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ABSTRACT

ABSTRACT
The Bunyaviridae family is one of the largest among RNA viruses, comprising more
than 350 serologically distinct viruses. The family is classified into five genera,
Orthobunyavirus,

Hantavirus,

Nairovirus,

Phlebovirus,

and

Tospovirus.

Orthobunyaviruses, nairoviruses and phleboviruses are maintained in nature by a
propagative cycle involving blood-feeding arthropods and susceptible vertebrate hosts.
Like most arthropod-borne viruses, bunyavirus replication causes little damage to the
vector, whereas infection of the mammalian host may lead to death. This situation is
mimicked in the laboratory: in cultured mosquito cells no cytopathology is observed
and a persistent infection is established, whereas in cultured mammalian cells
orthobunyavirus infection is lytic and leads to cell death.
Bunyaviruses encode four common structural proteins: an RNA-dependent RNA
polymerase, two glycoproteins (Gc and Gn), and a nucleoprotein N. Some viruses also
code for nonstructural proteins called NSm and NSs. The NSs protein of the prototype
bunyavirus, Bunyamwera virus, seems to be one of the factors responsible for the
different outcomes of infection in mammalian and mosquito cell lines. However, only
limited information is available on the growth of bunyaviruses in cultured mosquito cell
lines other than Aedes albopictus C6/36 cells. Here, I compared the replication of
Bunyamwera virus in two additional Aedes albopictus cell clones, C7-10 and U4.4, and
two Aedes aegypti cell clones, Ae and A20, and investigated the impact of virus
replication on cell function. In addition, whereas the vertebrate innate immune
response to arbovirus infection is well studied, relatively little is known about
mosquitoes’ reaction to these infections. I investigated the immune responses of the
different mosquito cells to Bunyamwera virus infection, in particular antimicrobial
signaling pathways (Toll and IMD) and RNA interference (RNAi). The data obtained in
U4.4 cells suggest that NSs plays an important role in the infection of mosquitoes.
Moreover infection of U4.4 cells more closely resembles infection in Ae and A20 cells
and live Aedes aegypti mosquitoes. My data showed that the investigated cell lines
have various properties, and therefore they can be used to study different aspects of
mosquito-virus interactions.
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1. INTRODUCTION

1 INTRODUCTION
1.1 The Bunyaviridae
1.1.1 Classification and taxonomy
The Bunyaviridae family is one of the largest among RNA viruses. It comprises more
than 350 serologically distinct viruses. The family is classified into five genera:
Orthobunyavirus, Hantavirus, Nairovirus, Phlebovirus, and Tospovirus (Nichol et al.,
2005). Viruses from these genera are important human, animal and plant pathogens,
which cause human diseases, e.g. La Crosse virus, and also affect agricultural
resources like domestic animals, e.g. Rift Valley fever virus, or crop plants, e.g. tomato
spotted wilt virus (Table 1).
All bunyaviruses are enveloped and have a trisegmented, single-stranded, negative- or
ambi-sense RNA genome. They replicate in the cytoplasm and they mature by budding
into the Golgi apparatus. Bunyaviruses encode four common structural proteins: RNAdependent RNA polymerase (L protein) on the large (L) segment, two glycoproteins
(Gc and Gn) on the medium (M) segment, and the nucleoprotein (N) on the smallest
(S) segment.

Some bunyaviruses might code for non-structural proteins: in some

cases NSm (on the M segment) and in most genera also an NSs protein is encoded
(on the S segment) (Nichol, 2001) (Table 1).
Bunyaviruses are arthropod-borne, except for viruses in the Hantavirus genus, which
have no known arthropod vector. With the exception of the plant-pathogenic
tospoviruses, all members of the family are able to infect mammalian hosts. The
majority of these viruses are maintained in nature by a propagative cycle involving
blood-feeding arthropods and susceptible vertebrate hosts. Many different arthropods,
including mosquitoes, ticks, midges, sandflies and bedbugs can act as vector, although
each individual virus is usually restricted to a limited number of arthropod species. The
hantaviruses are maintained as persistent infections of rodents and are directly
transmitted to humans via aerosolized rodent excreta. Some of these viruses pose
danger to humans or domestic animals causing various diseases like encephalitis,
……………………………………………………………………………………………………….……………………………………………………………………………………………….………………………………………………………………………………
……………………….
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Virus

Geographic
distribution

Host

Vector
(family)

Encoded proteins,
coding strategy

Africa

Human

Culicidae

N. America

Human

Culicidae

N. America

Human

Culicidae

L 3’( L!)5’ !
!
M 3’( Gn - NSm - Gc )5’
S 3’( N - NSs )5’

Orthobunyavirus
Bunyamwera

1

California
encephalitis
La Crosse
Oropouche

S. America

Human

Culicidae

Cache Valley

N. America

Cattle, sheep

!
Culicidae

Hantavirus
Hantaan

Human

Muridae

Human

Muridae

Puumala

Eurasia

Human

Cricetidae

Sin Nombre

N. America

Human

Cricetidae

Dobrava-Belgrade

Europe

Human

Muridae

Afro-Eurasia

Human

Ixodidae

2

Nairovirus
Crimean-Congo
2
Haemorrhagic fever
Dugbe

Worldwide

Nairobi Sheep
disease

Africa, Asia

Human,
cattle
Human,
sheep,
goat

Phlebovirus

Rift Valley fever

Uukuniemi

1,3

Africa

Europe

Worldwide

Impatiens necrotic
spot

N. America,
Europe

!

!

!

L 3’( L
! )5’ !
M 3’( Gn - Gc )5’
S 3’(

!
N )5’

!
! !
!

Ixodidae
Ixodidae,
Culicidae

!

L 3’( L!)5’ !
M 3’( G
! n - Gc )5’
S 3’( N )5’

!
! !
!

!

L 3’( L !)5’ !
!
M 3’( NSm - Gn - Gc ,)5’

Human,
cattle

Culicidae

Human,
Seabirds,
cattle

!
!
Ixodidae
! !

Plants
(ornamental,
vegetables,
weeds)

!
! !
! ! L ( L! )
3’ ! 5’ !
!
Thripidae
M 3’( Gn - Gc - NSm )5’
! !
S 3’( N - NSs )5’

Tospovirus
Tomato spotted wilt

!

! !
! !

Eurasia
Eurasia,
N. America,
S. America

Seoul

!

!

!

S 3’( N - NSs )5’

!

L 3’( L
)5’
! !! !
M 3’( G!n - G!c )5’
S 3’( N - NSs )5’

!
! ! !
Table 1.1 Some important viruses from Bunyaviridae family
with their geographic
! along
!

distribution, host, vector family and encoded proteins. Encoded proteins are presented
within each segment . Arrows above each protein/gene indicate coding strategy.

1

Laboratory model virus for the Bunyaviridae family
In some viruses a potential NSs ORF in S segment was found (see section 1.1.4 for details)
3
No disease associated so far, only neutralising antibodies found in hosts.
2

2
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febrile illnesses, haemorrhagic fever or respiratory distress syndrome (Giorgi, 1996;
Weber & Elliott, 2002).

1.1.2 Overview of the genera in the Bunyaviridae family
1.1.2.1 The Orthobunyavirus genus
This genus contains over 170 viruses classified into 19 serogroups (Elliott et al., 2000).
Most members of this genus are transmitted by mosquitoes (Aedes species), midges
(Culicoides species) and ticks. The natural vertebrate hosts are rodents, lagomorphs
and ruminants. Viruses are transmitted through insect bite. This genus includes a
number of important human and animal pathogens such as La Crosse, Cache Valley,
Akabane, and Oropouche viruses, and many others. The main diseases associated
with this genus are encephalitis, meningitis, and febrile illness. Abortion and congenital
deformities are also a common result of the infection.
Bunyamwera virus, which is the subject of this project, is the prototype of both the
Bunyaviridae family and Orthobunyavirus genus. It was originally isolated from Aedes
mosquitoes collected in the Semliki Forest in Uganda. This virus was also found in
patients in several regions of sub-Saharan Africa in association with cases of febrile
illness (Nichol, 2001; Smithburn et al., 1946).

1.1.2.2 The Hantavirus genus
Hantaviruses have no arthropod vector. Their natural hosts are rodents that
develop persistent infection. They are transmitted through saliva, urine and faeces of
infected rodents (Glass et al., 1988; Kariwa et al., 1998; Lednicky, 2003). Hantaviruses
cause two major illnesses: haemorrhagic fever with renal syndromes (Eurasia) and
hantavirus pulmonary syndrome (North and South America) depending on the virus.
Dobrava-Belgrade, Hantaan, Puumala and Seoul viruses are the main hantaviruses
causing haemorrhagic fever with renal syndrome. Andes, Sin Nombre, Choclo, and
Black Creek Canal viruses are the causative agents of a more severe illness called
hantavirus

pulmonary

syndrome,

which

is

associated

with

higher

mortality

(McCaughey & Hart, 2000).

1.1.2.3 The Nairovirus genus
The Nairovirus genus comprises seven serogroups containing about 40 viruses (Elliott
et al., 2000). Nairoviruses are transmitted mainly by ticks. Their natural vertebrate
hosts are herbivores and lagomorphs. Viruses are transmitted through arthropod bite,
and contact with infected tissues. Human to human transmission is possible. The most
3
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important human pathogen in this genus is Crimean-Congo haemorrhagic fever virus;
Dugbe and Nairobi sheep disease viruses pose hazard to both humans and animals.
Viruses in this genus cause febrile illnesses, digestive and skin haemorrhages, and
severe haemorrhagic fever (Marczinke & Nichol, 2002; Whitehouse, 2004).

1.1.2.4 The Phlebovirus genus
The Phlebovirus genus comprises two serogroups containing about 50 viruses.
Phleboviruses are transmitted by various mosquitoes and Phlebotomus species from
which it derives its name. Their natural vertebrate hosts are sheep and other domestic
animals. The Uukuniemi serogroup viruses, which are transmitted by ticks, have not
been associated with any disease so far, but neutralizing antibodies against Uukuniemi
virus were found in seabirds, cattle and humans (Giorgi, 1996; Traavik & Mehl, 1975).
This virus, besides Bunyamwera virus, has been used as a laboratory model in studies
of

the

Bunyaviridae

family.

The

other

serogroup

has

human

pathogenic

representatives, like Punta Toro, Rift Valley fever viruses, etc. Viruses are transmitted
through arthropod bite, and contact with infected tissues. Rift Valley fever apart from
infecting sheep and cattle, resulting in massive economic losses, also causes severe
disease in humans in sub-Saharan Africa and the Arabian Peninsula (Shoemaker et
al., 2002; Woods et al., 2002).

1.1.2.5 The Tospovirus genus
Tospoviruses, gathering 13 known members, are economically important plant
pathogens. Two serogroups, represented by tomato spotted wilt virus and impatiens
necrotic spot virus, pose a hazard to over 360 plant species belonging to more than 80
families, including ornamental plants and crops like potato, tobacco and peanuts. They
are transmitted by different thrip species. Viruses affect leaves, stems and fruit causing
symptoms like spots, necrosis, etc. (German et al., 1992; Nichol, 2001; Prins &
Goldbach, 1998).

1.1.3 Structure of the virion
Bunyaviral particles (Figure 1.1) are spherical or pleomorphic, 80-120 nm in diameter.
However, recent structural studies using electron cryotomography suggested an
icosahedral structure formed by arrangement of glycoprotein spikes in “pseudo-T=12”
triangulation for Uukuniemi virus (Overby et al., 2008) and an icosahedral T=12
structure (Freiberg et al., 2008) formed by hexamers and pentamers of Gn-Gc
heterodimers for Rift Valley fever virus (Huiskonen et al., 2009). Virions are covered
4
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Figure 1.1 Morphology of bunyavirus virion. Each virion contains three segments of viral
RNA covered with N protein, which form individual RNPs along with small amounts of L
protein. These are incorporated into a lipid envelope with spikes of Gn and Gc
glycoproteins.

with glycoproteins (Gc and Gn) in the form of spikes 9-13nm long. The glycoproteins
protrude from an approximately 5 - 7 nm thick lipid bilayer envelope, which usually
originates from Golgi cisternae (Hewlett & Chiu, 1991; Obijeski et al., 1976a; Talmon et
al., 1987). These spikes play the main role in determining virion shape due to lack of
matrix protein (Huiskonen et al., 2009; Overby et al., 2008). The nucleocapsid consists
of three distinct ribonucleoprotein complexes (RNPs) observed as circular thread-like
structures. Each RNP contains N protein in complex with a single genome segment (S,
M or L) and small amounts of L protein (Hewlett & Chiu, 1991; Obijeski et al., 1976b).
RNPs are detected directly underneath the lipid bilayer suggesting that assembly of
nucleocapsids and envelope is a result of interaction between the N protein in the
RNPs and the cytoplasmic tails (the C-termini) of Gn glycoproteins (Overby et al.,
2008).

1.1.4 Bunyavirus genome organisation
The bunyavirus genome constitutes of three subunits: large (L), medium (M) and small
(S) as shown in Figure 1.2. Orthobunyaviruses, along with hanta- and nairo-viruses,
use strictly negative-sense coding strategies. Some proteins of tospoviruses and
phleboviruses are encoded in an ambisense orientation.
5
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Open reading frames (ORFs) on each segment are flanked by untranslated regions (5’
UTR and 3’ UTR). Eight to eleven nucleotides at both the 5' and 3' termini of all three
RNAs are conserved within a genus (Table 1.2). The terminal 3’UTR sequences are
complementary

to

the

corresponding

5’UTR

(Bouloy,

1991),

which

enables

circularisation of the genome segments into “hairpin” morphology (Hewlett et al., 1977;
Marczinke & Nichol, 2002; Pettersson & von Bonsdorff, 1975; Schmaljohn et al., 1985).

Genus

Terminal sequence

Orthobunyavirus

3′ UCAUCACAUGA…UCGUGUGAUGA 5′

Hantavirus

3′ AUCAUCAUCUG……….AUGAUGAU 5′

Nairovirus

3′ AGAGUUUCU…………AGAAACUCU 5′

Phlebovirus

3′ UGUGUUUC…………….GAAACACA 5′

Tospovirus

3′ UCUCGUUAG…………CUAACGAGA 5′

Table 1.2 Conserved 3’ and 5’ terminal genomic sequences of specific genera from
Bunyaviridae family.

1.1.4.1 L segment
The L segment in different genera ranges from 6.4 kb in phleboviruses to 12.2 kb in
nairoviruses (Nichol et al., 2005). Bunyamwera virus L segment is 6875 bases long
(Elliott, 1989a). All bunyaviral L segments encode the viral RNA polymerase protein
(L), which is in the form of single ORF in a negative sense orientation. (Bouloy, 1991).
Sequence analysis shows additional small ORFs in L segments of the Orthobunyavirus
and Hantavirus genera, but no protein products have been found (Elliott, 1989a).
Nairoviruses were found to contain an Ovarian Tumour domain, which encodes a
protease that degrades mediators of innate antiviral response, like ubiquitin and the
interferon-stimulated molecule ISG15 (Frias-Staheli et al., 2007).

1.1.4.2 M segment
The M segment encodes in the negative sense orientation a polyprotein precursor of
the glycoproteins Gn and Gc in a single open reading frame. The size of M segment
ranges from 3.5 kb (phleboviruses) to 4.9 kb (nairoviruses). In orthobunyaviruses,
phleboviruses (except for Uukuniemi serogroup) and tospoviruses there is also a nonstructural (NSm) protein encoded. The NSm ORF is present in the negative sense
between the glycoproteins in orthobunyaviruses. In the Sandfly fever group viruses
(Phlebovirus genus) NSm gene is found in the negative sense orientation at the 3’
terminus of the M segment. The M segment of Tospovirus genus viruses utilise an
6
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ambisense coding strategy, where NSm is encoded in the positive sense orientation at
the 5’-terminus.
Bunyamwera virus has an M segment of 4458 bases in length and the organisation is
presented in Figure 1.2.

1.1.4.3 S segment
The S segment of representatives of the Bunyaviridae family ranges in size from
approx. 1 kb (orthobunyaviruses) to 2.9 kb (tospoviruses). It encodes the nucleocapsid
(N) protein and in some cases one non-structural (NSs) protein. N protein is encoded
in the negative sense orientation in the S segment of all representatives of
Bunyaviridae (Nichol et al., 2005). Orthobunyaviral NSs protein is encoded in the
negative sense orientation in an overlapping reading frame and is translated as a result
of alternate AUG-initiation codon selection (Bishop et al., 1982; Elliott, 1989b; Elliott &
McGregor, 1989). Interestingly it has been published recently that not all members of
Orthobunyavirus genus harbour an NSs gene and no evidence of an NSs ORF has
been found in the representatives of Anopheles A, Anopheles B and Tete serogroup
viruses (Mohamed et al., 2009).
The S segment of Bunyamwera virus, which is 961 nucleotides long, is the source of
two products: 233 amino acid N protein and 101 amino acid long NSs protein (Elliott,
1989b).
Phleboviruses and tospoviruses utilize an ambisense strategy in the S segment, where
NSs is encoded in the positive sense orientation. The product of the NSs gene is larger
(e.g., UUKV NSs ~32kDa, TSWV NSs ~ 52kDa) than in the other bunyaviruses
(Bouloy, 1991).
In general hantaviruses do not carry an NSs gene, however in some viruses a second
ORF has been found in the negative-sense orientation. Tula and Puumala viruses code
for a putative NSs in an overlapping (+1) ORF and recently these NSs ORFs were
shown to be expressed. (Jääskeläinen et al., 2007; Jääskeläinen et al., 2008).
Nairoviruses do not have an NSs protein. However the S segment of Crimean-Congo
haemorrhagic fever virus codes for a second ORF in the positive sense orientation, but
no corresponding protein product has been found so far (Hewson et al., 2004).
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Figure 1.2 Genomic organization and
coding strategy of Bunyamwera virus
(not to scale).
(L) large segment,
(M) medium segment,
(S) small segment,
(thin black lines) genomic RNA,
(blue arrows) mRNAs,
(red pentagons) 5’ cap structures,
(arrow heads) 3’ ends,
(coloured boxes) protein products.

1.1.5 Bunyaviral gene products
1.1.5.1 L protein
The L protein (approximately 250 kDa, with the exception of Tospovirus and Nairovirus
genera, see Table 1.3), encoded by the L segment, is an RNA-dependent RNA
polymerase. Amino-acid sequence analysis showed four domains that are conserved
among RNA-dependent RNA polymerases encoded by positive-, negative- and doublestranded RNA viruses (Poch et al., 1989). Further sequence comparison studies with
Rift Valley fever virus revealed two more motifs, which are conserved only among
bunya- and arenaviruses (Müller et al., 1994). Expression of Bunyamwera virus L
protein in a recombinant vaccinia virus expression system (Jin & Elliott, 1991) and
mutagenesis studies (Jin & Elliott, 1992) confirmed its function as an RNA polymerase.
Similar results demonstrating that L protein has an RNA-dependent RNA polymerase
function were obtained for other bunyaviruses (Quinan et al., 2008). Bunyamwera virus
L protein, apart from replicase activity, also has endonuclease activity, which is
responsible for cap-snatching (Jin & Elliott, 1993a). Experiments with recombinant
Bunyamwera virus, where L protein was tagged, showed that L protein is found in the
cytoplasm during infection (Shi & Elliott, 2009). Localisation studies confirmed previous
results obtained for other bunyaviruses like La Crosse virus (Rossier et al., 1986), Tula
hantavirus (Kukkonen et al., 2004; Kukkonen et al., 2005) and Toscana phlebovirus (Di
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Bonito et al., 1999). Bunyamwera virus replicates in mammalian cells in “viral factories”
and recent electron microscopy studies placed L protein in these factories (Fontana et
al., 2008). L protein has also been shown to interact with N protein in coimmunoprecipitation and immunostaining experiments (Shi & Elliott, 2009).

Genus
Orthobunyavirus

Hantavirus

Nairovirus

Phlebovirus

Tospovirus

L

259 - 263

246 - 247

459

238 - 241

330 – 332

Gc

110

55

75

65

75

Gn

29 - 41

68 - 76

30 - 45

50 - 72

46 – 58

NSm

15 - 18

None

78 – 85
92 - 115

none or 78

34 – 37

N

19 - 26

48 - 54

48 - 54

24 - 30

29

10 - 13

4

29 - 32

52

Protein

NSs

13 or none

5

none

5

Table 1.3 Pattern of sizes of viral proteins in the genera of the Bunyaviridae family (size
given in kDa). Adapted from Nichol et al. (2005).

1.1.5.2 Gn and Gc glycoproteins
The glycoproteins are most likely obtained as a result of co-translational cleavage of
the precursor probably by cellular signal peptidase. Both glycoprotein sequences are
preceded by cleavage signal sequences (Schmaljohn & Hooper, 2001). The Gc protein
is significantly larger than the Gn protein in the Orthobunyavirus genus (see Table 1.3
for details on other genera). The glycoproteins are type 1 transmembrane proteins that
are modified by N-glycosylation (Schmaljohn et al., 1987; Shi et al., 2005), with the
amino terminus exposed on the virion surface and the carboxyl terminus located on the
internal side of the lipid envelope (Shi et al., 2005). Disulfide bonds seem to be
important in secondary structure of glycoproteins because of the presence of a large
number of conserved cysteine residues. Experiments with recombinant Bunyamwera
viruses bearing mutations in Gn revealed that the Golgi targeting and retention signal
of Bunyamwera virus glycoproteins resides in the transmembrane domain of the Gn
protein. Therefore, Gc must be co-expressed with Gn in order to be transported to the
Golgi apparatus, where virion assembly occurs (Shi et al., 2004). Further studies with
Bunyamwera and Uukuniemi virus glycoprotein precursor mutants in formation of virus4
5

So far found only in Puumala and Tula viruses.
A potential NSs ORF in S segment was found in some Hanta- and Nairoviruses.
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like particles (VLP) showed that both Gc and Gn cytoplasmic tails are required for virus
assembly and morphogenesis (Overby et al., 2007b; Shi et al., 2009; Shi et al., 2007).
Experiments with the use of Uukuniemi virus VLP system suggested that the
cytoplasmic tail of Gn glycoprotein interacted with the nucleoprotein and thereby
mediated packaging of RNPs into particles (Overby et al., 2007a). On the other hand
for Bunyamwera virus packaging both Gn and Gc are required (Shi et al., 2007). Both
glycoproteins are important for virus entry and for mediation of pH-dependent cell
fusion, which has been shown for La Crosse and Bunyamwera orthobunyaviruses
(Plassmeyer et al., 2005; Schmaljohn et al., 1985; Shi et al., 2007), Rift Valley fever
phlebovirus (Pettersson & von Bonsdorff, 1975), Hantaan hantavirus (Hewlett et al.,
1977) and tomato spotted wilt tospovirus (Whitfield et al., 2005). Futher studies with La
Crosse virus led to identification of a fusion peptide within the C-terminal part of Gc
glycoprotein (Plassmeyer et al., 2005; Plassmeyer et al., 2007; Soldan et al., 2010).
Proteomic computational analyses showed that this region was highly conserved
among the Bunyaviridae (Garry & Garry, 2004) and structural similarities with E1 fusion
proteins of Sindbis and Semliki Forrest alphaviruses, as well as the E fusion protein of
tick-borne encephalitis and dengue flaviviruses were found (Garry & Garry, 2004;
Plassmeyer et al., 2005; Plassmeyer et al., 2007; Soldan et al., 2010).

1.1.5.3 NSm protein
The NSm protein varies in size the most of all viral proteins between different genera
(Table 1.3), and Hantavirus is the only genus that does not encode this protein. The
orthobunyaviral NSm protein is encoded in the M segment between the sequences of
Gn and Gc. It was shown by Nakitare and Elliott (1993) that virus-based or plasmidderived NSm localizes in Golgi along with Gn and Gc. NSm is not required for targeting
of the glycoproteins to the Golgi (Lappin et al., 1994). Recent data showed that the Nterminal region of NSm is required for virus assembly and that the C-terminal
hydrophobic domain functions as an internal signal sequence for the Gc glycoprotein
(Nakitare & Elliott, 1993; Pollitt et al., 2006; Shi et al., 2006). Whereas part of the NSm
protein is indispensable for Bunyamwera virus replication (Shi et al., 2006), Rift Valley
fever virus NSm is nonessential for viral replication in cell culture (Gerrard et al., 2007).
Additionally Rift Valley fever codes for two NSm proteins named by Bouloy and Weber
(2010) as NSm1 (78 kDa) and NSm2 (14 kDa). The function of NSm1 has not been
discovered yet. NSm2 was shown to inhibit apoptosis by analysis of deletion mutants
generated by reverse genetic system (Won et al., 2007).
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Recent studies on Crimean Congo haemorrhagic fever virus showed that its M
segment codes for an NSm protein, which is generated via C-terminal cleavage of the
pre-Gn (Altamura et al., 2007), but the function is not known so far.
Noteworthy is a role of NSm as a movement protein of tomato spotted wilt tospovirus,
which was first shown to form tubules in plants, protoplasts and insect cells (Storms et
al., 1995). Further experiments demonstrated that these NSm-derived tubules could
complement virus cell-to-cell movement in plants, which was shown by replacing the
movement protein of tobacco mosaic virus with NSm (Lewandowski & Adkins, 2005;
Storms et al., 1995).

1.1.5.4 N protein
The Bunyamwera N protein, encoded by the S segment, associates with the genomic
and

antigenomic

(replicative

intermediate)

RNA

segments

to

form

helical

ribonucleoprotein complexes (RNPs) (Eifan & Elliott, 2009; Raymond et al., 2010; Shi
et al., 2005). It has been shown for Bunyamwera and Jamestown Canyon
orthobunyaviruses and Hantaan hantavirus that the N protein preferably binds to the 5’
terminus of the genomic RNA (Ogg & Patterson, 2007; Osborne & Elliott, 2000;
Severson et al., 1999; Severson et al., 2001). The N protein of hantaviruses was
shown in in vitro affinity studies to bind RNA non-specifically (Gött et al., 1993). Further
studies demonstrated that it specifically recognises RNA panhandle structures formed
by complementary base sequences of the 5’!and 3’ ends of viral genomic RNA and
that this recognition is genus specific (Mir et al., 2006). In studies of deletion mutants
the Bunyamwera virus N protein was shown to form multimers (Leonard et al., 2005;
Mohl & Barr, 2009) and that both N- and C- termini of the protein are involved in these
interactions (Leonard et al., 2005). In contrast hantavirus N protein forms trimers
(Alfadhli et al., 2001; Alfadhli et al., 2002). N protein also interacts with the L protein.
Interactions with the C- terminal regions of the glycoproteins are thought to stabilise the
virion structure (Shi et al., 2005). The N proteins, along with viral L, are necessary and
sufficient for transcription and replication. The non-coding regions at the ends of the
bunyavirus genome segments are presumed to contain signals for encapsidation by
the viral N protein to form RNPs, signals regulating transcription and replication of the
genome and signals for packaging the RNPs into virions (Kohl, 2006; Osborne & Elliott,
2000). Recent studies on hantaviral N protein showed that it is required for capsnatching by the viral polymerase (Mir et al., 2008; Mir et al., 2010).
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1.1.5.5 NSs protein
Functional NSs proteins have been found in the Orthobunyavirus, Phlebovirus,
Tospovirus genera and a few representatives of the Hantavirus genus. NSs proteins
from each genus seem to share the role of countering host antiviral responses, but
there is no sequence homology among the NSs genes of various genera.
The NSs proteins of viruses in the Orthobunyavirus genus are best characterized,
although their role in the viral replication cycle is not yet fully understood. It is a
nonessential gene that contributes to viral pathogenesis (Bridgen et al., 2001) and
interferes with the regulation of the cellular innate response (Weber et al., 2001).
Streitenfeld et al. (2003) demonstrated that Bunyamwera virus NSs inhibits dsRNAdependent induction of IFN, but has no effect on dsRNA-activated protein kinase R
(PKR). It has been suggested that NSs inhibits transcriptional activation of the IFN-β
gene downstream of IRF-3 (Interferon Regulatory Factor - 3) (Kohl et al., 2003; Weber
et al., 2002). It appears that the block of IFN synthesis in mammalian cells caused by
NSs is a part of a larger scale process of a general block of transcription of all host
genes, which leads to shut-off of host protein synthesis (Bridgen et al., 2001; Hart et
al., 2009; Thomas, 2004). NSs acts directly by deregulating the RNA polymerase II
(RNAPII) complex. It targets RNAPII by preventing phosphorylation of the carboxy
terminal domain (CTD) at serine 2, which suggests a block in transition from
transcription initiation to elongation steps. The above results were not observed in
insect cells. This indicates that NSs may contribute to the lytic infection observed in
mammalian cells, which is not true for insect cells (Thomas, 2004). Degradation of
RNAPII is connected to the interaction of NSs with Med8 subunit of Mediator complex,
which regulates the activity of RNAPII (Léonard et al., 2006). Recent studies
demonstrated that the N-terminal 21 amino acids of the NSs protein are required for
successful IFN-antagonism (Van Knippenberg et al., 2010). La Crosse orthobunyavirus
NSs protein has also been shown to suppress the type I interferon system in
mammalian cells (Blakqori et al., 2007).
Similarly, NSs expressed by Rift Valley fever phlebovirus functions as an interferon
antagonist (Bouloy et al., 2001). NSs of Rift Valley fever virus induces a general
inhibition of the transcriptional machinery by interfering with assembly of TFIIH, a
transcription factor important for functioning of RNAPII (Billecocq et al., 2004; Le May
et al., 2004). Additionally NSs has been shown to interact with the host protein SAP30
that is involved in regulation of IFN-β gene expression on transcription level (Le May et
al., 2008).
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Until recently NSs proteins were found only in representatives of three genera (Ortho-,
Phlebo- and Tospo-virus). It has been recently discovered that Tula and Puumula
hantaviruses also express NSs proteins, which have been shown to suppress, albeit
weakly, activation of the IFN-β promoter (Jääskeläinen et al., 2007; Jääskeläinen et al.,
2008). Recent studies also suggested that NSs is involved in downregulation and
degradation of protein kinase PKR (main component of the interferon antiviral
response) (Ikegami et al., 2009).
Recently NSs has also been demonstrated to be a suppressor of RNA interference
(RNAi) in plants infected with tomato spotted wilt virus (Takeda et al., 2002) and
mammalian cells infected with La Crosse virus (Soldan et al., 2005). So far the function
of NSs in the arthropod vector remains unknown.

1.1.6 The life cycle of members of Bunyaviridae
The replication cycle of bunyaviruses can be summarised into four steps: adsorption
and entry (Figure 1.4 – 1 and 2), transcription and translation (Figure 1.4 – 3, 4 and 5),
amplification of viral RNA (Figure 1.4 – 6 and 7), and budding, assembly and release
(Figure 1.4 – 8, 9 and 10).
Bunyaviruses enter host cells using a similar mechanism to other enveloped viruses.
The first step involves interaction between cell-surface receptors and the viral
glycoproteins, Gc and Gn. It has been shown for La Crosse virus that the Gc
glycoprotein is the main component needed for virus entry into both mammalian
(Pekosz et al., 1995; Plassmeyer et al., 2005) and mosquito cells (Hacker et al., 1995).
However, functional Gn enhances infectivity in mosquito midgut cells (Ludwig et al.,
1991).
The information on cellular receptors is only available for hantaviruses. Both integrins
of the β3 family and Decay-Accelerating Factor (DAF/CD55) are required for hantavirus
infection, which is also restricted to the apical surface of the cell (Gavrilovskaya et al.,
1999; Gavrilovskaya et al., 1998; Krautkrämer & Zeier). Cell receptors for other
bunyaviruses remain unidentified.
Most studied bunyaviruses enter the cells via clathrin dependent receptor-mediated
endocytosis (Jin et al., 2002; Santos et al., 2008), except for Uukuniemi phlebovirus
which was shown to enter cells by clathrin independent endocytosis (Lozach et al.,
2010). Entry into the cell is dependent on an acidic environment (Jin et al., 2002;
13
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Lozach et al., 2010), which is thought to promote fusion of the viral membrane with the
cellular membrane (Hacker & Hardy, 1997; Rossier et al., 1986). Studies on the
Bunyamwera and La Crosse virus Gc glycoprotein in fusion assays suggested that the
C-terminus of this glycoprotein is essential for induction of low pH dependent cell
fusion (Garry & Garry, 2004; Plassmeyer et al., 2005; Plassmeyer et al., 2007; Shi et
al., 2009; Soldan et al., 2010).
After the viral ribonucleocapsids are released into the cytoplasm, the next step is
primary transcription of genomic RNA by the viral polymerase, which is present in small
quantities in viral particles, primed by host cell-derived primers. Primary transcription
takes place in the host-cell cytoplasm (Rossier et al., 1986). A schematic of
orthobunyavirus transcription and replication strategies is presented in Figure 1.3.
Studies showed that both L and N proteins are needed for transcription, as only
ribonucleoprotein complexes (that contain L and N proteins) can act as templates. This
was examined thanks to the establishment of a minireplicon system6, where the
chloramphenicol acetyltransferase gene in the negative sense orientation, flanked by 5’
and 3’ UTRs of the Bunyamwera virus S segment, was transcribed only if L and N
proteins were co-expressed (Dunn et al., 1995; Lopez et al., 1995). Bunyaviruses
employ a cap-snatching mechanism, where L protein cleaves 5’ cap structures from
cellular mRNAs and uses them to prime transcription of viral mRNAs (Jin & Elliott,
1993b; Patterson et al., 1984). Recently it was demonstrated that hantavirus N protein
..

cRNA

5’

3’
replication

vRNA

3’

5’
transcription

mRNA

5’

3’
translation

protein

Figure 1.3 Orthobunyavirus
negative
sense
genome
replication and transcription
strategies.
Purple
bow
indicates 5’ cap structure,
black lines represent RNA, N
protein is shown as blue
circles and green stars
represent viral polypeptides.

6

Later the system was modified by replacing the chloramphenicol acetyltransferase reporter
gene with the gene coding for Renilla luciferase (Kohl et al., 2004). Similar systems were
subsequently developed for La Crosse virus (Blakqori et al., 2003), Akabane virus (Ogawa et al,
2007), Uukuniemi virus (Flick & Pettersson, 2001), Hantaan virus (Flick et al., 2003a), Rift
Valley fever virus (Lopez et al., 1995) and Crimean Congo haemorrhagic fever virus (Flick et al.,
2003b).
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is required for cap-snatching by the viral polymerase (Mir et al., 2008). The viral mRNA
transcripts are shorter than their templates as the termination of transcription occurs up
to 100 nt from the 5’ end of the template RNA in response to a termination signal (Barr
et al., 2006; Ikegami et al., 2007).
Simultaneously with primary transcription translation occurs. Translation of viral
mRNAs, unlike cellular mRNAs, is independent of poly(A)-binding protein. Moreover,
….
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Figure 1.4 Replication cycle of viruses in the family Bunyaviridae. (1) Virus enters the cell
via receptor- and pH-mediated endocytosis. (2) RNPs are released into the cytoplasm as
a result of pH-dependent fusion of viral envelope and endosomal membrane. (3) Genomic
vRNA is transcribed by constituent L protein into viral mRNA. (4) L, N and NSs proteins
are translated from L and S segment derived mRNAs by free ribosomes (5) Glycoproteins
and NSm protein are translated from M segment derived mRNAs at RER. (6)
Glycoproteins in form of heterodimers are packed into cellular cargo vesicles and are
transported to Golgi cisternae for virus assembly. (7 and 8) Replication of the vRNAs to
obtain sufficient number of genomic vRNA to be packaged into progeny virus particles.
(9) Viral RNPs bud into Golgi containing glycoproteins. Morphological changes in Golgi
occur due to accumulation of viral particles. (10) Large membrane compartments filled
with virus are transported to the plasma membrane. (11) Virus is released as a result of
fusion between the vesicles and the cell membrane. Adapted from Schmaljohn & Hooper
(2001).
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demonstrated that viral UTRs enhance translation (Blakqori et al., 2009). L and S
segment derived mRNAs are translated by free ribosomes to produce L, N and for
some bunyaviruses NSs proteins. M segment derived mRNAs are translated by ERbound ribosomes (RER) to produce Gc and Gn glycoproteins (and NSm protein in
some cases). Gn and Gc glycoproteins are then transported to the Golgi cisternae for
virus assembly. It has been documented that Gn contains the Golgi targeting signal
and that Gc protein is transported to the Golgi only in the form of a heterodimer with Gn
(Lappin et al., 1994; Shi et al., 2004).
After primary transcription and protein synthesis, a switch to replication of cRNA and
vRNA occurs, but the mechanism of this switch remains unknown. Bunyaviral L
proteins have replicase properties in addition to transcriptase activity (Jin & Elliott,
1993a). Replication of vRNAs (viral genome) occurs in the cytoplasm in a primer
independent manner and is initiated at the exact 5’ end of the template. Both
replication products, cRNA (antigenome) and vRNA, are encapsidated by N protein
(Schmaljohn & Hooper, 2001). Once multiple genomic RNA segments are synthesized
they may serve as secondary transcription templates or be assembled into virions.
Budding and virus assembly occur as a result of accumulation of Gn and Gc
glycoproteins in Golgi apparatus. Viral glycoproteins are modified post-translationally
by N-linked glycosylation (Nakitare & Elliott, 1993; Shi et al., 2005; Shi et al., 2004).
Ribonucleoprotein complexes carrying S, M and L segments bud at the modified host
membranes to form viral particles, which then are transported to the cell surface and
mature virions are released (Schmaljohn & Hooper, 2001).

1.1.7 Effect of Bunyavirus replication on mammalian host cells
In nature, mosquitoes transmit Bunyamwera virus, and in the laboratory the virus is
able to infect both mammalian cells and arthropod cells, such as Aedes albopictus
C6/36 mosquito cells. Infection of mammalian cells leads to rapid shut-off of host
protein synthesis and apoptosis in the late stages of infection. The NSs protein seems
to play huge role in the mechanism of shut-off, as this phenomenon is reduced in
mammalian cells infected with recombinant Bunyamwera virus that does not express
NSs protein (Bridgen et al., 2001). In the case of Rift Valley fever virus, NSs forms
filamentous structures in the nucleus of mammalian cells, and interacts with the p44
subunit of TFIIH transcription factor thus, resulting in decreased cellular RNA synthesis
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(Le May et al., 2004). Furthermore, recent studies on Bunyamwera virus suggest that
N protein could be involved in inhibiting cellular translation by interacting with poly-A
binding protein (Blakqori et al., 2009).

1.2 Arbovirus replication in the mosquito vector
Arboviruses are defined as viruses that in nature can infect and be transmitted by
haematophagous arthropods as a result of blood feeding. All known arthropod-borne
viruses belong to families of RNA viruses Bunyaviridae, Flaviviridae, Reoviridae,
Rhabdoviridae and Togaviridae (Mellor, 2000), with the exception of the tick-borne
African swine fever virus (Asfaviridae family) which has a dsDNA genome (Kleiboeker
& Scoles, 2001). Arboviruses are responsible for severe morbidity and mortality around
the world, causing infections such as acute nervous system disease, febrile illness,
haemorrhagic fever, etc.

infection

transmission

Enzoonotic
cycle
transmission
infection

bite/infection
“Dead end host”
(possible disease)

Figure 1.5 Enzoonotic cycle of an arthropod-borne virus.
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All arboviruses share a transmission cycle involving replication in a blood-feeding
arthropod and a vertebrate host. A common feature is that a replicating virus causes
little damage to its vector, whereas infection in the mammalian host may lead to death
(Figure 1.5). Arthropods that so far have been shown to transmit arboviruses include
mosquitoes (Culicidae), sandflies (Psychodidae), biting midges (Ceratopogonidae),
blackflies (Simuliidae) and ticks (order Ixodida) (Mellor, 2000).
Only compatible virus-vector interactions will result in successful transmission. In order
to succeed, every arbovirus needs to overcome multiple barriers in the arthropod and
its extrinsic incubation period must be shorter than the lifespan of the vector. Typically
a virus has the opportunity to infect a female mosquito by being ingested with a blood
meal. However, already in the midgut lumen, the virus encounters the first hurdle, the
midgut infection barrier, which is a physical barrier. A chitinous peritrophic matrix that
isolates the midgut epithelium from the extreme biochemical environment of the lumen,
which contains proteolytic enzymes, forms the midgut infection barrier. For this reason
a high virus concentration is important to overcome the infection threshold (Kohl &
Elliott, 2004; Mellor, 2000; Patrican et al., 1985; Weaver et al., 2004). If the virus
survives these conditions, it needs to bind to the correct receptors, followed by entry
into the midgut epithelial cells. In some cases the virus enters the cells via fusion of the
viral envelope with the cellular membrane and release of the viral genome directly into
the cytoplasm (e.g. Western equine encephalomyelitis virus). Other viruses, like St
Louis encephalitis flavivirus, enter cells by uncoating in the acidic environment of
intracytoplasmic vesicles, which were formed by virus internalisation (Weaver et al.,
2004). Some cellular receptors for Venezuelan equine encephalitis (Ludwig et al.,
1996) and Dengue (Mendoza et al., 2002) virus entry were identified in mosquito cell
cultures, however their role in infection has not been confirmed in vivo.
The midgut is the primary location of virus replication in the vector. It is thought that the
virus initially replicates in individual cells and then spreads from cell to cell throughout
the tissues (Mellor, 2000). The mechanism of this spread is not known, however a
recent study on rice dwarf reovirus in leafhopper cells showed that the virus moves via
actin-based filopodia that protrude from the surface of the cells and penetrate
neighbouring cells (Wei et al., 2006a). When sufficient titres are produced in the
midgut, the virus has to overcome the midgut escape barrier to spread to the
haemocoel and secondary organs. This barrier can be associated with innate immune
responses in the midgut cells, which could restrict efficient replication of the virus and
therefore lack of dissemination. Another factor could be the existence of the correct
mechanisms or cellular components that would enable virus transport across
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membranes between the midgut cells and the haemocoel. Existence of this barrier has
been confirmed for Western equine encephalomyelitis virus in Culex tarsalis and La
Crosse virus in Aedes triseraitus (Kohl & Elliott, 2004; Mellor, 2000). Similar rules apply
for virus infection, replication and spread throughout the haemocoel. The haemocoel is
the insect’s body cavity, which contains all the organs and muscles surrounded by
haemolymph. Haemolymph constitutes an open circulatory system, which contains
cellular and humoral components of the insect immune system. In order to disseminate
within the organs of the haemocoel, free infectious viral particles must be released to
the haemolymph. Although no antiviral activity has been demonstrated in the
haemolymph of living mosquitoes, studies in cultured Ae. albopictus cells revealed
……
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Figure 1.6 Barriers that the arbovirus needs to overcome to successfully replicate in
mosquito and be transmitted to vertebrate host via a bite (horizontal transmission), to
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vertically infected male to a female during copulation (venereal transmission). Modified
from Mellor (2000) and Weaver et al. (2004).
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production of antiviral peptides in response to Sindbis (Condreay & Brown, 1988;
Riedel & Brown, 1979), Banzi (Lee & Schloemer, 1981a; b) and Semliki Forest
(Newton & Dalgarno, 1983) virus infection.
Dissemination to salivary glands is one of the most important stages in virus infection,
as it is immediately connected to the transmission potential. As with the midgut,
salivary gland infection and escape barriers have been demonstrated for multiple
viruses and their vectors; however, the basis of the structure and functioning of the
barriers is poorly understood. It was suggested that virus released from cerebral
ganglia or from the fat body, as these are the closest organs, infects salivary glands.
Salivary glands are found in pairs in a mosquito. Each gland has three lobes: one
median and two lateral lobes. Viruses are usually found throughout in the salivary
glands, however in some cases, e.g. Rift Valley fever, Japanese encephalitis and
Venezuelan equine encephalitis viruses, the virus is mainly detected in the lateral
lobes. Virus secretion into saliva seems to be connected with high viral titres in the
glands (reviewed by (Higgs, 2004; Kohl & Elliott, 2004; Mellor, 2000; Weaver et al.,
2004). A study using La Crosse and snowshoe hare virus reassortants showed the
importance and host specificity of the viral glycoproteins and NSm (encoded by the M
segment) in overcoming the salivary gland escape barrier: La Crosse virus carrying the
M segment from snowshoe hare virus was not secreted into the saliva of Aedes
triseriatus (Beaty et al., 1981). After so long journey and many hurdles, when a virus
reaches the saliva, it can be transmitted to a vertebrate host during blood feeding,
which is called horizontal transmission.
Apart from horizontal transmission, virus can be maintained in the enzoonotic cycle by
vertical and venereal transmission among mosquitoes. Vertical transmission, also
called transovarial transmission, gives an arbovirus the potential of overwintering and
survival in the absence of a suitable vertebrate host. Vertical transmission is a process
in which virus is passed onto progeny mosquitoes during the gonadotrophic cycle7.
Another mechanism of this transmission occurs when virus is present on the surface of
the egg, and when the egg hatches the virus infects the larva. Vertical transmission
has been described for many viruses like La Crosse, Rift Valley fever, Japanese
encephalitis, West Nile, and Dengue viruses (Kohl & Elliott, 2004; Mellor, 2000;
Weaver & Reisen, 2010).

7

process of ovarian development in a female mosquito which starts after a blood meal and
ends when fully developed eggs are laid.
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Venereal transmission, where a virus is transmitted from a vertically infected male
mosquito to an uninfected female during the fertilization process, has been
documented for viruses like Dengue, Rift Valley fever, La Crosse, West Nile, Sindbis,
etc (Kohl & Elliott, 2004; Mellor, 2000; Weaver & Reisen, 2010). However not all
viruses can be transmitted transovarially or venereally, due to respective barriers.
In general, virus infection does not harm the mosquito, but it is not a rule. For example,
infection results in degeneration or even necrosis in the midgut cells, along with
pathological changes in the whole midgut (Eastern and Western equine encephalitis
viruses). Sindbis virus has been shown to cause pathological changes in the visceral
muscles associated with the midgut. Cytopathic changes were observed in the salivary
glands of Ae. aegypti mosquitoes infected with Semliki Forest virus. Some arboviruses
reduce vector survival (e.g. Rift Valley fever virus) and fecundity. La Crosse and Rift
Valley fever viruses were shown to reduce the vector’s ability to blood feed. This effect
resulted in mosquito needing a longer time to fully engorge and thereby increasing the
chances of the virus infecting its vector. Viruses, like La Crosse, yellow fever, Kunjin,
San Angelo and California encephalitis, cause delayed larval development and
increase mortality rates of transovarially infected mosquito vectors (reviewed in(Kohl &
Elliott, 2004; Lambrechts & Scott, 2009; Weaver et al., 2004).

1.3 Effects of arbovirus replication in mosquito cell
culture
Aedes albopictus cell lines were one of the first established mosquito cell cultures and
are the most widely used in studies on arbovirus infections in vitro. The first cell line,
referred to as “Singh clone” or “Ae. albopictus cells”, were derived from homogenised
neonate mosquito larvae (Singh, 1967). Later, three cell lines used today, C6/36, C710 and U4.4, were subcloned from the Singh cultures, because the original clone was
shown to contain a diverse population of cells which demonstrated heterogeneity in
their response to arbovirus infection (Igarashi, 1978; Karpf et al., 1997; Sarver &
Stollar, 1977). The origins of each of the Singh subclones are explained in detail in
Chapter 5. Thanks to the development of mosquito cell lines a vast increase in
knowledge of arbovirus-mosquito interactions at the cellular level has been made.
Table 1.4 presents examples of the more important arboviruses transmitted by
mosquitoes that have been studied in cultured mosquito cells.
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Genome
ss(-) RNA

Family
Bunyaviridae

Genus
Orthobunyavirus
Phlebovirus

Important viruses
La Crosse
Oropouche
Rift Valley Fever
West Nile

Flaviviridae

Flavivirus

ss(+) RNA

Dengue
Yellow fever
Japanese encephalitis
Chikungunya

Togaviridae

Alphavirus

Sindbis
Semliki Forest

Table 1.4 Examples of the most studied viruses transmitted by mosquitoes.

1.3.1 Positive strand RNA viruses
Arboviral infection in vertebrate cells is generally highly cytopathic leading inevitably to
cell death, while infection in the mosquito vector is mainly asymptomatic and leads to
long-term persistence. Arboviruses with positive-strand RNA genomes, like Sindbis
virus, are the most studied in mosquito cell culture.

1.3.1.1 Sindbis virus in mosquito cells
Studies of Sindbis virus infection in the various aedine cell lines showed significant
differences. U4.4 and C7-10 cell lines were cloned from the original Singh clone based
on the presence or absence of cytopathic effects following Sindbis virus infection
(Sarver & Stollar, 1977). The C7-10 cell line showed strong cytopathic effect, whereas
U4.4 did not, and the C6/36 cell line showed limited cytopathology (Condreay & Brown,
1986; Karpf et al., 1997; Miller & Brown, 1992; Mudiganti et al., 2006). The presence of
cytopathic effects may be connected to differences in the levels of Sindbis virus
production, namely cells that did not die gave low (U4.4) or moderate (C6/36) titres,
whereas C7-10 cells gave very high titres along with cell death (Condreay & Brown,
1986). The low levels of apoptosis and necrotic cell death detected in C7-10 cells
infected with Sindbis virus suggests that cytopathology observed in these cells is more
complicated and involves both mechanisms (Karpf & Brown, 1998). In contrast, studies
in U4.4 cells revealed that only a small percentage of persistently infected cells
produced infectious viral particles (Miller & Brown, 1992).
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1.3.1.2 Semliki Forest virus in mosquito cells
Studies with Semliki Forest virus and Ross River virus gave insight into virus
maturation by budding (Raghow et al., 1973a; Raghow et al., 1973b). It was shown that
Semliki Forest virus requires specific lipids, like cholesterol, for virus assembly and
budding (Marquardt et al., 1993). Results obtained in various cellular clones of Ae.
albopictus show similar results to those obtained for Sindbis virus, some cells develop
cytopathic effects, others do not (Tooker & Kennedy, 1981). Semliki Forest virus
establishes persistent infection in mosquito cell lines. It was suggested that persistent
infection, which is characterised by decrease in virus production, is a result of virus
controlling its own RNA synthesis by inhibition of cleavage of the replicase polyprotein
(Kim et al., 2004).

1.3.1.3 West Nile virus in mosquito cells
Analysis of West Nile virus infection in C6/36 cells showed that the virus enters
mosquito cells via clathrin-dependent endocytosis, and a low-pH-dependent step is
needed (Chu et al., 2005; Chu et al., 2006). Dengue virus entry into mosquito cells was
also shown to be via clathrin-dependent endocytosis (Acosta et al., 2008).
Preparations of membranes from C6/36 cells revealed multiple glycoproteins and
peptides that interacted with the viral envelopes of Dengue virus and West Nile virus,
and presumably play the role of viral receptors in mosquito cells (Cao-Lormeau, 2009).

1.3.2 Negative strand RNA viruses (Bunyaviruses)
Bunyaviruses are a group of negative strand RNA viruses that are transmitted by
mosquitoes in nature. Only limited information is available about the growth of
bunyaviruses in cultured mosquito cell lines other than C6/36. Infection in mosquito
cells starts with a phase of efficient virus production, when the viral titres are similar to
those in mammalian cells, but no cytopathic effect or any signs of apoptosis are
detected in mosquito cells (Hart et al., 2009; Kohl et al., 2003; Kohl & Elliott, 2004).
This initial step is followed by establishment of persistent infection characterised by low
levels of virus production (Elliott & Wilkie, 1986; Newton et al., 1981; Scallan, 1993;
Vaughn et al., 2010). To date, there are no direct findings that explain the
mechanism(s) of establishment of persistent infection, however this has been the
subject of much speculation over the years.
One of the suggestions is that mosquito cells process viral proteins more efficiently,
which reduces their accumulation in the cells, and thereby does not drive the cell
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towards death (Newton et al., 1981; Schmaljohn & Hooper, 2001). Another suggestion
is that the viral L protein is less active in insect cells than in mammalian cells (Rossier
et al., 1988; Scallan & Elliott, 1992). Moreover, results obtained in a minireplicon
system showed that the Bunyamwera virus L-segment derived promoter was
significantly less active in mosquito cells than in mammalian cells. The same study
showed low activity of the S-segment derived promoters, and high activity levels of the
M-segment derived promoter, which was similar to results obtained in mammalian cells
(Kohl & Elliott, 2004). Other studies showed over-representation of the Bunyamwera
virus S RNA in long-term persistently infected C6/36 cultures (Elliott & Wilkie, 1986).
Later work with La Crosse virus found that accumulation of the N protein resulted in
encapsidation of its own mRNA, as a result of which translation of the viral mRNA was
down regulated (Hacker et al., 1989). Another study on La Crosse virus in C6/36 cells
demonstrated that introduction of genomic sequences of the N protein, via the Sindbis
virus expression system, induced resistance against the virus, and that this resistance
was RNA but not protein dependent (Powers et al., 1996). Similar results were
obtained for Rift Valley fever virus in the Aedes pseudoscutillaris Ap61 cell line
(Billecocq et al., 2000).

1.4 Mosquito innate immunity
The mosquito innate immune response is thought to be the main factor that helps the
insect to control arbovirus infection. Establishment of a persistent infection in
arthropods seems to be a truce in the war between the cell and the pathogen, where
both can survive and complete their life cycle by coexisting in a type of symbiosis.
Completion of the Anopheles gambiae (Holt et al., 2002) and Aedes aegypti (Nene et
al., 2007) genome sequencing projects allowed advancement in research on mosquito
immunity. Present investigations on immune responses against viruses in mosquitoes
often use the knowledge of Drosophila melanogaster antiviral responses (Kemp &
Imler, 2009) and mosquito responses to parasites or bacteria (Christophides et al.,
2002; Fallon & Sun, 2001; Levashina, 2004; Lowenberger, 2001) as the starting point.
In vertebrates the interferon response is the main antiviral mechanism, but this does
not exist in arthropods. The main immune responses to arboviral infections that have
been identified in mosquitoes are immune-signalling pathways and RNA interference
(RNAi).
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1.4.1 Immune signalling pathways
Immune signalling pathways were first identified as antibacterial and antifungal
responses in Drosophila melanogaster. The Toll-dependent pathway was found to be
activated by fungi and Gram-positive bacteria, whereas gram-negative bacteria trigger
the IMD and JNK pathways. These two independent pathways lead to activation of
transcription factors from the NF-κB family, which results in the production of
antimicrobial peptides. The balance between the Toll and IMD pathways determines
which antimicrobial peptides are produced, as genes encoding them are more sensitive
to either one or the other pathway. Expression of some peptides is co-regulated by
both pathways (Figure 1.7). No sensu stricto mammalian equivalents of these
pathways exist, but there are some similarities between these pathways in vertebrates
and invertebrates, which suggests that these immune response pathways have
evolved from the same source (Hoffmann, 2003).

IMD
Toll
Anti-Gram (+)

Anti-Gram (-)

Anti-fungal
metchnikowin

drosomycin

defensin

cecropin

attacin

diptericin

drosocin

Figure 1.7 Antimicrobial peptides. Toll pathway is mainly activated in response to fungi
and Gram-positive bacteria infection. IMD pathway is generally activated by Gramnegative bacteria. Antimicrobial peptides that are expressed in response to Toll and/or
IMD activation are regulated by balance between these two signalling pathways (Lemaitre
& Hoffmann, 2007).

1.4.1.1 Toll-like receptor pathway
The Drosophila Toll pathway is similar to the signalling cascade activated downstream
of Interleukin-1 and Toll-like receptors (TLRs) in vertebrates. Toll receptors are
activated by Gram-positive bacteria and fungi. Pathogen-derived ligands bind the
neurotrophin-related cytokine Spätzle which also has been found in the haemolymph
(Ferrandon et al., 2007). Activated Spätzle dimers bind the Toll-receptor which, when
activated, results in recruitment of three intracellular Death domain-containing proteins,
called MyD88, Tube and Pelle. The exact mechanisms of these interactions are still
unknown, however activation of Pelle causes degradation of Cactus, which causes
release of the Rel transcription factors, Dif and Dorsal, which belong to the NF-κB
family. Release of these factors initiates transcription of antimicrobial peptides (Figure
1.8) (Ferrandon et al., 2007).
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The mechanisms of immune signalling are conserved in Anopheles and Aedes
mosquitoes, however there are some differences between mosquitoes and Drosophila.
Functional Spätzle genes (Spz1A, 1B and 1C) have been found in Ae. aegypti, along
with five homologues of Drosophila Toll (AeToll1A, AeToll1B, AeToll5A, AeToll5B and
AeToll4). Spz1C and AeToll5A are specifically induced in the mosquito fat body
following fungal challenge and function as major mediators of the drosomycin
activation pathway (Luna et al., 2003; Shin et al., 2006). RNAi knockdown of the Aedes
homolog of Drosophila Cactus showed the importance of this counterpart in Toll
signalling. Similar genes, including MyD88, Tube and Pele, were found in An. gambiae
(Christophides et al., 2002). Mosquitoes do not have Dif, but instead have an
orthologue of Dorsal, called Rel1, which exists in two isoforms in Ae. aegypti, Rel-1A
and Rel-1B (Bian et al., 2005; Shin, 2005).

1.4.1.2 IMD/Jnk pathway
The IMD pathway plays a central role in the response to Gram-negative bacteria. In
Drosophila bacterial-derived peptidoglycans are recognised by a member of the
peptidoglycan recognition protein (PGRP-LC), which activates a death domaincontaining protein called IMD. Interaction between the death domains (DD) of IMD and
Fas-associated death domain protein (dFADD) results in recruitment of Dredd (Deathrelated ced3/Nedd2-like protein). Dredd is a caspase which cleaves the Relish
transcription factor (NF-κB family). Further activation of Relish is mediated by the IKK
(Inhibitor of κB (IκB) kinase) complex. IMD regulates activation of IKK via Tak1 (TGFB-activated kinase 1) and Tab2 (Tak1-associated binding protein 2) (Ferrandon et al.,
2007).
Seven members of the PGRP family and one IMD gene have been identified to date in
An. gambiae (Christophides et al., 2002). Recently a functional Aedes Fas- associated
death domain protein (AeFADD) was identified in Aedes aegypti mosquitoes (Cooper
et al., 2009) as well as the Aedes Dredd protein (Cooper et al., 2007). Rel2 is the
mosquito orthologue of Drosophila Relish. In Ae. aegypti three Rel2 isoforms exist
(long, short and IκB-type) (Shin et al., 2002). In An. gambiae two Rel2 isoforms were
identified (Meister et al., 2005).
The IMD pathway branches into the Jnk signalling pathway at the level of Tak1. Tak1
activates Jnk signalling in response to bacteria via the Jnk kinase basket, which then
activates the Drosophila Jun-related antigen (Jra) and Kayak (Kay). At the end of this
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cascade, transcription of target genes is initiated. Activation of Jnk signalling may lead
to melanisation in response to parasite infection. It also controls cell survival and
apoptosis and is involved in cytoskeleton remodelling. Involvement of the Jnk pathway
in regulation of antimicrobial peptides still needs to be defined due to contradictory
findings (Lemaitre & Hoffmann, 2007).
A Jnk-like protein has been characterised in the Ae. albopictus C6/36 cell line, which
was shown to be involved in phagocytosis (Mizutani et al., 2003). Other mosquito
equivalents in the Jnk cascade have not been identified yet.
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1.4.1.3 JAK/STAT pathway
Studies in the mosquito An. gambiae gave the first evidence that the JAK/STAT
pathway is involved in the immune response. JAK/STAT signalling is activated upon
binding of the extracellular unpaired ligand (Upd) to the transmembrane receptor
Domeless (Dome), which in turn activates the associated JAKs (Hop). Then Hop
phosphorylates Dome, which results in formation of binding sites for cytoplasmic
STATs. STATs are phosphorylated upon recruitment into the Dome/Hop heterodimers.
The dimeric Dome/Hop/STAT complex then translocates into the nucleus, where it
activates transcription of target genes. The JAK/STAT pathway is regulated by PIAS
(protein inhibitor of activated STAT) and SOCS (suppressor of cytokine signalling)
(Lemaitre & Hoffmann, 2007; Souza-Neto et al., 2009; Waterhouse et al., 2007). STAT
proteins have been also described in Ae. albopictus (Lin et al., 2004). Although more
functional studies need to be done on the JAK/STAT signalling pathway, it has been
implicated as having antibacterial activity in An. gambiae (Barillas-Mury et al., 1999)
and as an antiviral defence mechanism in invertebrates and vertebrates (Dostert et al.,
2005).
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Figure 1.9 JAK/STAT signalling cascade.
See text for details. Taken from SouzaNeto et al. (2009).

1.4.1.4 Immune signalling in response to arboviral infection
Studies of arbovirus infections in mosquitoes give insight into which already known
immune responses are triggered, but also allow identification of new components of
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signalling pathways. The subject of mosquito antiviral responses to arboviruses was
recently reviewed by Fragkoudis et al. (2009).
Dengue virus infection of Ae. aegypti activates the Toll signalling pathway, which plays
an important role in control of the infection. It has also been shown that the mosquito’s
natural microbiota stimulates antiviral immune response to Dengue replication (Xi et
al., 2008). Infection with the same virus activates JAK/STAT signalling, which is
independent of Toll activation, and as a result DVRF1 and DVRF2 genes are
transcribed. The function of these genes is still unknown (Souza-Neto et al., 2009).
Other functional studies showed that Dengue virus down-regulates Toll and Imd/Jnk
pathways, which results in impairment of antimicrobial peptide production (Sim &
Dimopoulos, 2010).
In the early stages of Sindbis virus infection of Ae. aegypti the number of Rel1 (Aedes
Dorsal-related immunity factor, AeDif) transcripts is elevated, suggesting Toll signalling
as the primary immune response. However, the virus inhibits activation of Rel1 later in
the infection, which results in down-regulation of the Toll pathway. Similarly Imd/Jnk is
induced upon infection with Sindbis virus (Sanders et al., 2005). Avadhanula et al.
(2009) showed that Rel2 is activated in C6/36 cells infected with Sindbis virus. Rel2mediated transcription might be important during establishment of persistent infection
by the virus.
Studies with Semliki Forest virus in Ae. albopictus U4.4 cells showed that virus
replication was inhibited if the Imd/Jnk or JAK/STAT pathways were activated prior to
infection. Semliki Forest virus (SFV) has been also found to reduce Toll, IMD and JAKSTAT signaling in mosquito cells (Fragkoudis et al., 2008).
The interaction between immune signalling pathways and Dengue, Sindbis and Semliki
Forest viruses and a number of Drosophila viruses, are the best studied. Immune
responses to other arboviruses have not been investigated to the same extent.
Japanese encephalitis virus was shown to inhibit STAT phosphorylation in the Ae.
albopictus C6/36 cell line (Lin et al., 2004). There is no information on how
bunyaviruses influence or are influenced by the immune signalling pathways in
mosquito cells or mosquito vectors. Therefore, a study by Medeiros et al (2004) on a
plant bunyavirus, namely tomato spotted wilt virus from the Tospovirus genus, in its
insect vector is worth noting. Tomato spotted wilt virus activated genes encoding
antimicrobial peptides, such as defensin and cecropin, genes encoding Toll receptors,
and Jnk kinase in its insect vector, Frankliniella occidentalis, the western flower thrip.
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1.4.2 RNA interference (RNAi)
Double-stranded RNAs (dsRNAs) that are produced during virus replication are not a
natural phenomenon in a cell and their occurrence is an excellent warning system for
infection (Olson et al., 2002). Interestingly, mammalian cells have evolved to use the
appearance of dsRNA species to activate a complicated signalling cascade that leads
to interferon α/β response, which is the main weapon in fighting viral infection
(interferon response was recently reviewed by Randall & Goodbourn (2008)). Although
arthropods do not have a interferon system, other simpler but potent intracellular
responses to dsRNA have developed. This response is termed RNA interference
(RNAi) (Figure 1.10).
RNAi by small interfering RNAs (siRNA) has been investigated in Drosophila
melanogaster extensively in the past years and therefore is considered to be a good
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Figure 1.10 RNAi response. See text for details. Adapted from Olson et al (2002) and
Kemp & Imler (2009).
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model for studies in the context of an antiviral response (Chotkowski et al., 2008;
Galiana-Arnoux et al., 2006; Wang et al., 2006; Zambon et al., 2006).
Virus derived dsRNAs are cleaved by Dicer-2 (Dcr-2), which has RNase III enzymatic
activity, into siRNA species of 21 - 25 bp. Sometimes siRNAs are referred to as
viRNAs (virus-derived small interfering RNAs). The next step is the formation of an
active multiprotein RNA-induced silencing complex (RISC). RISC is formed by Dcr-2
interaction with the dsRNA-binding protein R2D2, which then loads one unwound
strand (the guide strand) of a viRNA. The complementary, passenger strand is
degraded. The RISC-loaded viRNA strand is used for recognition of target sequences
of viral single-stranded RNA. Target sequences bound by RISC are then degraded by
the Argonaute-2 (Ago-2) protein (Kemp & Imler, 2009).
Further studies in D. melanogaster revealed that Dcr-2 contains an amino-terminal
DExD/H box helicase domain, which has a similar function to vertebrate RIG-I-like
receptors in controlling antiviral gene expression. This domain is responsible for the
inducible expression of Vago protein that was found to be induced by Drosophila
Cvirus and controlled the viral load in the fat body of infected D. melanogaster
(Deddouche et al., 2008). This shows that components of RNAi might also play an
important role in immune signalling. An important question is whether this role of Dcr-2
is conserved in mosquitoes.
RNAi was also shown to be an important antiviral mechanism in mosquitoes (SanchezVargas, 2004). Functional orthologues of Dcr-2, R2D2 and Ago-2 were found in
anopheline, culicine and aedine mosquitoes (Campbell et al., 2008a; Hoa et al., 2003).
Recent studies of Sindbis virus infection in Ae. aegypti mosquitoes suggest that an
RNAi response could be associated with the midgut infection barrier and the midgut
escape barrier (Khoo et al., 2010).
Recently it has been demonstrated that cells are able to establish an antiviral state by
cell-to-cell spread of protective antiviral siRNAs, which consequently helps limit virus
replication. This was demonstrated for Drosophila C virus and Sindbis virus in the D.
melanogaster S2 cell line (Saleh et al., 2009) and for Semliki Forest virus in an A.
albopictus cell line (Attarzadeh-Yazdi et al., 2009).
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1.4.2.1 RNAi in response to arboviral infection
Mosquito-borne viruses have been shown to induce an RNAi response in their vectors
as functional RNAi components have been found in mosquitoes.
The involvement of an RNAi response in control of O’nyong nyong togavirus was
shown in An. gambiae. When the AgAgo2 protein was down regulated, An. gambiae
mosquitoes were more permissive to virus replication and dissemination (Keene et al.,
2004). Similarly Sindbis virus replication increased after silencing RNAi components in
Ae. aegypti. Furthermore virus-specific siRNAs were detected in Ae. aegypti
mosquitoes infected with Sindbis virus (Campbell et al., 2008b; Cirimotich et al., 2009;
Myles et al., 2008). Research on Dengue virus in Ae. aegypti cells and mosquitoes
showed that viral dsRNA triggers production of Dengue virus-specific siRNAs, but the
response was not totally effective in preventing replication of this virus (SánchezVargas et al., 2009).
Interesting results were obtained in Ae. albopictus C6/36 cells which developed virus
resistance by transcription of Dengue or West Nile virus-specific RNA from plasmid
DNA prior to infection with the respective virus (Adelman et al., 2002; Chotkowski et
al., 2008). However West Nile virus infection of naive C6/36 cells did not induce a
detectable RNAi response. Moreover West Nile virus induced a protective RNAi
response in D. melanogaster S2 cell line (Chotkowski et al., 2008).
Whereas the RNAi response is actively studied in infections by positive-strand RNA
viruses, like flaviviruses and alphaviruses (Fragkoudis et al., 2009), little is known
about the involvement of RNAi responses to negative-strand RNA viruses in
mosquitoes. To date the only mosquito-borne bunyavirus that was shown to induce
RNAi response in mosquito cells is La Crosse orthobunyavirus. Following infection,
virus specific RNAis were detected (Blakqori et al., 2007). As bunyaviruses are of
interest in this dissertation it is worth noting that the induction of virus specific RNAi
silencing prior to infection was capable of inhibiting replication of Hazara nairovirus in a
cell line derived from Ixodes scapularis tick embryos (Garcia et al., 2005).

1.4.2.2 Viral RNAi suppressors and evasion of RNAi
Many plant- and arthropod- infecting viruses encode proteins that suppress host RNAi
responses by interacting with the elements of this process (Table 1.5). Interestingly, no
evidence of viral suppressors of RNAi have been found to date in mosquito-borne
viruses. However if an RNAi suppressor of a different origin is introduced into the
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mosquito cell, virus replication is enhanced. Thereby it has been suggested that
arboviruses instead of suppressing the RNAi response, evade it (reviewed by
Fragkoudis et al, 2009).

RNAi
suppressor

How it suppresses

Cell system

CrPV-1A

Interaction with
Ago2

Drosophila

DCV-1A

Binds long dsRNAs

Drosophila

B2

Binds dsRNA

Various

Influenza virus

NS1

Binds dsRNA and
siRNA

Rice hoja blanca

NS3

Binds siRNAs
molecules

Mammalian,
arthropod cells
Mammalian,
insect and plant
host

Tomato spotted
wilt virus

NSs

Affects the early
stages of RNAi

Plants

Tombus virus

p19

Binds siRNAs

Various

Virus
Cricket paralysis
virus
Drosophila C
virus
Flock House
virus

Reference
(Nayak et al.,
2010)
(Van Rij et al.,
2006)
(Chao et al.,
2005)
(Bucher et al.,
2004)
(Hemmes et al.,
2007; Schnettler
et al., 2008)
(Bucher et al.,
2003; Takeda et
al., 2002)
(Voinnet, 2005) review

Table 1.5 Examples of RNAi suppressors encoded by various viruses used in RNAi
research.
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2 AIMS

The aims of this project were:
•

To compare and characterise Bunyamwera virus infection in Aedes albopictus
cell lines, C6/36, C7-10 and U4.4 (Chapter 5 and 6).

•

To explore immune responses mediated by the Toll and IMD/Jnk pathways
(Chapter 7).

•

To determine whether an RNAi immune response is active during BUNV
infection (Chapter 8).

•

To investigate Bunyamwera virus ability to replicate in Aedes aegypti cells (Ae
and A20), and to compare the infection in living Aedes aegypti mosquitoes
(Chapter 9).

•

To determine potential functions of the NSs protein in mosquito cells, by
comparing replication of the wild type Bunyamwera virus (wtBUNV) and the
NSs deletion recombinant (rBUNdelNSs2) (Chapters 5 to 9).
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3 MATERIALS
3.1 Bacterial strains and culture media
E.coli JM109 - endA1, recA1, gyrA96, thi, hsdR17 (rk–, mk+), relA1, supE44, Δ( lacproAB), [F´ traD36, proAB, laqIqZΔM15]. This bacterial strain was used for the
propagation and maintenance of plasmids.

Bacteria were grown using:
LB medium - 10 g bacto-tryptone, 5 g yeast extract and 10 g NaCl per litre of H2O,
pH 7.5.
LA base – LB medium with 1.5% (w/v) agar and 10mM MgSO4.

3.2 Cell lines and culture media
3.2.1 Mosquito cell lines were grown at 28°C in an incubator with no CO2. Optimal
culture medium: Leibowitz 15 (L15) supplemented with 10% FBS and 10% Tryptose
Phosphate Broth (TPB).
Aedes albopictus cell lines, C6/36, C7-10 and U4.4 cell lines were derived from
Singh clone (neonate larvae of Ae. albopictus). Details on origin are described in the
section 5.1.
Aedes aegypti cell lines, Ae and A20, cloned from neonate larvae of Aedes aegypti
(Pudney et al., 1979) was received from Prof. Xavier de Lamballerie (Emergence des
Pathologies Virales, Institut de Recherche pour le Développement - Université de la
Méditerranée, Marseille, France).

3.2.2 Mammalian cell lines

were grown at 37°C in a humidified incubator

maintained with 5% CO2.
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Vero – epithelial African Green Monkey kidney cells. Optimal culture medium:
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) + 10% FBS.
BHK-21 – Baby Hamster Kidney cells (Macpherson & Stoker, 1962). Optimal culture
medium: Glasgow Modified Eagles Medium (GMEM) + 10% NCS + 10% TPB

3.3 Virus strains and mutants
wtBUNV – wilt-type Bunyamwera virus.
rBUNdelNSs2 - recombinant virus created by reverse genetics methods. It is a
deletion mutant of BUNV, which does not express the NSs protein (Bridgen et al.,
2001; Hart et al., 2009).

rBUNM-NSm-GFP – recombinant virus that expresses an NSm-GFP hybrid protein
was obtained by reverse genetics. The enhanced GFP open reading frame was fused
to NSm in domain IV between residues 403 and 420 (Shi et al., 2006).

rBUNM-NSm-GFP-delNSs – rBUNM-NSm-GFP recombinant, which in addition to
changed NSm sequences, does not express the NSs protein (X. Shi, unpublished).

rBUNGc-GFP – recombinant, in which amino acids 501 to 826 of the Gc glycoprotein
precursor were replaced with GFP sequence (Shi et al., 2010).

rBUNdelNSs-GcGFP – rBUNGc-GFP recombinant, which in addition to change in
Gc sequences does not express the NSs protein (C. Carlton-Smith, unpublished).
wtLACV – wilt-type La Crosse virus; supplied by G. Blakqori
rLACVdelNSs – recombinant virus created by reverse genetics methods. It is a
deletion mutant of LACV, which does not express the NSs protein (Blakqori & Weber,
2005).

SFV4 – Semliki Forest virus strain 4 was provided by A. Kohl (The Roslin Institute and
Royal (Dick) School of Veterinary Studies, University of Edinburgh, Edinburgh)
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3.4 Plasmids
pGEM-T Easy (Promega) – AmpR, a linear vector used for cloning of the PCR
products bearing 3’A overhangs. Contains 5’T residues at both ends.

pTM1-BUNNSs

(provided by R.M. Elliott) - AmpR, pTM1 vector containing full

length BUNV NSs ORF under the control of T7 RNA polymerase and the internal
ribosome entry site (IRES) of encephalomyocarditis virus (Weber et al., 2001).

pIB/V5-His (Invitrogen) – AmpR, vector, which contains baculovirus immediate early
promoter OpIE2 from Orgyia pseudotsugata multicapsid nuclear polyhedrosis virus. It
has OpIE1 promoter for expression of the blasticidin resistance gene for selection of
stable cell lines.

pIB-GFP (provided by Dr. A. Kohl) – AmpR, a derivative of the plasmid pIB-V5/His,
with the green fluorescent protein (GFP) gene placed under the control of the OpIE2
promoter.

pIB-BUNVNSs (constructed in this project) - AmpR, a derivative of the plasmid pIBV5/His, with the BUNV NSs gene placed under the control of the OpIE2 promoter.

phRL-CMV (Promega, USA) – AmpR, vector that contains the Renilla luciferase gene
(with codon usage altered to that most common in human genes) under the control of
the CMV immediate early promoter.

pJL195 (provided by Dr. A. Kohl) – AmpR, plasmid contains a signal peptide
sequence, an allele of Drosophila Toll with the LRR repeat deleted (TollΔLRR).

Drosophila reporter plasmids (received from Prof. Jean-Luc Imler, Institut de
Biologie Moleculaire et Cellulaire, Strasbourg, France)

-

AmpR, constructs based on

the pGL3 Luciferase Reporter Vector (Promega), with specific promoter sequences
inserted (Tauszig et al., 2000).
pJM648 – drosomycin promoter
pJL137 – defensin promoter
pJL153 – cecropin A1 promoter
pJL169 – attacin A promoter
pJM647 – diptericin promoter
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pJL139 – drosocin promoter

pT7riboBUNS(+), pT7riboBUNS(-) - AmpR, contain the full-length sequence of the
BUNV S segment. The viral sequences are cloned in the positive (+) or negative (-)
sense between the T7 promoter and hepatitis δ ribozyme, allowing the expression of
antigenome and genome RNA segments with two non-viral G residues at the 5’ end
and an authentic 3’ end (Bridgen & Elliott, 1996).

3.5 Synthetic oligonucleotides (Sigma, UK)
Name

Sequence in 5’ à 3’ order

BUNS+

AGTAGTGTACTCCACACTACAAAC

BUNS-

AGTAGTGTGCTCCACCTAAAAC

5’EcoRI-SV5-NSs

GACAGAGAATTCACCATGATCCCAAACCCTTTGCTGGGATTGGAC
TCGCTGCTAACACCAGCAGTA

3’XhoI-NSs

GACACTCGAGCTTTCAGCATCTTCTCAAGTAGGTA

Table 3.1 The sequences of synthetic oligonucleotides.

3.6 Reagents
3.6.1 Antibiotics
Ampicillin (Sigma) 100 mg/ml
Antimycotics-antibiotics 100x (Sigma) - Contains: 10000 units/ml of penicillin (base),
10000 µg/ml of streptomycin (base) and 25 µg/ml of amphotericin B solubilised in a
proprietary citrate buffer.
Blasticidin 10mg/ml (Invitrogen) – used concentrations 20 – 80 µg/ml
Plasmocin (25mg/ml), Plasmocure (25mg/ml) (InvivoGen) – used to cure cell lines
infected by Mycoplasma and related cell wall-less bacteria.
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3.6.2 Antibodies
Primary antibodies

Antibody

Dilution used in
Western
blotting
Immunofluorescence

Specificity

Rabbit anti-BUNV
N (R. M. Elliott)

bacterially expressed
BUNV N protein

1:3000

1:200

Rabbit anti-BUNV
NSs (R. M. Elliott)

Synthetic peptide based
on the NSs protein

1:300

1:100

Rabbit antiSFVnsP3 (A. Kohl)

nsP3 protein of Semliki
Forest virus

-

1:400

Mouse anti-tubulin
(Sigma)

Tubulin

1:10000

-

Mouse anti-tubulin
(Calbiochem)

Tubulin

-

1:100

Mouse anti-Flag
(Roche)

Flag-tag

-

1:100

Mouse J2 (Scicons,
Hungary)

dsRNA

-

1:200

Secondary antibodies
Antibody

Specificity

Anti-rabbit IgG HRPlinked (Cell
Signalling)

Dilution used in
Western blotting

Immunofluorescence

Rabbit IgG

1:3000

-

Anti-mouse IgG HRPlinked (Sigma)

Mouse IgG

1:5000

Anti-mouse CY5
(Sigma)

Mouse IgG

-

1:400

Anti-rabbit TexasRed
(Cell Signalling)

Mouse IgG

-

1:200

Fluorescent stains and conjugates
Conjugate

Specificity

Dilution used in
Immunofluorescence

DAPI

dsDNA; used to stain nuclei

1:1000

Alexa Fluor® 488
phalloidin (Invitrogen)

F-actin

1:30
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3.6.3 Enzymes
All restriction enzymes, calf intestinal phosphatase (CIP), T4 DNA ligase, Taq
polymerase were purchased from Promega, New England Biolabs (NEB) or Roche.
The enzymes were used with buffers as supplied by the manufacturers.

3.6.4 Pansorbin – a preparation of formalin-fixed and heat-killed Staphylococcus
aureus cells. Used here to activate Toll-like receptor signalling pathways, as it has
been previously shown effective in mammalian cells (Yoder et al., 2003). Concentration
used: 0.5% in Leibowitz 15 medium.

3.6.5 Protease inhibitors (Roche) –

7x stock solution was prepared

according to the manufacturer’s protocol.

3.7 Buffers and solutions
All chemicals were obtained from Fermentas, Invitrogen or Sigma unless otherwise
stated.

Agarose overlay (0.6%) – 1.2 g of Type VII agarose, low gelling temperature
dissolved in 100 ml of H2O (to obtain 1.2%) and autoclaved 20 min 0.7 atm. Melted
agarose was cooled to 55°C and diluted 1:2 with 2x MEM medium (Gibco).

Avicel overlay (0.6%) - 1.2 g of Avicel (FMC BioPolymer, Belgium) dissolved in 100
ml of H2O (to obtain 1.2%) and autoclaved 20 min 0.7 atm. Cooled to room
temperature and diluted 1:2 with 2x MEM medium (Gibco).

Blocking Buffer – 5% dried skimmed milk in PBS-T.
Carbonate buffer (200mM) – 80mM NaHCO3, 120mM Na2CO3
EDC

(1-Ethyl-3-(3-dimethylaminopropyl)

carbodiimide)

cross-linking

solution 0.16M EDC prepared in 0.13M 1-methylimidazole at pH 8.
Giemsa stain – diluted 1:10 in dH2O
Mowiol (Calbiochem) - cover slip-mounting solution for fluorescence microscopy
supplemented with DAPI.
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Neutral Red - 0.06% (w/v) in PBS. Stains live cells.
RNase A (ribonuclease A, bovine pancreatic ribonuclease) – 10 mg/ml in
10mM Tris-HCl pH 7.5, 15mM NaCl. Boiled for 15 min at 100°C to inactivate DNases.

RIP buffer – 1% Triton X-100 (v/v), 50mM Tris-HCl (pH 7.4), 300mM NaCl, 5mM
EDTA.

Protein dissociation mix (2x) – 0.125M Tris-HCL (pH 6.8), 4% (w/v) SDS, 10%
(v/v) glycerol, 4% (v/v) β-mercaptoethanol, 0.02% (w/v) bromophenol blue.

Phosphate buffered saline (PBS) – 137mM NaCl, 15mM KCl, 10mM
Na2HPO4/KH2PO4; (pH 7.4)

Phosphate Buffered Saline with Tween20 (PBS-T) – PBS plus 0.05% (v/v)
Tween 20

RNA loading buffer - 10x: 50mM Tris-HCl (pH7.6), 60% (v/v) glycerol, 0.25% (w/v)
bromophenol blue.

SSC buffer – 20x: 3M NaCl, 0.3M Tri-Sodium Citrate; (pH 7.0).
Transfer buffer – 15mM Tris, 120mM glycine, 20% methanol
Tris Acetate with EDTA (TAE) Buffer – 40mM Tris-HCl, 1mM EDTA, 20mM
Acetic acid

Tris-Borate-EDTA (TBE) – 90mM Tris-HCl, 90mM Boric acid, 1mM EDTA, pH8
Tris-glycine running buffer – 25mM Tris, 192mM glycine, 0.1% SDS
Tris-glycine transfer buffer – 15mM Tris, 120mM glycine, 20% methanol
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4 METHODS
4.1 DNA manipulation
4.1.1 Plasmid propagation in bacteria and preparation
Competent E.coli cells were prepared using Z-Competent E.coli Transformation kit and
Buffer Set (Zymo Research) according to manufacturer’s protocol. Competent bacteria
stocks were stored frozen at -80°C. The cells were transformed with 100 ng of plasmid
DNA by 10 to 30 min incubation on ice. The cells were plated on LA plates with the
appropriate selective antibiotic and incubated overnight until bacterial colonies were
visible. If bacteria were transformed with pGEM-T easy plasmid, 0.5 ml of LB medium
was added and cells incubated for one hour at 37°C prior to plating. The colonyderived bacteria were used for inoculation of LB media supplemented with antibiotics
and grown overnight.
Small-scale preparation of plasmid DNA from bacterial culture was performed using
QIAprep Spin Miniprep Kit (QIAGEN, Germany) according to the manufacturer’s
protocol. Plasmid minipreps were used for diagnostic digestion and sequence analysis
prior to large scale DNA preparation.
Large-scale preparation of plasmid DNA from bacterial culture was performed using
QIAGEN Plasmid Maxi Kit (QIAGEN, Germany). DNA was purified following
manufacturer’s protocol.
The plasmid DNA was stored at -20°C.

4.1.2 DNA agarose gel electrophoresis
Electrophoresis of DNA was carried in a horizontal slab gel containing 1 % (w/v)
agarose and 5 µg/ml ethidium bromide in TBE buffer. DNA samples were mixed with
0.2 volumes of loading dye (Fermentas, Lithuania) prior to electrophoresis at 75 V in
TBE buffer. Gels were analysed using a ultra-violet trans-illuminator. A 1kB DNA ladder
(Fermentas) was used for size comparison.
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4.1.3 PCR
The PCR method was used to amplify DNA. PCR reactions were performed in thinwalled 0.5 ml tubes using a thermal cycler with heated lid. The purified plasmid DNA
(50-200 ng/reaction) or cDNA obtained from reverse transcription reaction was used as
the template DNA.
Each reaction was set up in a 50 µl volume with 2 U of Taq DNA Polymerase
(Promega) in commercial buffer containing MgCl2. The reaction mix included dH2O,
800 µM dNTP mix, template DNA and 0.2 µM each of the forward and reverse primers.
A standard amplification program was 30 cycles, starting with 5 min initial denaturation
of the template at 94°C, followed by 30 s of denaturation at 94°C, 1 min of primer
annealing at 58°C, template elongation for 1 min per 1kb of the fragment at 72°C in
each cycle. The program was terminated by 10 min elongation at 72°C.
Samples were analysed by agarose gel electrophoresis to assess the success of the
PCR reaction. Products of the correct size were purified from agarose gels using the
Wizard® SV Gel and PCR Clean-Up Kit (Promega, USA) according to manufacturer’s
protocol. Purified DNA was stored at -20°C.

4.1.4 Molecular cloning
The molecular cloning techniques were used as described by Sambrook and Russell
(Sambrook & Russell, 2001). The DNA fragments for cloning were obtained either by
PCR reaction or by restriction enzyme digestion. Digestion with restriction
endonucleases (Promega) was carried out in the commercial buffers, for four hours to
over night at the enzyme’s optimal temperature. The reaction was terminated by
thermal deactivation of the enzyme. The fragments containing termini obtained by
cleavage with a single restriction enzyme were dephosphorylated using the rAPid
Alkaline Phosphatase (Rapid DNA Dephos & Ligation Kit, Roche) according to the
manufacturer’s protocol. After thermal deactivation of the phosphatase, cleaved
plasmid fragments were stored at -20°C or used in the ligation reaction. Purified genes
and plasmid fragments were ligated using Rapid DNA Dephos & Ligation Kit (Roche)
according to the protocol supplied with the kit. The ligation mix was used to transform
competent E. coli as described in section 4.1.1.
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4.2 Cell culture
4.2.1 Maintenance of cells
Cell cultures were routinely passaged at confluency. Ae. albopictus cell monolayers
were harvested by scraping off the cells and subsequent resuspension in fresh
medium. Mammalian cell monolayers were harvested by washing with EDTA – trypsin
solution. Cells were incubated at 37°C for 5 minutes before resuspension in fresh
medium. Cells were split 1:10 into flasks (75cm2 or 175cm2) or seeded into appropriate
tissue culture plastic ware.

4.2.2 In vivo radio-labelling of intracellular proteins
Cells in 35 mm dishes were starved by incubation for 1 hour in PBS. Cells were labeled
for 2 hours with 30µCi of [35S]-methionine (MP Biomedicals, USA) in 500 µl PBS per
dish. After labeling cells were washed twice with ice cold PBS and 100 µl of 2x protein
dissociation mix was added. Cells were lysed for 5 min at room temperature and
homogenized by passage through a blue tip, and the lysate was transferred to a 1.5 ml
microfuge tube. Samples were stored at -20°C. A tenth of the sample was analysed on
precast 4-12% SDS-PAGE (Invitrogen), and then gel was dried and analyzed by
autoradiography.

4.2.3 Transfection
Transfections were carried out on cells of 70-80% confluency using Lipofectamine
2000 transfection reagent. For the transfection two solutions were prepared in
microtubes. Solution A: For each transfection in 35 mm dish (or 24-well plate), 0.8 - 2
µg (approx. 15 µl) of DNA was diluted into 50 µl (25 µl8) Optimem medium. Solution B:
For each transfection, 1 µl of Lipofectamine 2000® Reagent (Invitrogen) per 800 ng of
DNA was diluted into 50 µl (25 µl7) Optimem medium. After 5 min incubation at room
temperature the two solutions were combined and incubation was carried for further 30
min. Then 800 µl (400 µl7) L15 medium without FBS was added to the A+B mix solution
and the whole mixture was applied to the monolayer of mosquito cells and the culture
was incubated for 5 h in 27°C. DNA-containing medium was replaced with 2 ml (0.5
ml7) of fresh complete L15 medium and the cells were grown at 27°C until harvest.

8

Volume per well if transfection was carried in 24-well plates.
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4.2.4 Pathway stimulation with Escherichia coli
Inactivated E.coli were used to activate the IMD/Jnk pathway. Every stock was
prepared fresh by inoculating one microlitre of E. coli strain JM109 into 5 ml of LB
media and incubated at 37°C for 18 h. The bacterial suspension was centrifuged at
2500 rpm, 4°C for 10 min. The bacterial pellet was washed twice with PBS, and then
resuspended in 0.5 ml of PBS. Bacteria were inactivated by incubating at 80°C for 20
min. After cooling, 2 µl of inactivated bacteria were added per 1 ml of fresh cell culture
medium. Appropriate volumes of such prepared media were applied onto the mosquito
cells for 1 h at 27°C. After stimulation, cells were washed once with PBS and fresh cell
culture medium applied.

4.3 Mosquito studies
4.3.1 Mosquito rearing
Batches of Aedes aegypti Paea eggs were allowed to hatch and pools of 200 larvae
were reared in pans containing 1 l of water supplemented with half a yeast tablet
(supplied by Pasteur Institute, Paris, France). Six to seven days later pupae were
collected into a bowl with water and placed in a cage to eclose into the adult form.
Mosquitoes were maintained in insectaria at 28 ± 1°C with 80% relative humidity and a
16h : 8h photoperiod. Adults were fed with 10% sucrose solution until infection.

4.3.2 Preparation of blood meal for mosquito infection.
Fresh rabbit blood was collected and mixed with an equal volume of PBS. The mixture
was centrifuged at 1200 rpm, 4ºC for 15 min. The transparent layer was discarded. The
red blood cells were washed three times by filling the tube with PBS up to the initial
blood volume and centrifugation at 3000 rpm, 4ºC for 5 min. Prepared blood was
stored at +4ºC until infection. Immediately prior to infection, virus suspension was
diluted (1:3) in washed blood and adenosine triphosphate was added to a final
concentration of 5 mM. Blood meal was maintained at a constant temperature of 37ºC.

4.3.3 Oral infection of mosquitoes.
Four- to six-day old mosquitoes were anaesthetized on ice. Female mosquitoes were
separated from males by the size and anatomy of their antenna (Figure 3.1). Female
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mosquitoes are larger, and the number of antennal flagellar hairs is lower than in
males. Female mosquitoes were placed in plastic boxes in batches of 60 and starved
of sucrose and deprived of water for 24h before infection. Water-jacketed membrane
feeders were used and the blood meal was maintained at 37º by circulating warm
water through an external jacket. The feeder was covered with chicken skin. Freshly
prepared blood meal was added and feeders were placed on containers with
mosquitoes, which were allowed to feed for 15 min. After feeding the mosquitoes were
anaesthetized on ice. Fully engorged mosquitoes were selected and placed in
cardboard boxes and held at a constant temperature of 27ºC and relative humidity of
80% in an incubator until harvest.

Figure 4.1 Colour print of the yellow fever or dengue mosquito Aedes aegypti. To the left,
the male, in the middle and on the right, the female. Above left, a flying pair in copula
(Goeldi, 1905).
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4.3.4 Harvesting infected mosquitoes.
At specified times post-infection mosquitoes were anesthetised and kept on ice until
further processing. For Western blotting whole mosquitoes were frozen at -80°C until
the day the SDS PAGE gels were run. For titration and confocal microscopy purposes
mosquitoes were dissected into wings, midguts and salivary glands on the day of
harvest. A mosquito was placed onto a drop of 1x PBS on a glass slide, and was
dissected under a light microscope with 10x objective. Pairs of wings were removed
using forceps and placed in tubes for titration. To dissect midguts, the mosquito was
immobilised with one needle-tip probe by pressing on the thorax, and the abdominal
shell was pulled off with another probe. The midgut remained attached to the
immobilised thorax, which was then detached from the rest of the mosquito body and
placed in a tube for titration, or into a drop of 10% paraformaldehyde (PFA) on a slide
for confocal microscopy. To dissect the salivary glands, the remaining thorax with the
head was used. While the head was being pulled off with one probe, the thorax was
being pressed on with another probe, until the salivary glands were pulled out of the
thorax along with the head. Then the pair of glands was detached from the head and
placed in a tube for titration or onto a glass slide for confocal microscopy.
For titration purposes, pairs of wings, midguts or pairs of salivary glands in groups of
three were placed in a tube containing 100 µl of Leibowitz 15 media (Gibco) and glass
beads. Then the organs were homogenised using a bead beater, where each tube was
shaken for 15 sec. Samples were stored at -80°C until titration by plaque assay.
For immunofluorescence analysis by confocal microscopy midguts or salivary glands
were placed into a drop of 10% PFA on glass slide. After 15 min incubation in room
temperature, the organs were washed in 1X PBS three times, and then left to dry at
room temperature. Dried slides were stored at +4°C until further processing.

4.4 Virus manipulation
4.4.1 Viral infection of cells in culture
Virus infections were performed on cells seeded the day before. The culture medium
was removed from the cells, and the virus stock added to the cells at the desired MOI,
diluted with culture medium if needed. After 1-2 hour incubation, in an incubator
appropriate for the cell type the inoculum was removed, the cells were washed once
with fresh medium, fresh medium added, and the cells were returned to 37°C.
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4.4.2 Plaque assay
Viruses were titrated by infecting Vero cell monolayers grown in 6-well plates with
serial dilutions of the virus stock. The cells were seeded a day before to obtain 80%
confluency. Virus dilutions (10-1 – 10-8) were prepared in PBS supplemented with 2%
FCS. After 1 hour incubation with 200 µl of virus dilution at 37°C in a 5% CO2
humidified atmosphere, the cells were overlaid with 0.6% agarose or Avicel solution to
retard virus spread and visualize virus plaques. Usually at 6-7 days post-infection (dpi)
for agarose overlay or 3-4 dpi for Avicel overlay the cells were fixed with 5%
formaldehyde (v/v) for at least 3 hours. The overlay was removed and the cells stained
with Giemsa stain for 10 minutes. Plaques were counted and titre of the virus was
reckoned according to the formula:

VT – virus titre [PFU/ml]

VT =

PN
×5
D

PN – number of plaques counted on well with given dilution
-6

D – dilution (e.g. 10 )

4.4.3 Plaque picking and virus grow up from a single plaque
Viruses of interest were plaque purified in Vero or BHK-21 cells, under an agarose
overlay. The procedure was the same as in 4.4.2, but instead of fixing, the cells were
stained for 2 hours with neutral red solution. A single plaque was picked using a plastic
tip and was resuspended in 1ml of fresh medium. Half of this volume was used to infect
a 35 mm dish of confluent BHK-21 cells. A further 1.5 ml medium was added and the
infected cells were incubated for 3 days or until visible CPE. The cells and medium
were collected and used for RNA purification.

4.5 Protein analysis
4.5.1 Preparation of cell extracts
To prepare cell extracts for Western Blot analysis, harvested cells were washed with
PBS before addition of RIP buffer. Cells were lysed for 5 min at room temperature and
homogenized by passage through a blue tip. The lysate was transferred to a 1.5 ml
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microfuge tube, and samples were stored at -20°C. The required amount of sample
was mixed with an equal volume of 2x protein dissociation mix prior to analysis by
SDS-PAGE.

4.5.2 Preparation of mosquito samples for Western blotting
For Western blotting mosquitoes were divided into the abdominal part and the
thorax/head part and homogenised using BioMasher Disposable Homogenisers
(Investigen). A filter column was placed into a 1.5 ml collection tube, and each
mosquito part was placed in the filter column with 50 µl of RIP buffer supplemented
with protease inhibitors. The homogeniser was inserted into the filter column, and
rotated in order to disrupt the tissue. The tubes were centrifuged at 15000 x g for 1
min. The homogenised samples were collected in a collection tube and the
homogeniser and the filter column discarded. Equal volume of 2x protein dissociation
mix was added to the sample. Samples were fractionated by SDS-PAGE, proteins
transferred onto a membrane and Western blotting performed.

4.5.3 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PGE separation of proteins was carried out using the XCell SureLockTM Novex
Mini-Cell Electrophoresis system (Invitrogen). Two types of polyacrylamide gels were
used: NuPAGE 4-12% pre-cast polyacrylamide gels were used for radiolabelling
experiments and traditionally poured Tris-glycine gels were used for Western blotting
samples. To prepare traditional Tris-glycine gels, 12% or 15% resolving gel (Table 4.1)
..
1

Resolving gel (12 ml )

1

Stacking gel (3 ml )

Component volumes (ml) per gel
Solution components
12%

15%

4.0

3

1.75

30% acrylamide mix

5

6

0.5

RGB

3

3

-

SGB

-

-

0.75

0.1

0.1

0.03

H2O

10 % APS

Table 4.1 Solutions for preparing resolving and stacking gels for SDS-PAGE.
1 – Amounts are given for a small gel.
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was poured into a gel cassette (Invitrogen) to a level approximately 1 cm below the
base of the gel comb. This was immediately overlaid with isopropanol. After
polymerisation, the isopropanol was poured off and stacking gel was applied (Table
4.1). A comb was inserted and following polymerisation it was removed leaving
individual wells for protein samples. The gel was placed in the electrophoresis
apparatus and the reservoirs filled with appropriate running buffer (Table 4.2). Protein
samples were heated to 100°C for 5 to 10 min prior to loading. Gels were run at
constant voltage of 100V until the bromophenol blue stain reached the bottom of the
resolving gel. The apparatus was disassembled and the gel prepared for blotting or
drying procedures described below.

NuPAGE gels

Traditional Tris-glycine
gels

NuPAGE MES SDS running
buffer (Invitrogen)

Tris-glycine running Buffer

Running
voltage

150V

100V

Transfer
Buffer

NuPAGE Transfer Buffer
(Invitrogen)

Tris-glycine transfer Buffer

Running buffer

Table 4.2 Parameters for NuPAGE and traditional Tris-glycine gels

4.5.4 Protein electrotransfer
SDS-PAGE gels, nitrocellulose membrane and blotting pads were equilibrated in
transfer buffer for 5 min (Table 4.2). Electrotransfer was carried out on a Semi-dry
Blotter (BioRad), which was assembled according to the manufacturer’s instructions.
An electrotransfer ‘sandwich’ was set up. A current of 0.8 mA/cm2 of membrane was
applied for 1h.

4.5.5 Western Blotting and detection of proteins
Following transfer the membrane was incubated in blocking buffer for 2 hours at room
temperature on a rocker. The blocking buffer was replaced with fresh blocking buffer
containing primary antibodies, and the membrane incubated overnight at 4°C, on a
rocker. The membrane was washed 3 times in PBS-T for 15 min before addition of
blocking buffer containing secondary antibodies. After 1.5 hour incubation, the
membrane was washed further 3 times in PBS-T. Immunocomplexes on the
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membranes were detected by SuperSignal West Pico Chemiluminescent Substrate
(Pierce) according to manufacturer’s instructions. The membrane was exposed to
Kodak X-Omat film.

4.5.6 Gel drying
The SDS PAGE gel was incubated in fixing buffer for 30 minutes. Then the buffer was
replaced with the amplify solution if needed and incubated for another 15 min. Prior to
placing the gel in the drying apparatus, the gel was washed with 5% glycerol solution.
The gels were dried for 1.5 h at 80°C and then exposed to Kodak X-Omat film.

4.5.7 Immunofluorescence of infected cells
Cells were seeded on 13mm round cover slips in 24-well plates. Cells were transfected
or infected 24 h post seeding. At specified times post transfection or post infection cells
were washed twice in PBS and then fixed in 4% paraformaldehyde for 30 min at room
temperature. After washing in PBS cells were permeabilised in 0.1% Triton in PBS for
20 min at room temperature. After permeabilisation cells were washed three times with
PBS. Cover slips were incubated for 30 min on ice with primary antibody dilution in
PBS supplemented with 1% FCS (PBS/1%FCS). After solution with primary antibodies
was removed, cells were washed five times with PBS. Then secondary antibodies
diluted in PBS/1%FCS were applied for 30 min. Incubation was carried on ice. After
washing with PBS five times, cover slips with cells were placed on a drop of mowiol
with DAPI on a slide. Slides were left to dry in room temperature and then stored at
+4°C until microscopic examination.

4.5.8 Immunofluorescence of infected mosquito organs
Dissected midguts or salivary glands were placed into a drop of 10% PFA on glass
slide. After 15 min incubation in room temperature, the organs were washed in PBS
three times, and then left to dry in room temperature. Dried slides were stored at +4°C
until further processing.
Dried slides with mosquito organs were rehydrated for 5 min in PBS. Next, the organs
were permeabilised for 10 min in PBS supplemented with 0.1% triton. After washing in
PBS twice for 5 min blocking solution composed of PBS supplemented with 1% BSA
and 0.1% Tween 20 was applied onto each slide and the samples were incubated in a
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humid chamber for 30 min in room temperature. After blocking, a solution of primary
antibody in PBS supplemented with 1% BSA was applied to each slide. Slides were
incubated in a humid chamber for one hour at room temperature. After washing three
times for five min in PBS, samples were incubated in a humid chamber with secondary
antibody solution in PBS supplemented with 1% BSA for 45 min at room temperature.
Then the washing procedure was repeated. To visualise actin in the organs, diluted
Alexa Fluor Phalloidin (Invitrogen) was applied onto each slide and incubation was
continued in a humid chamber for 20 min at room temperature. After washing three
times for 5 min in PBS, a drop of Prolong Gold antifade reagent with DAPI (Invitrogen)
was applied onto the organ on the slide and a cover slip was placed on top. Mounted
slides were left over night to set in room temperature. The next day nail polish was
applied along the edges of cover slips to prevent the samples from drying. Slides were
stored at +4°C until microscopic analysis.

4.5.9 Luciferase assays
Luciferase assays were performed using the Dual-Luciferase® Reporter System
(Promega) according to instructions supplied by the manufacturer. In short, cells in 24well plates were washed once with PBS and then lysed by adding 100 µl of Passive
Lysis Buffer (supplied with the kit), and incubating for 15 min at room temperature with
constant agitation. Luciferase Assay Reagent II (LARII) and Stop & Glo Reagent (SGR)
were prepared fresh according to the manufacturer’s recommendations. To measure
the firefly luciferase activity 5 µl of cell lysate were added to 100 µl of LARII in a
luminometer cuvette, the sample mixed, and a luminometer reading for firefly luciferase
taken. Then 100 µl of SGR was added to the same cuvette, the sample mixed, and the
Renilla luciferase activity was measured.

4.6 RNA manipulation
4.6.1 RNA extraction
RNA extraction was performed using TRIzol Reagent (Gibco). Cells in a 25cm2 flask at
confluency were lysed with 1 ml of TRIzol Reagent and transferred to a 1.5 ml
centrifuge tube. The homogenate was incubated at room temperature for 5 min. Then
200 µl of chloroform was added into each sample. The tubes were vortexed and
incubated at room temperature for 3 min. Samples were then centrifuged for 15 min at
13000 rpm, 4°C. After the transfer of the upper aqueous phase to a new tube, the RNA
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was recovered by precipitation with 0,5 ml of isopropanol. Samples were incubated at
room temperature for 15 min. They were centrifuged for 10 min at 13000 rpm, 4°C. The
RNA pellet was washed once with 70% ethanol. The RNA pellets were air-dried for 30
min at room temperature, resuspended in RNase-free water and incubated for 10 min
at 55°C to dissolve the RNA. Samples were stored at -80°C.

4.6.2 Reverse transcription PCR
Reverse transcription PCR was carried using Promega products. One to two
micrograms of total RNA were diluted with dH2O to the volume of 14.5 µl in a thinwalled 0.5 ml tube. Then one microlitre of 12.5 mM forward primer was added and the
mixture was heated to 70°C for 5 min, followed by rapid cooling on ice for 5 min. Then
5 µl of M-MLV RT 5x Reaction buffer, 2.5 µl of 10 mM dNTP mix, 1 µl of each rRNasin
and M-MLV (H-) reverse transcriptase were added and the reaction mixture was
incubated at 55°C for 1 h. The reaction was terminated by inactivation of reverse
transcriptase enzyme by incubating the solution at 65°C for another 10 min. Five
microlitres of the reaction were used directly as a template DNA in a PCR reaction.

4.6.3 Preparation of probes for siRNA Northern Blotting
Positive- and negative-sense probes for siRNA blotting were prepared by in vitro
transcription from plasmid template containing the BUNV S segment sequence.
Plasmids pT7riboBUNS(+) and pT7riboBUNS(-) were digested with BamHI restriction
enzyme (Promega) according to the manufacturer’s protocol. Linearised plasmids were
electophoresed on a 1% agarose gel and purified using a Wizard® SV Gel and PCR
Clean-Up Kit (Promega, USA) according to the manufacturer’s protocol.
One microgram of template DNA was transcribed using the MAXIscript Kit (Ambion).
An isotopic reaction was set up according to manufacturer’s protocol, where UTP was
replaced with [α-32P]UTP (MP Biomedicals). The reaction was carried for 1h at 37°C.
Then one microlitre of TURBO DNase (supplied with the kit) was added to remove the
template DNA and the mixture incubated for further 15 min at 37°C. Finally the reaction
was terminated by adding one microlitre of 0.5M EDTA to prevent heat-induced RNA
degradation in later steps. The probes were stored at -20°C.
Prior to use the probes were hydrolysed in 200mM solution of carbonate buffer. One
hundred microlitres of buffer were used per five microlitres of probe. The mixture was
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incubated for 1.5 h at 60°C. Hydrolysis was terminated by adding 20 µl of 3M sodium
acetate (pH 5) and the probe added directly to the hybridisation solution.

4.6.4 Polyacrylamide TAE/Urea RNA gel electrophoresis
Denaturing 15% polyacrylamide urea gel electrophoresis was used to separate RNA
according to size for siRNA Northern blot analysis. The gel solution was prepared as
listed below (Table 4.3) and poured into a 1.5 mm thick gel cassette (Invitrogen) and a
comb inserted. The gel was left to set for four hours.

Urea

15% polyacrylamide gel (to make two
gels)
14.4 g

40% acrylamide/bis (19:1)

11.26 ml

10x TBE

3 ml

dH2O

Make volume up to 30ml

10% APS

240 µl

TEMED

32 µl

Table 4.3 Solutions to make 15% polyacrylamide TAE/Urea gel

Samples were prepared by mixing 10 µg of total cellular RNA with 2 µl RNA loading
buffer, 12 µl deionised formamide and the volume was adjusted to 20 µl. Samples were
heated at 65°C for 5 min to denature the RNA, rapidly cooled on ice and centrifuged
briefly prior to loading.
Samples and 5 µl of

DynaMarker®

Prestain Marker for Small RNA (Biodynamics Laboratory

Inc) were loaded onto a gel. The gel was run in 1x TBE buffer at 200V until the bottom
band (20 base) of the marker had migrated 75% of length of the gel.

4.6.5 Northern Blotting of siRNAs
Northern blotting analysis was performed on the total RNA isolated from uninfected or
wtBUNV or rBUNdelNSs2 infected mosquito cells. Following separation in a TAE/Urea
polyacrylamide gel RNA was transferred onto a positively-charged nylon membrane
(Sigma) using a Semi-dry electroblotter (Biorad). Distilled water was used as the
transfer medium. The assembled transfer unit was placed on ice and RNA was
transferred by applying 20V for 60 min. The polyacrylamide gel was stained with EtBr
to assess the transfer efficiency and confirm that equal amounts of RNA were loaded
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onto the gel. After transfer the RNA was chemically cross-linked to the membrane. The
membrane was placed on a 3MM Whatman filter paper that was pre-wet in EDC crosslinking solution and incubated at 60°C for 1h. After cross-linking the membrane was
rinsed with dH2O.
The membrane was pre-hybridised in Ultrahyb buffer (Ambion) at 68°C for 45 min. This
was followed by overnight hybridisation at 68°C in fresh Ultrahyb buffer with
radiolabelled probe (BUN S- or BUN S+) added to a final concentration of 106 cpm/ml.
After hybridisation the membrane was washed twice in 2x SSC, 0.1% SDS solution at
68°C for 10 min each wash. Blots were washed again twice in 0.1x SSC, 0.1% SDS at
68°C for 30 min each time. To detect the probe, blots were sealed in a plastic pocket
and were exposed to x-ray film for 24h to 10 days.
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5 BUNYAMWERA VIRUS REPLICATION
IN AEDES ALBOPICTUS CELLS
5.1 Aedes albopictus cell lines
Aedes albopictus cell lines used in this project were C6/36, C7-10 and U4.4. All three
cell lines were independently obtained from the original Singh cell line derived from Ae.
albopictus mosquito neonate larvae (Singh, 1967), which has been shown to comprise
a heterogeneous population of cell types.
The C6/36 clone was prepared in Akari Igarashi’s laboratory. This was obtained first by
subculturing the original cells in the presence of anti-Chikungunya virus serum. The
clone (called C6), that gave the highest yields of Dengue and Chikungunya viruses,
was subsequently subcultured and re-cloned in the presence of anti-Dengue virus
sera. Virus yields in one of the re-isolated clones, C6/36, were significantly higher than
those in original Singh’s cells (Igarashi, 1978).
The C7-10 clone was made in Victor Stollar’s laboratory. This cell line was obtained
from clone LT C7 that was clonally derived from original Ae. albopictus cells that were
adapted to grow in Eagle’s medium supplemented with nonessential amino acids and
foetal calf serum. In contrast to the original cell line, this clone showed cytopathic
effects (CPE) following primary Sindbis virus infection, and host RNA synthesis was
very sensitive to infection with Sindbis virus (Sarver & Stollar, 1977).
The U4.4 clone was prepared in Denis Brown’s laboratory. The cells were selected
based on morphology and cultured in Mitsuhashi and Maramorosch medium containing
20% FCS and 25% medium from freshly passaged cells. The best growing cells, called
U4.4, showed no cytopathic effect and gave relatively higher titres of Sindbis virus than
the parental clone (Denis Brown, personal communication). However, this clone, in
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comparison to C6/36 and C7-10 cells, gave relatively lower yields of Sindbis virus
(Condreay & Brown, 1988).

5.2 Background and aims
Only limited information is available about the growth of bunyaviruses in cultured
mosquito cell lines other than C6/36. One of the aims of this project was to compare
the replication of Bunyamwera virus (BUNV) in two additional Ae. albopictus cell
clones, C7-10 and U4.4, and to investigate the impact of virus replication on the cell
biology. Similar comparisons were done using Sindbis virus, and differences in the
appearance of cytopathic effect, cell death and viral morphogenesis between
subclones were observed (Gliedman et al., 1975; Karpf et al., 1997; Karpf & Brown,
1998; Miller & Brown, 1992; Mudiganti et al., 2006).
The BUNV NSs protein is a nonessential gene that contributes to viral pathogenesis. It
has been shown that in mammalian cells NSs induces shut-off of host protein synthesis
(Bridgen et al., 2001), counteracts host cell antiviral response and seems to be the
main virulence factor (Kohl et al., 2003; Streitenfeld et al., 2003), and acts at the level
of transcription by inhibiting RNA polymerase II–mediated transcription (Thomas,
2004). So far no function for NSs protein has been found in mosquito cells (Blakqori et
al., 2007). The function of the NSs protein of BUNV seems to be one of the factors
responsible for different outcomes of infection in mammalian and mosquito cell lines
(Hart et al., 2009). In mosquito cells no cytopathology is observed and persistent
infection is developed, whereas in mammalian cells orthobunyavirus infection is lytic
and leads to cell death (Newton et al., 1981).
The aim of this chapter was to compare BUNV infection in available Ae. albopictus cell
lines and investigate the possibility of establishing persistent infections in the three
clones. The behaviour of the NSs protein in mosquito cells was also studied. Therefore
two types of Bunyamwera virus (BUNV) were used: wild type (wtBUNV) and a
recombinant BUNV lacking the NSs gene (rBUNdelNSs2; described by Bridgen et al.,
2001; Hart et al., 2009).
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5.3 Early stages of infection
5.3.1 Initial microscopic studies
The three Ae. albopictus subclones9 were infected with wtBUNV or rBUNdelNSs2 at an
MOI of 1 PFU/cell, and the cells monitored by light microscopy. No differences
between wtBUNV and rBUNdelNSsV, suggestive of a potential role of BUNV NSs
protein, were observed in infected cells. No signs of cell death were observed at any
stage of infection. (Figure 5.1).

!"#$"%
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Figure 5.1 Light microscope examination of infected Ae. albopictus cells.
Uninfected (A), infected with wtBUNV (B) or with rBUNdelNSs2 (C) C6/36, C7-10 and U4.4
cells are shown. No CPE effect was observed. Magnification: x20.

9

All cell lines used in this project were mycoplasma-free unless otherwise stated.
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5.3.2 Virus growth
To compare virus replication in C6/36, C7-10 and U4.4 cell lines, the media and cells
were harvested at various times after infection. Media were used for plaque assays to
determine titres released virus, and the cells were subject to Western blotting for
detection of N protein. Tubulin immunostaining was used as a control for the amount of
protein loaded into each well.

Figure 5.2 Profiles of BUNV N protein expression in Ae. albopictus cells. C6/36, C7-10
and U4.4 cells were infected at an MOI of 1. At the indicated time points (hpi) cells were
lysed, proteins separated by 12% SDS-PAGE, and analyzed by Western blotting with antiBUNVN (N) or anti-tubulin (T) antibodies.
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Both wtBUN and rBUNdelNSs viruses replicated in C6/36 cells. Western blots of BUNV
N protein accumulation presented in Figure 5.2 were performed in parallel under the
same conditions and the amount of protein in all the blots can be compared. In the
case of wtBUNV the N protein could be seen as early as 16h post-infection, whereas in
cells infected with the NSs deletion mutant N was visible at 36 hpi. Plaque assay
results show a three-log difference in virus titres between the two viruses (Figure 5.3).
The rBUNdelNSs2 virus had a slower replication rate, which is illustrated in Figures 5.2
and 5.3 by lower titres and lower levels of BUN N protein being expressed. This
experiment confirmed results previously obtained in C6/36 cells (Bridgen et al., 2001;
Hart et al., 2009).
In the case of the C7-10 cell line, no significant difference between the two viruses was
observed in production of infectious particles or in accumulation of BUNV N protein
(Figure 5.2 and 5.3). In both cases N protein was detectable starting at 48hpi. In
comparison to C6/36 cell line the increase in titres was slower and the titres were
lower.
The above results suggest that BUNV NSs is nonessential for growth in C6/36 and C710 cell lines. However, data obtained for the U4.4 cell line suggested the opposite. The
recombinant virus lacking NSs protein was unable to replicate successfully in U4.4
cells. There was no increase in numbers of released infectious particles (Figure 5.3),
and N protein production was not detected by Western blotting (Figure 5.2). Infection
with wtBUNV was detectable as early as 42hpi. Viral titres obtained for U4.4 cells
infected with wtBUNV were significantly lower than in C6/36 and C7-10 cells.
The graph in Figure 5.3 showing viral titres for the U4.4 cell line presents almost a flat
line for rBUNdelNSs2 virus (in red). This can be explained as residual virus that
remained after removal of the inoculum and replacement with fresh media. One of the
features of the U4.4 cell line is that the cells do not attach to the surface of the tissue
culture plasticware strongly. Washing U4.4 monolayer results in a loss of over 50% of
cells even when using specially coated vessels. Therefore, in this experiment none of
the seeded mosquito cell lines were washed after removal of the inoculum.

5.3.3 Low rate of protein synthesis in infected mosquito cells
To analyze the rate of protein synthesis by wtBUNV and rBUNdelNSs2 viruses, C6/36,
C7-10 and U4.4 cell lines were infected at an MOI of 1 PFU per cell and labelled with
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[35S]-methionine for 2 h at 8, 16, 24, 48 and 72 hours post-infection. Radiolabelled
protein were analysed by gradient SDS-PAGE.
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Figure 5.3 Growth of wtBUNV
and rBUNdelNSs2 viruses in
Aedes albopictus cell lines.
C6/36, C7-10 and U4.4 cells
were infected at an MOI of 1.
At the indicated time points
supernatants were collected
and
viral
titres
were
determined by plaque assay.

62

# $% %& '( &) (# *% )& +( $#) $%#

RESULTS

Figure 5.4 shows that the rate of viral protein synthesis in mosquito cell cultures was
low which confirmed previously published results for the C6/36 cell line (Kohl et al.,
2004; Scallan & Elliott, 1992). The only BUNV protein clearly detectable in all panels,
thereby allowing comparison between the cell lines and viruses, was the N protein (26
kDa).
In wtBUNV infected C6/36 cells N protein could be detected at 16 hpi, whereas in cells
infected with rBUNdelNSs2 N was not seen until 72hpi. Additionally this experiment
showed partial shut-off of host protein synthesis starting at 48 hpi as a result of
wtBUNV infection. Microscopic examinations and DNA laddering assays of infected
C6/36 cell cultures did not reveal any signs of cell death at any stage of infection (data
not shown). One possible explanation of the above results is that, as a result of
increased viral replication and use of the cells’ transcriptional machinery, the rate of
intracellular protein production decreased and resulted in slower cell growth. Partial
shut-off of host protein synthesis was not observed with the deletion mutant. This
suggested that BUNV NSs protein is required for high-level viral replication, which
confirms the results already presented in Figures 5.2 and 5.3.
A similar delay in detection of N protein made by rBUNdelNSs2 was observed in C7-10
cells, where N protein was first detected 24 hours later than in wtBUNV infected cells.
No protein shut-off was observed in C7-10 cells.
Ae. albopictus U4.4 cells showed the lowest levels of BUNV N protein expression, with
the first detectable levels at 72 hpi for wtBUNV. This suggested that the wtBUNV
replication rate was slower when compared to other tested cell lines. No evidence of
rBUNdelNSs2 replication was found, which confirmed previous data (Figures 5.2 and
5.3). A question was raised whether due to slow rate of infection rBUNdelNSs2 could
be detected at further time points. To answer this question infection of U4.4 cells with
rBUNdelNSs2 was repeated and the cells were radiolabelled at 84 and 96 hpi, but no
viral proteins were detected (data not shown). This again pointed to importance of
BUNV NSs protein in Bunyamwera virus replication in this cell line.
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Figure 5.4 Protein synthesis
in wtBUNV and rBUNdelNSs2 virus infected (MOI 1
pfu/cell)
Ae.
albopictus
C6/36, C7-10, U4.4 cells.
Cells were labell-ed with
35
[ S]-methionine for 2 h at
the indicated times postinfection (hpi). (ø) uninfected cells; (M) protein marker;
(N) BUNV nucleo-protein;
(Gc) glycoprotein.
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5.4 Establishment of persistent infection
It has been previously documented that as a result of infection with wtBUNV persistent
infection is established in C6/36 cells (Elliott & Wilkie, 1986; Newton et al., 1981;
Scallan, 1993). Therefore the aim was to determine whether persistent infection could
also be established in the C7-10 and U4.4 cell lines. The second aim was to
investigate if NSs protein participates in this process, which was studied by the use of
rBUNdelNSs2.

5.4.1 Onset of persistent infection
In order to investigate how cells are affected by virus replication, cells were seeded at
a low level of confluency in 35mm dishes 24h prior to infection. Cells were infected at
an MOI 5 PFU/cell. Everyday one 35 mm dish of each cell line was harvested into 1 ml
of fresh medium and the cells counted using a haemocytometer. Data were collected
for 12 days post-infection, and the experiment was repeated twice. Cells reached
confluency at seven days and were passaged using a fifth of the collected cells. Due to
their slow growth rate, U4.4 cells were passaged after 8 days. Cell counts were plotted
on graphs (Figure 5.5). In order to confirm that cells were infected, a fifth of collected
cells were lysed and N protein was detected by Western blotting.
Infection of C6/36 with wtBUNV cells resulted in a slower cell growth rate, starting three
days post-infection, compared to uninfected cells or cells infected with rBUNdelNSs2.
Interestingly, after passage of the cells their growth was even more restricted. Infection
with rBUNdelNSs2 had no effect on cell growth, and cells behaved as the uninfected
negative controls (Figure 5.5). Cell growth of wtBUNV infected C6/36 cells returned to
normal after the second passage (data not shown). These data support observations
made in Figure 5.4 where partial shut-off of protein synthesis in C6/36 cells in response
to wtBUNV was observed. Cell growth was decreased, but at the same time cells were
producing high levels of wtBUNV (Figure 5.3). Such effects were not seen in
rBUNdelNSs2 infected C6/36 cells, which leads to the conclusion that NSs protein
increased replication efficiency.
C7-10 cells infected with wtBUNV showed slightly increased growth rate in comparison
to infection with the recombinant deletion virus or uninfected control. After passage, the
growth rate of infected cells was lower than of uninfected cells. However the
differences were not considered significant (Figure 5.5).
…...........
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Figure 5.5 Cell counts of infected cells during first 12 days of wtBUNV and rBUNdelNSs2
virus infection (average of two experiments). After day seven C6/36 and C7-10 cells were
passaged. Due to slower replication rate U4.4 cells were passaged after day eight. To
confirm infection a fifth of each cell sample was analysed by Western blotting using antiBUNVN antibody (top panels - wtBUNV, bottom panels - rBUNdelNSs2).
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The growth rate of the U4.4 cell line was overall slower in comparison to C6/36 and
C7-10 cell lines, which could explain the lower level of virus released from U4.4 cells
as shown previously in Figures 5.2 and 5.3. The growth rate of U4.4 cells was
unaffected by replication of wtBUNV before or after passage. Cells infected with
rBUNdelNSs2 grew to the same numbers as the uninfected and the wtBUNV infected.
Western blotting with anti-BUNVN antibody did not detect any signs of replication of
rBUNdelNSs2. The above data confirmed previous results (Figure 5.2, 5.3 and 5.4),
which suggested that NSs is required for BUNV replication in U4.4 cells, even at high
MOI (Figure 5.5).

5.4.2 Persistent infection is maintained in all cell lines
Monolayers of Ae. albopictus cells C6/36, C7-10 and U4.4 were initially infected with
wtBUNV or rBUNdelNSs2 at an MOI of 0,1 PFU/cell and maintained at 28°C for 4
days. Supernatant fluids were collected for titration and infected cells were then
passaged using a fifth of the gathered cells and grown until confluent. Thereafter they
were regularly passaged and were maintained by subculturing over a 7-month period.
Media and cells were collected for further examinations.
The remaining cells collected from each passage were washed with PBS and lysed in
RIP buffer as described in section 4.5.1. The total protein concentration in each sample
was measured using the NanoDrop spectrophotometer (Protein 280 program)
according to the manufacturer’s manual. Cell samples (10 µg) were assayed for N
protein by Western blotting, and viral titres in collected supernatants were determined
by plaque assays.
The establishment of persistent infection by wtBUNV in Ae. albopictus cells confirmed
the observations of Elliott and Wilkie (1986) and Newton et al. (1981). U4.4, C6/36 and
C7-10 cells were shown to be persistently infected by detection of N protein by
Western blotting upon repeated passage, and the infected cell lines continued to shed
infectious virus after prolonged passage (Figures 5.6 and 5.7). After the initial phase of
rapid virus growth, titres fell gradually. Similar results were obtained for the
rBUNdelNSs2 mutant virus in C7-10 and C6/36 cells, though in general the titres of
virus were lower (Figure 5.6). Experiments with wtBUNV and rBUNdelNSs2 viruses in
C6/36 and C7-10 cells showed that the NSs protein was not essential for establishment
of persistent infection. On the other hand, the U4.4 cell line was not permissive to
rBUNdelNSs2 infection (Figures 5.5 and 5.6).
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Figure 5.6 Establishment
of persistent infection in
Ae. albopictus clones.
Graphs
present
viral
titres
in
the
media
collected at each passage measured by plaque
assays.
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Figure 5.7 Establishment of persistent infection. After each passage the leftover cells
were lysed and 10 µg of total protein was analysed by Western blotting with anti-BUNVN
antibodies. Numbers at the top of the blots indicate the passage number.

5.4.3 Bunyamwera virus generates various plaque phenotypes
While studying viral infection of mosquito cell lines, plaque assays carried out using
media collected from consecutive passages revealed different plaque phenotypes.
Titration of viruses obtained in these experiments revealed three types of plaques:
cloudy, small or large. Examples of plaques are presented in Figure 5.8. Virus obtained
from infection of Vero cells was used as a control for reference plaque phenotype.
In mammalian cells plaque phenotype is used as one of the characteristics of BUNV
fitness (Bridgen et al., 2001; Lowen et al., 2005; Lowen & Elliott, 2005). In general,
virulence increases with plaque size. In order to investigate if that rule was maintained
in mosquito cell culture, 27 plaques of various sizes were picked (Table 5.1). Plaques
were amplified in BHK cells at 33°C, and then assayed on Vero cells but gave very low
titres (101 – 102 PFU/ml). The plaque phenotype was not maintained following passage
in BHK cells (data not shown). To investigate whether plaque phenotype was reflected
by genomic changes, the S segment of two viruses, one that gave a small plaque and
one that gave a large plaque phenotype, were sequenced. The S segment carries the
main virulence factor, the NSs protein (Bridgen et al., 2001; Weber et al., 2002), and
due to its length (~ 1kb) is easy to sequence. Total RNA was isolated from BHK cells
infected with the plaque isolate. Reverse transcription PCR was performed with S+ and
S- primers to generate full length S segment cDNA. PCR products were cloned into
pGEM-Teasy vector. Nucleotide sequences were determined, but did not reveal any
differences between the S segments.
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VERO

C6/36

C7-10

U4.4

wtBUN

rBUNdelNSs2

Figure 5.8 Various plaque phenotypes of wtBUNV and rBUNdelNSs2. Samples were taken
from Vero, C6/36, C7-10 and U4.4 cells infected with wtBUNV or rBUNdelNSs2 virus. The
green arrow presents an example of a small plaque; red arrow shows a big plaque and
the blue arrow represents cloudy plaque phenotype. Plaques by viruses grown in Vero
cells were used as an example of the typical plaque phenotype.

One of the reasons why the pattern of plaque morphology was not maintained could be
that the fitness of isolated clones was not a result of genomic changes, but rather
genotype independent composition of viral envelope. The viral envelope is derived
from Golgi membranes containing glycoprotein spikes. Cellular membranes differ in
content among species. Lack of conserved morphology could mean that the Golgiderived part of the viral envelope was an important component of virus entry and as a
result of that was responsible for the variability in fitness of the virus. To investigate the
above hypothesis appropriate mosquito cell lines were infected with all 27 isolated
…….
Cell line

Virus

wtBUNV
C7-10
rBUNdelNSs

Passage

Dilution

No of plaques

Size (Ø)

-2

3

1 – 1.5 mm

-3

3

2 – 4 mm

2

-4

1

5 mm

6

-1

6

1 – 4 mm

7

-1

9

1 – 4 mm

-2

1

3 mm

-3

2

4 – 6 mm

-1

2

4 – 5 mm

5

C6/36

wtBUNV

5

U4.4

wtBUN

1

Table 5.1 Isolation of different plaque phenotypes. 27 plaques of various sizes were
picked and the viral clones were amplified.
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plaques. For plaques isolated from C6/36 cell-derived virus, C6/36 cells were used, for
C7-10 derived virus C7-10 cells were used, etc. As infection of mosquito cell line does
not manifest by CPE, infected cells were incubated at 27°C for five days. On the fifth
day supernatant was collected for plaque assays and cell extracts prepared for
Western blotting (using anti-BUNVN antibody) and RNA used for RT-PCR analysis.
However, none of the methods showed evidence for virus infection in any of the cells
(data not shown), perhaps because there was an insufficient amount of virus in the
initial inoculum.

5.5 NSs protein is essential for Bunyamwera virus
replication in U4.4 cells
The results presented earlier in this chapter indicated that the BUNV NSs protein was
essential for replication in the U4.4 cell line (Figure 5.2 – 5.8). To further investigate
this point, an attempt to enable infection of U4.4 cells by the NSs deletion mutant by
providing the exogenous NSs protein was made.

5.5.1 NSs delivery by transfection of plasmid expressing the
NSs protein
5.5.1.1 Construction of the plasmid pIB-BUNVNSs
In order to express BUNV NSs in mosquito cells plasmid pIB-BUNVNSs was
constructed. The plasmid pIB/V5-His contains the baculovirus immediate-early
promoter OpIE2 from Orgyia pseudotsugata multicapsid nuclear polyhedrosis virus for
constitutive expression of the gene of interest in insect cell lines.
The sequence encoding NSs was amplified from pTM-NSs by PCR using primers
5’EcoRI-SV5-NSs and 3’XhoI-NSs. The primers were designed to add EcoRI and XhoI
restriction sites. The tagged NSs fragment was cloned into the unique EcoRI and XhoI
sites of plasmid pIB/V5-His, and successful insertion of the NSs gene was confirmed
by DNA sequencing. The construct was designated pIB-BUNVNSs.
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5.5.1.2 Transfection efficiency and rBUNdelNSs2 infection
To investigate if expression of exogenous NSs was sufficient for infection of U4.4 cells
by the NSs deletion mutant, another recombinant virus rBUNM-NSm-GFP-delNSs was
used. rBUNM-NSm-GFP-delNSs is a recombinant NSs deletion virus (X. Shi,
unpublished) with the green fluorescence protein (GFP) open reading frame inserted
into NSm domain IV (Shi et al., 2006). Cells infected with this virus express an NSmGFP fusion protein and can be detected by fluorescent microscopy.
Cells in six-well plates were transfected with pIB-BUNVNSs (or pIB/V5-His as a
negative transfection control or pIB-GFP as a positive transfection control) and then
infected with rBUNM-NSm-GFP-delNSs four hours post-transfection. Uninfected cells
were used as a negative control. A wild type version (i.e. expressing NSs) of the GFP
expressing virus, rBUNM-NSm-GFP was used as a positive control for virus infection.
Plates were examined for GFP expression at 24, 48 and 72 hpi (Figure 5.9).
In cells transfected with pIB-BUNVNSs, no evidence for replication of the NSs deletion
recombinant virus was observed. This could have been because of low transfection
efficiency of pIB/V5-His into U4.4 cells or that the OpIE2 promoter did not provide high
enough levels of expression. To investigate if the promoter was the issue, plasmid
pCMV-NSs-Flag was used. This plasmid encodes Flag-tagged NSs under the control
of the cytomegalovirus immediate-early promoter, which is also active in mosquito cells
(Kohl et al., 2004). Available antibodies against the NSs protein do not work in
immunofluorescence

assays;

therefore

the

Flag-tagged

version

was

used.

Unfortunately attempts to detect NSs by means of Flag-tag by immunofluorescence
failed. This suggested that NSs was either not expressed or the level of expression
was below detectable levels. However, given the fact that the positive control for
transfection in the form of plasmid expressed GFP was detectable, it was concluded
that Flag-tagged NSs was not detected due to technical problems with anti-Flag
antibody. Overall transfection with pCMV-NSs-Flag plasmid did not enable replication
of rBUNM-NSm-GFP-delNSs, probably because too few cells were transfected (data
not shown).

5.5.2 U4.4 cell lines stably expressing NSs
The above results led to the assumption that low transfection efficiency resulted in low
level of expression of the NSs protein, which was not sufficient to support the
replication of the deletion mutant. One solution to this problem was to make a cell line
...
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Figure 5.9 Expression of NSs from transfected plasmid does not enable infection with
rBUNdelNSs in U4.4 cell line. U4.4 cells were transfected with pIB-BUNVNSs and infected
with rBUNM-NSm-GFP-delNSs (rBUNdelNSs) at an MOI of 3 PFU/cell and cells were
analysed for GFP fluorescence. Transfection with pIB-V5-His was used as a negative
control. Infection with rBUNM-NSm-GFP (wtBUNV) and transfection with pIB-GFP was
used as a positive control.
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stably expressing NSs. One of the features of plasmid pIB/V5-His is that it allows
expression of the protein of interest in insect cell lines either transiently or stably. Apart
from the OpIE2 promoter the plasmid has the OpIE1 promoter driving expression of the
blasticidin resistance gene for selection of stable cell lines.
U4.4 cells in six-well plates were transfected with pIB-BUNVNSs (1 µg). Transfection
with pIB/V5-His or pIB-GFP was used as transfection controls, and uninfected cells
were used as a blasticidin selection control. The blasticidin concentration was
optimised so that the uninfected cells were killed within three days. Cells were grown in
blasticidin-containing medium and microscopic observations revealed formation of cell
colonies after two weeks in culture. However the cells did not divide further and soon
started to die. Observations of cells transfected with pIB-GFP showed that at first a
colony would be formed by a few cells that expressed GFP (green cells) that were
surrounded by (non-green) untransfected cells. Following further incubation a colony
would consist of less and less green cells, until no green cells were left and the
remaining cells died. If a colony was isolated and inoculated into a new vessel, the
cells did not survive. One of the reasons for unsuccessful selection could have been
too high concentration of blasticidin. However alterations to blasticidin concentrations
did not change the outcome and no cell lines stably expressing NSs or GFP were
obtained.

5.5.3 NSs complementation by coinfection with wild type virus
It has been shown previously with a variety of viruses, including bunyaviruses, that
functional complementation between temperature-sensitive mutants can be achieved
(Burge & Pfefferkorn, 1966; Gentsch & Bishop, 1976; Messer & Timbury, 1979). Based
on these findings it was attempted to complement lack of NSs in rBUNdelNSs2
infection of U4.4 cells with wtBUNV. To achieve that, six-well plates of confluent U4.4
cells were infected with rBUNM-NSm-GFP-delNSs (MOI 5 PFU/cell) or wtBUNV (MOI 5
PFU/cell) or a mix of rBUNM-NSm-GFP-delNSs and wtBUNV (MOI 5 PFU/cell of each
virus). Uninfected cells served as a negative control. If NSs complementation were to
occur, thereby enabling replication of the deletion virus, infected cells would have
shown green as a result of GFP autofluorescence. However fluorescent microscopy did
not show any green cells in the wells infected with the two viruses (data not shown).
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5.5.4 Mycoplasma contamination enables infection
All cell lines in the laboratory were regularly tested for mycoplasma contamination10.
One millilitre of medium from cultured cells was tested using the EZ-PCR Mycoplasma
Test Kit according to the manufacturer’s instructions. The kit utilizes a set of primers
that allows detection of various mycoplasma species found in cell cultures in a onestep time-efficient PCR. At one stage of the project infection with rBUNdelNSs2 was
detected in U4.4 cells. The same batch of U4.4 cells tested positive for mycoplasma
contamination. In further studies the mycoplasma contaminated U4.4 cell line will be
referred to as U4.4m (Figure 5.10).
!"
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Figure 5.10 Mycoplasma test result. Test is based on a PCR reaction. If
mycoplasma specific DNA sequences are produced (visible as bands on agarose
gel), the sample is considered positive for contamination. (M) marker; (N)
negative control; (P) positive control; (U4.4) original, uncontaminated cell line;
(U4.4m) cell line which tested positive for mycoplasma; (U4.4c1, U4.4c2) U4.4m
cell line cured from mycoplasma contamination with Plasmocin (c1) or
Plasmocure (c2).

To confirm that the U4.4m cell line was permissive for the NSs deletion virus, cells
were infected with rBUNdelNSs2 at an MOI of 5 or 1 PFU/cell. Infection with wtBUNV
was used as a positive control and uninfected cells served as a negative control.
Samples were collected for 3 days at 24h intervals and analysed by Western blotting
for N protein. Tubulin detection served as a loading control.
The NSs deletion virus replicated to the same extent as wtBUNV when infection was
initiated with 5 PFU/cell. Infection with rBUNdelNSs2 at the lower MOI resulted in lower
levels of N protein being produced when compared to wtBUNV. This suggests that NSs
is required for efficient virus replication (Figure 5.11).
10

All mycoplasma tests were done by Elya Koudriakowa, laboratory technician. The other
mosquito cell lines all tested negative.

75

RESULTS

Figure 5.11 Infection of U4.4m cell line. U4.4m cells were infected with wtBUNV or
rBUNdelNSs2 at an MOI of 5 PFU/cell or 1 PFU/cell. At indicated times post
infection cells were lysed and samples analysed for the BUNV N protein by
Western blotting. Tubulin immunodetection was used as the loading control.

Further studies demonstrated that rBUNdelNSs2 was capable of establishing
persistent infection in the U4.4m cell line. Cells were infected in the same manner as in
section 5.4.2. Ae. albopictus U4.4m cells infected with wtBUNV and rBUNdelNSs2
were maintained for five passages (Figure 5.12). Replication of the deletion mutant in
this cell line resembled persistent infection established by this virus in C6/36 and C7-10
cell lines, where virus titres were significantly lower in comparison to wtBUNV.
The next step of the study was to confirm that mycoplasma infection was the factor that
enabled rBUNdelNSs2 replication in U4.4 cells. For this purpose U4.4m cells were
maintained in Plasmocure or Plasmocin at the recommended concentration for 2
………

Figure
5.12
Persistent
infection in U4.4m cell line.
U4.4m cells were infected
with
wtBUNV
or
rBUNdelNSs2 at an MOI of
1PFU/cell.
Cells
were
passaged when confluent.
Media were collected at each
passage and the titres
measured by plaque assays.
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weeks11. Cured cell clones were designated as U4.4c1 for Plasmocin and U4.4c2 for
Plasmocure treatment. After two-week treatment media from cultured cells was tested
for mycoplasma. The results showed that the mycoplasma was eradicated in both
cases (Figure 5.10).
To investigate whether rBUNdelNSs2 was capable of infecting the cured cell lines,
U4.4c1 and U4.4c2 cells were infected at MOI of 2 PFU/cell. Cell samples were
collected at 24, 48 and 72 hpi for Western blot analysis for N protein. The results
showed that the deletion mutant was unable to replicate in U4.4c1 or U4.4c2 clones,
whereas wtBUNV was able to replicate in both (Figure 5.13).
The above results demonstrated that mycoplasma contamination of U4.4 cells allowed
replication of rBUNdelNSs. This suggested that the mycoplasma contamination
affected directly or indirectly the cell processes that inhibited replication of
rBUNdelNSs2 in non-contaminated cells.

Figure 5.13 Infection of cured U4.4m cell line. U4.4c1 and U4.4c2 cells were infected with
wtBUNV or rBUNdelNSs2 at an MOI of 2 PFU/cell. At indicated times post infection cells
extracts were analysed by Western blotting for N protein and tubulin (T). The blot was
exposed to x-ray film for 30 min. (ø) uninfected cells.

5.5.5 La Crosse virus does not need NSs protein to infect U4.4
cells
The above results obtained for Bunyamwera virus in the U4.4 cell line demonstrated
the importance of NSs protein for infection. These observations raised a question
whether this phenomenon would be true for other bunyaviruses. La Crosse virus

11

The protocol was carried out by Angela McLees.
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(LACV), which is an orthobunyavirus in the California encephalitis serogroup, was
chosen as the next candidate to be tested, due to availability of wtLACV and
rLACVdelNSs in the laboratory. Previous studies reported that LACV NSs has no effect
on virus replication in C6/36 cells (Blakqori et al., 2007).
U4.4 cells were infected with wtLACV or rLACVdelNSs at an MOI of 1 PFU/cell.
Infected cells were maintained for 5 passages as described in section 5.4.2. Both,
wtLACV and rLACVdelNSs replicated in U4.4 cells and persistent infections were
established. These data showed that the LACV NSs protein is not required for
infection, which confirmed the results obtained by Blakqori et al. (2007).

Figure 5.14 LACV establishes
persistent infection in U4.4 cell line.
U4.4 cells were infected with
wtLACV or rLACVdelNSs at an MOI
of 1 PFU/cell. Cells were passaged
when
confluent.
Media
were
collected at each passage and the
titres measured by plaque assays.

5.6 Summary and discussion
5.6.1 Summary
The aims of this chapter were to compare infection in three cell clones of Ae.
albopictus (C6/36, C7-10 and U4.4) by Bunyamwera virus and to determine whether
the BUNV NSs protein plays any role in infection of mosquito cells.
Comparison of Bunyamwera virus replication in mosquito cell lines showed:
•

wtBUNV replicated and established persistent infection in C6/36, C7-10 and U4.4
cells.

•

rBUNdelNSs2 did not replicate in U4.4 cells.
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•

Replication of wtBUNV and rBUNdelNSs2 did not cause cytopathic effect in
mosquito cells.

•

The rate of viral protein synthesis is slower in mosquito cells infected with wtBUNV
and rBUNVdelNSs2.

•

The levels of BUNV N protein vary between passages.

•

Virus replication in mosquito cells generated various plaque phenotypes.

•

U4.4 cells poorly attach to cell culture plasticware.

•

Trials to enable rBUNdelNSs2 by supplying NSs externally failed:

•

•

NSs transiently or stably expressed from plasmid

•

NSs from co-infection with wtBUNV

Mycoplasma contamination enables infection of U4.4 cells with rBUNdelNSs2.
Clearance of the contaminant abrogated replication of rBUNdelNSs2.

Comparison of replication of wtBUNV and rBUNdelNSs2 suggested that the BUNV
NSs protein was:
•

nonessential for growth in C6/36 and C7-10 cells

•

responsible for slower growth rate of C6/36 cells

•

essential for virus replication in U4.4 cells.

The LACV NSs protein is nonessential for virus replication in U4.4 cell line.

5.6.2 Discussion
The wtBUNV established persistent infection in Ae. albopictus cells, confirming the
observations of the infection of C6/36 cells made by Elliott et al. (1986), Newton et al.
(1981) and Scallan (1993). All three cell lines (U4.4, C6/36 and C7-10) were shown to
be persistently infected by detection of N protein in the cells by Western blotting upon
repeated passage, and the infected cell lines continued to shed infectious virus after
prolonged passage. Similar results were obtained for the rBUNdelNSs2 mutant in C710 and C6/36 cells, although the titres of the recombinant virus were lower. At various
passages during persistent infection various levels of N protein were detected. This
could be explained by the ability of N protein to self regulate its own synthesis. The N
protein of La Crosse virus was shown previously to encapsidate its own mRNA and
thereby regulate its own synthesis in mosquito cells (Hacker et al., 1989). The same
mechanism could be responsible for the onset of persistent infection in mosquito cells.
Another explanation for variable levels of virus production over time could be the
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activity of the innate immune response, which was investigated later in this project and
is described in Chapter 7 and 8.
The pattern of N protein expression obtained in this study differed from the results
published by Hart et al. (2009), where no difference was seen between the wtBUNV
and rBUNdelNSs2 viruses. Hart et al., (2009) also did not observe host protein shut-off
in bunyavirus infected mosquito cells, however low level of partial shut-off in C6/36
cells infected with wtBUNV virus has been presented in this chapter and previously in a
PhD Thesis from this laboratory (Mohamed, 2007; Scallan, 1993). The difference in the
results obtained originated from different times points examined. The shut-off in this
chapter was observed at later time points than examined by Hart et al. (2009). Slight
shut-off, which was attributed to virus activity that slowed down cell multiplication, was
visible at 48 hpi and later. When compared to previous results obtained in mammalian
cells (Bridgen et al., 2001) replication of wtBUNV in C6/36 cells is slower, which
enables the mosquito cells to avoid death. This was also suggested previously for La
Crosse virus (Rossier et al., 1988).
Experiments with wtBUNV and rBUNdelNSs2 in C6/36 and C7-10 cells showed that
the NSs protein was nonessential for replication or the establishment of a persistent
infection. On the other hand, the U4.4 cell line seemed not to be permissive to
rBUNdelNSs2. Results obtained with Sindbis and Semliki Forest suggested previously
that the U4.4 cell line is a good tissue culture model resembling virus infectivity in the
mosquito (Kohl et al., 2007; Miller & Brown, 1992). Data obtained in this chapter
suggest that U4.4 cell line could similarly be a good tissue culture model to study
BUNV NSs protein and its role in infection of mosquito cells. Unfortunately attempts to
enable rBUNdelNSs2 replication of U4.4 cell line by supplying exogenous NSs were
unsuccessful. These could be explained by multiple factors, including low plasmid
transfection efficiency, or that the baculovirus promoter used for expression was not as
effective in mosquito cells as it has been reported for other insect cell lines. Most likely
because of low transfection efficiency insufficient number of cells expressed the NSs
protein and thereby replication of rBUNdelNSs2 in these cells was below detection
threshold by means of Western blotting. NSs has been previously shown to have toxic
side effects on mammalian cells upon prolonged expression (Weber et al., 2001).
Although no cell death was observed in pIB-BUNVNSs-transfected or BUNV-infected
U4.4 cells, data collected for C6/36 cells show that NSs produced by BUNV has the
capability to affect the growth rate of the C6/36 cell line (section 5.4.1). One possible
explanation for lack of reduced cell growth of C7-10 and U4.4 cells infected with
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wtBUNV could be the existence of cellular defense mechanisms against foreign DNA
or RNA. Similar mechanisms could be responsible for the lack of NSs expression in
U4.4 cells from transfected plasmid. Like bacteria, vertebrates have proteins (DNA
cytidine deaminases) responsible for foreign DNA restriction (Chiu & Greene, 2008;
Stenglein et al., 2010). A database search of the genomic data revealed the existence
of cytidine deaminases in Drosophilidae and Culicidae families suggesting that this
may be a conserved innate immune defense mechanism (data not shown). The activity
of DNA cytidine deaminases in U4.4 cells could explain the failure to express NSs from
plasmid DNA or to obtain cell lines stably expressing BUNV NSs or GFP.
Interesting results were obtained in U4.4 cells contaminated with mycoplasma, which
enabled infection by rBUNdelNSs2. These data point to a possible function of the NSs
protein as an interacting agent with innate immunity signaling, for instance the Toll
pathway. It has been demonstrated previously that stimulation of the Toll pathway
enhances Semliki Forest virus (SFV) gene expression (personal communication, R.
Fragkoudis). Mycoplasma lack a cell wall, though are classified by many taxonomists
as Gram-positive bacteria. In mammalian cells innate immune responses to
Mycoplasma are induced by activation of toll-like receptor 2 (Aderem & Ulevitch, 2000;
Akira et al., 2001; Takeuchi et al., 2000).
The results obtained for Mycoplasma contamination of U4.4 cell line drew attention to
the fact that in living insects viruses would not be the only infection in the organism of
interest, and that co-infecting agents, like bacteria or indeed other viruses, could
influence the outcome of the primary virus infection and host immune response. In
previous studies C6/36 cells were shown to be chronically infected with a Densovirus,
which affected Dengue virus infection in this cell line10 (Chen et al., 2004; Wei et al.,
2006b). The extent of this contamination in cell culture is not known, but it may be
widespread in mosquito cell lines of various origin (O'Neill et al., 1995). Wolbachia has
been shown to affect viral infection in D. melanogaster12 (Hedges et al., 2008), Ae.
aegypti (Ruang-Areerate & Kittayapong, 2006) and Ae. albopictus (Mousson et al.,
2010; Tortosa et al., 2008). C6/36, C7-10 an U4.4 cells available in the laboratory
tested negative for Densovirus or Wolbachia contamination (data not shown). Given
the fact that Mycoplasma contamination enabled replication of rBUNdelNSs2 in U4.4
cells it would be useful to investigate in a controlled environment which signalling
pathways in mosquito cells are affected by Mycoplasma and determine if BUNV, and in
particular NSs, affects the same processes.
12

All mosquito cell lines available in the laboratory were clear of Densovirus or Wolbachia
contamination (data not shown).
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6 IMMUNOFLUORESCENCE STUDY OF
BUNYAMWERA VIRUS REPLICATION IN
MOSQUITO CELL CULTURE

6.1 Introduction
Results presented in Chapter 5 confirmed that Bunyamwera virus establishes
persistent infection in vector-derived cell cultures and led to the conclusion that NSs,
although nonessential in some cell lines, can be an important factor for replication in
others.
Mosquito cells manage to overcome the initial stages of infection without any display of
cytopathic effect, in contrast to this characteristic of infection of mammalian cells.
Lopez-Montero et al. (2009) proposed division of Bunyamwera virus infection of
mosquito cells into three stages, early, acute and late, leading to persistent infection.
The aim of this part of my work was to characterise the three phases of the infection
and to look for data that would give some insight in the mechanism of establishment of
persistent infection and further details on potential functions of the NSs protein. For this
purpose a set of fluorescently labelled viruses were used, rBUNGc-eGFP (Shi et al.,
2009) and rBUNdelNSs-GcGFP (unpublished). The wild type equivalent of BUNV,
rBUNGc-GFP, contains an M segment where the GFP gene was inserted into the Gc
glycoprotein sequence. The NSs deletion mutant was constructed similarly but in
addition to expressing GFP-tagged Gc protein it lacks the NSs gene as the original
rBUNdelNSs2.
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6.2 Immunofluorescence analysis
To analyse how Bunyamwera virus spreads in mosquito cells, Ae. albopictus C6/36,
C7-10 and U4.4 cells were seeded on microscopy cover slips and infected with
rBUNGc-EGFP or rBUNdelNSs-GcGFP at an MOI of 1 PFU/ml. Cells were harvested
at various times post-infection and N protein and tubulin were detected via
immunofluorescence and Gc glycoprotein via autofluorescence of GFP.
Three different stages of infection, as proposed by Lopez-Montero et al. (2009), were
observed in all the Ae. albopictus cell lines infected with rBUNGc-EGFP. These phases
of infection were defined by changes in localisation of Gc and N proteins, as well as
changes in cell morphology due to virus replication, which was observed by tubulin
staining. During the early phase of infection with the wild type version of the
fluorescently labelled BUNV, Gc glycoprotein and N protein were expressed throughout
the cytoplasm, but they did not co-localise. The N protein was detected as early as 8
hpi and Gc by 16h. At this stage the levels of viral proteins were relatively low and the
cells resembled naive cells in shape (as shown before in Figure 5.1). However,
infection caused changes in morphology of the infected cells, which started to be
visible as early as 16 hpi and intensified over time. The cells started to produce
projections as the levels of viral proteins elevate and the infection enters the acute
phase (Figure 6.1 and 6.3).
The acute phase was characterised by formation of filopodia by infected cells that
extended towards neighbouring cells. These projections were most abundant between
the 24 hpi and 48 hpi. At this stage cells maintained physical contact via the
projections. During the acute phase the levels of Gc glycoprotein rose and the
glycoprotein was also found in the filopodia. The levels of N protein appeared to drop
around 48 hpi, but rose again at 60 hpi, when N protein localised at peripheral areas of
the cell, which by confocal microscopy appeared as the cell shape being outlined by
the N protein (Figure 6.1A,B and 6.3A,B).
The late phase of the infection began when the cellular filopodia started to disappear
(starting at 48 hpi), which was also manifested by high levels of Gc glycoprotein
detected in the cells. In contrast, the N protein was produced at lower levels, which in
some cells was below the detection threshold. Cells then returned to their normal form
(Figure 6.1A,B and 6.3A,B).
These results were consistent for infection of C6/36 and C7-10 cells. Infection in U4.4
cells was slower, and N was first detected at 16 hpi, and Gc at 24h. Also, fewer cells
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were infected in comparison to C6/36 and C7-10 cells. Comparison of the levels of viral
proteins in infected cells revealed that BUNV replication in U4.4 cells is less intense
than in C6/36 and C7-10 cell lines, as relatively smaller amounts of N and Gc proteins
were produced (Figure 6.5). These observations corresponded with differences in viral
titres measured in the previous chapter, where U4.4 cells produced far less infectious
particles than the two other cell lines.
The course of infection with the NSs deletion recombinant, rBUNdelNSs-GcGFP, was
similar to rBUNGc-GFP in terms of levels of viral protein expression, but the onset of
the infection was slower in C6/36 and C7-10 cells. The N protein was first detected at
16 hpi in both cell lines and Gc was first visible at 24 hpi in C6/36 cells and at 36 hpi in
C7-10 cells. These data suggested that NSs protein contributed to the efficiency of viral
replication, but was a non-essential protein. Investigation of cell morphology showed
that filopodia were not formed in rBUNdelNSs-GcGFP infected cells, suggesting
involvement of NSs in this process. Some connections between cells were observed
but only in a very few cases and only if the neighbouring cell was in very close
proximity. Similarly these connections did not result in any major changes in the cell
morphology (Figure 6.2 and 6.4). Minimal disruption of the naive form of the cell was
observed, those changes that were seen were attributed to cell movement and
consecutive attachment to the surface, as similar changes were observed in uninfected
cells.
Interesting observations were made for U4.4 cells infected with the deletion
recombinant virus. Previous data showed that rBUNdelNSs2 could efficiently replicate
in this cell line only in the presence of mycoplasma contamination. In other cases, virus
replication was not detected in U4.4 cell line (Chapter 5). Confocal microscopic
analysis of U4.4 cells infected with rBUNdelNSs-GcGFP revealed only very few cells (1
to 5 in the whole slide) that were infected. Interestingly, the N protein could be detected
by 24 hpi but Gc glycoprotein only after 96 hpi (Figure 6.6). U4.4 cells that were found
to produce viral proteins did not display morphological changes, which was consistent
with the data obtained for C6/36 and C7-10 cells infected with rBUNdelNSs-GcGFP.
In order to rule out the possibility that changes in morphology were due to alterations of
Gc glycoprotein caused by addition of the GFP sequences, another fluorescent
Bunyamwera virus was used. Infection of the C6/36, C7-10 and U4.4 cells with
rBUNM-NSm-EGFP, but not with rBUNdelNSs-NSm-EGFP, resulted in morphological
changes characterised by formation of intercellular filopodia (data not shown).
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Figure 6.1A Immunofluorescence analysis of C6/36 cells infected with rBUNGc-GFP over
96 hours. C6/36 cells were infected with rBUNGc-GFP at an MOI of 1 PFU/cell. The
samples were fixed at indicated times post infection. The results present cells stained
with anti-BUNN/anti-rabbit TexasRed (red signal), and with anti-tubulin/anti-mouse CY5
(light blue signal). The green signal shows autofluorescence of GFP-tagged Gc.
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Figure 6.1B Immunofluorescence analysis of C6/36 cells infected with rBUNGc-GFP over
96 hours. C6/36 cells were infected with rBUNGc-GFP at an MOI of 1 PFU/cell. The
samples were fixed at indicated times post infection. The results present cells stained
with anti-BUNN/anti-rabbit TexasRed (red signal), and with anti-tubulin/anti-mouse CY5
(light blue signal). The green signal shows autofluorescence of GFP-tagged Gc.
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Figure 6.2A Immunofluorescence analysis of C6/36 cells infected with rBUNdelNSsGcGFP over 96 hours. C6/36 cells were infected with rBUNdelNSs-GcGFP at an MOI of 1
PFU/cell. The samples were fixed at indicated times post infection. The results present
cells stained with anti-BUNN/anti-rabbit TexasRed (red signal), and with anti-tubulin/antimouse CY5 (light blue signal). The green signal shows autofluorescence of GFP-tagged
Gc.
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Figure 6.2B Immunofluorescence analysis of C6/36 cells infected with rBUNdelNSsGcGFP over 96 hours. C6/36 cells were infected with rBUNdelNSs-GcGFP at an MOI of 1
PFU/cell. The samples were fixed at indicated times post infection. The results present
cells stained with anti-BUNN/anti-rabbit TexasRed (red signal), and with anti-tubulin/antimouse CY5 (light blue signal). The green signal shows autofluorescence of GFP-tagged
Gc.
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Figure 6.3A Immunofluorescence analysis of C7-10 cells infected with rBUNGc-GFP over
96 hours. C7-10 cells were infected with rBUNGc-GFP at an MOI of 1 PFU/cell. The
samples were fixed at indicated times post infection. The results present cells stained
with anti-BUNN/anti-rabbit TexasRed (red signal), and with anti-tubulin/anti-mouse CY5
(light blue signal). The green signal shows autofluorescence of GFP-tagged Gc.
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Figure 6.3B Immunofluorescence analysis of C7-10 cells infected with rBUNGc-GFP over
96 hours. C7-10 cells were infected with rBUNGc-GFP at an MOI of 1 PFU/cell. The
samples were fixed at indicated times post infection. The results present cells stained
with anti-BUNN/anti-rabbit TexasRed (red signal), and with anti-tubulin/anti-mouse CY5
(light blue signal). The green signal shows autofluorescence of GFP-tagged Gc.
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Figure 6.4A Immunofluorescence analysis of C7-10 cells infected with rBUNdelNSsGcGFP over 96 hours. C7-10 cells were infected with rBUNdelNSs-GcGFP at an MOI of 1
PFU/cell. The samples were fixed at indicated times post infection. The results present
cells stained with anti-BUNN/anti-rabbit TexasRed (red signal), and with anti-tubulin/antimouse CY5 (light blue signal). The green signal shows autofluorescence of GFP-tagged
Gc.
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Figure 6.4B Immunofluorescence analysis of C7-10 cells infected with rBUNdelNSsGcGFP over 96 hours. C7-10 cells were infected with rBUNdelNSs-GcGFP at an MOI of 1
PFU/cell. The samples were fixed at indicated times post infection. The results present
cells stained with anti-BUNN/anti-rabbit TexasRed (red signal), and with anti-tubulin/antimouse CY5 (light blue signal). The green signal shows autofluorescence of GFP-tagged
Gc.
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Figure 6.5A Immunofluorescence analysis of U4.4 cells infected with rBUNGc-GFP over
96 hours. U4.4 cells were infected with rBUNGc-GFP at an MOI of 1 PFU/cell. The samples
were fixed at indicated times post infection. The results present cells stained with antiBUNN/anti-rabbit TexasRed (red signal), and with anti-tubulin/anti-mouse CY5 (light blue
signal). The green signal shows autofluorescence of GFP-tagged Gc.
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Figure 6.5B Immunofluorescence analysis of U4.4 cells infected with rBUNGc-GFP over
96 hours. U4.4 cells were infected with rBUNGc-GFP at an MOI of 1 PFU/cell. The
samples were fixed at indicated times post infection. The results present cells stained
with anti-BUNN/anti-rabbit TexasRed (red signal), and with anti-tubulin/anti-mouse CY5
(light blue signal). The green signal shows autofluorescence of GFP-tagged Gc.
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Figure 6.6A Immunofluorescence analysis of U4.4 cells infected with rBUNdelNSs-GcGFP
over 96 hours. U4.4 cells were infected with rBUNdelNSs-GcGFP at an MOI of 1 PFU/cell.
The samples were fixed at indicated times post infection. The results present cells
stained with anti-BUNN/anti-rabbit TexasRed (red signal), and with anti-tubulin/antimouse CY5 (light blue signal). The green signal shows autofluorescence of GFP-tagged
Gc.
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Figure 6.6B Immunofluorescence analysis of U4.4 cells infected with rBUNdelNSs-GcGFP
over 96 hours. U4.4 cells were infected with rBUNdelNSs-GcGFP at an MOI of 1 PFU/cell.
The samples were fixed at indicated times post infection. The results present cells
stained with anti-BUNN/anti-rabbit TexasRed (red signal), and with anti-tubulin/antimouse CY5 (light blue signal). The green signal shows autofluorescence of GFP-tagged
Gc.
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The confocal microscopy study of BUNV infection in C6/36, C7-10 and U4.4 cells
confirmed that the initial infection, which later led to persistence, could be divided into
three stages, early, acute and late. The early stage was characterised by cell
morphology resembling naive cells (Figure 6.7). The acute stage was marked by
formation of filopodia, which provided intercellular contact (Figure 6.8). During the late
phase infected cells returned to a naive-like shape (Figure 6.9).

6.3 Analysis of intercellular connections
During the acute phase of infection with rBUNGc-GFP, mosquito cells developed
projections, which resulted in intercellular contact. The nature of these filopodia was
dependent on the cell density. Long projections were mainly observed at low cell
density. These could be as long as 100µm as measured using the Carl Zeiss LSM
Image Examiner software on the confocal microscope (Figure 6.10). At high cell
density filopodia were shorter, but more numerous (Figure 6.8 and 6.13). Short
projections tended to be thinner, whereas the longer ones were thicker. Both thick and
thin projections contained N and Gc protein. In the thick projections Gc glycoprotein
was found to gather into clusters, which formed circular thickenings in the cellular
filopodia. It is suspected that these thicker areas of the long projections could harbour
virus-producing factories. Unfortunately due to lack of antibodies it was not possible to
examine if L protein was also present in these structures. In mammalian cells, Golgi
structures are part of the virus factories. Mosquito-specific Golgi markers are not
available. Mammalian-specific Golgi antibodies were tested, but attempts to detect
Golgi structures were not successful and it was not possible to determine where in the
cell these organelles were present.
Intercellular connections were mainly observed between infected cells (Figure 6.8 and
6.13). As mentioned, examination of these filopodia revealed the presence of Gc and N
proteins, which raised the question whether viral particles could be transported to
uninfected cells and thereby start a new infection. The availability of the recombinant
virus where Gc glycoprotein is tagged with GFP, gave the possibility to track the
movement of viral particles. Analysis of confocal microscopy photographs showed that
intercellular connections could be formed between infected and uninfected cells (Figure
6.11). Figure 6.13 illustrates an example of such a connection where green dots
(assumed to be clusters of viral particles) are present in the filopodia and in the
uninfected cell. It has been shown previously that N protein starts to be expressed prior
to the glycoproteins (Figure 6.1-6). Data obtained by Mir et al. (2008) where studies on
97

RESULTS
hantaviruses showed that N protein was required for the process of cap-snatching to
promote the transcription of viral RNA and consequently translation of viral proteins. If
the N protein of BUNV is involved in the same mechanism then the green dots visible
in the uninfected cell could be presumed to be infecting viral particles. These
observations suggest that virus might utilize these connections for movement between
cells of vector mosquitoes.
Later in infection these projections disappeared while cells formed clusters. The
mechanism of retraction of these filopodia remains unknown. However detailed
examination showed that in the process tubulin disappears first and an outline of the
projections composed of Gc glycoprotein remains (Figure 6.9). In other cases,
especially during the earlier stages of the infection, vesicles containing only Gc or both
N and Gc were formed at the ends of many projections, followed by disappearance of
tubulin and release of the vesicles (Figure 6.14). These observations suggested two
scenarios; first is a mechanism that the virus utilises to exit infected cells. The second
is that mosquito cells have developed a way of removing excess viral particles and
proteins and possibly avoiding the cytopathic effect of virus replication. Such removal
of excess viral products could explain why the late phase of the infection is
characterised by a significant decrease in the release of infectious particles and
possibly gives insight into the mechanism of establishment of persistent infection.
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Figure 6.7 Early phase of infection (infected cells start to produce viral particles).
Photograph presents C6/36 infected with rBUNGc-GFP and then fixed at 16 hpi and
stained with anti-tubulin/anti-mouse CY5 (light blue signal) and antiBUNN/anti-rabbit
TexasRed (red signal) antibodies. Gc glycoprotein was detected by means of GFP
fluorescence (green signal).
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Figure 6.8 Acute phase of infection (infected cells form intercellular connections with
neighbouring cells). Photograph presents C6/36 infected with rBUNGc-GFP at 42 hpi.
Cells were fixed at 42 hpi and stained with anti-tubulin/anti-mouse CY5 (light blue signal)
and antiBUNN/anti-rabbit TexasRed (red signal) antibodies. Gc glycoprotein was
detected by means of GFP fluorescence.
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Figure 6.9 Late phase of infection (infected cells regain their circular shape). C6/36
infected with rBUNGc-GFP. Cells were fixed at 60 hpi and stained with anti-tubulin/antimouse CY5 (light blue signal) and antiBUNN/anti-rabbit TexasRed (red signal) antibodies.
Gc glycoprotein was detected by means of GFP fluorescence.
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Figure 6.10 Cells can produce very long projections in order to connect to another cell.
Photograph presents C6/36 cells infected with rBUNGc-GFP. The projection is 62.52 µm
long. Fixed cells were stained with anti-tubulin/anti-mouse CY5 (light blue signal) and
antiBUNN/anti-rabbit TexasRed (red signal) antibodies. Gc glycoprotein was detected by
means of GFP fluorescence.

102

RESULTS

!"#!$%&

()*)+,-&

'&

./01/&

Figure 6.11 Connection can be established between infected and uninfected cells and
possibly viral particles can be transported. Arrow shows direction of projection
movement and virus transmission. Cells were fixed and then stained with antitubulin/anti-mouse CY5 (light blue signal) and antiBUNN/anti-rabbit TexasRed (red
signal) antibodies. Gc glycoprotein was detected by means of GFP fluorescence.
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Figure 6.12 Intercellular connections contain Gc and N protein. Cells were infected with
rBUNGc-GFP, fixed at 48 hpi and stained with anti-tubulin/anti-mouse CY5 (light blue
signal) and antiBUNN/anti-rabbit TexasRed (red signal) antibodies. Gc glycoprotein was
detected by means of GFP fluorescence.
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Figure 6.13 Infected cells start establishing connections with uninfected cells. Virus
could be transported this way to an uninfected cells. Green arrow – direction of the virus
movement. C6/36 wtBUNV 72hpi.
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Figure 6.14 Cellular projections can be a means by which the virus exits mosquito cells.
Arrows indicate vesicles with virus that are released from the protrusions. The same
microscope settings and exposure times were used within each set of experiments.
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6.4 Summary and discussion
6.4.1 Summary
The aim of this chapter was to characterise the three phases of the infection:
•

•

Early phase
o

The N protein was expressed first, then Gc protein.

o

Cells were of regular shape resembling uninfected cells.

Acute phase
o

The levels of the N protein drop and the levels of the Gc glycoprotein
rise.

o
•

Cells produce projections that provide contact between cells.

Late phase
o

The levels of N protein drop further and the Gc glycoprotein rise.

o

Cellular filopodia disappear.

Comparison of the replication of the two viruses, rBUNGc-GFP and rBUNdelNSsGcGFP, allowed the involvement of the NSs protein in the formation of the cellular
protrusion to be examined. Lack of NSs resulted in the inhibition of contact between
cells.
The cellular filopodia:
•

Provided intercellular contact.

•

Differ in length depending on cell confluency.

•

The N and Gc proteins were detected in the filopodia.

•

Might be utilised for cell-to-cell virus transmission and as a way to exit cells.

6.4.2 Discussion
Bunyamwera virus has been shown to establish persistent infection in Ae. albopictus
mosquito cell lines. The initial infection leading to persistence was characterized by
release of high viral titres, which later fall and the persistent infection is established
(Chapter 5). Immunofluorescence analysis performed in this chapter gave insight into
progress of Bunyamwera virus infection of mosquito cells. The three phases of
infection, early, acute and late, suggested by Lopez-Montero et al. (2009) were
identified. These phases are characterized by changes in the location of viral proteins
and changes of the cell morphology throughout each stage. During the acute phase of
infection the N and the Gc proteins start accumulating into aggregates, which probably
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function as viral factories. Previous studies of Sindbis virus infection in mosquito cells
showed that virus assembly occurs within intracellular vesicles or formations referred to
as “viral factories” (Gliedman et al., 1975; Miller & Brown, 1992). The structure of
bunyavirus factories has been well characterized in mammalian cells. These factories
are composed of Golgi cisternae, mitochondria, ribosomal endoplasmic reticulum and
tubular structures and viral proteins like glycoproteins, L, N and NSm proteins (Fontana
et al., 2008). Unfortunately, the structure of viral factories in mosquito cells could not be
revealed in detail due to lack of appropriate tools for detection of cellular organelles. No
antibodies against the L or NSm proteins that function in immunofluorescence were
available either. However, the availability of a reverse genetics system for
Bunyamwera virus enabled the rescue of recombinant viruses carrying tagged viral
proteins. One such virus, rBUN(delNSs)-GcGFP, proved very helpful in this study in
tracking the Gc glycoprotein during the viral infection. A recombinant BUNV expressing
V5-tagged L protein (Shi & Elliott, 2009) could be used to track localization of the L
protein in mosquito cells and determine whether it could be found in the structures
suspected to be viral factories. Similarly a recombinant BUNV with tagged NSm protein
would prove useful in such studies. Although a recombinant with GFP tagged NSm has
been published (Shi et al., 2006), it might not be the best tool to study localization of
NSm protein. The GFP tag (~28kDa) is bigger than the NSm protein (~17kDa), which
could interfere with its correct localization. For this reason another recombinant virus
with a small tagging epitope, like V5, could be used to tag NSm and track its
localization in mosquito cells.
The acute infection was also characterized by formation of filopodia. Data presented in
this chapter suggested that filopodia were projected from infected cells towards other
cells. Formation of intercellular connections between cells of various origin, like
tunneling nanotubes, gap junctions, synapses or filopodial bridges were reported
before (Sherer & Mothes, 2008).
Projections formed in BUNV infected mosquito cells varied in length depending on the
confluency of the cell culture. Microscopy studies revealed that these filopodia were
formed by tubulin. Also the Gc and the N proteins were detected within these
formations. Additionally, thickenings within the long projections were observed. They
were shown to contain structures composed of the N and the Gc proteins. One
suggestion was that these structures within the thickenings of long projections could be
harboring virus factories, however further studies determining the presence of Golgi
membranes and RER would be needed.
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Previous studies on tomato spotted wilt virus suggested NSm to be the movement
protein, which forms tubule-like structures (Lewandowski & Adkins, 2005; Storms et al.,
1995). Infection with rBUNM-NSm-GFP suggested the presence of the NSm protein in
filopodia (data not shown). However, to confirm that the observed localization of NSm
is not affected by the size of the GFP tag, a recombinant virus with a smaller tagging
peptide attached to NSm should be used. Electron microscopy observations of rice
dwarf reovirus in leafhopper cells showed that filopodial connections served as the
mode of intercellular viral spread. The virus moved along intercellular structures formed
by its non-structural protein Pns10 (Wei et al., 2006a). Data obtained in this chapter
lead to similar conclusions that the virus was able to move along the filopodia and had
the potential to infect new cells, as the occurrence of many connections was registered
between infected and uninfected cells. However this hypothesis should be further
examined by the use real time imaging microscopy of live cells infected with rBUNGcGFP, as these viral particles can be detected via GFP autofluorescence (Shi et al.,
2010). Use of similar connections for movement might be a common mechanism
applied by viruses. A recent study showed that several genera of poxviruses induce
actin-rich projections for viral particle movement between cells (Dodding & Way, 2009).
Formation of branch-like projections was also observed in mammalian cells infected
with Bunyamwera virus (Shi et al., 2007) and Sin Nombre hantavirus (Goldsmith et al.,
1995; Spiropoulou et al., 2003). However these were suggested to be the sites where
virus particles were released. Results presented in section 6.3 showed similar
structures. The disappearance of cell-derived tubulin and presence of GFP-tagged Gc
protein on the outside of the cells suggested that Bunyamwera virus utilized this
phenomenon to exit the cell. Such a method of release of viral particles could explain
why virus replication does not kill mosquito cells and persistence is maintained thanks
to availability of a release method which does not involve rupturing the cell membrane.
Further studies on the virus release mechanism during persistence in mosquito cells
need to be conducted.
Studies on immune response made in D. melanogaster infected with Drosophila C
virus or Sindbis virus suggested the existence of specific dsRNA uptake pathway. This
pathway has been identified recently in D.melanogaster S2 cells as a process in which
dsRNA is taken up by the cells via receptor-mediated endocytosis (Saleh et al., 2006).
The dsRNA uptake pathway was suggested to be involved in RNAi silencing and
depending on functionality of a specific dsRNA uptake pathway D. melanogaster flies
elicited virus-specific antiviral immune response (Saleh et al., 2009). Presence of a
similar mechanism was suggested for mosquito cells. It was shown that an RNAi
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response signal spreads from cell-to-cell and thereby limits Semliki Forest virus
dissemination in U4.4 cells (Attarzadeh-Yazdi et al., 2009). Moreover recent data show
that C6/36 cells infected with Semliki Forest virus form filopodia-like structures, which
contain nsP1 protein13 (Karo-Astover et al., 2010). Although so far no function has
been attributed to these structures, it is possible that these filopodia could be utilized
either for virus release or for spread of immune response. Taken together the above
observations suggest cell-to-cell spread of a virus-specific immunity signal via filopodia
could be possible in BUNV infected mosquito cells. This is coherent with the fact that
infected cells establish contact with uninfected cells and that some cells start to
produce filopodia before viral proteins can be detected. Similarly, cells at the late
stages of the infection stopped producing filopodia. This could suggest that the
filopodia were formed as a result of the cellular response to virus infection and not as a
result of virus-driven effect on the cell biology. In order to confirm this hypothesis
experiments visualizing early stages of infection like virus entry, uncoating and initial
transcription of viral RNA would be needed to determine at what stage in the viral
replication cycle is the virus when filopodia are first produced. This could be observed
by electron microscopy.
The theory that filopodia are formed and exploited by the virus itself was supported by
the results obtained from the infection studies of mosquito cells with the fluorescent
NSs deletion recombinant. During infection with rBUNdelNSs-GcGFP production of
filopodia was reduced or they were not produced at all. These results suggested that
formation of filopodia is NSs dependent. It could be argued that filopodia were not
produced due to lack of NSs, but because of the lower rate of rBUNdelNSs-GcGFP
replication in mosquito cells. However microscopy studies did not reveal fully
developed filopodia even in these cells where the rBUNdelNSs-GcGFP replication rate
was high as estimated by levels of viral proteins (N and Gc). This could be confirmed
by transfection of cells with a plasmid expressing NSs protein and observing whether
filopodia are produced.
Overall, formation of the filopodia might serve many purposes which are beneficial to
both the virus (virus release and cell-to-cell spread) and the cells (spread of the antiviral signal as a mechanism of immune response). It is possible that these structures
are important in overcoming the acute infection and the release of excess viral particles

13

The nsP1 protein of Semliki Forest virus is an important factor in the synthesis of the
negative-strand RNA (Hahn et al., 1989; Wang et al., 1991) and is involved in RNA capping
(Ahola et al., 1997).
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in a non-lytic manner. They also might enable establishment of a balance between
virus replication and cell replication machinery, which results in persistence.
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7 INNATE IMMUNE RESPONSE TO VIRUS
REPLICATION – ANTIMICROBIAL
PEPTIDES

7.1 Introduction
Little is known about mosquito immune response to arbovirus infection. However, the
difference in infection outcome between mosquito and vertebrate cells suggests that
the mosquito immune system plays a crucial role in this process. The main immune
responses to infection are RNAi and activation of immune-signalling pathways.
Immune signalling pathways, which comprise Toll-like, IMD/Jnk and JAK/STAT
pathways, have been widely studied in D. melanogaster (reviewed by Ferrandon et al.,
2007; Kemp & Imler, 2009; Lemaitre & Hoffmann, 2007). Although these pathways are
mainly associated with fungi and bacterial infection, studies of viral infection in
Drosophila revealed that Toll (Zambon et al., 2005) and STAT (Dostert et al., 2005)
pathways are involved in an antiviral response. Similarly, experiments in arthropod cell
lines showed that Toll, IMD and STAT pathways play a role in arboviral infection
(Avadhanula et al., 2009; Fragkoudis et al., 2008; Medeiros et al., 2004; Sanders et al.,
2005; Sim & Dimopoulos, 2010).
The aim of this chapter was to explore immune responses mediated by the Toll and
IMD/Jnk pathways to Bunyamwera virus infection by way of antimicrobial peptides,
because the details of interaction between arboviruses and these pathways are not
known. Unfortunately tools to investigate the JAK/STAT pathway were unavailable.
Therefore, the ability of Bunyamwera virus to activate drosomycin, defensin, attacin A,
cecropin A1, diptericin and drosocin was studied. Mosquito-specific reagents to study
these peptides have not been developed so far, therefore Drosophila derived reagents
were used. It has been demonstrated before by Fragkoudis et al. (2008) that some of
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the tools for studying Drosophila microbe/cell interactions, i.e. antimicrobial peptide
related, work in Aedes mosquito cells.

7.2 Experimental design
Activation of particular antimicrobial peptides was measured using dual luciferase
reporter assays. For this purpose reporter plasmids (later refered to as the
antimicrobial peptide plasmids) were used, each of which had the firefly luciferase
cloned under the control of a specific Drosophila promoter (Table 7.1).
Antimicrobial peptide
promoter
Drosomycin

Plasmid
pJM648

Defensin

pJL137

Cecropin

pJL153

Attacin A

pJL169

Diptericin

pJM647

Drosocin

pJL139

Table 7.1 Reporter plasmids to study specific activation of promoters controlling
expression of genes encoding specific antimicrobial peptides. The sources of the
plasmids are described in Material and Method.

Mosquito cells in 24-well plates were co-transfected with combinations of various
plasmids to a maximum DNA load of 800 ng per well. Each co-transfection mix
contained one of the antimicrobial peptide plasmids (400 ng) and phRL-CMV plasmid
(1.6 ng). The latter plasmid was used as an internal transfection control and it encodes
the Renilla luciferase gene under the CMV promoter. To pre-activate the Toll pathway
pJL195 plasmid (320 ng) expressing a constitutively active Toll receptor was used.
Plasmid pIB-BUNVNSs (80 ng) was used to investigate whether NSs affects
expression of antimicrobial peptides. As a negative control and to equalize the total
amount of DNA the plasmid pIB-V5/His was used (amount adjusted to achieve final
load of 800 ng).
Depending on the experiment, after co-transfection the cells innate immunity was
stimulated with inactivated E.coli or Pansorbin (formalin-fixed and heat-inactivated
Staphylococcus aureus). During this step, cells that were not destined to be stimulated
were incubated in fresh medium. After stimulation wells were infected with wtBUNV or
rBUNdelNSs2 at an MOI 3 PFU/ml. If the stimulation step were not in the design of the
experiment, the cells would be infected with virus immediately. All incubations were
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done at 28°C, and luciferase activity was measured 24h after the completed cotransfection (Figure 7.1).
The samples generated different ratios of firefly to Renilla luciferase expression and
different firefly reporter plasmids generated different background levels of luciferase
activity. Therefore, the levels of firefly luciferase were normalised to the levels of
Renilla luciferase activity, which was used as the internal expression control.

Figure 7.1 Summary of experimental design. First cells were co-transfected with an
appropriate plasmid mix (I) then stimulated (II) and infected (III). The last step was
measurement of luciferase expression (IV). Depending on experiment steps II and/or III
were skipped. (1) Plasmid containing NSs is an effector, but it was placed in the plasmid
mix group because it was introduced to the cells at the same time as other plasmids.

7.3 Bunyamwera virus infection does not trigger the
immune signalling pathways
To investigate if virus replication affects Toll or IMD/Jnk immune signalling pathways
C6/36, C7-10 and U4.4 cells were transfected with the reporter plasmids (Table 7.1)
and then infected with wtBUNV or rBUNdelNSs2. Cells were harvested at 24 h postinfection and firefly and Renilla luciferase activity measured (Figure 7.1, step I, III and
IV; step II was skipped). The levels of firefly luciferase were normalised to the internal
…
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Figure 7.2 Virus infection
does not stimulate the
antimicrobial
peptides
on its own. C6/36, C7-10
and U4.4 cells were
transfected with reporter
plasmids (1 - 6) and
infected with wtBUNV or
rBUNdelNSs
(MOI
3
pfu/cell).
Cells
were
lysed 24 hpi and firefly
and Renilla luciferase
readings
taken.
The
levels of firefly luciferase
were normalised to the
internal control, Renilla
luciferase activity and
plotted on a graph.
(0) background;
(1) drosomycin, pJM648;
(2) defensin, pJL137;
(3) attacin A, pJL169;
(4) cecropin, pJL153;
(5) diptericin, pJM647;
(6) drosocin, pJL139;
(U) uninfected;
(W) wtBUNV;
(D) rBUNdelNSs2.
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control measured by reading Renilla luciferase activity. The experiment was repeated
three times and a representative result is presented in Figure 7.2.
Firefly luciferase levels did not give readings higher than 1.5 light units, with a few
exceptions. Background firefly luciferase levels for untransfected cells ranged from
0.048 to 0.183 light units. The drosocin reporter levels reached approximately 12 light
units in C6/36 cells and approx. 4 light units in C7-10 cells. The cecropin reporter levels
gave reading of approx. 7 light units in C6/36 cells and approx. 2.5 light units in U4.4
cells. No significant difference was registered between uninfected, wtBUNV- and
rBUNdelNSs2-infected cells.
This experiment showed that Bunyamwera virus does not induce activation of
antimicrobial peptides, suggesting that the Toll and IMD/Jnk signalling pathways are
not activated in response to viral infection. Interestingly some plasmids were slightly up
regulated in uninfected mosquito cells, and no significant difference was observed
between uninfected and infected cells. These data suggest that signalling pathways
resulting in expression of cecropin in C6/36 and U4.4 cells and drosocin in C6/36 and
C7-10 cells are active regardless of infection. This observation shows that there are
differences between the three Ae. albopictus cell lines and the phenomenon could be a
result of selection of these cell lines from the original Singh clone.

7.4 Artificial activation of immune signalling pathways
It has been shown previously that Semliki Forest virus infection strongly reduced the
levels of the Toll and IMD/Jnk signalling pathways if they were externally stimulated
(Fragkoudis et al., 2008). The Toll-like receptor-signalling pathway is activated in
response to infection by gram-positive bacteria and fungi, whereas the IMD/Jnk
pathway responds to gram-negative bacteria (Chapter 1.4.1). Although antimicrobial
peptides were originally grouped on the basis of which activated pathway led to their
production, it has been shown that for many peptides they can be produced in
response to activation of either pathway depending on the origin of cells or organs. For
example drosomycin expression in the fat body of Drosophila is controlled by the Toll
pathway, but in the respiratory tract it is regulated by the IMD/Jnk pathway (Zhang &
Zhu, 2009).
To investigate if Bunyamwera virus is able to modulate the levels of Toll and IMD
signalling, it had first to be determined which stimuli would be effective in up-regulating
particular signalling pathways in the Ae. albopictus cell lines. Heat-inactivated E.coli
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was used to investigate which antimicrobial peptides are produced in response to
gram-negative bacteria and therefore IMD pathway activation. Signalling pathways
responding to infection with gram-positive bacteria and Toll pathway activation were
determined by treatment with Pansorbin reagent, which contains inactivated
Staphylococcus aureus cells, and has been previously shown to activate the Toll
signalling pathway in mammalian cells (Yoder et al., 2003). In addition to Pansorbin, a
plasmid (pJL195), which expresses constitutively active Toll receptor ΔLRR (Tauszig et
al., 2000), was used to activate the Toll pathway. Use of Toll ΔLRR as an efficient
activator of the Toll pathway was previously shown in Drosophila (Tauszig et al., 2000)
and in Ae. albopictus U4.4 cells (Fragkoudis et al., 2008).
To determine which stimuli would activate promoters of the specific antimicrobial
peptides, C6/36, C7-10 and U4.4 cells were co-transfected with the constitutively active
internal reporter plasmid phRL-CMV, one of the plasmids encoding luciferase under
the control of a promoter for a particular antimicrobial peptide (Table 7.1), and plasmid
pJL195 if the Toll signalling pathway was to be activated. Empty pIB-V5/His was used
as a negative control. After transfection, specified groups of cells were stimulated by
incubation with Pansorbin or E.coli for an hour at 27°C. Luciferase assays were
conducted 24 h post transfection. Firefly and Renilla luciferase activities were
measured, and then firefly levels were normalised to the Renilla internal control.
The results showed that only the drosomycin and attacin promoters were activated in
mosquito cells (Figure 7.3). The drosomycin promoter was up regulated mainly as a
result of co-expression of pJL195 in all the cell lines, giving from around 15 light units
in C7-10 cells to approx. 100 light units in U4.4 cells. Pansorbin treatment only induced
the drosomycin promoter to a limited level and hence Pansorbin was not used as an
activator in further infection experiments. Interestingly, heat-inactivated E.coli did
stimulate the drosomycin promoter, but not to the same extent as the plasmid derived
Toll receptor. The attacin promoter was mainly activated in response to stimulation with
heat-inactivated E.coli, giving values of approx. 70 light units in U4.4 cells and approx.
15 light units in C7-10 cells. The promoters of defensin, cecropin, diptericin and
drosocin genes were not activated in response to stimulation with E.coli, Pansorbin or
co-expression of Toll receptor.
These results suggest that drosomycin is mainly expressed as a result of stimulation of
Toll signalling pathway, and attacin is produced due to activation of the IMD pathway
by gram-negative bacteria. A low level of activation of drosomycin in response to E.coli
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Figure 7.3 Antimicrobial
peptides can be stimulated
by coexpression of toll receptor (pJL195) or incubation with inactivated E.coli
in C6/36, C7-10 and U4.4
cells.
(1) drosomycin, pJM648;
(2) defensin, pJL137;
(3) attacin A, pJL169;
(4) cecropin, pJL153;
(5) diptericin, pJM647;
(6) drosocin, pJL139;
(U) uninfected;
(T) toll receptor coexpressed (pJL195);
(E) stimulation with E.coli;
(P) stimulation with
Pansorbin.
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suggested that the Toll and IMD pathways are connected in mosquito cells. This
confirmed findings in the Drosophila model where Toll and IMD/Jnk pathways were
shown to have a synergistic effect on drosomycin regulation via transcription factors
that belonged to the NF-κB family (De Gregorio et al., 2002). However expression of
the Toll receptor did not activate attacin to the same extent.
The differences in the levels of responses of attacin and drosomycin in C6/36, C7-10
and U4.4 cells suggested that these cell lines are different although they were derived
from the same source, the Singh clone (Singh, 1967). The Toll and IMD/Jnk pathways
in C7-10 cells were activated to lower levels than in C6/36 and U4.4 cells. The Toll
pathway was the most active in C6/36 cells. In contrast, the activity levels of the two
immune signalling pathways were similar in U4.4 cells.
The lack of activation of defensin, cecropin, and diptericin and drosocin promoters
could be explained in a few ways. The first possibility is that these Drosophila-derived
promoters are not functional in the studied mosquito cells due to the evolutionary
distance between Aedes and Drosophila species. The second possibility is that
activation of these promoters requires different stimulation. The third possibility is that
C6/36, C7-10 and U4.4 cell lines, as a result of selection, exhibit a phenotype in which
these antimicrobial peptides are downregulated or even inactive.
For further studies drosomycin and attacin were chosen. Drosomycin activated via coexpression of Toll receptor (pJL195), was used as a representative of the Toll pathway
and E.coli activated expression of attacin served as a model sensor of the IMD/Jnk
pathway.

7.5 Toll signalling pathway
7.5.1

Virus replication affects induced pathways

To investigate whether Bunyamwera virus replication affects the Toll signalling
pathway and whether NSs plays any role, C6/36, C7-10 and U4.4 cells were cotransfected with pJM648 (drosomycin reporter), pJL195 (Toll receptor) or pIB-V5/His
(negative control) and phRL-CMV (internal control). After transfection cells were
infected with wtBUN or rBUNdelNSs2 and luciferase assays were performed 24 h later.
Firefly luciferase activity levels were normalised to those of Renilla luciferase. The
levels of stimulation and the effect of virus infection of various cell lines generated
different levels of firefly luciferase ranging from tens to hundreds of light units.
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Figure 7.4 Effect of BUNV on Toll
signalling pathway in C6/36, C7-10 and
U4.4 cells. Cells were co-transfected
with phRL-CMV (Renilla luciferase
expressed under control of CMV
promoter) as internal control and
pJM648 (firefly luciferase expressed
under
control
of
Toll-responsive
promoter) plasmids. pJL195 plasmid
expressing Toll receptor was used to
stimulate Toll pathway (Toll). pIB-V5/His
plasmid was used as a negative control
of stimulation. After transfection cells
were
infected
with
wtBUNV
or
rBUNdelNSs2 (MOI 3 pfu/cell). Cells
were lysed 24 hpi and dual luciferase
assays
were
performed.
Firefly
luciferase levels were normalised to
internal Renilla control and then
normalised again to percentage scale,
where zero was defined as zero and
100% as the largest value in each data
set.
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Figure 7.5 Effect of BUNV NSs on Toll
signalling pathway in C6/36, C7-10 and
U4.4 cells. Mosquito cells were cotransfected with phRL-CMV (Renilla
luciferase expressed under control of
CMV promoter) as internal control and
pJM648 (firefly luciferase expressed
under
control
of
Toll-responsive
promoter) plasmids. Where indicated,
additional plasmids were simultaneously
transfected:
(control) pIB-V5/His, which is an empty
insect cell expression vector
(Toll) pJL195 expressing Toll ΔLRR
receptor was used to stimulated Toll
pathway
(pIB-BUNVNSs) pIB plasmid expressing
NSs protein
Cells were lysed 24 h post transfection
and dual luciferase assays performed.
firefly luciferase levels were normalised
to internal Renilla control and then
normalised again to percentage scale,
where zero was defined as zero and
100% as the largest value in each data
set.
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Therefore, in order to compare results obtained in dual luciferase assays, light units
were normalised to a 0-100% scale using GraphPad PrismTM version 5.00 for Windows
(GraphPad Software, SanDiego California USA). Zero was defined as zero light units
and one hundred was defined as the largest value of light units measured in each data
set.
Toll receptor expressed from plasmid-activation of the Toll signalling pathway was
measured by upregulation of the drosomycin promoter. As shown previously (Figure
7.3) neither wtBUNV nor rBUNdelNSs2 activated the Toll pathway. Interestingly, the
effect of virus infection was different among the three cell lines. In C6/36 cells wtBUNV
did not affect expression from the drosomycin promoter, in C7-10 cells wtBUNV
downregulated the Toll pathway and in U4.4 cells the Toll response was upregulated
(Figure 7.4). In contrast infection with rBUNdelNSs2 virus significantly downregulated
activation of the drosomycin promoter in all cell lines and thereby the response the of
Toll signalling pathway (Figure 7.4). These results suggest that the BUNV NSs protein
has a stimulatory effect on the immune response by means of Toll. The inhibitory effect
of rBUNdelNSs2 virus suggests that viral replication affects the Toll pathway. Further
studies would be required to determine whether this effect could be attributed to a
particular viral protein. Previous experiments (Chapter 5) showed that wtBUNV
replicates more efficiently than the deletion recombinant, and taken together with the
present findings it was concluded that the virus requires the Toll signalling pathway to
be upregulated for efficient replication.

7.5.2 NSs influences the pathways
Results presented in the previous section suggested that NSs is an important factor
involved in altering the Toll signalling pathway during infection. To confirm this
hypothesis mosquito cells were co-transfected with phRL-CMV (internal control),
pJM648 (drosomycin reporter) and/or pJL195 (Toll receptor) and/or pIB-V5/His
(negative control) and/or pIB-BUNVNSs plasmids. Luciferase activities were measured
24 h post transfection.
The results suggested that NSs on its own was not capable of enhancing the Toll
signalling pathway in all tested mosquito cell lines. However if the pathway were preactivated by introduction of Toll receptor, NSs strongly enhanced the drosomycin
promoter in C6/36 and U4.4 cells. Interestingly in C7-10 cells the effect was the
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opposite: NSs suppressed the drosomycin promoter and thereby inhibited the Toll
signalling pathway (Figure 7.5).

7.6 IMD
7.6.1 Virus replication affects induced pathways
To determine whether Bunyamwera virus replication could affect the IMD/Jnk signalling
pathway, a plasmid encoding the firefly luciferase genes under the control of the attacin
promoter (pJL169) was used. C6/36, C7-10 and U4.4 cells were co-transfected with
pJL169 and phRL-CMV, and the IMD pathway was stimulated by incubation with heatinactivated E.coli. As a negative control PBS was added instead of bacteria. After
stimulation cells were infected with wtBUNV or rBUNdelNSs2, and luciferase activities
were measured 24 h post infection. As previously, firefly luciferase was normalised to
that of the Renilla luciferase internal control, and the values from different sets were
normalised to a common 0-100% scale.
Both wtBUNV and rBUNdelNSs2 failed to induce IMD pathway, which confirmed
previous results (Section 7.3). When the IMD pathway was induced by heat-inactivated
bacteria, wtBUNV replication reduced the level of expression from the attacin promoter
in C6/36, C7-10 and U4.4 cell lines. Interestingly, the levels of firefly luciferase were
elevated in rBUNdelNSs2 infected cells, suggesting that the deletant virus was not able
to inhibit the IMD signalling pathway as was observed in the case of wtBUNV (Figure
7.6). These results suggested that the NSs protein was responsible for suppression of
the attacin promoter and thereby inhibition of the IMD pathway in all the tested Ae.
albopictus cell lines.

7.6.2 NSs influences the pathways
To confirm that the NSs protein was responsible for downregulation of an active IMD
pathway, mosquito cells were co-transfected with pJL169 and phRL-CMV. The NSs
protein was expressed from pIB-BUNVNSs, and empty pIB-V5/His plasmid was used
as a negative control. Transfected cells were stimulated, by adding inactivated E.coli.
Luciferase assays were done at 24 h post transfection and the results normalised as
previously (Chapter 7.6.1). The experiment was repeated three times and a
representative result is presented in Figure 7.7.
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Figure 7.6 Effect of BUNV on IMD
signalling pathway in C6/36, C7-10 and
U4.4 cells. Cells were co-transfected with
phRL-CMV (Renilla luciferase expressed
under control of CMV promoter) as
internal control and pJL169 (firefly
luciferase expressed under control of
IMD-responsive promoter) plasmids. After
transfection cells were stimulated with
E.coli to activate IMD pathway and then
infected with wtBUNV or rBUNdelNSs2
(MOI 3 pfu/cell). Cells were lysed 24 hpi
and
dual
luciferase
assays
were
performed. Firefly luciferase levels were
normalised to internal Renilla control and
then normalised again to percentage
scale, where zero was defined as zero
and 100% as the largest value in each
data set.
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Figure 7.7 Effect of BUNV NSs on IMD
signalling pathway in C6/36, C7-10 and
U4.4 cells. Mosquito cells were cotransfected with phRL-CMV (Renilla
luciferase expressed under control of
CMV promoter) as internal control and
pJL169 (firefly luciferase expressed
under
control
of
IMD-responsive
promoter) plasmids. Where indicated,
additional plasmids were simultaneously
transfected:
(control) pIB-V5/His, which is an empty
insect cell expression vector
(pIB-BUNVNSs) pIB plasmid expressing
NSs protein
and/or cells were stimulated with heatinactivated E.coli (E.coli). Cells were
lysed 24 h post transfection and dual
luciferase assays performed. Firefly
luciferase levels were normalised to
internal Renilla control and then
normalised again to percentage scale,
where zero was defined as zero and
100% as the largest value in each data
set.
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The NSs protein on its own failed to upregulate expression of luciferase from the
attacin promoter. However, when the IMD pathway was pre-activated, NSs strongly
inhibited it. Suppression of the IMD pathway and thereby inhibition of the attacin
promoter by the NSs protein was observed in all three mosquito cell lines, C6/36, C710 and U4.4.

7.7 Signalling pathways are affected in the course of
infection
To investigate how a progressing viral infection affects immune signalling pathways,
the levels of activation of Toll- and IMD-pathway responsive promoters were
measured. C6/36, C7-10 and U4.4 cells were infected with wtBUNV or rBUNdelNSs2,
and cells were collected for luciferase assays at 24, 48 and 72 hours post infection.
Twenty-four hours prior to each time point, infected cells were co-transfected with
pJM648 (Toll) or pJL169 (IMD) and phRL-CMV as a control for constitutive expression.
The Toll pathway was induced by simultaneous transfection of pJL195, which encoded
Toll receptor ΔLRR. Empty pIB-V5/His was used as a negative control. To activate the
IMD pathway cells transfected with reporter plasmids were incubated with heatinactivated E.coli.
Firefly luciferase activity was normalised to Renilla luciferase activity as described in
previous sections, and a percentage scale was applied within each data set for each
time point (Figure 7.8 and 7.9).
As shown previously neither wtBUNV nor rBUNdelNSs2 infection efficiently activated
the signalling pathways. If pre-stimulated, the pathways were affected by bunyavirus
replication. The Toll pathway was not affected by wtBUNV at 24hpi, but virus
replication downregulated the pathway thereafter, reaching almost complete inhibition
by 72 hpi in C6/36 cells. The deletion mutant suppressed the Toll-sensitive drosomycin
promoter, but the strength of inhibition decreased over time in C6/36 cells. In C7-10
cells wtBUNV replication inhibited the Toll pathway, reaching background levels by
72hpi. In contrast, the inhibitory effect of rBUNdelNSs2 on the Toll pathway decreased
over time, and downregulation was only 30% at 72hpi. The Toll response to wtBUNV in
U4.4 cells increased over the course of infection, whereas rBUNdelNSs2 infection
resulted in progressive downregulation (Figure 7.8).
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Figure 7.8 Effect of wtBUNV
and rBUNdelNSs2 replication on Toll pathway over
time. C6/36, C7-10 and U4.4
cells were infected with
wtBUNV or rBUNdelNSs2
(MOI
3
pfu/cell).
Cell
samples were collected for
luciferase assays at 24, 48
and 72 hours post infection.
Twenty-four hours prior to
each time point, infected
cells were co-transfected
with pJM648 (Toll) and
phRL-CMV as a control for
constitutive
expression.
The Toll pathway was
induced by simultaneous
transfection
of
pJL195,
which
encoded
Toll
receptor ΔLRR. Empty pIBV5/His was used as a
negative control. Firefly
luciferase
levels
were
normalised
to
internal
Renilla control and then
normalised
again
to
percentage scale, where
zero was defined as zero
and 100% as the largest
value in each data set.
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Figure 7.9 Effect of wtBUNV
and rBUNdelNSs2 replication on IMD pathway over
time. C6/36, C7-10 and U4.4
cells were infected with
wtBUNV or rBUNdelNSs2
(MOI
3
pfu/cell).
Cell
samples were collected for
luciferase assays at 24, 48
and 72 hours post infection.
Twenty-four hours prior to
each time point, infected
cells were co-transfected
with pJL169 (IMD) and
phRL-CMV as a control for
constitutive expression. To
activate the IMD pathway
cells
trans-fected
with
reporter plas-mids were
incubated
with
heatinactivated E.coli. Firefly
luciferase
levels
were
normalised
to
internal
Renilla control and then
normalised
again
to
percentage scale, where
zero was defined as zero
and 100% as the largest
value in each data set.
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Analysis of the IMD pathway (Figure 7.9) in C6/36 cells infected with wtBUNV showed
that the signalling pathway was only slightly inhibited at the beginning of the infection,
whereas by 72 hpi the virus had significantly inhibited the IMD signalling pathway.
Infection with rBUNdelNSs2 showed similar results, with increasing downregulation of
the pathway over the course of infection. In C7-10 cells the IMD pathway was inhibited
at the start of infection, which was followed by enhancement of the signalling in
response to wtBUNV infection. Results obtained for rBUNdelNSs2 in C7-10 cells
showed a similar pattern as the wild-type virus, though the IMD pathway was more
enhanced. In U4.4 cells infected with wtBUNV IMD signalling was inhibited during the
first 48h, but at 72 hpi the inhibitory effect of wtBUNV was lost when compared to the
control. Interestingly infection with rBUNdelNSs2 showed increased inhibition of the
pathway over time (Figure 7.9).
These results suggested that the IMD and Toll pathways, although not activated
directly by the virus, respond to viral infection and possibly affect viral replication. The
changing levels of the signalling pathways over the course of infection show that these
immune responses might be involved in the onset of persistent infection. Upregulation
of the Toll pathway in wtBUNV, but not rBUNdelNSs2, infected cells led to conclusions
that the virus utilizes some immune responses to its advantage. The observed
differences between wtBUNV and rBUNdelNSs2 infection suggested that the NSs
protein could be the main factor that modulates mosquito immune response. This also
could explain why rBUNdelNSs2 virus does not replicate in mosquito cells as efficiently
as wtBUNV.

7.8 Summary and discussion
7.8.1 Summary
The aim of this chapter was to investigate whether Drosophila antimicrobial peptide
reporter plasmids can be used to study immune signalling response in Ae. albopictus
C6/36, C7-10 and U4.4 cells.
•

Background levels of the activity of the drosocin promoter were higher in C6/36
and C7-10 cells and background levels of cecropin were elevated in C6/36
cells.

•

Only drosomycin and attacin promoter were active in mosquito cells:
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o

Stimulation of the IMD/Jnk pathway with inactivated E.coli activated
attacin A1 promoters.

o

Stimulation of the Toll pathway by expression of a Toll receptor
activated drosomycin promoter, whereas stimulation with Pansorbin did
not give the expected levels of activation.

•

BUNV infection alone did not trigger the immune signalling.

The next step was to explore immune responses mediated by the Toll and IMD/Jnk
pathway in response to BUNV infection and to determine if the NSs protein was
involved in altering the response.
•

BUNV infection affected the Toll and IMD/Jnk signalling pathways if they were
activated by Toll receptor or E.coli (Table 7.2)

•

BUNV NSs is the factor that affects the Toll and IMD/Jnk signalling based on
comparison of rBUNdelNSs2 and wtBUNV infection and transfection with pIBBUNVNSs (Table 7.2)

•

The effect of virus replication on Toll pathway does not change over time, but is
different among C6/36, C7-10 and U4.4 cells.

•

The effect of virus on IMD/Jnk pathway changes over time and differs among
the tested mosquito cell lines.

C6/36

C7-10

U4.4

Toll

24

48

72

24

48

72

24

48

72

wtBUNV

−

ê

ê

ê

ê

ê

é

é

é

rBUNdelNSs2

ê

ê

ê

ê

ê

ê

ê

ê

ê

pIB-BUNVNSs

é

*

*

ê

*

*

é

*

*

IMD/Jnk

24

48

72

24

48

72

24

48

72

wtBUNV

ê

ê

ê

ê

ê

é

ê

ê

ê

rBUNdelNSs2

é

ê

ê

é

ê

é

é

ê

ê

pIB-BUNVNSs

ê

*

*

ê

*

*

ê

*

*

Table 7.2 Summary of Toll and IMD/Jnk pathways in C6/36, C7-10 and U4.4 cells affected
by wtBUNV or rBUNdelNSs2 infection over time or transfection with pIB-BUNVNSs.
(−) no effect (ê) downregulation; (é) enhancement of pre-activated pathway. (*) no result
available at these time points.
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7.8.2 Discussion
Bunyamwera virus infection of mosquito cells is characterised by an initial acute stage
with relatively high virus production followed by a drop in virus titres and establishment
of persistent infection. No information is available on mechanisms that help mosquito
cells overcome the initial infection and initiate persistence. Little is known about
mosquito immune response to virus infection, but it is possible that establishment of a
balance between virus replication and mosquito defence mechanisms results in
persistence.
In this chapter antimicrobial peptide reporter plasmids were used to investigate Toll
and IMD/Jnk signalling in response to BUNV infection. These reporter plasmids
contained firefly luciferase gene under the control of antimicrobial peptide-specific
promoters derived from Drosophila. A previous study with Semliki Forest virus showed
that the drosomycin and attacin reporter plasmids are functional in U4.4 cells and the
virus was able to affect the signalling if the pathways were induced in vitro (Fragkoudis
et al., 2008). Reporter plasmids for drosomycin, attacin, drosocin, defensin, cecropin
and diptericin were tested in C6/36, C7-10 and U4.4 cells. Replication of wtBUNV or
rBUNdelNSs2 did not activate any of the above promoters. To study if the virus
replication could modulate these responses, mosquito cells were stimulated with heatinactivated E.coli, Pansorbin or co-transfection with plasmid encoding a Toll receptor.
These stimuli failed to activate drosocin, defensin, and cecropin and diptericin
promoters. Stimulation with E.coli activated the attacin promoter and also led to a slight
activation of the drosomycin promoter in Ae. albopictus cells. Expression of Toll
receptor activated the drosomycin promoter in all tested cell lines. Pansorbin, which is
a preparation of formalin-hardened and heat-killed gram-positive Staphylococcus
aureus cells, failed to effectively stimulate any of the promoters. It has been previously
shown to be effective in activation of Toll-like receptor signalling pathways in
mammalian cells (Yoder et al., 2003). This suggests that although the Toll signalling
pathway is activated in mosquitoes in response to infection with gram-positive bacteria,
the nature of this activation might be more complicated. From six Drosophila-derived
promoters two, drosomycin and attacin, were shown to be functional in mosquito cells
confirming previous findings (Fragkoudis et al., 2008). Promoters that were not
activated in response to used stimuli could have not worked for multiple reasons. First,
these particular promoters were not recognised by the mosquito cell machinery due to
evolutionary distance between Aedes and Drosophila. This could be a valid
explanation for lack of activation of the cecropin promoter in C7-10 cells as the Ae.
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albopictus C7-10 cells were shown previously to secrete cecropin in response to
stimulation with heat-inactivated E.coli (Sun et al., 1998). The second possibility could
be that these particular peptides are inactive in C6/36, C7-10 and U4.4 cells due to
prolonged culturing in laboratory conditions.
Replication of wtBUNV and rBUNdelNSs2 affected Toll and IMD/Jnk signalling
pathways when pre-activated. The toll pathway was downregulated in the C6/36 and
C7-10 cells infected with the both viruses, which suggested that the NSs protein was
not the sole factor, that downregulated the Toll pathway. A potential factor that could
be associated with downregulation of the Toll pathway during infection is the NSm
protein. A recent study of La Crosse virus persistently-infected Ae. triseriatus
mosquitoes, that were reared from field collected eggs, suggested that the interaction
between the NSm protein and the vector innate immune response regulates persistent
infection (Reese et al., 2010). This could be investigated in cell culture by infecting the
cells with various recombinants of BUNV carrying mutations in NSm gene and
examining the levels of Toll pathway activity. On the other hand NSs was the factor
that affected the Toll pathway. These experiments also showed that U4.4 cells respond
to infection differently than C6/36 or C7-10 cells by way of the Toll pathway. In contrast
to C6/36 and C7-10 cells, wtBUNV infection of U4.4 cells enhances Toll pathway
signalling, which is similar to the observations made for Semliki Forest virus infection of
U4.4 cells (Fragkoudis et al., 2008).
Whereas the effect of virus replication on the Toll pathway did not change over time,
the IMD/Jnk signalling levels changed during virus infection in mosquito cells. The
response of this pathway was conserved among the mosquito cell lines, with the
exception of C7-10 cell line, which managed to counteract virus influence at a later
time point. Wild-type BUNV downregulated active IMD pathway as did separate
expression of NSs. Interestingly initial infection with rBUNdelNSs2 enhanced IMD
signalling, suggesting the importance of the NSs protein. However within 24h of
infection the deletion mutant regained the ability to overcome this immune response.
These data suggest that the NSs protein was capable of counteracting mosquito cell
innate immune responses, but it was not the only viral factor that participated in this
process.
The capability of Bunyamwera virus to influence the level of activity of the Toll and IMD
pathways suggested that these immune mechanisms were involved in modulation of
virus replication and perhaps maintenance of persistent infection. Similar inhibiting
properties were assigned to Dengue virus (Sim & Dimopoulos, 2010). Furthermore the
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IMD pathway was shown to function as an antiviral mechanism in cricket paralysis
virus infected D.melanogaster (Costa et al., 2009) and in Sindbis virus infected C6/36
cells as well as in D. melanogaster (Avadhanula et al., 2009).
The NSs protein was shown in this chapter to enhance the Toll pathway and suppress
the IMD pathway. The mechanism of this process remains to be discovered, however a
functional study of Microplitis demolitor bracovirus (a segmented DNA virus) in
Drosophila cells identified two viral proteins to be the inhibitors of NF-κB and thereby
regulate the effectors of Toll and IMD pathways (Thoetkiattikul et al., 2005).
To determine whether activation of Toll and IMD pathways is strong enough to control
Bunyamwera virus replication in Ae. albopictus cells, characterization of virus levels
during infection of mosquito cells with pre-activated immune signaling pathways could
be done. Initial experiments revealed that pre-activation of the Toll pathway in C6/36,
C7-10 and U4.4 cells did not affect Bunyamwera virus titres (data not shown). However
more detailed studies might show otherwise as the Toll pathway has been shown to
control Dengue virus infection in Ae. aegypti mosquitoes (Xi et al., 2008).
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8 INNATE IMMUNE RESPONSE TO VIRUS
REPLICATION – RNAi

8.1 Introduction
Immune responses to arbovirus infection could be one of the factors participating in
establishment of persistent infection. Results in the previous chapter showed that
immune signalling was affected during the viral replication. In recent years studies on
RNAi depicted this mechanism as the major tool utilised by mosquito cells to fight
arboviruses. The RNAi response was activated by double-stranded RNA (dsRNA),
which is an intermediate of replication of RNA viruses. Upon detection, dsRNAs are
degraded by Dicer (RNase III-type endonuclease) into small interfering RNAs (21-26 nt
long). The RNA-induced silencing complex (RISC) incorporates single strands of the
siRNAs which are used as templates for detection of target sequences, that are later
degraded by a nuclease called argonaute-2. The RNAi response has been shown to
provide innate immunity against infection with many positive-strand RNA viruses
(reviewed in Chapter 1), but to date only one study showed that this mechanism is
active in mosquito cells in response to negative-strand RNA virus. Blakqori et al. (2007)
demonstrated that mosquito cells produce virus-specific small RNAs in response to
infection with La Crosse orthobunyavirus.
The aim of this chapter was to investigate whether an RNAi response was mounted
against Bunyamwera virus replication in the available Ae. albopictus cell lines. To
determine whether the BUNV NSs protein was involved in counteracting innate
immune response mediated by RNAi the deletion recombinant virus was used.
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8.2 RNA silencing activity in Ae. albopictus cells
To determine whether Ae. albopictus cell lines have a functioning RNA silencing
mechanism, experiments were conducted where a reporter (GFP) gene was
expressed. C6/36, C7-10 and U4.4 cells were co-transfected with pIB-GFP and GFPspecific, long dsRNA. Cells transfected only with pIB-GFP were used as a control.
Cells were examined by UV-microscopy to look for GFP autofluorescence.
Effective RNA silencing of GFP was achieved only in the case of U4.4 cells, where no
green cells were detected in the wells co-transfected with pIB-GFP and GFP-specific
dsRNA. Silencing was visible in C6/36 and C7-10 cells but to a lesser extent. In
comparison to the positive control silencing was successful in approx. 60% of C6/36
cells and approx. 25% of C7-10 cells (Figure 8.1). These results suggested that the
RNAi mechanism was the strongest in U4.4 cells.

8.3 dsRNA in BUNV infected mosquito cells
8.3.1 Monoclonal dsRNA-specific mouse antibody J2
To detect if the RNAi response was triggered by dsRNA in C6/36, C7-10 and U4.4
cells, the J2 antibody (Scicons, Hungary) was used. J2 is a mouse monoclonal dsRNAspecific antibody which recognises dsRNA of more than 40-bp length (Schönborn et
al., 1991). This antibody was demonstrated previously to detect dsRNA in positivestrand RNA virus infected mammalian cells, as well as in the case of dsRNA and DNA
viruses, but not in negative-strand RNA virus infected Vero cells (Weber et al., 2006).
Moreover, a recent study with Dengue virus showed that the J2 antibody could be used
to detect dsRNA in Ae. aegypti cells and in living mosquitoes (Sánchez-Vargas et al.,
2009). Similarly dsRNA was detected in U4.4 cells infected with Semliki Forest virus
(specifically SFV4). Therefore, SFV4 infection of available mosquito cells was used as
the tool to optimise the method in the laboratory. For this purpose U4.4 cells were
seeded in six-well plates with cover slips and infected 24 h later with SFV4 at an MOI
of 1 PFU/cell. Cells were fixed at 24 hpi. To confirm that the J2 antibody is functional
and no cross detection between antibodies occurred, one cover slip was stained with
J2 antibody and the second cover slip was stained with an anti-SFVnsP3 antibody and
analysed by confocal microscopy. Viral antigen and dsRNA were detected in SFV4
infected U4.4 cells, which confirmed that the J2 antibody is functional in mosquito cells
(Figure 8.2).
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Figure 8.1 RNA silencing mechanism is active in mosquito cells. C6/36, C7-10 and U4.4
cells were co-transfected with pIB-GFP and dsRNA specific for GFP. Transfection with
pIB-GFP was used as a negative control. Cells were examined by UV-microscopy to look
for GFP autofluorescence.
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Figure 8.2 Detection of dsRNA in SFV4 infected U4.4 cells. U4.4 cells were infected with
SFV at an MOI of 1 PFU/cell. Cells were fixed at 24 hpi. One set of cells was stained with
anti-SFVnsP3/anti-rabbit TexasRed antibodies (red signal) and the other set was stained
with J2/anti-mouse CY5 antibodies (green signal). Panels 1 and 3 have enhanced
background in order to visualise outline of the cells. Panels 2 and 4 are low background
level equivalents of Panels 1 and 3, respectively.
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8.3.2 Detection of dsRNA in mosquito cells
Mosquito cells were examined for the presence of dsRNA to determine if they mount
RNAi activity resulting from BUNV infection. C6/36, C7-10 and U4.4 cells were seeded
in six-well plates on cover slips (2 cover slips per well) and infected with wtBUNV or
rBUNVdelNSs2 at an MOI of 1 PFU/cell. At 72 hpi the cover slips were removed while
the remaining cells that grew on the surface of the wells were left to grow until
confluent, when they were passaged into new six-well plates containing cover slips.
The passaged cells were grown for 48 hours and then the cover slips were collected.
Cells on the collected cover slips were analysed by immunofluorescence. An antibody
against BUNV N protein was used to confirm that the cells were infected and the J2
antibody was used to detect dsRNA.
No viral antigen was detected in mock-infected cells (data not shown). C6/36 cells
infected with wtBUNV and rBUNdelNSs2 displayed strong signal for N but no or very
little dsRNA fluorescence was detected. Examination of C7-10 cells showed that
dsRNA forms were produced in infection with both wtBUNV and rBUNdelNSs2, but no
significant difference was observed between the two viruses. Interestingly the strongest
signal of dsRNA was detected in U4.4 cells infected with wtBUNV. No dsRNA species
were found in U4.4 cells infected with the deletion mutant. This could be explained by
the fact that no infected cells were found (Figure 8.3 A, B).
The signal for dsRNA increased after establishment of persistent infection. dsRNA was
detected mainly in the viral factories14. Interestingly dsRNA was detected in C6/36 cells
infected with rBUNdelNSs2. In C6/36 cells infected with wtBUNV dsRNA were detected
in few cells where no N protein was detected (Fig 8.4 A, B).
The above results show that dsRNA species can be detected by the J2 antibody during
viral replication in mosquito cells. However, dsRNA was not detected using the same
antibody in mammalian cells infected with La Crosse virus (Weber et al., 2006). These
results lead to the conclusion that there are differences in the mechanism of virus
replication in mosquito and mammalian cells, though to confirm this hypothesis more
experiments would need to be done.

14

Viral factories were described in Chapter 6.
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Figure 8.3A Detection of dsRNA in wtBUNV infected mosquito cells in the late stages of
the infection. C6/36, C7-10 and U4.4 cells were infected with wtBUNV at an MOI of 1
PFU/cell. Cells were fixed 72 hpi and stained with anti-BUNN/anti-rabbit TexasRed
antibodies (red signal) and the other set was stained with J2/anti-mouse CY5 antibodies
(green signal).
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Figure 8.3B Detection of dsRNA in rBUNdelNSs2 infected mosquito cells in the late
stages of the infection. C6/36, C7-10 and U4.4 cells were infected with rBUNdelNSs2 at an
MOI of 1 PFU/cell. Cells were fixed 72 hpi and stained with anti-BUNN/anti-rabbit
TexasRed antibodies (red signal) and the other set was stained with J2/anti-mouse CY5
antibodies (green signal).
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Figure 8.4A Detection of dsRNA in wtBUNV persistently infected mosquito cells in the
late stages of the infection. C6/36, C7-10 and U4.4 cells were infected with wtBUNV at an
MOI of 1 PFU/cell. Cells were fixed 48 h after the first passage of infected cells and
stained with anti-BUNN/anti-rabbit TexasRed antibodies (red signal) and the other set
was stained with J2/anti-mouse CY5 antibodies (green signal).
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Figure 8.4B Detection of dsRNA in rBUNdelNSs2 persistently infected mosquito cells in
the late stages of the infection. C6/36, C7-10 and U4.4 cells were infected with
rBUNdelNSs2 at an MOI of 1 PFU/cell. Cells were fixed 48 h after the first passage of
infected cells and stained with anti-BUNN/anti-rabbit TexasRed antibodies (red signal)
and the other set was stained with J2/anti-mouse CY5 antibodies (green signal).
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8.4 Detection of siRNAs by Northern blotting
Results in the previous section showed that dsRNAs are produced during BUNV
infections, which lead to the conclusions that mosquito cells are capable of mounting
an RNAi response against BUNV. To investigate this further, Ae. albopictus C6/36, C710 and U4.4 cells were infected with wtBUNV or rBUNdelNSs2 and production of virus
specific small RNAs (putative viRNAs) was investigated. Total cellular RNA was
isolated from cells collected at 4, 6 and 8 dpi. At day 8 cells were passaged and kept
for two more passages. At each passage cells were collected for RNA isolation.
Uninfected mosquito cells and wtBUNV infected Vero cells were used as controls. RNA
was analysed by Northern blotting.
DIG-labelled RNA negative- and positive-sense detecting probes widely used in the
laboratory for conventional Northern blot analysis (Lowen et al., 2005; Lowen & Elliott,
2005) did not allow detection of viRNAs. At first it was thought that the probes being
approx. 1000 nt in length, might be too big to stay hybridised during the wash steps to
viRNAs that were expected to be 20 to 50 nt long. However, viRNAs were not detected
with the probes that had been alkali-hydrolysed to reduce their size (data not shown).
This suggested that a more sensitive probe labelling method would have to be used,
and therefore, short, approx. 150 nt long probes, were prepared by incorporation of [α32

P]UTP. Negative sense (S-) and positive sense (S+) S segment derived probes were

made, and these proved successful in detecting small RNAs.
Small RNAs of viral origin were only detected in mosquito cells infected with wtBUNV
or rBUNdelNSs2. Controls of uninfected mosquito cells and wtBUNV infected Vero
cells did not produce viRNAs (Figure 8.4). Virus specific small RNA species between
20 and 25 nt long were detected with the (S+)-detecting probe, whereas Northern
blotting with (S-)-detecting probes did not detect any viRNAs (data not shown). In
C6/36 cells infected with wtBUNV viRNAs were detected until the first passage (day 8)
and then the signal decreased. The levels of viRNAs in C6/36 cells infected with
rBUNdelNSs2 were the highest at four days post-infection and then they also
decreased (Figure 8.4 A). C7-10 cells infected with the deletion mutant produced
overall higher amounts of viRNAs than wild-type infected cells (Figure 8.4 B). Northern
blotting analysis of RNA isolated from U4.4 cells showed that viRNAs were produced in
response to wtBUNV infection as in C6/36 and C7-10 cells. Virus derived small RNAs
were detected weakly in U4.4 cells infected with rBUNdelNSs2 after the third passage
(Figure 8.4 C). This could be explained by limitation in the sensitivity of the method.
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Figure 8.5 Formation of BUNVspecific small RNAs in C6/36 (A),
C7-10 (B) and U4.4 (C) cells infected
with wtBUNV (lanes 2-6) or
rBUNdelNSs2 (lanes 7-12). Total
RNA was isolated from infected
cells at the specified times and 10
µg were separated by polyacrylamide gel electrophoresis and
hybridised to a positive sense
detecting S segment RNA probe.
(lane 1) uninfected cells, (lanes 2, 7)
4 dpi, (lanes 3, 8) 6 dpi, (lanes4, 9) 8
dpi (passage 1), (lanes 5, 10)
passage 2, (lanes 6, 11) passage 3,
(lane 12) Vero cells infected with
wtBUNV. Arrows show the positions
of 20- and 30 -nucleotide markers,
which were run on the same gel.
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Previous chapters showed that rBUNdelNSs2 does not replicate successfully in U4.4
cells and viral proteins were produced only in very few cells. Therefore, the signal for
viRNAs might have arisen from a low level of infected cells in the population.
Northern blotting to detect viRNAs showed that the RNAi mechanism appeared to be
active in the examined mosquito cell lines. These data also suggested that NSs does
not inhibit RNAi in mosquito cells, which confirms the previous study with La Crosse
virus by Blakqori et al (2007). The differences observed between wtBUNV and
rBUNdelNSs2 infected cells should be treated as a result of different rates of viral
replication.

8.5 Summary and discussion
8.5.1 Summary
The aim of this chapter was to determine whether infection of mosquito cells with
wtBUNV or rBUNdelNSs2 triggers an RNAi response and if the NSs protein plays a
role in the interaction of the virus with the RNAi response. The second aim was to
compare the RNAi response to virus infection between C6/36, C7-10 and U4.4cells.
•

RNAi mechanism is most efficient in U4.4 cells.

•

dsRNA can be detected in C7-10 and U4.4 cells infected with BUNV, in contrast
to C6/36 cells where only single infected cells were found to have dsRNA.

•

viRNA are produced in response to wtBUNV infection.
o

levels of viRNAs differ among the cell lines

o

levels of viRNA in rBUNdelNSs2 infected cells are higher in C7-10 cells

o

low levels of viRNAs were detected in persistently infected U4.4 cells
with rBUNdelNSs2

8.5.2 Discussion
Results obtained in previous chapters showed that BUNV infection differed among the
tested mosquito cell lines. The observations suggested that the NSs protein is
important in virus replication in various mosquito cells (Chapter 5 and 6), and that NSs
also affects innate immunity signalling. However, it is not the sole viral factor which
plays a role in evasion of the host immune response (Chapter 7).
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RNAi mediated immunity is triggered by dsRNA, which down the line leads to
production of sequence specific small interfering RNAs (siRNAs; called viRNAs if virus
sequence specific). Data presented in this chapter showed that U4.4 cells processed
dsRNA and thereby efficiently silenced GFP expression. However C6/36 and C7-10
cells were unable to efficiently silence the GFP expression when supplied with long
dsRNA. This suggested the RNAi pathway, probably Dicer2, was dysfunctional in these
cell lines. Similar conclusions were drawn very recently from work on C6/36 cells and
the RNAi response to Dengue virus (Scott et al., 2010), and West Nile, Sindbis and La
Crosse viruses (Brackney et al., 2010). These studies showed that C6/36 cells were
unable to process long dsRNA into siRNAs of 21nt in length, which are common in
Dicer2 based systems. A previous study of negative-sense RNA viruses in mammalian
cells showed that dsRNA were not generated during infection, which suggested that an
RNAi-mediated immune response was not the main antiviral mechanism (Weber et al.,
2006). However, data presented in this chapter showed that dsRNA is generated in
virus infected U4.4 and C7-10 cells. Some individual C6/36 cells were capable of
producing dsRNA but to a far lesser extent than the two other cell lines, which again
suggested that the RNAi pathway might be dysfunctional in this particular cell line.
Interestingly dsRNAs were more abundant in persistently infected cells, which could
suggest that RNAi is involved in maintaining the persistent infection. Another
explanation for the presence of dsRNA in mosquito cells could be that the N protein
imperfectly covers the RNA as it is transcribed, which allows formation of longer
dsRNAs.

Imperfect covering of RNA was suggested previously as the reason for

activation of dsRNA-dependent immune response in reovirus infected cells (Jacobs &
Langland, 1996).
Northern blotting showed that viRNAs originating from the positive RNA strand were
produced in all the cell lines in response to wtBUNV infection, which was in accordance
with previously published results for La Crosse virus in C6/36 cells (Blakqori et al.,
2007). Similar results were obtained in the most recent publications, where highthroughput sequencing revealed viRNAs of positive-strand origin, but the size of these
siRNAs was of 26-27nt in length (Brackney et al., 2010). The method applied in this
chapter was not sensitive enough to determine the exact length of generated viRNAs,
which were between 20 and 30 nt long.
Experiments presented in this chapter were not sufficient to attribute a role to the NSs
protein in modulation or evasion of RNAi innate immune response. Different levels of
viRNAs generated by wtBUNV or rBUNdelNSs2 cells are most likely a result of the
different replication rates of both viruses, and not a direct action of NSs. However a
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potential role of NSs interaction with RNAi pathway components cannot be ruled out.
The most recent data obtained in vitro suggested that NSs of tospoviruses has an
affinity for dsRNA molecules, and thereby the capability to inhibit Dicer-mediated
cleavage, which suggested TSWV NSs to function as an RNA silencing suppressor
(Schnettler et al., 2010).
The inefficient processing of dsRNA by C6/36 and C7-10 cells, but presence of viRNAs
in infected cells, could suggest that an RNA silencing mechanism other than Dicer2based is active. It was suggested recently that the piRNA pathway might be the
mechanism that is active in C6/36 cells (Brackney et al., 2010; Scott et al., 2010). This
mode of RNAi silencing is triggered by the presence of single stranded positive-sense
RNA, which is processed in a Dicer1- and Dicer2-independent way into 27 nt long
piRNAs. This pathway is involved in controlling the transcription of transposable
elements in the genome, in development of reproductive tissue and is used by cells as
an RNA degradation pathway (Brennecke et al., 2008; Yin & Lin, 2007).
Assessment of the fitness of RNAi pathways in these cell lines would be useful in
studies of interactions between the virus and the particular pathway components.

147

RESULTS

9 BUNYAMWERA VIRUS REPLICATION IN
AEDES AEGYPTI MODEL
To date only two mosquito genome sequencing projects have been completed,
Anopheles gambiae and Aedes aegypti (Holt et al., 2002). In the absence of a
complete genomic library for Ae. albopictus, it would be useful to have a
supplementary model for Bunyamwera virus replication, where sequencing data would
be available. Preliminary experiments in the An. gambiae Suakoko strain cell line,
Sua4 (Catteruccia et al., 2000), did not show any signs of Bunyamwera virus infection
(data not shown). Since Bunyamwera virus was isolated from a pool of 14 species of
Aedes mosquitoes (Smithburn et al., 1946), two cell lines, Ae and A20 (Pudney et al.,
1979), derived from Ae. aegypti mosquito were chosen as promising candidates for this
study.

9.1 Bunyamwera virus replication in Ae. aegypti cell
lines
The aim of the chapter was to investigate whether Bunyamwera virus replicates in Ae.
aegypti Ae and A20 cell lines and to compare the outcome of the infection to results
obtained in Ae. albopictus clones.
Initial microscopic studies of Ae and A20 cell lines showed that the morphology of
these cells resembled the Ae. albopictus U4.4 cell line. Further investigation revealed
that, like Ae. albopictus clones, Ae and A20 do not show any signs of CPE when
infected with Bunyamwera virus (Figure 9.1)
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9.1.1 Bunyamwera virus infection of Ae and A20 cell lines
resembles that of Ae. albopictus U4.4 cell line.
To investigate whether BUNV was capable of infection in Ae. aegypti clones, Ae and
A20 cell lines were infected with wtBUNV or rBUNdelNSs2 at an MOI of 1 PFU/cell.
Although Ae and A20 cells attached to the surface more efficiently than U4.4 cells, cell
monolayers were not washed after infection in order to compare with the results
obtained in section 5.3. Cell and supernatant samples were collected at 24, 48 and 72
hpi for Western blot analysis for BUNV N protein and titration by plaque assays.
The results showed that wtBUNV was capable of replication in both cell lines, as was
demonstrated by increased virus titres and accumulation of BUNV N protein. In the
case of rBUNdelNs2 virus, N protein was not detected by Western blotting in either of
……
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Figure 9.1 Light microscopy examination of infected Ae. aegypti cells. Morphology of Ae
and A20 cell lines resembles that of Ae. Albopictus U4.4 cell line. No CPE effect was
observed upon infection. Uninfected (A), infected with wtBUNV (B) or with rBUNdelNSs2
(C) Ae, A20 and U4.4 cells are shown. Magnification: x20.
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the cell lines suggesting that the deletion mutant was not able to replicate. However the
titration results did show presence of infectious viral particles. Given that the titres did
not increase over time, it was concluded that this represented residual virus that
remained after removal of the inoculum and replacement with fresh medium.
Ae and A20 cells were permissive to wtBUNV. Virus titres were similar in both cell
lines, increasing 100-fold within 48 h. N protein was first detected in both cell lines at
48 hpi. No difference in titres or levels of N protein accumulation was observed
between Ae and A20 cells. When cells were infected with rBUNdelNSs2, neither
plaque assays nor Western blotting detected virus replication, suggesting the
importance of NSs. These results show resemblance of those obtained in the Ae.
albopictus U4.4 cell line, where NSs protein was essential for BUNV infection (Figure
9.2).
To analyze the rate of protein synthesis by wtBUN and rBUNdelNSs2 viruses, Ae and
A20 cell lines were infected at an MOI of 1 PFU/cell and labelled with [35S]-methionine
at different times after infection. Radiolabelled proteins were analysed by SDS-PAGE
as described in section 5.3.3. Additionally the same amounts of cell extracts were
assayed for N protein by Western blotting (Figure 9.3).
Ae. aegypti Ae and A20 clones showed low levels of BUNV N protein expression, with
the first detectable levels at 48hpi for wtBUNV. Other viral proteins were not identified.
In the case of rBUNdelNSs2 the results were consistent with the ones obtained for Ae.
albopictus U4.4 cells; no visible levels of viral proteins were detected in the Ae and A20
cell lines. Western blot analysis showed accumulation of N protein in wtBUNV-infected
cells at 48 hpi. However no significant amounts of N protein were detected in pulse
labelling which suggested that the rate of viral protein production was slow. N protein
was not detected in the case of rBUNdelNSs2-infected cells, which confirmed again the
importance of the NSs protein in BUNV replication in Ae and A20 cells. BUNV
appeared to replicate similarly in Ae and A20 cells, suggesting that the course of
infection in the two cell lines was also similar.

150

RESULTS

!"#$%&'
!"#

"$#

%!#

(#$%)*+%,-'
!"#

"$#

%!#

.'
%'

!"#$%&'
!"#

"$#

%!#

(#$%)*+%,-'
!"#

"$#

%!#

.'

%'

Figure 9.2 Bunyamwera virus replication in Ae and A20 cell lines. Cells were infected with
wtBUNV or rBUNdelNSs2 at an MOI of 1PFU/ml. At indicated times media samples were
collected for titration by plaque assays and cell samples were run on a 12% SDS PAGE,
transferred onto a membrane and analysed for N protein by Western blotting.
Immunodetection of tubulin was used as the loading control.
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Figure 9.3 Protein synthesis in wtBUNV and rBUNdelNSs2 virus infected Ae. aegypti Ae
35
and A20 cells. Cells were labelled for 2 h with [ S]-methionine at indicated times postinfection (hpi). Cell lysates were run on a precast 4 – 12% SDS-PAGE, then the gels were
dried and exposed to an X-ray film (top panels) or Western blotting was performed to
detect the N protein (bottom panels). (M) protein marker, (ø) uninfected cells.
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9.1.2 Virus growth
As the previous results showed no obvious difference in the infection of Ae and A20
cell lines (section 9.1.1), further investigation of BUNV infection in Ae. aegypti cell
culture was done only in the Ae cell line.
Ae cells seeded in six-well plates were infected at MOI of 1 PFU/cell. Media and cells
were harvested at various times post infection. Cell extracts were used for detection of
N protein and tubulin (loading control) by Western blotting and the media were used for
virus titrations by plaque assays.
Viral titres presented in Figure 9.4, Panel A, showed that wtBUNV infection resulted in
infectious viral particles being produced. The pattern of virus production was similar to
that obtained for the three Ae. albopictus cell lines, and the titres similar to those in
U4.4 cells. Infection with rBUNdelNSs showed similarities to that of U4.4 cells: the viral
titres obtained were constant (in red, Figure 9.4 A), suggesting that the residual virus,
which remained after removal of the inoculum, was detected.
Initial data obtained from Western blotting confirmed titration results; wtBUNV
replicated efficiently in Ae cell line, with the N protein visible as early 48 hpi whereas no
signs of infection were detected for rBUNdelNSs2 (Figure 9.4 B). However, when the
blots were highly over-exposed (30 min versus 1 min) the BUNV N protein was
detected at 24 hpi for wtBUNV. Moreover after prolonged exposure low levels of the N
protein could be detected in rBUNdelNSs2 infected Ae cells at 42 hpi (Figure 9.4 C).
This result suggested that rBUNdelNSs2 might be capable of limited replication in the
Ae cell line, however this was much less compared to wtBUNV infection, indicating that
NSs was an important factor for replication.
The previous immunofluorescence results (Chapter 6) showed that very few U4.4 cells
sustain rBUNdelNSs2 replication. Combined with the above result a question arose
whether the infection with rBUNdelNSs2 could be visualised by Western blotting in
U4.4 cells after all. Experiments with rBUNdelNSs2 infection of U4.4 cell line were
repeated. However prolonged exposure of blots and the use of Western blot signal
enhancers did not show any signs of infection (data not shown).
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Figure 9.4 BUNV replication in Ae cells. Ae cells were infected with wtBUNV or
rBUNdelNSs2 at an MOI of 1 PFU/cell. At indicated times post infection media samples
for plaque assays to measure titration (A). Cell extracts were run on a 12% SDS-PAGE,
transferred onto a membrane and Western blotting for N protein and tubulin (T)
performed. The blots were exposed for 1 min (B) and 30 min (C).
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9.1.3 Persistent infection
To investigate if BUNV was capable of establishing persistent infection in the Ae cell
line, cells were infected with wtBUNV or rBUNdelNSs2 at an MOI of 0,1 PFU/cell and
maintained at 28°C for 7 days when cells grew into a confluent monolayer.
Supernatants were collected and infected cells were then passaged using a fifth of
gathered cells as it was done with Ae. albopictus cell lines (section 5.4.2). Cells were
maintained for 7 passages (Figure 9.5).

Figure 9.5 Persistent infection of Ae. aegypti Ae and A20 cell lines. Red line shows the
titres of wtBUNV, and the blue line presents rBUNdelNSs2 titres.
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Titration results showed the Ae cell line to be persistently infected with wtBUNV.
However the levels of infectious virus production remained low and there was no
significant difference between consecutive passages as was seen in Ae. albopictus cell
lines. Interesting results were obtained for rBUNdelNSs2 infection. Unexpectedly,
infectious virus particles were detected after the first passage, then the next two
passages shed no virus particles, and then from passage 4 low titres resembling those
obtained for wtBUNV were seen (Figure 9.5). The rBUNdelNSs2 persistent infection
experiment was repeated two more times in Ae cells, and also in A20 cells. No virus
particles were detected at the second and third passages, and thereafter in all cases,
virus behaved as wtBUNV.

9.1.4 Summary and discussion
9.1.4.1 Summary
The aim of this chapter was to investigate whether BUNV replicated in Ae. aegypti cells
and to determine whether the Ae and A20 cells could be used as a model to study
BUNV replication in mosquito cells.
•

Ae. aegypti cells resembled U4.4 cells morphologically.

•

BUNV replication in Ae and A20 cells is similar to U4.4 cells.

•

o

wtBUNV replicated and established persistent infection in Ae and A20

o

NSs is required for efficient replication of the virus

rBUNdelNSs2 established persistent infection after complete drop in titres at
passage 2

9.1.4.2 Discussion
The lack of genomic sequencing data for Ae. albopictus mosquito makes it a difficult
model to study host-virus interactions. Therefore Ae. aegypti derived cells could be the
optimal model for identifying the host factors that are involved in the interaction with the
virus, thanks to availability of the complete genomic library (Nene et al., 2007).
There is no published data available on replication of Bunyamwera virus in Ae. aegypti
cells, although the virus originally was isolated from this species. Results presented in
this chapter showed similarities between Ae. aegypti Ae and A20 cells and Ae.
albopictus U4.4 cells. Bunyamwera virus replication in Ae and A20 resembles infection
in U4.4 cells, which have been suggested in previous chapters to be the best model to
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study BUNV infection and the function of NSs protein. As in U4.4 cells, BUNV did not
cause cytopathic effect and the wtBUNV established persistent infection. The NSs
protein also proved to be important for successful BUNV replication in Ae. aegypti
cells, as expected. However rBUNdelNSs2 was able to replicate in Ae cells to a higher
level than in U4.4 cells. A possible explanation of this difference is that both cell lines,
U4.4 and Ae, are composed of a mixed population of cells. This would suggest that the
percentage of cells supporting rBUNdelNSs2 replication is higher in Ae than in U4.4
cells. In contrast to C6/36 and C7-10 cells, Ae and U4.4 were selected in the least
invasive way (personal communication, D. Brown).
All these data suggested that Ae. aegypti cells can be a useful tool in studying
Bunyamwera virus infection and identification of cellular components that are important
in mosquito-arbovirus interactions.
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9.2 Bunyamwera virus replication in Ae. aegypti
mosquitoes
In order to be successfully transmitted from mosquito vector to vertebrate host the
infecting virus has to defeat an army of immune mechanisms in the mosquito. After
being ingested in the blood meal, the virus has to go through the midgut infection
barrier. If the virus manages to replicate in the midgut, in order to be disseminated it
has to overcome the midgut escape barrier, and subsequently the salivary gland
infection and escape barriers, to achieve the transmission stage. On top of these
obstacles the virus needs to overcome the mosquito’s innate immune response (CaoLormeau, 2009; Khoo et al., 2010; Mellor, 2000; Sanchez-Vargas; Severson et al.,
2004).
It has been shown previously that the Ae. albopictus U4.4 cell line is a good tissue
culture model for Sindbis and Semliki Forest viruses for infection of the mosquito (Kohl
et al., 2007; Miller & Brown, 1992). The results presented in Chapters 5 and 6.1
showed that the NSs deletion mutant was not able to replicate as successfully as
wtBUNV in U4.4, Ae and A20 cell lines. This led to the conclusion that NSs could be
the main factor that counteracts the mosquito cell immune response. Thereby the
question arose as to whether rBUNdelNSs2 would be inhibited in living mosquitoes as
it was in the U4.4, Ae and A20 cell lines.
The Ae. aegypti mosquito was chosen as the living model to study BUNV infection
because it is the most studied and easily handled mosquito vector. Additionally BUNV
was originally isolated from Aedes species (Smithburn et al., 1946) and it has been
previously shown that wtBUNV is capable of replicating in laboratory raised Ae. aegypti
mosquitoes and of being transmitted via saliva to mice (Peers, 1972).
All the experiments in this section were carried out during a four-week stay at the
Institute Pasteur in Paris, France. The work was done under the supervision of Dr
Anna-Bella Failloux in the Unit "Génétique Moléculaire des Bunyavirus" directed by
Professor Michèle Bouloy. Samples from these experiments were shipped back to St
Andrews for analysis.
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9.2.1 Experimental design
In order to investigate BUNV infection in living mosquitoes, the Paea strain of Ae.
aegypti females were exposed to blood meal containing wtBUNV, rBUNdelNSs2,
rBUNGc-GFP or rBUNdelNSs-GcGFP. In total, three feeding sessions were carried
out, giving two infections per each virus as detailed in Table 6-1. After feeding only
engorged females were kept until harvest, and further experimental design was based
on the number of engorged female mosquitoes. At specified times post-feeding15
mosquitoes were anaesthetised, and samples were collected for immunofluorescence
staining, titration

by plaque

assays and

western

blotting

(Table 9.1). For

immunofluorescence studies midguts and salivary glands were dissected. For western
blotting whole mosquitoes were stored until analysis.

For plaque assays midguts,

salivary glands and wings were collected. Due to the large number of specimens, and
to reduce shipment costs, samples were placed in tubes in groups of three.

Time points
rBUNGc-GFP

wtBUNV, rBUNdelNSs

rBUNdelNSs-GcGFP

20/01/2010

21/01/2010

Assay

(1-14 dpi)

(1-14 dpi)

(12-21 dpi)

Immunofluorescence

Every 2 days (9)

Every 2 days (9)

Every 3 days (6)

Titration

Every 2 days (6)

Everyday (9)

Every 3 days (6)

Western blotting

-

Every 2 days (3)

Every 3 days (3)

Table 9.1 Sample collection schedule for each infection experiment. Numbers in brackets
show how many mosquitoes were harvested for each time point per virus.

9.2.2 Oral infection of mosquitoes
Two groups of five to seven day old female mosquitoes were orally challenged with a
blood meal containing the different viruses as shown in Table 9.2. Non-engorged
female mosquitoes were discarded. Three, freshly blood-fed, engorged females (G0)
were collected from each infection group to determine the amount of virus ingested.
Plaque assays of G0 mosquitoes showed that average body titres were about 100-fold
lower than the blood meal titres. Basing on the G0 titration results it was estimated that
each mosquito imbibed two to three microlitres of blood during each meal. These blood
meal volume results were similar to those previously published for various mosquito
…………

15

Later in the chapter times post-feeding will be referred to as days post-infection (dpi).
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Virus used

wtBUNV

rBUNdelNSs2

rBUNGc-GFP
rBUNdelNSs
-GcGFP

Infection

Number of
females fed
(in boxes of
60)

Age of
females
[days]

Virus titre
in blood
meal
[PFU/ml]

Virus per
meal per
mosquito
[PFU]

20/01/10

600

6

1.67 x 10

8

4 x 10

21/01/10

240

7

1.67 x 10

8

1.4 x 10

20/01/10

600

6

1.00 x 10

8

2.33 x 10

21/01/10

240

7

1.00 x 10

8

1 x 10

5

19/01/10

600

5

3.33 x 10

5

9 x 10

2

21/01/10

240

7

3.33 x 10

5

8 x 10

2

19/01/10

600

5

3.33 x 10

5

7 x 10

2

21/01/10

240

7

3.33 x 10

5

9 x 10

2

5
5
5

Table 9.2 Mosquito infections. Each group of mosquitoes was exposed to blood meal
containing wtBUNV, rBUNdelNSs2, rBUNGc-GFP or rBUNdelNSs-GcGFP at the stated
concentrations. After feeding three engorged mosquitoes from each virus group were
harvested to determine how much virus particles each mosquito imbibed.

species, including Ae. aegypti (Calheiros et al., 1998; Jeffery, 1956; Klowden & Lea,
1978; Pesko & Mores, 2009).
After feeding, engorged females were counted and feeding rates were calculated.
Approximately 55% to 70% mosquitoes ingested blood meals containing wtBUNV and
rBUNdelNSs. Interestingly, the feeding rates obtained for the “fluorescent” viruses,
both wild type and the NSs deletion versions were over 50% lower than for nonfluorescent viruses. Similar results were obtained during three independent feeding
session (Figure 9.6).

9.2.3 Virus replication in mosquitoes
Engorged females were provided with 10% sucrose to feed on during incubation until
harvest. Infected mosquitoes were maintained for up to 21 days, and whether BUNV
infection had any deleterious effects on mosquito survival and fecundity were
examined.
Survival rates were calculated by registering the number of dead mosquitoes everyday.
Survival rates for each infection were above 98%, which suggests that wtBUNV,
rBUNdelNSs2 and their fluorescent versions did not have any effect on the survival of
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Figure 9.6 Mosquito feeding rates. After the blood meal only engorged females were kept
for further analysis. Feeding rates were calculated as the percentage of engorged
mosquitoes of the total.

the mosquitoes. It was noted that all the dead mosquitoes were recorded during the
first five days after feeding, and thereafter survival rates were 100%.
Fecundity was observed by monitoring number of eggs laid by blood-fed females. Eggs
first appeared at four days post-infection for wtBUNV-infected mosquitoes. For the
deletion mutant the first appearance of eggs was observed at five days post infection.
Interestingly, mosquitoes fed with rBUNdelNSs2 laid approximately eight times more
eggs than females fed with wtBUNV. Similar observations were made for rBUNGc-GFP
and rBUNdelNSs-GcGFP, though the number of eggs laid was much lower in
comparison to non-fluorescent viruses. At 12 and 14 days post-infection, eggs from
four boxes of infected mosquitoes were collected in an attempt to hatch the eggs. Only
five eggs hatched into larvae in the rBUNdelNSs2 group, out of which only one
reached stage four of larval development. From the wtBUNV group only one egg
hatched, but the larva did not survive. None of the eggs that were collected from
groups of mosquitoes infected with fluorescent viruses hatched. The results are
arranged in Table 9.3. These observations led to the conclusion that NSs affects egglaying process in living mosquitoes.
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wtBUNV

Number of eggs
collected
26 (60 females)

Number of
hatched eggs
1 (0 survived)

rBUNdelNSs2

211 (60 females)

5 (1 survived)

rBUNGc-GFP

3 (40 females)

0

rBUNdelNSs-GcGFP

15 (40 females)

0

Virus

Table 9.3 Oviposition observation. For each virus eggs from four boxes of 10 or 15
mosquitoes were collected at 12 and 14 dpi, and attempts to hatch the eggs were made.

9.2.3.1 Virus replication in various organs measured by titration
Midguts and salivary glands were dissected, and wings collected, at specified times
post-infection. At days 1 to 13 post-infection nine mosquitoes, and at days 15 to 21
post-infection six mosquitoes, were sacrificed at each time point. Each sample
contained three organs of the same sort16. Virus titres in dissected organs were
measured by plaque assays. Results shown in Figures 9.7 to 9.9 present the raw
titration data of each sample and the average titres per mosquito organ.
Production of infectious viral particles in the midguts could be detected 2 days postinfection for both viruses. wtBUNV achieved average titres of 104 PFU/ml at day two
post-infection and the titres increased by 100-fold from day six post-infection and
stayed around this level. In comparison rBUNdelNSs2 titres were approximately 100fold lower than those obtained for wtBUNV. The initially low rBUNdelNSs2 titres rose to
4.5 x 102 PFU/ml at four days post-infection and increased by ten-fold over the next
three days. The titres of deletion mutant virus in midguts never reached the105 PFU/ml
level seen for wtBUNV (Figure 9.7).
The wild-type BUNV spread around the mosquito more quickly than the NSs deletion
mutant, which was assessed by measuring virus titres in the wings. High wtBUNV
levels (approximately 105 PFU/ml) were detected by 3 dpi. These levels were
maintained throughout the infection. Infectious particles of rBUNdelNSs2 were first
detected in wings at four days post-infection. Seven days post-infection wing titres
increased by 100-fold, reaching levels of 104 PFU/ml. While the levels of wtBUNV
stayed relatively stable, the levels of rBUNdelNSs2 fluctuated with significant drops in
titres at 12 and 18 dpi (Figure 9.8).

16

Dissected organs were placed in tubes in groups of three due to space limitations for
transport from Paris to St Andrews.
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Figure 9.7 Virus titres in midguts of mosquitoes fed with blood meals containing wtBUNV
or rBUNdelNSs2. Top panels of each graph set present average titre (virus concentration)
per mosquito with standard error bars. Bottom panels present raw titration data from
plaque assays. Each data column presents virus titre [PFU/ml] in a sample containing
three midguts collected at various time points. Three samples were collected per time
point. Absence of a column indicates no infectious virus was detected.
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Figure 9.8 Virus titres in wings of mosquitoes fed with blood meals containing wtBUNV
or rBUNdelNSs2. Top panels present average titre (virus concentration) per mosquito
with standard error bars. Bottom panels present raw titration data from plaque assays.
Each data column presents virus titre [PFU/ml] in a sample containing three pairs of
wings collected at various time points. Three samples were collected per time point.
Absence of a column indicates no infectious virus was detected.
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Figure 9.9 Virus titres in salivary glands of mosquitoes fed with blood meals containing
wtBUNV or rBUNdelNSs2. Top panels present average titre (virus concentration) per
mosquito with the standard error bars. Bottom panels present raw titration data from
plaque assays. Each data column presents virus titre [PFU/ml] in a sample containing
three salivary glands collected at various time points. Three samples were collected per
time point. Absence of a column indicates no infectious virus was detected.
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The highest viral titres were measured in salivary glands. Replication of wtBUNV in
salivary glands started at three days post-infection and reached highest titres of
approximately 106 PFU/ml at 11 dpi. This level was maintained until 18 dpi; and
thereafter wtBUNV levels dropped 10-fold. The deletion mutant spread to salivary
glands by 6 days post-infection, reaching 104-105 PFU/ml at 7 -10 dpi. Thereafter titres
dropped to zero at 12 dpi to increase to previous levels at 15 dpi (Figure 9.9).
To summarise, wtBUNV replicated in all the organs more efficiently than
rBUNdelNSs2, overall reaching higher titres. When analysing the lower panels in
Figures 9.7 and 9.8, it can be seen that the deletion mutant was detected in fewer
samples. This suggested that the virus had difficulties in overcoming the cellular innate
immune response in the midgut. However, when rBUNdelNSs2 managed to overcome
the midgut escape barrier it was capable of replicating efficiently in the rest of the body,
including salivary glands.
Additionally, the plaques produced by virus in salivary glands dissected from
mosquitoes infected with wtBUNV or rBUNdelNSs2 harvested from 13 dpi onwards
displayed various plaque phenotypes (Figure 9.10). Similar features were observed in
BUNV persistently infected Ae. albopictus cell lines. These observations suggest that
BUNV infection in available mosquito cell lines resembles living mosquitoes. In
contrast, a mixed plaque phenotype was not observed in samples of midguts or wings
at any time.

wtBUNV

rBUNdelNSs2

Figure 9.10 Examples of mixed plaque phenotypes displayed by viruses produced in
salivary glands at 13 – 21 dpi. Samples of salivary glands were plaqued on Vero cells.
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9.2.3.2 Analysis of BUNV N protein synthesis (Western blotting)
For Western blotting 3 mosquitoes per infection were sacrificed at various time points.
After discarding wings and legs, the body was divided into abdominal and head/thorax
(labelled thereafter thoracic) parts. Samples were analyzed for expression of BUNV N
protein and tubulin; the latter was used as an internal control.
The N protein was detected in single abdomens of wtBUNV-infected mosquitoes as
early as two days post-infection. At four days post-infection wtBUNV N protein could
also be detected in the thoracic part, which confirmed data obtained from plaque
assays. From day eight post-infection N protein could be detected in all wtBUNV
infected mosquitoes in the abdominal and thoracic parts. In the case of rBUNdelNSs2
N protein was detected only in the abdominal parts of individual mosquitoes at two and
four days post-infection, but N protein was detected in abdominal and thoracic parts at
10, 12, 15, 18 and 21 dpi. These data suggested that deletion mutant replicated less
efficiently in living mosquitoes than wtBUNV (Figure 9.11).
It was observed that tubulin was not detected in mosquitoes that were already dead at
the time of sample collection. This could be explained by the fact that living mosquitoes
harbour various bacteria and fungi, and after death these microorganisms contributed
to decomposition of the tissues. Virus antigen could be detected in some dead
mosquitoes. However death was not attributed to viral infection, because of very high
overall survival rate of the infected mosquitoes.

9.2.3.3 BUNV N protein synthesis monitored by confocal microscopy
At various times post infection (Table 9.1) midguts and salivary glands from
mosquitoes blood-fed with wtBUNV or rBUNdelNSs2 were dissected. Six organs per
virus per time point were examined for the presence of BUNV N protein by
immunofluorescent staining. Phalloidin and DAPI were used to outline the organs by
staining actin and nuclei, respectively.
Mosquitoes have a pair of salivary glands connected by the salivary duct that leads to
the proboscis. Each gland consists of one medial and two lateral lobes (Figure 9.12 A,
B). Viral antigen was detected only in salivary glands dissected from mosquitoes
infected with wtBUNV. The N protein was first visible in the salivary duct at 12dpi and
then the virus spread to the glands, where was visible at 18dpi (Figure 9.12 C, D).
These data suggested that NSs was crucial for BUNV replication in the salivary glands
as no signs of N protein were detected in rBUNdelNSs2 samples.
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Figure 9.11 BUNV N protein expression in Ae. aegypti mosquitoes blood-fed with
wtBUNV or rBUNdelNSs2. Mosquitoes collected at indicated time points were divided
into abdominal (A) and thoracic (T) parts and lysed. Lysates were analyzed by Western
blotting with anti-BUNVN (N) or anti-tubulin (T) antibodies. For each time point three
mosquitoes were used. Tubulin detection was used as loading control, however it turned
out that tubulin was not detected in mosquitoes that died before sample collection.
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Figure 9.12 Examples of confocal microscopy of salivary glands from A. aegypti
mosquitoes infected with wtBUNV or rBUNdelNSs2. [A] General view of a single salivary
gland showing salivary duct (1), two lateral lobes(2) and a medial lobe (3). [B] Lateral lobe
of a salivary gland from an uninfected mosquito. Blue – DAPI staining of nuclei; green –
actin stained with phalloidin; red – N protein detected using anti-BUNVN antibody and
Texas Red secondary antibody. Magnification 10x.
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Figure 9.12 cont. Examples of confocal microscopy of salivary glands from A. aegypti
mosquitoes infected with wtBUNV or rBUNdelNSs2. [C] Salivary glands from wtBUNVinfected mosquitoes harvested 12 and 18 dpi. BUNV N protein visible in red (Texas Red)
Blue – DAPI staining of nuclei; green – actin stained with phalloidin; Magnification 25x.
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Figure 9.12 cont. Examples of confocal microscopy of salivary glands from A. aegypti
mosquitoes infected with wtBUNV or rBUNdelNSs2. [D] Salivary glands from
rBUNdelNSs2-infected mosquitoes harvested 12 and 18 dpi. No BUNV N protein detected
(red). Blue – DAPI staining of nuclei; green – actin stained with phalloidin; Magnification
25x.
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Figure 9.13 Examples of confocal microscopy of midguts from A. aegypti mosquitoes
infected with wtBUNV or rBUNdelNSs2. [A] General view of a single midgut from an
uninfected mosquito (stitched from 6 separate panels). 1 - anterior midgut; 2 – posterior
midgut; 3 – malphigian tubules. Blue – DAPI staining of nuclei; green – actin stained with
phalloidin. Magnification 25x.

172

RESULTS

1234,%

/34,!.',567%

[B]

-./0.%

*%+%,%

#&"''($!$)%

!"#$%

Figure 9.13 Examples of confocal microscopy of midguts from A. aegypti mosquitoes
infected with wtBUNV or rBUNdelNSs2. [B] View of a single midgut from wtBUNV or
rBUNdelNSs2 infected mosquitoes harvested 12 dpi. 1 - anterior midgut; 2 – posterior
midgut; 3 – malphigian tubules. Blue – DAPI staining of nuclei; green – actin stained with
phalloidin; red - N protein was not detected using anti-BUNVN antibody and Texas Red
secondary antibody. Magnification 25x.
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Neither wtBUNV nor rBUNdelNSs2 N protein was detected in the midguts at any time
point. Figure 9.13 A shows a midgut from an uninfected mosquito, which was used as
a negative control. An example image obtained from examination of midguts by
confocal microscopy is presented in Figure 9.13 B. Problems in the methodology could
explain the lack of detection of viral antigen. Mosquito midguts were thick, ranging from
about 42 to 62 µm in size as measured using Carl Zeiss LSM Image Examiner
software on the confocal microscope. Due to the thickness of the midguts the
antibodies could not penetrate the tissue efficiently, which can be seen in phalloidin
and DAPI staining (Figure 9.13 B). Another problem posed by the size of the samples
was magnification limit of 10x, which might have been not enough to visualise the
antigen. In an attempt to overcome this problem midguts were embedded in paraffin
and sections were cut. However the background levels were too high to determine
presence of the antigen (data not shown).

9.2.4 Data analysis
9.2.4.1 Infection rates
Based on the titration and Western blotting results, infection rates were calculated by
dividing the number of infected bodies (midguts) by the total number of engorged
mosquitoes tested, and presented as a percentage. Starting at four days post-infection,

Figure 9.14 Mosquito infection rates for wtBUNV and rBUNVdelNSs2 were calculated as
the percentage of virus positive midguts over total number of engorged mosquitoes.
Virus was detected by means of plaque assay. Mosquitoes harvested at 1 – 13 dpi were
from the 20/01/2010 feeding session (9 females per time point per virus). Mosquitoes
harvested at 15, 18 and 21 dpi were from the 21/01/2010 feeding session (6 females per
time point per virus).
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the infection rates by wtBUNV reached, and stayed at high levels of more than 80%. In
comparison infection rates by rBUNdelNSs2 were significantly lower, suggesting the
importance of NSs protein in infection of living mosquitoes.

9.2.4.2 Dissemination rates
After successful infection of the mosquito midgut, the virus disseminates to secondary
tissues like muscles, haemolymph, fat body and salivary glands. Infection was
considered as disseminated when virus was found in both midguts and wings. If the
virus was found only in the midguts, infection was treated as non-disseminated.
Dissemination rates were calculated as the percentage of mosquitoes with viruspositive wings by the total number of virus-positive mosquito bodies. In a previous
study legs were used to determine dissemination rates (Peers, 1972). However, during
handling of mosquitoes it is easy to misplace the legs or the legs could be
contaminated by excreta (Aragão & Lima, 1929), and therefore wings were chosen to
monitor dissemination in these experiments.
Dissemination rates for wtBUNV were almost 100% at the specified time points. In
contrast, rBUNdelNSs2 did not disseminate as efficiently as the wild-type virus. The
deletion virus was capable of replicating in the midgut, but did not replicate well outside

Figure 9.15 Dissemination rates to wings. At different days after oral infection,
dissemination was evaluated by detecting infectious viral particles in wings of 9 females
(1 – 13 dpi) or 6 females (15, 18, 21 dpi) by plaque assays.
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the midgut cells. These data suggest that NSs was not needed for surmounting midgut
infection barrier, but was important for overcoming the midgut escape barrier.

9.2.4.3 Transmission potential (dissemination to salivary glands)
In order to be transmitted to the vertebrate host the virus has to escape the midgut
escape barrier and disseminate to salivary glands. The transmission potential of BUNV
in infected mosquitoes was estimated by calculating dissemination rates to salivary
glands. Both viruses managed to disseminate to salivary glands successfully. The
wtBUNV dissemination rates reached 100% at 6 dpi and did not change over time.
Values were more variable for rBUNdelNSs infected females, but a 100%
dissemination rate to salivary glands was observed from 15 dpi onwards.

Figure 9.16 Transmission potential of wtBUNV or rBUNdelNSs2 in infected mosquitoes.
Nine (1 – 13 dpi) or six (15, 18 and 21dpi) individuals per virus were examined at each
time point. The transmission potential was calculated as the dissemination rate to
salivary glands from midguts.

9.2.4.4 Significance of obtained data
The infection and dissemination rates calculated for each time point showed that both
wtBUNV and rBUNdelNSs2 infect and disseminate in mosquitoes. To determine
whether the differences between the two viruses were statistically significant, mean
infection and dissemination rates for each virus were calculated using the percentage
rates from each time point (from Figures 6.12 to 6.14) and compared using t-test.
……..
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Mean ± SEM
wtBUNV

86.46 ±5.370

rBUN
delNSs2

56.77 ±5.678

Difference
between
means

29.69 ±7.815

p-value

0.0007

*

Mean ± SEM
wtBUNV

86.06 ±8.157

rBUN
delNSs2

57.31 ±10.16

Difference
between
means

31.88 ±13.61

p-value

0.0260

*

Mean ± SEM
wtBUNV

89.56 ±7.288

rBUN
delNSs2

42.69 ±11.98

Difference
between
means

46.88 ±14.02

p-value

0.0022

*
Figure 9.17 Comparison of cumulative infection rates, dissemination rates to wings (DRWings) and dissemination rates to salivary glands (DR-S.glands). Graphs present every
data point along with lines for means and standard error for each group of mosquitoes
infected with wtBUNV or rBUNdelNSs2. Tables to the right show means and differences
between values of infection rates, DR-Wings or DR-S.glands for each virus. Difference
between means was statistically different (t-test, p<0.05).
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T-tests were done using GraphPad PrismTM version 5.00 for Windows (GraphPad
Software, SanDiego California USA).
Cumulative data obtained from t-tests showed significant difference in the ability of
wtBUNV and rBUNdelNSs2 to infect and escape the midgut cells as well as ability to
infect secondary tissues (p<0.05) (Figure 9.15).
Infection with wtBUNV was characterised by high infection and dissemination rates
(above 85%). The virus could be detected in almost every harvested mosquito organ.
In comparison, rBUNdelNSs2 was detected in far fewer samples. Infection rates of
rBUNdelNSs2 were significantly lower due to wide distribution of values for each time
point. This suggests that the recombinant virus lacking NSs had problems with
replicating in midgut tissue, possibly due to cellular innate immune response in these
cells. The significant decrease in cumulative dissemination rates by rBUNdelNSs was
mainly due to an all or nothing distribution (Figure 9.15). This suggests that the deletion
mutant encountered midgut escape barrier. However, when rBUNdelNSs2 managed to
cross the midgut escape barrier it was capable of efficient dissemination to, and
replication in, other tissues like wings or salivary glands.
The data presented in Figures 9.12 to 9.14 show infections from two independent
feeding sessions. In session 20/01/2010, 6-day old females were used and samples
were collected at 1-13 dpi. In session 21/01/2010 7 day-old females were used and
samples were collected at 15, 18 and 21 dpi.

Infection
rateA
Feeding
session
20/01/2010

21/01/2010

Dissemination to secondary
organsB
Salivary
Wings
glands

Virus

No./no.

%

No./no.

%

No./no.

%

wtBUNV

102/117

87

84/102

82

99/102

97

rBUNdelNSs2

69/117

58

24/69

34

54/69

78

wtBUNV

24/24

100

24/24

100

24/24

100

rBUNdelNSs2

21/24

87.5

21/21

100

18/21

85.7

Table 9.4 Cumulative infection and dissemination rates at 1-12 dpi (session 20/01/2010)
and 15-21 dpi (session 21/01/2010). A – Infection rates were calculated as the number of
mosquitoes with virus positive midguts divided by the total number of engorged
mosquitoes. B - Dissemination rates were calculated as the number of mosquitoes with
virus positive wings divided by the total number of virus positive mosquito midguts.
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Fisher’s exact test was used to compare cumulative infection and dissemination rates
between feeding sessions from Table 9.4. Tests for significance were performed using
GraphPad PrismTM version 5.00. Differences between the data were considered
significant if p<0.05. The age of the mosquitoes did not affect infection rates
(p=0.0743) or dissemination to wings rates (p=1) of wtBUNV. Dissemination to wings
rate was not significantly different in rBUNdelNS2-infected mosquitoes (p=0.5483).
Interestingly, the rBUNdelNSs2 infection rates (p=0.0094) and transmission potential
(dissemination rates to salivary glands) of both rBUNdelNSs2 (p<0.0001) and wtBUNV
(p=0.023) seemed to be affected by the age of mosquitoes.

9.2.5 Fluorescent viruses
Mosquitoes exposed to blood meals containing the recombinant “fluorescent” viruses,
rBUNGc-GFP or rBUNdelNSs-GcGFP, were harvested at two-day intervals for titration
and immunofluorescence analysis (Table 9.1).
Investigation of samples by confocal microscopy did not show any signs of infection.
GFP tagged Gc protein was not detected. Similarly no N protein was detected by
immunofluorescent staining. Additionally, plaque assays done on dissected midguts,
salivary glands and wings did not reveal any infectious viral particles.
In conclusion, the “fluorescent” viruses did not infect the mosquitoes. One reason for
this could be that initial amount of virus in the blood meal was not sufficient to initiate
infection. Viral titres of the “fluorescent” viruses in the blood meals were 3-fold lower
compared to non-fluorescent viruses (Table 9.2). It has been previously demonstrated
for LACV in Ae. triseriatus that successful infection depends on the initial virus titre in
the blood meal (Patrican et al., 1985). Lack of infection could also be associated with
the presence of the GFP moiety on the Gc-glycoprotein spikes, though the fluorescent
viruses were capable of infecting cultured mosquito cells (Chapter 6). As shown in
Figure 9.6 mosquitoes did not feed efficiently on GFP tagged viruses. Only upto 30 %
of the exposed mosquitoes imbibed the blood meal in comparison to 55% in the case
of non-fluorescent viruses. To determine whether GFP affects mosquito feeding and
infection more studies need to be done including use of other tags, like mCherry etc. as
controls.
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9.2.6 Summary and discussion
9.2.6.1 Summary
The aim of this chapter was to investigate Bunyamwera virus replication in living Ae.
aegypti mosquitoes, and thereby determine if the infection resembles that in tested
mosquito cell lines. These experiments were to define which, if any, of the cell lines
was the best model to study Bunyamwera virus infection. Moreover, by using two
viruses, wtBUNV and rBUNdelNSs2, the second aim was to determine whether the
NSs protein is essential for virus replication in living mosquitoes.
•

Both viruses, wtBUNV and rBUNdelNSs, replicated in Ae. aegypti mosquitoes.

•

wtBUNV infected, replicated and disseminated more efficiently than the
rBUNdelNSs2.

•

The virus population in salivary gland samples revealed mixed plaque
phenotype.

•

Replication of GFP-tagged viruses was not detected.

•

The NSs protein affects oviposition, infection, dissemination and potential for
transmission.

9.2.6.2 Discussion
Although Bunyamwera virus was originally isolated from Ae. aegypti mosquitoes, in cell
culture it has been studied mainly in Ae. albopictus cells. The only study of
Bunyamwera virus replication in living mosquitoes was published by Peers (1972). The
Ae. aegypti mosquitoes were readily infected by the non-fluorescent Bunyamwera
viruses, wtBUNV and rBUNdelNSs2, but no infection was detected with the fluorescent
viruses, rBUNGc-GFP and rBUNdelNSsGc-GFP. Lack of replication of fluorescent
viruses was explained by the fact that the minimum concentration of virus required for
infection was not reached, due to low viral titres in the blood meal. Similar observations
were previously made for La Crosse virus (Patrican et al., 1985). This could be
investigated by exposing mosquitoes to blood meals containig various concentrations
of the virus and examining if the mosquitoes were successfully infected. However
minimal virus titre threshold might not be the sole explanation. One possibility is that
insertion of GFP into the Gc glycoprotein affected the binding to the receptors in the
midgut. To determine whether alteration to Gc was responsible and not the GFP
fluorescence, infection with the recombinant rBUNM-NSm-GFP, where the NSm
protein was tagged with GFP, should be investigated. Calculations of feeding rates
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suggested that the mosquitoes did not ingest the blood meals containing the GFPfluorescent viruses as efficiently as the mosquitoes exposed to blood meals containing
non-fluorescent viruses. These observations led to conclusions that GFP itself could be
the factor responsible for low feeding efficiency and consequent lack of infection. No
literature has been found suggesting that GFP fluorescence affects feeding in
mosquitoes. This could be tested by exposing mosquitoes to a blood meal containing
rBUNM-NSm-GFP viral particles, which contain the GFP gene, but not the protein. To
determine if the GFP itself or fluorescence in general affects attraction to the blood
meal other fluorescent proteins, like mCherry or YFP, should be used as controls.
Although virus replication did not affect survival of the mosquitoes, it had an impact on
fecundity, by means of the ovipositioning efficiency. Comparison of the number of eggs
laid by mosquitoes infected with wtBUNV and rBUNdelNSs2 suggested that the NSs
protein affected fecundity. However, this effect of NSs is rather indirect, as reduced
fecundity was more likely affected by the levels of virus replication than direct targeting
by NSs. It has been suggested previously that virus replication and immune response
is costly in terms of energy and resources to the mosquito. These metabolic expenses
might result in reduced survival, fecundity or reduced ability to refeed. Such effects on
mosquitoes were shown in the case of malaria parasites, La Crosse virus and Rift
Valley fever virus (reviewed by Lowenberger, 2001; Higgs, 2004).
Overall the NSs protein contributes to high-level virus replication, which was observed
by comparison of infection with wtBUNV and rBUNdelNSs2. Fewer mosquitoes were
infected with the deletion recombinant, which in turn generated lower viral titres.
Similarly, the wild-type virus disseminated to various organs more efficiently.
Interestingly a mixed plaque phenotype was observed in samples of salivary glands.
This phenomenon was observed previously for BUNV in mosquito cell culture (Chapter
5). Moreover, observation of rBUNdelNSs2 titres in salivary glands resembled the
pattern obtained during consecutive passages of persistently infected Ae and A20
cells. After initial infection viral titres dropped to non-detectable levels, to later rise
again. A possible explanation could be that virus manages to overcome innate immune
response after initial inhibitory effect. To further explain this phenomenon and the
involvement of the NSs protein, the levels of antimicrobial peptides and the RNAi
response could be measured during these time points.
It seemed that NSs has a potential to affect the transmission rate of the virus as shown
by the levels of viral titres in salivary glands. To determine whether the deletion virus is
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capable of overcoming the salivary gland escape barrier, salivation stimulation
experiments could be done and viral titres measured in the saliva.
Results obtained in this chapter showed that Bunyamwera virus replication in Ae.
aegypti mosquitoes resembled replication in Ae. aegypti Ae and A20 cells, as well as
Ae. albopictus U4.4 cells. These data confirmed previous conclusions that these cell
lines are the most appropriate cell culture models to study viral infection.
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10 DISCUSSION

10.1 Fulfilment of project aims
This project presents the first comparison of replication of Bunyamwera virus in various
Ae. albopictus and Ae. aegypti cell lines. The results from this comparison suggested
that although groups of cell lines were derived from the same source, the infection
pattern differed (Chapter 5 and 6). Realisation of the aim to characterise the infection in
mosquito cells led to a discovery of drastic changes in the morphology of the infected
cells, which could be a defence mechanism employed to avoid apoptosis and thereby
cytopathic effect. Mosquito cells were found to produce filopodia-like structures, which
enabled cell-to-cell communication, in response to infection. These structures were
suggested, inter alia to be utilised by the virus for cell-to-cell transfer (Chapter 6). Such
observations were not published so far for a negative strand RNA virus.
Moreover studies of infection in living mosquitoes showed that not all of the tested cell
lines represented infectivity in a living mosquito. The aim of finding the best cell culture
model resembling Bunyamwera virus infection in mosquito has been achieved
(Chapter 9).
Furthermore, mosquito innate immune response to Bunyamwera virus infection has
been studied for the first time. This study gave a basic insight into which pathways are
stimulated in response to virus infection of mosquito cells. The virus replication alters
levels of Toll and IMD/Jnk pathways in mosquito cells, which is the first such
observation for bunyaviruses (Chapter 7). This project also confirmed that mosquito
cells respond to infection by means of RNAi. When this project was started (2006) no
information on RNAi response of mosquito cells to a negative strand RNA virus was
available. Very recent publications from other research groups confirm my results
(Chapter 8).
One of the aims of this project was to determine whether the NSs protein plays a role
in infection of mosquito cells. The results presented in this thesis are the first to show
that the NSs protein is an important component in the course of infection (Chapter 5, 6
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and 9) and in modulation of innate immunity (Chapter 8). Functions of NSs are
discussed in section 10.3 of this chapter.
Overall the objectives of this project were achieved. Bunyamwera virus infection was
characterised in multiple models. Significant progress was made towards depicting the
potential roles of NSs in infection of mosquito cells.

10.2 Comparison of cell lines as the model to study
infection
Only limited information was available on replication of Bunyamwera in mosquito cells
other than Ae. albopictus C6/36 clone. Overall six various cell lines were investigated
in terms of infection with Bunyamwera virus.
One of the cell lines, An. Gambiae Sua4, was not permissive to the virus (data not
shown). One possible explanation for this might be lack of appropriate receptors that
would promote virus entry. Unfortunately the receptors and the exact mechanism
mediating virus entry into mosquito cells are unknown.
Observations of the three cell lines, Ae. albopictus C6/36, C7-10 and U4.4, which were
derived from the original Singh clone, revealed differences in virus replication. C6/36
and C7-10 cells gave high viral titres in comparison to U4.4 cells. These differences
might be explained by looking into the history of these cell lines. The original Singh
clone was shown to contain a mixed population of cells. C6/36 and C7-10 were
selected for their ability to support high-level replication of Dengue, Chikungunya and
Sindbis viruses. Such ability suggested a lack of fully functioning regulatory
mechanisms, like, for example, innate immunity. Furthermore, infection with a
recombinant Bunyamwera virus lacking the NSs protein showed opposite results. NSs
was nonessential for replication in C6/36 and C7-10 cells, and essential for replication
in U4.4 cells. The latter cell line was suggested to be the best model for studying the
role of the NSs protein in the mosquito. Moreover, due to the mildest selection regime,
the U4.4 cell line is suggested to be the most similar to cells from living mosquitoes
and thereby the most appropriate model of infectivity in the mosquito, which confirms
previously published conclusions (Kohl et al, 2007; Miller & Brown, 1992).
The U4.4 cell line as the best resemblance of in vivo infection was supported by data
obtained in another two mosquito cell lines, Ae. aegypti Ae and A20 cell lines. Infection
in Ae and A20 was very similar to that observed in U4.4 cells and was characterised by
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relatively low viral titres and the requirement of NSs in virus replication. Finally this
hypothesis was confirmed by in vivo study of infection in living Ae. aegypti mosquitoes,
where the replication of the NSs deletion recombinant was reduced in comparison to
the wild type Bunyamwera virus.
Completion of the Ae. albopictus genome project could help to characterise the C6/36,
C7-10 and U4.4 cells and establish their genotype. Information on functionality of
innate immunity pathways in these cell lines, could establish this group of cell lines as
a very powerful tool to study mosquito/arbovirus interactions. For example, a very
recent paper showed that the C6/36 cell line has a dysfunctional Dicer-dependent
RNAi response, but suggested that this cell line utilises a different mechanism, namely
piRNA pathway17 to control virus replication (Brackney et al., 2010; Scott et al., 2010).
Based on these data, the C6/36 cell line has the potential to become the main tool to
study the piRNA pathway and its response to virus replication.

10.3 Function of BUNV NSs in mosquito cells
This thesis is the first record of potential functions of the NSs protein in the
Bunyamwera virus infection of mosquito cells.
•

NSs is an essential protein for replication in U4.4, Ae and A20 cell lines
(Chapter 5, 6 and 9).

•

NSs is responsible for slower cell growth of C6/36 clone, which is observed as
mild host-protein shut-off (Chapter 5).

•

NSs mediates formation of filopodia-like structures in mosquito cells (Chapter
6).

•

NSs is one of the factors that modulates mosquito immune signalling, Toll and
IMD pathways (Chapter 7).

•

NSs influences oviposition in living mosquitoes and is required for successful
replication in the midgut and evasion of midgut escape barrier (Chapter 9).

10.4 Future
This thesis showed the importance of choosing the right tools to study virus infection in
mosquito cells. Future studies of Bunyamwera virus infection should be conducted
mainly in the U4.4 cell line, however the other two Ae. albopictus cell lines should not
17
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be neglected. U4.4, Ae and A20 cells will be very useful in investigating the role of NSs
in infection. The exact mechanisms of how NSs interferes with innate immunity
pathways should be studied. Unfortunately this might be difficult to achieve until more
information is available on the particular components of each signalling cascade in
mosquito cells. The response of the JAK/STAT signalling pathway was not studied
here due to the lack of appropriate tools. However JAK/STAT pathway has been
shown for other viruses to have antiviral activity and therefore this needs to be
investigated in future studies. Although no difference between the wtBUNV and
rBUNdelNSs2 was seen in RNAi signalling activity during infection, NSs interference
with the RNAi signalling should not be ruled out. Comparison of deep sequencing of
putative viRNAs from cells infected with wtBUNV or rBUNdelNSs2 could show how
specific is the targeting of the viral genome by RNAi.
Formation of filopodia-like structures was shown to be an important step of the acute
phase of the initial infection. These structures were shown to provide contact between
the cells. The exact mechanism of this phenomenon could help explain why infected
mosquito cells do not show cytopathic effect. Although formation of these connections
seems to be mediated by the NSs protein, they might be of beneficial use to both virus
and cell. Live cell imaging should be conducted to determine whether the virus is
capable of infecting another cell via this route. Studies of virus exit could determine the
role of filopodia in this event. Recent studies suggested that systemic spread of
immune signals, for example RNAi, contributes to limiting virus replication in insect
(mosquito) cells. The role of filopodia in this mechanism remains to be determined.
Although the U4.4 cell line was presented as the best model, all the results and
mechanisms formed in cell culture should be confirmed in living mosquitoes and
investigated further in the context of the systems biology of the whole organism.
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