 cell suspension was added hypothesizing that the virions formed in 17 

the transfected mammalian cells would infect the subsequently added fish cells at 15˚C incubation 18 

over the following days. We have successfully recovered rVHSV from both BHK-21 with a BF-2 cells 19 

suspension as well as a new protocol for VHSV reverse genetics in BF-2 cells has been established. 20 

Keywords: Reverse genetics, transfection, fish virus, rhabdovirus, BHK-21. 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 
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Viral haemorrhagic septicaemia virus (VHSV) is the causative agent of an important fish 33 

disease causing significant mortality in farmed rainbow trout. It can infect a wide range of fish species 34 

and it was previously shown that virus isolates that are pathogenic to marine fish species are not 35 

pathogenic to rainbow trout and vice versa (Skall et al., 2004). The virus belongs to the genus 36 

Novirhabdovirus within the family Rhabdoviridae. The genome consist of a negative-sense single-37 

stranded RNA molecule of about 11.2 kilobases (kb), that contains six genes in the order 3′-N-P-M-G-38 

NV-L-5′ encoding the structural proteins L, G, M, P, N and the non-structural protein NV. VHSV can 39 

be classified into genotypes according to the nucleotide sequencing of the nucleoprotein (N) or the 40 

glycoprotein (G). Currently there are 4 genotypes (I-IV) with 5 subtypes within genotype I (a-e) and 3 41 

subtypes within genotype IV (a-c) (OIE, 2019). 42 

The first strategy for reverse genetics of VHSV was created by Biacchesi et al., (2010), that 43 

developed the system for a French virulent genotype Ia isolate (FR23-75). Biacchesi et al. succeeded 44 

in rescue of recombinant VHSV by co-transfection of Epithelioma papulosum cyprinid (EPC) cells with 45 

three expression plasmids encoding L, M and P and a plasmid containing the full-length cDNA 46 

genome of FR23-75 under control of a T7 RNA promoter. Transcription of the viral RNA from the 47 

cDNA genome was obtained by infection of the cells with a recombinant vaccinia virus (vTF7-3) 48 

encoding the T7 RNA polymerase (T7-RNAP). A recurrent problem in the vTF7-3 dependent reverse 49 

genetics systems for fish viruses is that these viruses and fish cell lines optimal growth occurs at 50 

lower temperatures (14-24°C) than the vaccinia virus requires (37°C) (Biacchesi, 2011). Thus, the 51 

cells are exposed to high temperatures for several hours in order to obtain T7-RNAP expression, 52 

which can lead to cell death (Biacchesi, 2011). Vaccinia-free reverse genetics systems for fish 53 

rhabdoviruses have been developed first for infectious hematopoietic necrosis virus (IHNV) and was 54 

based on the use of the full-length cDNA genome of IHNV flanked by two ribozymes under the control 55 

of a CMV promoter (Ammayappan et al., 2011, 2010). In this case, the cellular polymerase II was 56 

used for transcription. Another vaccinia-free system that was developed has established a fish cell 57 

line that expresses the T7-RNAP and therefore no helper virus was necessary (Kim et al., 2011). 58 

These vaccinia-free systems solve the temperature issue as they do not require exposure of the fish 59 

cells to higher temperatures and therefore allow an efficient viral recovery. 60 

All the reverse genetics for VHSV described so far have been developed in EPC cells, which 61 

were initially published by Fijan et al. (1983) as epithelial cells derived from hyperplasic carp skin but 62 

recent studies using barcoding with the cytochrome oxidase subunit I (COx1) gene indicated that this 63 

cell line in fact derive from the fathead minnow, Pimephales promelas  (Winton et al., 2010). EPC 64 

cells are able to survive and a handle wide range of temperatures while retaining virus susceptibility 65 

and therefore are more robust for reverse genetics systems. However, it is known that EPC cells are 66 

less susceptible to VHSV isolates from genotypes I, II and III, whereas in contrast BF-2 are highly 67 

susceptible to genotype IV (OIE, 2019). VHSV grows readily in other fish cell lines such as BF-2, FHM 68 

(Fathead minnow connective tissue and muscle) and RTG-2 (Rainbow Trout gonad tissue). 69 

Furthermore, it has been described that VHSV also replicated in mammalian WI-38 and BHK-21 cells 70 

at 18˚C, however showing a slower replication in the latter (Clark and Soriano, 1974). The BF-2 cell 71 
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line (Wolf and Quimby, 1962) is a fibroblast cell line derived from the caudal trunk of bluegill fry 72 

(Lepomis macrochirus) and is commonly used in viral diagnostics for fish diseases and for 73 

environmental cytotoxicity assays (Ariel et al., 2009; Smolarek et al., 1988; Zhang et al., 2005). The 74 

BF-2 cell line optimal growth temperature is 23˚C and studies have shown that temperatures at 35ºC 75 

cause metabolic stress and therefore these cells would not be the well suited for a vTF7-3 dependent 76 

reverse genetics system (Smolarek et al., 1988). So far, the use of BF-2 cells has only been 77 

established in a reverse genetics system for sleeping disease virus (SDV), a fish alphavirus (Moriette 78 

et al., 2006). 79 

In order to study virulence determinants of VHSV for rainbow trout, Alencar et al (in 80 

preparation - manuscript 2) have successfully established a reverse genetics system for VHSV 81 

genotype Ib using BF-2 cells. The VHSV isolate SE SVA 1033 9C is a plaque clone from the VHSV 82 

isolate SE SVA 1033, isolated from diseased sea-farmed rainbow trout in Sweden (Nordblom, 2000), 83 

which has drawn attention as a genotype Ib isolate from naturally infected rainbow trout with higher 84 

virulence since all other marine isolates from this genotype are known to cause little to no virulence in 85 

rainbow trout (Campbell et al., 2009; Skall et al., 2005). This isolate was selected for the backbone of 86 

the reverse genetics system due to its rainbow trout origin, low virulence and genetic proximity to high 87 

virulent isolates, however, it did not replicate in EPC cells and therefore it was necessary to adapt the 88 

reverse genetic system described by Biacchesi et al., (2010) to another cell line, i.e. BF-2 cells.  89 

1. Transfection efficiency in BF-2 cells using different transfection reagents 90 

Direct transfection in BF-2 cells using the protocol from Biacchesi et al., (2010) was 91 

unsuccessful and we attributed this to a low transfection efficiency of the transfection reagent in these 92 

cells, associated with high stress on the BF-2 cells due to the incubation for 7h at 37˚C. In order to 93 

assess the first, we tested the transfection efficiency in BF-2 cells with three different reagent 94 

products using a pEGFP-C1 plasmid (Clontech, Takara Bio). We tested Fugene® (Promega), 95 

Lipofectamine™ 3000 (ThermoFisher Scientific) and PEI (Polyethylenimine) with different amounts of 96 

DNA. pEGFP-C1 and PEI were kindly provided by Dr. Dagoberto Sepúlveda (DTU Aqua, Denmark) 97 

and the latter is known to have high efficiency in EPC cells (Falco et al., 2009). Transfection with 98 

Lipofectamine™ 3000 and Fugene® were performed according to the manufacturer’s instructions. 99 

Transfection with PEI was performed as the protocol described by Sepúlveda et al., (2019). Our 100 

results showed that Lipofectamine™ 3000 showed higher visual transfection efficiency. The reverse 101 

genetics system for VHSV requires the transfection of 1,650µg of DNA (see below) so the efficiency 102 

was evaluated on the basis of the transfection of a range of 500ng to 2µg of DNA. PEI showed little to 103 

no efficiency in BF-2 cells and therefore Lipofectamine™ 3000 turned out to be the best option for 104 

transfection in BF-2 cells (Figure 1). 105 
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Figure 1. Transfection efficiency in BF-2 cells with different amounts of pEGFP-C1 plasmid. A: 107 

Lipofectamine™ 3000 with 1µg of DNA; B: Lipofectamine™ 3000 with 2ug of DNA; C: Fugene® 108 

with 1µg of DNA; D: Fugene® with 2µg of DNA; E: Negative control with Fugene®; F: Negative 109 

control with Lipofectamine™ 3000 . 110 

 111 
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2. Activity of T7 RNA polymerase in BF-2 cells infected with vTF7-3 115 

We assessed how the infection with different amounts of vTF7-3 affected the activity of T7-116 

RNAP in the BF-2 cell line. Instead of titration of the vTF7-3 prior to cell infection, a functional assay 117 

was performed in which the T7-RNAP activity was determined from the expression of a luciferase 118 

reporter plasmid. Different amounts (25 or 50µL) of vTF7-3 were used to infect the cells that were 119 

transfected with the same amounts of plasmid containing the reporter gene, under control of the T7 120 

promoter. (Professor Graham J. Belsham, personal communication). The vTF7-3 was kindly provided 121 

by Professor Graham J. Belsham (University of Copenhagen, Denmark) as well as the plasmid 122 

pFluc/EMCV/Rluc which contains both firefly and renilla luciferase genes under the control of a T7 123 

promoter with a picornavirus IRES in between both genes (Belsham et al., 2008). For comparison, 124 

transfection with the pFluc/EMCV/Rluc was done in EPC cells using PEI. Transfections with Fugene® 125 

and Lipofectamine™ 3000 were performed according to the manufacturer’s instructions and PEI as 126 

described by (Sepúlveda et al., 2019).  127 

The vTF7-3 was propagated in BHK-21 cells and incubated for 3 days at 37˚C when 128 

cytopathic effect (CPE) occurred. The infected cells and supernatant were frozen and thawed twice 129 

and then centrifuged at 4˚C at 1100 RPM for 10 minutes. The supernatant was stored at -80˚C until 130 

use. BF-2 and EPC cells monolayers in 24 well cell culture plates were inoculated with 25µL or 50µL 131 

of the vTF7-3 supernatant and incubated at 37˚C for 1h. After that, the virus inoculum was removed 132 

and the cells were washed 1x with OptiMEM (ThermoFisher Scientific) and added 1mL of Glasgow’s 133 

MEM (GMEM, ThermoFisher Scientific) with 2% fetal bovine serum (FBS, Gibco/Thermofisher 134 

Scientific). The transfection mixes containing 1µg of plasmid were added by droplets over the media. 135 

The transfected cells were incubated at 37˚C for 2h and then incubated at 21˚C for 2 days. A 136 

luciferase reporter assay was done using Luciferase Assay System (Promega) following the 137 

manufacturer’s instructions. Readings were obtained in the GloMax® 96 microplate luminometer 138 

(Promega) also following the manufacturer’s instructions. Results showed that both Lipofectamine™ 139 

3000 and Fugene® with 50µL of vTF7-3 have higher luciferase activity in BF-2 cells showing a much 140 

higher expression than what is seen in EPC cells transfected with PEI (Figure 2).  141 

 142 

 143 
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 144 

Figure 2. Firefly Luciferase activity in BF-2 and EPC cells infected with different amounts of 145 

vTF7-3 and transfected with a plasmid containing the firefly luciferase gene under control of a 146 

T7 promoter using different transfection reagents. 147 

 148 

3. Recovery of recombinant VHSV using BHK-21 and a mix of BHK-21 and BF-2 cells 149 

Another strategy to overcome the problems encountered in the transfection in BF-2 cells was 150 

to use BHK-21 cells for transfection and recovery of rVHSV in two strategies. These cells are the 151 

recommended cells for the growth of the vTF7-3 virus and they are routinely maintained at 37˚C 152 

(ATCC®). In the current case, we hypothesized that recombinant VHSV would assemble in BHK-21 153 

cells and these recombinant virions could infect added BF-2 cells. Since it has been previously 154 

reported that VHSV has slower replication in BHK-21 cells (Clark and Soriano, 1974), we decided to 155 

add a cell suspension containing BF-2 cells after either 3 or 6h incubation at 37˚C to each transfected 156 

well containing BHK-21 cells. In order to reassure that the reverse genetics system was functional, we 157 

used a particular reporter-expressing VHSV plasmid backbone for these assays. This reporter 158 

backbone, here named pT7VHSV-GFPmax, was kindly provided by Dr Michel Bremont (INRA, France) 159 

as well as the helper plasmids for the system containing the N, P and L genes of VHSV genotype Ia 160 

isolate FR-23-75 (here named pT7-N, pT7-P and pT7-L) (Biacchesi et al., 2010). This backbone 161 

contained a GFP gene in between M-G genes of the VHSV genome. For both BHK-21 only and BHK-162 

21+BF-2 strategies, we attempted incubation times after transfection of 3 and 6h at 37˚C with the 163 

BHK-21 cells (Figure 3). BHK-21 cells were infected in 24 well plates with 50µL of the vTF7-3 (as 164 

described above) and incubated for 1h and 30 minutes at 37˚C. The vTF7-3 inoculum was removed 165 

and the cells were washed 1x with OptiMEM (ThermoFisher Scientific) and added 500µL of GMEM 166 

(ThermoFisher Scientific) with 2% FBS (Gibco/Thermofisher Scientific). The transfection mix for the 167 

VHSV reverse genetics system consisted of pT7-N (250ng), pT7-P (200ng), pT7-L (200ng) and 168 

pT7VHSV-GFPmax (1µg) with Lipofectamine 3000 (ThermoFisher Scientific) as according to the 169 

manufacturer and was added by droplets over the media. For the negative controls, plasmid mix was 170 

substituted by the same volume of OptiMEM (ThermoFisher Scientific). The transfected BHK-21 cells 171 
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were incubated at 37˚C for 3 or 6 hours. For the BF-2 suspension, a T25 flask containing BF-2 cells in 172 

90% confluence was trypsinized and the cells were resuspended and centrifuged at 4˚C for 10 173 

minutes at 1100 RPM. The cell pellet was resuspended in 10mL of GMEM with 2% FBS. At the time 174 

point of either 3 or 6h after incubation at 37˚C, 500µL of the BF-2 cell suspension was added to the 175 

BHK-21 cells. After the addition of BF-2 cells, the plates were transferred to incubation at 15˚C for 7 176 

days. The supernatant was harvested and 100µL was transferred to fresh BF-2 cells monolayers in 24 177 

well plates. The cells were monitored for CPE and GFP expression daily. CPE developed over the 178 

following days and it was possible to see foci of GFP on the cells already after 1 day post inoculation 179 

indicating rVHSV infection (Figure 4). 180 

This experiment was the first in which we succeeded to rescue recombinant VHSV from BF-2 181 

cells and the combination of BHK-21 with BF-2 cells has turned out to be effective in both exposure 182 

times. We were not able to recover rVHSV from BHK-21 without the addition of BF-2 cells. The 183 

confirmation of viral recovery was done by ELISA as described in the OIE Aquatic Manual (OIE, 184 

2019).  185 

 186 
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 187 

Figure 3: Illustrative scheme for adaptation of the protocol to BHK-21 cells. A: BHK-21 cells 188 

were incubated at 37˚C with the vaccinia virus vTF7-3 prior to transfection. The inoculum was 189 

then removed and the cells were washed 1x before adding media to the cells. B: The plasmid 190 

mix with the transfection reagent was added to the cells and incubated for either 3 or 6h at 191 

37˚C. C: A BF-2 cell suspension was added to the BHK-21+BF-2 group and all were incubated 192 

for 7 days at 15˚C. 193 
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 194 

Figure 4. Cells showing signs of rVHSV infection (CPE and GFP) after first passage in BF-2 195 

cells of transfected BHK-21 with addition of BF-2 cell suspension. A and B: First passage in 196 

BF-2 cells of transfection with pT7VHSV-GFPmax in BHK-21+BF-2 cells (incubation for 3h at 197 

37˚C) showing some GFP expression after 1 day post inoculation (GFP filtered). C: Negative 198 

control of first passage of BHK-21+BF-2 in BF-2 cells (GFP filtered). D: Negative control of first 199 

passage BHK-21+BF-2 in BF-2 cells. E: First passage in BF-2 cells of transfection with 200 

pT7VHSV-GFPmax in BHK-21+BF-2 cells (incubation period of 3h at 37˚C) showing full CPE after 201 

7 days of incubation (left). F: BHK-21 cells right after transfection and addition of BF-2 cell 202 

suspension. 203 

 204 
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 205 

4. Transfection in BF-2 cells 206 

In the original protocol for VHSV reverse genetics using vTF7-3 from Biacchesi et al., (2010), 207 

EPC cells were incubated with the vTF7-3 for 1 hour and after the addition of the plasmid mix, the 208 

cells were then incubated for 7h at 37˚C which adds up to a total of 8h incubation at 37˚C. We have 209 

tried the same protocol using BF-2 cells without success. In order to reduce the exposure of the BF-2 210 

cells to the warm temperature, we used incubation times of 3 and 6h, respectively, at 37˚C, which 211 

adds up to a total incubation period of 4 and 7h at 37˚C. The transfection was done with the same 212 

plasmids and protocol as described in item 3 except for the incubation times. After 3 and 6h, the 213 

transfected BF-2 cells were incubated at 15˚C for 7 days. After this, 100 µL of the supernatant was 214 

transferred to new monolayers of BF-2 cells in 24 well plates, which were incubated at 15˚C for further 215 

7 days. The cells were monitored daily for CPE and GFP. VHSV was successfully recovered using 216 

both protocols of 3 and 6h incubation times at 37˚C (Figure 5).  217 

 218 

 219 

 220 

 221 
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 222 

Figure 5. A: First passage of BF-2 cells showing foci of GFP expression after infection with 223 

rVHSV containing GFP generated in BF-2 cells (A: 3h at 37˚C after transfection and B: 6h at 224 

37˚C after transfection) 1 day post inoculation. C: First passage of negative control (GFP 225 

filtered). 226 

 227 

5. Conclusion and discussion 228 

We have successfully adapted a reverse genetics system, based on the original protocol by 229 

Biacchesi et al., (2010), for rescue of a genotype Ib isolate in BF-2 cells. The cell line was a decisive 230 

limiting factor in the development of the reverse genetics system for the VHSV genotype Ib isolate, 231 

since this isolate did not grow in EPC cells. Due to this, it was needed to make adjustments in regards 232 

to transfection efficiency and/or find a new cell line for viral recovery, such as the mammalian BHK-233 

21. The most commonly used fish cell lines are cultured in the range of 15˚C to 30˚C and therefore 234 

the long exposure at 37˚C to the BF-2 cells is very stressful to these cells (Wolf and Quimby, 1976). 235 

We overcame this issue by testing shorter times of incubation at 37˚C. We also optimized the 236 

efficiency of transfection in the BF-2 cell line once we found that the PEI (transfection reagent used in 237 
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the original protocol in EPC cells) was not efficient in BF-2 cells. There is a lack of literature 238 

information in regards to transfection in BF-2 cells as most transfection experiments in fish cell lines 239 

are based on EPC, RTG or CHSE-214 cell lines (Acosta et al., 2006; Dehler et al., 2016; Lopez et al., 240 

2001). There is also a lack of literature concerning thermal adaptation of fish cell lines, however, 241 

these temperature issues problems have ultimately been solved with the use of vaccinia-free 242 

systems, which either have cell lines constitutively expressing T7 RNA polymerase or by the addition 243 

of a plasmid to the mix or even by the use of a CMV promoter associated with ribozymes 244 

(Ammayappan et al., 2010; Kim et al., 2016). The transfection technique in fish cells requires 245 

optimization as fish cell lines are very sensitive to the transfection reagents routinely used in 246 

mammalian cells (Villalobos et al., 1999). We obtained recovery of rVHSV from the first passage at 247 

37˚C of incubation (for both 3 and 6h) after transfection in BF-2 cells as well as in BHK-21 with added 248 

BF-2 cells. Similar protocol in BF-2 cells was used in the recovery of Sleeping Disease Virus (SDV) in 249 

BF-2 cells by Moriette et al., (2006) with a total exposure of 7h to 37˚C.  250 

More recently, Zhao et al., (2019) have succeeded in recovering recombinant infectious 251 

hematopoietic necrosis virus (IHNV), another important fish rhabdovirus closely related to VHSV, 252 

using a BHK-21 cell line stably expressing T7-RNAP without the help of vTF7-3. We report that 253 

similarly, we recovered recombinant VHSV from mammalian cells, however, with the use of the vTF7-254 

3 as a provider of the T7-RNAP for the system and with the addition of a BF-2 cell suspension. BF-2 255 

cells were added to the transfected BHK-21 cells after 3 and 6h of incubation at 37˚C and therefore 256 

the rVHSV that were rescued were certainly formed in the BHK-21 as it is known that there is no 257 

replication of vTF7-3 at lower temperatures (Biacchesi et al., 2000). We were not able to recover 258 

rVHSV from transfected BHK-21 without the addition of BF-2 cells indicating that viral replication 259 

occurs within the transfected cells, but the viral progeny were not able to infect new BHK-21 cells. 260 

Following our results, a strategy that could be attempted to obtain recombinant VHSVs instead of 261 

using an association of mammalian cell line with a fish cell line, would be to use EPC cells directly for 262 

transfection and the addition of a BF-2 cell suspension as described in this study. EPC cells have 263 

mostly been used in fish rhabdovirus reverse genetics systems and therefore, transfection protocols 264 

for this cell line are widely available (Ammayappan et al., 2011, 2010; Biacchesi, 2011; Biacchesi et 265 

al., 2010).  266 

Currently there are several methods to design and implement a reverse genetics system for 267 

rhabdoviruses, however, its design, validation and implementation are highly laborious and time 268 

consuming. Here we presented practical solutions for the challenges we have encountered while 269 

implementing a reverse genetics system for a VHSV genotype Ib isolate based on already published 270 

and known protocols. Further studies on fish cell lines thermal adaptation, cell lines susceptibility to 271 

fish viruses and transfection efficiency in different fish cell lines would definitely be of importance and 272 

contribute for the future development of reverse genetics for further VHSV isolates and other fish 273 

viruses of interest. 274 

 275 

 276 

 277 
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