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Abstract

The Bunyaviridae family is one of the largest RNA virus families, with more than 350 species identified so 

far. Bunyamwera virus (BUNV) is the prototype for the family. The virus harbours a tripartite RNA genome, 

of single stranded negative polarity. The small segment of the virus presents two overlapped open reading 

frames, coding for the nucleocapsid and the NSs proteins. As the N protein is essential for viral survival, 

studies about NSs are constrained to a mutant lacking its expression (via mutation of the start codon).

Described in this thesis is the use of reverse genetics to generate a virus expressing the N and NSs 

proteins in the same S segment, but in non-overlapping open reading frames. Several attempts to rescue 

different mutants were tested. From all, the only viruses rescued were the 2kb (with a fully duplicated S 

segment) and the 2k-PKNSs (cloned from the 2kb, with a PK-tagged NSs in the second coding region), 

which were further analysed. The 2kb was shown to be stable during passages in a wild-type background 

and to infect at the same rate as the wild-type BUNV. The 2k-PKNSs was infectious, but did not express 

the PK-tagged NSs protein, which may be due to a mutation afecting the second ORF. 

Further studies have to be conducted in order to achieve the separate expression of the two genes, such 

as the use of a different backbone vector for the 2A-GFP (which presents the N and the GFP ORFs 

separated by a self-cleaving protease) and the 2A-PKNSs (with the N separated from the PKNNs by a 

self-cleaving protease) or the construction of a cell line with a constitutive N expression. 

Keywords: Bunyamwera virus, NSs protein, overlapping open reading frames, reverse genetics.
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Resumo

A família Bunyaviridae é uma das maiores famílias virais, com mais de 350 espécies. O vírus 

Bunyamwera (BUNV) é simultaneamente o protótipo do seu género e da família. Esta espécie apresenta 

um genoma tripartido de RNA, com polaridade negativa. O segmento S codifica para duas proteínas, N e 

NSs, em grelhas de leitura sobrepostas; a proteína N é essencial para a sobrevivência do vírus, enquanto 

que a proteína NSs é dispensável para a proliferação viral, sendo-lhe atribuido um papel de factor de 

virulência. Devido à sobreposição das grelhas de leitura e ao papel essencial da proteína N, o estudo da

NSs tem sido limitado à análise de mutantes que não a expressam (por mutação do codão inicial). 

Nesta tese encontra-se descrita a aplicação do método da genética reversa na geração de um vírus que 

expresse as proteínas alvo em grelhas de leitura separadas, contidas no mesmo segmento de genoma. 

De todos os mutantes testados apenas foi possível recuperar os vírus 2kb (que apresenta o segmento S 

totalmente duplicado) e 2kb-PKNSs (derivado do 2kb, por substituição da segunda sequência codificante 

pela sequência da NSs marcada com PK), que foram posteriormente caracterizados. O vírus 2kb mostrou 

ser estável durante infecções sucessivas, infectando a um ritmo comparável ao vírus original. O 2kb-

PKNSs apresentou sinais de infectividade, mas sem expressão da proteína de fusão PKNSs, o que pode 

estar relacionado com uma mutação na segunda grelha de leitura. O recurso a um vector com um 

promotor T7ribo em substituição do TVT7 pode gerar um resultado diferente para os mutantes 2A-GFP

(que apresenta uma protease autocatalítica entre N e GFP) e 2A-PKNSs (com a mesma protease entre N 

e NSs marcada com PK). Uma alternativa ao uso de um segmento que expresse as duas proteinas em 

grelhas de leitura separadas é a construção de uma linha celular que expresse constitutivamente a 

proteína N.

Palavras-chave: Bunyamwera, NSs, grelhas de leitura sobrepostas, genética reversa. 
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1 Introduction 

Viral infectious diseases have been on the spotlight as some of the most dangerous emerging diseases 

and names like HIV, Spanish flu or hepatitis B are now widely known among the population. RNA viruses 

have a particular paper in this scenario, as their genome can rapidly mutate and adapt to new 

backgrounds and conditions, giving them the ability to easily spread worldwide. 

The Bunyamwera virus (BUNV) is a negative-sense, segmented RNA virus, belonging to the Bunyaviridae

family. This family has some BSL3 and BSL4 pathogens, such as the Rift Valley Fever (RVFV) and the 

Crimean-Congo Hemorrhagic Fever (CCHFV) viruses, which is leading to a growing interest in the 

research of the viral mechanisms associated with their pathogenesis. La Crosse virus (LACV) is one of 

the main responsible for severe paediatric encephalitis in the United States and infections with Oropouche

virus (OROV) have been causing repeated, large-scale epidemics. Several viruses from this family also 

infect animals, in some cases sheep and cattle and one genus infects plants, with a result of millions lost. 

BUNV encodes six proteins, four structural and two non-structural. In several negative RNA virus non-

structural proteins have shown to be related to viral pathogenesis and infectivity, so they are primary 

targets in several studies. In BUNV, one of the non-structural proteins is present in the small (S) viral 

genome segment, with the coding sequence overlapped with the open reading frame of the nucleocapsid 

(N) protein. As the N protein is essential for viral replication, little is known about the functions of NSs. A 

mutant virus was constructed through reverse genetics that lacks the expression of NSs, which led to a 

slower rate of infection and activation of the interferon-β system. This mutant maintained the sequence of 

the entire S segment, with the exception of two mutations in two start codons of the NSs ORF, which do 

not affect the amino acid sequence of the N protein. Despite this study, it is not possible to further explore 

this protein, as using tags to localize it and control its expression. Another constrain regarding this protein 

is the existing anti-bodies raised against it, as they are weak and do not form a strong interaction with 

NSs. To understand the underlying functions of this viral pathogenic factor it is necessary to separate the 

expression of N and NSs, so the last can be manipulated without the lost of viral viability.   
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2 Literature Overview

2.1 Emerging Infectious Diseases (EIDs)

Infectious diseases are one of the leading causes of death and disability worldwide. If decades ago the 

disease panorama looked relatively stable, nowadays there are epidemics of new and old infectious 

diseases, which amplify the global contributions of infectious diseases in the world health scenario. The 

populations growth, the environmental degradation, the mishandling of antimicrobial drugs and the high 

mobility of people and objects, among others, have contributed to a unique rate of emerging new 

diseases, that are appearing at a rate of one per year (WHO, 2007). Infectious diseases are not only 

appearing more quickly, they are also spreading faster. In addition to 40 new diseases unknown to man a 

generation ago, during the last five years there were more than 1100 epidemic events. In 2004, more than 

25% of annual deaths worldwide were estimated to be related with infectious diseases, which make them 

the second leading cause of death all over the world (Morens, 2004).

According to the Pan American Health Organization, an emerging infectious disease (EID) is one that has 

appeared in a population for the first time, or that may have existed previously but is rapidly increasing in 

incidence or geographic range. Nowadays it is impossible to talk about EID without mention viral 

infections, in particular RNA viruses. In an analysis of emergent infectious diseases incidents, viral 

pathogens constituted 25.4% of the events (Jones, 2008). The great number of emerging and re-emerging 

RNA virus can be explain in part by their high mutation rate, which means that they can easily adapt 

themselves to a variety of environmental factor and conditions (Nichols, 2000). Viruses such as Spanish 

Influenza and Ebola, which are mentioned exhaustively in the media, are part of these RNA viruses. 

Spanish flu alone has killed more than 20 million people across the world. 

2.2 The Bunyaviridae Family

2.2.1 General Characteristics and Virion Properties

The Bunyaviridae family is one of the largest RNA virus families, with more than 350 species identified so 

far distributed over five genera: Orthobunyavirus, Hantavirus, Phlebovirus, Nairovirus and Tospovirus

(Elliott, 1990). Several members from this family have been considered as emerging viruses, and several 

of them are capable of infecting humans and animals with varied severity. The human diseases include 

several types of encephalitis and hemorrhagic fevers. Though all bunyavirus share certain specific 
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characteristics, there is also a degree of variability among the different viruses, not only in terms of hosts 

and vectors, but also regarding genome replication and coding strategies. 

The Orthobunyavirus genus was initially designated as Bunyavirus, but this lead to several difficulties, as 

all members of the family, but also members that only belonged to the genus, were called the same way. 

The name of the genus was then changed to Orthobunyavirus, although some references still call the 

members of the genus as bunyavirus. For the purpose of clarification, in this thesis members of the family 

are designated as bunyaviruses, while members of the genus are called orthobunyaviruses. Members of 

the different genera are usually refered as orthobunyavirus(es), hantavirus(es), nairovirus(es), 

phlebovirus(es) and tospovirus(es).

Members from this family can infect a broad range of host, from mammals to tomatoes.  

Orthobunyaviruses, nairoviruses, phleboviruses and hantaviruses infect vertebrates, while tospoviruses 

infect plants. With the exception of hantaviruses, which are transmitted by aerosolized secretions from 

rodents, where the virus establishes a persistent infection, each genus has a specific biting arthropods for 

their transmission: mosquitoes or midges for orthobunyaviruses, ticks for nairoviruses, sand flies or ticks 

for phleboviruses and thrips for tospoviruses (Gonzalez-Scarano & Nathanson, 1996). While in their 

vectors the viruses establishe a persistent infection, several species are responsable for metabolism shut-

off in vertebrate infected cells.

The viruses are enveloped viruses, and have a spherical or oval appearance, with a diameter of 80-110 

nm (Schmaljohn, 1996). The envelope derives from the Golgi complex (and rarely from the surface 

membranes) and presents spikes that correspond to the two glycoproteins that are embedded in the lipid 

envelope. The viral envelope surrounds the genome, which is arranged in ribonucleproteins (RNP). These 

consist of RNA encapsidated by the nucleocapsid (N) protein and the RNA-dependent RNA polymerase 

(RdRp; L protein) interacting with the complex. This way, each RNP has multiple copies of the N protein 

and only one genome segment and one polymerase. 

Bunyaviruses harbour a tripartite RNA genome, which consists of the Large (L), Medium (M) and Small 

(S) segments (Bishop et al., 1980). Depending on the genus they can be of negative or ambi-sense 

polarity. The RNA is linear and single-stranded. The untranslated regions (UTRs) are highly conserved 

among segments and between members of the same genus, but vary considerably among different 

genera. The termini of the two UTRs are complementary to each other and they are paired in vivo, 

creating stable panhandle structures that make the RNP look circular.

Figure 2.1 represents the structure of a bunyavirus virion. 
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Figure 2.1: Structure of a bunyavirus virion. The three RNA segments are individually encapsidated by the N protein and the RdRp
associates with the RNA+N complex to form RNP. The two glycoproteins are inserted in the viral envelope as heterodimers. 

Reproduced from http://www.expasy.org/viralzone

In general, the bunyaviruses encode four structural and two non-structural proteins. The L segment

encodes for the RdRp, the M segment encodes the two glycoproteins (GC and GN) and a non-structural 

protein NSm and the S segment encodes the N protein and a non-structural protein NSs (Elliott et al., 

1991). Not all genera of the family express the non-structural proteins: Orthobunyavirus, Phlebovirus and

Tospovirus genera encode NSs, and NSm is expressed by all except Hantavirus and members from the 

Plebovirus genus which belong to the obsolete Uukuvirus genus. Figure 2.2 shows the different coding 

strategies for the three segments of each genus.

There is a considerable variability among the members of the family, so it has been a challenge to classify 

them in genera and serogroups. Members of the same genus resemble each other in terms of coding 

strategies, morphogenetics and morphology. While molecular features are used to separate the viruses 

into different genera, antigenic data provides a way to classify within each genus (Holland & Domingos, 

1998). The serological methods used are neutralization, hemagglutination inhibition (HI), enzyme-linked 

immunosorbent assay (ELISA), and complement fixation (CF): the first two are directed at the 

glycoproteins of the viruses, so they can distinguish between closely related viruses, whereas the CF is 

directed against determinants of the nucleocapsid (which is more conserved among viruses). According to 

these tests viruses are classified into serotypes, subtypes, variants and varieties, and they differ from 

each other in places of occurrence, sequence and coding, natural vector and vertebrate host. 

Table 2.1 shows the type specie for each genus, along with an example of a pathogen and a disease 

caused by the virus.
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Figure 2.2: Coding strategy for the genome of each genus, represented by their type specie. Proteins expressed by negative-sense ORF are represented below the viral genome, 
while the ambi-sense coding strategies are represented above it.
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Table 2.1: Classification of the Bunyaviridae family, type species (according to the ICTVdB index of viruses) and one example of a 
pathogenic viruses and the disease/symptom associated with it.

Genus Type Species Example of pathogen/disease

Orthobunyavirus
Bunyamwera virus 

(BUNV)
La Crosse virus (LACV)/

Encephalitis

Hantavirus
Hantaan virus

(HTNV)
HTNV/

Fever and renal failure

Nairovirus
Dugbe virus

(DUGV)
Crimean-Congo Hemorrhagic Fever virus (CCHFV)/

Hemorrhagic fever

Phlebovirus
Rift Valley Fever virus 

(RVFV)
RVFV/

Hemorrhagic fever

Tospovirus
Tomato spotted wilt 

virus (TSWV)
TSWV/

Tomato spotted wilt

2.2.1.1    Genus Orthobunyavirus

This is the largest genus in the family, organized in 18 serogroups (Calisher, 1996). The serogroups are 

Anopheles A and B, Bakau, Bunyamwera, Bwanba, Capim, California, Gamboa, Guana, Group C, 

Koongol, Minatilan, Nyando, Olifanstlei, Patois, Simbu, Tete and Turlock. 

This genus contains the prototype for the whole family, the Bunyamwera virus (BUNV), but also other 

patogens of varied importance. Some members of the genus, such as Inkoo, La Crosse and Cache Valley 

viruses, are capable of causing acute encephalitis or aseptic meningites in humans, although the latter is

primarily pathogenic in sheep and very few reports in humans have appeared during the years (Sexton et 

al. 1997). 

2.2.1.2    Genus Hantavirus

Hantaviruses belong to the emerging pathogens that are gaining more and more attention in the last

decade. The first outbreak of hantavirus reported was in Korea, during the Korean War (1951-1953), 

although the first isolate was only achieved in 1978 (Zeier et al., 2005). That isolate was the Hantaan 

virus, and the pathology described was named Hemorrhagic Fever with Renal Syndrome (HFRS). Since 

then, many new hantavirus species have been found, and viruses from this genus have been detected in 

the Americas, Asia and Europe (Lednicky, 2003). No hantaviruses had been detected in the Americans 

until May of 1993, when a cluster of acute respiratory distress syndrome caused more than 40 fatalities in 
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less than 2 years (Zaki et al, 1995). Later on, the causative agent was named Sin Nombre Virus (SNV), 

and classified has a new specie of this genus. The disease was called Hantavirus Pulmonary Syndrome 

(HPS). So, hantaviruses cause two distinct zoonoses, HFRS and HPS, depending on the infecting virus.

The hantaviruses are the only members of the Bunyaviridae family which are rodent-borne, rather than 

arthropod. There is a strong relation between the species and their reservoir hosts, which indicates a co-

evolution of both viruses and rodents, and each hantavirus specie is associated with a specific host where 

it establishes a persistent infection (Nichol, 2001). They are found in most parts of the world, with some 

exceptions like Antarctica and Greenland. As the virus is dependent on the host’s geographic spread, they 

only exist where their hosts are spread. In America hantavirus is carried by Arvicolinae or Sigmodontinae

rodents. In Asia the Hantaviruses can be found in Arvicolinae and Murinae, as in Europe. In Europe there 

are two major causing diseases viruses: the Puumala virus (PUUV) and the Dobrava virus (DOBV). The 

effects of the hantavirus infections are assumed to be primary connected to the host´s immune system, 

rather than directly caused by the viruses.

2.2.1.3    Genus Phlebovirus

The Phlebovirus genus has 68 serotypes, divided into two antigenic groups: the Phlebotomus Fever and 

the Uukuniemi (Giorgi, 1996). The Uukuniemi group was first classified as a separate genus, although the 

resemblance with the members of the Phlebovirus resulted in the union of the two genera. The first one 

consists of thirteen serocomplexes and is transmitted by mosquitoes, sandflies and cerotopogonids, while 

the Uukuniemi one is transmitted by ticks. 

This genus of arthropod born viruses is spread in different localizations, so it can be found in Central Asia, 

Americas, Africa and Southern Europe (Tesh, 1988). So far, eight viruses from this genus have been 

associated with diseases in humans and their symptoms go from a mild febrile illness to haemorrhagic 

fever and death. 

The family has two prototypes, the Rift Valley Fever virus (RVFV) and the Uukuniemi virus (UUKV). The 

RVFV is a zoonotic virus that can infect both livestock and humans. It was first observed in livestock in 

Kenya, during 1915, but it was not isolated until 1931 and several epidemics in humans and livestock 

have occurred since then (Labeaude et al., 2007). The UUKV is a non human pathogenic virus that has 

also been used as a model for the family, as it is safe and can be grown at high titers (Overby et al., 

2006).  

2.2.1.4    Genus Nairovirus

Nairovirus genus comprises 34 members divided into 7 serogroups, all transmitted by ticks (Elliott et al. 

2000). These viruses have a genome that only expresses structural proteins, although theirs segments 
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are larger than the other members of the family. So far, from all the members of the genus only three 

seem to be infectious to humans: Crimean-Congo Hemorrhagic Fever virus (CCHFV), Nairobi Sheep 

Fever virus (NSFV) and Dugbe virus (DUGV) (WHO, 2001). Their life cycle, as most members of the 

family, involves transmission among the vector and from it to a wide range vertebrate host, either 

domestic or wild animals. 

The NSFV is mainly pathogenic in sheep and goats, although can sporadically infect humans. The DUGV 

was the first member of the genus to have the whole genome sequenced and is the type specie of the 

genus (Bridgen et al. 2002). Dugbe human infections cause mainly a mild febrile illness. The CCHFV is 

one of the most pathogenic and studied member of the family. The disease was first detected in Crimean 

during 1944 and in Congo, in 1956 (Chumakov, 1945; Simpson et al., 1967). Analyses in both viruses 

concluded that it constituted the same specie, which was named after the two places. It can be 

transmitted to humans through bites of infected tick, but also through direct contact with contaminated 

blood (or other tissue). The disease is endemic in Africa, Asia Middle East and Europe - although there 

have been a number of outbreaks - and its geographic spread is related to the distribution of its tick vector 

(Mardani, 2007). The virus causes severe hemorrhagic fevers in humans, with a mortality rate of 10-50%. 

2.2.1.5    Genus Tospovirus  

The members of the Tospovirus genus are transmitted by thrips species and constitute the only members 

of this family that infects plants instead of vertebrate hosts. Similar to the Phlebovirus genus, the 

tospoviruses present an ambi-sense S segment that expresses both N and NSs proteins (Goldbach & 

Peters, 1996). Furthermore, this is the only genus where an ambi-sense coding strategy is also present in 

the M segment.  

The first report of a tospovirus infection dates from 1915 (Brittlebank, 1919), in Australia and since then 

many reports were presented, all from the same virus, but with different names associated with it. The 

virus was late named Tomato Spotted Wilt virus (TSWV), which is the genus prototype and originated the 

genus name (Tomato Spotted Wilt virus). Since then other species of plant-infectious viruses have been 

attributed to this genus, such as the Impatiens Necrotic Spot virus (INSV) and the Groundnut Ringspot 

virus (GRV).  This genus is responsible for the infection of more than 900 plant species that ranges from 

vegetables (such as peppers) to decorative plants (as dahlias) and also for the damage of several crops 

with billions lost (Peters, 1998). Since their first observation their geographic localization has been 

spreading and they now can be found worldwide. 

The symptoms of the diseases depend on the specie, strain and host, but for the TSWV can be ringspots 

or other line patterns, as well as long necrotic streaks (among others). Once the virus has infected the 
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plant, there is no cure. To avoid infection several studies have been made concerning natural or acquired 

resistance.

2.3 Orthobunyavirus Genus and Bunyamwera Virus

The BUNV belongs to the Bunyamwera serogroup of the Orthobunyavirus genus and it was first isolated 

in Uganda, Central Africa, in mosquitoes (Smithburn et al. 1946). The virus is capable of infecting 

humans, causing arthralgia, febrile illness and rash, and shares the general characteristics of the family: 

tripartite genome expressing six proteins, replicating alternately in vertebrates and arthropod borne 

vectors.

2.3.1 Protein Functions

2.3.1.1     L Segment 

The RNA viruses are not capable of replication and transcription only with the cell’s machinery. Therefore, 

they need their own RNA dependent RNA polymerase, a multifunctional enzyme that is involved into both 

transcription and replication. To be able to execute all this, the enzyme processes different activities, such 

as endonuclease, transcriptase and replicase. This protein is the least expressed by the viruses, and it 

has been shown to associate with perinuclear membranes.

As both the panhandle structure and the N protein are necessary for the transcription and replication 

processes, it can be assumed that the RdRp interacts both with N protein and with the UTRs of the 

viruses.

2.3.1.2     M Segment

The M segment of these viruses codes for the viral glycoproteins GN and GC, and for a non-structural 

protein called NSm. The three proteins are transcribed as a single mRNA that is translated into a 

polyprotein, which is cotranslationaly cleaved into the different proteins and imported into the Golgi. In 

contrast to the other segments, the products from the M segment of the viruses belonging to this family 

undergo post transcriptional processing and modification.

The glycoproteins of the members of the Bunyaviridae family form spikes in the viral envelope. Both of 

them are type I integral transmembrane proteins, with the carboxyl hydrophobic domain facing the 

cytoplasm (Pettersson & Lars, 1996). The GC protein contains a short cytoplasmic tail, while the GN has a 

long one. 
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In general, the nascent proteins are glycosylated at the ER, and they migrate to the Golgi, where they are 

further processed. The proteins show a high cysteine content, and within serogroups, a conserved 

position of these residues, which might point to their importance in the folding of the proteins. 

The accumulation of these proteins in the Golgi leads to a notable characteristic of most of the members 

of the Bunyaviridae family: maturation and budding in this organelle. The GC contains the Golgi targeting 

and retention signals which are required for both proteins localization, as they form heterodimers with 

each other – while GC can locate individually in the Golgi, the GN needs the co-expression of the other 

glycoprotein (Lappin et al., 1994). This protein is also found to be determinant in the attachment of the 

virus to the host cell, and to play an important role in the virus virulence. The interaction between the 

glycoproteins and the RNPs is mediated by the tail of GN and the nucleoprotein.  

The NSm is a non structural transmembrane protein expressed by phlebo-, ortho- and tospoviruses, 

although the proteins of the first two do not show any similarity with the last one. 

The NSm from the BUNV is show to be located in the Golgi, even when it is expressed by itself, which 

may indicate its involvement in the process of viral maturation (Shi et al., 2006). This protein is required 

for the virus growth in cell cultures. Studies in phleboviruses showed that cells infected with a mutant virus 

not expressing NSm underwent apoptosis earlier then the wild type, and that the expression of NSm was 

sufficient to prevent this early death (Won et al., 2007). 

The protein from tospoviruses is involved in the formation of tubular structures and in the cell-to-cell 

movement in the plant. In the TSWV, NSm protein interacts with plasmodesmata, where it associates in a 

tubular shape (Storms et al., 1995). Plasmodesmata are channels that connect cells through the cell wall, 

but with a diameter that does not justify virus transportation. The association of the NSm protein with this 

structures points to the involvement of NSm in cell-to-cell viral translocation within this genus.   

2.3.1.3     S Segment

The S segment of bunyaviruses, phleboviruses and tospoviruses encodes two proteins, the nucleocapsid 

(N) and the non structural protein NSs, while the nairoviruses only code for N. Members of the Hantavirus

genus were though not to express NSs, despite the presence of the ORF in some species, until 

Jaaskelainen et al. (2007) demonstrate that the Puumala and Tula NSs ORFs are functional.

The Nucleocapsid is the first protein being expressed in infected cells and is the most abundant protein. N 

is the component of the virus responsible for the encapsidation of the viral RNA (both anti and genomic 

RNA) and it is located in the cytoplasm. In the Phleboviruses genus the N protein forms dimers that bind 

to the UTR of the genome segments, while the N protein of the Hantaviruses forms stable trimers that 

bind to the panhandle of the segments (Le May et al., 2005; Mir & Panganiban, 2004). In the 
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Orthobunyavirus genus this protein does not show dimers or trimers, but it still has the capacity of binding 

to the RNA. 

As said before, the N protein binds to the vRNA and to the cRNA, but not the mRNA. As the first two 

contain the full viral UTR, they are capable of pairing their 3´ and 5´ ends, while the mRNA is truncated in 

the 3´ and does not form this structure. Thus, is possible that this pairing is necessary for the recognition 

and interaction of the N proteins to the RNA. This makes sense, since both viral and cRNA have to be 

handled by the RdRp, while the mRNA is to be translated by cellular ribosomes. 

The N protein also shows RNA-chaperone activity, and is capable of dissociating RNA duplexes (Mir & 

Panganiban, 2006). The plausible explanation is that the chaperone activity helps the formation of the 

panhandle struture, by helping the RNA escaping from kinetic traps. Beside this, the N protein has been 

reported to have a role in the binding of the newly synthesized RNP to actin filaments, which might 

facilitate the transportation inside the cell (Ravkov et al., 1997). 

Regarding the NSs protein, the first glances about its functions came from a mutant virus, BUNdelNSs, 

which lacks this protein (Weber et al, 2002). This mutant presented a mutation in the two start codons of 

the NSs ORF, without disrupting the normal amino acid sequence of the N protein. This showed that NSs 

is a non-essential protein that helps in viral pathogenesis. The mutant had an impaired capacity in the 

shut-off of cell protein synthesis, grew slower than wild-type and induced a strong interferon β response. 

The same phenomenon was observed for the RVFV NSs protein (Le May et al, 2004). Regarding the 

mechanism by which the protein synthesis inhibition takes place, NSs has shown to target different 

components of the hosts’ transcriptional machinery. This capacity is probably related with RNA 

polymerase II (RNA pol II). In comparison with the BUNdelNSs, the existence of NSs in the cell is 

associated with the inhibition of the phosphorylation in a serine 2 present in the C terminal domain of the 

RNA pol II, which leads to inhibition of RNA pol II mediated transcription. In studies of yeast two-hybrid 

screen with BUNV an interaction between NSs and the Mediator protein MED8 was found (Léonard et al, 

2006). Mediator is a complex of several enzymes that plays an essential role in regulation of the RNA Pol 

II transcription and it is usually divided in three components: head (where the MED8 is located), body and 

tail. The head is thought to be the major regulator of the RNA pol II activity, so the control of the NSs over 

cell transcription might be explained by its interaction with MED8.

The interferon system, as it will be explain in Chapter 2.3.7.1, is one of the first defences of the cell 

against viruses. Interferon β has one of the major roles, binding to cell receptors when it is expressed, 

leading to the transcription of several proteins with antiviral activities. Experiments with the BUNdelNSs 

mutant led to the conclusion that not only this protein is capable of controlling the activation of the 

interferon system, but also it is sufficient to perform this function (Weber et al., 2002). The antagonist 

function of the NSs was also reported in members of the Phleboviruses genus (Perrone et al., 2007). 
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From the members of the family that do not express this protein, at least some Hantaviruses have been 

shown to induce interferon response in infected cells. Thus, these viruses must have a different 

mechanism of escaping the host´s immune system. 

Tospoviruses, as said before, have a different range of host, as they are pathogenic to plants and 

although they express NSs, there is no similarity between NSs sequences and sizes of this genus with the 

other genera from the family. Despite these, the tospovirus NSs is also responsible for blocking host anti-

viral responses, as it suppresses post-transcription gene silencing (Takeda et al., 2002). 

2.3.2 Functions of the Viral Untranslated Regions

The viral untranslated regions are situated at the 3’ and 5’ termini of the coding sequence. Although they 

vary in size, depending on the genus and on the segment, the negative sense 3’ is usually longer then 

than the 5’ terminus. The terminal sequences of the 3´ and the 5´ UTRs, for the last 11 to 21 nucleotides 

(nt), are complementary to each other and conserved between segments, while the rest of the UTR 

sequence has a great degree of variability (Lowen, 2005). This complementary is thought to be capable, 

as in Influenza virus, to base-pair, creating the circular RNP conformation that is observed under the 

microscope. For the Bunyamwera virus, the UTRs from the S segment are 85 and 175 nt (3´ and 5’ 

respectively), while the ones from the M and the L segment are smaller, with about 50 and 100 nt.. 

These sequences by themselves are capable of directing transcription, encapsidation, replication and 

packaging of the segments. 

Both termini are important for promoter activity, as the interaction is required for BUNV RNA synthesis. 

The transcription products are truncated their 3’ end, which indicates the existence of termination signals 

in the UTR region. While the members of this family do not present a poly-A tail, two types of potential 

termination signals have been found: GU-rich sequences and a CCCACCC motif. The S segment of 

Bunyamwera virus possesses two independent termination signals consisting of a pentanucleotide 

sequence (3’-UGUCG-5’) (Barr et al., 2006).  

The encapsidation signals are also thought to reside in the UTRs of each segment. For BUNV, 

competitive binding assays have shown that the N protein binds preferentially to a region in the 5´ of the S 

segment, which may constitute the place for the initiation of encapsidation (Osborne and Elliott, 2000).

Finally, the BUNV UTRs have been shown to be necessary and sufficient for the packaging of segments. 

This process is complex for segmented viruses, has they have to be able to pack at least one of each 

segment in order to generate an infectious particle. Experiments with UUKV and BUNV have also 

indicated that the UTRs from the three segments have different packaging competence (Flick et al., 2004; 

Kohl et al., 2006). 
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2.3.3 Replication and Transcription

The viral genome is involved in two different processes - replication and transcription – and they are both 

controlled by the RdRp (Schaljohn, 1996). 

Viral RNA (vRNA) transcription gives rise to a positive sense mRNA. Transcription is initiated by a process 

of “cap-snatching”, in which the virus cleaves the cap from the host mRNA and uses it as a primer for its 

transcription (Jin & Elliott, 1993). The viral mRNA is truncated at the 3´end compared to the viral genome, 

and is not polyadenylated. 

Replication of the genome leads to the formation of a complementary RNA (cRNA) that is not translated 

into proteins but can, in turn, serve as a template for the synthesis of more negative sense vRNA. Figure 

2.3 represents the coding strategy for transcription and replication of the BUNV S segment.

Figure 2.3: Replication and transcription processes of the BUNV S segment.

Because neither the vRNA nor the cRNA serve as messenger, the naked RNA per se is not infectious: it 

needs to be transcribed into mRNA by the viral RdRp, and for that it has to be encapsidated by the N 

protein. So, the viral L and N proteins are necessary and sufficient for transcription and replication, and 

the RNP complex is the minimal replication unit of the virus.

In viruses with an ambi-sense coding strategy, the positive sense ORF in the viral genome has to be 

replicated and the mRNA is transcribed from that complementary RNA.

Regarding the balance and the control of replication versus transcription, the mechanism is not fully 

understood. The change between primary transcription and replication requires the change from mRNA to 
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full length RNA synthesis, and the processes directing that change are not defined for any member of this 

family. Encapsidation by the N protein may serve as an anti termination signal during replication, allowing 

the synthesis of full-length cRNA, as it has been observed for other negative-sense RNA viruses 

(Banerjee, 1987). It is unclear why the N protein does not encapsidate the mRNA, but it has been 

suggested that the host-derived capped leader sequence may play a role. Besides that, and as mentioned 

before, the mRNA has to be processed by rybosomes and not by the viral polymerase, so the absence of 

encapsidation is justified. 

Replication occurs in the host cell cytoplasm and virions mature by budding directly into vesicles from the 

internal membranes of the Golgi complex. Bunyaviruses show a remarkable difference from other 

enveloped viruses, in that they do not have an internal matrix protein. This suggests that morphogenesis 

of the bunyavirus depends on the interaction of N protein in the RNPs, with the glycoproteins, or more 

exactly with their cytoplasmic tails.

2.3.4 Defective Interfering (DIs) RNA

Defective interfering RNA particles are viral particles generated from the original viral genome, containing 

only a fraction of it derived by deletions and/or rearrangements. DIs genomes occur spontaneously and 

although they do not have the genes needed for replication, they have to retain the cis-acting elements 

essential for encapsidation and replication. As they lack essential parts of the coding sequences, they are 

not capable of sustaining an infection by themselves, meaning that they need the presence of a helper 

virus, in doubly infected cells, to replicate. Their replication competes with the parental RNA replication, 

because they need the same enzymes provided by the intact viruses, but as they are smaller they 

replicate more efficiently, which gives them a replicative advantage. The generation of DIs is frequently 

associated with infections at high multiplicity of infection (MOI) and their presence is usually characterized 

by cyclic alternations of low and high virus titers. 

Among negative strand RNA viruses, DIs particles from Sendai, VS and Influenza viruses have been very 

well analyzed and studied. For the Bunyaviridae family the only documented cases of DI belonged to the 

BUNV and the TSWV (Patel & Elliott, 1992; Resende et al., 1991). In both cases, the DIs were all derived 

from deletions in the middle of the L segment RNA. 

2.3.5 Effects of Viral Replication in Different Organisms

The cytopathological effects of members of the Bunyaviridae family depend upon the host and the virus. 

Members from all genera, except Hantavirus, are capable of infecting both arthropod and vertebrate (or 

plant for Tospovirus) cells, with two very different outcomes. While in vertebrate these viruses can lead to 

cytopathological effects and eventually cell death, in invertebrate the infections is characterized as 
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asymptomatic and self-contained. Furthermore, even when infecting the same host, different virus affect 

specific organs in particular ways. 

A characteristic of the members of the Orthobunyavirus and the Phlebovirus genera is their capacity to 

disrupt the host cell metabolism in vertebrate cells (Lazdins and Holmes, 1978). This mechanism is 

associated with the suppression of the cellular protein synthesis mentioned before, which corolates with

the expression of the NSs protein. Studies in mutants lacking its expression and the lack of shutoff in 

Nairovirus and some Hantavirus infections seem to confirm this hypothesis (Maramorosch & McIntosh, 

1994). 

For the arthropod vector, In vivo, the arthropod ingests a blood meal contaminated with the virus, which 

has to enter the body of the arthropod before it is inactivated or excreted. If it is orally transmitted, it 

means that the virus has the capacity to reach the salivary gland and infected them, with or without 

amplification in other body tissues; once in the glands it can be release with saliva and be transmitted 

during the biting process (Mellor et al, 2000). After the ingestion of the virus, its titer usually falls into 

extremely low level for a variable period of time, after which it increases until it reaches a stable measure 

that is maintained throughout the life of the vector. Although the infection can be widely spread across the 

vector, the cells to not show changes in their behaviour and metabolism.  

In infected cells cultures, as in nature, the differences between mammal and arthropod cells are easily 

observed (Newton et al., 1981). In infections in BHK cells, the protein synthesis is rapid and sustained at 

high levels during the first sighs of cytopathological effects. In mosquito-infected cells their metabolic 

activity stays the same and there is no inhibition of host cell proteins, although the infection is active. 

Analyzing the viral protein synthesis, it can be observed that it is low and reduced to barely detectable 

levels at 30 hpi. 

A remarkable characteristic of the infection in arthropod is the behaviour of the N protein synthesis 

(Hacker et al., 1989); although an excess of its mRNA can be detected in the cell, the amount of protein 

synthesis declines with time. This fact may lead to the hypothesis that the nature of the persistent infection 

is at least in part regulated by the translation of the N protein.

2.3.6 Replication Cycle

The virus replication cycle begins with the adsorption and entry into the cell. Once inside, the primary 

transcription of the viral protein has to start, so the virus can produce the components of the RNP that in 

turn allow the replication of the genome. After these processes, the virus assembles in the Golgi 

apparatus and escape from the cells. Figure 2.4 shows the replication cycle for members of the 

Bunyaviridae family.
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Figure 2.4: Replication cycle of members of the Bunyaviridae family. Reproduced from Schmaljohn et al. 2001

2.3.6.1    Adsorption and Entry

The mechanism by which bunyaviruses enter the cell is not fully understood. The attachment of the virus 

to the cells is mediated by an interaction between one or both of the viral glycoproteins with unknown cell 

receptors. The existence of neutralizing antibodies to both glycoproteins in Phlebo- and Hantaviruses –

infected cells might be an indication that they are both involved in this process, however for 

Orthobunyaviruses the GC is the major attachment protein (Bishop, 1996). As it was said before, the 

infectious process is dependent of the pH, presumably because it affects the conformation of the 

glycoproteins. In cryotomography of UUKV a shift in the conformation of the glycoprotein can be noticed, 

depending on the pH, between tall and barrel shaped spikes (Overby et al. 2008). 

The virus enters the cell via endocytosis in coated vesicles. The vesicles are transported to the 

endosome, where the membranes fuse, leading to the release of the RNPs into the cytoplasm. 

2.3.6.2    Replication and Transcription of RNA

After entering the cell, viruses start the primary transcription in the cytoplasm, where they produce mRNA 

that is translated into viral proteins. Once the N and the L proteins are translated the virus can switch to 

replication, and new complementary copies of the genome can be made, which are encapsidated by the N

protein (Schmaljohn, 1996). This means that the L protein must now switch from using capped primers 
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and making truncated molecules to primer-independent replication of the complete segment. It is 

speculated that the accumulation of the N protein may influence this switch. As the N protein can bind to 

the viral genome and antigenome RNA, it is possible that the interaction with the nucleocapsid acts as an 

anti-termination signal for the L protein. The cRNA produced during replication then provides new viral

genomes that are encapsidated. Upon the encapsidation of the new vRNA, the virus can start the 

secondary transcription. The transcription of the three different segments varies in quantity, with the most 

expression coming from the S segment and the least from the L segment. In order to synthesize full length 

mRNA, the translation of the nascent mRNA has to be coupled with transcription (Barr, 2007). 

Viral proteins start to be synthesized shortly after infection. Transcription, replication and translation 

continue to happen during the stages of infection and release. 

2.3.6.3    Budding, Packaging and Release

The budding location is thought to be directed by signals present in the glycoproteins. In bunyaviruses the 

glycoproteins are first transported to the ER, where they form heterodimers. The signal that directs these 

proteins to the Golgi is located in the GC, so the heterodimerization allows the GN to be transported to the 

Golgi as well (Pettersson & Melin, 1996). These dimers accumulate in the Golgi inducing a morphological 

change in this organelle, characterized by vacuolization and dispersion (Gahmberg et al., 1986). In 

electron microscopy the RNP, once in the Golgi, are located beneath the membranes that present the 

spikes corresponding to the glycoproteins, suggesting an interaction directly between this complex and 

the proteins. Both the N and the glycoproteins accumulate in the Golgi, and there is no accumulation of 

the N protein in the ER, which seems to indicate that there is a specific interaction that takes place only in 

this organelle. 

After budding, the viruses are released as small particles, presumably via fusion with the plasma 

membrane (normal exocytosis) (Matsuoka et al. 1991). Very little is known about the assembly process of 

the orthobunyaviruses. The UTRs from the segments are sufficient for assembly of the viral particle.

2.3.7 Host-cell Responses

2.3.7.1    Antiviral Response and Interferon System

Multicellular organisms have several ways of defending themselves from viral infections. They can 

activate their cellular immune response, which fight against external factors resorting to agents like 

macrophages and natural-killer cells, or alternatively the organism activates its humoral immune system 

with the use of antibodies and T-cells. However, for a rapid response to viral infections, the cells present a 

system called interferon (IFN) system, which represent a way of inducing an anti-viral state in the infected 
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and adjacent cells (Janeway, 2001). The interferons constitute a group of cytokines that can be divided 

into three groups (type I, II and III), although not all of the molecules in this group are involved in viral 

response. 

The IFN system can be activated by several routes, such as double stranded RNA or intracellular viral 

RNA. Once the activation signals are presented, two transcriptional factors located in the cytoplasm, IRF-

3 and NF-κB, are transported to the nucleus, where they can interact with the promoter sequences of the 

IFN-β. These factors, together with a third one designated c-jun/ATF-2, will be responsible for the 

activation of the IFN-β gene. After this, the secreted IFN- β will interact with cellular receptors of the cell 

itself and of adjacent cells, stimulating them to synthesize anti-viral components by an upregulation of 

interferon-stimulated genes (ISGs) (Randall & Goodbourn, 2008). The best characterized ISGs are the 2’-

5’ oligoadenylate synthetase, the RNA-dependent protein kinase (PKR) and the Mx proteins. The 

simplified IFN-β pathway is schemed in Figure 2.5.

Figure 2.5: Schematic of the IFN-β activation and pathway in cells upon a viral infection. Reproduced from Haller et al. (2006)

To be able to infect, transcribe, replicate and spread in cells, numerous viruses have adopted different 

mechanisms of escaping the interferon system, being able to inhibit the IFN pathway in several different 

stages, such as camouflaging the initiator signals.  

In the Orthobunyavirus genus, two mutants have been analyzed that lack the expression of NSs,

BUNdelNSs and LACVdelNSs, and in both studies the mutants showed to be strong inducers of the 

interferon system (Weber et al, 2002). The NSs protein is able to control the induction of this system, as 

well as interfering with the host’s apoptotic pathway (which will be discussed in Chapter 2.3.7.2). In the 

BUNV, the inhibition of the interferon system may be related to the inhibition oof the RNA pol II mentioned 

before, as this process would prevent transcription of the IFN- β.
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2.3.7.2    Apoptosis

Apoptosis is a physiological process whereby cells undergo a programmed cell death. It can be induced 

by different stimuli, such as UV radiation or death receptors, and is characterized by certain cellular 

changes such as chromatin condensation and volume reduction. In the end, the cells suffer from 

fragmentation into small apoptotic bodies, surrounded by membranes, which are normally up taken by the 

surrounding cells or the immune system cells (Jacobson, 2002).

Nowadays there are two known apoptotic pathways in mammalian organisms and both involve complex 

cascades and are tightly regulated (Hengartner, 2000). In the presence of initiation signals, a group of 

molecules called caspases (proteases) is activated in cascade, leading to the degradation of key 

components of the cell and ultimately cell death. The two pathways differ on the initial activation: in the 

death receptor pathway, as the name indicates, the activation is controlled by the death receptors; in the 

mitochondrial pathway this phenomenon is controlled by the release of cytochrome c from the 

mitochondria. A representation of the two pathways showing some regulation mechanisms is presented in 

Figure 2.6.

Figure 2.6: Representation of the two main apoptotic pathways in mammalian cells. Reproduced from Hengartner, 2000.

The relation between viral infection and apoptosis is extremely complex (Hardwick 2001). During an 

infection, apoptosis is one of the strategies that an organism has to control the spread of the agent, killing 

the infected cell. Several viruses have been shown to produce anti-apoptotic factors that will in turn
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prevent the cell from undergo this process. The suppression of apoptosis by viral products is very diverse, 

depending on the virus, and can act in different regulation points of the process: some target the interferon 

pathway, as mentioned before, while other target downstream stages of apoptosis, in mechanisms such 

as inhibition of the caspases or competition for the death receptors’ adapter proteins; by contrast, many 

viruses also have the opposite ability of inducing apoptosis once inside a cell, as an exit strategy. 

Because of the formation of apoptotic bodies that are uptake by the surrounding cells, the virus can 

spread in an undetectable way, being also protected from the cell’s immune system. 

In the Bunyaviridae family the interaction between the virus and the host cell apoptosis machinery is 

considerable different between genera, and even serotypes. In the Phlebovirus genus, studies have been 

conducted with Punta Toro (PUTV) and RVFV, with very singular outcomes. The first virus was used to 

infect HepG2 cells, which demonstrated an apoptotic phenotype after infection, associated with imbalance 

of the mitochondrial potential (Ding et at., 2005); while infection with the wild-type RVRV and a mutant 

lacking the NSm protein expression showed that this protein counteracts the rapid cell death by apoptosis 

(Won et al., 2007). This latter experiment suggested that apoptosis was mediated by caspase 8 and that 

NSm acted as a suppressor of its activity. Diverse hantavirus infection have also shown to induce 

apoptosis in infected cultured Vero cells (Li et al., 2004). In the Orthobunyavirus genus, two opposite 

conclusions have also arisen from studies with the LACV (California serogroup) and BUNV (Bunyamwera 

serogroup). The NSs protein from the members of the California serogroup has a limited homology with 

the Drosophila protein Reaper (Colón-Ramos et al., 2003). This protein is an IAP inhibitor that is also 

though to induce cytochrome c release and possibly suppress protein synthesis. Experiments with the 

NSs from LCV indicate that this protein, by itself, can inhibit protein synthesis and induce mitochondrial 

cytochrome c release and caspase activation (Blakqori et al., 2006). As this virus induces apoptosis in 

newborn mice’s brains, it is possible that the NSs protein is directly responsible by the cytopathological 

effects of these viruses in the infected cells. In the Bunyamwera serogroup, on the other hand, the NSs 

protein seems to be related with preventing apoptosis mechanisms. The BUNVdelNSs shows that, 

besides the activation of the interferon systems and a diminished capacity to promote host cells protein 

shutoff, the cells infected with this virus also undergo apoptosis earlier then the wild-type ones (Kohl et al.,

2003). Is important to mention that, in the case of apoptosis induction, it is difficult to uncover the reason 

for the mechanism. It is possible that the induction is due to a characteristic of the infection and a way of 

achieving pathogenesis, but it can also be just a well establish mechanism by which the cells try to avoid 

viral dissemination.
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2.4 Reverse Genetics of RNA Viruses

2.4.1 Introduction

The RNA viruses represent a group of major animal and human pathogenic, such as dengue and yellow 

fevers. Despite that, the lack of tools that would allow their study delayed for years the details about these 

viruses. Due to the fragile nature of RNA and the difficulties in manipulating it, the generation of RNA 

viruses had to pass by the creation of cDNA. Reverse genetics, which was generated from this idea, is a 

method where viruses are derived from cloned cDNA, allowing their de novo synthesis. Although the 

direct use of RNA is possible, the techniques are more demanding and less straight-forward. 

The positive sense RNA viruses present a genome RNA that is infectious by itself and once in the cell it 

will generate new viral particles. The general approach for the manipulation of these viruses consisted in 

transcribing the plasmid in vitro with a polymerase like T7 polymerase and transfecting the RNA to 

permissive host cells. In 1978 the first RNA viruses was recovery by reverse genetics, when Taniguchi et 

al. rescued the Q bacteriophage. In the years following this rescue, multiple positive sense RNA viruses 

were recovery, in contrast to negative polarity virus, which until 1989 did not have any successful 

manipulation. 

2.4.2 Negative sense RNA viruses

The negative sense viruses continued to represent a challenge to the virology community even after the 

first applications of reverse genetics for positive strand viruses. The cRNA is not infectious, because it 

cannot give rise to mRNAs or vRNA (by itself). To generate an infection, the virus needs its own RdRp 

that is able to transcribe the negative sense genome into positive sense RNA, as well as the nucleocapsid 

protein that allows the formation of the RNPs, essential for this process. So, in contrast to positive sense 

reverse genetics, the cDNA was not enough for the recovery of negative sense viruses and rescues 

required a source of polymerase and nucleocapsid proteins. 

2.4.2.1    Non-segmented Viruses  

The order of mononegavirales, or non-segmented negative-sense RNA viruses, comprises of 4 families: 

Bornaviridae, Paramyxoviridae, Rhabdoviridae and Filoviridae (Conzelmann, 2004). 

The first steps into reverse genetics of the non-segmented viruses started in 1991 with the Sendai virus 

(member of the Paramyxoviridae family) (Park et al., 1991). This experiment confirmed that the signals 

necessary for encapsidation, replication and transcription lay in the terminal sequences of the virus.  
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The first non-segmented RNA virus to be rescued from cDNA was the rabies virus, in 1994 (Roberts et al., 

1999). Plasmids expressing N, P and L were transfected with a plasmid that expressed the entire genome 

sequence in a positive sense orientation. Since then, several non-segmented negative sense RNA viruses 

have been rescued using this method.

2.4.2.2    Segmented Viruses

The first approach towards the reverse genetics of segmented negative stranded viruses came in 1989, 

when Luytjes et al. were able to generate influenza A virus containing a CAT gene in one of the segments. 

The proteins present in the virus RNP were purified and used to assemble a functional RNP with a CAT 

gene flanked by the viral terminal sequences, which was transfected into cells infected with helper 

Influenza A virus. With this strategy it was possible to generate a mutant virus that rendered CAT 

expression in tissue culture, although not stable during passages. To overcome the demands of this 

technique, a new method using intracellular reconstitution of RNP had to be created. 

The problem with the in vivo approach in Influenza A reverse genetics is the need to synthesize RNA in 

the nucleus of the cell. This problem was solve using the RNA polymerase I (RNA pol I), which localizes in 

this organelle and is responsible by the transcription of ribosomal RNA (that, as the viral RNA, is not 

polyadenylated or capped). In 1994 this strategy gave rise to an engineered virus with CAT expression 

(Neumann et al., 1994) and in 1999 the use of the polymerase I system resulted in the first influenza virus 

rescued completely from plasmids (Fodor et al., 1999). The 8 genomic sequences were inserted in the 

plasmids, in a negative sense orientation, flanked by the RNA pol I promoter and terminator sequences, 

and these plasmids were transfected together with protein expression constructs that provided the 

proteins needed for transcription and replication. Despite the fact that is necessary to transfect 12 

plasmids into the same cell, this systems as proven to be efficient and robust. Hoffmann et al. (2000) 

applied this method to generate an Influenza virus from only eight plasmids. The positive sense RNA was 

inserted between the polymerase II promoter and a polyadenylation signal (for the transcription of mRNA) 

and this cassette was inserted between the RNA pol I promoter and terminator sequences, in a negative 

sense orientation (for the expression of the negative sense vRNA).

Although a lot of progress has been made with Influenza virus, the first segmented negative stranded 

RNA virus to be completely rescued from cDNA was the Bunyamwera virus (Bridgen and Elliott, 1996). A 

method was used that resemble the first rabies rescue; the transfection was taken along with 6 plasmids, 

three for the expression of the viral antigenome (where the S segment is flanked by the T7 promoter and 

the hep δ) and three helper plasmids for the expression of the viral protein. The cells also had to be 

infected with vaccinia virus expressing the T7 enzyme. The BUNV could then be purified from the vaccinia 

through passages in mosquito cells, where the vaccinia virus does not grow. 
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The 6 plasmid rescue system was the state-of-the-art in negative strand RNA reverse genetics, but it was 

still very inefficient and time consuming. The first improvement introduced was the way of supplying T7 

RNA polymerase, as vaccinia virus might compete with the BUNV life cycle and demands several phases 

of purification in mosquito cells (Lowen et al., 2004). To overcome the purification step, a BHK-derived cell 

line, BSR-T7/5 was created, that constitutively expresses T7 RNA Polymerase. The next logical step in 

simplifying the methods was changing the number of plasmids transfected. A transfection performed 

without the helper plasmids was tried, which meant that only the three plasmids containing the full length 

antigenome sequence were transfected.  The 3 plasmid rescue gives rise to recovery BUNV with similar 

or even higher titers than the 6 or 5 plasmid systems.    

These results may seem contradictory to the mentioned necessity of N and L proteins in the viral 

transcription and replication, although it is not. When the plasmids are transfected, the cell’s machinery 

can, at a low level, translate the genomic RNA segments that are generated from the plasmids. The small 

amount produce is, however, sufficient to form active RNP with the newly synthesized full length and 

positive stranded RNA. Once the antigenome is encapsidated it can replicate, generating genomic RNA 

that is also encapsidated and can then give rise to the start of the infection. 

The 3 plasmid rescue is now widely used in the generation of wt and mutant BUN viruses, as in some 

other members of the Bunyaviridae family.

2.5 Aim of the Project 

The objective of this project is to create a mutant BUNV virus that expresses N and NSs proteins in non-

overlapping open reading frames. As it was discussed previously, the knowledge on the BUNV NSs 

protein came from a mutant lacking this protein, but further studies are difficult due to the overlapping 

reading frames of N and NSs. Another challange with NSs is the lack of a strong and specific anti-body 

that would provide an insite about its location and functions. To achieve the goal of creating a segment 

that expresses the two proteins in separated ORFs, several expression strategies were tested, initially 

using reporter genes instead of NSs. The aim objective is to separate the N ORF from a ORF that 

expresses a tagged NSs, which would unable studies about the protein. 

Four mutant virus were generated previously which needed further characterization: IRES-GFP, an S 

segment with the N/NSs and a GFP ORFs separated by an internal ribosomal entry site; 2kb, a virus with 

a completely duplicated S segment; IProm-GFP and IProm-FFluc, both S segments with an internal 

promoter for expression of a second ORF, either GFP or FFluc. In addition, new mutants were created 

using a self-cleaving protease sequence from a Thosed asigna virus (TaV) separating the expression of 

the N and the reporter/PKNSs ORFs. Cloning the 2kb segment was also performed, in order to insert a 

PKNSs gene in the second coding region. 
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3 Material and Methods

3.1 Materials

3.1.1 Cell Culture

3.1.1.1    Cell Culture Manipulation

Glasgow modified Eagle’s medium (GMEM), Dulbeccos modified Eagle’s medium (DMEM), tryptose 

phosphate broth (TPB) and new-born cow serum (NCS) were purchased from Gibco BRL. Fetal bovine 

serum (FBS) was purchased from Biowhittaker. Trypsin was purchased from BD.

3.1.1.2    Cells

BHK-21 clone 13 (Stoker and Macpherson, 1962), a cell line derived from baby hamster kidney, was 

maintained in GMEM supplemented with 10% NBS and 10%TPB, at 37ºC and 5% CO2.

BSR-T7/5 cells (Buchholz et al., 1999), a cell line derived from BHK-21 and stably expressing the T7 RNA 

polymerase gene, were maintained in GMEM supplemented with 10% FBS and 10% TPB, at 37ºC and 

5% CO2.

Vero-E6 (ATCC no. CRL-1586) is a African Green Monkey cell line and was maintained in DMEM 

supplemented with 10% FBS, at 37ºC and 5% CO2.

3.1.2 Bacterial Strains

Plasmids were amplified in competent E. coli JM109: endA1, recA1, gyrA96, thi-1, hsdR17 (rk
-, mk

+), relA1, 

supE44, Δ(lac-proAB), [F’, traD36, proAB, laclqZΔM15]. 

3.1.3 Viruses

Wild-type Bunyamwera virus (BUNV), BUNdelNSs virus and original mutants IRES-GFP, IProm-GFP, 

IProm-FFluc and 2kb were originally supplied by R.M. Elliott.
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3.1.4 Plasmids

pT7riboBUNS(+), pTVT7BUNM(+) and pT7riboBUNL(+) (Bridgen and Elliott, 1996) contain the full 

sequence of the BUNV S, M and L segments, in a positive sense, between the T7 promoter and hepatitis 

δ ribozyme. These plasmids were provided by R.M. Elliott.

pT7riboBUNSEMCVIRESEGFP (IRES-GFP) contains the full sequence of the BUNVS followed by a 

encephalomyocarditis virus (EMCV) internal ribosome entry site (IRES) to drive expression of eGFP. This 

plasmid was provided by R.M. Elliott.

pT7riboBUNSdelNSs2EGFPpuro (IProm-GFP) contains the BUNV N protein sequence and an EGFP-

puromycin resistance fusion protein gene. GFP-puro expression is driven from an internal BUNV 

promoter. This plasmid was provided by R.M. Elliott.

pT7riboBUNSdelNSs2FFluc (IProm-FFluc) contains the BUNV N protein and the firefly luciferase gene. 

Firefly luciferase is driven from an internal BUNV promoter. This plasmid was provided by R.M. Elliott.

pT7riboBUN2kbS(+) (2kb) contains a tandem copy of the BUNV S segment in pT7ribo. This was cloned 

from a virus that arose with a duplicated S segment. This plasmid was provided by R.M. Elliott. 

pT7riboBUNS2kbPKNSs is based on the 2kb construct and contains only N in the first open reading frame 

and only PK-tagged NSs in the second ORF.

pUC57BUNSdelNSs2AGFP contains a mutated S segment in a positive sense, with the N gene followed 

by the 2A self-cleaving protease from Thosea asigna virus (TaV)  and the GFP gene, in a pUC57 

backbone. This plasmid was purchased from Genscript.

pTVT7BUNSdelNSs2AGFP (2A-GFP) was originated by cloning the mutated S segment from the 

pUC57BUNSdelNSs2AGFP into the pTVT7 backbone vector. 

pTVT7BUNN2APKNSs (2A-PKNSs) is the pTVT7BUNSdelNSs2AGFP with the GFP gene replace by the 

PK-tagged NSs ORF.

pT7riboBUNMNSm-GFP (NSm-GFP) is a plasmid that contains the viral M segment in a positive sense 

expressing an NSm-GFP fusion protein. This plasmid was provided by X. Shi.

pT7riboRluc-Ambi (Rluc-Ambi) is a plasmid that contains the Rluc gene in the first ORF, in a positive 

sense and the N gene in a negative sense orientation, following a internal M UTR. The genes are flanked 

by the M segment UTRs. This plasmid was provided by R.M. Elliott.
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phRL-CMV is a plasmid that expresses Renilla luciferase (Rluc), where the expression is controlled by the 

T7 promoter. This plasmid was purchased from Clontech.

3.1.5 Enzymes

Restriction enzymes were purchased from Promega and New England Biolabs.

M-MLV reverse transcriptase RNase H minus, GoTaq DNA Polymerase and T4 DNA ligase were 

purchased from Promega. 

3.1.6 Antibodies

Goat-anti-rabbit-horseradish-peroxidase was purchased from Cell Signal Tecnhology.

Anti-BUNV N poly-clonal antibody was raised in rabbit against bacterially expressed N protein and was 

provided by R.M. Elliott.

3.1.7 Synthetic Oligonucleotides

Oligonucleotides were purchased from Eurogentech. Sequences of all oligonucleotides used are listed in 

Table 3.1.

Table 3.1: Sequences of oligonucleotides used in the cloning and sequence analysis experiments.

Oligonucleotide Sequence (5’-3’) Brief Explanation

Ivk09
CTTTAGCCCGATTAAAAATGCATCCCTGC 

TCAGCATCTTCTCAAGTAGG

Anneals to the 5’ end of the NSs ORF 
(reverse primers);

Creates a NsiI restriction site in the end of the 
ORF.

Ivk10 CACTTGGAATGATGGAGAGG
Anneals to the 481-500 nts from the S 

segment (+).

Ivk11 CCAACTCAATCATTAAAGAGCC
Anneals to the 98-77 nts from the S segment 

(+) (reverse primer).

Ivk21
ATG ATC CCA AAC CCT TTG CTG GGA 

TTG GAC TCG CTG CTA ACA CCA GCA G

Anneals to the 3’ of the NSs ORF;
Inserts the V5 sequence prior to the start of 

the NSs.

Ivk24
GGGAAA GGGCCC ATG ATG TCG CTG 

CTA ACA CCA G

Anneals to the 3’ of the NSs ORF;
Inserts an ApaI restriction site prior to the start 

of the NSs.

Ivk25
GGGAAA GGGCCC ATC CCA AAC CCT 

TTG CTG GG

Anneals to the 3’ of the PK-NSs ORF;
Inserts an ApaI restriction site prior to the start 

of the PK-NSs.
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Oligonucleotide Sequence (5’-3’) Brief Explanation

Ivk30
GGA GAA CCC TGG GCC CGT GTC CAA 

GGG
Creates a ApaI restriction site between the 2A 

and the GFP sequences

Ivk31
CCC TTG GAC ACG GGC CCA GGG TTC 

TCC
Creates a ApaI restriction site between the 2A 

and the GFP sequences (Reverse primer)

Ivk33 GCAGGGCTGCAGTTTTAATCGGGC
Anneals to the internal 5´UTR of the 2kb;
Changes the NsiI restriction site for a PstI.

Ivk34
TGCAATATGCATGTCAATTACGACGGGC

CCTAAAGAGCCTTTAATGACCTTCTG
Anneals to the internal 3´UTR of the 2kb;
Creates a ApaI and a NsiI restriction sites.

3.1.8 Transfection of Cultured Cells and Manipulation of Virus

Lipofectamine 2000 was purchased from Invitrogen.

Opti-MEM 1x medium and Minimum essential medium 2x (MEM) were purchased from Gibco BRL.

Agarose type HSA was purchased from Park.

Phosphate buffered saline (PBS): 170 mM NaCl; 3.4 mM KCl; 10 mM Na2HPO4; 1.8 mM KH2PO4; pH 

7.12-7.3; 0.68 mM CaCl2; 0.49 mM MgCl2.

4% Formaldehyde (Fisher Scientific) in PBS.

3.1.9 Bacterial Culture

Ampicilin (Sigma)

LB agar: L-broth plus 1.5% (w/v) agar

L-Broth (LB): 10 g NaCl; 10 g bactopeptone; 5 g yeast extract per litre

3.1.10    Competent Cell Preparation, Transformation and Plasmid Extraction

QIAquick gel extraction kit, mini and maxi plasmid preparation kits were obtain from Qiagen.

Z-CompetentTM E. coli Transformation Kit & Buffer Set was obtain from Zymo Research
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3.1.11    Reverse Transcription (RT) and Polymerase Chain Reaction (PCR)

100 mM deoxynucleotide triphosphate (dNTPs) were purchased from Roche and diluted to a mixture of 10 

mM each.

3.1.12      DNA Gel Electrophoresis

Agarose multi-purpose was obtained from Biogen.

Ethidium bromide was purchased from Promega

6x DNA Loading buffer: 0.25% (w/v) bromophenol blue; 0.25% (w/v); 0.1 M Na2EDTA; pH8; 1% SDS 

(w/v); 20% (w/v) Ficoll 400.

2-log ladder was purchased from New England Biolabs.

Tris-borate EDTA (TBE) 10x and tris-acetate EDTA (TAE) were obtained from Invitrogen.

3.1.13      Polyacrylamide Gel Electrophoresis (PAGE) and Western Blotting

30% (w/v) Acrylamide/bis-acrylamide (AMRESCO)

10% (w/v) Ammonium persulfate (APS) (Fisher Scientific)

PBS-tween: 0.1% Tween-20 (Sigma-aldrich) in PBS

Blocking buffer: 1-2% (w/v) milk powder in PBS-tween

PageRule Prestained Protein Ladder (Fermentas)

Sodium dodecylsulphate (SDS) (Sigma-aldrich):10% w/v in dH2O 

N, N, N’, N’ tetramethylethylenediamine (TEMED) from Sigma

SDS-PAGE Running buffer 10x: 30 g Tris (Sigma); 144 g glycine (BDH); 10 g SDS per liter

1.5 M Tris pH8.8: 91 g Tris; pH adjusted with HCl and volume made up to 500 ml dH2O

0.5 M Tris pH6.8: 30.3 g Tris; pH adjusted with HCl and volume made up to 500 ml dH2O

5x Towbin buffer: 14.5 g Tris; 72 g glycine in 1 l of dH2O 

Methanol from Fisher Scientific
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Isopropanol from Fisher Scientific

3.1.14 Immunofluorescence Assay

4% Paraformaldehyde: 1 g paraformaldehyde (Sigma); 16 ml dH2O; 100 µl 1M NaOH; dissolve at 55ºC 

and adjust pH with HCl; 8 ml 3x PBS

0.1% Triton X-100 (Fisher Scientific) in PBS

3.2 Methods

3.2.1 Cell Culture

3.2.1.1    Maintenance of Mammalian Cells

Mammalian cell lines were maintened in medium tissue culture flasks (75 cm2) and were passage every 

two to three days, once they reached a monolayer state. For passaging, the monolayer was rinsed twice 

with trypsin and incubated at 37ºC for 2-3 minutes. After incubation, cells were ressuspended in 10 ml of 

medium, and 1 ml from this suspension was used to seed a new flask containing 15 ml of fresh medium. 

3.2.1.2    Transfection of Mammalian Cells

Transfections were carried out on cells with 80% confluence using Lipofectamine 2000. 35 mm-diameter 

petri dishes were seed with 5x105 BSR-T7/5 and incubated over-night. 1 µg of Plasmidic DNA to be 

transfected was diluted in 250 µl of Opti-MEM. For each transfection, 3 µl of Lipofectamine 2000 per 1 µg 

of DNA were diluted in 250 µl of Opti-MEM, and incubated at room temperature for 5 minutes. This 

mixture was gently added to the DNA solution and incubated at room temperature for 30 minutes. New 

medium was added to the cells, and the mixture of DNA and reagent was added to the cells drop-by-drop. 

Dishes were incubated at 33ºC for the duration of the experiment.

3.2.2 Virus

3.2.2.1    Bunyavirus Rescue

60 mm-diameter petri dishes were seeded with 1x106 BSR-T7/5 cells. The viruses containing the mutated 

S segments were recovered from cDNA by transfecting the cells as described in section 3.2.1.2. The 

plasmids transfected, besides the desired S segment, were the pT7riboBUNL(+), the pTVT7BUNM (+), 1 
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µg of each. For positive control the wt BUNV was also rescued in the same way, but with wt BUNS. In the 

negative control dish optiMEM and lipofectamin 2000 were added without any DNA.

When good CPE is visible (or after 12 days post rescue), culture medium was collected from the dishes 

and cell debris were pelleted by centrifugation at 2000 g for 10 minutes. The supernatant was aliquoted 

into cryotubes that were stored at -80 º C. 

3.2.2.2    Preparation of Virus Stock

Stocks of virus were grown in 80% confluence of BHK-21 cells, in 75 cm2 flasks. The cells were infected at 

low multiplicity of infection (MOI) (0.05 pfu/cell) of virus and incubated for 1 hour at 33ºC, with gently 

agitation every 15 minutes. After the absorption, 20 ml of fresh medium were added to the flask and 

incubated at 33ºC for approximately 4 days or until cells looked dead and were floating off the flask 

surface.

After incubation, the culture medium was transferred to a falcon tube; the flask was washed with 1 ml of 

PBS that was also put in the falcon. Cell debris was pelleted by centrifugation at 2000 g for 10 minutes 

and the supernatant was aliquoted into cryotubes and stored at -80ºC. 

3.2.2.3    Plaque Assay (for Titration of BUNV)

The titre of the virus was calculated by plaque formation. Virus stock was diluted from 10-2 to 10-8, in PBS 

with 2% NCS. 35 mm dishes seeded at 5 x 105 Vero-E6 cells/dish and incubated overnight were 

inoculated with 200 µl of each virus dilution, while in the control well were added 200 µl of PBS (2% NCS). 

The cells were incubated during 1 hour, with gently rocking every 10/15 minutes, after which the inoculum 

was removed. An overlay was made by adding 2 ml per well of a mixture (1:1) of HSA agarose (1.2%) and 

2x MEM (supplemented with 4% NCS). The plates were incubated at 37ºC for 4-6 days, and after that 

period the cells were fixed with 4% (v/v) formaldehyde (in PBS) for 3 hours to overnight. The 

formaldehyde and the overlay were removed and the cells were stained with Giemsa for 5-10 minutes. 

The plates were rinse and dried, and the number of plaques was counted to calculate the virus titre.

3.2.3 DNA Manipulation and Cloning

3.2.3.1    Preparation of Competent E. coli Cells

10 ml of fresh LB medium were inoculated with JM109 E. coli and incubated overnight at 37ºC. 100 ml of 

fresh LB were inoculated with 1 ml of the previous culture, and the culture was grown until OD reached 

0.4. The competent cells were generated by following the instruction manual of the Z-CompetentTM E. coli

Transformation Kit & Buffer Set from Zymo Research.
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3.2.3.2    Transformation 

For transformation of a plasmid in competent E. coli the DNA (0.2µl for purified plasmids or 10-20 µl for 

ligations) was added to the competent E. coli and placed on ice for 30 minutes. The mixture was plated on 

an agar plate containing ampicillin and incubated overnight at 37ºC.

3.2.3.3    Plasmid Preparation

For small scale plasmid preparation 10 ml of fresh LB with 10 µl of ampicillin were inoculated with a single 

colony from the plates with the transformed cells. The DNA was extracted using the Quiagen spin 

miniprep kit or the QuiaCube, according to the instruction manual. For large-scale preparations 100 ml of 

fresh LB with 100 µl of ampicillin were inoculated with 100 µl from the 10 ml culture and incubated 

overnight. The DNA was extracted using the HiSpeed Plasmid Maxi kit, according to the instruction 

manual

3.2.3.4    Restriction Endonuclease Digestion of DNA

Between 0.3 and 0.5 µg of DNA was digested with 10 U of restriction enzyme according to manufacturer’s 

instructions. After the incubation 2 µl of loading buffer (per 10 µl of mixture) were added to the mixture for 

analysis by agarose gel electrophoresis. 

3.2.3.5    Amplification of DNA by PCR

For sequencing and confirming fragment sizes, PCR was performed using GoTaq DNA Polymerase, in a 

50 µl volume reaction containing 50 ng of DNA, according to manufacturer’s instruction. The thermal 

cycler parameters are shown in Table 3.2.

Table 3.2: Parameters used in PCR for amplification of DNA sent for sequencing.

Initial denaturing 95ºC 5 min

Number of cycles 40

Strand separation 95ºC 30 s

Annealing 56ºC 30 s

Elongation 72ºC 3 min

Final extension 72ºC 10 min

   



45

For other purposes, the DNA was amplified using KOD polymerase, in a 50 µl volume containing 50 ng of 

DNA (or cDNA), according to manufacturer’s instructions. The reactions were performed with different 

thermal cycler parameters, which are shown in Table 3.3. 

Table 3.3: Parameters used in PCR for amplification of DNA. After the hot start the enzyme was added to the rest of the mixture.

Inicial denaturing 95ºC 5 min

Hot start 95ºC

Number of cycles 40

Strand separation 95ºC 30 s

Annealing 56ºC 30 s

Elongation 72ºC 1 min 30 s

Final extension 72ºC 10 min

The PCR products were purified using the Wizard SV Gel and PCR Clean-up System (Promega), 

according to instructions from the manufacturer. 

3.2.3.6    Agarose Gel Electrophoresis of DNA

For segment size visualization the fragments were separated by electrophoresis through a horizontal slab 

gel composed of 0.8% (w/v) agarose on 0.5X TBE and 4 µl of EtBr per 100 ml of agarose. The gel was 

submerged in 0.5x TBE and 6x loading dye was added to the samples to a final concentration of 1x. 100 

or 75 V was applied until a good separation was achieved.

3.2.3.7    Gel Extractions of DNA

DNA was purified from restriction digest reactions mixture by subjecting the sample to gel electrophoresis 

using 1xTAE buffer instead of TBE, excising the desired bands, and extracting the DNA from the gel slice 

using the Wizard SV Gel and PCR Clean-up System (Promega), according to instructions from the 

manufacturer. 

3.2.3.8    DNA Ligation 

For cloning, the ligation reactions were set up in a 30 µl volume containing approximately 15 ng of the 

vector DNA, a 5 times molar excess of insert, with T4 ligase according to manufacturer’s instructions. The 

reactions were performed at room-temperature during two hours.
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3.2.4 Sequence Analysis and Alignments

Automated DNA sequence determination was performed by the Sequencing Service of the University of 

Dundee. The plasmids containing the expected insert were sequenced in both directions using pUC118-

up or ivk10 as forward primers and T7 terminator as the reverse primer.

3.2.5 RNA Preparation 

3.2.5.1    Isolation of Total Cellular RNA

Cells infected at MOI of 3 were left to grow at 33ºC until good CPE was visible and then rinsed twice with 

trypsin. The RNA was extracted using the RNeasy Minikit (Quiagen), according to manufacturer’s

instructions.   

3.2.5.2    Reverse Transcription Polymerase Chain Reaction (RT-PCR)

3 µl of extracted RNA were added to 10 µl dH2O and 0.5 ng of each primer (reverse and forward) and the 

samples were heated at 70-74ºC during 5 minutes, and cooled on ice during 5 minutes. 1 µl of 10 mM 

dNTPs 10 mM, 10 µl of 5x M-MLV reaction buffer, 1 µl of M-MLV reverse transcriptase and 23 µl of sH2O 

were added to the mixture, which was left to incubate at 42ºC during 1-2 hours. 5 µl of the reverse 

transcriptase reaction was used in a PCR reaction as described in section 3.2.3.5.

3.2.6 Protein Analysis 

3.2.6.1    Preparation of SDS-PAGE Gels

20 ml of resolving gel solutions were prepared as listed in Table 3.4 then poured into a 1mm-thick 

cassette (Invitrogen). 70% isopropanol was added over the resolving gel to create a smooth surface. 

Once the resolving gel had polymerized, the isopropanol was removed, the surface was rinsed with water 

and the appropriate volume of stacking gel was prepared as listed in Table 3.5 and poured on the top. A 

comb was inserted and the stacking gel was allowed to polymerize. 
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Table 3.4: Volumes added of each component of the mixture to prepare different resolving gels percentages. All volumes presented 
are in ml.

Gel percentage: 8% 10% 12% 15% 16.5% 18%

H2O 9.5 8 7 5 4 3

1.5 M Tris pH 8.8 5 5 5 5 5 5

30% Acrylamide/bis 5.3 6.7 8 10 11 12

10% SDS 0.2 0.2 0.2 0.2 0.2 0.2

10% APS 0.15 0.15 0.15 0.15 0.15 0.15

TEMED 0.015 0.015 0.015 0.015 0.015 0.015

Table 3.5: Volumes added of each component of the mixture to prepare stacking gel. All volumes presented are in ml.

H2O 6

0.5 M Tris pH 6.8 2.5

30% Acrylamide/bis 1.5

10% SDS 0.1

10% APS 0.1

TEMED 0.01

3.2.6.2    Sample Preparation

BHK-21 cells were infected in 35 mm-diameter dishes at a MOI of 3 PFU/cell and incubated at 37ºC. At 

the time point desired, cells were harvested by first removing the growth medium, washing once with PBS 

and adding 300 µl of SDS sample buffer (2x) containing 25% (v/v) of DTT and benzonase. The dishes 

were left to incubate on a rocker at room temperature for 20-30 minutes, and after that the lysates were 

collected in eppendorf tubes, heated at 100ºC for 3 minutes and stored at -20ºC until further use. 

3.2.6.3    Gel Electrophoresis

The cassette prepared as explain in section 3.2.6.1 was assembled in the electrophoresis unit, and the 

inner and outer compartments were filled with 1x Tris-glycine running buffer. 15 µl of the samples and 5 µl 

of the PageRuler Prestained Protein Ladder were loaded, the gel was set to run 5-10 minutes at 100 V 

and then the voltage was increased to 180V. The samples were electrophoresed until the bromophenol 

blue band reached the bottom of the gel. The vertical electrophoresis apparatus used was X-cell Surelock 

(from Invitrogen).    
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3.2.6.4    Wet Western Blotting

The blotting sandwich was assembled as per instruction (Invitrogen) using a Hybond C extra nitrocellulose 

membrane and 0.5x Towbin buffer (with 20% of methanol). Transfer was carried out for 1 hour at a 

constant voltage of 30V.

3.2.6.5    Immunodetection

After transfer of proteins from the gel to the membrane, the membrane was blocked in 1-2% milkpower in 

PBS-Tween (PBS/T) overnight. The blot was rinsed 2 times and washed for 5 minutes in PBS/T. For 

binding to primary antibodies, the membrane was transferred to a falcon tube with 4 ml of antibody 

dilution. Anti-N was added at a 1:2000, anti-NSs at a 1:300 and anti-GFP at a 1:4000 dilutions. The 

membrane was incubated with the primary antibody on a roller for 1 hour. The membrane was then rinsed 

3 times, and washed 2 times for 5 minutes and 2 times for 10 minutes. Secondary antibody (anti-rabbit for 

N and NSs antibodies and anti-mouse for anti-GFP) was added at a 1:2000 in PBS/T, and incubated 

during 1 hour. The membrane was rinse 3 times and washed 3 times during 5 minutes and 3 times during 

10 minutes. Detection was performed with the Pierce Chemiluminescence Kit. The membrane was 

exposed to the detection reagent, which was prepared by adding 750 µl of reagent A with 750 µl of 

reagent B. After a 3 minute incubation at room temperature the membrane was drained and covered with 

clingfilm and exposed to a radiographic (or X-ray) film.

3.2.6.6     Double Immunofluorencence Assay

The cells were grown overnight at 33ºC in 96-wells plates covered with sterile glass cover slips. The cells 

were infected at high multiplicity of infection (MOI) (3 pfu/cell) and incubated for 1 hour at 33ºC, with gently 

agitation every 15 minutes. After the absorption, fresh medium were added to the wells and the cells were 

incubated at 33ºC to harvest at diferent time points. At the diseared time, the medium was drained and the 

coverslips containing the infected cells were washed in PBS (1% FCS) and the cells were fixed with 4% 

paraformaldehyde during 15 minutes at room-temperature. After the fixation period the cells were washed 

with PBS containing 100 mM of glycine, 3 times 5 minutes each. The cells were permeabilized with a 15 

minutes incubation in a solution of 0.1% Triton X-100 in PBS. The cells were rinsed 3 times with PBS (1% 

FCS) and incubated in this solution for 30 minutes. After the blocking step, the cells were incubated in a 

solution containing both primary antibodies (in this project, anti-N and anti-PK) in a 1:250 dilution in PBS 

(1%FCS) during 1 hour. The coverslips were rinsed 3 times, washed during 10 minutes with PBS (1% 

FCS) and incubated in a PBS (1% FCS) solution with the secondary antibodies (anti-rabbit-FITC and anti-

mouse-Cy5) in a 1:250 dilution. After 3 rinses, the coverslips were mounted in the slide using a solution of 

1:10 PBS and glycerol.
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4 Results

4.1 Description of the Constructs Analysed

The previously rescued viruses consisted of the IRES-GFP (BUNVEMCVIRESEGFP), the IProm-GFP 

(BUNVdelNSs2EGFPpuro), the IProm-FFluc (BUNVdelNSs2FFluc) and the 2kb (BUNV2kb). Attempts of 

rescues were also performed with the Rluc-Ambi, the 2A-GFP, the 2A-PKNSs and the 2kb-PKNSs.

4.1.1 IRES-GFP

The use of an internal ribosome entry site sequence allows the transcription of a single bicistronic mRNA. 

The N protein would be translated as in a normal viral translation, while the NSs (or the reporter gene) 

would be expressed via IRES-dependent translation. The IRES sequence used in the construct belongs to 

the Encephalomyocardites virus (EMCV).

Figure 4.1: Representation of the IRES-GFP. While N expression is regulated by the presence of the cap, the translation of a 
reporter gene (or the NSs protein) would be controlled by the IRES sequence

4.1.2 2kb

During experiments aiming to study the UTRs of the BUNV a virus was created that had the coding region 

of the L segment flanked by the M segment UTRs. The analysis of several passages with this virus 

showed that a stable and recurrent mutation occurred in the S segment, consisting of its complete 

duplication. If the duplicated segment is proven stable in a wild-type BUNV background (with wild-type M 

and L segments), the second region could serve as an alternative ORF for the expression of NSs. 
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Figure 4.2: Representation of the BUNS segment from the 2kb mutant. The transcription of this segment results in one mRNA, such 
as the wild-type, which can in turn translate N or NSs.

4.1.3 IProm-GFP and IProm-FFluc

The creation of one S segment containing an internal promoter sequence arose from the 2kb clone. In this 

construct, the two genes can be transcribed as individual mRNA: The N expression driven by the original 

promoter and the reporter gene by the internal promoter. GFP and FFluc were used as reporter genes in 

two different constructs. 

4.1.4 Rluc-Ambi

The plasmid used for the rescue of the Rluc-Ambi virus consisted of the normal M and L segments (in the 

respective vectors) and a mutated S segment expressing Renilla-luciferase (Rluc) and N protein in an 

ambi-sense coding strategy. While the Rluc is inserted in the plasmid in a positive sense, the N protein 

gene is present in a negative orientation. The two ORFs are flanked by the M segment UTRs and 

separated by the viral 5’UTR, as shown in Figure 4.3. 

Figure 4.3: Scheme of the plasmid used in the Renilla-ambi used in the rescue. The expression of the Rluc is driven by the T7 
promoter and is inserted in a positive sense, while the N protein is inserted in a negative sense.
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4.1.5 Cloning the 2kb into 2kb-PKNSs

4.1.5.1    Mimetic Construction of the 2kb

As the 2kb virus has a fully duplicated S segment, cloning strategies with this virus would be challenging. 

A possible approach was to imitate the duplicated UTR without using the duplicated S segment. An 

attempt of cloning was made to create a virus that had the N gene (without the NSs open reading frame) 

and a renilla luciferase separated by the 5’ and 3’ viral UTRs. The cloning strategy is depicted in Figure 

4.4.

Figure 4.4: Cloning strategy followed to insert the Rluc in the second ORF of a duplicated S segment.

A plasmid containing the renilla luciferase gene flanked by the BUNS UTRs was amplified using BUNS+ 

and BUNS- primers, which anneal in the segment UTRs. The product from the amplification was purified 

and phosphorylated. 

The BUNSdelNSs2 plasmid was also amplified, using BUNS- and the Hep+ primers. This PCR had the 

aim of linearize the plasmid in the end of the 3’ UTR.

The two amplification products were ligated through blunt-end ligation to generate the desired plasmid and 

different amounts of ratios vector: insert were tested. The ligation was tested with (P colonies) or without 
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(NP colonies) the phosphorylation of the insert. After transformation to E. coli and plasmid extraction from 

culture, a digestion was made with SpeI and BamHI, to confirm the presence of the insert, where the first 

restriction enzyme has a recognition site in the beginning of the N gene and the second one in the vector, 

after the end of the 3’ UTR. In both the control and the vector with the insert, a band of about 4 kbp is 

expected. The digestion of the vector would result in a band of 0.8 kbp, while the band corresponding to 

the vector plus the insert would have 1.8 kbp.

Figure 4.5: Agarose gel with the products from the digestion of putative 2kb-Rluc segment with SpeI and BamHI. The negative 
control consists on the ligation without insert; the NP colonies were taken from the ligation of the vector with the non-phosphorylated 

insert, while the P colonies represent the ligation with phosphorylated insert.

As it can be concluded from Figure 4.5 none of the colonies tested had the insert ligated to the vector. The 

experiment with more colonies, different amounts of insert and with phosphorylated and not 

phosphorylated insert showed the same results. 

4.1.5.2    Cloning the 2kb Plasmid

As the first strategy did not result in a positive outcome, the next approach was to clone the 2kb mutant 

segment. For that purpose it was necessary to perform a sequential ligation with the 

pT7riboBUNSdelNSs, pTMI-NSs and the pT7ribo2kb plasmids. 

4.1.5.2.1 Cloning the 3’-5’ into BUNSdelNSs

The cloning strategy for the insertion of the internal UTRs into the pT7riboBUNdelNSs backbone is 

depicted in Figure 4.6.
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Figure 4.6 : Cloning strategy followed to insert the internal duplicated sequence from 2kb into the BUNdelNSs plasmid.

The 2kb plasmid was cut with the NsiI restriction enzyme, to generate a 1 kbp fragment that contains the 

3’-5’ UTR. This digestion assures that the primers used in the amplification of the sequence would not 

anneal in the wrong recognition sites. The 3’-5’ sequence was amplified using the ivk33 and ivk34 

primers, where the first (forward primer) changed the NsiI recognition site (ATGCAT) for the PstI site

(CTGCAG) and the second (reverse primer) added two restriction sites consecutively, ApaI and NsiI. The 

amplified segment was digested with PstI and NsiI.

The BUNSdelNSs, which was used as the vector in the cloning, was digested with NsiI and a ligation was 

performed with the amplified segments of the 2kb and the vector. Different ratios vector: insert were tested 

and the products from the ligation were transformed into competent E. coli and incubated overnight. The 

colonies were mini-prepped and digested with EcoRI and SpeI, to confirm insertion and direction. 

4.1.5.2.2 Inserting NSs/PKNSs into the Cloned Vector

The cloning strategy for the insertion of the NSs and PKNSs into the vector with the duplicated internal 

sequence is depicted in Figure 4.6.
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Figure 4.7: Cloning of the NSs or PKNSs into the vector with the duplicated internal sequence.

The second part of the cloning consisted in inserting the NSs or the PK-NSs in the vector, after the 3’-5’ 

sequence. The NSs gene in a pTMI plasmid was amplified using two sets of primers, either ivk024 and 

ivk09 or ivk21 and ivk09. The first amplification generated a NSs gene fragment flanked by ApaI and NsiI 

recognition sites; the second created the gene flanked by a PK tag and an NsiI recognition site. The 

second segment was in turn amplified again with ivk25 and ivk09, which created an ApaI site before the 

PK tag and maintains the NsiI restriction site. Both the vector and the inserts were digested sequentially 

with ApaI and NsiI, and the products ligated with different vector: insert ratios. As the NsiI site was 

changed in the first part of the cloning strategy, this digestion did not separate the previews ligation.

The results from ligations were transformed into E. coli, mini-prepped and digested with KpnI to evaluate 

ligation. If the insert was cloned to the vector, the expected result in an agarose gel would be two bands, 

one with 4 kbp and one with 1kbp. If the insert was not cloned it would show only one band corresponding 

to the linearized vector. In the 2kb segment not modified the digestion would give rise to two bands, but 

with the largest corresponding to 4.3 kbp. Figure 4.8 shows the agarose gel for the products from the 

digestion.
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The figure shows that there are four possible constructs with the right sequence (colonies 6, 8, 9 and 11), 

for the 2kb-PKNSs. The DNA from colony 11 was send to sequencing to confirm the sequence and used 

to perform a rescue for the 2kb-NSs. For the 2kb-NSs different steps of cloning were repeated without 

success. 

Figure 4.8: Agarose gel from the digestion of putative 2kb-PKNSs with KpnI. The negative control corresponds to the result of the 
ligation with adding insert. The colonies 1-11 were selected from the colonies resulting from the ligation.

4.1.6 Cloning 2A-GFP and 2A-PKNSs

Another strategy tested for the separate expression of the N and the NSs proteins was the use of a self-

cleaving protease. A self-cleaving protease is a sequence that allows the cleavage of a polyprotein in the 

C-terminus of the protease. If this sequence is inserted between the C-terminus of the N protein and the 

N-terminus of NSs (or a reporter gene), it will cleave itself during translation, staying fused with the N 

protein.

Figure 4.9: Representation of the BUNS segment for the 2A-GFP mutant. The transcription of this segment results in one mRNA 
that is cleaved in the C-terminus of the self-cleaving protease.
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There are different sequences that can be used for this purpose. For the cloning and construction of this 

segment it was used the self-cleaving protease 2A from TaV. The virus was called BUNVdelNSs2AGFP 

or 2A-GFP for short. 

4.1.6.1    Cloning of the 2A-GFP S Segment

2A-GFP S segment in a pUC57 backbone, flanked by BsmBI, was ordered from Genscript (although in the 

optimization step during the synthesis another BsmBI site was created in the middle of the segment). This 

insert consisted on the N ORF followed by the 2A sequence and a GFP ORF.

The plasmid containing the three restriction sites was partial digested with different amounts of enzyme, 

and the band correspondent to the 1.8 size of the segment was excised and gel purified. The plasmid 

pTVT7, which served as the vector to the cloning, was digested with BbsI, to create a compatible end with 

BsmBI and the digested insert and vector were ligated.

The cloning strategy for the insertion of the N-2A-GFP into the pTVT7 vector is depicted in Figure 4.10.

Figure 4.10: Cloning strategy for the creation of the pTVT7BUNSdelNSs2AGFP.

The products from the ligation were transformed into competent E. coli, mini-prepped and digested with 

EcoNI to confirm ligation and orientation. The Figure 4.11 shows the agarose gel electrophoresis with the 

products from the digestion and a band of 1 kb can be observed, that corresponds to the right orientation 

of the inserted segment
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Figure 4.11: Agarose gel from the digestion of the putative 2A-GFP with EcoNI.

Successful cloning was confirmed by sequence analysis.

The backbone vector of this insert (pTVT7) is different from the one used in the other constructs (pT7ribo). 

Both plasmids present a T7 promoter that drives the T7 RNA polymerase, but in the pT7ribo case the 

promoter transcribes the sequence adding two extra nucleotides in the viral sequence, while the pTVT7 

transcribes the exact sequence without any foreighner nucleotides.

4.1.7 Cloning of the 2A-NSs and 2A-PKNSs S Segments

To create a virus that expressed N and NSs proteins in separated ORFs the GFP gene in the 2A-GFP 

construct was replaced by the NSs or the PKNSs genes. These plasmids contain the N and the 

NSs/PKNSs proteins separated by the 2A self-cleavage peptide. 

Figure 4.12: Cloning strategy for the creation of the 2A-NSs and 2A-PKNSs
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First it was necessary to perform a site directed mutagenesis in the end of the 2A sequence in the 2A-

GFP plasmid, which created an ApaI recognition site. The product from the PCR was digested with DpnI, 

which cuts mutilated fragments only, so the only plasmids left were be the ones generated in the PCR 

reaction. The site mutation was confirmed by digestion with EcoNI and ApaI and sequencing and when 

confirmed it was used to the further steps of the cloning process.

The NSs gene in pTMI-NSs was amplified as explained in the Chapter 4.1.5.2.2 to generate fragments 

with the NSs flanked by ApaI and NsiI or PK-NSs flanked by the same restriction sites. The fragments 

were ligated with different vector: insert ratios and transformed into competent E. coli. The plasmids were 

mini-prepped and digested with NsiI and SpeI to confirm the insertion. The agarose gel electrophoresis 

from the insert in the vector was expected to give rise to 3 bands (3, 0.7 and 0.2 kbp), while the vector 

without insert would generate two bands (1.2 and 3 kbp). Figure 4.13 shows the result of the gel for some 

of the colonies tested (named 1-3).  

Figure 4.13: Agarose gel with the products from the digestion of the putative 2A-NSs and 2A-PKNSs with NsiI and SpeI to confirm 
insertion in the vector.

Although is not visible in the computer image of the gel, one plasmid from each construct had a band with

the size of small expected one, but 2A-NSs only showed 2 of them. When the plasmids were sent to 

sequencing it was observed that the plasmid with the 2A-NSs had a deletion from the middle of the N 

gene until the end of the segment, but the 2A-PKNSs had the right sequence. For the 2A-NSs the several 

steps of cloning were exhaustively repeated without the generation of the correct construct. 

4.2 Rescues and characterization of the mutant viruses

4.2.1 Characterization of Viruses in Stock

The viruses constructed and rescued prior to the start of the project (IRES-GFP, Iprom-GFP, Iprom-Ffluc 

and 2kb) were grown, titred and characterized in terms of protein synthesis – by western blots and 
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expression of reporter genes – as well as RNA – by RT-PCR and agarose gel electrophoresis. The 

cytopathological effect on cells after infections was also checked and compared to the rate of infection of 

the wild-type.  

4.2.1.1     Cytopathological Effects

To confirm signs of infection BHKs cells were infected at high MOI and checked regularly for 

cytopathological effects, which are characterized by cells rounding and detaching from the monolayer. 

At 24 hours post infection (hpi) the wild-type showed clear CPE, while all the mutants resembled the mock 

control of uninfected cells. At 48 hpi both wild-type and mutants showed clear CPE, although it is slower in 

the mutants.

From this analysis it can be concluded that the viruses are infectious, though they are attenuated 

compared to the wild-type.

4.2.1.2     Expression of N Protein by Western Blotting

The expression of N protein was analyzed by western blotting in a 12% gel. Mutants were analysed at 16 

and 22 hpi, while the wild-type was analyzed at 6 and 10 hpi due to the different growth rates. Figure 4.14

shows the result of the western blotting for the viruses in study.

Figure 4.14: Western Blotting for N protein expression by the wilt-type BUNV and the mutants IRES-GFP, IProm-GFP, IProm-FFluc 
and 2kb.

  

As it can be observed in the Figure 4.14 all mutants expressed N protein, although in much less quantities 

than the wild-type, even comparing later time points of the mutants with earlier time points of the wild-type. 

Other conclusion that maybe extracted from the film is that the antibody interacted with another band in 

the cells infected with the mutants, although such interaction was not further studied. As anti-N is very 

specific, it is possible that the extra band corresponds to multimer of or a modified N protein.
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4.2.1.3     Expression of the Reporter Gene

To check for the expression of GFP the cells were infected at high MOI (3) with the mutant viruses 

expressing GFP (IRES-GFP and IProm-GFP) and a control virus that expresses GFP fused with the NSm 

protein (NSm-GFP). The expression of this protein was evaluated with a microscope and a western blot 

was made to check for expression of a possible inactive protein. 

The fluorescence in NSm-GFP was observed at 48 hpi, when CPE started to appear in this virus. The 

mutant viruses with a GFP gene as a reporter did not show any fluorescence during infection, even when 

clear CPE was observed in infected cells. The western blot using anti-GFP antibody was not conclusive 

regarding the presence of this protein (data not shown).

The expression of firefly luciferase (Ffluc) was measured with a dual luciferase assay. The measurements 

were made with three different samples infected at the same time and MOI (MOI=3). The expression of 

FFluc in the virus had the same level as the mock, which indicates that this reporter protein is not being 

synthesized (or is inactive in the cells). 

4.2.1.4     Analysis of Viral RNA Sequence

As the presence of the reporter proteins could not be confirmed, it was necessary to analyze the viral RNA 

to confirm the size and sequence of the mutated S segments. To that porpose, cells were infected with 

wild-type and mutant viruses and harvested at 30 and 48 hpi. Total RNA was extracted and analyzed by 

RT-PCR, using ivk01 and ivk02 primers (which align in the viral UTRs). Total RNA was extracted from 

infected cells and the viral RNA from all mutants at 30 and 48 hours post infection was amplified using 

primers ivk01 and ivk02, which align at the viral UTRs. 

The RNA extracted at 30 hpi did not show any bands in virus other then the wild-type (data not shown), 

which indicates that the viral replication in the mutants was slower than normal. Figure 4.15 shows the 

result from an agarose gel electrophoresis from the amplified viral segments from RNA extracted at 48 

hpi. 
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Figure 4.15: Agarose gel electrophoresis with RT-PCR products from RNA extraction.

The RNA from the 2kb mutant was also amplified with the primers ivk10 and ivk11, as the previous RT-

PCR could result in annealing only in one half of the segment. One of these primers was expected to 

anneal in the N segment, outside the NSs ORF (forward primer), while the other would anneal in the 3´ 

viral UTR (reverse primer), but in a way that the amplification was only possible with internal 5´and 

3´UTRs, as shown in Figure 4.16. The result of the PCR is present in Figure 4.17.

Figure 4.16: Scheme with the positions where the primers ivk10 and ivk11 anneal in the 2kb segment.

Figure 4.17: Agarose gel electrophoresis with RT-PCR products from the RNA extracted from infected cells. 
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The image shows no band resulting from a PCR. However, because there is no positive control for this 

experiment, is possible that the primers did not anneal correctly. 

Contrary to expectation all mutant viruses seemed to have the same size as wild-type BUNS. The RT-

PCR products were therefore analyzed by sequencing to confirm the exact sequence of the segments. If 

the wild-type size was the result of a deletion, some differences in sequence would be observed between 

the mutants and the wild-type. The results from the sequencing showed that all segments had the exact 

same sequence as the wt, with the exception of the IProm-FFluc, which had a point mutation at position 

410 bp. The mutation point is located in the N gene, so it is not expected to be related with a possible 

shortening of the segment.

To confirm that the plasmids used in the original rescues contained the right sequences, a double 

digestion was made with EcoRI and HindIII, two enzymes present in the vector where the segments are 

inserted. Figure 4.18 shows the result of the digestions in an agarose gel electrophoresis. 

All the viruses are expected to have a band of about 3 kb, which corresponds to the vector with the S 

segment excised. The size of the second band depends on the size of the modified S segment.  The wild-

type has a second band with near 1.2 kb, the IRES-GFP 2 kb, the IProm-GFP 2.6 kb, the IProm-FFluc 3 

kb and the 2kb 2.1 kb. The IRES-GFP has a third band corresponding to 1 kb, as it contains one extra 

restriction site in the coding sequence.

According to the figure, the plasmids containing the desired constructs are as expected, all corresponding 

well with the expected sizes of the mutant S segments. 

Figure 4.18: Agarose gel electrophoresis of the the S segment plasmids digestied with HindIII and EcoRI.

This analysis showed that the viruses present in stock did not correspond to the mutants expected, but the 

plasmids used in their rescues have the right insert, which means that they can be used for further 

studies.  
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4.2.2 Rescue of IRES-GFP, IProm-GFP, IProm-FFluc and 2kb

Due to the conclusions from the characterization of the viruses previously rescued, new rescues were 

performed for all of the viruses, using the plasmids mentioned in the previous chapter. The transfected 

cells were analyzed to confirm cytopathological effects and expression of the N protein and the reporter 

gene. As a control rescues with a wild-type BUNV and the NSm-GFP virus were taken along. 

After the rescues, the supernatants from 3, 6 and 9 days post transfection (dpt) were used to perform 

plaque assays and to infect BHK cells, in order to grow and characterize new stocks of viruses.

4.2.2.1     Optimization of the Rescues

As in the rescue of BUNV an initial basal translation of N and L proteins by the T7 promoter is necessary 

for the virus transcription and replication and that capacity might be impaired (for the N protein) in the 

mutant viruses, rescues with four plasmids were performed in paralell with the three plasmids rescue. In 

those systems, the plasmid pTMI-BUNN was transfected along with the plasmids carrying the viral 

segments. 

When a rescue is performed, the cells are usually pelleted and the supernatant is used to infect cells not 

expressing T7, to check for infectious particles. To overcome possible budding and exit difficulties that the 

mutant viruses can present, as well as increase the virus titer, the pellet was subjected to 3 freeze-thaw 

cycles, to free any viral particles trapped inside the cells.  

4.2.2.2     Cytopathological Effects and Infectivity  

From all the rescues, the only mutant virus that was able to show CPE was the 2kb virus, which was also 

able to form plaques and infect BHK at the same rate and phenotype as wild-type BUNV. The other 

viruses, even if an ambiguous CPE was visible, were not capable of infect and form plaques. 

4.2.2.3     Expression of N protein

To confirm the expression of N protein a western blotting was performed in the cells transfected, at 3 and 

6 dpt (data not shown). Figure 4.19 shows the result from the western blotting for 6 dpt. The samples from 

all the rescues showed N expression, although not compared to the amount of the wild-type, NSm-GFP 

and 2kb.
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Figure 4.19: Western Blotting for N protein expression by the wilt-type BUNV and the mutants NSm-GFP, IRES-GFP, IProm-GFP, 
IProm-FFluc and 2kb.

4.2.2.4     Expression of Reporter Gene

The fluorescence of cells during the rescue was evaluated under a microscope during several days after 

the transfections. The Figure 4.20 shows the transfected cells at 6 dpt.

Figure 4.20: Photograph of the fluorescent cell infected with the mutant viruses expressing a GFP reporter gene, at 6 days post 
transfection. A – IRES-GFP virus; B – IProm-GFP virus; C – NSm-GFP virus.

In the NSm-GFP positive control the cells took more time to show visible signs of fluorescence, but in the 

end of the rescue all the cells still attached were fluorescent. In the rescue with IRES-GFP plasmid it was 

possible to see fluorescent cells in less than 24 hpt, with a number of cells high but stable during the 

rescue. The cells transfected with the IProm-GFP did not show any fluorescence, even after 12 dpt (when 

the rescues were ended).

4.2.3 Characterization of the Rescued 2kb

The 2kb was the only virus, beside the controls, that was rescued. The rescued virus was then 

characterized regarding CPE and expression of N protein. 

BHK infections with 2kb show CPE at a similar rate to the wild-type BUNV. Western blots with the virus 

shows large amount of N being synthesized, as can be observed in Figure 4.21.
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Figure 4.21: Western blot for N protein in infection with wt BUNV and 2kb mutant virus, at different time points.

To confirm the stability of the duplicated segment during passages, the RNA was extracted at 48 hpi from 

five successive passages of the virus in BHK cells (P1 to P5). A RT-PCR was performed using ivk32 

(forward primer) and ivk33 (reverse primer), which anneal respectively in the beginning of the 5´ UTR and 

in the end of the 3´ UTR, as shown in Figure 4.22. The agarose gel with the results from the RT-PCR is 

presented in Figure 4.23, where passages 1, 3 and 5 are represented. The expected PCR product was a 

band of about 0.3 kb.

Figure 4.22: Scheme with the positions where the primers ivk32 and ivk33 anneal in the 2kb segment.

Figure 4.23: Agarose gel electrophoresis of the products of the RT-PCR with ivk32 and ivk33 primers.
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It is notable in the gel that the band is present in the 2kb extracts, while it is not visible in the mock or the 

wild-type, which indicates that the 2kb segment is stable in passages with the wild-type BUNL. 

Since the 2kb is viable and stable, a promising strategy was the cloning of the 2kb plasmid so it would 

express the two desired ORFs in a non-overlapping manner. The cloning was performed as explained in 

Chapter 4.1.5.2 and the 2kb-PKNSs was rescued using the cloned plasmid. 

4.2.4 Characterization of the 2kb-PKNSs Virus

The rescue of this virus was characterized in terms of CPE visualization and infectivity in BHKs and Vero 

cells. As it does not present a reporter protein, the expression of the PKNSs would have to be analyzed by 

western blotting or by detection of the tag peptide. The NSs protein has an expression pattern that 

presents a peak after 12 hpi, after which there levels drop in the cells until it is not detectable. As in the 

rescue cells will be infected at different time points, they are not expressing NSs at the same time, which 

makes its detection difficult to perform. Because of this, the expression of PKNSs was not studied in the 

rescues with this plasmid.

The rescue presented clear CPE, similar to the wild-type. Infections of BHK cells with the supernatant 

from 6 dpt showed clear signs of CPE. To further characterize the virus and to confirm its sequence, RNA 

extraction, time course infections, double immunofluorescent assays and northern blotting were 

performed.

As the anti-NSs antibody does not have a strong interaction, the presense of the PK tagged NSs allowed 

the use of a PK-antibody in the immunofluorescence assay. The anti-N antibody was rised against rabbit 

and the secondary antibody used was an anti-rabbit marked with FITC. The anti-PK antibody used was 

from mouse and the secondary antibody was a anti-mouse marked with Cy5. In this way, the N protein 

would appear green in the confocal microscope, while the NSs appeared red. As the NSs starts to 

degradate at 12 hpi, the cells were treated with MG132 to prevent the degradation. Figure 4.24 show the 

result of the immunofluorencence at 24 hpi, for BHK and B549 cells.
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Figure 4.24: Immunofluorencence results for cells infected at high MOI and treated at 24 hpi. The green fluorescence 
corresponds to the presence of N protein and the red the PK tag. A-mock, B549; B-wt, B549; C-2kbPKNSs, B549; D-

mock, BHK; E-wt, BHK; F-2kbPKNSs, BHK. 

As expected and visible in the figure, the N protein is present in the wild-type and 2kb-PKNSs infected 

cells, but not in the mock culture. Althought this techique was not used as a quantitative method, it is also 
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possible to observe that the rate of infection with the mutant virus is slower than the wild-type. Regarding 

the presence of NSs, the figure shows a red background across the cultures, even in the mock sample. 

This phenomenom was observed in different experiments, outside the scoop of this project, which 

indicates that the secondary antibody (anti-mouse) is not specific and is interacting with unknown cell 

components. Althought it appears that the PK tagged NSs protein is not present in the infected cells, is 

difficult to conclude about its expression due to the strong background. It was also possible that the tag 

was present in the cells, but was not acessible for the antibody interaction, as it is fused with the NSs 

protein forming an unknown 3D struture. To confirm or exclude this hypothesys it was performed a 

western blotting for PK (data not shown) which indicated that the PKNSs was not being expressed in 

infected cells.

A northern blotting was also performed in cells infected with the first viral passage. The blot presented a 

band with the normal S segment. As the presence of the insert with the extra ORF was confirmed in the 

plasmid that originated the virus, this may indicate that the virus suffered from a mutation in the S 

segment. 

4.2.5 Characterization of the Rluc-Ambi Virus

In this plasmid, the expression of the Rluc gene is controlled by the T7 promoter, which means that in the 

rescue the presence of the reporter protein does not mean that the N protein is also being synthesized. 

Furthermore, as N is in a negative sense, it should not present basal translation, which means that the 

recovery of this virus would need a helper plasmid expressing N. When rescues were performed with this 

plasmid, the cells showed similar CPE as the wild-type, even without the helper plasmid. This may 

suggested that something other than infectious viral particles was interfering with the normal cellular 

growth. 

The expression of Rluc was check with three independent samples harvested from rescues at the same 

conditions. The rescues were taken along with a plasmid that expresses Rluc by a CMV promoter (Ctrl +). 

The readings are presented in Table 4.1. 

Table 4.1: Measures from the luciferase assay for the Rluc-ambi rescue.

Samples Sample 1 Sample 2 Sample 3 Average

Mock 0.130 0.065 0.154 0.116

Wt 0.126 0.136 0.038 0.100

Ctrl + 14.46 140.7 379.0 178.1

Rluc-ambi 80.82 72.66 225.4 126.3
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As it can be observed in the table, the construct with the Rluc-ambi segment expressed the reporter 

protein. However, as this is directly controlled by the T7 promoter, the expression does not necessary 

correlates with viral replication and transcription.

BHK and Vero cells infected with the supernatant from the rescue did not present signs of infection or 

Rluc expression, even when the helper plasmid was used in the rescue. 

4.2.6 Characterization of the 2A-GFP Virus

The rescues performed with this plasmid were analyzed in terms of N expression by western blotting, GFP 

expression and infectivity in BHK and Vero cells.

The rescue did not show visible CPE, even after 12 dpt, and infections of BHKs and Vero cells with the 

supernatant do not present signs of infection, even when the helper plasmids was transfected along in the 

rescue. 

The first visible sign in the rescues is the presence of fluorescent cells, visualized under the microscope, 

about 2-3 dpt, as it can be observed in Figure 4.25. The number of fluorescent cells is small and lower 

than the IRES-GFP and the NSm-GFP and it does not appear to change over the days. 

Figure 4.25: Photograph of a fluorescent cell infected with the 2A-GFP virus expressing a GFP reporter gene, at 6 days post 
transfection.

The western blotting for N was taken along with a wt rescue, in a 12% gel. As it can be seen in Figure 

4.26 the N protein is being synthesized by the construct, although in a low quantity, smaller than the wt.  

Figure 4.26: Western blotting for N detection in rescues with the wt and the 2A-GFP mutant. The cells were harvested at 4 dpt.
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Transfections without L and M segments did not show any fluorescence, which can indicate that the viral 

machinery is involved in expression of GFP. 

4.2.7 Characterization of the 2A-PKNSs Virus

Despite the incapacity to rescue the 2A-GFP virus, this mutant showed potencial, as it was capable of 

GFP and N protein expression. As the lack of NSs expression is associated with lower viral growth rates, 

cloning this protein into the plasmid could be suficient to promote viral infection. As it was said for the 2kb-

PKNSs, the expression of the PKNSs was not analyzed during the rescue. The rescue with this plasmid 

did not show CPE, except when transfected along with the helper plasmid expressing N. In the four 

plasmids rescue, the cells showed clear CPE, similar to the wt. Despite this, infections of BHK and Vero 

with the supernatant from the virus showed no signs of infection.   
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5 General Discussion
The aim of this project was the construction of a mutant virus with a S segment that would express N and 

NSs in two non-overlapping reading frames. To that purpose, several alternatives were studied: IRES-

GFP, IProm-FGP, IProm-FFluc, 2kb, 2kb-PKNSs, 2A-GFP, 2A-PKNSs and Rluc-Ambi.

At the start of the project four viruses had previously been rescued and needed further characterization 

(IRES-GFP, IProm-GFP, IProm-FFluc and 2kb). Analyses of those viruses showed that their S segment 

had the same size and sequence as the wild-type, which may indicate a contamination of the stocks. The 

possibility that the mutants have reverted to the wild-type through deletions seems highly improbable, 

since there is no evidence of a mutated sequence in the segment. New rescues were attempted for the 

four constructs. The cells transfected with IProm-GFP and IProm-FFluc did not show expression of the 

second ORF, which indicates that their internal promoter sequence was not able to drive the expression of 

the protein. The expression of N, on the other hand, was confirmed by western blotting, although levels 

were not comparable with the wild-type. The IRES-GFP expressed both N and GFP in transfected cells, 

as confirmed by western blotting and visualization of fluorescent cells. However, no infectious virus could 

be rescued from the transfected cells. One possible explanation for this is the complex 3D structure of the 

IRES sequence. During its life cycle, the virus has to be able not only to transcribe and replicate, but also 

assemble and release from the cell.  The presence of the IRES structure may interfere with the replication 

or packaging capacity of the virus, not allowing the formation of infectious particles. 

The 2kb was the only virus whose rescue was possible. This virus was generated from a mutant that was 

discovered during experiments investigating viral UTRs. When a rescue was being performed with the L 

segment flanked by the M segment UTRs, several passages of the virus resulted always in a mutation in 

the S segment that completely duplicated its sequence (data not published). The stability of the 2kb S 

segment was assayed in a wild-type background, which showed that the duplicated genome sequence 

was maintained at least during five consecutive passages. The 2kb virus seemed to infect and express N 

protein at the same rate as the wt. 

Due to the promising results obtain with the 2kb virus, this construct was cloned to insert an ORF for the 

PK-tagged NSs (PKNSs) in the place of the second coding sequence and the 2kbPKNSs virus was 

rescued and analyzed. Digestion analysis of the plasmid showed that the S segment had the expected 

size, indicating that it contained the double-length S segment with the two separated ORFs. The immuno-

fluorescence assay showed that the virus produced N protein upon infection, but the PK tag was not 

detected and the secondary antibody used in the detection produced too much background signals. It 

could be possible that the folding of the fusion protein would make the PK inaccessible for the antibody 

interaction. A western blotting was performed using anti-PK and anti-NSs antibodies, which showed no 
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synthesis of this fusion protein. To confirm the size of the S segment in the virus, a northern blotting was 

performed with RNA from passage 1 of the virus, which showed a normal size segment.  These results 

indicate that although the virus is able to infect with the duplicated segment, the second ORF did not 

confer an advantage to the virus and was excised from the segment. The fact that the duplicated segment 

arose from a recurring mutation indicates that in those circumstances that segments confers some 

advantage to the virus. So, why would the virus generate and maintain a duplicated segment if the second 

coding sequence is not expressed? Taking into account that the virus needs the formation of the 

panhandle structure for replication and transcription, it is possible that the 2kb-PKNSs is not capable of 

promote the interaction between the 5’ and the 3’ UTRs surrounding the PKNSs and so, a mutant with a 

deletion in this construct should present an advantage during replication. The size of the PK-tagged NSs 

protein, in comparison with the N protein, may be constraining the formation of the panhandle structure. 

Further studies with this construct can be performed, to assay its stability. One possible alteration in the 

construct would be the insertion of a spacer in the sequence. Another analysis that can be done is to 

confirm the size of the segment during successive passages, in several independent experiments, so the 

stability of the segment can be checked. 

The Rluc-Ambi plasmid was constructed previously to this project and unlike the rest of the constructs, it 

expresses the N in the second ORF. In this way, the presence of the reporter expression is not a sign that 

the mutant virus is replicating and infecting.  The rescue of the virus failed, which may be due to several 

factors, none of them explored in this work.

Other mutants tested were the 2A-GFP and 2A-PKNSs. The 2A-GFP expressed N and GFP, although in 

small amounts, as the signal on the western blotting for N was weak and only a few cells were 

fluorescent. This lead to the observation that despite the expression of the N and reporter, the virus could 

not be rescued. Although, and as the NSs protein is known to help in viral pathogenesis, the cloning and 

rescue of the 2A-PKNSs was also tried. Despite the CPE signs observed, the supernatant was not able to 

infect cells, even after 12 dpi. A possible reason for the low expression of the whole segment is the 

backbone vector used for this construct. In vitro analyses of T7 transcription and subsequent translation of 

the viral S segment constructs (using a TnT coupled transcription translation kit) revealed that the level of 

N protein synthesis in this construct was significantly lower than the wt and the IRES-GFP. 

Except for this plasmid and the BUNM segment, which are in a pTVT7 plasmid, the other segments (L 

segment and mutated S segments) are in pT7ribo. In a rescue the T7 promoter will lead not only to the 

synthesis of the viral genome, but also to a basal translation of the viral proteins, that are necessary for 

the viral transcription and replication. The difference between the two promoter sequences is that in the 

pT7ribo, when controlling the replication of the inserted segment, leaves two G residues associated to the 

viral UTR. It has been shown that the virus can transcribe and replicate with the extra residues, but a 

plasmid with the T7 promoter not changing the viral sequence was created, the pTVT7.  However, this 
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plasmid seems to relate with a weaker basal translation. As the 2A-GFP was inserted in this vector, it is 

possible that the N expression driven by this promoter is not enough for the virus to become infectious. 

Further investigation concerning the use of both backbones should be exploited. One alternative is cloning 

the 2A-GFP and the 2A-PKNSs into pT7ribo, to analyse if the incapacity of infection is not related to the 

T7 promoter characteristics. It is also necessary to keep in mind that this construct creates a modified N 

protein. As this protein is essential to the virus replication and transcription, it is possible that the fusion N-

2A creates an inactive protein that leads to a non-infectious virus. 

As none of the constructs seems to work, another possibility for the study of the NSs protein can be the 

creation of a cell line that constitutively expresses N protein. In this case, the cells would be transfected 

with the M and L segments and with a plasmid coding for the NSs protein flanked by the S segment 

UTRs. 
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Abstract

The Bunyaviridae family is one of the largest RNA virus families, with more than 350 species identified so far. Bunyamwera virus (BUNV) is the prototype for the family. The virus harbours a tripartite RNA genome, of single stranded negative polarity. The small segment of the virus presents two overlapped open reading frames, coding for the nucleocapsid and the NSs proteins. As the N protein is essential for viral survival, studies about NSs are constrained to a mutant lacking its expression (via mutation of the start codon).

Described in this thesis is the use of reverse genetics to generate a virus expressing the N and NSs proteins in the same S segment, but in non-overlapping open reading frames. Several attempts to rescue different mutants were tested. From all, the only viruses rescued were the 2kb (with a fully duplicated S segment) and the 2k-PKNSs (cloned from the 2kb, with a PK-tagged NSs in the second coding region), which were further analysed. The 2kb was shown to be stable during passages in a wild-type background and to infect at the same rate as the wild-type BUNV. The 2k-PKNSs was infectious, but did not express the PK-tagged NSs protein, which may be due to a mutation afecting the second ORF. 


Further studies have to be conducted in order to achieve the separate expression of the two genes, such as the use of a different backbone vector for the 2A-GFP (which presents the N and the GFP ORFs separated by a self-cleaving protease) and the 2A-PKNSs (with the N separated from the PKNNs by a self-cleaving protease) or the construction of a cell line with a constitutive N expression. 


Keywords: Bunyamwera virus, NSs protein, overlapping open reading frames, reverse genetics.


Resumo

A família Bunyaviridae é uma das maiores famílias virais, com mais de 350 espécies. O vírus Bunyamwera (BUNV) é simultaneamente o protótipo do seu género e da família. Esta espécie apresenta um genoma tripartido de RNA, com polaridade negativa. O segmento S codifica para duas proteínas, N e NSs, em grelhas de leitura sobrepostas; a proteína N é essencial para a sobrevivência do vírus, enquanto que a proteína NSs é dispensável para a proliferação viral, sendo-lhe atribuido um papel de factor de virulência. Devido à sobreposição das grelhas de leitura e ao papel essencial da proteína N, o estudo da NSs tem sido limitado à análise de mutantes que não a expressam (por mutação do codão inicial). 


Nesta tese encontra-se descrita a aplicação do método da genética reversa na geração de um vírus que expresse as proteínas alvo em grelhas de leitura separadas, contidas no mesmo segmento de genoma. De todos os mutantes testados apenas foi possível recuperar os vírus 2kb (que apresenta o segmento S totalmente duplicado) e 2kb-PKNSs (derivado do 2kb, por substituição da segunda sequência codificante pela sequência da NSs marcada com PK), que foram posteriormente caracterizados. O vírus 2kb mostrou ser estável durante infecções sucessivas, infectando a um ritmo comparável ao vírus original. O 2kb-PKNSs apresentou sinais de infectividade, mas sem expressão da proteína de fusão PKNSs, o que pode estar relacionado com uma mutação na segunda grelha de leitura. O recurso a um vector com um promotor T7ribo em substituição do TVT7 pode gerar um resultado diferente para os mutantes 2A-GFP (que apresenta uma protease autocatalítica entre N e GFP) e 2A-PKNSs (com a mesma protease entre N e NSs marcada com PK). Uma alternativa ao uso de um segmento que expresse as duas proteinas em grelhas de leitura separadas é a construção de uma linha celular que expresse constitutivamente a proteína N.


Palavras-chave: Bunyamwera, NSs, grelhas de leitura sobrepostas, genética reversa. 
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1 Introduction 

Viral infectious diseases have been on the spotlight as some of the most dangerous emerging diseases and names like HIV, Spanish flu or hepatitis B are now widely known among the population. RNA viruses have a particular paper in this scenario, as their genome can rapidly mutate and adapt to new backgrounds and conditions, giving them the ability to easily spread worldwide. 


The Bunyamwera virus (BUNV) is a negative-sense, segmented RNA virus, belonging to the Bunyaviridae family. This family has some BSL3 and BSL4 pathogens, such as the Rift Valley Fever (RVFV) and the Crimean-Congo Hemorrhagic Fever (CCHFV) viruses, which is leading to a growing interest in the research of the viral mechanisms associated with their pathogenesis. La Crosse virus (LACV) is one of the main responsible for severe paediatric encephalitis in the United States and infections with Oropouche virus (OROV) have been causing repeated, large-scale epidemics. Several viruses from this family also infect animals, in some cases sheep and cattle and one genus infects plants, with a result of millions lost. 


BUNV encodes six proteins, four structural and two non-structural. In several negative RNA virus non-structural proteins have shown to be related to viral pathogenesis and infectivity, so they are primary targets in several studies. In BUNV, one of the non-structural proteins is present in the small (S) viral genome segment, with the coding sequence overlapped with the open reading frame of the nucleocapsid (N) protein. As the N protein is essential for viral replication, little is known about the functions of NSs. A mutant virus was constructed through reverse genetics that lacks the expression of NSs, which led to a slower rate of infection and activation of the interferon-β system. This mutant maintained the sequence of the entire S segment, with the exception of two mutations in two start codons of the NSs ORF, which do not affect the amino acid sequence of the N protein. Despite this study, it is not possible to further explore this protein, as using tags to localize it and control its expression. Another constrain regarding this protein is the existing anti-bodies raised against it, as they are weak and do not form a strong interaction with NSs. To understand the underlying functions of this viral pathogenic factor it is necessary to separate the expression of N and NSs, so the last can be manipulated without the lost of viral viability.   

2 Literature Overview

2.1 Emerging Infectious Diseases (EIDs)

Infectious diseases are one of the leading causes of death and disability worldwide. If decades ago the disease panorama looked relatively stable, nowadays there are epidemics of new and old infectious diseases, which amplify the global contributions of infectious diseases in the world health scenario. The populations growth, the environmental degradation, the mishandling of antimicrobial drugs and the high mobility of people and objects, among others, have contributed to a unique rate of emerging new diseases, that are appearing at a rate of one per year (WHO, 2007). Infectious diseases are not only appearing more quickly, they are also spreading faster. In addition to 40 new diseases unknown to man a generation ago, during the last five years there were more than 1100 epidemic events. In 2004, more than 25% of annual deaths worldwide were estimated to be related with infectious diseases, which make them the second leading cause of death all over the world (Morens, 2004).

 According to the Pan American Health Organization, an emerging infectious disease (EID) is one that has appeared in a population for the first time, or that may have existed previously but is rapidly increasing in incidence or geographic range. Nowadays it is impossible to talk about EID without mention viral infections, in particular RNA viruses. In an analysis of emergent infectious diseases incidents, viral pathogens constituted 25.4% of the events (Jones, 2008). The great number of emerging and re-emerging RNA virus can be explain in part by their high mutation rate, which means that they can easily adapt themselves to a variety of environmental factor and conditions (Nichols, 2000). Viruses such as Spanish Influenza and Ebola, which are mentioned exhaustively in the media, are part of these RNA viruses. Spanish flu alone has killed more than 20 million people across the world. 


2.2 The Bunyaviridae Family


2.2.1 General Characteristics and Virion Properties


The Bunyaviridae family is one of the largest RNA virus families, with more than 350 species identified so far distributed over five genera: Orthobunyavirus, Hantavirus, Phlebovirus, Nairovirus and Tospovirus (Elliott, 1990). Several members from this family have been considered as emerging viruses, and several of them are capable of infecting humans and animals with varied severity. The human diseases include several types of encephalitis and hemorrhagic fevers. Though all bunyavirus share certain specific characteristics, there is also a degree of variability among the different viruses, not only in terms of hosts and vectors, but also regarding genome replication and coding strategies. 


The Orthobunyavirus genus was initially designated as Bunyavirus, but this lead to several difficulties, as all members of the family, but also members that only belonged to the genus, were called the same way. The name of the genus was then changed to Orthobunyavirus, although some references still call the members of the genus as bunyavirus. For the purpose of clarification, in this thesis members of the family are designated as bunyaviruses, while members of the genus are called orthobunyaviruses. Members of the different genera are usually refered as orthobunyavirus(es), hantavirus(es), nairovirus(es), phlebovirus(es) and tospovirus(es).

Members from this family can infect a broad range of host, from mammals to tomatoes.  Orthobunyaviruses, nairoviruses, phleboviruses and hantaviruses infect vertebrates, while tospoviruses infect plants. With the exception of hantaviruses, which are transmitted by aerosolized secretions from rodents, where the virus establishes a persistent infection, each genus has a specific biting arthropods for their transmission: mosquitoes or midges for orthobunyaviruses, ticks for nairoviruses, sand flies or ticks for phleboviruses and thrips for tospoviruses (Gonzalez-Scarano & Nathanson, 1996). While in their vectors the viruses establishe a persistent infection, several species are responsable for metabolism shut-off in vertebrate infected cells.

The viruses are enveloped viruses, and have a spherical or oval appearance, with a diameter of 80-110 nm (Schmaljohn, 1996). The envelope derives from the Golgi complex (and rarely from the surface membranes) and presents spikes that correspond to the two glycoproteins that are embedded in the lipid envelope. The viral envelope surrounds the genome, which is arranged in ribonucleproteins (RNP). These consist of RNA encapsidated by the nucleocapsid (N) protein and the RNA-dependent RNA polymerase (RdRp; L protein) interacting with the complex. This way, each RNP has multiple copies of the N protein and only one genome segment and one polymerase. 


Bunyaviruses harbour a tripartite RNA genome, which consists of the Large (L), Medium (M) and Small (S) segments (Bishop et al., 1980). Depending on the genus they can be of negative or ambi-sense polarity. The RNA is linear and single-stranded. The untranslated regions (UTRs) are highly conserved among segments and between members of the same genus, but vary considerably among different genera. The termini of the two UTRs are complementary to each other and they are paired in vivo, creating stable panhandle structures that make the RNP look circular.


Figure 2.1 represents the structure of a bunyavirus virion. 




Figure 2.1: Structure of a bunyavirus virion. The three RNA segments are individually encapsidated by the N protein and the RdRp associates with the RNA+N complex to form RNP. The two glycoproteins are inserted in the viral envelope as heterodimers. Reproduced from http://www.expasy.org/viralzone


In general, the bunyaviruses encode four structural and two non-structural proteins. The L segment encodes for the RdRp, the M segment encodes the two glycoproteins (GC and GN) and a non-structural protein NSm and the S segment encodes the N protein and a non-structural protein NSs (Elliott et al., 1991). Not all genera of the family express the non-structural proteins: Orthobunyavirus, Phlebovirus and Tospovirus genera encode NSs, and NSm is expressed by all except Hantavirus and members from the Plebovirus genus which belong to the obsolete Uukuvirus genus. Figure 2.2 shows the different coding strategies for the three segments of each genus.


There is a considerable variability among the members of the family, so it has been a challenge to classify them in genera and serogroups. Members of the same genus resemble each other in terms of coding strategies, morphogenetics and morphology. While molecular features are used to separate the viruses into different genera, antigenic data provides a way to classify within each genus (Holland & Domingos, 1998). The serological methods used are neutralization, hemagglutination inhibition (HI), enzyme-linked immunosorbent assay (ELISA), and complement fixation (CF): the first two are directed at the glycoproteins of the viruses, so they can distinguish between closely related viruses, whereas the CF is directed against determinants of the nucleocapsid (which is more conserved among viruses). According to these tests viruses are classified into serotypes, subtypes, variants and varieties, and they differ from each other in places of occurrence, sequence and coding, natural vector and vertebrate host. 


Table 2.1 shows the type specie for each genus, along with an example of a pathogen and a disease caused by the virus.


		

		

		



		

		

		





Figure 2.2: Coding strategy for the genome of each genus, represented by their type specie. Proteins expressed by negative-sense ORF are represented below the viral genome, while the ambi-sense coding strategies are represented above it.

Table 2.1: Classification of the Bunyaviridae family, type species (according to the ICTVdB index of viruses) and one example of a pathogenic viruses and the disease/symptom associated with it.


		Genus

		Type Species

		Example of pathogen/disease



		Orthobunyavirus

		Bunyamwera virus (BUNV)

		La Crosse virus (LACV)/


Encephalitis



		Hantavirus

		Hantaan virus


(HTNV)

		HTNV/


Fever and renal failure



		Nairovirus

		Dugbe virus


(DUGV)

		Crimean-Congo Hemorrhagic Fever virus (CCHFV)/


Hemorrhagic fever



		Phlebovirus

		Rift Valley Fever virus (RVFV)

		RVFV/


Hemorrhagic fever



		Tospovirus

		Tomato spotted wilt virus (TSWV)

		TSWV/


Tomato spotted wilt





2.2.1.1    Genus Orthobunyavirus

This is the largest genus in the family, organized in 18 serogroups (Calisher, 1996). The serogroups are Anopheles A and B, Bakau, Bunyamwera, Bwanba, Capim, California, Gamboa, Guana, Group C, Koongol, Minatilan, Nyando, Olifanstlei, Patois, Simbu, Tete and Turlock. 


This genus contains the prototype for the whole family, the Bunyamwera virus (BUNV), but also other patogens of varied importance. Some members of the genus, such as Inkoo, La Crosse and Cache Valley viruses, are capable of causing acute encephalitis or aseptic meningites in humans, although the latter is primarily pathogenic in sheep and very few reports in humans have appeared during the years (Sexton et al. 1997). 


2.2.1.2    Genus Hantavirus 


Hantaviruses belong to the emerging pathogens that are gaining more and more attention in the last decade. The first outbreak of hantavirus reported was in Korea, during the Korean War (1951-1953), although the first isolate was only achieved in 1978 (Zeier et al., 2005). That isolate was the Hantaan virus, and the pathology described was named Hemorrhagic Fever with Renal Syndrome (HFRS). Since then, many new hantavirus species have been found, and viruses from this genus have been detected in the Americas, Asia and Europe (Lednicky, 2003). No hantaviruses had been detected in the Americans until May of 1993, when a cluster of acute respiratory distress syndrome caused more than 40 fatalities in less than 2 years (Zaki et al, 1995). Later on, the causative agent was named Sin Nombre Virus (SNV), and classified has a new specie of this genus. The disease was called Hantavirus Pulmonary Syndrome (HPS). So, hantaviruses cause two distinct zoonoses, HFRS and HPS, depending on the infecting virus.


The hantaviruses are the only members of the Bunyaviridae family which are rodent-borne, rather than arthropod. There is a strong relation between the species and their reservoir hosts, which indicates a co-evolution of both viruses and rodents, and each hantavirus specie is associated with a specific host where it establishes a persistent infection (Nichol, 2001). They are found in most parts of the world, with some exceptions like Antarctica and Greenland. As the virus is dependent on the host’s geographic spread, they only exist where their hosts are spread. In America hantavirus is carried by Arvicolinae or Sigmodontinae rodents. In Asia the Hantaviruses can be found in Arvicolinae and Murinae, as in Europe. In Europe there are two major causing diseases viruses: the Puumala  virus (PUUV) and the Dobrava virus (DOBV). The effects of the hantavirus infections are assumed to be primary connected to the host´s immune system, rather than directly caused by the viruses.


2.2.1.3    Genus Phlebovirus 


The Phlebovirus genus has 68 serotypes, divided into two antigenic groups: the Phlebotomus Fever and the Uukuniemi (Giorgi, 1996). The Uukuniemi group was first classified as a separate genus, although the resemblance with the members of the Phlebovirus resulted in the union of the two genera. The first one consists of thirteen serocomplexes and is transmitted by mosquitoes, sandflies and cerotopogonids, while the Uukuniemi one is transmitted by ticks. 


This genus of arthropod born viruses is spread in different localizations, so it can be found in Central Asia, Americas, Africa and Southern Europe (Tesh, 1988). So far, eight viruses from this genus have been associated with diseases in humans and their symptoms go from a mild febrile illness to haemorrhagic fever and death. 


The family has two prototypes, the Rift Valley Fever virus (RVFV) and the Uukuniemi virus (UUKV). The RVFV is a zoonotic virus that can infect both livestock and humans. It was first observed in livestock in Kenya, during 1915, but it was not isolated until 1931 and several epidemics in humans and livestock have occurred since then (Labeaude et al., 2007). The UUKV is a non human pathogenic virus that has also been used as a model for the family, as it is safe and can be grown at high titers (Overby et al., 2006).  


2.2.1.4    Genus Nairovirus

Nairovirus genus comprises 34 members divided into 7 serogroups, all transmitted by ticks (Elliott et al. 2000). These viruses have a genome that only expresses structural proteins, although theirs segments are larger than the other members of the family. So far, from all the members of the genus only three seem to be infectious to humans: Crimean-Congo Hemorrhagic Fever virus (CCHFV), Nairobi Sheep Fever virus (NSFV) and Dugbe virus (DUGV) (WHO, 2001). Their life cycle, as most members of the family, involves transmission among the vector and from it to a wide range vertebrate host, either domestic or wild animals. 


The NSFV is mainly pathogenic in sheep and goats, although can sporadically infect humans. The DUGV was the first member of the genus to have the whole genome sequenced and is the type specie of the genus (Bridgen et al. 2002). Dugbe human infections cause mainly a mild febrile illness. The CCHFV is one of the most pathogenic and studied member of the family. The disease was first detected in Crimean during 1944 and in Congo, in 1956 (Chumakov, 1945; Simpson et al., 1967). Analyses in both viruses concluded that it constituted the same specie, which was named after the two places. It can be transmitted to humans through bites of infected tick, but also through direct contact with contaminated blood (or other tissue). The disease is endemic in Africa, Asia Middle East and Europe - although there have been a number of outbreaks - and its geographic spread is related to the distribution of its tick vector (Mardani, 2007). The virus causes severe hemorrhagic fevers in humans, with a mortality rate of 10-50%. 


2.2.1.5    Genus Tospovirus  


The members of the Tospovirus genus are transmitted by thrips species and constitute the only members of this family that infects plants instead of vertebrate hosts. Similar to the Phlebovirus genus, the tospoviruses present an ambi-sense S segment that expresses both N and NSs proteins (Goldbach & Peters, 1996). Furthermore, this is the only genus where an ambi-sense coding strategy is also present in the M segment.  


The first report of a tospovirus infection dates from 1915 (Brittlebank, 1919), in Australia and since then many reports were presented, all from the same virus, but with different names associated with it. The virus was late named Tomato Spotted Wilt virus (TSWV), which is the genus prototype and originated the genus name (Tomato Spotted Wilt virus). Since then other species of plant-infectious viruses have been attributed to this genus, such as the Impatiens Necrotic Spot virus (INSV) and the Groundnut Ringspot virus (GRV).  This genus is responsible for the infection of more than 900 plant species that ranges from vegetables (such as peppers) to decorative plants (as dahlias) and also for the damage of several crops with billions lost (Peters, 1998). Since their first observation their geographic localization has been spreading and they now can be found worldwide. 


The symptoms of the diseases depend on the specie, strain and host, but for the TSWV can be ringspots or other line patterns, as well as long necrotic streaks (among others). Once the virus has infected the plant, there is no cure. To avoid infection several studies have been made concerning natural or acquired resistance.


2.3 Orthobunyavirus Genus and Bunyamwera Virus


The BUNV belongs to the Bunyamwera serogroup of the Orthobunyavirus genus and it was first isolated in Uganda, Central Africa, in mosquitoes (Smithburn et al. 1946). The virus is capable of infecting humans, causing arthralgia, febrile illness and rash, and shares the general characteristics of the family: tripartite genome expressing six proteins, replicating alternately in vertebrates and arthropod borne vectors.


2.3.1 Protein Functions


2.3.1.1     L Segment 


The RNA viruses are not capable of replication and transcription only with the cell’s machinery. Therefore, they need their own RNA dependent RNA polymerase, a multifunctional enzyme that is involved into both transcription and replication. To be able to execute all this, the enzyme processes different activities, such as endonuclease, transcriptase and replicase. This protein is the least expressed by the viruses, and it has been shown to associate with perinuclear membranes.


As both the panhandle structure and the N protein are necessary for the transcription and replication processes, it can be assumed that the RdRp interacts both with N protein and with the UTRs of the viruses.


2.3.1.2     M Segment


The M segment of these viruses codes for the viral glycoproteins GN and GC, and for a non-structural protein called NSm. The three proteins are transcribed as a single mRNA that is translated into a polyprotein, which is cotranslationaly cleaved into the different proteins and imported into the Golgi. In contrast to the other segments, the products from the M segment of the viruses belonging to this family undergo post transcriptional processing and modification.


The glycoproteins of the members of the Bunyaviridae family form spikes in the viral envelope. Both of them are type I integral transmembrane proteins, with the carboxyl hydrophobic domain facing the cytoplasm (Pettersson & Lars, 1996). The GC protein contains a short cytoplasmic tail, while the GN has a long one. 


In general, the nascent proteins are glycosylated at the ER, and they migrate to the Golgi, where they are further processed. The proteins show a high cysteine content, and within serogroups, a conserved position of these residues, which might point to their importance in the folding of the proteins. 


The accumulation of these proteins in the Golgi leads to a notable characteristic of most of the members of the Bunyaviridae family: maturation and budding in this organelle. The GC contains the Golgi targeting and retention signals which are required for both proteins localization, as they form heterodimers with each other – while GC can locate individually in the Golgi, the GN needs the co-expression of the other glycoprotein (Lappin et al., 1994). This protein is also found to be determinant in the attachment of the virus to the host cell, and to play an important role in the virus virulence. The interaction between the glycoproteins and the RNPs is mediated by the tail of GN and the nucleoprotein.  


The NSm is a non structural transmembrane protein expressed by phlebo-, ortho- and tospoviruses, although the proteins of the first two do not show any similarity with the last one. 


The NSm from the BUNV is show to be located in the Golgi, even when it is expressed by itself, which may indicate its involvement in the process of viral maturation (Shi et al., 2006). This protein is required for the virus growth in cell cultures. Studies in phleboviruses showed that cells infected with a mutant virus not expressing NSm underwent apoptosis earlier then the wild type, and that the expression of NSm was sufficient to prevent this early death (Won et al., 2007). 


The protein from tospoviruses is involved in the formation of tubular structures and in the cell-to-cell movement in the plant. In the TSWV, NSm protein interacts with plasmodesmata, where it associates in a tubular shape (Storms et al., 1995). Plasmodesmata are channels that connect cells through the cell wall, but with a diameter that does not justify virus transportation. The association of the NSm protein with this structures points to the involvement of NSm in cell-to-cell viral translocation within this genus.   


2.3.1.3     S Segment


The S segment of bunyaviruses, phleboviruses and tospoviruses encodes two proteins, the nucleocapsid (N) and the non structural protein NSs, while the nairoviruses only code for N. Members of the Hantavirus genus were though not to express NSs, despite the presence of the ORF in some species, until Jaaskelainen et al. (2007) demonstrate that the Puumala and Tula NSs ORFs are functional.


The Nucleocapsid is the first protein being expressed in infected cells and is the most abundant protein. N is the component of the virus responsible for the encapsidation of the viral RNA (both anti and genomic RNA) and it is located in the cytoplasm. In the Phleboviruses genus the N protein forms dimers that bind to the UTR of the genome segments, while the N protein of the Hantaviruses forms stable trimers that bind to the panhandle of the segments (Le May et al., 2005; Mir & Panganiban, 2004). In the Orthobunyavirus genus this protein does not show dimers or trimers, but it still has the capacity of binding to the RNA. 


As said before, the N protein binds to the vRNA and to the cRNA, but not the mRNA. As the first two contain the full viral UTR, they are capable of pairing their 3´ and 5´ ends, while the mRNA is truncated in the 3´ and does not form this structure. Thus, is possible that this pairing is necessary for the recognition and interaction of the N proteins to the RNA. This makes sense, since both viral and cRNA have to be handled by the RdRp, while the mRNA is to be translated by cellular ribosomes. 


The N protein also shows RNA-chaperone activity, and is capable of dissociating RNA duplexes (Mir & Panganiban, 2006). The plausible explanation is that the chaperone activity helps the formation of the panhandle struture, by helping the RNA escaping from kinetic traps. Beside this, the N protein has been reported to have a role in the binding of the newly synthesized RNP to actin filaments, which might facilitate the transportation inside the cell (Ravkov et al., 1997). 


Regarding the NSs protein, the first glances about its functions came from a mutant virus, BUNdelNSs, which lacks this protein (Weber et al, 2002). This mutant presented a mutation in the two start codons of the NSs ORF, without disrupting the normal amino acid sequence of the N protein. This showed that NSs is a non-essential protein that helps in viral pathogenesis. The mutant had an impaired capacity in the shut-off of cell protein synthesis, grew slower than wild-type and induced a strong interferon β response. The same phenomenon was observed for the RVFV NSs protein (Le May et al, 2004). Regarding the mechanism by which the protein synthesis inhibition takes place, NSs has shown to target different components of the hosts’ transcriptional machinery. This capacity is probably related with RNA polymerase II (RNA pol II). In comparison with the BUNdelNSs, the existence of NSs in the cell is associated with the inhibition of the phosphorylation in a serine 2 present in the C terminal domain of the RNA pol II, which leads to inhibition of RNA pol II mediated transcription. In studies of yeast two-hybrid screen with BUNV an interaction between NSs and the Mediator protein MED8 was found (Léonard et al, 2006). Mediator is a complex of several enzymes that plays an essential role in regulation of the RNA Pol II transcription and it is usually divided in three components: head (where the MED8 is located), body and tail. The head is thought to be the major regulator of the RNA pol II activity, so the control of the NSs over cell transcription might be explained by its interaction with MED8.


The interferon system, as it will be explain in Chapter 2.3.7.1, is one of the first defences of the cell against viruses. Interferon β has one of the major roles, binding to cell receptors when it is expressed, leading to the transcription of several proteins with antiviral activities. Experiments with the BUNdelNSs mutant led to the conclusion that not only this protein is capable of controlling the activation of the interferon system, but also it is sufficient to perform this function (Weber et al., 2002). The antagonist function of the NSs was also reported in members of the Phleboviruses genus (Perrone et al., 2007). From the members of the family that do not express this protein, at least some Hantaviruses have been shown to induce interferon response in infected cells. Thus, these viruses must have a different mechanism of escaping the host´s immune system. 


Tospoviruses, as said before, have a different range of host, as they are pathogenic to plants and although they express NSs, there is no similarity between NSs sequences and sizes of this genus with the other genera from the family. Despite these, the tospovirus NSs is also responsible for blocking host anti-viral responses, as it suppresses post-transcription gene silencing (Takeda et al., 2002). 


2.3.2 Functions of the Viral Untranslated Regions


The viral untranslated regions are situated at the 3’ and 5’ termini of the coding sequence. Although they vary in size, depending on the genus and on the segment, the negative sense 3’ is usually longer then than the 5’ terminus. The terminal sequences of the 3´ and the 5´ UTRs, for the last 11 to 21 nucleotides (nt), are complementary to each other and conserved between segments, while the rest of the UTR sequence has a great degree of variability (Lowen, 2005). This complementary is thought to be capable, as in Influenza virus, to base-pair, creating the circular RNP conformation that is observed under the microscope. For the Bunyamwera virus, the UTRs from the S segment are 85 and 175 nt (3´ and 5’ respectively), while the ones from the M and the L segment are smaller, with about 50 and 100 nt.. 


These sequences by themselves are capable of directing transcription, encapsidation, replication and packaging of the segments. 


Both termini are important for promoter activity, as the interaction is required for BUNV RNA synthesis. The transcription products are truncated their 3’ end, which indicates the existence of termination signals in the UTR region. While the members of this family do not present a poly-A tail, two types of potential termination signals have been found: GU-rich sequences and a CCCACCC motif. The S segment of Bunyamwera virus possesses two independent termination signals consisting of a pentanucleotide sequence (3’-UGUCG-5’) (Barr et al., 2006).  


The encapsidation signals are also thought to reside in the UTRs of each segment. For BUNV, competitive binding assays have shown that the N protein binds preferentially to a region in the 5´ of the S segment, which may constitute the place for the initiation of encapsidation (Osborne and Elliott, 2000).


Finally, the BUNV UTRs have been shown to be necessary and sufficient for the packaging of segments. This process is complex for segmented viruses, has they have to be able to pack at least one of each segment in order to generate an infectious particle. Experiments with UUKV and BUNV have also indicated that the UTRs from the three segments have different packaging competence (Flick et al., 2004; Kohl et al., 2006). 


2.3.3 Replication and Transcription


The viral genome is involved in two different processes - replication and transcription – and they are both controlled by the RdRp (Schaljohn, 1996). 

Viral RNA (vRNA) transcription gives rise to a positive sense mRNA. Transcription is initiated by a process of “cap-snatching”, in which the virus cleaves the cap from the host mRNA and uses it as a primer for its transcription (Jin & Elliott, 1993). The viral mRNA is truncated at the 3´end compared to the viral genome, and is not polyadenylated. 

Replication of the genome leads to the formation of a complementary RNA (cRNA) that is not translated into proteins but can, in turn, serve as a template for the synthesis of more negative sense vRNA. Figure 2.3 represents the coding strategy for transcription and replication of the BUNV S segment.




Figure 2.3: Replication and transcription processes of the BUNV S segment.


Because neither the vRNA nor the cRNA serve as messenger, the naked RNA per se is not infectious: it needs to be transcribed into mRNA by the viral RdRp, and for that it has to be encapsidated by the N protein. So, the viral L and N proteins are necessary and sufficient for transcription and replication, and the RNP complex is the minimal replication unit of the virus.


In viruses with an ambi-sense coding strategy, the positive sense ORF in the viral genome has to be replicated and the mRNA is transcribed from that complementary RNA.


Regarding the balance and the control of replication versus transcription, the mechanism is not fully understood. The change between primary transcription and replication requires the change from mRNA to full length RNA synthesis, and the processes directing that change are not defined for any member of this family. Encapsidation by the N protein may serve as an anti termination signal during replication, allowing the synthesis of full-length cRNA, as it has been observed for other negative-sense RNA viruses (Banerjee, 1987). It is unclear why the N protein does not encapsidate the mRNA, but it has been suggested that the host-derived capped leader sequence may play a role. Besides that, and as mentioned before, the mRNA has to be processed by rybosomes and not by the viral polymerase, so the absence of encapsidation is justified. 

Replication occurs in the host cell cytoplasm and virions mature by budding directly into vesicles from the internal membranes of the Golgi complex. Bunyaviruses show a remarkable difference from other enveloped viruses, in that they do not have an internal matrix protein. This suggests that morphogenesis of the bunyavirus depends on the interaction of N protein in the RNPs, with the glycoproteins, or more exactly with their cytoplasmic tails.

2.3.4 Defective Interfering (DIs) RNA


Defective interfering RNA particles are viral particles generated from the original viral genome, containing only a fraction of it derived by deletions and/or rearrangements. DIs genomes occur spontaneously and although they do not have the genes needed for replication, they have to retain the cis-acting elements essential for encapsidation and replication. As they lack essential parts of the coding sequences, they are not capable of sustaining an infection by themselves, meaning that they need the presence of a helper virus, in doubly infected cells, to replicate. Their replication competes with the parental RNA replication, because they need the same enzymes provided by the intact viruses, but as they are smaller they replicate more efficiently, which gives them a replicative advantage. The generation of DIs is frequently associated with infections at high multiplicity of infection (MOI) and their presence is usually characterized by cyclic alternations of low and high virus titers. 


Among negative strand RNA viruses, DIs particles from Sendai, VS and Influenza viruses have been very well analyzed and studied. For the Bunyaviridae family the only documented cases of DI belonged to the BUNV and the TSWV (Patel & Elliott, 1992; Resende et al., 1991). In both cases, the DIs were all derived from deletions in the middle of the L segment RNA. 


2.3.5 Effects of Viral Replication in Different Organisms


The cytopathological effects of members of the Bunyaviridae family depend upon the host and the virus. Members from all genera, except Hantavirus, are capable of infecting both arthropod and vertebrate (or plant for Tospovirus) cells, with two very different outcomes. While in vertebrate these viruses can lead to cytopathological effects and eventually cell death, in invertebrate the infections is characterized as asymptomatic and self-contained. Furthermore, even when infecting the same host, different virus affect specific organs in particular ways. 


A characteristic of the members of the Orthobunyavirus and the Phlebovirus genera is their capacity to disrupt the host cell metabolism in vertebrate cells (Lazdins and Holmes, 1978). This mechanism is associated with the suppression of the cellular protein synthesis mentioned before, which corolates with the expression of the NSs protein. Studies in mutants lacking its expression and the lack of shutoff in Nairovirus and some Hantavirus infections seem to confirm this hypothesis (Maramorosch & McIntosh, 1994). 


For the arthropod vector, In vivo, the arthropod ingests a blood meal contaminated with the virus, which has to enter the body of the arthropod before it is inactivated or excreted. If it is orally transmitted, it means that the virus has the capacity to reach the salivary gland and infected them, with or without amplification in other body tissues; once in the glands it can be release with saliva and be transmitted during the biting process (Mellor et al, 2000). After the ingestion of the virus, its titer usually falls into extremely low level for a variable period of time, after which it increases until it reaches a stable measure that is maintained throughout the life of the vector. Although the infection can be widely spread across the vector, the cells to not show changes in their behaviour and metabolism.  


In infected cells cultures, as in nature, the differences between mammal and arthropod cells are easily observed (Newton et al., 1981). In infections in BHK cells, the protein synthesis is rapid and sustained at high levels during the first sighs of cytopathological effects. In mosquito-infected cells their metabolic activity stays the same and there is no inhibition of host cell proteins, although the infection is active. Analyzing the viral protein synthesis, it can be observed that it is low and reduced to barely detectable levels at 30 hpi. 


A remarkable characteristic of the infection in arthropod is the behaviour of the N protein synthesis (Hacker et al., 1989); although an excess of its mRNA can be detected in the cell, the amount of protein synthesis declines with time. This fact may lead to the hypothesis that the nature of the persistent infection is at least in part regulated by the translation of the N protein.


2.3.6 Replication Cycle


The virus replication cycle begins with the adsorption and entry into the cell. Once inside, the primary transcription of the viral protein has to start, so the virus can produce the components of the RNP that in turn allow the replication of the genome. After these processes, the virus assembles in the Golgi apparatus and escape from the cells. Figure 2.4 shows the replication cycle for members of the Bunyaviridae family.




Figure 2.4: Replication cycle of members of the Bunyaviridae family. Reproduced from Schmaljohn et al. 2001


2.3.6.1    Adsorption and Entry


The mechanism by which bunyaviruses enter the cell is not fully understood. The attachment of the virus to the cells is mediated by an interaction between one or both of the viral glycoproteins with unknown cell receptors. The existence of neutralizing antibodies to both glycoproteins in Phlebo- and Hantaviruses –infected cells might be an indication that they are both involved in this process, however for Orthobunyaviruses the GC is the major attachment protein (Bishop, 1996). As it was said before, the infectious process is dependent of the pH, presumably because it affects the conformation of the glycoproteins. In cryotomography of UUKV a shift in the conformation of the glycoprotein can be noticed, depending on the pH, between tall and barrel shaped spikes (Overby et al. 2008). 


The virus enters the cell via endocytosis in coated vesicles. The vesicles are transported to the endosome, where the membranes fuse, leading to the release of the RNPs into the cytoplasm. 


2.3.6.2    Replication and Transcription of RNA


After entering the cell, viruses start the primary transcription in the cytoplasm, where they produce mRNA that is translated into viral proteins. Once the N and the L proteins are translated the virus can switch to replication, and new complementary copies of the genome can be made, which are encapsidated by the N protein (Schmaljohn, 1996). This means that the L protein must now switch from using capped primers and making truncated molecules to primer-independent replication of the complete segment. It is speculated that the accumulation of the N protein may influence this switch. As the N protein can bind to the viral genome and antigenome RNA, it is possible that the interaction with the nucleocapsid acts as an anti-termination signal for the L protein. The cRNA produced during replication then provides new viral genomes that are encapsidated. Upon the encapsidation of the new vRNA, the virus can start the secondary transcription. The transcription of the three different segments varies in quantity, with the most expression coming from the S segment and the least from the L segment. In order to synthesize full length mRNA, the translation of the nascent mRNA has to be coupled with transcription (Barr, 2007). 


Viral proteins start to be synthesized shortly after infection. Transcription, replication and translation continue to happen during the stages of infection and release. 


2.3.6.3    Budding, Packaging and Release


The budding location is thought to be directed by signals present in the glycoproteins. In bunyaviruses the glycoproteins are first transported to the ER, where they form heterodimers. The signal that directs these proteins to the Golgi is located in the GC, so the heterodimerization allows the GN to be transported to the Golgi as well (Pettersson & Melin, 1996). These dimers accumulate in the Golgi inducing a morphological change in this organelle, characterized by vacuolization and dispersion (Gahmberg et al., 1986). In electron microscopy the RNP, once in the Golgi, are located beneath the membranes that present the spikes corresponding to the glycoproteins, suggesting an interaction directly between this complex and the proteins. Both the N and the glycoproteins accumulate in the Golgi, and there is no accumulation of the N protein in the ER, which seems to indicate that there is a specific interaction that takes place only in this organelle. 


After budding, the viruses are released as small particles, presumably via fusion with the plasma membrane (normal exocytosis) (Matsuoka et al. 1991). Very little is known about the assembly process of the orthobunyaviruses. The UTRs from the segments are sufficient for assembly of the viral particle.


2.3.7 Host-cell Responses


2.3.7.1    Antiviral Response and Interferon System


Multicellular organisms have several ways of defending themselves from viral infections. They can activate their cellular immune response, which fight against external factors resorting to agents like macrophages and natural-killer cells, or alternatively the organism activates its humoral immune system with the use of antibodies and T-cells. However, for a rapid response to viral infections, the cells present a system called interferon (IFN) system, which represent a way of inducing an anti-viral state in the infected and adjacent cells (Janeway, 2001). The interferons constitute a group of cytokines that can be divided into three groups (type I, II and III), although not all of the molecules in this group are involved in viral response. 


The IFN system can be activated by several routes, such as double stranded RNA or intracellular viral RNA. Once the activation signals are presented, two transcriptional factors located in the cytoplasm, IRF-3 and NF-κB, are transported to the nucleus, where they can interact with the promoter sequences of the IFN-β. These factors, together with a third one designated c-jun/ATF-2, will be responsible for the activation of the IFN-β gene. After this, the secreted IFN- β will interact with cellular receptors of the cell itself and of adjacent cells, stimulating them to synthesize anti-viral components by an upregulation of interferon-stimulated genes (ISGs) (Randall & Goodbourn, 2008). The best characterized ISGs are the 2’-5’ oligoadenylate synthetase, the RNA-dependent protein kinase (PKR) and the Mx proteins. The simplified IFN-β pathway is schemed in Figure 2.5.




Figure 2.5: Schematic of the IFN-β activation and pathway in cells upon a viral infection. Reproduced from Haller et al. (2006)


To be able to infect, transcribe, replicate and spread in cells, numerous viruses have adopted different mechanisms of escaping the interferon system, being able to inhibit the IFN pathway in several different stages, such as camouflaging the initiator signals.  


In the Orthobunyavirus genus, two mutants have been analyzed that lack the expression of NSs, BUNdelNSs and LACVdelNSs, and in both studies the mutants showed to be strong inducers of the interferon system (Weber et al, 2002). The NSs protein is able to control the induction of this system, as well as interfering with the host’s apoptotic pathway (which will be discussed in Chapter 2.3.7.2). In the BUNV, the inhibition of the interferon system may be related to the inhibition oof the RNA pol II mentioned before, as this process would prevent transcription of the IFN- β.

2.3.7.2    Apoptosis


Apoptosis is a physiological process whereby cells undergo a programmed cell death. It can be induced by different stimuli, such as UV radiation or death receptors, and is characterized by certain cellular changes such as chromatin condensation and volume reduction. In the end, the cells suffer from fragmentation into small apoptotic bodies, surrounded by membranes, which are normally up taken by the surrounding cells or the immune system cells (Jacobson, 2002).


Nowadays there are two known apoptotic pathways in mammalian organisms and both involve complex cascades and are tightly regulated (Hengartner, 2000). In the presence of initiation signals, a group of molecules called caspases (proteases) is activated in cascade, leading to the degradation of key components of the cell and ultimately cell death. The two pathways differ on the initial activation: in the death receptor pathway, as the name indicates, the activation is controlled by the death receptors; in the mitochondrial pathway this phenomenon is controlled by the release of cytochrome c from the mitochondria. A representation of the two pathways showing some regulation mechanisms is presented in Figure 2.6.




Figure 2.6: Representation of the two main apoptotic pathways in mammalian cells. Reproduced from Hengartner, 2000.


The relation between viral infection and apoptosis is extremely complex (Hardwick 2001). During an infection, apoptosis is one of the strategies that an organism has to control the spread of the agent, killing the infected cell. Several viruses have been shown to produce anti-apoptotic factors that will in turn prevent the cell from undergo this process. The suppression of apoptosis by viral products is very diverse, depending on the virus, and can act in different regulation points of the process: some target the interferon pathway, as mentioned before, while other target downstream stages of apoptosis, in mechanisms such as inhibition of the caspases or competition for the death receptors’ adapter proteins; by contrast, many viruses also have the opposite ability of inducing apoptosis once inside a cell, as an exit strategy. Because of the formation of apoptotic bodies that are uptake by the surrounding cells, the virus can spread in an undetectable way, being also protected from the cell’s immune system. 


In the Bunyaviridae family the interaction between the virus and the host cell apoptosis machinery is considerable different between genera, and even serotypes. In the Phlebovirus genus, studies have been conducted with Punta Toro (PUTV) and RVFV, with very singular outcomes. The first virus was used to infect HepG2 cells, which demonstrated an apoptotic phenotype after infection, associated with imbalance of the mitochondrial potential (Ding et at., 2005); while infection with the wild-type RVRV and a mutant lacking the NSm protein expression showed that this protein counteracts the rapid cell death by apoptosis (Won et al., 2007). This latter experiment suggested that apoptosis was mediated by caspase 8 and that NSm acted as a suppressor of its activity. Diverse hantavirus infection have also shown to induce apoptosis in infected cultured Vero cells (Li et al., 2004). In the Orthobunyavirus genus, two opposite conclusions have also arisen from studies with the LACV (California serogroup) and BUNV (Bunyamwera serogroup). The NSs protein from the members of the California serogroup has a limited homology with the Drosophila protein Reaper (Colón-Ramos et al., 2003). This protein is an IAP inhibitor that is also though to induce cytochrome c release and possibly suppress protein synthesis. Experiments with the NSs from LCV indicate that this protein, by itself, can inhibit protein synthesis and induce mitochondrial cytochrome c release and caspase activation (Blakqori et al., 2006). As this virus induces apoptosis in newborn mice’s brains, it is possible that the NSs protein is directly responsible by the cytopathological effects of these viruses in the infected cells. In the Bunyamwera serogroup, on the other hand, the NSs protein seems to be related with preventing apoptosis mechanisms. The BUNVdelNSs shows that, besides the activation of the interferon systems and a diminished capacity to promote host cells protein shutoff, the cells infected with this virus also undergo apoptosis earlier then the wild-type ones (Kohl et al., 2003). Is important to mention that, in the case of apoptosis induction, it is difficult to uncover the reason for the mechanism. It is possible that the induction is due to a characteristic of the infection and a way of achieving pathogenesis, but it can also be just a well establish mechanism by which the cells try to avoid viral dissemination.


2.4 Reverse Genetics of RNA Viruses


2.4.1 Introduction


The RNA viruses represent a group of major animal and human pathogenic, such as dengue and yellow fevers. Despite that, the lack of tools that would allow their study delayed for years the details about these viruses. Due to the fragile nature of RNA and the difficulties in manipulating it, the generation of RNA viruses had to pass by the creation of cDNA. Reverse genetics, which was generated from this idea, is a method where viruses are derived from cloned cDNA, allowing their de novo synthesis. Although the direct use of RNA is possible, the techniques are more demanding and less straight-forward. 


The positive sense RNA viruses present a genome RNA that is infectious by itself and once in the cell it will generate new viral particles. The general approach for the manipulation of these viruses consisted in transcribing the plasmid in vitro with a polymerase like T7 polymerase and transfecting the RNA to permissive host cells. In 1978 the first RNA viruses was recovery by reverse genetics, when Taniguchi et al. rescued the Q( bacteriophage. In the years following this rescue, multiple positive sense RNA viruses were recovery, in contrast to negative polarity virus, which until 1989 did not have any successful manipulation. 


2.4.2 Negative sense RNA viruses


The negative sense viruses continued to represent a challenge to the virology community even after the first applications of reverse genetics for positive strand viruses. The cRNA is not infectious, because it cannot give rise to mRNAs or vRNA (by itself). To generate an infection, the virus needs its own RdRp that is able to transcribe the negative sense genome into positive sense RNA, as well as the nucleocapsid protein that allows the formation of the RNPs, essential for this process. So, in contrast to positive sense reverse genetics, the cDNA was not enough for the recovery of negative sense viruses and rescues required a source of polymerase and nucleocapsid proteins. 

2.4.2.1    Non-segmented Viruses  


The order of mononegavirales, or non-segmented negative-sense RNA viruses, comprises of 4 families: Bornaviridae, Paramyxoviridae, Rhabdoviridae and Filoviridae (Conzelmann, 2004). 


The first steps into reverse genetics of the non-segmented viruses started in 1991 with the Sendai virus (member of the Paramyxoviridae family) (Park et al., 1991). This experiment confirmed that the signals necessary for encapsidation, replication and transcription lay in the terminal sequences of the virus.  


The first non-segmented RNA virus to be rescued from cDNA was the rabies virus, in 1994 (Roberts et al., 1999). Plasmids expressing N, P and L were transfected with a plasmid that expressed the entire genome sequence in a positive sense orientation. Since then, several non-segmented negative sense RNA viruses have been rescued using this method.


2.4.2.2    Segmented Viruses


The first approach towards the reverse genetics of segmented negative stranded viruses came in 1989, when Luytjes et al. were able to generate influenza A virus containing a CAT gene in one of the segments. The proteins present in the virus RNP were purified and used to assemble a functional RNP with a CAT gene flanked by the viral terminal sequences, which was transfected into cells infected with helper Influenza A virus. With this strategy it was possible to generate a mutant virus that rendered CAT expression in tissue culture, although not stable during passages. To overcome the demands of this technique, a new method using intracellular reconstitution of RNP had to be created. 


The problem with the in vivo approach in Influenza A reverse genetics is the need to synthesize RNA in the nucleus of the cell. This problem was solve using the RNA polymerase I (RNA pol I), which localizes in this organelle and is responsible by the transcription of ribosomal RNA (that, as the viral RNA, is not polyadenylated or capped). In 1994 this strategy gave rise to an engineered virus with CAT expression (Neumann et al., 1994) and in 1999 the use of the polymerase I system resulted in the first influenza virus rescued completely from plasmids (Fodor et al., 1999). The 8 genomic sequences were inserted in the plasmids, in a negative sense orientation, flanked by the RNA pol I promoter and terminator sequences, and these plasmids were transfected together with protein expression constructs that provided the proteins needed for transcription and replication. Despite the fact that is necessary to transfect 12 plasmids into the same cell, this systems as proven to be efficient and robust. Hoffmann et al. (2000) applied this method to generate an Influenza virus from only eight plasmids. The positive sense RNA was inserted between the polymerase II promoter and a polyadenylation signal (for the transcription of mRNA) and this cassette was inserted between the RNA pol I promoter and terminator sequences, in a negative sense orientation (for the expression of the negative sense vRNA).


Although a lot of progress has been made with Influenza virus, the first segmented negative stranded RNA virus to be completely rescued from cDNA was the Bunyamwera virus (Bridgen and Elliott, 1996). A method was used that resemble the first rabies rescue; the transfection was taken along with 6 plasmids, three for the expression of the viral antigenome (where the S segment is flanked by the T7 promoter and the hep δ) and three helper plasmids for the expression of the viral protein. The cells also had to be infected with vaccinia virus expressing the T7 enzyme. The BUNV could then be purified from the vaccinia through passages in mosquito cells, where the vaccinia virus does not grow. 


The 6 plasmid rescue system was the state-of-the-art in negative strand RNA reverse genetics, but it was still very inefficient and time consuming. The first improvement introduced was the way of supplying T7 RNA polymerase, as vaccinia virus might compete with the BUNV life cycle and demands several phases of purification in mosquito cells (Lowen et al., 2004). To overcome the purification step, a BHK-derived cell line, BSR-T7/5 was created, that constitutively expresses T7 RNA Polymerase. The next logical step in simplifying the methods was changing the number of plasmids transfected. A transfection performed without the helper plasmids was tried, which meant that only the three plasmids containing the full length antigenome sequence were transfected.  The 3 plasmid rescue gives rise to recovery BUNV with similar or even higher titers than the 6 or 5 plasmid systems.    


These results may seem contradictory to the mentioned necessity of N and L proteins in the viral transcription and replication, although it is not. When the plasmids are transfected, the cell’s machinery can, at a low level, translate the genomic RNA segments that are generated from the plasmids. The small amount produce is, however, sufficient to form active RNP with the newly synthesized full length and positive stranded RNA. Once the antigenome is encapsidated it can replicate, generating genomic RNA that is also encapsidated and can then give rise to the start of the infection. 


The 3 plasmid rescue is now widely used in the generation of wt and mutant BUN viruses, as in some other members of the Bunyaviridae family.


2.5 Aim of the Project 


The objective of this project is to create a mutant BUNV virus that expresses N and NSs proteins in non-overlapping open reading frames. As it was discussed previously, the knowledge on the BUNV NSs protein came from a mutant lacking this protein, but further studies are difficult due to the overlapping reading frames of N and NSs. Another challange with NSs is the lack of a strong and specific anti-body that would provide an insite about its location and functions. To achieve the goal of creating a segment that expresses the two proteins in separated ORFs, several expression strategies were tested, initially using reporter genes instead of NSs. The aim objective is to separate the N ORF from a ORF that expresses a tagged NSs, which would unable studies about the protein. 

Four mutant virus were generated previously which needed further characterization: IRES-GFP, an S segment with the N/NSs and a GFP ORFs separated by an internal ribosomal entry site; 2kb, a virus with a completely duplicated S segment; IProm-GFP and IProm-FFluc, both S segments with an internal promoter for expression of a second ORF, either GFP or FFluc. In addition, new mutants were created using a self-cleaving protease sequence from a Thosed asigna virus (TaV) separating the expression of the N and the reporter/PKNSs ORFs. Cloning the 2kb segment was also performed, in order to insert a PKNSs gene in the second coding region. 


3 Material and Methods


3.1 Materials


3.1.1 Cell Culture


3.1.1.1    Cell Culture Manipulation

Glasgow modified Eagle’s medium (GMEM), Dulbeccos modified Eagle’s medium (DMEM), tryptose phosphate broth (TPB) and new-born cow serum (NCS) were purchased from Gibco BRL. Fetal bovine serum (FBS) was purchased from Biowhittaker. Trypsin was purchased from BD.


3.1.1.2    Cells


BHK-21 clone 13 (Stoker and Macpherson, 1962), a cell line derived from baby hamster kidney, was maintained in GMEM supplemented with 10% NBS and 10%TPB, at 37ºC and 5% CO2.


BSR-T7/5 cells (Buchholz et al., 1999), a cell line derived from BHK-21 and stably expressing the T7 RNA polymerase gene, were maintained in GMEM supplemented with 10% FBS and 10% TPB, at 37ºC and 5% CO2.


Vero-E6 (ATCC no. CRL-1586) is a African Green Monkey cell line and was maintained in DMEM supplemented with 10% FBS, at 37ºC and 5% CO2.


3.1.2 Bacterial Strains


Plasmids were amplified in competent E. coli JM109: endA1, recA1, gyrA96, thi-1, hsdR17 (rk-, mk+), relA1, supE44, Δ(lac-proAB), [F’, traD36, proAB, laclqZΔM15]. 


3.1.3 Viruses


Wild-type Bunyamwera virus (BUNV), BUNdelNSs virus and original mutants IRES-GFP, IProm-GFP, IProm-FFluc and 2kb were originally supplied by R.M. Elliott.


3.1.4 Plasmids


pT7riboBUNS(+), pTVT7BUNM(+) and pT7riboBUNL(+) (Bridgen and Elliott, 1996) contain the full sequence of the BUNV S, M and L segments, in a positive sense, between the T7 promoter and hepatitis δ ribozyme. These plasmids were provided by R.M. Elliott.


pT7riboBUNSEMCVIRESEGFP (IRES-GFP) contains the full sequence of the BUNVS followed by a encephalomyocarditis virus (EMCV) internal ribosome entry site (IRES) to drive expression of eGFP. This plasmid was provided by R.M. Elliott.


pT7riboBUNSdelNSs2EGFPpuro (IProm-GFP) contains the BUNV N protein sequence and an EGFP-puromycin resistance fusion protein gene. GFP-puro expression is driven from an internal BUNV promoter. This plasmid was provided by R.M. Elliott.


 pT7riboBUNSdelNSs2FFluc (IProm-FFluc) contains the BUNV N protein and the firefly luciferase gene. Firefly luciferase is driven from an internal BUNV promoter. This plasmid was provided by R.M. Elliott.


pT7riboBUN2kbS(+) (2kb) contains a tandem copy of the BUNV S segment in pT7ribo. This was cloned from a virus that arose with a duplicated S segment. This plasmid was provided by R.M. Elliott. 


pT7riboBUNS2kbPKNSs is based on the 2kb construct and contains only N in the first open reading frame and only PK-tagged NSs in the second ORF.


pUC57BUNSdelNSs2AGFP contains a mutated S segment in a positive sense, with the N gene followed by the 2A self-cleaving protease from Thosea asigna virus (TaV)  and the GFP gene, in a pUC57 backbone. This plasmid was purchased from Genscript.


pTVT7BUNSdelNSs2AGFP (2A-GFP) was originated by cloning the mutated S segment from the pUC57BUNSdelNSs2AGFP into the pTVT7 backbone vector. 


pTVT7BUNN2APKNSs (2A-PKNSs) is the pTVT7BUNSdelNSs2AGFP with the GFP gene replace by the PK-tagged NSs ORF.


pT7riboBUNMNSm-GFP (NSm-GFP) is a plasmid that contains the viral M segment in a positive sense expressing an NSm-GFP fusion protein. This plasmid was provided by X. Shi.


pT7riboRluc-Ambi (Rluc-Ambi) is a plasmid that contains the Rluc gene in the first ORF, in a positive sense and the N gene in a negative sense orientation, following a internal M UTR. The genes are flanked by the M segment UTRs. This plasmid was provided by R.M. Elliott.


phRL-CMV is a plasmid that expresses Renilla luciferase (Rluc), where the expression is controlled by the T7 promoter. This plasmid was purchased from Clontech.


3.1.5 Enzymes


Restriction enzymes were purchased from Promega and New England Biolabs.


M-MLV reverse transcriptase RNase H minus, GoTaq DNA Polymerase and T4 DNA ligase were purchased from Promega. 


3.1.6 Antibodies


Goat-anti-rabbit-horseradish-peroxidase was purchased from Cell Signal Tecnhology.


Anti-BUNV N poly-clonal antibody was raised in rabbit against bacterially expressed N protein and was provided by R.M. Elliott.


3.1.7 Synthetic Oligonucleotides


Oligonucleotides were purchased from Eurogentech. Sequences of all oligonucleotides used are listed in Table 3.1.


Table 3.1: Sequences of oligonucleotides used in the cloning and sequence analysis experiments.


		Oligonucleotide

		Sequence (5’-3’)

		Brief Explanation



		Ivk09

		CTTTAGCCCGATTAAAAATGCATCCCTGC TCAGCATCTTCTCAAGTAGG

		Anneals to the 5’ end of the NSs ORF (reverse primers);


Creates a NsiI restriction site in the end of the ORF.



		Ivk10

		CACTTGGAATGATGGAGAGG

		Anneals to the 481-500 nts from the S segment (+).



		Ivk11

		CCAACTCAATCATTAAAGAGCC

		Anneals to the 98-77 nts from the S segment (+) (reverse primer).



		Ivk21

		ATG ATC CCA AAC CCT TTG CTG GGA TTG GAC TCG CTG CTA ACA CCA GCA G

		Anneals to the 3’ of the NSs ORF;


Inserts the V5 sequence prior to the start of the NSs.



		Ivk24

		GGGAAA GGGCCC ATG ATG TCG CTG CTA ACA CCA G

		Anneals to the 3’ of the NSs ORF;


Inserts an ApaI restriction site prior to the start of the NSs.



		Ivk25

		GGGAAA GGGCCC ATC CCA AAC CCT TTG CTG GG

		Anneals to the 3’ of the PK-NSs ORF;


Inserts an ApaI restriction site prior to the start of the PK-NSs.



		Ivk30

		GGA GAA CCC TGG GCC CGT GTC CAA GGG

		Creates a ApaI restriction site between the 2A and the GFP sequences



		Ivk31

		CCC TTG GAC ACG GGC CCA GGG TTC TCC

		Creates a ApaI restriction site between the 2A and the GFP sequences (Reverse primer)



		Ivk33

		GCAGGGCTGCAGTTTTAATCGGGC

		Anneals to the internal 5´UTR of the 2kb;


Changes the NsiI restriction site for a PstI.



		Ivk34

		TGCAATATGCATGTCAATTACGACGGGCCCTAAAGAGCCTTTAATGACCTTCTG

		Anneals to the internal 3´UTR of the 2kb;


Creates a ApaI and a NsiI restriction sites.





3.1.8 Transfection of Cultured Cells and Manipulation of Virus


Lipofectamine 2000 was purchased from Invitrogen.


Opti-MEM 1x medium and Minimum essential medium 2x (MEM) were purchased from Gibco BRL.


Agarose type HSA was purchased from Park.


Phosphate buffered saline (PBS): 170 mM NaCl; 3.4 mM KCl; 10 mM Na2HPO4; 1.8 mM KH2PO4; pH 7.12-7.3; 0.68 mM CaCl2; 0.49 mM MgCl2.


4% Formaldehyde (Fisher Scientific) in PBS.


3.1.9 Bacterial Culture


Ampicilin (Sigma)


LB agar: L-broth plus 1.5% (w/v) agar


L-Broth (LB): 10 g NaCl; 10 g bactopeptone; 5 g yeast extract per litre


3.1.10    Competent Cell Preparation, Transformation and Plasmid Extraction


QIAquick gel extraction kit, mini and maxi plasmid preparation kits were obtain from Qiagen.


Z-CompetentTM E. coli Transformation Kit & Buffer Set was obtain from Zymo Research


3.1.11    Reverse Transcription (RT) and Polymerase Chain Reaction (PCR)


100 mM deoxynucleotide triphosphate (dNTPs) were purchased from Roche and diluted to a mixture of 10 mM each.


3.1.12      DNA Gel Electrophoresis


Agarose multi-purpose was obtained from Biogen.


Ethidium bromide was purchased from Promega


6x DNA Loading buffer: 0.25% (w/v) bromophenol blue; 0.25% (w/v); 0.1 M Na2EDTA; pH8; 1% SDS (w/v); 20% (w/v) Ficoll 400.


2-log ladder was purchased from New England Biolabs.


Tris-borate EDTA (TBE) 10x and tris-acetate EDTA (TAE) were obtained from Invitrogen.


3.1.13      Polyacrylamide Gel Electrophoresis (PAGE) and Western Blotting

30% (w/v) Acrylamide/bis-acrylamide (AMRESCO)


10% (w/v) Ammonium persulfate (APS) (Fisher Scientific)


PBS-tween: 0.1% Tween-20 (Sigma-aldrich) in PBS


Blocking buffer: 1-2% (w/v) milk powder in PBS-tween


PageRule Prestained Protein Ladder (Fermentas)


Sodium dodecylsulphate (SDS) (Sigma-aldrich):10% w/v in dH2O 


N, N, N’, N’ tetramethylethylenediamine (TEMED) from Sigma


SDS-PAGE Running buffer 10x: 30 g Tris (Sigma); 144 g glycine (BDH); 10 g SDS per liter


1.5 M Tris pH8.8: 91 g Tris; pH adjusted with HCl and volume made up to 500 ml dH2O


0.5 M Tris pH6.8: 30.3 g Tris; pH adjusted with HCl and volume made up to 500 ml dH2O


5x Towbin buffer: 14.5 g Tris; 72 g glycine in 1 l of dH2O 


Methanol from Fisher Scientific


Isopropanol from Fisher Scientific


3.1.14  Immunofluorescence Assay


4% Paraformaldehyde: 1 g paraformaldehyde (Sigma); 16 ml dH2O; 100 µl 1M NaOH; dissolve at 55ºC and adjust pH with HCl; 8 ml 3x PBS


0.1% Triton X-100 (Fisher Scientific) in PBS


3.2 Methods


3.2.1 Cell Culture


3.2.1.1    Maintenance of Mammalian Cells


Mammalian cell lines were maintened in medium tissue culture flasks (75 cm2) and were passage every two to three days, once they reached a monolayer state. For passaging, the monolayer was rinsed twice with trypsin and incubated at 37ºC for 2-3 minutes. After incubation, cells were ressuspended in 10 ml of medium, and 1 ml from this suspension was used to seed a new flask containing 15 ml of fresh medium. 


3.2.1.2    Transfection of Mammalian Cells


Transfections were carried out on cells with 80% confluence using Lipofectamine 2000. 35 mm-diameter petri dishes were seed with 5x105 BSR-T7/5 and incubated over-night. 1 µg of Plasmidic DNA to be transfected was diluted in 250 µl of Opti-MEM. For each transfection, 3 µl of Lipofectamine 2000 per 1 µg of DNA were diluted in 250 µl of Opti-MEM, and incubated at room temperature for 5 minutes. This mixture was gently added to the DNA solution and incubated at room temperature for 30 minutes. New medium was added to the cells, and the mixture of DNA and reagent was added to the cells drop-by-drop. Dishes were incubated at 33ºC for the duration of the experiment.


3.2.2 Virus


3.2.2.1    Bunyavirus Rescue


60 mm-diameter petri dishes were seeded with 1x106 BSR-T7/5 cells. The viruses containing the mutated S segments were recovered from cDNA by transfecting the cells as described in section 3.2.1.2. The plasmids transfected, besides the desired S segment, were the pT7riboBUNL(+), the pTVT7BUNM (+), 1 µg of each. For positive control the wt BUNV was also rescued in the same way, but with wt BUNS. In the negative control dish optiMEM and lipofectamin 2000 were added without any DNA.


When good CPE is visible (or after 12 days post rescue), culture medium was collected from the dishes and cell debris were pelleted by centrifugation at 2000 g for 10 minutes. The supernatant was aliquoted into cryotubes that were stored at -80 º C. 


3.2.2.2    Preparation of Virus Stock


Stocks of virus were grown in 80% confluence of BHK-21 cells, in 75 cm2 flasks. The cells were infected at low multiplicity of infection (MOI) (0.05 pfu/cell) of virus and incubated for 1 hour at 33ºC, with gently agitation every 15 minutes. After the absorption, 20 ml of fresh medium were added to the flask and incubated at 33ºC for approximately 4 days or until cells looked dead and were floating off the flask surface.


After incubation, the culture medium was transferred to a falcon tube; the flask was washed with 1 ml of PBS that was also put in the falcon. Cell debris was pelleted by centrifugation at 2000 g for 10 minutes and the supernatant was aliquoted into cryotubes and stored at -80ºC. 


3.2.2.3    Plaque Assay (for Titration of BUNV)


The titre of the virus was calculated by plaque formation. Virus stock was diluted from 10-2 to 10-8, in PBS with 2% NCS. 35 mm dishes seeded at 5 x 105 Vero-E6 cells/dish and incubated overnight were inoculated with 200 µl of each virus dilution, while in the control well were added 200 µl of PBS (2% NCS). The cells were incubated during 1 hour, with gently rocking every 10/15 minutes, after which the inoculum was removed. An overlay was made by adding 2 ml per well of a mixture (1:1) of HSA agarose (1.2%) and 2x MEM (supplemented with 4% NCS). The plates were incubated at 37ºC for 4-6 days, and after that period the cells were fixed with 4% (v/v) formaldehyde (in PBS) for 3 hours to overnight. The formaldehyde and the overlay were removed and the cells were stained with Giemsa for 5-10 minutes. The plates were rinse and dried, and the number of plaques was counted to calculate the virus titre.


3.2.3 DNA Manipulation and Cloning


3.2.3.1    Preparation of Competent E. coli Cells


10 ml of fresh LB medium were inoculated with JM109 E. coli and incubated overnight at 37ºC. 100 ml of fresh LB were inoculated with 1 ml of the previous culture, and the culture was grown until OD reached 0.4. The competent cells were generated by following the instruction manual of the Z-CompetentTM E. coli Transformation Kit & Buffer Set from Zymo Research.


3.2.3.2    Transformation 


For transformation of a plasmid in competent E. coli the DNA (0.2µl for purified plasmids or 10-20 µl for ligations) was added to the competent E. coli and placed on ice for 30 minutes. The mixture was plated on an agar plate containing ampicillin and incubated overnight at 37ºC.


3.2.3.3    Plasmid Preparation


For small scale plasmid preparation 10 ml of fresh LB with 10 µl of ampicillin were inoculated with a single colony from the plates with the transformed cells. The DNA was extracted using the Quiagen spin miniprep kit or the QuiaCube, according to the instruction manual. For large-scale preparations 100 ml of fresh LB with 100 µl of ampicillin were inoculated with 100 µl from the 10 ml culture and incubated overnight. The DNA was extracted using the HiSpeed Plasmid Maxi kit, according to the instruction manual


3.2.3.4    Restriction Endonuclease Digestion of DNA


Between 0.3 and 0.5 µg of DNA was digested with 10 U of restriction enzyme according to manufacturer’s instructions. After the incubation 2 µl of loading buffer (per 10 µl of mixture) were added to the mixture for analysis by agarose gel electrophoresis. 


3.2.3.5    Amplification of DNA by PCR


For sequencing and confirming fragment sizes, PCR was performed using GoTaq DNA Polymerase, in a 50 µl volume reaction containing 50 ng of DNA, according to manufacturer’s instruction. The thermal cycler parameters are shown in Table 3.2.

Table 3.2: Parameters used in PCR for amplification of DNA sent for sequencing.

		Initial denaturing

		95ºC

		5 min



		Number of cycles

		40

		



		Strand separation

		95ºC

		30 s



		Annealing

		56ºC

		30 s



		Elongation

		72ºC

		3 min



		Final extension

		72ºC

		10 min





For other purposes, the DNA was amplified using KOD polymerase, in a 50 µl volume containing 50 ng of DNA (or cDNA), according to manufacturer’s instructions. The reactions were performed with different thermal cycler parameters, which are shown in Table 3.3. 

Table 3.3: Parameters used in PCR for amplification of DNA. After the hot start the enzyme was added to the rest of the mixture.

		Inicial denaturing

		95ºC

		5 min



		Hot start

		95ºC

		



		Number of cycles

		40

		



		Strand separation

		95ºC

		30 s



		Annealing

		56ºC

		30 s



		Elongation

		72ºC

		1 min 30 s



		Final extension

		72ºC

		10 min





The PCR products were purified using the Wizard SV Gel and PCR Clean-up System (Promega), according to instructions from the manufacturer. 


3.2.3.6    Agarose Gel Electrophoresis of DNA


For segment size visualization the fragments were separated by electrophoresis through a horizontal slab gel composed of 0.8% (w/v) agarose on 0.5X TBE and 4 µl of EtBr per 100 ml of agarose. The gel was submerged in 0.5x TBE and 6x loading dye was added to the samples to a final concentration of 1x. 100 or 75 V was applied until a good separation was achieved.


3.2.3.7    Gel Extractions of DNA


DNA was purified from restriction digest reactions mixture by subjecting the sample to gel electrophoresis using 1xTAE buffer instead of TBE, excising the desired bands, and extracting the DNA from the gel slice using the Wizard SV Gel and PCR Clean-up System (Promega), according to instructions from the manufacturer. 


3.2.3.8    DNA Ligation 


For cloning, the ligation reactions were set up in a 30 µl volume containing approximately 15 ng of the vector DNA, a 5 times molar excess of insert, with T4 ligase according to manufacturer’s instructions. The reactions were performed at room-temperature during two hours. 


3.2.4 Sequence Analysis and Alignments


Automated DNA sequence determination was performed by the Sequencing Service of the University of Dundee. The plasmids containing the expected insert were sequenced in both directions using pUC118-up or ivk10 as forward primers and T7 terminator as the reverse primer.


3.2.5 RNA Preparation 


3.2.5.1    Isolation of Total Cellular RNA


Cells infected at MOI of 3 were left to grow at 33ºC until good CPE was visible and then rinsed twice with trypsin. The RNA was extracted using the RNeasy Minikit (Quiagen), according to manufacturer’s instructions.   


3.2.5.2    Reverse Transcription Polymerase Chain Reaction (RT-PCR)


3 µl of extracted RNA were added to 10 µl dH2O and 0.5 ng of each primer (reverse and forward) and the samples were heated at 70-74ºC during 5 minutes, and cooled on ice during 5 minutes. 1 µl of 10 mM dNTPs 10 mM, 10 µl of 5x M-MLV reaction buffer, 1 µl of M-MLV reverse transcriptase and 23 µl of sH2O were added to the mixture, which was left to incubate at 42ºC during 1-2 hours. 5 µl of the reverse transcriptase reaction was used in a PCR reaction as described in section 3.2.3.5.

3.2.6 Protein Analysis 

3.2.6.1    Preparation of SDS-PAGE Gels


20 ml of resolving gel solutions were prepared as listed in Table 3.4 then poured into a 1mm-thick cassette (Invitrogen). 70% isopropanol was added over the resolving gel to create a smooth surface. Once the resolving gel had polymerized, the isopropanol was removed, the surface was rinsed with water and the appropriate volume of stacking gel was prepared as listed in Table 3.5 and poured on the top. A comb was inserted and the stacking gel was allowed to polymerize. 


Table 3.4: Volumes added of each component of the mixture to prepare different resolving gels percentages. All volumes presented are in ml.


		Gel percentage:

		8%

		10%

		12%

		15%

		16.5%

		18%



		H2O

		9.5

		8

		7

		5

		4

		3



		1.5 M Tris pH 8.8

		5

		5

		5

		5

		5

		5



		30% Acrylamide/bis

		5.3

		6.7

		8

		10

		11

		12



		10% SDS

		0.2

		0.2

		0.2

		0.2

		0.2

		0.2



		10% APS

		0.15

		0.15

		0.15

		0.15

		0.15

		0.15



		TEMED

		0.015

		0.015

		0.015

		0.015

		0.015

		0.015





Table 3.5: Volumes added of each component of the mixture to prepare stacking gel. All volumes presented are in ml.

		H2O

		6



		0.5 M Tris pH 6.8

		2.5



		30% Acrylamide/bis

		1.5



		10% SDS

		0.1



		10% APS

		0.1



		TEMED

		0.01





3.2.6.2    Sample Preparation


BHK-21 cells were infected in 35 mm-diameter dishes at a MOI of 3 PFU/cell and incubated at 37ºC. At the time point desired, cells were harvested by first removing the growth medium, washing once with PBS and adding 300 µl of SDS sample buffer (2x) containing 25% (v/v) of DTT and benzonase. The dishes were left to incubate on a rocker at room temperature for 20-30 minutes, and after that the lysates were collected in eppendorf tubes, heated at 100ºC for 3 minutes and stored at -20ºC until further use. 


3.2.6.3    Gel Electrophoresis


The cassette prepared as explain in section 3.2.6.1 was assembled in the electrophoresis unit, and the inner and outer compartments were filled with 1x Tris-glycine running buffer. 15 µl of the samples and 5 µl of the PageRuler Prestained Protein Ladder were loaded, the gel was set to run 5-10 minutes at 100 V and then the voltage was increased to 180V. The samples were electrophoresed until the bromophenol blue band reached the bottom of the gel. The vertical electrophoresis apparatus used was X-cell Surelock (from Invitrogen).    


3.2.6.4    Wet Western Blotting


The blotting sandwich was assembled as per instruction (Invitrogen) using a Hybond C extra nitrocellulose membrane and 0.5x Towbin buffer (with 20% of methanol). Transfer was carried out for 1 hour at a constant voltage of 30V.


3.2.6.5    Immunodetection


After transfer of proteins from the gel to the membrane, the membrane was blocked in 1-2% milkpower in PBS-Tween (PBS/T) overnight. The blot was rinsed 2 times and washed for 5 minutes in PBS/T. For binding to primary antibodies, the membrane was transferred to a falcon tube with 4 ml of antibody dilution. Anti-N was added at a 1:2000, anti-NSs at a 1:300 and anti-GFP at a 1:4000 dilutions. The membrane was incubated with the primary antibody on a roller for 1 hour. The membrane was then rinsed 3 times, and washed 2 times for 5 minutes and 2 times for 10 minutes. Secondary antibody (anti-rabbit for N and NSs antibodies and anti-mouse for anti-GFP) was added at a 1:2000 in PBS/T, and incubated during 1 hour. The membrane was rinse 3 times and washed 3 times during 5 minutes and 3 times during 10 minutes. Detection was performed with the Pierce Chemiluminescence Kit. The membrane was exposed to the detection reagent, which was prepared by adding 750 µl of reagent A with 750 µl of reagent B. After a 3 minute incubation at room temperature the membrane was drained and covered with clingfilm and exposed to a radiographic (or X-ray) film.

3.2.6.6     Double Immunofluorencence Assay


The cells were grown overnight at 33ºC in 96-wells plates covered with sterile glass cover slips. The cells were infected at high multiplicity of infection (MOI) (3 pfu/cell) and incubated for 1 hour at 33ºC, with gently agitation every 15 minutes. After the absorption, fresh medium were added to the wells and the cells were incubated at 33ºC to harvest at diferent time points. At the diseared time, the medium was drained and the coverslips containing the infected cells were washed in PBS (1% FCS) and the cells were fixed with 4% paraformaldehyde during 15 minutes at room-temperature. After the fixation period the cells were washed with PBS containing 100 mM of glycine, 3 times 5 minutes each. The cells were permeabilized with a 15 minutes incubation in a solution of 0.1% Triton X-100 in PBS. The cells were rinsed 3 times with PBS (1% FCS) and incubated in this solution for 30 minutes. After the blocking step, the cells were incubated in a solution containing both primary antibodies (in this project, anti-N and anti-PK) in a 1:250 dilution in PBS (1%FCS) during 1 hour. The coverslips were rinsed 3 times, washed during 10 minutes with PBS (1% FCS) and incubated in a PBS (1% FCS) solution with the secondary antibodies (anti-rabbit-FITC and anti-mouse-Cy5) in a 1:250 dilution. After 3 rinses, the coverslips were mounted in the slide using a solution of 1:10 PBS and glycerol.


4 Results


4.1 Description of the Constructs Analysed


The previously rescued viruses consisted of the IRES-GFP (BUNVEMCVIRESEGFP), the IProm-GFP (BUNVdelNSs2EGFPpuro), the IProm-FFluc (BUNVdelNSs2FFluc) and the 2kb (BUNV2kb). Attempts of rescues were also performed with the Rluc-Ambi, the 2A-GFP, the 2A-PKNSs and the 2kb-PKNSs.


4.1.1 IRES-GFP


The use of an internal ribosome entry site sequence allows the transcription of a single bicistronic mRNA. The N protein would be translated as in a normal viral translation, while the NSs (or the reporter gene) would be expressed via IRES-dependent translation. The IRES sequence used in the construct belongs to the Encephalomyocardites virus (EMCV).




Figure 4.1: Representation of the IRES-GFP. While N expression is regulated by the presence of the cap, the translation of a reporter gene (or the NSs protein) would be controlled by the IRES sequence


4.1.2 2kb

During experiments aiming to study the UTRs of the BUNV a virus was created that had the coding region of the L segment flanked by the M segment UTRs. The analysis of several passages with this virus showed that a stable and recurrent mutation occurred in the S segment, consisting of its complete duplication. If the duplicated segment is proven stable in a wild-type BUNV background (with wild-type M and L segments), the second region could serve as an alternative ORF for the expression of NSs. 




Figure 4.2: Representation of the BUNS segment from the 2kb mutant. The transcription of this segment results in one mRNA, such as the wild-type, which can in turn translate N or NSs.


4.1.3 IProm-GFP and IProm-FFluc


The creation of one S segment containing an internal promoter sequence arose from the 2kb clone. In this construct, the two genes can be transcribed as individual mRNA: The N expression driven by the original promoter and the reporter gene by the internal promoter. GFP and FFluc were used as reporter genes in two different constructs. 


4.1.4 Rluc-Ambi


The plasmid used for the rescue of the Rluc-Ambi virus consisted of the normal M and L segments (in the respective vectors) and a mutated S segment expressing Renilla-luciferase (Rluc) and N protein in an ambi-sense coding strategy. While the Rluc is inserted in the plasmid in a positive sense, the N protein gene is present in a negative orientation. The two ORFs are flanked by the M segment UTRs and separated by the viral 5’UTR, as shown in Figure 4.3. 




Figure 4.3: Scheme of the plasmid used in the Renilla-ambi used in the rescue. The expression of the Rluc is driven by the T7 promoter and is inserted in a positive sense, while the N protein is inserted in a negative sense.


4.1.5 Cloning the 2kb into 2kb-PKNSs


4.1.5.1    Mimetic Construction of the 2kb


As the 2kb virus has a fully duplicated S segment, cloning strategies with this virus would be challenging. A possible approach was to imitate the duplicated UTR without using the duplicated S segment. An attempt of cloning was made to create a virus that had the N gene (without the NSs open reading frame) and a renilla luciferase separated by the 5’ and 3’ viral UTRs. The cloning strategy is depicted in Figure 4.4.




Figure 4.4: Cloning strategy followed to insert the Rluc in the second ORF of a duplicated S segment.


A plasmid containing the renilla luciferase gene flanked by the BUNS UTRs was amplified using BUNS+ and BUNS- primers, which anneal in the segment UTRs. The product from the amplification was purified and phosphorylated. 


The BUNSdelNSs2 plasmid was also amplified, using BUNS- and the Hep(+ primers. This PCR had the aim of linearize the plasmid in the end of the 3’ UTR.


The two amplification products were ligated through blunt-end ligation to generate the desired plasmid and different amounts of ratios vector: insert were tested. The ligation was tested with (P colonies) or without (NP colonies) the phosphorylation of the insert. After transformation to E. coli and plasmid extraction from culture, a digestion was made with SpeI and BamHI, to confirm the presence of the insert, where the first restriction enzyme has a recognition site in the beginning of the N gene and the second one in the vector, after the end of the 3’ UTR. In both the control and the vector with the insert, a band of about 4 kbp is expected. The digestion of the vector would result in a band of 0.8 kbp, while the band corresponding to the vector plus the insert would have 1.8 kbp.




Figure 4.5: Agarose gel with the products from the digestion of putative 2kb-Rluc segment with SpeI and BamHI. The negative control consists on the ligation without insert; the NP colonies were taken from the ligation of the vector with the non-phosphorylated insert, while the P colonies represent the ligation with phosphorylated insert.

As it can be concluded from Figure 4.5 none of the colonies tested had the insert ligated to the vector. The experiment with more colonies, different amounts of insert and with phosphorylated and not phosphorylated insert showed the same results. 


4.1.5.2    Cloning the 2kb Plasmid


As the first strategy did not result in a positive outcome, the next approach was to clone the 2kb mutant segment. For that purpose it was necessary to perform a sequential ligation with the pT7riboBUNSdelNSs, pTMI-NSs and the pT7ribo2kb plasmids. 


4.1.5.2.1 Cloning the 3’-5’ into BUNSdelNSs


The cloning strategy for the insertion of the internal UTRs into the pT7riboBUNdelNSs backbone is depicted in Figure 4.6.




Figure 4.6 : Cloning strategy followed to insert the internal duplicated sequence from 2kb into the BUNdelNSs plasmid.


The 2kb plasmid was cut with the NsiI restriction enzyme, to generate a (1 kbp fragment that contains the 3’-5’ UTR. This digestion assures that the primers used in the amplification of the sequence would not anneal in the wrong recognition sites. The 3’-5’ sequence was amplified using the ivk33 and ivk34 primers, where the first (forward primer) changed the NsiI recognition site (ATGCAT) for the PstI site (CTGCAG) and the second (reverse primer) added two restriction sites consecutively, ApaI and NsiI. The amplified segment was digested with PstI and NsiI.


The BUNSdelNSs, which was used as the vector in the cloning, was digested with NsiI and a ligation was performed with the amplified segments of the 2kb and the vector. Different ratios vector: insert were tested and the products from the ligation were transformed into competent E. coli and incubated overnight. The colonies were mini-prepped and digested with EcoRI and SpeI, to confirm insertion and direction. 

4.1.5.2.2 Inserting NSs/PKNSs into the Cloned Vector


The cloning strategy for the insertion of the NSs and PKNSs into the vector with the duplicated internal sequence is depicted in Figure 4.6.






Figure 4.7: Cloning of the NSs or PKNSs into the vector with the duplicated internal sequence.


The second part of the cloning consisted in inserting the NSs or the PK-NSs in the vector, after the 3’-5’ sequence. The NSs gene in a pTMI plasmid was amplified using two sets of primers, either ivk024 and ivk09 or ivk21 and ivk09. The first amplification generated a NSs gene fragment flanked by ApaI and NsiI recognition sites; the second created the gene flanked by a PK tag and an NsiI recognition site. The second segment was in turn amplified again with ivk25 and ivk09, which created an ApaI site before the PK tag and maintains the NsiI restriction site. Both the vector and the inserts were digested sequentially with ApaI and NsiI, and the products ligated with different vector: insert ratios. As the NsiI site was changed in the first part of the cloning strategy, this digestion did not separate the previews ligation.


The results from ligations were transformed into E. coli, mini-prepped and digested with KpnI to evaluate ligation. If the insert was cloned to the vector, the expected result in an agarose gel would be two bands, one with 4 kbp and one with 1kbp. If the insert was not cloned it would show only one band corresponding to the linearized vector. In the 2kb segment not modified the digestion would give rise to two bands, but with the largest corresponding to 4.3 kbp. Figure 4.8 shows the agarose gel for the products from the digestion.


The figure shows that there are four possible constructs with the right sequence (colonies 6, 8, 9 and 11), for the 2kb-PKNSs. The DNA from colony 11 was send to sequencing to confirm the sequence and used to perform a rescue for the 2kb-NSs. For the 2kb-NSs different steps of cloning were repeated without success. 






Figure 4.8: Agarose gel from the digestion of putative 2kb-PKNSs with KpnI. The negative control corresponds to the result of the ligation with adding insert. The colonies 1-11 were selected from the colonies resulting from the ligation.


4.1.6 Cloning 2A-GFP and 2A-PKNSs


Another strategy tested for the separate expression of the N and the NSs proteins was the use of a self-cleaving protease. A self-cleaving protease is a sequence that allows the cleavage of a polyprotein in the C-terminus of the protease. If this sequence is inserted between the C-terminus of the N protein and the N-terminus of NSs (or a reporter gene), it will cleave itself during translation, staying fused with the N protein.




Figure 4.9: Representation of the BUNS segment for the 2A-GFP mutant. The transcription of this segment results in one mRNA that is cleaved in the C-terminus of the self-cleaving protease.


There are different sequences that can be used for this purpose. For the cloning and construction of this segment it was used the self-cleaving protease 2A from TaV. The virus was called BUNVdelNSs2AGFP or 2A-GFP for short. 


4.1.6.1    Cloning of the 2A-GFP S Segment


2A-GFP S segment in a pUC57 backbone, flanked by BsmBI, was ordered from Genscript (although in the optimization step during the synthesis another BsmBI site was created in the middle of the segment). This insert consisted on the N ORF followed by the 2A sequence and a GFP ORF. 


The plasmid containing the three restriction sites was partial digested with different amounts of enzyme, and the band correspondent to the 1.8 size of the segment was excised and gel purified. The plasmid pTVT7, which served as the vector to the cloning, was digested with BbsI, to create a compatible end with BsmBI and the digested insert and vector were ligated.


The cloning strategy for the insertion of the N-2A-GFP into the pTVT7 vector is depicted in Figure 4.10.




Figure 4.10: Cloning strategy for the creation of the pTVT7BUNSdelNSs2AGFP.

The products from the ligation were transformed into competent E. coli, mini-prepped and digested with EcoNI to confirm ligation and orientation. The Figure 4.11 shows the agarose gel electrophoresis with the products from the digestion and a band of (1 kb can be observed, that corresponds to the right orientation of the inserted segment




Figure 4.11: Agarose gel from the digestion of the putative 2A-GFP with EcoNI.

Successful cloning was confirmed by sequence analysis.


The backbone vector of this insert (pTVT7) is different from the one used in the other constructs (pT7ribo). Both plasmids present a T7 promoter that drives the T7 RNA polymerase, but in the pT7ribo case the promoter transcribes the sequence adding two extra nucleotides in the viral sequence, while the pTVT7 transcribes the exact sequence without any foreighner nucleotides.

4.1.7 Cloning of the 2A-NSs and 2A-PKNSs S Segments


To create a virus that expressed N and NSs proteins in separated ORFs the GFP gene in the 2A-GFP construct was replaced by the NSs or the PKNSs genes. These plasmids contain the N and the NSs/PKNSs proteins separated by the 2A self-cleavage peptide. 




Figure 4.12: Cloning strategy for the creation of the 2A-NSs and 2A-PKNSs


First it was necessary to perform a site directed mutagenesis in the end of the 2A sequence in the 2A-GFP plasmid, which created an ApaI recognition site. The product from the PCR was digested with DpnI, which cuts mutilated fragments only, so the only plasmids left were be the ones generated in the PCR reaction. The site mutation was confirmed by digestion with EcoNI and ApaI and sequencing and when confirmed it was used to the further steps of the cloning process.


The NSs gene in pTMI-NSs was amplified as explained in the Chapter 4.1.5.2.2 to generate fragments with the NSs flanked by ApaI and NsiI or PK-NSs flanked by the same restriction sites. The fragments were ligated with different vector: insert ratios and transformed into competent E. coli. The plasmids were mini-prepped and digested with NsiI and SpeI to confirm the insertion. The agarose gel electrophoresis from the insert in the vector was expected to give rise to 3 bands (3, 0.7 and 0.2 kbp), while the vector without insert would generate two bands (1.2 and 3 kbp). Figure 4.13 shows the result of the gel for some of the colonies tested (named 1-3).  




Figure 4.13: Agarose gel with the products from the digestion of the putative 2A-NSs and 2A-PKNSs with NsiI and SpeI to confirm insertion in the vector.


Although is not visible in the computer image of the gel, one plasmid from each construct had a band with the size of small expected one, but 2A-NSs only showed 2 of them. When the plasmids were sent to sequencing it was observed that the plasmid with the 2A-NSs had a deletion from the middle of the N gene until the end of the segment, but the 2A-PKNSs had the right sequence. For the 2A-NSs the several steps of cloning were exhaustively repeated without the generation of the correct construct. 


4.2 Rescues and characterization of the mutant viruses


4.2.1 Characterization of Viruses in Stock


The viruses constructed and rescued prior to the start of the project (IRES-GFP, Iprom-GFP, Iprom-Ffluc and 2kb) were grown, titred and characterized in terms of protein synthesis – by western blots and expression of reporter genes – as well as RNA – by RT-PCR and agarose gel electrophoresis. The cytopathological effect on cells after infections was also checked and compared to the rate of infection of the wild-type.  


4.2.1.1     Cytopathological Effects


To confirm signs of infection BHKs cells were infected at high MOI and checked regularly for cytopathological effects, which are characterized by cells rounding and detaching from the monolayer. 


At 24 hours post infection (hpi) the wild-type showed clear CPE, while all the mutants resembled the mock control of uninfected cells. At 48 hpi both wild-type and mutants showed clear CPE, although it is slower in the mutants.


From this analysis it can be concluded that the viruses are infectious, though they are attenuated compared to the wild-type.


4.2.1.2     Expression of N Protein by Western Blotting


The expression of N protein was analyzed by western blotting in a 12% gel. Mutants were analysed at 16 and 22 hpi, while the wild-type was analyzed at 6 and 10 hpi due to the different growth rates. Figure 4.14 shows the result of the western blotting for the viruses in study.





Figure 4.14: Western Blotting for N protein expression by the wilt-type BUNV and the mutants IRES-GFP, IProm-GFP, IProm-FFluc and 2kb.


As it can be observed in the Figure 4.14 all mutants expressed N protein, although in much less quantities than the wild-type, even comparing later time points of the mutants with earlier time points of the wild-type. Other conclusion that maybe extracted from the film is that the antibody interacted with another band in the cells infected with the mutants, although such interaction was not further studied. As anti-N is very specific, it is possible that the extra band corresponds to multimer of or a modified N protein.


4.2.1.3     Expression of the Reporter Gene


To check for the expression of GFP the cells were infected at high MOI (3) with the mutant viruses expressing GFP (IRES-GFP and IProm-GFP) and a control virus that expresses GFP fused with the NSm protein (NSm-GFP). The expression of this protein was evaluated with a microscope and a western blot was made to check for expression of a possible inactive protein. 


The fluorescence in NSm-GFP was observed at 48 hpi, when CPE started to appear in this virus. The mutant viruses with a GFP gene as a reporter did not show any fluorescence during infection, even when clear CPE was observed in infected cells. The western blot using anti-GFP antibody was not conclusive regarding the presence of this protein (data not shown).


The expression of firefly luciferase (Ffluc) was measured with a dual luciferase assay. The measurements were made with three different samples infected at the same time and MOI (MOI=3). The expression of FFluc in the virus had the same level as the mock, which indicates that this reporter protein is not being synthesized (or is inactive in the cells). 


4.2.1.4     Analysis of Viral RNA Sequence


As the presence of the reporter proteins could not be confirmed, it was necessary to analyze the viral RNA to confirm the size and sequence of the mutated S segments. To that porpose, cells were infected with wild-type and mutant viruses and harvested at 30 and 48 hpi. Total RNA was extracted and analyzed by RT-PCR, using ivk01 and ivk02 primers (which align in the viral UTRs). Total RNA was extracted from infected cells and the viral RNA from all mutants at 30 and 48 hours post infection was amplified using primers ivk01 and ivk02, which align at the viral UTRs. 


The RNA extracted at 30 hpi did not show any bands in virus other then the wild-type (data not shown), which indicates that the viral replication in the mutants was slower than normal. Figure 4.15 shows the result from an agarose gel electrophoresis from the amplified viral segments from RNA extracted at 48 hpi. 


		





Figure 4.15: Agarose gel electrophoresis with RT-PCR products from RNA extraction.


The RNA from the 2kb mutant was also amplified with the primers ivk10 and ivk11, as the previous RT-PCR could result in annealing only in one half of the segment. One of these primers was expected to anneal in the N segment, outside the NSs ORF (forward primer), while the other would anneal in the 3´ viral UTR (reverse primer), but in a way that the amplification was only possible with internal 5´and 3´UTRs, as shown in Figure 4.16. The result of the PCR is present in Figure 4.17.




Figure 4.16: Scheme with the positions where the primers ivk10 and ivk11 anneal in the 2kb segment.









The image shows no band resulting from a PCR. However, because there is no positive control for this experiment, is possible that the primers did not anneal correctly. 

Contrary to expectation all mutant viruses seemed to have the same size as wild-type BUNS. The RT-PCR products were therefore analyzed by sequencing to confirm the exact sequence of the segments. If the wild-type size was the result of a deletion, some differences in sequence would be observed between the mutants and the wild-type. The results from the sequencing showed that all segments had the exact same sequence as the wt, with the exception of the IProm-FFluc, which had a point mutation at position 410 bp. The mutation point is located in the N gene, so it is not expected to be related with a possible shortening of the segment.

To confirm that the plasmids used in the original rescues contained the right sequences, a double digestion was made with EcoRI and HindIII, two enzymes present in the vector where the segments are inserted. Figure 4.18 shows the result of the digestions in an agarose gel electrophoresis. 


All the viruses are expected to have a band of about 3 kb, which corresponds to the vector with the S segment excised. The size of the second band depends on the size of the modified S segment.  The wild-type has a second band with near 1.2 kb, the IRES-GFP 2 kb, the IProm-GFP 2.6 kb, the IProm-FFluc 3 kb and the 2kb 2.1 kb. The IRES-GFP has a third band corresponding to 1 kb, as it contains one extra restriction site in the coding sequence.


According to the figure, the plasmids containing the desired constructs are as expected, all corresponding well with the expected sizes of the mutant S segments. 




Figure 4.18: Agarose gel electrophoresis of the the S segment plasmids digestied with HindIII and EcoRI.


This analysis showed that the viruses present in stock did not correspond to the mutants expected, but the plasmids used in their rescues have the right insert, which means that they can be used for further studies.  


4.2.2 Rescue of IRES-GFP, IProm-GFP, IProm-FFluc and 2kb


Due to the conclusions from the characterization of the viruses previously rescued, new rescues were performed for all of the viruses, using the plasmids mentioned in the previous chapter. The transfected cells were analyzed to confirm cytopathological effects and expression of the N protein and the reporter gene. As a control rescues with a wild-type BUNV and the NSm-GFP virus were taken along. 


After the rescues, the supernatants from 3, 6 and 9 days post transfection (dpt) were used to perform plaque assays and to infect BHK cells, in order to grow and characterize new stocks of viruses.


4.2.2.1     Optimization of the Rescues


As in the rescue of BUNV an initial basal translation of N and L proteins by the T7 promoter is necessary for the virus transcription and replication and that capacity might be impaired (for the N protein) in the mutant viruses, rescues with four plasmids were performed in paralell with the three plasmids rescue. In those systems, the plasmid pTMI-BUNN was transfected along with the plasmids carrying the viral segments. 


When a rescue is performed, the cells are usually pelleted and the supernatant is used to infect cells not expressing T7, to check for infectious particles. To overcome possible budding and exit difficulties that the mutant viruses can present, as well as increase the virus titer, the pellet was subjected to 3 freeze-thaw cycles, to free any viral particles trapped inside the cells.  

4.2.2.2     Cytopathological Effects and Infectivity  


From all the rescues, the only mutant virus that was able to show CPE was the 2kb virus, which was also able to form plaques and infect BHK at the same rate and phenotype as wild-type BUNV. The other viruses, even if an ambiguous CPE was visible, were not capable of infect and form plaques. 


4.2.2.3     Expression of N protein


To confirm the expression of N protein a western blotting was performed in the cells transfected, at 3 and 6 dpt (data not shown). Figure 4.19 shows the result from the western blotting for 6 dpt. The samples from all the rescues showed N expression, although not compared to the amount of the wild-type, NSm-GFP and 2kb.






Figure 4.19: Western Blotting for N protein expression by the wilt-type BUNV and the mutants NSm-GFP, IRES-GFP, IProm-GFP, IProm-FFluc and 2kb.


4.2.2.4     Expression of Reporter Gene


The fluorescence of cells during the rescue was evaluated under a microscope during several days after the transfections. The Figure 4.20 shows the transfected cells at 6 dpt.


		

		

		





Figure 4.20: Photograph of the fluorescent cell infected with the mutant viruses expressing a GFP reporter gene, at 6 days post transfection. A – IRES-GFP virus; B – IProm-GFP virus; C – NSm-GFP virus.


In the NSm-GFP positive control the cells took more time to show visible signs of fluorescence, but in the end of the rescue all the cells still attached were fluorescent. In the rescue with IRES-GFP plasmid it was possible to see fluorescent cells in less than 24 hpt, with a number of cells high but stable during the rescue. The cells transfected with the IProm-GFP did not show any fluorescence, even after 12 dpt (when the rescues were ended).


4.2.3 Characterization of the Rescued 2kb


The 2kb was the only virus, beside the controls, that was rescued. The rescued virus was then characterized regarding CPE and expression of N protein. 


BHK infections with 2kb show CPE at a similar rate to the wild-type BUNV. Western blots with the virus shows large amount of N being synthesized, as can be observed in Figure 4.21.




Figure 4.21: Western blot for N protein in infection with wt BUNV and 2kb mutant virus, at different time points.


To confirm the stability of the duplicated segment during passages, the RNA was extracted at 48 hpi from five successive passages of the virus in BHK cells (P1 to P5). A RT-PCR was performed using ivk32 (forward primer) and ivk33 (reverse primer), which anneal respectively in the beginning of the 5´ UTR and in the end of the 3´ UTR, as shown in Figure 4.22. The agarose gel with the results from the RT-PCR is presented in Figure 4.23, where passages 1, 3 and 5 are represented. The expected PCR product was a band of about 0.3 kb.




Figure 4.22: Scheme with the positions where the primers ivk32 and ivk33 anneal in the 2kb segment.



Figure 4.23: Agarose gel electrophoresis of the products of the RT-PCR with ivk32 and ivk33 primers.

It is notable in the gel that the band is present in the 2kb extracts, while it is not visible in the mock or the wild-type, which indicates that the 2kb segment is stable in passages with the wild-type BUNL. 


Since the 2kb is viable and stable, a promising strategy was the cloning of the 2kb plasmid so it would express the two desired ORFs in a non-overlapping manner. The cloning was performed as explained in Chapter 4.1.5.2 and the 2kb-PKNSs was rescued using the cloned plasmid. 


4.2.4 Characterization of the 2kb-PKNSs Virus


The rescue of this virus was characterized in terms of CPE visualization and infectivity in BHKs and Vero cells. As it does not present a reporter protein, the expression of the PKNSs would have to be analyzed by western blotting or by detection of the tag peptide. The NSs protein has an expression pattern that presents a peak after 12 hpi, after which there levels drop in the cells until it is not detectable. As in the rescue cells will be infected at different time points, they are not expressing NSs at the same time, which makes its detection difficult to perform. Because of this, the expression of PKNSs was not studied in the rescues with this plasmid.


The rescue presented clear CPE, similar to the wild-type. Infections of BHK cells with the supernatant from 6 dpt showed clear signs of CPE. To further characterize the virus and to confirm its sequence, RNA extraction, time course infections, double immunofluorescent assays and northern blotting were performed. 

As the anti-NSs antibody does not have a strong interaction, the presense of the PK tagged NSs allowed the use of a PK-antibody in the immunofluorescence assay. The anti-N antibody was rised against rabbit and the secondary antibody used was an anti-rabbit marked with FITC. The anti-PK antibody used was from mouse and the secondary antibody was a anti-mouse marked with Cy5. In this way, the N protein would appear green in the confocal microscope, while the NSs appeared red. As the NSs starts to degradate at 12 hpi, the cells were treated with MG132 to prevent the degradation. Figure 4.24 show the result of the immunofluorencence at 24 hpi, for BHK and B549 cells.

		

		



		

		



		

		





Figure 4.24: Immunofluorencence results for cells infected at high MOI and treated at 24 hpi. The green fluorescence corresponds to the presence of N protein and the red the PK tag. A-mock, B549; B-wt, B549; C-2kbPKNSs, B549; D-mock, BHK; E-wt, BHK; F-2kbPKNSs, BHK. 


As expected and visible in the figure, the N protein is present in the wild-type and 2kb-PKNSs infected cells, but not in the mock culture. Althought this techique was not used as a quantitative method, it is also possible to observe that the rate of infection with the mutant virus is slower than the wild-type. Regarding the presence of NSs, the figure shows a red background across the cultures, even in the mock sample. This phenomenom was observed in different experiments, outside the scoop of this project, which indicates that the secondary antibody (anti-mouse) is not specific and is interacting with unknown cell components. Althought it appears that the PK tagged NSs protein is not present in the infected cells, is difficult to conclude about its expression due to the strong background. It was also possible that the tag was present in the cells, but was not acessible for the antibody interaction, as it is fused with the NSs protein forming an unknown 3D struture. To confirm or exclude this hypothesys it was performed a western blotting for PK (data not shown) which indicated that the PKNSs was not being expressed in infected cells.


A northern blotting was also performed in cells infected with the first viral passage. The blot presented a band with the normal S segment. As the presence of the insert with the extra ORF was confirmed in the plasmid that originated the virus, this may indicate that the virus suffered from a mutation in the S segment. 

4.2.5 Characterization of the Rluc-Ambi Virus


In this plasmid, the expression of the Rluc gene is controlled by the T7 promoter, which means that in the rescue the presence of the reporter protein does not mean that the N protein is also being synthesized. Furthermore, as N is in a negative sense, it should not present basal translation, which means that the recovery of this virus would need a helper plasmid expressing N. When rescues were performed with this plasmid, the cells showed similar CPE as the wild-type, even without the helper plasmid. This may suggested that something other than infectious viral particles was interfering with the normal cellular growth. 


The expression of Rluc was check with three independent samples harvested from rescues at the same conditions. The rescues were taken along with a plasmid that expresses Rluc by a CMV promoter (Ctrl +). The readings are presented in Table 4.1. 


Table 4.1: Measures from the luciferase assay for the Rluc-ambi rescue.

		Samples

		Sample 1

		Sample 2

		Sample 3

		Average



		Mock

		0.130

		0.065

		0.154

		0.116



		Wt

		0.126

		0.136

		0.038

		0.100



		Ctrl +

		14.46

		140.7

		379.0

		178.1



		Rluc-ambi

		80.82

		72.66

		225.4

		126.3





As it can be observed in the table, the construct with the Rluc-ambi segment expressed the reporter protein. However, as this is directly controlled by the T7 promoter, the expression does not necessary correlates with viral replication and transcription.


BHK and Vero cells infected with the supernatant from the rescue did not present signs of infection or Rluc expression, even when the helper plasmid was used in the rescue. 


4.2.6 Characterization of the 2A-GFP Virus


The rescues performed with this plasmid were analyzed in terms of N expression by western blotting, GFP expression and infectivity in BHK and Vero cells. 


The rescue did not show visible CPE, even after 12 dpt, and infections of BHKs and Vero cells with the supernatant do not present signs of infection, even when the helper plasmids was transfected along in the rescue. 


The first visible sign in the rescues is the presence of fluorescent cells, visualized under the microscope, about 2-3 dpt, as it can be observed in Figure 4.25. The number of fluorescent cells is small and lower than the IRES-GFP and the NSm-GFP and it does not appear to change over the days. 




Figure 4.25: Photograph of a fluorescent cell infected with the 2A-GFP virus expressing a GFP reporter gene, at 6 days post transfection.


The western blotting for N was taken along with a wt rescue, in a 12% gel. As it can be seen in Figure 4.26 the N protein is being synthesized by the construct, although in a low quantity, smaller than the wt.  

		

		





Figure 4.26: Western blotting for N detection in rescues with the wt and the 2A-GFP mutant. The cells were harvested at 4 dpt.


Transfections without L and M segments did not show any fluorescence, which can indicate that the viral machinery is involved in expression of GFP. 


4.2.7 Characterization of the 2A-PKNSs Virus


Despite the incapacity to rescue the 2A-GFP virus, this mutant showed potencial, as it was capable of GFP and N protein expression. As the lack of NSs expression is associated with lower viral growth rates, cloning this protein into the plasmid could be suficient to promote viral infection. As it was said for the 2kb-PKNSs, the expression of the PKNSs was not analyzed during the rescue. The rescue with this plasmid did not show CPE, except when transfected along with the helper plasmid expressing N. In the four plasmids rescue, the cells showed clear CPE, similar to the wt. Despite this, infections of BHK and Vero with the supernatant from the virus showed no signs of infection.   


5 General Discussion


The aim of this project was the construction of a mutant virus with a S segment that would express N and NSs in two non-overlapping reading frames. To that purpose, several alternatives were studied: IRES-GFP, IProm-FGP, IProm-FFluc, 2kb, 2kb-PKNSs, 2A-GFP, 2A-PKNSs and Rluc-Ambi.


At the start of the project four viruses had previously been rescued and needed further characterization (IRES-GFP, IProm-GFP, IProm-FFluc and 2kb). Analyses of those viruses showed that their S segment had the same size and sequence as the wild-type, which may indicate a contamination of the stocks. The possibility that the mutants have reverted to the wild-type through deletions seems highly improbable, since there is no evidence of a mutated sequence in the segment. New rescues were attempted for the four constructs. The cells transfected with IProm-GFP and IProm-FFluc did not show expression of the second ORF, which indicates that their internal promoter sequence was not able to drive the expression of the protein. The expression of N, on the other hand, was confirmed by western blotting, although levels were not comparable with the wild-type. The IRES-GFP expressed both N and GFP in transfected cells, as confirmed by western blotting and visualization of fluorescent cells. However, no infectious virus could be rescued from the transfected cells. One possible explanation for this is the complex 3D structure of the IRES sequence. During its life cycle, the virus has to be able not only to transcribe and replicate, but also assemble and release from the cell.  The presence of the IRES structure may interfere with the replication or packaging capacity of the virus, not allowing the formation of infectious particles. 


The 2kb was the only virus whose rescue was possible. This virus was generated from a mutant that was discovered during experiments investigating viral UTRs. When a rescue was being performed with the L segment flanked by the M segment UTRs, several passages of the virus resulted always in a mutation in the S segment that completely duplicated its sequence (data not published). The stability of the 2kb S segment was assayed in a wild-type background, which showed that the duplicated genome sequence was maintained at least during five consecutive passages. The 2kb virus seemed to infect and express N protein at the same rate as the wt. 


Due to the promising results obtain with the 2kb virus, this construct was cloned to insert an ORF for the PK-tagged NSs (PKNSs) in the place of the second coding sequence and the 2kbPKNSs virus was rescued and analyzed. Digestion analysis of the plasmid showed that the S segment had the expected size, indicating that it contained the double-length S segment with the two separated ORFs. The immuno-fluorescence assay showed that the virus produced N protein upon infection, but the PK tag was not detected and the secondary antibody used in the detection produced too much background signals. It could be possible that the folding of the fusion protein would make the PK inaccessible for the antibody interaction. A western blotting was performed using anti-PK and anti-NSs antibodies, which showed no synthesis of this fusion protein. To confirm the size of the S segment in the virus, a northern blotting was performed with RNA from passage 1 of the virus, which showed a normal size segment.  These results indicate that although the virus is able to infect with the duplicated segment, the second ORF did not confer an advantage to the virus and was excised from the segment. The fact that the duplicated segment arose from a recurring mutation indicates that in those circumstances that segments confers some advantage to the virus. So, why would the virus generate and maintain a duplicated segment if the second coding sequence is not expressed? Taking into account that the virus needs the formation of the panhandle structure for replication and transcription, it is possible that the 2kb-PKNSs is not capable of promote the interaction between the 5’ and the 3’ UTRs surrounding the PKNSs and so, a mutant with a deletion in this construct should present an advantage during replication. The size of the PK-tagged NSs protein, in comparison with the N protein, may be constraining the formation of the panhandle structure. Further studies with this construct can be performed, to assay its stability. One possible alteration in the construct would be the insertion of a spacer in the sequence. Another analysis that can be done is to confirm the size of the segment during successive passages, in several independent experiments, so the stability of the segment can be checked. 

The Rluc-Ambi plasmid was constructed previously to this project and unlike the rest of the constructs, it expresses the N in the second ORF. In this way, the presence of the reporter expression is not a sign that the mutant virus is replicating and infecting.  The rescue of the virus failed, which may be due to several factors, none of them explored in this work.


Other mutants tested were the 2A-GFP and 2A-PKNSs. The 2A-GFP expressed N and GFP, although in small amounts, as the signal on the western blotting  for N was weak and only a few cells were fluorescent. This lead to the observation that despite the expression of the N and reporter, the virus could not be rescued. Although, and as the NSs protein is known to help in viral pathogenesis, the cloning and rescue of the 2A-PKNSs was also tried. Despite the CPE signs observed, the supernatant was not able to infect cells, even after 12 dpi. A possible reason for the low expression of the whole segment is the backbone vector used for this construct. In vitro analyses of T7 transcription and subsequent translation of the viral S segment constructs (using a TnT coupled transcription translation kit) revealed that the level of N protein synthesis in this construct was significantly lower than the wt and the IRES-GFP. 


Except for this plasmid and the BUNM segment, which are in a pTVT7 plasmid, the other segments (L segment and mutated S segments) are in pT7ribo. In a rescue the T7 promoter will lead not only to the synthesis of the viral genome, but also to a basal translation of the viral proteins, that are necessary for the viral transcription and replication. The difference between the two promoter sequences is that in the pT7ribo, when controlling the replication of the inserted segment, leaves two G residues associated to the viral UTR. It has been shown that the virus can transcribe and replicate with the extra residues, but a plasmid with the T7 promoter not changing the viral sequence was created, the pTVT7.  However, this plasmid seems to relate with a weaker basal translation. As the 2A-GFP was inserted in this vector, it is possible that the N expression driven by this promoter is not enough for the virus to become infectious. 


Further investigation concerning the use of both backbones should be exploited. One alternative is cloning the 2A-GFP and the 2A-PKNSs into pT7ribo, to analyse if the incapacity of infection is not related to the T7 promoter characteristics. It is also necessary to keep in mind that this construct creates a modified N protein. As this protein is essential to the virus replication and transcription, it is possible that the fusion N-2A creates an inactive protein that leads to a non-infectious virus. 

As none of the constructs seems to work, another possibility for the study of the NSs protein can be the creation of a cell line that constitutively expresses N protein. In this case, the cells would be transfected with the M and L segments and with a plasmid coding for the NSs protein flanked by the S segment UTRs. 
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Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �17�: Agarose gel electrophoresis with RT-PCR products from the RNA extracted from infected cells. 
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