
ABSTRACT 

VANCINI, RICARDO GOMES. Arbovirus Entry and Characterization of a New Insect Virus. 
(Under the direction of Dennis Brown). 

 

Arboviruses (Arhtropod-borne viruses) include the alphaviruses, flaviviruses and (-) 

strand RNA bunyaviruses, among them there are over 700 viruses currently known and they are 

considered a major source of animal and human disease worldwide. Understanding the process 

of virus infection is fundamental for drug discovery and vaccine development. Different 

mechanisms have been proposed for Alphavirus and Flavivirus virus entry and genome delivery. 

Controversial observations led to a general belief that membrane containing viruses such as 

alphaviruses and flaviviruses can infect cells by either endocytosis or membrane fusion. 

However for both families alternative entry pathways have been recently proposed. For 

alphaviruses such as Sindbis the prototype alphavirus, an entry process by direct penetration at 

the cell surface and neutral pH has been proposed and supported by both electron microscopy 

and biochemical studies. This mechanism was also proposed for the interaction of flaviviruses 

such as Dengue and West Nile virus with host cells, and suggests that an alternative pathway 

may exist for both virus families. Here, the mechanism of Sindbis virus penetration has been 

revisited using direct observation of the process by electron microscopy under a set of different 

temperatures non permissive for endocytosis or vesicular transport. Results show that at such 

temperatures events occur which allow the entry of the virus genome into the cells, allowing the 

temperature dependence of the process to be observed. Consequently, the delivery of the viral 

RNA does not require low pH mediated endocytosis or low pH fusion.  

An alternative entry process for Flaviviruses has also been investigated by similar 

ultrastructural techniques. Our preliminary results show that, Dengue virus did not present direct 



fusion with plasma membrane of host cells and also did not enter by endocytosis. Supporting the 

hypothesis of entry independent of low pH mediated endocytosis and in agreement with the 

process proposed for alphaviruses. However due to the high particle/pfu ratio of flaviviruses 

produced in laboratory, this process was also analyzed by infecting cells in a low volume 

environment with West Nile virus obtained directly from the mosquito host. Remarkably, the 

ultrastructural observations support the preliminary results obtained with Dengue virus-cell 

interactions. These data suggest that medically important flaviviruses infect cells by a 

mechanism that involves direct penetration of the host cell plasma membrane. In attempting to 

obtain a more virulent strain of Dengue virus for the studies above, while improving purification 

methods for Dengue we have observed by electron microscopy a previously unidentified virus. 

This virus was different from all known flaviviruses and could not be detected by any common 

procedure. A sequence of the genome has been produced by de novo assembly and was not 

found to match to any known viral sequence. The composition and three dimensional structure of 

ESV are presented and its sequence compared to other members of the Birnavirus family. This 

new virus was named Espirito Santo Virus and was classified as a new Entomobirnavirus which 

infect insect cells. Interestingly, ESV was found to grow better upon co-infection with a virulent 

strain of Dengue-2 and to replicate in C6/36 insect cells but not in mammalian Vero cells. 

Interestingly, during this co-infection, Dengue viral proteins can be detected, but no viral 

particles are assembled. The uniqueness of this relationship remains to be elucidated. 
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BIOGRAPHY 

 

My name is Ricardo Gomes Vancini, I was born in Rio de Janeiro – Brazil to Helia 

and Jorge Vancini. Both my parents are doctors who have graduated from medical school 

and got married early at the age of 26, I was born a year later. As doctors in Brazil they had 

to work several shifts and different jobs to make a living in the beginning. Consequently, my 

first years were spent with my grandparents. My elementary school was right next door to 

their house and it was a catholic school. It was my favorite school, not because of the chapel 

and nuns, but because of the playing areas we had, since I had nowhere to play around my 

house. It was the closest I can remember to an American school, with the exception that in 

Brazil school is from 7:30-12:00 and after school we would go home. The first 18 years of 

my life were spent in a neighborhood that was not exactly nice and safe in Rio, there was not 

much to do in that area as far as entertainment for kids and teenagers. I was never a good 

soccer player (just goalkeeper) and there was nowhere to play either, therefore we would 

spend most of our time playing something that looks like a mix of baseball and cricket or 

playing kites and Atari. In our small apartment my parents had an enormous bookshelf that 

used to take half of our living room space, full books from med school and encyclopedias. 

Eventually I would grab some books and go over them, my favorite one was a 3 volume 

“Modern Science” book and a chemistry book I could not understand. Around the age of 10 I 

found that my parents also had an old microscope from med school, it was really small and 

the lenses had fungus but I thought it was great to kill bugs and look at them through the 

microscope. Life sciences had always caught my attention during the early school years and 

biology was my favorite subject at high school. 
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Despite some delays with regard to changing schools and working for a year after I 

finished my technical high school in electronics, I finally entered college at the age of 20 as 

biology major. My first contact with science was at a cell biology class, the teacher was one 

of the best I had so far and her lab classes were amazing. Eventually, I joined her lab as an 

undergraduate student and stayed there while doing my master’s degree at UFRJ, one of the 

best public universities in the country. At this lab I had my first contact with basic infectious 

disease related science and techniques such as electron microscopy, which contributed to my 

desire to continue doing research. During this time I also had the opportunity to teach a few 

lectures and labs and even short term courses, I had really enjoyed that. At that time in one of 

those classes I have met Mariana, my wife. Since I was a TA in a couple of classes she took, 

we have dated secretly for almost a year until I finished my master’s. She is the best, indeed, 

and helped me get through some of the worst times there. 

During my masters studies I had the opportunity to work on a virus-related project 

which have made all the other themes in the lab seem uninspiring. Even though my parents 

were doctors and had their own office by that time, I was never sure I would make a great 

doctor and always had the naïve thought that I could help more people by doing biomedical 

related research. That inspiration and the need to more stimuli I was not getting in that lab 

made me leave the lab a year after finished my masters degree, with three 3 articles and 2 

submitted. Because of the interest I have developed in virus research during my master’s 

studies, I have got in contact with Dr. Davis Ferreira who was on my thesis committee and I 

started working in his lab. His was also part of NCSU Biochemistry as an adjunct faculty and 

introduced me to the research done at the Brown lab. Besides getting married right before  
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coming here, studying and living abroad for 5 years was the biggest decision I had made so 

far. Looking back at where I grew up and my school years until college, it has never occurred 

to me that I once would have the opportunity to study and get a PhD at prestigious university 

in the United States, not to mention TA students in another language. I can say it was not 

easy at the first year and it would have been even harder if it wasn’t for the love and support 

from my wife and the welcoming environment we found at the Brown lab. Here at NCSU, 

working with Dennis and Raquel I had finally found that I was doing something significant 

in science. The fact that I was working with viruses that can cause diseases which are 

common and present where I have lived during all my life, and which my family and wife 

had already suffered from, has made all the difference. With the knowledge and experience I 

have gathered here, I hope I can help to make the difference from now on. By working to 

have a significant impact in science, one that can be translated to combat virus related 

diseases. After graduating, I will continue to work with virus related research at the Brown 

lab in a post-doctoral position.
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1.1 Alphaviruses and Sindbis Virus 

 

Sindbis virus was first isolated in 1952 from a pool of mosquitoes in Egypt. It is the 

prototype of Togaviridae family, Alphavirus genus. Currently, there are 26 identified 

members of the , alphaviruses commonly found are the Eastern Equine Encephalitis (EEE), 

Venezuelan Equine Encephalitis (VEE), Semliki Forest (SF), Chikungunya (CHIK), Ross 

River (RR) and Western Equine Encephalitis (WEE) (Strauss and Strauss, 1994). Among the 

genomes sequenced they share about 45% sequence identity in the structural proteins and 

about 60%identity in the non structural proteins. Sindbis virus is recognized as an insect 

virus that has adapted to infect vertebrates, allowing it to proliferate in both vertebrate and 

invertebrate cells. The alphaviruses have a wide host range such as birds, rodents and 

domestic animals (Schlesinger, 1971). These viruses are transmitted in nature by blood 

sucking insects, mostly mosquitoes, and the enzootic phase has small mammals and birds as 

their reservoir. In the epizootic cycle they infect domestic animals and humans as a dead end 

infection. The arboviruses include the alphaviruses, flaviviruses and (-) strand RNA 

bunyaviruses, among the arboviruses there are over 700 currently known and they are 

considered a major source of animal and human disease worldwide (Morens and Fauci, 

2008).  

The ability of Sindbis virus to grow to very high titers in laboratory cell cultures and 

mice, its stable structure, and its non-pathogenicity to humans, make Sindbis an ideal 

prototype virus to study alphaviruses life cycle and infection mechanisms, and also an 

excellent model to study membrane proteins in their native structural form. 
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1.2 Sindbis virus structure 

 

Sindbis virus is very simple in its composition and its structure has been extensively 

studied (Anthony and Brown, 1991; Choi et al., 1997; Enzmann and Weiland, 1979; Paredes 

et al., 1993).The mature Sindbis virion contains three structural proteins (E1, E2, and capsid) 

in a 1:1:1 stoichiometric ratio. The virus particle has a very precise structure.  It is 70 nm in 

diameter, containing two protein shells with a host derived membrane bilayer sandwiched in 

between the two shells .The particle is organized into two geometrically identical T=4 

icosahedral shells. The inner nucleocapsid shell, containing the viral genomic RNA, is built 

from 240 copies of the capsid protein. Within the inner shell is a densely packed, (+) single 

stranded, 11,7kB viral genomic RNA. The outer shell is composed of 240 copies each of two 

viral glycoproteins, E1 and E2, which form protruding spikes on the surface and have 3-fold 

rotational symmetry. They are composed of 439 and 423 amino acids respectively and both 

proteins have a molecular mass of about 50 kDa. E1 and E2 form heterodimers in the 

endoplasmic reticulum of infected cells.  These dimers trimerize, prior to delivery to the 

plasma membrane.  The host derived membrane is positioned between the inner and outer 

shell of Sindbis and is penetrated by the transmembrane domain anchors of E1 and E2 

proteins (Rice and Strauss, 1982; Strauss et al., 2002). Assembly occurs as the endo domains 

of the E2 proteins interact with the core protein in a one to one  ratio, thus 80 E1-E2 

heterotrimers make up the outer surface of the Sindbis virion representing a T=4 icosahedral 

structure equivalent  to the geometry of the inner capsid (Figure 1) (Anthony and Brown, 

1991; Paredes et al., 1993). Thus the geometry of the capsid determines the structure of the  
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outer glycoprotein shell(Ferreira et al., 2003).  The interaction of the E2 endodomain with a 

hydrophobic cleft in the capsid protein locks the shells together and gives stability to the 

overall structure of the virus (Lee et al., 1994). The E1 and E2 proteins have been assigned 

different functions in the virion. E2 is has been implicated in receptor recognition and 

binding to host cells (Paredes et al., 1993), while E1 is implicated in maintaining the overall 

icosahedral structure of the particle, and for mediating the process of infection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Cross-section of Sindbis virus from a cryo-electron microscopy reconstruction 
The inner most nucleocapsid shell of the virus particle is shown in blue and the outer most envelope of 

E1/E2 glycoproteins is shown in yellow. The host derived lipid bilayer is sandwiched between the layers and is 
shown in red. The large white triangle connects three five-fold axises and can be subdivided into 4equivalent 
units indicating T= 4 icosahedral symmetry. (Paredes et al., 1993). 
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1.3 Receptor recognition and genome delivery 

 

It is believed that alphavirus infection is started by the attachment of a virion to a cell 

receptor as it occurs with most viruses. The binding of E2 envelope protein to a receptor(s) at 

the plasma membrane of the host cells is considered the primary event in Sindbis 

infection(Byrnes and Griffin, 1998b). However, neither the cellular receptor(s) nor the 

precise E2 amino acids involved in the binding step are known. Despite many efforts, 

identification of the specific Alphavirus receptor(s) has remained elusive. Since Sindbis virus 

can reproduce in many laboratory cell lines derived from different organs of both insects and 

mammals which provide widely divergent biochemical environments, the cell receptor must 

be a ubiquitous class of molecules present in all of these cells. It is also possible that 

alphaviruses can utilize different or multiple receptors. Furthermore, this process is 

complicated by the ability of Sindbis and related viruses to evolve into lab adapted strains as 

well as interact transiently with host factors at the plasma membrane (Klimstra et al., 1998). 

There are many candidates molecules reported in the literature such as heparin Sulfate, DC-

SIGN, the major histocompatibility complex and Laminin proteins which have been 

suggested as receptors utilized by Sindbis(Byrnes and Griffin, 1998a; Helenius et al., 1978; 

Smith and Tignor, 1980; Strauss et al., 1994). However, none of them have been proven to 

have specific interactions with E2. The length of the candidate list suggests that there are 

multiple proteins that alphaviruses may use, and if there is a specific receptor, it might be 

both cell and virus specific. 

After receptor attachment, Sindbis must release its genome into the cell cytosol.  



 

6 
 

This mechanism of delivery of the Alphavirus genome remains one of the most debated 

aspects of the Togaviridae lifecycle (Kononchik et al., 2011a; Paredes et al., 2004; Ubol and 

Griffin, 1991). There are two proposed mechanisms for this process to occur. One pathway 

proposes that it might happen as in the case of HIV which engages a receptor on the surface 

of the cell and then the interaction with the receptor causes the HIV proteins to undergo a 

conformational change which fuses the virus membrane with the cell membrane. This is 

referred to as the pH independent pathway (Blumenthal et al., 2003a). Another pathway 

proposes that infection of alphaviruses requires fusion of the viral envelope with a cell 

membrane in a pH dependent manner, after receptor mediated internalization (Kielian, 1995). 

This infection pathway was first described in influenza viruses and later proposed to be the 

entry mechanism for all enveloped viruses and some non-enveloped viruses (Marsh and 

Helenius, 2006). Infection by membrane viruses such as influenza is well described, the virus 

binds to a receptor on the cell surface and it is taken into an endosome. Once in the interior of 

the endosome the pH is then lowered by H+ ion pumps, this change in pH trigger 

conformational rearrangements of the structural proteins resulting in HA-catalyzed fusion 

(Lakadamyali et al., 2004). That allows the penetration process to occur by escaping the 

route to lysosomes preventing viral degradation. This pH dependent pathway has also been 

proposed for the alphaviruses and other arboviruses such as SFV and TBE (Lescar et al., 

2001). 

The ability ofAlphavirus to fuse to liposomes and host cell membranes in cell cultures 

under laboratory conditions are the secondary evidence that led to the proposal that 

membrane fusion is involved in the alphaviruses infection process. Although valid for some  
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membrane containing viruses, there are some problems with this model for alphaviruses. 

Unlike influenza, which can be described as a pleomorphic membranous structure with 

embedded proteins, alphaviruses such as Sindbis are rigid protein shells with an associated 

membrane. The two icosahedral protein shells with many transmembrane and lateral 

interactions stabilizing the particle results in a precise structure in which the membrane 

bilayer is occluded by the outer protein shell (Figure 1) (Paredes et al., 1993; Paredes et al., 

2004). The lateral interactions which stabilize the outer protein shell are further stabilized by 

intermolecular disulfide bridges (Mulvey and Brown, 1994). Therefore, the membrane is not 

the form determining factor as with influenza, and because it is not exposed on the surface, it 

is not readily available to engage the host cell membrane. In order for Sindbis and other 

Alphaviruses to use the Influenza model, the inner and outer T = 4 icosahedral shells formed 

by the viral structural proteins would have to disassemble and reassemble, resulting in a 

novel set of lateral associations between the structural proteins. 

The ability of drugs that block endosome acidification to prevent viral RNA and 

protein synthesis has also been used as evidence to support the receptor-mediated 

endocytosis model for genome delivery in alphaviruses (DeTulleo and Kirchhausen, 1998; 

Helenius and Marsh, 1982). Fusion with protein-free liposomes has been used to demonstrate 

that alphaviruses and flaviviruses might fuse with the host cell membranes upon exposure to 

low pH (Smit et al., 1999a).There are important aspects to consider in both of these 

approaches. First, the assays employed to analyze the effects of the inhibitor drugs used in 

these experiments are based on indirect observation of viral entry. These assays measure viral 

RNA or structural protein synthesis; processes which occur downstream of the initial events  
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of entry, after expression of the non-structural proteins, negative strand synthesis and 

subgenomic RNA production have taken place. These late events require the correct 

functioning of the infected cell, and several of these drugs may directly or indirectly impair 

other functions related to viral RNA and structural protein synthesis. Indirect, secondary  

effects like these have been demonstrated in mosquito cells in which it was shown that some 

weak bases such as chloroquine cannot inhibit virus production and others interfere with 

virus production by blocking proteolytic processing of the non-structural precursor protein, 

rather than preventing viral entry (Hernandez et al., 2001). In a recent report a specific 

inhibitor of the V-ATPase, Bafilomycin A1, which has been demonstrated to specifically  

prevent the acidification of endosomes, was used to assess its effect on alphavirus infection 

(Hunt et al., 2011). The effects were analyzed using a Sindbis virus construct containing a 

GFP reporter gene. Interestingly, the results showed that BafA1 did not prevent virus entry, 

instead it inhibited only protein synthesis and folding as demonstrated by transfecting cells 

with the Sindbis RNA, thus bypassing the process of entry. This research suggested that 

BafA1 was inhibiting the proper folding of newly synthesized proteins and a functional V-

ATPase was required only for proper protein assembly not for the entry of virus RNA.  

The evidence supporting alphavirus entry by low-pH dependent fusion also comes 

from data produced in virus-liposome model systems, where it has been shown that 

alphaviruses can induce membrane fusion (Kielian, 1995; Kielian et al., 2000; Kielian and 

Jungerwirth, 1990). This fusion event was proposed to occur in a process identical to the 

interaction between the viral and endosomal membranes, when endosome acidification 

occurs. However, it was shown that this fusion process could only occur when a high amount  
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(50mol%) of cholesterol was present in the liposome membrane (Kielian and Helenius, 1984; 

Lu et al., 1999) . There are important issues associated with this model. Liposomes contain 

no proteins and thus no receptor, have no metabolic activity and have no ionic or osmotic 

gradient across their membranes, liposomes are far afield from the biochemical context in 

which a virus-cell membrane interaction occurs. Moreover, the insects which are vectors of 

these viruses, do not have the capacity to produce cholesterol (Cleverley et al., 1997; 

Mitsuhashi et al., 1983), and it is not known if cholesterol obtained by dietary routes is 

incorporated in any significant amount into insect cell membranes. It was later shown that 

this fusion of living cell membranes is actually a two-step event requiring a return to neutral 

pH (Edwards and Brown, 1986), rather than an event that occurs only by lowering the pH as 

takes place in liposome fusion and as would occur in the endosome environment. 

Finally, there are reports that have presented direct observation of arboviruses entry 

into living cells by means of electron microscopy. These observations are unique in that they 

provide snapshots of the interactions that occurred at the time of sample fixation. These 

studies have shown that after interaction with a host cell, Semliki-forest virions for example, 

can be found inside endosomes in the cytoplasm (Helenius et al., 1980) or penetrating 

directly at the plasma membrane (Hase et al., 1989b) in the case of Dengue virus. 

Unfortunately, these methods cannot successfully distinguish a productive infection from an 

unproductive interaction. In other words, not every viral particle used in the experiment may 

be infectious, since the infectivity ratio of animal viruses is known to be very high from 100 

to 10000. Even using preparations with particle/pfu ratio of 1:10 which is considered good, 

most of observations would be of virus-cell interactions that do not lead to a productive  
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infection. Therefore, there is enough evidence in the literature to discredit the 

fusion/endocytosis model for alphaviruses penetration and suggest that these viruses may use 

an alternative pathway for productive infection (Kononchik et al., 2011a; Paredes et al., 

2004; Wang et al., 2007). 

 

1.4. An alternative model for Alphavirus infection 

 

There is an alternative model for Sindbis virus infection that has been proposed, 

involving the attachment to the plasma membrane of the host cell and direct genome delivery 

through the formation a proteinaceous pore (Kononchik et al., 2011b; Paredes et al., 2004). 

The data presented in these reports support a model that suggests a process of direct 

penetration at the plasma membrane of the host, in a pH independent manner, without virus-

host membrane fusion or complete disassembly of the icosahedral protein shells. In the 

studies mentioned above, the incubation of cells at low pH in order to induce membrane 

fusion events always required a return to neutral pH. However, the endosomes do not have 

this ability to return to neutrality, this suggests that interactions with living cells might be 

more complex than with liposomes. 

Cryoelectron microscopy analysis of viruses at pH 5.3 revealed the presence of a 

novel protruding structure at one of the 5-fold vertices of the particle that seems to be 

induced by the low pH treatment (Figure 2) (Paredes et al., 2004). This proteinaceous 

structure is suggested to be comprised primarily of E1 proteins, and is proposed to form a 

pore structure in the host membrane bilayer through which the viral genome is delivered. In  
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the same set of experiments, upon return to neutral pH, the virus undergo a second set of 

conformational changes in which the protruding structure at the 5-fold axis is withdrawn into 

the virus structure and large fissures appear on the virus surface along the 2-fold axis (Figure 

2) (Paredes et al., 2004). These changes may compromise the structural integrity of the 

virions and allow the fusion event to take place under artificially induced conditions. 

Interestingly, in Immuno-EM observations, when Sindbis virions are allowed to adsorb onto 

cells at 4°C and then briefly incubated at room temperature prior to fixation, it is possible to 

observe electron-dense particles and also particles that apparently have lost their electron-

dense core (genome) at the surface. The particles used were obtained with improved 

purification techniques, which allows the production virus populations with  particle/p.f.u 

ratios of near 1 (Hernandez et al., 2010). These phenomena, suggest that the virus RNA has 

been transferred to the host cell at the surface in the absence of endocytosis and at neutral 

pH. 

 
Figure 1.2: The three-dimensional structures of Sindbis virus surface at 28 A°resolution viewed 

along icosahedral threefold axis. The conformational changes in Sindbis virus after exposure to pH 5.3 (B) 
and back to neutral pH (C) are shown. The arrows point to the protruding structure at the 5-fold vertices. 
Arrowhead shows the fissure that appears at the 2-fold axis upon return to neutral pH. (Paredes et al., 2004) 
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Evidence supporting the formation of such pore during viral infections has also been 

provided by others. The infection of cells by alphaviruses has been shown to be a leaky 

process allowing the passage of ions and other small molecules across the compromised 

membrane (Koschinski et al., 2003; Wengler et al., 2003;). In contrast, membrane fusion is 

shown to be a non-leaky process (Smit et al., 2002), and no loss of membrane continuity 

resulting in leaking would be expected in the case of low pH fusion during endocytosis. 

There is additional physical evidence supporting the penetration of Sindbis virus via a protein 

pore at the plasma membrane which was recently obtained using freeze-fracture and 

immunolabelling techniques (Kononchik et al., 2011b). In this study Sindbis virus was 

adsorbed onto mosquito cells and then it was cross-linked to the cells surface proteins with 

glutaraldehyde, then these samples were flash frozen in liquid ethane and fractured at low 

temperature and pressure. The fracture plane follows the path of least resistance, which is the 

middle of lipid bilayers, resulting in two replicas. When immunogold labeled with anti-

sindbis antibodies, the organization of the viral proteins under electron microscopy showed 

that, the labeled particles at the cell surface were observed as rings of gold beads surrounding 

a structure that traversed the membrane bilayer. This transmembrane structure may be part of 

the proposed protein pore complex (Figure 3). Finally, in order to further characterize the 

putative role of endocytosis in the Sindbis penetration process, quantitative virus infectivity 

assays were conducted at 15°C  and 5°C (Wang et al., 2007). These conditions are known as 

gentle procedures to prevent the formation of endosomes and shut down all vesicular 

transport respectively (Lippincott-Schwartz et al., 2000), nonetheless these conditions  
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allowed the infection of cells by Sindbis. This is perhaps the most important and irrefutable 

piece of evidence that such an alternative pathway of infection indeed occurs in the case of 

alphaviruses, specifically with Sindbis virus. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 1.3: Schematic of Sindbis virus attached to the cell surface 

Cartoon representation of cross-linked virus attached to ‘tissue-side’ of E-face replicas. The 
immunolabeling on the freeze-fracture replicas obtained in this study) suggests the configuration 
presented, with the virus bound to its receptor(s) seen as an intra-membranous particles in freeze-
fracture replicas (Kononchik et al., 2011b) 

 
 
The following chapter will focus on additional research characterizing the effects of 

low temperatures on the entry of Sindbis virus and describe the kinetics of the process. The 

subsequent chapter will describe preliminary results of the interaction of Flaviviruses such as 

Dengue and West Nile with mammalian cells, which suggest that they might employ an 

infection pathway similar to Alphaviruses. A final chapter of this thesis describes structurally 

and biochemically, a new insect virus that was discovered as a contaminant in Dengue virus 

samples and the effects of the co-infection of this virus with Dengue are discussed. 
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Alphavirus genome delivery occurs 

at the plasma membrane and is a 

temperature dependent process 
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Summary  

 

Entry mechanisms of enveloped viruses (viruses with a surrounding outer lipid 

bilayer membrane) are usually classified as being either endocytotic or fusogenic. Different 

mechanisms have been proposed for Alphavirus virus entry and genome delivery. 

Controversial observations led to a general belief that alphaviruses can infect cells either by 

protein-assisted fusion with the plasma membrane in a pH independent manner or by 

endocytosis and fusion with the endocytic vacuole in a low pH environment. Here, the 

mechanism of Sindbis virus penetration has been revisited using direct observation of the 

process by electron microscopy under a set of different temperatures. In temperatures non-

permissive for endocytosis or any vesicular transport, events occur which allow the entry of 

the virus genome into the cells, allowing the temperature dependence of the process to be 

observed. Consequently, the delivery of the viral RNA does not require low pH mediated 

endocytosis or low pH fusion, supporting the growing body of evidence that proposes a 

different mechanism for alphavirus entry. Arboviruses are agents of significant human and 

animal disease, therefore strategies to control infections are needed and include development 

of compounds which will block critical steps in the early infection events. In this study, an 

accurate view of the entry process is presented, providing details that have been previously 

overlooked. 
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Introduction 

 

Viruses initiate infection by transferring their genomes across cellular membranes and 

delivering it to specific cellular locations for replication. Efficient viral infection depends on 

multiple events such as, receptor binding, membrane penetration, genome internalization and 

replication (Condit, 2001). In order to be successful, viruses employ different strategies to 

mediate a productive infection as a result of their interaction with cells. To avoid lysosomal 

degradation, enveloped viruses are believed to fuse with endosomal membranes at low pH, 

whereas nonenveloped viruses lyse endosomes or form pores in membranes to release their 

genome into the cells (Dimitrov, 2004). The mechanisms by which animal viruses deliver 

their genomes are still not completely understood and in many cases highly controversial. 

Much of the general model of penetration for enveloped viruses has originated from early 

electron microscopy studies with Sendai virus and Semliki-forest virus, which provided 

evidence for membrane fusion (Lin et al., 2003) and endocytosis (Helenius et al., 1980) 

respectively.  

The initiation of infection by enveloped virus has proven to be a difficult process to 

study. This is not only a result of difficulties associated with the direct visualization of the 

viral entry and its gene delivery, but also the poorly characterized downstream effects of 

many inhibitors that have been used in previous endocytosis inhibition studies(Helenius et 

al., 1982; Marsh et al., 1982). These previous studies employing electron microscopy to 

analyze the entry enveloped virus have provided valuable data.  
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However, these data came from experiments designed to investigate membrane fusion 

(Duzgunes et al., 1992), rather than appropriate experiments focusing on genome delivery or 

virus uncoating. In addition, direct observation of virus-cell interaction by electron 

microscopy can be challenging when the infectivity ratio and physical integrity of these 

particles are not taken into consideration. If the infectivity ratio of these preparations are 

poor, the observation of particles in endosomes for example, may lead to an inaccurate 

interpretation of the infection process (Haywood, 2010). Thus, the sensitivity of some 

enveloped viruses to laboratory purification and storage procedures need to be considered 

when designing any penetration study with membrane containing viruses. Similar problems 

arise when artificial membranes or liposomes are employed as models to investigate virus-

cell interactions (Kielian, 1995). Liposomes do not contain the receptor proteins and their 

composition does not reflect that of a living cell (Smit et al., 1999b).,In the case of 

arboviruses, the mammalian host and mosquito vectors cell membranes are vastly different in 

chemical and physical properties. 

While the entry of alphaviruses is widely accepted to be dependent on clathrin-

mediated endocytosis and fusion with endosomal membranes, there is a growing number of 

studies reporting the ability of alphaviruses to enter host cells via alternative mechanisms 

(Haywood, 2010; Kononchik et al., 2011a). Supporting this hypothesis there are early studies 

on Sindbis entry that showed the translation of viral RNA in the infected cells, even when 

they were treated with weak bases such as chloroquine and ammonium chloride, suggesting 

no involvement of endosome acidification in the infection process(Cassell et al., 1984; 

Coombs et al., 1981; Hernandez et al., 2001).  
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SFV infection of BHK cells was also proposed to occur efficiently following fusion 

in either endosomes or at the plasma membrane, as evidenced by viral RNA and protein 

synthesis (Marsh and Brown, 1997), suggesting multiple mechanisms of entry. SFV was also 

reported to be found inside non-coated pits and vesicles (Hase et al., 1989a). Interestingly, 

experiments using anti-clathrin antibodies showed only a  partial block in SFV infection 

(Peisajovich et al., 2003). This could suggest that either the antibodies employed do not 

inhibit the clathrin pathway efficiently or that SFV can use an alternative pathway that does 

not require clathrin mediated endocytosis. This situation may also be relevant for 

Chikungunya viruses (also an alphavirus), because when dominant-negative mutants of 

Eps15, Rab5, and drug inhibitors of endocytosis, are used to investigate the role of 

endocytosis, they show only a partial block of infection (Blumenthal et al., 2003a). Recently, 

we have studied the early processes of infection by the alphavirus Sindbis virus (SINV) by 

means of quantitative assays at various temperatures and electron microscopy. These studies 

show that infection can occur in low temperatures and that during entry the virions are 

associated with intramembranous pores at the cell surface (Kononchik et al., 2011b; Wang et 

al., 2007). Sindbis virus, the prototype virus of the genus Alphavirus, is a membrane 

containing virus with a precise rigid structure composed of two protein shells with a host 

derived membrane bilayer sandwiched in between (Paredes et al., 1993). The 240 copies of 

E1 and E2 glycoproteins matching 240 copies of the capsid protein surrounds a 11.7 Kb 

positive sense RNA genome. It is an excellent model for laboratory studies due to its non-

pathogenic phenotype in humans and because it only needs biosafety level 2  containment 

(Kononchik et al., 2011a).  
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In addition, Sindbis can grow to high titers in both mammalian and insect cells and, in 

contrast to other enveloped viruses carefully purified and stored. Sindbis can have infectivity 

ratios that approach unity (Brown and Condreay, 1986; Hernandez et al., 2010). These 

properties make Sindbis virus an ideal candidate to study the entry process of Alphaviruses, 

including by direct observation by electron microscopy.  

Currently, there are no studies on the temperature dependence of alphavirus 

internalization, specifically by electron microscopy which can visualize each individual 

particle. The only reports about the temperature dependence of the entry process are early 

studies that focused on Sendai and Influenza virus fusion with liposomes at different 

temperatures (Gallo et al., 2003; Haywood and Boyer, 1985).The fact that an enveloped virus 

can fuse with liposomes under laboratory conditions that do not represent a living  cell, 

should not be regarded as an event representing a natural interaction. The previous 

observations that SINV membrane fusion of living cells induced by low pH requires return to 

neutral pH (Edwards and Brown, 1986; Paredes et al., 2004), is in dramatic contrast to the 

situation described for influenza virus and other virus-liposome studies. The only significant 

direct observation of an entry process has been provided by low temperature infection assays 

and direct observation of the entry process by immunogold labeling and electron microscopy 

(Paredes et al., 2004; Wang et al., 2007). In this study, we have employed improved 

purification techniques to produces virus populations with very low particle/pfu ratios and 

immunogold-EM to identify structures on the cell surface as Sindbis virus in various stages 

of the entry process. These studies provide detailed information on the genome delivery 

process at level hitherto impossible using indirect observation techniques. 
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 The visualization of viruses penetrating cells was possible and revealed that the 

transfer of the viral genome into the cells occurs without fusion and in conditions that 

prevent endocytosis and all vesicular transport.  Thus, the entry process was found to be 

temperature dependent. 

 

Results 

 

Structural integrity of Sindbis virus 

 

Sindbis virus is known for not producing empty particles because they need the 

nucleocapsid scaffold on which the envelope proteins will be assembled and the nucleocapsid 

cannot assemble without the RNA. We first determined the structural integrity of the 

particles used in our electron microscopy study. The gradient purified virions were analyzed 

by negative stain electron microscopy prior to addition to the cells. The virus employed in 

this study was purified 2X by density gradient centrifugation on continuous potassium 

tartrate gradients. The micrograph in Fig.2.1 shows negatively stained images of Sindbis 

confirming that the procedure used produces symmetrical unbroken particles of uniform 

density. The purified particles were determined to be ~95% infectious as by particle/pfu 

calculations. In these preparations, no significant population of broken or empty particles 

was observed. This is also demonstrated by the single band in the density gradient, which one 

could expect for a homogenous population (Particles without RNA would band at a much 

lighter density) Figure 2.1 (inset). 
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 In negatively stained images of several preparations an average of 5.6% ± 1.3 of 

broken particles could be estimated (particles analyzed in triplicates). However, particle 

damage is most likely to occur during the negative staining procedure, which exposes the 

particles to abrupt pH and osmotic changes. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Electron Microscopy of Purified Sindbis Virus  
Micrograph of negatively stained Sindbis particles, showing the preservation, homogeneous 

size (700 Å) and icosahedral symmetry (arrow). The symmetry is emphasized by the ability to detect 
the particles in different orientations. (bar=100nm). 
 

Interaction of Sindbis virus with mammalian cells at different temperatures 

 

Viewing a 70nm particle entry into the host cell, that is in average 15um in diameter, 

by electron microscopy which allows the observation of 70nm sections at each time (~220 

sections across a single cell), is not a simple task. It requires a high multiplicity of infection  
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(MOI) in order to increase the chance of observing a particle and the labeling of the particle 

with gold conjugated antibody in order to allow the identification of the virus in any 

structural configuration and prevent misinterpretations of the virus-cell interactions. The 

experimental approach for the process is in fact quite simple, viral particles are allowed to 

adsorb on the cell surface at 4ºC, which prevents entry until temperature is raised to 

physiological conditions. When the temperature is raised to 37ºC at neutral pH, the sample is 

fixed immediately, and the fixed virus-cell complexes are labeled with virus-specific 

antiserum and gold bead-conjugated secondary antibodies. This allows not only intact 

viruses, but also virus membranes that had lost their contents to be recognized. Using this 

approach, the investigator can determine if their infectious path follows one of three different 

outcomes. If the virus fuses with the plasma membrane, it would be possible to see labeled 

viral proteins, dispersing on the cell surface; if the virus should enter by receptor mediated 

endocytosis it should be possible to see particles labeled on the surface of the cell over a 

crescent chlatrin coated pit or non labeled particles already in endosomes close to the cell 

surface. Finally, if the virus uses a pathway of direct penetration at the plasma membrane via 

pore formation, it should be possible to detect labeled particles at the cell surface that are 

electron-dense with its genome material still undelivered, electron-dense particles with a 

connection with the cell surface (stalk) and empty (electron transparent) labeled particles that 

have already transferred their genomes into the cell. 

In order to characterize the initial steps of Sindbis interaction with mammalian cells 

and the temperature dependence of the cell penetration process, we took advantage of 

previous cell biology observations in which temperatures below 18°C are shown to arrest  
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endocytosis in mammalian cells and at 15°C all cellular vesicular transport is halted 

(Lippincott-Schwartz et al., 2000). Since we needed a non-lethal and non toxic procedure in 

order to inhibit endocytosis, and analyze virus penetration, this procedure was used. Wang et. 

al.2007, have successfully used similar low temperature protocols to analyze Sindbis 

infection and found by infectivity assays that significant numbers of viral particles could 

establish infection at low temperatures. Interestingly, in this study, the overall virus infection 

levels increased as temperature was increased from 5ºC to 15ºC and also as time was 

increased, suggesting a temperature dependent kinetic process was occurring at these early 

stages of infection. We have also used immune-gold labeling procedures (Paredes et al., 

2004), in order to clearly identify and confirm the presence of viral particles without the 

electron dense core.  These particles could not be determined to be virus related without 

immunolabeling. We analyzed the process of virus entry (virus-cell complexes) at several 

different temperatures 4ºC, 15ºC, 22ºC and 37ºC at neutral pH. Among the temperatures 

chosen, 4ºC and 15ºC are non permissive temperatures for vesicular transport and 

endocytosis.  

In this set of experiments, Sindbis virus was incubated with cells and allowed to 

adsorb at 4ºC for 45 min. Then cells were washed with cold buffer to remove unattached 

virus and then the virus-cell complex was switched to different incubation temperatures and 

fixed for electron microscopy as described in methods for 15 min, with a rapid fixative 

(paraformaldehyde) at the respective temperature for each experiment. The viruses were 

subsequently labeled with immunogold using an anti-sindbis serum and gold (6nm) 

conjugated anti-rabbit IgG antibody.  
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It is noteworthy that, the antibody can bind to viruses at the plasma membrane of cells 

and these viral particles may or may not have lost their electron-dense core at all the 

temperatures tested, suggesting that the conformational changes that occur during cell 

penetration do not eliminate the antibody binding ability of these particles.  

Figure 2.2: Thin section electron microscopy of Sindbis virus–cell complexes at pH 7.2 
Panel of TEM observations illustrating three representative populations of particles at different 

incubation temperatures. High magnification showing examples of (A) electron-dense full particles at the cell 
surface at 4°C; (B) intermediate penetration stage particles with loss of electron-density at 15-22°C; (C) empty 
particles with loss of RNA  electron-density mostly at 37°C. Note that in panels (A) and (B) on the right 
images, there is a reorganization of the RNA towards the cell surface. Bars (50nm) 
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After the initial attachment to the cell at 4ºC, the viral particles transferred their 

genome to the host cell in a process that followed the temperature to which they were 

exposed. A representative micrograph of each type of virus structure seen (full, intermediate 

and empty) is presented in Figure 2.2a-c. These three categories of Sindbis particles were 

classified according to the predominant category in each respective incubation temperature. 

Figure 2.2a shows examples of particles in which the electron-dense material is still within 

the virions. These particles are typically seen in large numbers at 4°C. When the incubation 

temperature is raised to 15ºC or 22ºC, a large percentage of virions have their electron-

density reduced within the particle (Figure 2b) which could indicate changes in the viral core. 

The electron dense region seems to be changing in shape and approaching the contact zone 

between the virus and the cell (Figures 2.2a,b –right panels). In figure 2.2c, an electron-dense 

region is no longer visible, and there are rings of gold beads which have the same dimensions 

of the intact virions attached to the cell surface, representing empty particles which have lost 

their genome. These are typically seen at 37°C. While it may be suggested that this 

phenomena could be due to the microscopy procedure, it is vital to keep in mind that if the 

center of a viral particle was to be missed by the thin sectioning procedure, it would not be 

possible to visualize a ring of antibody labeling that measures approximately 70nm. 

Therefore no ring of immuno-gold labels against the viral proteins smaller than 50nm was 

considered to be a clearly empty particle since the core of Sindbis is known to be 

approximately 40nm. The percentage of particles releasing their RNA into the cell increased 

significantly with the raise in temperature. This process is extremely fast, if the virus-cell 

complexes are put at room temperature or 37ºC for 10min prior to fixation it is not possible  
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to observe any labeled electron dense particles, only proteins of particles that have broken 

apart after losing their RNA (not shown). The ideal approach for this study was to use the 

fixative incubation temperature as the temperature step change, since it takes at least 10-

15min for cell monolayers to be properly fixed with paraformaldehyde (Daneshtalab et al., 

2010). This is important because, in previous electron microscopy studies where the standard 

glutaraldehyde fixation was used, it would be impossible to detect these particles at the cell 

surface. First, because it would take longer for virus-cell complex to be fixed with 

gluteraldehyde (Hopwood, 1972), allowing the particles to release their RNA  and become 

transparent before preservation. Second, because it would not allow the immune-gold 

labeling procedure to be performed due to interference with epitope recognition and resulting 

in non specific background binding (Schnell et al., 2012), this would result in our being 

unable to clearly identify intermediate and empty particles. In figure 2.2C (right inset) the 

release of empty viral membranes from the cell surface is shown as previously described. 

This observation would not be possible without the use of immuno-gold labeling. 

Figure 2.3: Electron microscopy of Sindbis virus–cell complexes at pH 7.2 
Low magnification of Sindbis-cell complexes different temperatures  (A) interaction at 4ºC; (B) 

interaction at 15ºC, note the presence of both full and empty (arrows) particles; (C) interaction at 37ºC, in which 
most particles lose their electron-density and start to collapse  its structure (arrow). Bars (100nm). 
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In order to provide and overall view of these different virus-cell complexes at 

different temperatures, low magnification images were taken representing each population 

(Figure 2.3). In fact, all three categories of virus structure can be observed in each 

temperature, except at 37°C. At 4°C most particles were seen as full (containing the electron-

dense genome), at 15°C to22°C most particles were found at an intermediate stage, and at 

37°C all of particles were found empty (with no electron-dense core) (Figures 2.2 -2.3). It is 

noteworthy that even at 37°C, temperatures which would favor membrane fluidity, the 

dispersal of viral proteins on the cell plasma membrane, which would provide evidence for 

membrane fusion, is not observed. 

 

 Temperature dependence of the genome delivery process  

 

The electron microscopy analysis was quantified by counting the number of full, 

intermediate and empty particles on the cell surface. On average 95 ± 15 particles were 

counted in each experiment and the results were expressed as a percentage from the total 

particles in each sample. This method was intended to give a percentage of virions at each of 

the three stages in penetration. There was a striking difference in the relative numbers of all 

of the penetration stages at every temperature (Figure 2.4). Initially, at 4°C about 52% of the 

particles are full and as warmer temperatures are employed (from 4°C to 37°C) they all 

become empty (Figure 2.4). The particles that were empty started at 16% at 4°C and went to 

100% at 37°C. The intermediate stage particles present an increase in its population from 

32% (4°C) to 47% (15°C) them go down to zero at 37°C. These results suggest a pathway of  
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entry in which the viral particles attach to the cell surface, followed by a reorganization of 

the RNA, the RNA subsequently is delivered to the cell cytoplasm, then the particles become 

empty and eventually break up and disperse due to the loss of the core (RNA) structure.  

Figure 2.4: Temperature dependence of genome delivery of Sindbis virus into BHK cells 
 Sindbis virus-cell complexes incubated and fixed at several temperatures were directly 

analyzed by electron microscopy. The graph shows that as temperature rises from 4ºC to 37ºC  there is a linear 
rise in the population of empty particles at the cell surface (blue line) reaching the total population, and a linear 
decrease in the population of full particles reaching zero at 37ºC. The particles at the intermediate stage of 
penetration reach their maxima at 15ºC then decrease to zero as temperature rises. Data are shown as the mean 
of duplicate counts (90 ± 15 particles) of two independent samples. 

 

Previous work has suggested that the events leading to infection of living cells by 

Sindbis virus can occur in the absence of endocytosis (Wang et al., 2007). Moreover, these 

events were also proposed to occur without membrane fusion (Paredes et al., 2004). Thus, the 

correspondence of RNA delivery with temperature provides additional evidence that the 

entry process occurs at the cell surface independently of endocytosis, since endocytosis 

cannot occur at low temperatures. 
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Delivery of the Sindbis genome is mediated by a pore-like structure 

 

 In a previous study, the conformational changes induced by pH change on Sindbis 

virus were analyzed by cryo-EM, and it was determined that a protruding spike appears at the 

5-fold axis of the particle at pH 5.3.It was also determined that the intermediate stage and 

empty particles seemed to be connected to the cell membrane by a proteinaceous connection 

(stalk) that forms a pore-like structure.  These results suggested that Sindbis virus penetration 

may occur through direct RNA delivery through a protein pore at the cell membrane. A 

similar sequence of events has been proposed for certain non-enveloped viruses such as 

poliovirus (Belnap et al., 2000; Brandenburg et al., 2007). We observed similar structures in 

this set of experiments. In virus-cell complexes both at 4°C and 37°C, the formation of a 

stalk connecting the virus to the cell surface can be seen (Figure 2.5). Interestingly, in figure 

2.5a, the stalk is labeled with the anti-sindbis conjugated gold beads, suggesting the 

penetration pore is composed of virus proteins (Figure 2.5 – inset). In virus-cell complexes 

fixed at 4°C, the stalk is also observed, (Figure 2.5b).These results are in agreement with 

previous studies in which the proteinaceous nature of the pore stalk has been suggested by 

electron microscopy of thin sections. Recently, a report from our group using freeze-fracture 

immune-labeling, obtained more information about the pore, suggesting it is indeed a 

proteinacous structure that traverses the cell membrane, and is often seen associated with 

Sindbis virions (Kononchik et al., 2011b). The formation of the pore-like stalk that precedes 

genome delivery is not to be confused with the hemifusion intermediate states which occur in  
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membrane viruses such as influenza which do enter by a process of membrane fusion. 

Sindbis membrane fusion has been extensively shown to be a two-step process requiring the 

return from low pH back to neutrality, and also could not occur at 4°C. 

Figure 2.5: Thin section electron micrographs of the cell membrane-associated SINV with pore 
stalks 
Sindbis virions were attached to the cells, fixed for electron microscopy at neutral pH and immune-

labeled with anti-sindbis antibody conjugated with gold beads. (A) Most virions have lost their electron dense 
RNA containing core at 37°C and it is possible to observe a reminiscent connecting structure labeled (arrow - 
inset). (B) Panel of Sindbis virus with an electron dense core attached to the cell surface by a pore structure at 
4°C (arrowheads). Bars (50nm). 
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Discussion 

 

Viruses must be sufficiently stable to protect the viral genome as it passes from cell to 

cell, vector to host, and yet, upon reaching an appropriate trigger, this interaction must 

initiate programmed steps that will result in the delivery of the virus genome to its site of 

replication within the cell. The characterization of cell entry pathway for animal viruses, 

especially alphaviruses has been challenging. The difficulties that have been encountered 

result from the indirect analysis of virus entry by quantification of RNA and protein synthesis 

and the poor infectivity ratio and integrity of animal virus preparations. Also the secondary 

and downstream effects of inhibitors of the cell trafficking pathways and lysosomotropic 

agents used to prevent endocytosis and acidification (DeTulleo and Kirchhausen, 1998; 

Helenius and Marsh, 1982) are still not understood or accounted for in such studies.. 

Additionally, extended exposure to chemical inhibitors might affect the expression of 

viral/reporter genes as observed in a recent report (Hunt et al., 2011), simply because they are 

generally toxic to the cell rather than directly affecting the entry or trafficking events. 

Inhibition of the later steps of endocytosis or endosomal trafficking does not necessarily 

prevent viral attachment or early internalization. Thus, these methods are less sensitive and 

are confounded by factors that influence the post-entry and trafficking events. 

In order to overcome the problems above, we utilized improved purification 

techniques that yields SV with infectivity ratios close to 1, to observe the entry process in its 

first steps by immuno-electron microscopy. We have also taken advantage of benign 

treatments to inhibit endocytosis by lowering the temperature, which has been widely used in 

cell biology to prevent vesicular transport (Lippincott-Schwartz et al., 2000).  



 

32 
 

Finally, we have analyzed the infection process under temperature progression. The 

results presented above show that Sindbis virus can deliver its genome under conditions that 

prevent endocytosis in a temperature dependent process. It has been reported that 

temperatures of 19°C have been regarded as the minimum temperature for phospholipids 

transfer between Sendai Virus and red blood cells (Maeda et al., 1975). In addition, it has 

also been described that paramyxovirus membrane fusion drops rapidly with reduction of 

temperature and is completely inhibited at 18°C (Gallo et al., 2003). Therefore the process of 

entry by penetration at the plasma membrane becomes the only viable pathway at these non-

permissive temperatures.  

Theoretically, the binding of Sindbis to poorly characterized cell receptors on the 

plasma membrane of the host cells (insect and mammalian), would lead to endocytotic 

uptake followed by a low-pH triggered lipid dependent fusion of these membranes (Kielian, 

1995; Lu et al., 1999; Smit et al., 1999b). In addition to a dependence on low pH, the 

phenomenon of alphaviruses fusion to membranes requires the presence of cholesterol 

(Kielian, 1995; Phalen and Kielian, 1991; Smit et al., 1999a; White and Helenius, 1980). 

Cholesterol appears to be necessary for the hydrophobic interaction of the alphavirus E1 

ectodomain with the target membrane which would lead to fusion (Kielian and Helenius, 

1984; Klimjack et al., 1994). However, this cholesterol-dependence differs amongst the 

alphaviruses, and most importantly the cell membrane of the insect vectors of these viruses 

does not contain significant amounts of cholesterol .In fact, the Influenza and Sindbis viruses 

have been commonly used as model viruses to study the underlying mechanism of viral 

membrane fusion; virus-cell (Blumenthal et al., 2003b; Zaitseva et al., 2005) and  virus- 



 

33 
 

liposome fusion assays (Helenius et al., 1982; Smit et al., 2002). However, there are some 

reservations regarding this model, since liposomes have no proteins, have no metabolic 

activity and most importantly have no ionic or osmotic gradient across their membranes. 

Furthermore, there are considerable morphological differences between enveloped viruses. 

Influenza consists of a pleomorphic membrane bilayer with viral proteins embedded in it, 

where the membrane is the form determining factor. Alphaviruses have a precise shape and 

composition, with proteins organized in two nested protein shells with a membrane bilayer 

sandwiched in between. Therefore, alphaviruses do not have their membrane easily available 

at the surface, unless the envelope glycoproteins undergo considerable changes during entry 

(Brown and Edwards, 1992).  

The above data indicate that, for Alphaviruses such as Sindbis, genome delivery does 

not conform to the model commonly assumed. To summarize, the interaction of the virus 

with a putative receptor set the essential conditions to allow conformational changes that 

produces a new structure in the center of the 5-fold axis of the virion (Paredes et al., 2004). 

These events will then lead to the formation the protein pore-like structure that goes into the 

plasma membrane, and there are indications that the RNA moves through such pore, which 

would then initiate infection. Thus membrane fusion may be a property of alphaviruses 

which can be induced under laboratory conditions, but it may have absolutely no role in 

infection process. The function of the membrane in alphaviruses may be to serve as a 

scaffold upon which the viral proteins are folded into their high-energy metastable 

configuration. 
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The model of infection presented here is a significant departure from the existing  

paradigm about the entry of membrane containing viruses. However, this process is very 

similar in many aspects to the entry mechanism proposed for non-enveloped viruses such as 

Poliovirus (Belnap et al., 2000) and later suggested to occur with Sendai virus (Haywood, 

2010).  Evidence that alphaviruses can deliver their genome at the cell surface at neutral pH 

is provided by previous work from our group (Paredes et al., 2004) and in this present study. 

Furthermore, the high number of particles that still contain their genome under non 

physiological cold temperatures may reflect an impairment of cellular functions that may be 

required as driving forces to favor the genome delivery process. Productive release of the 

virus RNA has been previously suggested as a major factor limiting the infection efficiency 

(Helenius et al., 1978). Previous studies have observed a rapid and highly efficient RNA 

release for Poliovirus which also occurs in an endocytosis independent manner, but 

dependent on temperature, actin cytoskeleton and tyrosine kinases (Brandenburg et al., 

2007). Interestingly, in the population of empty particles at 37ºC, the viral membranes 

remain outside the cell after interaction. If the virus membrane disengages from the host cell 

membrane instead of merging with it, then not only would  the cell not have viral proteins on 

its surface but the release of this membranous pieces with embedded proteins could serve as 

immunologic decoys (Haywood, 2010). Here we have provided evidence for the integrity of 

the viral particles used in these experiments and irrefutable evidence that the non-typical 

particles seen on the cell surface are indeed alphaviruses. Our results challenge previous 

thoughts that Sindbis RNA release may occur from endocytic vesicles. Any detection of viral 

proteins in endosomes or co-localization of these proteins with endocytic proteins markers  
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may be representing a non reproductive pathway. As previously observed by Bradenburg et 

al. 2007, empty Polio capsids are transported to compartments with a degradative 

environment, such as late endosomes and lysosomes. Finally, with the increasing body of 

knowledge produced by our group and other groups in addition to the present data, we are 

establishing a new paradigm for the pathway of entry for alphaviruses and possibly other 

enveloped viruses. Our results provide new insights into the early steps of alphavirus 

infection and suggest that this process may translate to other medically important and 

emerging arboviruses such as Chikungunya virus, Dengue virus and West Nile virus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

36 
 

 

 

 

 

 
CHAPTER 3 
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Summmary 

 

Dengue and West Nile viruses are enveloped RNA virus that belong to genus 

Flavivirus and are considered the important mosquito-borne viral pathogenic agents 

worldwide. Despite their clinical importance, there are neither vaccines nor antiviral drugs to 

prevent or treat Dengue and West Nile infections. A potential target for intervention 

strategies is the virus cell entry mechanism. This mechanism, however, remains controversial 

and poorly described. Previous studies about flavivirus entry process had focused on the 

effects of biochemical and molecular inhibitors on viral entry leading to controversial 

conclusions regarding the participation of cytoskeleton components, clathrin-mediated 

endocytosis (CME) and cholesterol for infection. It has been recently proposed that there is 

an alternate pathway for cell penetration employed by Sindbis virus that does not involve 

exposure to low pH, endocytosis or the fusion of virus membrane with the host cell 

membrane. This mechanism was also proposed for the interaction of flaviviruses with host 

cells and suggests that an alternate pathway may exist for both virus families. In the present 

study we analyzed the early events in the infection process by means of electron microscopy 

and immuno-gold labeling of viral particles during cell entry, and took advantage of a new 

approach for infecting cells with viruses obtained directly from mosquitoes. 

Our preliminary results show that, Dengue and West Nile viruses did not present 

direct fusion with plasma membrane of host cells and also did not enter by endocytosis. 

These data suggest that medically important flaviviruses may also infect cells by a 

mechanism that involves direct penetration of the host cell plasma membrane as proposed for 

alphaviruses.  



 

38 
 

 

Introduction 

 

Dengue virus and West Nile virus are medically important Flaviviruses that belong to 

the group of regular icosahedral enveloped viruses containing class II envelope proteins and 

a (+) single stranded RNA genome similarly to the Alphaviruses (Wengler and Gross, 1978). 

The Flaviviridae family also includes yellow fever, Japanese encephalitis and tick-borne 

encephalitis viruses. Dengue virus is a mosquito-borne virus that has emerged as a significant 

public health threat putting 2.5 billion people at risk of developing dengue fever (WHO). 

Infection with one of the four serotypes of Dengue virus (DENV1-4) has a huge impact on 

global public health infecting more than 300 million people in tropical areas each year. The 

escalation of the disease can be attributed to unrestrained urbanization, global warming and 

lack of effective mosquito vector control (Hales et al., 2002).Consequently, there has been 

increased contact between humans and the vectors; and global invasion of the major 

mosquito vectors Aedesa egypti and Aedes albopictus leading to a geographic spread and 

overlap of all serotypes which in turn increases the risk of dengue hemorrhagic fever (Kyle 

and Harris, 2008). As a result, DENV is considered the most important mosquito-borne viral 

pathogenic agent worldwide. West Nile virus is the most prevalent arbovirus in the United 

States causing serious illness in humans and animals which may result in encephalitis and 

death. Since it was first detected in New York 13 years ago it has caused 24000 human cases 

and 960 deaths (Styer et al., 2007). It is soon expected to be endemic in most parts of the 

Americas (Mackenzie et al., 2004).  
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Flaviviruses exist in nature in cycles between an insect vector and a vertebrate host.  

West Nile virus is primarily vectored in mosquitoes and birds, with humans acting as dead-

end infection and do not generally transmit virus (Mackenzie et al., 2004). The cycle of 

dengue virus is unusual in that humans are the main vertebrate hosts, thus the virus can infect 

mosquitoes as they bite an infected human and the transmission may passed on to a another 

human host (Blair et al., 2000). The flavivirus particle is simple in its composition containing 

multiple copies of 3 structural proteins, the capsid (C), envelope (E) and membrane (M) 

proteins. The E protein is currently believed to be the only protein exposed on the surface of 

the virion, forming an external scaffold organized in 90 E-protein dimers, which would lie 

flat, embedded in the lipid bilayer, protecting the nucleocapsid shell that contains the 

genome(Kuhn et al., 2002). The E protein is also thought to be responsible for binding to the 

host cell receptor(s), being involved in virus entry into the cell (Brinton, 2002). 

Currently, there are neither vaccines nor antiviral drugs to prevent or treat Dengue 

and West Nile infection. Thus, a potential target for intervention strategies is the virus cell 

entry mechanism. Despite progress made in the last decades toward the understanding of 

their pathogenesis, the understanding of these viruses entry mechanism remains largely 

speculative and controversial. Flaviviruses, with class II envelope proteins, are believed to 

require acidic pH in different cellular compartments in order to trigger fusion with the host 

membrane (Marsh and Helenius, 2006; Sieczkarski and Whittaker, 2002). However, in early 

studies using direct observation by electron microscopy (Hase et al., 1987) no evidence of 

receptor-mediated endocytosis could be observed during the interaction of DENV-2 with 

mosquito or mammalian cells. Later observations have reported that DENV entry occurred 
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by direct fusion with the plasma membrane in both mammalian and mosquito cells (Lim and 

Ng, 1999).  

Similarly, West Nile virus has been described to enter cells through clathrin-

dependent endocytosis and co-localize with early and late endosomes (Chu and Ng, 2004). 

Additionally, the fusion of WNV with cellular membranes has also been demonstrated 

(Gollins and Porterfield, 1986). The list of contradictory observations imply that the entry 

mechanism is still not understood and further work using different approaches to analyze the 

genome delivery process is needed. These previous reports about DENV and WNV entry 

process had focused on the effects of biochemical and molecular inhibitors on viral entry. 

The use of such drugs may affect a variety of cellular functions and most of these inhibitory 

effects were analyzed as RNA or viral protein production, late events in viral infection. It has 

been recently proposed that there is an alternate pathway for cell penetration employed by 

Alphavirus that does not involve exposure to low pH or the fusion of virus membrane with 

the host cell membrane (Kononchik et al., 2011a; Paredes et al., 2004; Wang et al., 2007). 

This mechanism was supported by previous observations of the interaction of Flaviviruses 

with host cells, suggesting that entry occur at the plasma membrane (Hase et al., 1989b). 

Furthermore, measurement of membrane permeability by the patch-clamp techniques have 

shown that flaviviruses can form ion permeable pores on cell membranes at neutral pH 

(Koschinski et al., 2003). Therefore, it is reasonable to imply that an alternate pathway, 

independent of fusion at low pH and endocytosis, may exist for both virus families as 

recently suggested (Acosta et al., 2009; Kononchik et al., 2011a).  

The flaviruses are very difficult to manage in the laboratory environment, they grow  
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poorly and produce virions that are unstable when exposed to traditional purification 

techniques. As a result a high particle/pfu ratio is obtained, which prevents the direct 

visualization of the penetration process by an infectious particle with confidence. Here, after 

obtaining preliminary results from the EM analysis of purified virus in virus-cell interactions 

we decided to use an innovative method of infecting cells that might make it possible to 

analyze infectious events in vitro that can be closely related to in vivo events. We took 

advantage of a virus infection set up in which WNV viruses were obtained directly from the 

mosquito vector (Culex sp.) when it was feeding from a capillary tubes containing 

mammalian cells that were grown on micro-carrier beads. By using this method, we analyzed 

the early events in the infection process by means of electron microscopy as in the 

preliminary observations with dengue grown in cell cultures in the laboratory. 

 

Results 

 

Electron Microscopy of purified Dengue-2 particles  

 

The micrographs in Figure 3 show negatively stained images of DENV-2 particles 

prepared as described in Methods. Since DENV is not well preserved by most purification 

procedures, we purified DENV particles in isosmotic gradients (iodixanol) in order to 

increase the chance of obtaining optimal preparations for penetration experiments. The final 

preparation contained virions at concentrations ranging from 5x105 to 5x106 infectious 

particles/ml, within the infectivity range expected for flaviviruses. As seen in Figure 1a-b,  
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purified DENV are less homogeneous than Sindbis virus (Chapter2). The increased number 

of particles seen (Fig.3.1a), does not translate to an increase in well preserved or infectious 

particles (Fig3.1b). 

 

 

 

 

 

Figure 3.1: Electron microscopy of negatively stained DENV-2 particles 
(A) Micrograph showing the overall purity of the preparation by iodixanol gradients; (B) 

Higher magnification showing the preservation and homogeneity of part of the particles obtained. 
(Bars=100nm) 
 

Interaction of DEVN-2 virus with mammalian cells  

 

In order to characterize the initial steps of DENV interaction with Vero cells, we took 

advantage of previous work from our group (Paredes et al., 2004), from which methods were 

developed which successfully have shown the virus-cell interactions at the ultrastructural 

level. In this experiment, DENV virus was incubated with cells at pH 7.2 and allowed to 

adsorb at 4ºC for 60 min. Then cells were fixed for electron microscopy as described in  
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methods for 20 min. The viruses were subsequently labeled with immuno-gold using an anti- 

E protein monoclonal (4G2) antibody and gold (6nm) conjugated anti-mouse IgG 

antibody. As observed in the previous chapter, the antibody can bind to viruses at the plasma 

membrane of cells and these viral particles may or may not have lost their electron-dense 

core figure 3.2.  

Figure 3.2: Thin section electron microscopy of DENV-2 virus–cell complexes 
Panel of TEM observations showing the 4 different stages of DENV penetration.(A) electron-dense 

full particles at the cell surface; (B) intermediate penetration stage represented by particles with loss of electron-
density; (C) empty particles with complete loss of RNA electron-density; (D) an empty virion that has lost 
structure. Bars (100nm) 
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After the initial attachment to the cell at 4ºC, the viral particles progressively lose 

their electron-dense core suggesting that they have transferred their genome to the host cell 

(Figures 3.2a-c). Interestingly, as it occurs with Sindbis (chapter2), these particles eventually 

break apart losing their structure after losing the genome (Figure 3.2d). However, since 

DENV has a much higher paticle/pfu ratio than Sindbis, with the current observations we 

cannot affirm that these correspond to productive infectious events. In fact, with infectivity 

ratios ranging from 1000-100000 particles/pfu, the direct observation of Dengue entry 

process is even more challenging. 

In order to overcome the problems described above we took a different approach for 

infecting cells and analyzing the entry process. This method was designed to solve two 

problems, the low infectivity ratio of the virions and consequently increase the multiplicity of 

infection by significantly reducing the volume in which the cells would be incubated with the 

virus. For this purpose, we used micro-carrier beads to grow Vero cells onto. These beads are 

made of a dextran/collagen matrix and are commonly used to increase the surface area on to 

which cells can be grown.  This method has been used in NASA bioreactors and tissue 

engineering protocols (Lei et al., 2011)  and it  increases the number of cells/ml in order to 

increase viral production to an industrial scale (Chen et al., 2011; Lazar et al., 1987). Vero 

cells were seeded onto cytodex-3® beads by gently rocking them together in cell culture 

flasks at 5min intervals. After initial attachment, the cells were cultivated with occasional 

rocking for 1 day. In order to prevent clumping, cells attached to cytodex beads were 

transferred to another flask. The resulting cell cultures after 3 days of incubation can be seen 

in figure 3.3. The cells completely cover the surface of the beads (Figure 3.3a) and by  
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labeling the cells with DAPI and observing under a fluorescence microscope it is possible to 

estimate the number of  cells by counting the nuclei (Fig.3.3b). In addition, it is possible to 

estimate the overall viability of the cells by the absence of nuclear fragmentation. 

 

 

 

 

Figure 3.3: Morphology of Vero cells grown on micro-carriers 
(A) Phase contrast microscopy of Vero cells grown on cytodex-3 beads for 3 days. (B) 

Fluorescence microscopy of the same Vero cells labeled with DAPI. (Bar=50μm). 
 

After cell attachment and growth on the beads, these cell-bead complexes were then 

put into 5-10μl capillary tubes which were sequentially used in virus-cell interactions. In this 

case, the virus used was West Nile virus. Because of the need for a BSL-3 insectary to 

manipulate infected mosquitoes, this part of the work was done at Wadsworth Research 

Center (NY) in collaboration with Dr. Laura Kramer. After putting the beads into capillary 

tubes containing FBS + sucrose (1:1), Culex pipiens mosquitoes infected with WNV were 

allowed to feed on them for 15 minutes (Figure3.4a), and the capillary tubes were kept at 15-

18°C in order to minimize virus penetration before the cells were fixed for 

immunofluorescence/electron microscopy.  
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Culex mosquitoes are known to inoculate high doses of WNV (105pfu) into host 

tissues while probing and feeding. However while feeding from capillary tubes, virus titer 

logs obtained are usually 1-2 logs lower (Styer et al., 2007). Alternatively, three mosquitoes 

were allowed to sequentially feed into one tube for 5 minutes each (Figure 3.4b). This 

inoculum was added to beads seeded onto a 8-well chamber slide (Lab Tek™) as an 

alternative infection method. 

 
Figure 3.4: In vitro capillary tube transmission assay 
(A) Individual Culex mosquitoes were allowed to probe and feed from capillary tubes containing vero 

cells grown on cytodex-3 beads. (B) Alternatively, three different Culex mosquitoes were allowed to 
sequentially feed on the same capillary tube containing 1:1 solution of 50%sucrose and fetal bovine serum in 
order to collect WNV particles.  

 

In order to evaluate the efficiency of these infections prior to electron microscopy 

studies, we performed immunofluorescence assays on the infected cell-beads. The cell-beads 

were labeled with the same antibody used in the previous experiment and a secondary anti-

mouse antibody conjugated with Alexa fluor 488 was used to label viral proteins. The cells 

were analyzed in a confocal laser scanning microscope and the results are shown in Figure 

3.5. 
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Figure 3.5: Immunofluorescence of WNV infected Vero cells on micro-carriers 

(A) Confocal microscopy DIC image of the top section of the bead; (B) DAPI nuclear staining 
showing each individual cell; (C) WNV viral proteins (green) labeled with monoclonal antibody (4G2) 
and alexa fluor 488; (D) overlay of the fluorescence images with DIC. (Bar=50μm). 
  

As shown in Figure 3.5c, it is possible to detect viral proteins on the cells that were 

infected in capillary tubes. This labeling was promising enough to allow us to pursue the 

electron microscopy analysis. However, for the beads infected with the virus inoculums 

obtained from sequential feeding on the same tube, a positive immunofluorescence signal  
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could not be distinguished from the background (not shown), probably because of the 

dispersal of viral particles in a larger volume (100μl) during the infection. Thus, we decided 

to use the beads infected in capillary tubes to proceed with immuno-gold labeling as 

described in previous studies (Paredes et al., 2004).  

The results in figure 3.6 show that viral WNV particles can also be specifically 

detected on the membrane of cells as we have seen with alphaviruses. However, due to the 

temperature in which the virus-cell complexes were formed (15-18°C to allow the mosquitos 

to feed), it is likely that most particles will be found in an intermediate penetration stage 

(Figure 3.6a-b) or even empty (Figure 3.6c-d) in contrast to full particles as previously 

described for alphaviruses in chapter 2. Despite the unfavorable conditions for allowing the 

detection of these viral particles such as, size of the bead (~150μm), the chance of sectioning 

the right infected bead and finding that specific section under the electron microscope, these 

results are promising as a new approach to analyze arbovirus-cell interactions.  

Remarkably, since empty WNV particles could also be detected in virus-cell 

interactions when the viruses were obtained directly from the mosquito vector (and thus not 

subject to the purification process) the occurrence of empty particles is not to be considered 

an artifact from virus purification. 
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Figure 3.6: Immunogold-EM of mosquito obtained WNV particles infecting cells grown on micro-carriers 
(A) WNV particle on the cell surface with apparent loss of electron-density; (B) WNV particle with 

increased loss of the electron-dense core apparently almost empty; (C) empty WNV particle identified by the 
presence of viral proteins (arrows) on the cell surface; (D) WNV proteins representing a particle that had lost its 
structure after genome release. (Bars=100nm). 
 

Discussion 

Flaviviruses comprise several medically important viruses such as dengue virus  

(DENV), West Nile virus (WNV) and yellow fever virus (YVF). Even though these viruses  
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account for millions of human infections each year, there are no effective therapies available, 

except for YFV. The lack of drugs or vaccines for DENV and WNV results in an increasing 

interest in analyzing virus-host protein interactions and virus-cell entry. Currently, the 

available data suggest that DEVN and WNV cell entry and the establishment of a productive 

infection result from a receptor mediated endocytosis event and fusion with endosomes or 

direct fusion at the plasma membrane (Chu and Ng, 2004; Hase et al., 1989b; Krishnan et al., 

2007). Virus cell entry is a complex area of research in which many controversial 

observations have been reported. The difficulties are generally associated with the low 

infectivity ratio of animal viruses in the laboratory and the complexity of the direct 

observation of the entry process (Brandenburg et al., 2007). In addition, most studies employ 

drugs and inhibitors of endocytosis to elucidate the pathway used by the virus, without taking 

into consideration the secondary effects of these drugs on cellular functions. In the present 

study in order to overcome the problems above we analyzed the early events in the flavivirus 

entry process by electron microscopy visualization of  immuno-gold labeled viral particles 

which has been previously described (Paredes et al., 2004). In addition, a new approach was 

used to infect cells, the viral particles used in this study were obtained from gradient 

purification methods (DENV) and also directly from the mosquito vector (WNV) and the 

infection was performed in the reduced volume of a capillary tube.  

The results demonstrate that the DENV particles did not show direct fusion with 

plasma membrane of host cells and also did not show evidence of endocytosis. The viral 

particles were seen labeled at the plasma membrane, some particles were seen still containing 

its genome, and particles with partial loss of electron-density (intermediates) or total loss of  
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electron-density (empty) were observed. These results are in agreement to the process of 

entry described for alphaviruses such as Sindbis (Kononchik et al., 2011b; Paredes et al., 

2004) and similar to the entry events described in chapter 2. Remarkably, similar results were 

obtained when infecting cells using viral particles (WNV) directly from the mosquito vector 

which prevents the low PFU from laboratory grown virions. These data suggest that 

medically important flaviviruses such as Dengue and West Nile virus infects cells by a 

mechanism that involves direct penetration of the host cell plasma membrane as previously 

observed in Flaviviruses (Hase et al., 1989b) and in more detail for alphaviruses (Paredes et 

al., 2004). This hypothesis is also reinforced by the suggestion of an alternative entry 

pathways recently described for alphaviruses (Kononchik et al., 2011a) and flaviviruses 

(Acosta et al., 2009), that do not involve receptor mediate endocytosis or fusion events. As 

observed with alphaviruses, the membrane fusion ability of flaviviruses after transient 

exposure to acid pH that has been reported in the literature (Krishnan et al., 2007; Stiasny et 

al., 2002), may not be relevant for the process of infection. Therefore, studies on virus-cell 

interactions utilizing virus directly from mosquitoes will enable the characterization of the 

entry mechanism used by infectious particles and this knowledge can be used to develop 

methodologies that inhibit flavivirus infection and transmission. Moreover, an improved 

understanding of the events of flavivirus entry process leading to the initiation of a 

productive infection may accurately reveal novel targets for interventions for these medically 

important pathogens. 
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CHAPTER 4 
Espirito Santo virus: a new Birnavirus that 

replicates in insect cells 
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Summary 

 

Espirito Santo virus (ESV) is a newly discovered virus recovered as contamination in 

a sample of a virulent strain of dengue-2 virus (strain 44/2), which was recovered from a 

patient in the state of Espirito Santo, Brazil, and amplified in insect cells. ESV was found to 

be dependent upon coinfection with a virulent strain of dengue-2 virus and to replicate in 

C6/36 insect cells but not in mammalian Vero cells. A sequence of the genome has been 

produced by de novo assembly and was not found to match to any known viral sequence. An 

incomplete match to the nucleotide sequence of the RNA-dependent RNA polymerase from 

Drosophila X virus (DXV), another birnavirus, could be detected. Mass spectrometry 

analysis of ESV proteins found no matches in the protein data banks. However, peptides 

recovered by mass spectrometry corresponded to the de novo-assembled sequence by 

BLAST analysis. The composition and three-dimensional structure of ESV are presented, 

and its sequence is compared to those of other members of the birnavirus family. Although 

the virus was found to belong to the family Birnaviridae, biochemical and sequence 

information for ESV differed from that of DXV, the representative species of the genus 

Entomobirnavirus. Thus, significant differences underscore the uniqueness of this infectious 

agent, and its relationship to the coinfecting virus is discussed. 
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Introduction 

 

The Birnavirus family is a distinct double stranded RNA (dsRNA) family of viruses 

that infects animal species from vertebrates to mollusk, fish as well as insects. The family is 

grouped into three main genera according to its hosts, the genus Aquabirnavirus, 

Avibirnavirus, and Entomobirnavirus (Dobos et al., 1979; Kelly et al., 1982). They include 

viruses with a bi-segmented dsRNA genome encapsidated within single-shelled, unenveloped 

icosahedral particles (Villanueva et al., 2004). These viruses are approximately 70nm in 

diameter and exhibit 260 spikes in a proposed T=13 organization (Bottcher et al., 1997; 

Coulibaly et al., 2010). Members of Aquabirnavirus and Avibirnavirus genus include the 

Infectious Pancreatic Necrosis Virus (IPNV) and Infectious Bursal Disease Virus (IBDV) 

respectively, which are two well characterized viruses of economic importance to 

aquaculture and poultry industries (Abdel-Alim et al., 2003; Christie et al., 1988). These 

members account for much of the current knowledge about the structure and function of the 

birnaviruses. The prototype species of the genus Entomobirnavirus is the Drosophila X Virus 

(DXV), which was first isolated as a contaminant in experiments studying the insect 

rhabdovirus Sigma (Dobos et al., 1979). Drosophila-X Virus stands as the only known 

member of Entomobirnavirus (Dobos et al., 1995).  

The Birnaviruses are characterized by dsRNA segments A and B that make up their 

genome (Dobos et al., 1979), which  exhibit a strong degree of conservation with regards to 

structure (Chung et al., 1996). The size difference between the large (segment A) and smaller 

(segment B) genome is the least in the case of DVX, where the segment A is 3360bp and  
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segment B is 3423bp (Chung et al., 1996). The sizes of IBDV genome segments A and B 

have been reported to be 3261bp and 2800bp, respectively (Azad et al., 1985) and those of 

IPNV are 3097bp and 2855bp (Azad et al., 1985; Dobos et al., 1979). The structural proteins 

of birnaviruses generally fall into three size classes (large, medium and small), which are 

present in different relative proportions. The minor high molecular weight VP1 polypeptide 

is encoded by genome segment B (Nagy and Dobos, 1984a), it does not undergo 

posttranslational cleavage, and is the virion-associated RNA polymerase (Macdonald and 

Dobos, 1981). Polypeptides VP2, VP3 and VP4 are encoded by genome segment A. VP2 and 

VP3 form the outer and inner layers, respectively, of the virions and internally, VP3 forms a 

ribonucleoprotein complex with the genomic RNA (Luque et al., 2009) and VP1 is found 

both free and covalently attached to the genomic RNA (Dobos and Roberts, 1983). There is 

no description of entomobirnaviruses infecting mosquitos or mosquito derived cells lines. 

The only common contaminants of mosquito cell lines described are the small Densoviruses, 

a 20nm virus belonging to the Parvoviridae family (Barreau et al., 1996). Among them, a 

new Densovirus have been recently isolated and characterized from Aedes albopictus C6/36 

cells that have been chronically infected (Chen et al., 2004). Aedes albopictus, along with 

Aedes aegypti, is considered to be one of the most important dengue virus vectors, with an 

even higher susceptibility to dengue than that of A.aegypti (Mitchell, 1995). The Aedes 

albopictus (C6/36) cell line has become very important in the study of arboviruses because of 

its wide range of susceptibility to different viruses and its ability to produce plaques with a 

number of them (Davey et al., 1973; Suitor and Paul, 1969). It has been described in early  
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studies showing that some Aedes albopictus cell lines developed in the late sixties presented  

contamination with multiple viruses such as parvovirus, togavirus and orbivirus-like particles 

(Hirumi et al., 1976). These persistent and innocuous viral infections have been described to 

be common in insects and crustaceans as single, dual or multiple co-infections (Kanthong et 

al., 2010). 

Our group is interested in performing host cell penetration studies with flaviviruses 

such as Dengue virus. For that purpose, a virulent strain of Dengue virus type-2 was obtained 

from Fiocruz Institute in Rio de Janeiro – Brazil. The strain designated as DF44/2 originated 

from an isolate in the state of Espirito Santo – Brazil (Freire et al., 2007; Miagostovich et al., 

2003) from a patient with Dengue fever. During the course of our experiments and the 

improvement of dengue virus purification methods, we have observed by electron 

microscopy particles that had a structure completely different the one described for 

flaviviruses. These particles could not be detected by common procedures used to identify 

Dengue virus such as PCR, immunofluorescence or immunoblotting. Here we report the 

discovery of a new insect virus found in C6/36 mosquito cells co-infected with Dengue-2 

virus. The bisegmented genome size, its nature and the size of structural proteins suggested 

that this new virus belongs to the birnavirus family. This was corroborated by RNA 

sequencing analysis, mass spectrometry and cryo-EM reconstruction of the particles.  Here 

we characterize the genome, structural proteins and the capsid structure by electron cryo-

microscopy of the new birnavirus designated Espirito Santo Virus (ESV). The data provide 

the means to detect this new virus in insect cell lines or insect vectors and will be useful for 

comparison with other dsRNA viruses, specifically with Birnaviruses. 
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Results 

 

Characterization of the unknown virus 

Viruses harvested from mosquito cells and purified in iodixanol gradients resulted in 

a virus band that was different in density from that of Dengue virus. Virus banding at the 

density of Dengue virus was not seen as ESV suppresses Dengue virus assembly (see below). 

Observation of ultra-thin sections of infected mosquito cells revealed particles that did not 

resemble dengue virus in both structure and size. After negative staining with uranyl acetate, 

a predominant shape was identified, consisting of obvious icosahedral particles (Figure 4.1a-

b), with a distinct lattice structure on the surface (Figure 4.1a-inset). The virus was named 

Espirito Santo Virus (ESV) after the state in Brazil where the original Dengue sample was 

collected. In thin sections of infected mosquito cells, ESV virions appeared icosahedral in 

shape, unenveloped with a diameter between 68-72nm. In the cytoplasm of heavily infected 

cells, complete virus particles associated to form paracrystalline arrays (Figure 4.1b).  The 

average EM-measured diameter for the particles in negative stains was 70±2nm. Curiously, 

there was only one homogeneous population of particles in the preparations with no evidence 

of the presence of dengue-like particles according to its previously described size and overall 

structure. In addition, when C6/36 cells were infected with ESV cytopathic effects such as 

extensive vacuolization and chromatin segregation to the nuclear periphery could be 

observed (Figure 4.1b-c). Virions that were purified from the infected mosquito cells, 

appeared to be non-enveloped and icosahedral when analyzed by negative-staining and the 

presence of protruding spikes on the virus surface was evident (Figure 4.1a). This size range 
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 and structural characteristics were further confirmed by the observation of particles 

embedded in vitreous ice and examined by cryo-EM (Figure 4.1d described in detail below). 

Though ESV grows to high concentration in insect cells with DENV-2 (44/2) no virus could 

be identified in gradients or by EM when the insect cell produced virus was used to infect 

Vero cells. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Electron microscopy of purified viral particles and infected mosquito cells 
TEM of purified viral particles after negative staining with uranyl acetate. Note the 

icosahedral symmetry and homogeneity of the sample population. At higher magnification particles 
show distinct surface structure (inset). (B) Thin section of a virus infected A. albopictus C6/36 cell 
where a paracrystal array of particles can be observed. (C) Ultra-thin section of a C6/36 infected cell 
showing the cytopathic effects characterized by extensive vacuolization (arrows) and segregation of 
the chromatin (arrowheads). (D) Cryoelectron micrograph of the purified partices confirming the 
icosahedral symmetry emphasized by the ability to detect the particles in different orientations and the 
protrusions on the surface of the particles. Bars: A(500nm); B (1um ); C (2mm); D (500nm). 
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Virus-specific Polypeptides  

SDS-PAGE analysis was performed to estimate the molecular weight of the ESV 

capsid proteins. The electrophoresis of the viral proteins revealed a profile of four major 

protein bands of approximately 120kDa, 48kDa, 43kDa and 27kDa respectively. These 

polypeptides are likely to represent VP1,VP2, VP3 and VP4 (Figure 4.2a) according to the 

molecular weight range of VPs the birnaviruses. In some samples additional protein bands 

around 17kDa and 54kDa could be seen when the sample was not purified in CsCl gradients 

(not shown). This could be a result of protein degradation of the stored sample, mosquito cell 

proteins or even Dengue viral proteins.  

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Electrophoretic profile of ESV polypeptides.  
Electrophoretic profile of ESV polypeptides and dsRNA. (A) The polypeptides were 

separated by use of the NuPAGE system and stained by Sypro ruby red. The estimated molecular 
masses of four viral proteins are indicated as 120 kDa, 48 kDa, 43 kDa, and 27 kDa. (B) The ESV 
bipartite RNA genome is shown with two distinctive bands. 
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Previous studies on DXV with pulse-chase experiments and peptide mapping showed 

that posttranslational cleavage of a 67kDa polypeptide gives rise to a 49kDa protein, which 

undergoes a slow maturation-associated cleavage to generate the 45kDa final  product (Nagy 

and Dobos, 1984a, b). As shown in Figure 4.2, the cleavage of a polypeptide in the 45-55kDa 

seems to be complete, since only one product can be found in that molecular weight range. 

The protein sizes were not only in agreement with the size range expected for members of the 

birnavirus family, but also seemed to be most closely related  to the sizes described for DVX 

(Table 4.2). It presents pVP2 and VP2 as the 49kDa and 45kDa proteins respectively. A 

protein with a molecular mass corresponding to VP5 does not seem to be present in the virion 

in sufficient amounts to be stained by Comassie blue or SYPRO ruby red staining. 

Table 4.1: Comparison of the Birnaviruses genome sequences 

 

ESV sequencing and de novo assembly  

To characterize the virus genome, viral nucleic acid was extracted from virus purified 

using CsCl gradients to exclude possible Flavivirus particles. The electrophoresis results 

indicated a bi-partite genome that had an approximate size of 3.2Kb (Figure 4.2b). The 

extracted RNA was sequenced and the resulting nucleotide sequence of ESV was determined 

to be 3250nt for the segment B and 3430nt for segment A (table1). The resulting sizes of the  

bi-partite genome are in agreement with the average size for other Birnaviruses, particularly  
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DXV (Chung et al., 1996; Nagy and Dobos, 1984a). The complete nucleotide sequence of the 

viral dsRNA was deposited into the GenBank with accession numbers (JN589003) segment 

A and (JN589002) for segment B.  

Table 4.2: Comparison of the Birnaviruses protein sizes  

 

ESV genome organization  

One large open reading frame (ORF) was found on each segment, spanning from 

nucleotides 97-3093 on segment B and from nucleotides 59-3158 on segment A. In addition, 

a small putative ORF was also detected to be capable of encoding a 27kDa polypeptide of 

260 amino acids in segment A (Figure 4.3). The polyprotein ORF encompasses most of the 

genome segment A in the case of ESV as well as in other members of Birnaviruses. The large 

ORF in segment B encodes the VP1, which has been described to represent the viral RNA 

dependent RNA polymerase. The genomic arrangement of ESV therefore resembles that of 

other members of the Birnavirus family. Expression of the ESV genes during its replication 

is likely to involve polycistronic expression of the large polypeptide from the primary ORF 

of segment A which in this case is capable of encoding a 120kDa polypeptide (1050aa). This 

large ORF should be processed into VP2, VP3 and VP4 as it occurs with DXV and other 

family members. The putative small polypeptide ORF is likely represent the VP5 however, it 
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 could not be detected by SDS-PAGE. Further sequence analysis demonstrated that the viral 

bisegmented RNA presented approximately 70% homology to the DXV RdRp that resulted 

from the 3200bp segment B (Figure 4.4) using BLASTn.  

 
Figure 4.3: ESV and Birnaviruses Genome Organization 
Schematic representation of the gene organization of genome segment A of ESV and comparison with 

its DRXV (Drosophila X Virus), IPNV (Infectious pancreatic necrosis virus) and IBDV (Infectious bursal 
disease virus) homologs. Lines represent UTRs, boxes represent ORFs, numbers above the ORFs indicate the 
first nucleotide involved in the initiation codon. Numbers in parentheses indicate the respective amino acids. 

 

These results indicate that the newly identified ESV is indeed a member of the 

birnavirus family. The putative protein of 27kDa of ESV is larger than VP5 of IPNV and 

IBDV, as is also the case of DXV, in which it was described as a non-structural protein. In 

our study this protein was not confirmed as there is no start codon in that region, however 

there is a putative single mutation G1920A, which would express this protein by creating a 

start codon for it.  Since this is likely to be a non-structural protein, its presence would be 

rather difficult to confirm. Furthermore, there may not be a NS/VP5 in ESV that is expressed 

regularly. 

 

 



 

63 
 

ESV sequence comparisons with other Birnaviruses 

The ESV putative RdRp nucleotide sequence obtained was compared with all 

nucleotide sequences in the NCBI database using BLAST. The deduced amino acid sequence 

of the ESV segments A and B were compared to those of DXV, IPNV and IBDV which 

represent three different genera of birnaviruses. Interestingly, no high degree of similarity 

was found for RdRp or other viral proteins between ESV and other members of the 

Birnavirus family or any other known virus. When comparing the nucleotide sequences, ESV 

RdRp and Drosophila X virus segment B putative RNA-dependent RNA polymerase VP1 

gene (AF196645.2) shares approximately 71% similarity, while ESV VP1 shared 

approximately 4% with IPNV. Segment A of ESV has 72% identity (approximately 0.0 E-

value/ 1170 total score) for the Drosophila x virus polyprotein gene (U60650.1). And it was 

found to have 72% identity (2e-04 E-value / 59.0 total score) with Infectious pancreatic 

necrosis virus strain Reno segment A VP2 structural protein (AY026345.1). 

  

 

 

 

 

 

 

Figure 4.4: Phylogenetic relationship with Birnaviruses 
(A) Pairwise distances of ESV, DXV, IPNV and IBDV based on the nucleotide sequence and 

deduced amino acid sequences of the VP2. (B) Cladogram representing phylogenetic relationships of 
ESV and other members of the birnavirus family based on deduced amino acid sequences of VP2 
capsid protein. 
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Comparison of the genomic relationships of the different birnaviruses based on the 

nucleotide sequences of the VP2 coding region was also performed. According to the 

sequence analysis and pairwise alignment of the ESV and Birnaviruses (Figure 4.4a) a 

cladogram was constructed using parsimony analysis to describe the phylogenetic 

relationship of these viruses (Figure 4.4b). This was based on the deduced amino acid 

similarities of the polyprotein encoded by the large ORF (Clustal W method with DNAStar, 

Lasergene). Branch lengths were drawn proportional to the number of deduced amino acid 

differences using the Clustal W method. Among the virus-specific polypeptides pVP2 

exhibits the highest level of amino acid conservation among members or the birnavirus 

family (Chung et al., 1996) and therefore it is a good candidate protein for comparisons. The 

phylogenetic and sequence analysis revealed that ESV is more closely related to DXV than 

any other member or the Birnavirus family and therefore may constitute another member of 

the Entomobirnavirus genus. 

 

Mass spectrometry analysis of ESV proteins  

Isolated virus particles were digested with endoproteinase Lys-C and subjected to 

LC/MSE analysis using a Waters Q-Tof Premier mass spectrometer.  Following digestion, 

product ion spectra were searched against the Uniprot-Sprot database to which two predicted 

protein sequences derived from the ORFs from segments A and B of ESV had been added.  

These two predicted protein sequences correspond to Segment A Polyprotein (1030 amino 

acids) and RNA Dependent RNA Polymerase (RdRp) (998 amino acids) of ESV. Twenty 

seven proteins were identified in the sample with high confidence corresponding primarily to 
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growth media components and other expected sample component proteins. In addition, high 

quality, multi-peptide matches were obtained to the predicted ESV proteins from ORFs in 

segments A and B. Segment A Polyprotein was observed with 19 unique peptide matches 

corresponding to 50% amino acid sequence coverage, with a protein probability score of 

100% (Figure 4.5a). RdRp of ESV was observed with 14 unique peptide matches 

corresponding to 24% amino acid sequence coverage, with a protein probability score of 

100% in Scaffold (Figure 4.5b). Identification of these peptide sequences by mass 

spectrometry confirms expression of these two ORF’s corresponding to Segment A 

Polyprotein and RdRp in ESV.  The peptide sequences identified against these two proteins 

were unique to ESV in the database and were not matched to other protein components in the 

samples.   

Figure 4.5: Mass Spectrometry Analysis 
Amino acid sequence coverage obtained for ESV segment A polyprotein (A) and ESV 

segment B RdRp (B) by LCMSE analysis. Peptide matches are highlighted in yellow, and an oxidized 
Met is highlighted in green. 
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ESV Coinfection with other viruses 

Observations of DENV-2 44/2 infected cells demonstrated that ESV grows to a 

higher number of particles (observed by TEM) when co-infecting with this strain of Dengue-

2. Co-infection controls where Sindbis virus was inoculated with ESV, confirmed that ESV 

could only grow when mosquito cells were infected with Dengue-2, since no ESV was 

recovered with sindbis. When this experiment is performed with less virulent strains of 

dengue such as DENV-2 NGC, 16681 and DENV-2 16803, we can observe a small 

amount of ESV by electron microscopy. However, when ESV infection is carried out 

in the presence of DENV-2 44/2, large amounts of ESV are recovered from the 

samples as observed in Figure 4.1. Therefore, the presence of dengue seems to be 

necessary for significant ESV replication. 

 

 

 

 

 

 

 

 

 

Figure 4.6: Immunofluorescence of mosquito cells infected with Dengue-2 and ESV. 
Dengue-2 44/2 (+ESV) infected mosquito cells 2 days post infection, immuno-labeled with 

monoclonal antibody 4G2 against Dengue Envelope protein (green) and DAPI (blue). 
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We believe that the origin of the new virus was from the Dengue 44/2 sample isolated 

in Brazil, although the precise origin of the virus remains unclear at this point. We were 

unable to estimate the number of p.f.u of ESV, because a plaque assay for the virus has not 

been established. Interestingly, when analyzing coinfected cells, dengue proteins could be 

detected by Immunofluorescence (Figure 4.6), while no particle that resembles dengue virus 

could be observed by electron microscopy. The presence of Dengue-2 in the samples was 

confirmed by RT-PCR analysis, Immunofluorescence of infected cells with DENV-2 specific 

polyclonal and monoclonal antibodies (Figure 4.6) and Western blot of virus E protein with 

DENV-2 specific antibody (not shown).  

 

Three-Dimensional Structure of ESV 

The 3D structure of ESV virus was determined from images obtained by cryo-EM to 

a resolution of 13Å (Figure 4.7). The reconstruction revealed an icosahedral shaped particle 

with pentameric protrusions on each 5-fold vertex (Figure 4.7 a-d). The overall features of 

the structure are shown in Fig. 6 which displays the surface rendering of the cryo-EM 

reconstruction along the 5-fold (a) and 3-fold (c) axis of symmetry, includes the protrusions 

on the viral surface (spikes). These protrusions have 3-fold rotational symmetry (Figure 4.7d) 

and each extends approximately 45 Å from the virus surface, giving the particle an average 

cross sectional diameter ranging from 700 to 750 Å (Figure 4.7a,c).  A closer look at the 

cryo-EM structure reveals that the 5-fold to 5-fold distance measures 750 Å while the 3-fold 

to 3-fold distance measures 700 Å (Figure 4.7d). The VP2 proteins appear to be organized in 

260 trimers with 60 surrounding the 5-fold vertices and 200 organized in hexamers making 
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up the faces and edges of the icosahedron (Figure 4.7a-c). These hexamers are ~130 Å apart 

from center to center.  

Figure 4.7: Three-dimensional reconstruction and surface organization of ESV.  
Surface rendering colored radially, red (275 Å) to blue (375 Å), (A) along the 5-fold and (B) along the 

3-fold axis respectively. The particle size is ~700 Å and shows 260 trimeric protrusions that extend ~45-50 Å 
from the viral surface. (C) Cross-section of the reconstruction along the 5-fold axis, most of the internal map 
densities corresponding to the RNA are at different contour levels and were excised for clarity. (D) Close views 
of the VP2 protein trimers where areas where extra density on the pentamer trimers can be seen extending 
(arrows) on the surface. The extra density gives the virion a diameter of 750 Å from vertex to vertex. Trimer 
dimensions are ~80 Å at the triangular edge. (D-bottom) top view of one of the 12 pentamers and adjacent 
hexamers. 
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The spikes that form the 5-fold arrays at the vertices are the most prominent 

structures on the virus surface, though they look structurally similar to those in six fold arrays 

they appear to have extra density at their tips (Figure 4.7d), protruding to a distance of 20-

25Å above the trimers of the 3-fold axes. (Figure 4.7c,d). The 12 pentamers and 120 

hexamers that make up the surface of the virus are seen organized in a characteristic pattern 

expected for an external shell of 780 protein subunits and a T=13 quasiequivalent 

organization (Figure 4.7). Such an icosahedral lattice is a skewed lattice with handedness, in 

which a 5-fold axis is reached from its neighboring 5-fold axis by stepping over three six-

coordinated positions and taking a left or a right turn. Lattices of different hand, laevo and 

dextro, have been reported for different binaviruses (Ozel and Gelderblom, 1985). In 

particular, IBDV and IPNV have been reported as having opposite hands despite of their high 

amino acid conservation for VP2. However, their handedness have been recently revisited 

(Coulibaly et al., 2005) and demonstrated to be organized in a T=13 laevo lattice. In addition, 

another group has confirmed the laevo lattice of IBDV and IPNV using heavy metal 

shadowing techniques (Pous et al., 2005). Therefore it is likely that ESV has the same laevo 

handedness previously established for birnaviruses. Interestingly, no tubular forms of the 

virions were observed in the samples, as commonly observed with IBDV and DXV.  

 

Discussion 

In recent years, considerable interest has been shown in insect cell lines in which 

viruses can both survive and disseminate. Viruses of public health and veterinary importance 
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usually receive most attention, although other viruses have also been extensively studied 

(Kelly et al., 1982).  Aedes albopictus is one of the most important vectors of emergent 

infectious diseases such as dengue fever and yellow fever worldwide (Mitchell, 1995). So 

far, there is not an effective method of controlling the population of mosquitoes that transmit 

these diseases, which is one of the main reasons for their prevalence in the tropical areas. In 

this research, a novel dsRNA virus with characteristics of the Birnavirus family has been 

isolated in mosquito cells from a Dengue-2 virus strain sample originated from a Dengue 

fever patient from Espirito Santo, Brazil. It is important to point out that it is unclear at what 

point the sample became contaminated with ESV. Furthermore, none of the laboratories 

involved have had projects involving birnaviruses and in the decades we have been working 

with these insect cell lines we have never identified a contaminating virus in spite of many 

years of study involving electron microscopy. The cytopathic observations, the unique 

biochemical and structural characteristics of the purified virus led us to conclude that ESV 

was an undescribed virus. ESV appears to share morphological features with members of the 

Birnavirus family such as infectious pancreatic necrosis of trout (Cohen et al., 1973), 

infectious bursal disease of poultry (Harkness et al., 1975) and especially Drosophila X virus 

(DXV). Accordingly, it is an unenveloped single capsid with a diameter of approximately 

70nm and a suggested triangulation number T = 13. Even though, no three dimensional 

structure has been reported for other Entomobirnaviruses such as DXV, there are structures 

described and modeled for other genera such as IBDV (Avibirnavirus) and IPNV 

(Aquabirnavirus) (Bottcher et al., 1997; Coulibaly et al., 2005; Luque et al., 2007). 
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In addition to these structural characteristics, the genetic organization of the genome 

segment A of ESV is similar to other birnaviruses (DVX, IPNV and IBDV) belonging to 

different genera (Chung et al., 1996). A well known feature of the birnavirus architecture is 

the presence of 260 trimeric spikes formed by VP2, projecting radially from the capsid (Pous 

et al., 2005). Internally, VP3 forms a ribonucleoprotein complex with the genomic RNA 

(Luque et al., 2009). VP2 together with VP3 are the major components of the particles 

(Lombardo et al., 1999). Like most of the birnaviruses, ESV contains four viral polypeptides, 

with VP2 and VP3 possibly being the major capsid components. However, the ordered 

density in previous cryo-EM reconstructions and models corresponds exclusively to VP2, 

while the icosahedral capsid contains VP3 molecules that do not follow icosahedral 

symmetry. Though, VP3 seems to play a key role in assembly of the virion (Maraver, 2003). 

It has been shown that VP2 relies on a transient scaffold provided by inner proteins to reach 

its T=13 laevo architecture (Coulibaly et al., 2005). In the case of Reoviridae, VP2 homologs 

can only form such lattice over an inner capsid acting as a permanent scaffold (Dryden et al., 

1993). For ESV and other birnaviruses more structural information is needed to clarify the 

role of VP3 as a possible inner capsid scaffold for VP2. 

There is also, a significant variance among members regarding the viral protein sizes 

(table1), however ESV proteins remained within the size range common for all birnaviruses. 

Most of these properties correspond to the essential characteristics of the Birnaviridae family 

as defined by Dobos et al. 1979 (Dobos, 1979; Dobos et al., 1979). In order to further 

characterize ESV and establish its relationship to the Birnaviruses, the viral RNA was 

sequenced and compared. When analyzing the relationship of viruses and comparing their 
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genomes, sequences from the RNA-dependent polymerases (RdRp) are generally the most 

useful because they are conserved and occur in most viral genomes (Bruenn, 1991, 2003). In 

addition, the active domain of RdRp is highly homologous among the viruses belonging from 

different species to different families. RdRp is a genome-linked protein located inside the 

viral capsid and thus is not exposed to host immune pressure, compared to the capsid proteins 

VP2 or VP3 (Zhang and Suzuki, 2003). This might be another explanation for the reason that 

the RdRp is conserved. Sequence analysis based on the RdRp provided a higher degree of 

similarity with DXV (~70%), but failed to show any significant relationship with other 

Birnaviruses. In fact, this similarity is much less pronounced when considering structural 

proteins. In previous studies, among all of the specific polypeptides analyzed, pVP2 has been 

reported to exhibit the highest level of amino acid conservation between DXV, IBDV and 

IPNV (Chung et al., 1996). Even though, the amino acid sequence identity among the VP2 of 

these viruses is still quite low. It is possible that, as it has been previously described for DXV 

(Chung et al., 1996), the differences in their amino acid sequences are not reflected in a 

largely altered secondary structure and the folded polypeptides may have similar 

functionality. The morphology of these viruses is remarkably similar, except for the clear 

absence of tubular forms in ESV electron microscopy preparations. Several invertebrate 

viruses have been isolated from insect cells and other arthropod hosts. However, only one 

genus of the birnaviruses has been described to be present infecting insects, the 

Entomobirnavirus DXV. Structural variations observed among these viruses suggest that 

Entomobirnaviruses such as ESV from C6/36 cells have a capsid structure with a similar  
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overall architecture but with underlying differences in the trimers contacts (Coulibaly et al., 

2010). By using the structure of VP2 from IPNV, previous reports have described a model of 

the T=13 capsid of IPNV virion (Coulibaly et al., 2010; Luque et al., 2007) by superimposing 

the VP2 trimer onto the previously described structure of IBDV (Coulibaly et al., 2005). This 

forms a model that assumes that the intertrimer interactions forming the IPNV are similar to 

those observed with the IBDV particle. The most notable differences among the birnaviruses 

structure are at the spike-spike contacts between adjacent trimmers in the T=13 shell 

(concave x convex). Unfortunately, comparisons cannot be inferred from the structure of 

ESV because of the large difference in resolution from its cryo-EM reconstruction when 

compared to the crystal structure of VP2 from IBDV and IPNV. This variance in capsid 

proteins, even though slight among some members, is probably responsible for host range, 

tissue tropism and differences in virulence within the Birnaviruses (Coulibaly et al., 2010; 

Luque et al., 2007).  

In our experiments with flaviviruses, preliminary observations demonstrated that ESV 

grows to a higher number of particles only when co-infecting with DENV-2 44/2. The ESV 

virus could be isolated from this dengue strain but not from other dengue strains we work 

with, such as DENV-2 16801 and DENV-2 NGC 16681. Previous studies have described 

similar effects on  virus growth during co-infections with different viruses (Rhode, 1978), 

suggesting that it may be caused by interfering with viral  replication or competition for cell 

surface receptors. It has been reported that infection of A.albopictus mosquitoes and the 

C6/36 cell line with a Densovirus, greatly reduces their susceptibility to DENV-2 (Burivong 

et al., 2004). Natural, dual or multiple infections have also been reported to occur in 
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mosquitoes infected with Dengue and Densoviruses (Burivong et al., 2004; Wei et al., 2006). 

Wei et al., 2006, obtained results that suggest that the infection with DENV-2 can stimulate 

the production of latent C6/36 Densoviruses in mosquitoes and prevent the growth of dengue 

particles. However, this mechanism of interaction was not well understood. Consequently, 

the presence of antigens in the cytoplasm of infected cells cannot be equated with presence of 

DENV-2 viral particles. This phenomenon seems to be in accordance with a previous report 

where Dengue viral particles were not seen in dual co-infections of AalDNV and DENV-2 

(Kanthong et al., 2008). The fact that mosquito cells may carry persistent viral infections 

without cytopathic effects as previously described (Burivong et al., 2004; Chen et al., 2004) 

raises the possibility that insect cell lines may be infected with other unknown viruses. The 

existence of unknown latent viruses in the cell cultures could present serious complications 

in experimental studies involving arboviruses. Such contamination would be even more 

serious in the case of vaccine development, where an unknown and therefore undetected 

virus that could affect the growth of the target virus. Furthermore, if these two viruses can 

coexist in the same cells for long periods of time it may be an indication that there may be an 

opportunity for genetic exchange (Kanthong et al., 2010). This may have significant medical 

and epidemiological implications for arboviruses. Further studies are needed in order to 

answer questions concerning the nature of ESV and the possible interactions with other 

viruses. The relationship of ESV with Dengue is the subject of an ongoing investigation. 
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CHAPTER 5 

 

Materials and Methods 
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Chapter 2: 

 

Cell culture 

Baby Hamster Kidney (BHK-21) cells were propagated in minimal essential medium 

containing Earl’s salts (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine 

serum (FBS) (Invitrogen, Carlsbad, CA), 5% tryptose phosphate broth, and 2 mM glutamine 

as described previously (Renz and Brown, 1976). Antibody against Sindbis viral proteins was 

produced in rabbits (Lampire, Pipersville, PA), and was the same as in previously published 

electron microscopy studies (Paredes et al., 2004). 

 

Virus growth and purification 

Wild type Sindbis virus was grown in BHK-21 cells as described previously (Renz 

and Brown, 1976). Virus was twice purified by density gradient centrifugation on continuous 

potassium tartrate gradients. Purified virus was titrated on BHK 21 cells and infectivity 

(particle to PFU ratio) was determined as described previously (Hernandez et al., 2003). The 

infectivity of the virus employed in these studies was ~1,1 virus particles per infectious unit. 

 

Titration and protein concentration of purified virus 

Titration of purified virus was done on BHK-21 cells as described in (Hernandez et 

al., 2010). Briefly, BHK-21 cells were grown in 25 cm2 flasks to 90% confluence for the 

titration. Dilutions from 1 x 10-1 to 1 x 10-14 were made of both stock wild-type and the 

purified virus and kept on ice until used. 200uL of each dilution was overlaid onto the 
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monolayers and allowed to adsorb for 1 h at room temperature followed by removal from the 

flask and overlay with 2% agarose in 1x MEM. The flasks were incubated at 37°C with 5% 

CO2 for 2 days, after which cells were stained with 2% neutral red in 1% agarose in 1x PBS-

D until plaques were visible. Virus protein concentration was determined using the BCA 

Protein Assay Kit (Pierce Biotechnology, Rockford, Il). 

 

Particle to PFU ratio 

After gradient purification, virus was titrated by standard plaque assay. The same 

sample of virus was analyzed in a BCA assay to determine protein concentration, with which 

the concentration of virus particles can be calculated. Particle to PFU ratio was calculated as 

concentration of virus particles divided by the concentration of PFU as in (Whitehurst et al., 

2006). 

 

Cell infection at different temperatures  

Equivalent monolayers of BHK cells were grown in 6-well culture plates at 37°C. 

Virus was attached to cell monolayers at 4°C for 45 minutes while rocking, cells were 

washed with cold buffer to remove unattached virus and then the virus-cell complex was 

switched to different incubation temperatures 4ºC, 15ºC, 22ºC and 37ºC at neutral pH and 

immediately fixed for electron microscopy for 20 minutes at the respective temperature for 

each experiment as described above. The virus-cell complexes were subsequently labeled 

with immunogold using an anti-sindbis serum and gold (6nm) conjugated anti-rabbit IgG 

antibody, before proceeding to electron microscopy processing.  
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Quantitative analysis of viral penetration stages 

Sindbis virus-cell complexes incubated and fixed at several temperatures and were 

directly analyzed by electron microscopy. Three categories of Sindbis particles were 

classified according to the respective incubation temperature as described in text. The 

percentage of full particles, particles releasing their RNA into the cell (empty) and the 

intermediate stages were calculated as percentage of the total population of viral particles 

seen in each incubation temperature. On average 95 ± 15 particles were counted in each 

experiment and the data is shown as the mean of duplicate counts of two independent 

samples. 

 

Electron microscopy 

Thin-sections 

BHK cell monolayers were fixed with 4% paraformaldehyde in 0.1 M cacodylic acid 

buffer, pH 7.4 (Ladd Research Industries, Williston, VT) at different temperatures according 

to experimental design. The cells were washed three times with 0.1 M cacodylic acid buffer 

and stained by 1% osmium tetroxide in cacodylic buffer for 1 hour. Cells were then washed 

as before and embedded in 2% agarose. The agarose containing the cell sample was then pre-

stained with 2% uranyl acetate (Polaron Instruments Inc, Hatfield, PA) overnight at 4°C. The 

samples were washed and carried through ethanol dehydration. Infiltration was done using 

SPURR compound (LADD Research Industries). Blocks were then trimmed on an LKB 

NOVA Ultrotome (Leica Microsystems, Inc. Deerfield, IL). Ultrathin sections were stained  
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with 4% uranyl acetate in distilled water for 60 minutes and in Reynolds lead citrate, pH 12 

(Mallinkrodt Baker Inc. Paris, KY) for 4 minutes. The samples were examined at 80 kV in a 

JEOL 1210 transmission electron microscope. 

 

Negative Contrast Staining 

Purified virus from tartrate gradients were attached to carbon-coated copper grids for 

1 min, washed three times with distilled water and briefly stained with 2% uranyl acetate 

before viewing on a JEOL 1210 transmission electron microscope at 80kV.  

 

Chapter 3: 

 

Cell culture 

C6/36 cells (Aedes albopictus, American Type Culture Collection [ATCC] # CRL-

1660, Manassas, VA) were maintained in minimal essential medium (MEM) containing 

Earl’s salts supplemented with 10% fetal bovine serum (FBS), 5% tryptose phosphate broth 

(TPB) and 2 mM L-glutamine. Vero cells (African Green monkey kidney, ATCC #CCL-81) 

were maintained in 1X MEM supplemented with 10% FBS, 5% TPB, 2 mM L-glutamine, 10 

mM Hepes pH 7.4 and 1X MEM nonessential amino acids (NEAA) (1:100 dilution of NEAA 

from Gibco #11140, Carlsbad, CA). 
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Micro-carrier preparation and seeding  

Cytodex-3 (C3275, Sigma), the micro-carrier used, was treated according to the  

manufacturer protocol. Briefly, cytodex 3 were rehydrated in PBS at room temperature for 3 

hours, washed 3 times and autoclaved for 20 min, then soak in PBS at 4°C until used. Before 

cell seeding, micro-carriers were incubated once with complete cell culture media for 1h. 

Vero cells were seeded into 75cm2 flasks at 106
 cells/ml in 25 ml medium, containing 3 

mg/ml of hydrated Cytodex 3 micro-carriers. Cells and micro-carriers were mixed by gentle 

rocking every 5 min for 1h. After initial attachment, cells were cultivated with occasional 

rocking for 1 day. In order to prevent clumping, cells already attached to cytodex micro-

carriers were transferred to another flask and kept at 37°C in a 5%CO2 humidified incubator. 

 

Virus growth and purification 

Dengue-2 virus was grown in the Aedes albopictus C6/36 cell line. Cells were split 

one day prior to infection at a ratio of 1:3. Sub confluent monolayers of C6/36 cells were 

infected at an MOI of ~0.03. Virus was diluted in C6/36 media and each 75 cm3 flask 

infected with 1.0 ml of diluted virus for 1 hour at room temperature. After the initial 

infection, 3.0 ml of fresh media was added to each flask. Flasks were then incubated for 6 

days at 28°C. Virus was harvested by centrifugation of the supernatant at 4000 rpm for 10 

min. Purification and concentration of DENV2 was achieved using isopycnic 

ultracentrifugation with iodixanol (Optiprep) gradients (Sigma, St. Louis, MO). Virus was 

spun to equilibrium in gradients of 12% to 35% iodixanol and isolated twice. 
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West NileVirus used was obtained from Culex pipiens mosquitoes infected with the 

WNV strain 3356 in a BSL-3 insectary facility at Wadsworth Research Center, NY.  

Mosquitoes were infected with WNV by feeding from an infectious blood meal through a 

Hemotek membrane feeder (Discovery Workshops, Accrington, UK) that contained an 

infected blood meal consisting of one part virus, one part 50% sucrose, and 19 parts 

defibrinated goose blood (Hema Resource and Supply). The titer of WNV in the feeder blood 

meals was ~108 PFU/ml. Mosquitoes, starved for 24–48 h, and were maintained at 27°C, 

high humidity, and with a photoperiod of 16:8 (L:D), until used in experiments. 

 

Antibody purification 

HB-112 hybridoma cell line was cultivated as recommended by (ATCC). The 

supernatant containing (4G2) antibodies was purified by protein A agarose column 

chromatography as described previously (Henchal et al., 1982). Optimal concentrations to be 

used in immunogold labeling were established by immunofluorescence observations. 

 

In vitro capillary tube infection assay 

Individual Culex mosquitoes were allowed to probe and feed from capillary tubes 

containing vero cells grown on cytodex-3 beads for 15 min. Cells in the capillary tubes were 

kept at 18°C to slow down the virus penetration prior to fixing the cells. Alternatively, three 

different Culex mosquitoes were allowed to sequentially feed on the same capillary tube 

containing 1:1 solution of 50% sucrose and fetal bovine serum in order to collect WNV 

particles to infect cells on micro-carriers in an 8-well chamber slide (LabTek™). 

 



 

82 
 

Immunofluorescence of WNV infected cells 

Infected Vero cells on micro-carriers were fixed in eppendorf tubes with 

paraformaldehyde 4% in cacodylate buffer 0.1M. Cells were permeabilized with NP-40 

(Fisher) and blocked with ammonium chloride 50mM and BSA 3% (Sigma). The 

monoclonal antibody (4G2) against flavivirus E protein was added to the cells and then 

incubated at RT for 3h with occasional mixing. Cells were washed and blocked again with 

BSA 3%. Goat anti-mouse antibody conjugated with Alexa Fluor 488 (Molecular Probes) 

was added and incubated for another 50 minutes at RT. Cells were also stained with DAPI 

(Molecular Probes) 1μg/ml for 10 min at the final washes in order to label their nuclei and 

mounted using ProLong anti-fading solution (Molecular Probes). The results were observed 

under a Zeiss LSM710 AxioObserver confocal laser scanning microscope.  

 

Immunolabeling of virus-cell complexes 

DENV virus was incubated with Vero cells in 6-well plates at pH 7.2 and allowed to 

adsorb at 4ºC for 60 min. Cells were then scraped and fixed for electron microscopy as 

previously described in text for 20 min. WNV infected vero cells on micro-carriers were 

fixed in eppendorf tubes with paraformaldehyde 4% in cacodylate buffer 0.1M. The viruses 

were subsequently immunogold labeled the anti-E protein monoclonal (4G2) antibody 1:50 

for 3h rocking (plates) at room temperature and gold (6nm) conjugated anti-mouse IgG 

antibody 1:30 (Jackson Immuno, CA) for 2h rocking at room temperature. For WNV infected 

vero cells on micro-carriers these steps were performed without rocking, but with occasional 

gentle mixing. 
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Chapter 4 

 

Virus growth and purification 

A sample of Dengue-2 virus was obtained from Fiocruz Institute, Brazil. This sample 

was isolated in Aedes albopictus c6/36 cells and at its third passage it was plaque purified. 

The selected 44/2 clone virus produces uniformly sized plaques. This sample was found to 

carry an unknown viral contaminant denominated ESV, which grew in c6/36 mosquito cells. 

However, ESV does not produce plaques and therefore cannot be plaque purified from the 

Dengue sample. Five days post infection, the virus was purified and concentrated using 

isopycnic ultracentrifugation in iodixanol gradients (Optiprep, Sigma, St. Louis MO). The 

virus was spun to equilibrium in 35% - 12% iodixanol gradients overnight at 76000 x g in a 

SW28 rotor at 4°C. The visible band was collected and diluted in PBS then layered over a 

second gradient (20%-35%) and run for 3h at 90000 x g in a SW 28.1 rotor at 4°C. For viral 

protein analysis, the sample was further purified in CsCl gradients (25% to 37%) as 

previously described (Comps et al., 1991). For cryo-EM these samples were crosslinked with 

buffered glutaraldehyde 1.5% in 20mM HEPES pH 7.5 at room temperature. After 10 

minutes the reaction was stopped with 100mM Tris pH 8.0.  

 

SDS-PAGE 

SDS polyacrylamide gel electrophoresis was performed with the NuPAGE (4 – 12%) 

electrophoresis system (Invitrogen). Viral proteins were disrupted in the dissociation buffer, 

containing NuPAGE reducing agent according to manufacturer’s instructions. The gel was  
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run at 200V until the dye marker reached the bottom. The gel was then fixed in 50% 

methanol with 7% acetic acid for 30 minutes. Staining of viral proteins was performed using 

SYPRO Ruby Red (Molecular Probes, CA). High-Range Rainbow Marker was used as 

molecular standard (GE Healthcare, NJ).  

 

RNA Extraction 

Purified virus was pelleted at 240000 x g in a SW55Ti (Beckman Coulter, Fullerton 

CA) rotor for 1 hour. Approximately 500μg/ml of pelleted virus was resuspended in 300μl of 

lysis buffer (100mM Tris-Cl pH7.0, 20mM EDTA, 1%SDS) at 37°C for 20 minutes. Then, 

the virus was treated twice with 300 μl of phenol and once with an equal volume of pure 

chloroform. RNA in solution was then precipitated in 100% isopropanol at -80°C overnight 

and resuspended on the following day in water. Approximately 10ng/μl of purified RNA was 

obtained and run on a 1% agarose gel (SeaKem-GTG-agarose, Lonsa MA) and stained with 

ethidium bromide. 

 

RNA sequencing and de novo genome assembly 

Samples were prepared by RNA extraction of gradient purified virus and purity 

determined using an Agilent Bioanalyzer. Libraries of purified RNA were prepared using the 

TruSeq Sample Prep Kit with the following adjustments: mRNA enrichment was not done, 

instead purified RNA was directly fragmented and the processed cDNA PCR products were 

gel purified on a 2% agarose gel. The ~350bp products were extracted using a Qiagen gel 

(Angelastro et al., 2000) extraction kit.  Sequencing was performed on the Illumina GAIIx  
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using 72bp single read conditions. 42,993,210 fastq files were generated with ~74% of those 

reads passing the quality control filter. In order to perform the De Novo assembly, the fastq 

files from the Illumina data http://www.illumina.com were imported into Velvet (Zerbino 

and Birney, 2008) and the velvet module used to produce sequence nodes.  This file was then 

imported into the Lasergene  8 seqman module and used to assemble the contig files and the 

final assembled sequences of segments A and the B of the virus genome. The cDNA and 

translated protein products were validated by matching peptide sequences generated from the 

same virus using Mass spectrometry analysis. 

 

Analysis of peptides by liquid chromatography-mass spectrometry 

A small volume (100μl) of purified virus in PBS corresponding to 50μg of total 

protein was digested in solution with endoproteinase Lys-C. Prior to digestion, the solution 

was heated at 80°C for 15 min to facilitate protein denaturation.  Following heating, 7M 

GuHCl solution in 50mM phosphate buffer was added to the virus sample in a 7:1 ratio, 

yielding a final concentration of 1M GuHCl. A 1μg/μl endoproteinase Lys-C solution was 

prepared in water and 10μl of the Lys-C solution was added to the virus sample and 

incubated for 24h at 37°C. The Lys-C digest was stored at -20°C until used. An aliquot of the 

Lys-C digested virus sample corresponding to 1μg of digested protein was subjected to 

LC/MSE analysis using a nanoAcquity UPLC (Waters Corp, Milford MA) coupled to a Q-

Tof Premier mass spectrometer (Waters Corp.). A gradient of 2-40% MeCN in water 

containing 0.1% formic acid was used to elute peptides over a period of 1hr from a 75μm id  
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x 25cm analytical column packed with 1.7μm BEH particles into the nanolockspray source  

of the Q-Tof Premier. The Q-Tof Premier was operated in the LC/MSE mode of operation 

(Silva et al., 2006) with alternating scans of normal and elevated collision energies to provide 

both intact precursor and product ion data for all peptides.  Alternating normal and elevated 

collision energy scans were acquired at a rate of 1Hz. In addition, a 600 fmol/μl solution of 

glu-fibrinopeptide B was infused into the nanolockspray source to allow for post-acquisition 

“lockmass” correction of observed ions masses. 

 

Data analysis and database searching 

LC/MSE spectra were processed and database searched using Proteinlynx Global 

Server 2.4 (PLGS) software (Waters Corp.).  Protein sequences corresponding to the 

predicted ORFs for ESV were formatted and appended to the Uniprot-Sprot protein database 

(523,151 entries) for database searching (www.uniprot.org). A variable modification for 

methionine oxidation was used for searching, and 1 missed Lys-C cleavage site was allowed.  

Other parameters included for searching were as follows:  minimum fragment ions per 

peptide, 3; minimum fragment ions per protein, >7; minimum number of peptides per 

protein, 1. Because the data were to be subsequently loaded into the Scaffold program 

(Proteome Software, Portland, OR)  a false positive rate (FPR) of 100% was utilized for the 

PLGS searches to insure a sufficient number of random matches in the search results needed 

for proper functioning of the statistical algorithms within Scaffold.  The Scaffold plugin 

within PLGS was used to export database search results from PLGS which could be directly  
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imported into Scaffold. Protein and peptide identifications from PLGS were loaded into 

Scaffold for visualization and determination of peptide and protein probability scores.  For 

declaring a protein successfully identified, a minimum of two matching peptides and 

minimum protein and peptide probability scores of 95% and 90%, respectively, were 

required. 

 

Electron Microscopy 

ESV virus samples were first analyzed by negative staining with 1% uranyl acetate to 

assess the optimal concentration and sample homogeneity for cryo-EM. Thin sections of 

DENV-2 and ESV infected cells were performed as previously described (Mariante et al., 

2006). The specimen was prepared for cryo-EM by applying ESV on to holey carbon EM 

grids prepared according to the method described by Fukami et al., 1965 (Fukami and 

Adachi, 1965). The grids were vitrified in liquid ethane as previously described(Dubochet et 

al., 1988). These grids were then placed in a 300 keV FEI TF30He Polara G2 electron cryo-

microscope. A total of 199 focal pairs were subsequently recorded with the 

EMMENU4/EMTOOLS automation package (TVIPS) at 39000x microscope magnification 

using an F415 4k x 4k CCD (TVIPS) for a final pixel size of 2.29 Å per pixel.  

 

Image processing   

In total 5928 virus images were boxed out from all CCD images using e2boxer.py in 

the EMAN2 image processing package (Tang et al., 2007). Once boxed out, the CTF  
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parameters for each particle set was determined using ctfit in EMAN and these parameters 

used to CTF correct the images for subsequent processing.  The virus images were then 

centered and classified using EMAN (Ludtke et al., 1999).  The initial refinement in EMAN 

classified the data into 123 class averages through 8 iterations and produced a 3D structure 

with 13 Å resolution based on a Fourier Shell Correlation (FSC) of 0.5 between two maps 

produced from two separate halves of the data.  Three additional refinement iterations with 

212 class averages produced a 12 Å 3D map similarly based on an FSC of 0.5. The map was 

deposited into the EMDB, reference number (EMD-24848) and will be available under the 

accession number (5353). 

 

Immunofluorescence 

Infected and mock-infected C6/36 cells, and Vero Cells were fixed in 6-well plates 

with paraformaldehyde 4% in cacodylate buffer 0.1M, 2 days post infection. Cells were 

permeabilized with 2% NP-40 and blocked with ammonium chloride 50mM and BSA 3%. 

The monoclonal antibody 4G2 (Henchal et al., 1982Henchal et al., 1982) against flavivirus E 

protein (1:50) was added to the cells and then incubated at RT for 2h. Cells were washed and 

blocked again with BSA 3%. Goat anti-mouse antibody conjugated with Alexa Fluor 488 

(Molecular Probes) was added (20μg) and incubated for another 50 minutes at RT. Cells 

were also stained with DAPI (1μg/ml) for 5 minutes. The infected cells were observed under 

a Zeiss LSM 710 laser scanning confocal microscope. 
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Nucleotide accession numbers  

The nucleotide and deduced amino acid sequence data reported in this study have 

been deposited in GenBank with the following accession numbers: ESV segment A 

(JN589003), ESV segment B (JN589002). Sequence comparisons with other birnaviruses 

were performed using the following accession numbers: IBDV (D00867); IPNV (AJ622822); 

DXV (U60650). 
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Abstract 

There are over 700 known arboviruses and at least 80 immunologically distinct types 
that cause disease in humans. Arboviruses are transmitted among vertebrates by biting 
insects, chiefly mosquitoes and ticks. These viruses are widely distributed throughout the 
world, depending on the presence of appropriate hosts (birds, horses, domestic animals, 
humans) and vectors. Mosquito-borne arboviruses present some of the most important 
examples of emerging and resurgent diseases of global significance. A strategy has been 
developed by which host-range mutants of Dengue virus can be constructed by generating 
deletions in the transmembrane domain (TMD) of the E glycoprotein. The host-range 
mutants produced and selected favored growth in the insect hosts. Mouse trials were 
conducted to determine if these mutants could initiate an immune response in an in vivo 
system. The DV2 E protein TMD defined as amino acids 452SWTMKILIGVIITWIG467 
was found to contain specific residues which were required for the production of this host-
range phenotype. Deletion mutants were found to be stable in vitro for 4 sequential passages 
in both host cell lines. The host-range mutants elicited neutralizing antibody above that seen 
for wild-type virus in mice and warrant further testing in primates as potential vaccine 
candidates. Novel host-range mutants of DV2 were created that have preferential growth in 
insect cells and impaired infectivity in mammalian cells. This method for creating live, 
attenuated viral mutants that generate safe and effective immunity may be applied to many 
other insect-borne viral diseases for which no current effective therapies exist. 
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Alphavirus adsorption to mosquito cells as viewed by freeze fracture 
immunolabeling 

 
 

Kononchik JP, Vancini R, Brown DT. 
 
 

Virology. 2011. 415(2): 132-40. 
 

 
Abstract 

Sindbis Virus (SV), the prototype alphavirus in the family togaviridae, infects both 
mammalian and insect cells. The ability of SV to infect cells possessing significantly 
different biochemical environments suggests that there may be a common mode of entry into 
each cell type. Previous studies show that up to 4h post infection cells are permeable to small 
ions and alpha sarcin suggesting that the plasma membrane is compromised as infection 
takes place. Thin-section electron microscopy has also shown SV to bind to the plasma 
membrane and lose its electron dense core through a pore like structure developed upon 
interaction of the virus with the cell surface. Using freeze-fracture replicas, thin-sections and 
antibody labeling the data presented herein show virus associated with intramembrane 
particles on mosquito cells. These data suggest that the intramembrane particles associated 
with SV may be part of the pore structure consisting of virus proteins and cell receptor. 
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A high capacity Alphavirus heterologous gene delivery system 

 
Nanda K, Vancini R, Ribeiro M, Brown DT, Hernandez R. 

 

Virology. 2009. 390(2):368-73. 
 

 

Abstract 

A novel replication competent Sindbis virus based gene delivery vector has been 
developed for the introduction of genetic cargo into cell lines in vitro and potentially, animal 
models in vivo. This delivery system expands the previous uses of Sindbis virus as a gene 
delivery system in that no replicons are required and the resulting cargo containing virus 
particles are infectious. The heterologous vector is based on a morphological mutant in C, 
Ser180/Gly183 which produces larger than the normal size T=4 virus particles of 70 nm in 
size. This mutant produced particles up to 205 nm in size equal to a triangulation number of 
36. It was postulated that because the Ser180/Gly183 mutant was capable of assembling such 
large particles, that increasing the size of the RNA genome incorporated into this mutant 
capsid protein would favor the assembly of larger than T=4 wild type sized virions. The first 
generation prototype larger vehicle, described here, carries a approximately 18 kb cDNA 
insert, however it is conceivable that RNA as large as 32 kb could be transcribed and 
packaged. The large variant produces a high virus titer of approximately 10(9) pfu/ml from 
either mammalian or insect cells in culture. Multiple passages of the virus show no loss of 
the inserted genetic material. 

 

 


