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ABSTRACT 

Some viruses which infect plants, animals and man are 

transmitted by an intermediary arthropod vector. The viruses for which 

this is true are termed arboviruses (Arthropod-borne-viruses). In many 

instances the virus delivered to the new host results in the 

establishment of a disease state and/or the death of the infected host. 

In all instances, however, the arthropod (invertebrate) vector is 

apparently unaffected by the virus it is carrying. One family of 

viruses which are transmitted to their vertebrate host via an arthropod 

vector is the virus family Bunyaviridae, in this dissertation 

specifically the viruses Inkoo and Uukuneimi are described. The 

characteristics of Inkoo and Uukuneimi growth in both vertebrate baby 

hamster kidney (BHK-21, WI2) and invertebrate Aedes albopictus 

(mosquito) cell cultures has been examined. Vertebrate cells supported, 

to a high titer, the growth of both Inkoo and Uukuneimi virus while 

Aedes albopictus cell cultures supported high titer growth of Inkoo but 

not Uukuneimi. In both cases, however, the vertebrate cells were killed 

as a cosequence of infection where as, the invertebrate infection did 

not result in cell death or in detectable cytopathic effect. The 

invertebrate cells infected with either Inkoo or Uukuneimi continue to 

grow and also continue to express virus specific (actinomycin D 

resistent) RNA synthesis. The virus infected invertebrate cells are 
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characterized as being persistently infected because of their 

resistence to homologous virus superinfection and by detectable virus 

specific RNA synthesis. Virus released from the Inkoo persistently 

infected cells displays a heterogeneous plaque morphology as well as 

temperature sensitive virus plaque mutants. Virus particles released 

from the Inkoo persistently infected Aedes albopictus cells are 

considered defective interfering-like. The RNA profile both 

intracellularly and of released virus particles from the persistently 

infected cell cultures is different from that observed during 

vertebrate cell culture infections. Cell death resulted from infection 

of BHK-21 WI2 cells with virus from Inkoo persistently infected Aedes 

albopictus cell cultures. The virus plaque morphology and RNA profile 

is similar to standard virus infection of BHK-21 WI2 cells. The 

experiments with tissue culture virus-cell systems aids in 

understanding the natural transmission of arboviruses between the 

vertebrate-invertebrate portions of the arbovirus natural life-cycle. 



CHAPTER 1 

INTRODUCTION 

Virus 

One of the earliest preserved treatises on the origin of the 

disease state is contained within The Medical Writings of Anonymus 

Londinensis (Jones 1947). This papyrus document dates to 300 B.C. and 

includes much information concerning Greek philosophies on medicine. 

The causes of disease were concluded to be of two classes: (1) residues 

from food and/or (2) disturbances in the balance between the body's 

natural elements. However, the presence of stable agents of disease 

requiring living cells for growth and therefore being distinct from the 

microbes (as, for example, the Bacillus bacteria) characterized by 

Pasteur and others was not formulated until the middle and late 1880's 

(Lechevalier and Solotrovsky 1965, Hughes 1977). Some of the scientific 

community at that time who were involved with identifying the disease 

agent capable of passing through a bacterial filter included Charles 

Chamberlin, Dimitrii Ivanowski, Loffler and Frosch. It was Beijerinck 

who, during investigations into the tobacco-mosaic disease, first 

referred to the agent as a "contagium vivium fluidum". His experiments 

defined many general properties of viruses being investigated today. 
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A virus is incapable of actively disseminating itself within 

the biosphere without its host, and is an obligate intracellular 

parasite for its host cell. Many virus infections, however, are 

transmitted from cell to cell and individual to individual with much 

success throughout the plant and animal kingdoms. Some viral agents of 

disease travel randomly as air-borne particulates or with the aid of 

water movements through or over land surfaces. Some viruses have 

evolved with a passive ability to withstand severe environmental 

conditions while waiting for the opportunity to replicate. Others have 

evolved associations with specific organisms which serve to improve 

dissemination conditions or at least increase its success and 

reliability. It is the requirement for a suitable host cellular 

environment for replication that may have resulted in these 

associations. This dissertation is concerned with a specific group of 

viruses which are transmitted to either the animal or plant host in 

which they cause disease via an insect vector. Viruses for which this 

association is characteristic are functionally classified as 

Arboviruses. 

Arboviruses are grouped into four families of viruses, which 

are, the Togaviridae, Rhabdoviridae, Bunyaviridae and members of the 

Orbivirus subgroup of the family Reoviridae (Andrewes, pereira and 

vildy eds., 1978). Additional genera with arboviruses as members are, 

Arenavirus (Lassa Fever virus), Iridovirus (African swine fever virus), 

Paramyxovirus (Nariva virus), Picornavirus (Nodamura virus) and 

Poxvirus (Cotia virus). There are also a number of at present 
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unclassified viruses which are also arthropod-borne. All members of 

these virus families contain RNA as their genetic information. The 

Togaviridae include the genera Alphavirus, Flavivirus, Rubivirus and 

Pestivirus. They have single-stranded RNA genomes which are of positive 

sense, that is, the genome RNA can serve as a messenger RNA in the 

infected cell. The Rhabdoviridae have negative sense genomes requiring 

an RNA directed RNA polymerase to transcribe it into a complementary 

messenger (positive sense) RNA molecule. Members of this family include 

the genera Lyssavirus, Vesiculovirus and Sigmavirus. The family 

Reoviridae contain a segmented double-stranded RNA genome. The 

Orbivirus subgroup contains the arthropod-borne members of this family. 

They have ten double-stranded RNA segments, and include such viruses as 

Colorado Tick Fever virus and Bluetongue virus. In comparison, the 

Bunyaviridae contain a segmented, negative sense, single-stranded RNA 

genome. Of the 424 registered Arboviruses as of 31 December 1979, 23.2% 

or 98 are considered to be Bunyaviruses (Bishop and Shope 1979, The 

Arthropod Borne Virus Information Exchange publication #38 March 1980). 

There are many plant viruses vectored (transmitted) by 

arthropods, some of which are discussed below. RNA plant viruses of the 

Covirus group are transmitted to the plant host by arthropod vectors 

(Van Vloten-Doting et.al. 1977). For example, spherical cucumber mosaic 

virus is transmitted by aphids. Aphids infected with Barley Yellow 

Dwarf virus (Luteovirus group) can transmit the virus throughout its 

feeding cycle (Takanami and Kuba 1979, Harris and Maramorosch ed. 

1977). Presumably this requires virus growth in the infected vector. 



Wound tumor virus (family Reoviridae) also replicates in its 

vector-host and is transmitted during feeding. Properties of its 

replication in infected plant cells as well as in leafhopper Agallia 

constricta cells is being investigated (Black 1970, Nuss and Peterson 

1980). See Table 1 for virus identification. 

4 

Additional Arboviruses which are pathogenic to plants but not 

included in the groups mentioned above contain DNA genomes (Shepherd 

1979). DNA viruses of the Caulimovirus group are transmitted passively 

by contamination of mouth parts during feeding on an infected plant. 

Members of the Geminivirus group of DNA plant viruses infect the vector 

tissue and are subsequently passed during feeding. Passive transmission 

of virus disease through contamination of arthropod mouth parts is 

successful for a short period of time after feeding. However, virus 

transmission involving growth in the arthropod vector can be successful 

throughout the vector's feeding cycle. 

Examples of viral (DNA genomer-plant-pathogens with respect to 

disease, vector and host are: alfalfa dwarf disease vectored by aphids 

feeding on sorghum and corn; sugarbeet Argentine curly top disease 

transmitted to sugarbeets during feeding of the leafhopper Agalleana 

ensigera Oman; and the tomato-Brazilian curly top disease also vectored 

by leafhoppers while feeding on tomato plants (Borrar, DeLong and 

Triplehorn 1976, Chakravarky 1976). 



Table 1. Virus Identification 

Virus Name Classification Genome Invertebrate Vertebrate or 
vector plant host 

Lassa Fever Virus Arenavirus Single-strand, RNA Unknown Man, rodents 
Negative Sense--

African Swine Iridovirus DNA Tick Pig 
Fever Virus 
Nodamura Virus Picornavirus Single-strand Mosquito Man, Pig 

RNA 
Spherical Cucumber Covirus Single-strand Aphid Plants 
Mosaic Virus RNA 
Barley Yellow Luteovirus Single-strand Aphid Plants 
Dwarf Virus RNA 
Wound Tumor Virus Reoviridae Segmented, Leaf hopper Plants 

Double-strand 
RNA 

Alfalfa Dwarf Geminivirus DNA Aphid Corn 
Disease Virus 
Sugar Beet Geminivirus DNA Leaf hopper Sugar beets 
Argentine Curly 
top disease virus 
Rift Valley Fever Bunyavirus Segmented Mosquito Man, Li vestock 
Virus RNA 

Negative Sense 
Colorado Tick Orbivirus Segmented Tick Man, Rodent 
Fever Virus Double-strand 

RNA 

U1 



Table l--Continued 

Western Equine Alphavirus Single-Strand, RNA Mosquito Horse 
Encephalomyelites Positive Sense 
Venezuelan Alphavirus Single-Strand, RNA Mosquito Horse 
Equine Encephalites Positive Sense 
Yellow Fever Virus Flavivirus Single-Strand, RNA Mosquito Man 

Positive Sense 
Vesicular Rhabdovirus Single-Strand, RNA Mosquito Livestock 
Stomatitis Virus Negative Sense 
Denque Flavivirus Single-Strand, RNA Mosquito Man 

Positive Sense 
LaCrosse Virus Bunyavirus Segmented,. RNA Mosquito Man 

Negative Sense 

0"1 
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Arthropod Transmission of Virus 

Arthropod-borne viral diseases of man and other animals 

include: Rift Valley Fever virus, the Sicilian Sandfly Fever virus, 

Colorado Tick Fever virus, Dengue, Western Equine Encephalomyelites 

(WEE), Venezuelan Equine Encephalitis (VEE), California Encephalitis 

(CE), Vesicular Stomatitis virus, Yellow Fevor virus and Japanese B 

Encephalitis to name but a few (Swartz. Klingberg and Goldblum 1981, 

International catalogue of Arboviruses 1975). Rift Valley Fever virus 

is a member of the Phlebovirus genus of family Bunyaveridae. Rift 

Valley Fever virus can be transmitted to man and livestock by three 

species of mosquito: Eretmapodites, Aedes and Culex. Disease 

characteristics include fever, malaga, jaundice, hemorrhaging. 

encephaletis and death. High mortality rates and appetite (weight) loss 

also occur in agricultural livestock including young lambs. The disease 

has been documented in much of western Africa including Uganda, Sudan, 

Rhodesia, South Africa and most recently in Egypt (1977-1979). 

Additional diseases associated with viruses from this group include 

Punta Toro virus disease and the Sicilian Sandfly Fever viruses. 

Another arbovirus associated with encephalitis in man is 

LaCrosse virus. LaCrosse virus is a member of the California serogroup 

of the Bunyavirus genus, family Bunyaviridae (Shope 1980). LaCrosse 

virus is transmitted to its vertebrate host by the mosquito Aedes 

triseriatus (Sudia et al. 1971, Le Duc 1979, Thompson, Kalfayan and 

Anslow 1965). Horizontal transmission of virus within the mosquito 

population can be accomplished as a result of the uninfected female 
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mosquito feeding on a viremic vertebrate host. In insect-host 

relationships where passage of virus does not ocurr directly from 

individual to individual of the same species but instead is mediated by 

a common intermidiary host, horizontal transmission may be replaced 

with the term zig-zag transmission. Vertical transmission of virus has 

also been demonstrated. Vertical transmission can be considered as a 

germ line transmission except to note that a covalent DNA associated 

intermediate is not implied. Vertical transmission accordingly should 

be considered epizomal. Besides germ line (transovarial) transmission, 

vetical transmission can also be accomplished by a passive association 

of virus with the egg's outer surface; this passive virus transmission 

is termed transovum vertical transmission. Both mechanisms of vertical 

virus transmission are between subsequent generations of the infected 

insect population. 

An important and unifying aspect of the viral diseases 

mentioned above is the association with insects or other arthropods for 

which, in each case, they are non-pathogenic. In all cases the growth 

and development of the vector is in no apparent way compromised. The 

vector experiences a normal life cycle including the production of new 

(sometimes infected) individuals of its species. The invertebrate 

portion of the arbovirus life cycle is of importance for successful 

disease transmission. Investigations conerning the biological and 

molecular properties of virus growth in both the invertebrate vector, 

as well as, in the vertebrate or plant host will aid in developing 

approaches for disease control. 
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Bunyavirus Molecular Biology 

The two arboviruses. members of the Bunyaviridae. used for 

experiments performed in this laboratory are Inkoo (California 

serogroup of the Bunyavirus genus) and Uukuneimi (Uukuvirus genus). 

Inkoo virus was originally isolated from the mosquito Aedes communis in 

the forests of southern Finland (Brummer-Karvenkontio et ale 1973). 

Uukuneimi was originally isolated from the tick Ixodes ricinus in the 

eastern forest region of Finland (Oker-Blom et ale 1964). 

The genome of Uukuneimi virus has been shown to exist as three 

separate. distinct RNA segments (Petterson ard Kaarianen 1973. 

Peterrson et ale 1977). The three genome segments have molecular 

weights of 0.8 x 106 (S. small). 1.2 X 106 (M. medium) and 2.7 X 

6 10 (L. large). The S genome segment codes for the nucleocapsid 

protein (N). the M segment for the two surface glycoproteins (G1 and 

G2) and the L segment for the RNA directed RNA polymerase. The 

Bunyavirus RNA genome is of negative sense. or polarity (Bishop and 

Shope 1979. Baltimore 1971). The virion polypeptides of Uukuneimi have 

the following molecular weights. 22 x 103(N or nucleoprotein). two 

glycoproteins 75 x 103 (G1) and 65 x 103 (G2). the polypeptide 

which probably codes for polymerase (L) has a molecular weight of 170 x 

103 (Murphy. Harrison and Whitfield 1973. Pettersson et ale 1971. 

Pettersson and von Bonsdorff 1975. Obijeski et ale 1976). 

The tripartite genome segments of Inkoo virus have molecular 

weights of 2.85 x 106 large. 2.15 x 106 medium. and 0.35 x 106 
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small (Parker and Hewlett 1981, Pettersson and Kaariainen 1973). The 

virion proteins coded for have molecular weights of approximately 82-85 

X 103 G1, 30-45 X 103 G2, 24 X 103 Nand 180 X 103 for 

polymerase. 

Electron microscopic (EM) analysis indicates that both the 

ribonucleoproteins and the phenol-extracted (naked) RNA can apparently 

form circular molecules (Pettersson, Hewlett and Baltimore 1977). 

However, when phenol extracted viral RNA is spread in the presence of 

85% formamide with 4M urea, or 0.5M glyoxal the circularity disappears 

with molecules now observed as single stranded linear RNAs. Heating, 

then reannealing, allows circularity to reform. Circularity is not 

promoted or mediated by the presence of a covalently linked, end 

associated, protein because molecules were first digested with 

proteinase K before being prepared for EM analysis. The analysis 

implies a non-covalent association of the 5' and 3' ends of the 

Uukuneimi virus segments (Petterson and vonBonsdorff 1975, Hewlett, 

Petterson and Baltimore 1977). 

Further analysis of the various California group virus genomes 

have indicated strongly conserved sequences at both the 5' and 3' ends 

of the three genome segments (Parker and Hewlett 1981,. Clerx-Van 

Haaster and Bishop 1980, Bishop et al. 1981). However, between the 

various serogroups examined the terminal sequences are divergent. The 

strictly conserved 3' sequence between the three genome RNA segments 

and its complimentarity to the 5' end sequences suggests their 

importance as structural requirements, or recognition sequence needed 
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for transcriptional and/or translational processes. The functional 

significance of conserved terminal gene sequences, and the observation 

that there is an inability to construct inter-serogroup reassortants, 

strongly supports the hypothesis that terminal sequences do specify 

polymerase binding sites, and therefore the control transcription. 

Earlier data has indicated viral ribonucleoproteins as well as the 

naked genome RNA exist as circular molecules when viewied with the aid 

of the electron microscope. Sequence complementarity may aid in 

stabilizing these structures. It is not known if the formation of 

circles is required for genome transcription and/or translation 

in-vivo. 

Additional sequence data has identified a non-structural 

polypeptide coded from the S genome segment of LaCrosse encephalitis 

virus which was originally assigned only to code for the N 

(nucleocapsid) viral structural polypeptide (Ushijima, Clerx-van 

Haaster and Bishop 1981, Clerx-van Haaster et al. 1982, Fuller and 

Bishop 1982). The initial assigment of one gene, one gene product must 

be modified relative to the M gene segment coding for G1 and G2, as 

well as the S genome segment coding for both Nand NS polypeptides. The 

mechanism which allows this has not been determined. Whether there are 

two classes of messages or a polycistronic message has not been 

distinguished. 

Other aspects of Bunyavirus classification as reviewed (Bishop 

and Shope 1979) includes a spherically shaped virus particle with 

external surface projections, with viral replication occuring in the 
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cytoplasm of infected cells followed by budding at Golgi saccules and 

vacuoles. Virus is released from the cell through fusion of the vacuole 

containing virus particles and the cellular plasma membrane. It can be 

inferred from this that virus liberation is sometimes associated with 

cell killing, but can in some "specialized" cases not result in cell 

killing. The "specialized" case described within this text is that of 

viral persistence. 

Bunyavirus Reassortants 

The California serogroup of viruses have been analyzed for 

their ability to form recombinant viruses during co-infection of baby 

hamster kidney (BHK-21) cell cultures. The recombinant viruses arise 

through genome RNA reassortment (Gentsch and Bishop 1976, Bishop 1979). 

Different Bunyaviruses within the same serogroup can reassort their 

genome segments. Virus reassortants are characterized as having a mixed 

genome RNA profile. For example, a reassortant virus could have the 

large (L) genome segment of LaCrosse virus (LAC), the medium eM) genome 

segment of Snowshoe Hare virus (SSH), and the small (S) genome segment 

of LaCrosse virus. The virus which contains this configuration of the 

genome segments is called a reassortant virus, and is designated 

LAC/SSH/LAC. Initial experiments were designed to assay for 

complementation between virus temperature sensitive (ts) mutants. Virus 

growth at the non-permissive temperature was considered to be 

phenotypic confirmation of complementation. Further analysis by 

oligo-nucleotide mapping of the viral genome RNA, as well as, by 
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protein gel analysis of the virus specific polypeptides, confirmed 

genetic complementation (Gentsch et.al. 1977, Gentsch and Bishop 1978). 

The data has generated the following gene coding assignments. 

The M gene codes for the two viral glycoproteins G1 and G2 (Gentsch and 

Bishop 1979). The S genome segment codes for the viral nucleocapsid 

polypeptide (N). The product of the L genome segment is considered to 

code for the viral polymerase. The L genome assignment has been made 

from indirect evidence. Since the M and S genomes had been previously 

assigned and because of the estimated coding capacity required to 

synthesize the polymerase molecule, the L genome segment by elimination 

is assigned to code for polymerae (Bishop and Shope 1979). 

Reassortant virus genomes have been found to arise naturally 

in virus populations directly isolated from the field (Klemas et al. 

1981, Ushiyima, Clerx-Van Haaster and Bishop 1981). Virus infections of 

mice have been investigated with the aid of Bunyavirus reassortants 

(Shope, Rozhon and Bishop 1981). The role of the M genome products were 

considered in the mouse infections. Similar experiments with virus 

reassortants have been used in determining the effect M genome products 

have on virus transmission from an infected mosquito to its vertebrate 

host. 

Virulence in the mouse experiments is defined as the relative 

(compared to standard virus) ability of virus infections to result in 

the death of the infected cell or animal. Pathogenicity is measured as 

an increase in virulence. Intraperitoneal (ip), or intracerebral (ic) 

inoculation of 4-week-old mice with LaCrosse (LAC), Snowshoe Hare 
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(SSH), Tahyna (TAH) or the appropriate reassortants resulted in the 

following: (1) the TAH medium (M) genome segment does not result in 

mouse death when virus containing this genome segment is inoculated ip. 

(2) however, when virus is inoculated ic, virulence (or pathogenicity) 

is correlated with the virus particle which does contain the TAH medium 

(M) genome segment. The apparent contradiction may be justified if one 

assumes that the glycoproteins G1 and/or G2 effect virulence through an 

ability or inability of the virus to attach to the cell surface. Mouse 

virulence correlates with the M genome segment which is present in the 

infecting virus particle irrespective of which L or S genome segments 

are present. Therefore, the ability of virus to infect a cell is 

dependent upon the type of cell which is being infected, and can be 

referred to as cell tropism. 

The interpretation of the experiments is that mouse virulence 

does, in fact, segregate with the virus M genome segment. The M genome 

products may reflect a potential for virulence through an altered 

ability of virus 'to bind at the cell surface. Virus growth is inhibited 

simply because it does not enter' the vertebrate or invertebrate host 

cell. In some instances virulence in mice has been shown to be 

multigenic in origin (Rozhon et ale 1981). Th~ experiments indicating a 

multigenic origin of virulence are interpretated to imply that 

subsequent steps following virus adsorption and entry into the cell are 

involved in the observed level of virulence. 

Aspects of virus growth in the infected arthropod have been 

investigated using virus reassortants(Beaty et ale 1981). The presence 
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of virus specific polypeptides and virus particles has also been 

observered from cells of virus infected arthropods. The ability of the 

infected mosquito to transmit the virus to its vertebrate host has been 

correlated with the Bunyavirus M genome segment. The mosquito Aedes 

triserj.atus was inoculated intrathoracically with the viruses LAC, SSH 

or their reassortants. Successful oral transmission of the appropriate 

virus was measured by allowing infected mosquitoes to engorge on 

suckling mice. The potential for virus transmission was determined by 

counting the number of mice which died as a result of the feeding. The 

data indicated that the virus containing the LAC middle-sized (M) 

genome segment was effectively transmitted to the suckling mouse, while 

the SSH middle-sized (M) genome segment was transmitted less 

effectively. 

Analysis of Tissue Culture Systems 

Arthropod tissue culture systems have been used to 

characterize Bunyavirus virus growth properties in culture, including 

the viruses Inkoo, Uukuneimi and Bunyamwera virus (Florkiewicz and 

Hewlett 1980, Newton, Nicholas Short and Dalgarno 1981, Buckely 1969, 

Ajillo 1979, Tesh 1980). When tissue culture cells, whether of 

vertebrate or invertebrate origin, are infected with virus a number of 

responses are possible (Brooks et ale 1979). Depending upon the 

virus-cell system studied, the infection can result in: (a) cell death, 

(b) cell transformation, (c) altered cell functions, or (d) virus 

growth without killing the infected cell. Depending on the cell-virus 



system used different percentages of cells can survive the initial 

infection and can continue to express virus specific gene products, 

during continuous cell culturing. 
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The characteristics of virus infections differ according to 

the cell type being infected. Arboviruses infect different cell types 

as a consequence of their life-cycle in the field. Standard arbovirus 

infections of cultured vertebrate cells result in cell death while 

infections of cultured invertebrate cells do not result in cell death. 

Arthropod vectors of diseas~ harbor replicating virus 

populations.which can be delivered to the vertebrate hosts throughout 

its life cycle. The arthropod vector is not killed by the virus 

infection. Characteristics of virus infections of invertebrate tissue 

culture cells may be similar to characteristics of the virus infected 

arthropod in the field. Viral genomes or portions of viral genomes 

which are carried by cells surviving primary infection are said to 

persist in that cell. Viral sequences which persist in the infected 

cell may direct the synthesis of viral specific polypeptides. 

Therefore, cells surviving initial virus infection which continue to 

express virus specific gene sequences or virus specific gene products 

are classified as being "persistently infected" with that virus which 

was originally used to infect the cells. Such cells might represent a 

model system for the infection of the intact arthropod vector. 
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Persistence 

Cell cultures which survive primary virus infection, and are 

(1) apparently unaffected by the virus infection, (2) continue to 

express some level of virus specific gene functions, and (3) are 

resistant to homologous virus super-infection, are termed to be 

persistently infected with the appropriate virus (Huang and Baltimore 

1977, Friedman and Ramseur 1979). The establishment of persistence in 

vertebrate cell cultures is a characteristic of a sub-population of 

surviving cells. In contrast, invertebrate infections can result in a 

persistently infected cell population in the absence of cell 

cytopathology. Bunyavirus infections are cytopathic to vertebrate cells 

(Bishop and Shope 1979, Obijeski and Murphy 1977). Little is known 

about the replication of Bunyaviruses in invertebrate cell cultures 

(Newton, Short and Dalgarno 1981). 

Persistence has been observed in a number of virus-cell 

systems. The cells used can be of either vertebrate or invertebrate 

origin. The viruses can be either DNA or RNA. Those involving 

arboviruses include, Dengue virus, genus Flavivirus of Togaviridae 

(Igarashi 1979); Vesicular Stomatitis virus, (VSV) a Rhabdovirus 

(Holland and Villareal 1974); Semliki Forest virus, genus Alphavirus of 

Togaviridae (Daey and Dalgarno 1974); and Sindbis virus, also an 

Alphavirus (Ridel and Brown 1977, Youngner and Preble 1980). 

Persistently infected cell cultures have been established in vertebrate 

cell lines with the aid of viral ts mutants (Preble and Youngner 1975), 

and defective interfering (DI) particles (Huang and Baltimore 1977, 
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Huang 1977, Holland et ale 1980). The molecular nature of virus 

populations replicating in the arthropod vector is not known. However, 

if commonalities are determined between virus-tissue culture systems 

and the arthropod vectors of viral disease, then future investigations 

into the nature of the disease state and its transmission throughout 

the population will become clear. 

ts Mutants 

Although most ts mutants are created in the laboratory and are 

often considered artifactual, spontaneous ts mutants do occur and may 

play a role in the establishment and/or the maintanence of the 

persistently infected cell state. Characteristics of virus isolates 

from a variety of persistently infected cell-virus systems display a ts 

phenotype as well as a small, and/or heterogeneous. plaque morphology. 

Virus isolates from persistently inf~cted (carrier) cultures also 

display a decrease in cytopathology or pathogenicity on infection 

(inoculation) into whole animal systems (Doyle and Holland 1973). Virus 

and cell characteristics analyzed from chronic infections of man and 

other animals have displayed a ts mutant phenotype (Youngner and Preble 

1980). Whether ts mutants or DI particles (see section G) direct the 

establishment of the persistently infected cell state or are merely a 

consequence or characteristic of the persistently infected cell state, 

is still in question. 

The ts mutants can arise relatively early after primary 

infection but, is considered a property of the surviving cell 
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population. The loss of a significant percentage of cells during animal 

infections will result in the animal's death, and not allow the 

establishment of the viral ts mutant phenotype. In instances in which 

ts mutants have been characterized from chronic disease states, the 

persistently infected cell state may have been established as a result 

of a cellular (host) specific function. The ts mutant may be considered 

characteristic of the persistently infected cell state and not the 

cause of the persistently infected cell state. 

Defective Interfering (01) Particles 

Virus growth during sequential undiluted high multiplicity of 

infection (moi) tissue culture cell infections can result (possibly 

always) in a cyclic profile representing a high-then-low level of 

infectious virus release into cell culture media. The cyclic production 

of virus resulting from undiluted cell culture infections is 

characteristic of the presence of defective interfering (01) particles. 

The phenomenon was first characterized with influenza virus tissue 

culture infections (Von Magnus 1947). The interference, or decrease in 

the production of infectious standard virus is mediated by the 01 

particle. The interference observed is homologous, in that no decrease 

in heterologous virus growth is observed during co-infection 

experiments. 

Defective interfering particles have been characterized from 

DNA viruses, for example Adenovirus (Mak, Ezoe and Mak 1979), from 

positive sensed RNA viruses, for example Polio virus (Cole and 
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Baltimore 1973a, Cole and Baltimore 1973b, Lundquist, Sullivan and 

Maizel 1979), and negative sensed RNA molecules, for example as already 

discussed VSV, but reviewed recently (Lazzararini, Keene and Schubert 

1981). The bunyaviruses contain negative sensed genomes. The generation 

of the Bunyavirus Dr particle should be representative of the 

properties of other negative sensed virus genomes. 

Perhaps the most complete study to date concerning Dr particle 

characterization has been with the Vesicular Stomatitis virus (VSV). 

The Dr particle produced during VSV infection of tissue culture cells 

has been purified by sucrose gradient velocity sedimentation (Huang et 

al. 1966). The ability to purify by gradient centrifugation the VSV Dr 

particle has been the exception rather than the rule for most other 

virus systems used to generate Dr particles. The Dr particles are 

shorter than standard, bullet-shaped, virus particles. The truncated 

bullet-shaped VSV Dr particles also contain shortened encapsidated 

genome RNA molecules (Huang and Wagner 1966, Reichman et al. 1971). 

The deletion event which results in,the shortened molecules 

has been demonstrated to occur essentiaily any where throughout the 

standard virus genome sequence (Leammon and Reichmann 1974). 

Hybridization of Dr particles with VSV mRNA molecules results in the 

protection of all mRNA sequences present. The hybridization confirms 

that the Dr particle population contains RNA complementary to 'sequences 

which represent all the VSV mRNA sequences present. 

Purified VSV Dr particles do not replicate without the 

presence of standard VSV (Leamnson and Reichmann 1974). Therefore, VSV 



21 

01 particles characteristically exhibit: (1) shorter (aberrant) 

lengthened genome which represents a deletion of a portion of the 

complete virus genome, (2) an inability to successfully replicate in 

host cells without the presence of standard (helper) virus, and (3) an 

interference (decrease) in standard virus yields during co-infection 

experiments. The characteristics of the VSV 01 particle are used to 

define classically the 01 particle. 

Both VSV 01 and standard virus genomes which have been 

examined contain functional polymerase binding sites (Lazzarini, Keene 

and Schubert 1981). A functional polymerase binding site is required 

for full length complementary strand synthesis, which is then followed 

by complete negative strand synthesis. Inhibition (interference) to 

standard virus growth may occur through competition for the limited 

number of polymerase molecules present in the infected cell. 01 genomes 

must also contain sequences which are necessary for progeny virus 

assembly and release from the infected cell. 

01 genomes analyzed contain initiation sites required for 

replication, but in at least four different arrangements: (1) those 

containing both 5' and 3' terminal genome RNA sequences with the 

deletion of internal sequences, (2) those with the 5' sequences of 

genome RNA, and the 3' complementary sequences and an internal 

deletion, (3) those representing a compound molecule, with 5' genome 

terminal sequences, but contain at the 3' end sequences representing 

both 3' terminal genome sequences, as well as, sequences complementary 

to the genome 5' terminal sequences, and an internal deletion, (4) 
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those molecules representing a snap-back or +/- molecule in which the 

entire 5' half of the molecule is complementary to the 3' half of the 

molecule, and containing 5' genome sequences and the 3' complementary 

sequences, with an internal deletion as well. 

Aberrant replication events have been modeled which can result 

in" the formation of the molecules characterized above (Lazzarini, Keene 

and Schubert 1981). The polymerase molecule changes templates at some 

time during synthesis and jumps to a second template which is nearby. 

Template switching occurs without the release of the nascent daughter 

strand. The defective nature of the D~ particle results from internal 

deletion of sequence information which is neccessary for successful 

replication and/or progeny virus assembly. 

Interference to standard virus growth presumably occurs 

through competition for a limited population of polymerase molecules 

required for replication. Interference is homologous, that is, 

interference is against the standard virus originally used to generate 

the DI particle. Interference to standard virus growth may however, be 

influenced, to some degree, by host specific factors (Darnell et al. 

1974, Kowal and Stollar 1981). Different cell cultures support 

homologous interference at different levels. In one system, variable 

levels of interference may be linked to the presence of a dominant 

gene. The contribution of host specific factor(s) to standard virus 

interference by DI particles, is unclear. The mechanism responsible for 

the variability in DI particle production is also unknown but may 

involve host directed modification of viral replication events. 
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The role of DI particles in the establishment and/or 

maintanence of the persistently inf~cted cell state has been 

investigated using Lymphocytic Choriominigitis (LCM, Arenavirus group 

of arboviruses) virus-mouse L cell system (Lehmann-Grube, Plenczka and 

Tees 1969, Hotchin 1971), rabies virus (Rhabdovirus group) infected 

baby hamester kidney (BHK) cells (Kawai, Matsumoto and Tanabe 1975), 

and VSV (Holland and Villareal 1974). LCM infected mice show homologous 

interference to standard virus growth, as do persistently infected cell 

cultures. In one report LCM standard virus has escaped interference 

directed by LCM DI particles (Jacobson and Pfau 1980). DI particles of 

VSV infected mouse brains have been shown to be identical to DI 

particles generated in cell culture (Holland and Villareal 1975). The 

levels of DI particles produced are very low and require pooling a 

number of brains for studies. Data has been variable as a result. 

Influenza virus inoculated into mice after serial high 

multiplicity passages in culture resulted in protection of the animal 

from the acute paralytic disease caused by standard virus 

super-infections (Gamboa et al. 1975). Protection from standard virus 

infection may be similar to DI mediated homologous virus interference 

observed in tissue culture systems. The suggestion that DI particles do 

play a role in the establishment of the disease state has been 

discussed (Huang and Baltimore 1970, Huang 1977). Standard VSV 

inoculation into mice causes encephalitis and death. When standard 

virus is co-infected with greater amounts of DI particles the disease 

state becomes chronic as opposed to acute (Doyle and Holland 1973). The 
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attenuation of the virus infection is mediated by the D1 particles. 

Arbovirus-related encephilitis and the disease state has recently been 

discussed, and includes members of the Bunyaviridae (Shope 1980, 

Murphy, Harrison and Tzianabos 1968, Kurogh et al. 1976). Encephalitis 

resulting from LaCrosse virus infections of young children can be 

fatal. 

Present Study 

Further investigation into the relationship between viruses 

and their obligatory cell host will yield information concerning basic 

functions of living systems and the inter-relationships between them. 

This dissertation is a characterization of the Bunyavirus persistently 

infected Aedes albopictus (mosquito) cell state and has focused on 

aspects of the laboratory system which may be in-common with or closely 

related to the state of the virus in its natural vector. This 

dissertation will show (1) that the Bunyaviruses 1nkoo and Uukuneimi 

growth profile in the continuous mosquito cell line Aedes albopictus is 

different from that during BHK (vertebrate) infection, (3) that virus 

particles are continuously released from the persistently infected 

Aedes albopictus cells, and display a temperature sensitive (ts) 

phenotype as well as exibiting D1 activity, (4) will describe the 

construction and uses of recombinant DNA clones representing the 

Uukuneimi and 1nkoo genomes, (5) describe the differential effect of 

Bacillus thuringensis var. Isralaelensis (Bti.) cytotoxin in tissue 
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culture, and (6) present a laboratory model representing the Bunyavirus 

life cycle in the field. 



CHAPTER 2 

MATERIALS AND METHODS 

Cells 

Vertebrate BHK-21 (WI-2) cells were obtained from Dr. M. 

Brinton, Wi star Institute, Philadelphia, Pa. BHK cells were maintained 

in Dulbecco's Modified MEM (Gibco DMEM) containg 10% heat inactivated 

(56oC 31 minutes) fetal bovine serum (Microbiological Associates 

FBS) , with 100 units per ml penicillin and 100 ug/ml streptomycin 

(Lilly). Vertebrate cells were grown at 370 C in a 5% CO2 humidified 

atmosphere, unless otherwise stated, on Falcon tissue culture plates. 

Cells were passed at 3-4 day intervals or when confluent. 

Invertebrate Aedes albopictus cells were obtained from Dr. S. 

Buckely, Yale Univ., New Haven, Conn. Cells were maintained in M&M/VP12 

media which has the following components; 2.9nM NaH
2

P04 2H20, 

2.7mM MgC1 2 6H20, 0.44mM KC1, 2.5mM MgS04 7H20, 2.24mM CaC12 

2H
2
0, 0.11M NaCl, 3.92mM NaHC0

3
, 19.7mM C6H1206, 0.91mM 

choline chloride, 1.1mM myo-inositol, 6.66g/L lactalbumin hydrolysate, 

3.17g/L yeastolate, 0.5g/L bovalbumin, 32ml 100X vitamin solution 

(Gibco MEM) , 9.6ml of 200mM glutamine (Gibco). The pH was adjusted to 

6.9 with 2% KOH. Complete M&M/VP12 also contained 20% heat inactivated 

FBS plus penicillin-strepomycin as in DMEM. Invertebrate cells were 

, 0 
grown at 28 C, 5% CO2 humidified atmosphere and passed every 3-4 

days or when confluent. 

26 



27 

Viruses 

Uukuneimi (UUK) was from the original stocks of Dr. R. 

Petterson, Univ. of Helsinki, Finland. Inkoo (INK) was from Dr. N. 

Karabatosis, Center for Disease Control, Ft. Collins, Col. The vaccine 

strain (TC-83) of Venezuelan Equine Encephalitis (VEE) was from Dr. M. 

Parker, Colorado State Univ., Ft. Collins, Col. The following viruses 

were obtained from Dr. D. Bishop, Univ Alabama; La Crosse (LAC), 

California Encephalitis (CE), Tahyna (TAH),and the two reasortants 

designated according to genome segments carried TAH/LAC/TAH and 

LAC/TAH/LAC. All virus stocks were grown on BHK-21 cells infected at 

, 37oC, clearified of cellular debris and stored at -70oC. All virus 

plaque assays were on BHK-21 cells at 37°C unless otherwise stated. 

Overlay media contained 0.9% agarose. 

Virus Purification 

Supernatants from infected BHK-21 cells were clearified of 

cellular debris by centrifugation at 8,000 rpm, 40 C in a Sorval GSA 

rotor for 20 minutes. Supernatants were then adjusted to 0.5M NaCI plus 

10% polyethylene glycol (MW 8000) and allowed to stir gently at 40 C 

o for 2.5 hours. Virus precipitate was pelleted at 4 C., 8,000 rpm, 30 

minutes in a Sorval GSA rotor. Pellets were resuspended in buffer (0.1M 

NaCI, 0.01Mtris-HCI pH 7.4,0.001M EDTA) and layered onto a linear 

5.7%-38% Renografin (Squibb) gradient and centrifuged in an SW28 rotor 

at 26,000 rpm for 14 hours at 4oC. Appropriate fractions were 

collected, the volume adjusted with buffer and virus pelleted at 28,000 
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rpm at 40 C in an SW28 rotor for 3 hours. Virus pellets were 

resuspended in 0.5% SDS 0.2M NaAc pH 5.4 and extracted 3 times with an 

equal volume of phenol/chloroform/isoamyl alcohol (50:48:2), followed 

by ethanol precipitation at _20oC. If radiolabeled virus was required 

infected cells were grown in the presence on carrier-free H 32P04 
3 

(New England Nuclear) 100 to 600 uCi/ml in DMEM. 

Intracellular Extraction 

All intracellular RNA was isolated as follows: Cells were 

removed from tissue culture dish without trypsin and pelleted at 2,DOO 

o rpm at 21 C for 10 minutes. The cell pellet was chilled on ice and 

lysed with cold buffer containing 1.5mM MgCl 2, 10mM Tris-HCI pH 7.4, 

10mM NaCI, 1% NP40, 0.5% deoxycholic acid and in some cases, 10mM 

vanadyl-ribonucleoside complex. Nuclei were removed by centrifuging at 

2~000 rpm at 40 C for 10 minutes. The supernatant was removed and 

adjusted to 1% SDS and 0.4M NaAc followed by phenol extraction and 

ethanol precipitated. 

Radiolabeling 

Virus was labled in P04 free DMEM using carrier free 

H 32PO at 200uCi/ml. Cells were preincubated in PO" free 3 4 ~ 

medium for 60 minutes before addition of label. Intracellular virus 

32 specific RNA was labeled similarly at 500uCi/ml of H3 P04 but 

with a 30 minute preincubation with actinomycin D (5ug/ml for BHK cells 

and 2.5ug/ml for invertebrate cells) before addition of label. Virus 
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and intracellular RNA was purified as described in Materials and 

Methods. 

Gel Electrophoresis 

Analysis of intracellular or viral RNA was carried out in 1.5% 

agarose gels in the presence of 5mM CH
3
HgOH (Bailey and Davidson 

1976). Mercury was inactivated by treatment of the gel with 

mercaptoethanol. Gelbond (FMS corp. Marine Colloids Division) agarose 

support medium was used during electrophoresis when ethidium bromide 

staining was not required. DNA gel electrophoresis was in 0.7%-2% 

agarose (Southern 1975). Depending on size of fragments being separated 

4% acrylaminde gels were prepared (Rose and Gallione). All gels with 

label were dried and autoradiographed using Kodak Royal X-Omat film. 

Virus Growth Curves 

Virus growth curves either on BHK-21 cells or Aedes albopictus 

cells (persistently infected or uninfected) were determined after a 60 

minute adsorption of virus at MOI-1 at 370 C or 280 C as required. 

The inoculum was removed and replaced with pre-warmed complete media. 

Samples were taken at various times post infection and stored at 

-70oC until plaque assayed on BHK-21 cell monolayers. 
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Infectious Center Assay 

Persistently infected Aedes albopictus cells were removed from 

culture dish washed three times in media without serum, pelleted, 

resuspended in a defined volume of medium and counted. Various 

dilutions of cells were adsorbed to BHK-21 cell monolayers for 30 

minutes without rocking. Overlay medium was added without removing 

inoculum. After four days of incubation plates were stained and plaques 

counted. Assuming one persistently infected cell releasing virus has 

given rise to one plaque then the number of plaques counted represents 

that percentage of cells within the population which is releasing 

virus. 

Bacillus Thuringiensis var. Israelensis Toxin Assay 

Toxin samples were prepared by Dr. J. Aronson and stored after 

sterile filtering at _200 C. Briefly, the cells strain HD-567 were 

allowed to sporulate after growing in a salt-glucose-casamino acid 

medium (Bulla et al. 1980). The harvested fermentation residue was 

washed several times with 1M NaCl to remove the majority of 

contaminating protease activity. The NaCl extract was dialyzed against 

water and filter sterilized. Various dilutions of toxin were prepared 

in complete medium. Cell monolayers were also prepared, media removed 

and replaced with toxin dilutions. Cells were assayed for toxin effect 

first microscopically for CPE or detachment from culture dish. 

Viability of treated cells was also checked by trypan blue dye 

exclusion and release of glucose-6-phosphate dehydrogenase (Sigma kit 
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345-A). Enzyme assay was performed on clearified tissue culture media 

and is taken as an indication of membrane integrity. 

Synthesis of DNA Representing Bunyavirus Genome RNA 

Uukuneimi and Inkoo genome RNA purified was polyadenylated at 

the three prime (3') end using polyribonucleotide: orthophospate 

nucleotidyltransferase, P-L biochemicals polynucleotide phosphorylase 

type 15. Enzyme reaction conditions were as follows: 40mM ADP, 10mM 

MgCI2 , 20mM Tris-HCI pH 9.0, 10 mM NaCitrate, The final volume was 

25ul, incubation was for 7 minutes at 37°C. The reaction was stoped 

with the addition 0.5ml of 0.5% SDS plus 0.2M NaAc pH 5.4. The reaction 

was then phenol extracted and ethanol precipitated. 

The polyadenylated RNA was then reverse transcribed (Rose and 

Gallione 1981). The conditions were as follows: 50mM tris pH 8.4, 10mM 

MgCI 2 , 30mM mercaptoethanol, 110mM KCI, 0.5mM dATP, 0.5mM dGTP, 

0.025mM dCTP, 0.5mM dTTP, 8uCi alpha (32p) dCTP (New England Nuclear 

300Ci/mMol), 0.1mg/ml oligo (dt)10_12' 0.1mg/ml RNA, 16 units AMV 

reverse transcriptase (Dr. J. Beard, St. Petersburg, Florida)). All RNA 

f t · . 10-4 samples prepared or reverse transcrip lon were resuspended ln M 

EDTA pH 7.5, heated for 5 minutes at 600 C and fast cooled on ice. For 

Inkoo reverse transcription the primer for cDNA synthesis was the 

deca-nucleotide dAGTAGTGTACT. The primer (0.4 aD) was present during 

the pre-heating step and reverse transcription w~s intitiated at 37°C 

for 30 minutes to increase primer stability and initiation of first 

strand synthesis. The deca-nucleotide primer eliminates the requirement 
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for polyadenylation with polynucleotide phosphorylase because it is 

complementary to.the Inkoo genome RNA's 3' end and serves as the 

template-primer in these reactions. The Inkoo primer was synthesized in 

the laboratory of Dr. D. Bishop using the Vega DNA synthesizing 

machine. All cDNA synthesis with Uukuneimi RNA were incubated at 420 C 

for 120 minutes, as was Inkoo after the 370 C incubation already 

mentioned. 

All preperative first strand synthesis was terminated by 

adjusting to 0.1M NaOH plus 10mM EDTA incubated at 68 0 C for 10 

minutes, the volume was then brought up to 0.5ml with a final 

concentration of 0.5% SDS and 0.2M NaAc pH 5.4, phenol extracted and 

ethanol precipitated. Second strand synthesis using the Klenow fragment 

of E.coli. DNA polymerase I (New England Biolabs ) was for 16 hours at 

140 C in 0.1M Hepes pH 6.9, 0.07M KCl, 0.05M MgCI 2 , 0.01M DTT, 

0.83mM dATP, 0.83mM dTTP, 0.83mM dCTP, 0.83mM dGTP, and 1.5 units 

enzyme in a final volume of 25ul (Rose and Gallione 1981). The reaction 

was terminated by increasing the volume to 0.4ml with a final 

concetration of 0.5% SDS and 0.2M NaAc pH 5.4, phenol extracted and 

ethanol precipitated. 

S1 nuclease (Bethesda Research Laboratories, Inc.) digestion 

was for 30 minutes at 370 C in the following buffer 0.3M NaCl, 0.03M 

NaAc pH 4.5, 0.003M ZnCI
2

, with 200 units of enzyme, in a final 

volume of 20ul (Rose and Gallione 1981). The reaction was terminated on 

ice, the volume increased to 100ul wit~ a final concetration of EDTA at 

10mM, passed over Sephadex G50, phenol extracted and ethanol 

precipitated. 



Homopolymer extension using terminal deoxynucleotidyl 

transferase (TdT, Bethesda Research Laboratories, Inc.) was at 370 C 

until incorporation of TCA precipitable counts represented average 

lengths of 20 dCMP residues (Rose and Gallione 1981). The dsDNA was 

resuspended in 10-4M EDTA pH 7.5 and adjusted to 0.140M K-cacodylate 

pH 7.2, 2mM CoCl 2 , 0.2mM DTT, 0.15mM dCTP (or dGTP if tailing 

pBR322), 25uCi alpha (32p) dCTP, and 8.3 units of TdT. The reaction 
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was stoped with the addition of 0.5% SDS, 0.2M NaAc, phenol extracted 

and ethanol precipitated. 

Preparation of pBR322 DNA and Annealing with Bunyavirus Specific DNA 

Plasmid (pBR322) was purified from induced cultures of E. coli. 

strain C600 containing pBR322. CsCl gradient purified pBR322 DNA was 

linearized with the restriction endonuclease Pst I and homopolymer 

extended (tailed) with dGTP using terminal deoxynucleotidyl 

transferase. Tailed DNA was resuspended in 10-4M EDTA pH 7.5. Tailed 

Bunyavirus DNA was annealed to twice the amount of complimentarilly 

tailed pBR322 DNA in 0.5M NaCl. The annealing mixture was incubated at 

65 0 C for 2 minutes the 370 C for 5 minutes then placed on ice 

followed by transformation into E. coli. C600 (Rose and Gallione 1981). 

Preparation of Bacteria and Transformation 

E. coli. C600 grown over night in Luria broth ( LB, 10g/L 

tryptone, 5g/L yeast extract, 5g/L NaCl, 1ml/L 1N NaOH, 0.5% vitamin 

free casamino acids, 0.4% glucose) was diluted 1:25 into fresh LB and 



grown to OD450 0.5-0.6. Cells are chilled for 1.5 hours in an 

ice-water bath then pelleted for 10 minutes at 6,000 rpm at 40 C. 

Cells were resuspended in 1/2 the original volume of 50mM ice cold 
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CaCI2, incubated on ice 15 minutes, pelleted again and resuspended in 

1/40 of the original volume of 50mM CaCl2 (ice cold). To the annealed 

DNA mixture was added 2.0ml of bacteria, 0.1ml of transformation buffer 

containg 10mM tris-HCI pH 7.4, 10mM CaCI
2

, 10mM MgCl2 followed by 

incubation on ice for 15 minutes, then 2 minutes at 370 C. Bacteria 

are plated on LB plates which contain 15ug/ml of tetracycline to screen 

for positive transformants. An efficiency of 8,000-10,000 colonies per 

nanogram of pBR322 DNA is achieved with this procedure. 

Preparation of Cloned DNA and Analysis 

Colonies were first screened on tetracycline plates (15 ug/ml) 

for presence of pBR322 conferring drug resistance. Colonies were then 

screened on ampicillin (80 ug/ml) for the presence of DNA inserted into 

the plasmid at the single Pst I site. The single Pst I restriction site 

is within the ampicillin resistance gene carried by the plasmid which 

would, if infact, confer ampicillin resistance to bacteria carrying the 

uninterrupted gene. Therefore, colonies sensitive to ampicillin and 

resistant to tetracycline are positive for carrying plasmid with 

inserted DNA sequences. Clones screened positive for inserts were grown 

as mini preps for analysis of plasmid DNA. Briefly the procedure is as 

follows: chlorampenicol (100ug/ml) amplified C600/pBR322 containing 

inserts are pelleted out of solution, resuspended in 25% sucrose, 50mM 
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tris-BCl pH 8.0, incubated with lysozyme (final concentration 2mg/ml) 

for 2 minutes on ice, lysed with addition of detergent solution to a 

final concentration of 35mM EDTA, 28mM tris-HCl Hh 8.0, 0.56% NP40, 

2.25ug/ml deoxycholate. High molecular weight DNA (chromosomal) is 

pelleted out of solution, the supernatant containing plasmid is 

adjusted to 0.5ml with 0.2M NaAc pH 5.4, 0.5% SDS and phenol extracted. 

Before ethanol precipitation the MgC1 2 concentration is adjusted to 

20mM. 

Plasmid DNA isolated in this way is used for restriction 

analysis using Pst I. Digestions will separate the insert (cloned) DNA 

by virtue of the flanking Pst I restriction sites which are regenerated 

as a result of homopolymer extension and annealing. DNA restricted was 

displayed on the appropriate gel system allowing fragment seperation. 

DNA bands were viewed after ethidium bromide staining, and 

photographed. 



CHAPTER 3 

RESULTS 

Primary Infections and Growth Curves 

The invertebrate (mosquito) cell line Aedes albopictus supports 

the growth of both the Bunyaviruses Inkoo and Uukuneimi in culture. 

Aedes albopictus cell cultures were infected as described in Materials 

and Methods with the B~nyaviruses either, Inkoo or Uukuneimi. The 

multiplicity of infection (Mal) for these primary infections was 0.1 

plaque forming units (PFU) of virus per cell. Mal is defined as the 

ratio of the number of PFU of virus to the number of cells present 

during virus adsorption. PFU is a measurement of the number of virus 

particles present which are capable of infecting a susceptible cell, 

produce progeny virus, and kill the originally infected cell. Liberated 

virus re-infects surrounding cells increasing the area of cell death. 

Areas of cell death are scored by the inability to take up neutral red 

stain and are counted as plaques. One infectious virus particle results 

in, and is synonymous with, one PFU. 

At various times post-infection cell culture fluid samples were 

taken and plaque assayed on baby hamster kidney (BHK 21, WI-2) cell 

monolayers. The resulting growth curves are diagrammed in Figure 1. 

There is an apparent difference in the relative ability of Inkoo and 
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Fig. 1. Aedes albopictus Cells Infected With Inkoo or Uukuneimi 
Virus. 

Samples taken at various times post infection of Aedes 
albopictus cell cultures were plaque assayed on BHK cells 

e ...t1.o-"'i--J"1.-at 37 C and plotted as PFU/ml. Inkoo virus < ~ ~ ~ ). 
Uukuneimi virus <-$-* * ). 
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Uukuneimi to grow during primary infection in Aedes albopictus 

(invertebrate) cells which is not observed during primary infection of 

BHK (vertebrate) cells (compare to Figure 2). the approximate 103 log 

difference in final titer in the medium between Inkoo and Uukuneimi 

during Aedes albopictus primary infection reflects the lower yield of 

infectious virus produced, and may be related to the insect of origin. 

Inkoo, as already stated, was isolated from the mosquito Aedes communis 

while Uukuneimi was originally isolated from the tick Ixodes ricinus. 

Both viruses used in vertebrate and/or invertebrate infections 

have certain common membrane components as a result of budding into 

golgi vacuoles. Both virus stocks were prepared from infected BHK cell 

cultures, thereby removing any variation in the host derived membrane 

component of the virus particle which may affect virus adsorption to 

cells, and therefore, growth. The extent of virus growth in cell 

cultures is modulated by intracellular events associated with virus 

uncoating, replication, transcription, translation and maturation 

events. Virus-coded receptor specificity has not been altered, and may 

influence virus entrance into the cell. Viral coded M gene products G1 

and G2 have been correlated with cell tropism (see discussion). It 

would be interesting to determine the growth characteristics of both 

viruses in a tick cell culture system to see if, in fact, a replicative 

advantage correlates with the species on which virus was isolated. 

A cytopathic effect (CPE) has not been detected during primary 

infection of Aedes albopictus cells. CPE has also not been detected in 

Aedes albopictus cells carried for many months after primary infections 
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Fig. 2. BHK Cell Culture Infections With Inkoo or Uukuneimi Virus. 

Samples taken at various times post infection of BHK cell 
o cultures were plaque assayed on BHK cells at 37 C and 

Plotted as PFU/ml. Inkoo virus (~), . 
Uukuneimi virus H$~). 
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with either Inkoo or Uukuneimi. This is in contrast to infections of 

vertebrate BHK cell cultures where all cells are killed within 48 

hours post infection. An overriding theme which will reappear 

throughout this dissertation is one of comparison between cell culture 

and the naturally occurring vector-host-disease relationship. The 

statements made above may mimic or model some aspects of virus 

transmission in nature, in that, the insect vector is apparently 

unaffected while the vertebrate host can be seriously compromised. 

Characteristics of Virus Released During 
Aedes albopictus Cell Infections 

Inkoo infected Aedes albopictus cells in culture release into 

culture media virus PFUs which display heterogeneous non-standard 

plaque morphology. Infected cells continue to grow and do not display a 

cytopathic response to virus growth. At late times during Aedes 

albopictus primary infection (approximately 48 hours), the plaque 

morphology of progeny virus produced becomes heterogeneous relative to 

virus PFU released during BHK cell infections. The data are displayed 

in Figure 3. Plaque assays displaying heterogeneous plaque morphology 

were incubated at 370 C on BHK cell monolayers as described in 

Materials and Methods section. If plaque assays of virus released from 

Inkoo infected Aedes albopictus are incubated at 280 C heterogeneity 

is not apparent. The plaques are smaller than standard virus plaques 

incubated at 280 C while the heterogeneity present at 370 C is 

absent. 



· Fig. 3. Plaque Morphology. 

Virus released.from Aedes albopictus cell cultures 
infected with Inkoo virus was plaque assayed on BHK cells 
at 37°C, stained with neutral red dye and photographed. 
Heterogeneity is abserved at 37°C bA) but not when 
plaque assays were incubated at 28 CeB). 
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Fig. 3. Plaque Morphology. 



Heterogeneous pl~que morphology remains a characteristic of 

cultures passed many times after infection with Inkoo virus. 
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Heterogeneous plaque morphology was not observed during BHK infections 

with either Inkoo or Uukuneimi. The absence of obvious heterogeneous 

plaque morphology at 280 C may be described as being a ts mutant for 

plaque morphology. However, it may be that at 28°C differences in 

plaque size just could not be detected. The total number of plaques 

o 0 counted at 28 or 37 C is identical during these experiments. 

Complementation between different ts plaque mutants has not been 

examined. 

Heterogeneous plaque morphology has been observed in a number 

of arbovirus-invertebrate cell culture systems as well as from virus 

isolates plaqued directly from insect homogenates. Heterogeneous plaque 

morphology is considered characteristic of Aedes albopictus cell 

culture infections with the Bunyavirus Inkoo. Whether heterogeneous 

plaque morphology is characteristic of Inkoo infected mosquitoes has 

not been determined. 

Virus Specific RNA Profiles 

Analysis of virus specific RNA profiles from Inkoo and 

Uukuneimi infected Aedes albopictus cells further describes the growth 

properties of the Bunyavirus-invertebrate cell system. The biological 

aspects, specifically plaque morphology and cell death, of Inkoo and 

Uukunemi virus growth in Aedes albopictus cells is different from that 

characterized during growth in the vertebrate BHK cell line. The 
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molecular characterization with respect to genome replication and 

transcription may also be different during growth in Aedes a1bopictus 

cell cultures. Intracellular virus specific (actinomycin D resistant) 

RNA as well as virus specific RNA present in cell culture fluids were 

examined by electrophoresis on 1.5% agarose gels containing 5mM methyl 

mercuric hydroxide. At various times after primary infection 

approximately 107 Aedes albopictus cells were radiolabe1ed with 32p 

orthophosphate, disrupted, the nuclei removed and phenol extracted as 

described in Materials and Methods. Portions of the samples were 

electrophoresed, the gels dried and autoradiographed to display the 

32p labeled RNA profile. Figure 4 is an example of RNA profiles from 

early times during infection of Aedes a1bopictus cell cultures. At very 

early times (within five hours) after Inkoo primary infection of Aedes 

albopictus cells an altered, but virus specific, RNA profile is 

observed. Virus specific RNA synthesis is defined as being RNA 

synthesis occuring in virus infected cells in the presence of 

actinomycin D. 

The altered profile appears to be enriched for size classes of 

RNA smaller than the virus genome segments designated L (large), M 

(medium), and S (small). The pattern becomes more complex at later 

times post infection with new bands appearing between genome segments L 

and M, M and S, as well as smaller than S. Subgenomic RNA may represent 

messenger RNA (mRNA) transcribed from internal sites of the negative 

sensed genome RNA (see discussion). The multiple subgenomic RNAs 

labeled during Aedes a1bopictus infections may include the mRNA species 

already seen during BHK infections as well as additional subgenomic 



Fig. 4. RNA Profiles From Inkoo Infected Aedes albopictus 
Cell Cultures. 

Inkoo infected Aedes albopictus cells were dissrupted, 
the nuclei removed and the cytoplasmic fraction prepared for 
electrophoresis on 1.5% agarose in the presence of 
5mM Methyl mercury. Uukuneimi virus RNA markers large (L), 
medium (M) and small (5) are indicated. Bands representing 
actinomycin D resistent RNA synthesis are displayed. 
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Fig. 4. RNA Profiles From Inkoo Infected Aedes albopictus 
Cell Cultures. 
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positive sensed RNAs generated during mosquito cell growth. Whether all 

the subgenomic, possibly positive sensed, RNA serves as polysomal 

associated mRNA is not known. Subgenomic RNAs need not represent 

positive sensed RNA exclusively. The generation of molecules which 

result from deletion events, via inacurate replication can give rise to 

DI molecules of either sense (see discussion). 

The RNA pattern of virus particles purified or pelleted from 

culture fluid during Inkoo infections of Aedes albopictus cell cultures 

and phenol extracted as above also display an aberrant actinomycin D 

resistant RNA profile. By comparing intracellular and extracellular RNA 

profiles, Figure 4, one can fino all the genome sized RNA molecules 

expec~ed along with those representing the altered pattern. 

However, the apparent molar ratios of the individual RNA's 

differs intracellularly and extracellularly. This is not particularly 

surprising since even in lytic infections only negative sensed genome 

RNA is selectively packaged into virus. The positive sensed message 

population is not represented in mature virus particles. Refer to 

Figure 5 for comparison to BHK infection where obvious selection for 

the S genome segment occurs. This may not accurately represent the 

mosquito cell infection however, since all RNA bands found within the 

cell are also found in released virus structures. Of interest for 

future consideration is the precise nature of the numerous RNA species 

present with regards to being positive or negative sensed virus 

specific RNA. 



Fig. 5. Standard Virus RNA Profile. 

Purified Inkoo and Uukuneimi virus RNA profiles are displayed. 
Virus was purified fror.1 BHK infected cells. Three major 
species are observed representing the large (L), medium (M) 
and small (5) genome RNA segments. 
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Fig. 5. Standard Virus RI~A Profile. 
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Are Cells Persistently Infected? 

Cells which are not killed as a result of virus infection and 

which continue to express virus specific genomes or gene products or 

continue to release virus particles into culture fluid are persistently 

infected with the respective virus. The primary infection of Aedes 

albopictus cells with Uukuneimi or Inkoo virus does not result in 

detectable cell death, but does support the growth of each virus as 

determined by PFU and/or virus specific RNA profile. The resulting 

stable cell lines may continue to release PFU of virus into the cell 

culture fluid as with the Inkoo infection. In the Aedes albopictus 

cells infected with Uukuneimi, virus released into culture media can 

only be detected by labeling the virus specific RNA (data not shown). 

Both cell lines. are stable and can be superinfected with either 

homologus virus or heterologous virus. Figure 6 and Figure 7 are growth 

curves from homologous and heterologous virus infections with cells 

originally infected with Uukuneimi or Inkoo virus, respectively. In 

both cell lines homologous virus growth was restricted while 

heterologus virus, Venezuelan Equine Encephalomyelitis (VEE) and 

Califoria Encephalitis (CE), growth was supported, compare to Figure 2 

where virus growth was supported following primary infection of Aedes 

albopictus cells. Therefore, results from superinfection experiments 

and the virus specific RNA profiles intracellularly and from virus 

released into culture media characterizes the Inkoo and Uukuneimi 

infected Aedes albopictus cells as being persistently infected. 

In order to further characterize the resistance of the 

persistently infected cell state to super-infection, additional viruses 
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Fig. 6. Uukuneimi Persistently Infected Aedes albopictus Cell 
Superinfections. 

Samples from either homologous or herterologous 
sugerinfections were plaque assayed on BHK cells at 
37 C and plotted as PFU/ml. Venezuelan Equine 
Encephalomyeli tis (-~--*-). California 
Encephali tis ( * ... * ) and Inkoo ( ....... ) • 
Uukuneimi growth was not supported and is therefore not shown. 
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Fig. 7. InkoD Persistently Infected Aedesalbopictus 
Cell Superinfections. --

49 

Samples from either homologous or herterologous superinfections 
o were plaque assayed on BHK cells at 37 C and plotted as 

PFU/ml. Inkoo (~). Cal ifornia 
Encephalitis (-<:;-~) and Venezuelan Equine 
Encephalomyelitis (~). 
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were obtained from Dr. David Bishop. In earlier experiments Inkoo P24 

persistently infected Aedes albopictus cells inhibited growth of 

homologus virus infection while supporting growth of the unrelated 

virus VEE. Additional viruses tested were, Tahyna (TAH) and LaCrosse 

(LAC). All are members of the California serogroup of the Bunyaviridae 

genus. Results of these experiments are displayed in Figure 8, and 

Figure 9. Inkoo persistently infected Aedes albopictus cells were 

restrictive to TAH and LAC virus growth (Figure 8) as compared to 

identical virus grown on uninfected Aedes albopictus cells (Figure 9). 

TAH and LAC infections of Uukuneimi persistently infected Aedes 

albopictus cells was not inhibited, Figure 11. Having supported CE 

growth and not TAH and LAC, the qllestion regarding the Inkoo 

persistently infected cells was whether or not resistence to 

superinfection is reflected as a function of the cell surface as a 

absence of virus attachment. Resistance to superinfection may also be 

reflected as an interruption of specific functions following 

penetration into the cell, for example, virus replication. 

A unique opportunity to probe this question is in the ability 

to use virus reassortants produced representing various members of the 

California group viruses. The reasortant is a plaque purified virus 

containing a mixed genome profile, and will stabilily maintain this 

profile during cell infections (see introduction). For example, the 

reasortant between CE virus and LAC virus of interest in these 

experiments has the Land S genome segments of LAC virus but carries 

the M genome segment of CE virus. 
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Fig. 8. California Serogroup Virus Superinfection of Inkoo Persistently 
Infected Aedes albopictus Cells. 

Samples taken were plaque assayed on BHK cells 
plotted as PFU/ml. Tahyna (~). 
La Crosse (-0-0---0-) and California 
Encephalomyelitis (-0-0-0-). 

o at 37 C and 
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Fig. 9. California Serogroup Virus Superinfection of·Uukuneimi 
Persistently Infected Aedes albopictus Cells. 

Samples were taken and plaqued assayed on BHK cells at 37°C. 
Tahyna ( * * * ). La Crosse ( A ll..A ) and California 
Encephal~myelitis ~-). 
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When the reassortant virus became available for experimentatiun 

the Inkoo persistently infected cells were then at passage 150 and the 

results were contradictory to what was obtained at passage 24 (Figure 

8). The data is presented in Figure 10. The growth of all the 

California group viruses was inhibited, including the LAC/TAH/LAC 

reassortant. Figure 11 profiles identical superinfections on Uukuneimi 

persistently infected Aedes albopictus cell cultures. Control 

infections on uninfected Aedes albopictus cells also yield high levels 

of virus into culture media, Figure 12. 

The data indicate that superinfection of late term passage 

Inkoo persistently infected Aedes albopictus cells with a number of the 

California serogroup viruses is restricted. The infection of late term 

Uukuneimi persistently infected Aedes albopictus cells and uninfected 

Aedes albopictus cells indicates that the restrictive profile is a 

property of the Inkoo persistently infected cell state. The profile 

however has changed from superinfect ions of earlier passaged Inkoo 

persistently infected Aedes albopictus cells. Late term persistently 

infected Uukuneimi cells have retained homologous resistence to 

superinfection while supporting heterologous virus growth. The Inkoo 

persistently infected Aedes albopictus cells at late times after 

primary infection in contrast display both homologous and heterologous 

virus resistance to superinfection. 

Two aspects of virus function are realized from the 

superinfection data, (1) the restrictive nature of virus growth in 

persistently infected cells can change with length of time in culture, 

and (2) the non-standard virus growth profile, a negative slope, may 
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Fig. 10. Superinfections of Inkoo Persistently Infected 
Aedes albopictus cells at Passage 150. 
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Samples were taken at times post infection and plaque assayed 
o on BHK cells at 37 G and plotted as PFU/ml. 

Inkoo (-*"~), La Grosse (-*-*-*-- ) , 
Tahyna (~--~---~-), and the virus reassortant 
LAC/TAH/LAC (-·0-0··0-). 
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Fig. 11. Superinfections of Uukuneimi Persistently Infected 
Aedes albopictus Cells at Passage 150. 

Samples were taken at times after infection, plaque assayed 
o on BHK cells at 37 C and plotted as PFU/ml. 

Tahyna (~--~--). La Crosse (-41--11--11--), the virus 
reassortant designated LAC/TAH/LAC (-0-0-0 -- ) 
and the reassortant designated TAH/LAC/TAH (--cr~--). 



Fig. 12. Aedes albopictus Cell Infections With Additional 
California Serogroup Viruses. 

Samples were taken after infection, assayed on BHK cells at 
37°C and plotted as PFU/ml. Tahyna (~~--~ ), 
La Crosse (~-~ ~.--) and the virus reassortants 
designated LAC/TAH/LAC <-e-........ ) and 
TAH/LACITAH ~O-o-o-). 
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indicate virus instability. Transient heterologous interference to 

superinfection of Alphavirus persistently infected Aedes albopictus 

cells has been reported (Eaton 1979). Heterologous interference to 

superinfection lasted aproximately eight days after primary infection. 

The Inkoo persistently infected Aedes albopictus cells on the other 

hand were originally supportive of heterologous virus growth. Only 

after many months of continuous cell culturing did the heterologous 

restriction to superinfection appear. The cause for the heterologous 

interference has not been determined. The late term Inkoo persistently 

infected cell population is also producing significant virus titer 

displaying a ts phenotype for growth. The ts character of virus being 

released from Inkoo persistently infected Aedes albopictus cells was 

not observed during earlier cell passages. Whether the ts phenotype and 

heterologous interference to superinfection are related has not been 

determined. 

The negative slope resulting from superinfection of late term 

passaged Inkoo persistently infected Aedes albopictus cells may be 

interpreted as reflecting virus instability. Experiments designed to 

characterize virus stability are presented in Figure 13. Virus 

suspensions were made in media from Aedes albopictus cell cultures. At 

increasing times of incubation at 28°C samples were plaque assayed on 

BHK cell monolayers to determine virus titer. The data clearly shows a 

progressive decrease in infectious virus present with increasing time 

of incubation. Virus inactivation in culture media could result from 

enzyme mediated inactivation and/or spontaneous virus inactivation 

through some inherent instability of the virus particle. Experiments 
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Fig. 13. Virus Stability. 

Virus was incubated at 28°C in clearified media from Inkoo 
persistently infected Aedes albopictus cells. Samples 
taken after incubation times were plaque assayed on BHK 
cells at 37°C and plotted as PFU/ml. Inkoo (~e.-tt-). 
La Crosse (-*-*-*-). Tahyna ( * * * ) .. 
the reassortants LAC/TAH/LAC (~ ) and 
TAH/LAC/TAH (~-L:r-t:::r-). 

58 



59 

oerformed in complete media, not precondition from cell monolayers, but 

heat inactivated for 30 minutes at 560 C also resulted in a negative 

slope representing virus titer present (data not shown). The data would 

seem to indicate some level of an inherent non-enzyme mediated 

inactivation of Bunyavirus infectivity. 

Interference 

Persistently infected cells may release virus particles into 

culture media. The particles mayor may not include virus which will 

produce plaques on appropriate cell monolayers. Virus particles which 

are present can be characterized further according to their interaction 

with homologus virus during primary infection. Infections of this 

nature are classically referred to as co-infection experiments, where 

both virus stocks are adsorbed to cells simultaneously. Culture fluids 

are sampled at various times post infection and assayed for the virus 

titer present by plaque assay. When virus suspensions from persistently 

infected cell cultures are co-infected with standard (parental) virus 

the level of interference (see introduction for definition) to standard 

virus growth can be determined. 

The data presented in Figure 14 represents a co-infection 

experiment with Aedes albopictus cells. The virus stocks were from 

Inkoo persistently infected Aedes albopictus cells and the standard 

virus used to originally establish the Inkoo persistently infected cell 

state. The data indicate that virus from Inkoo persistently infected 

Aedes albopictus cells reduces, or interferes with, the growth of 
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Fig. 14. Co-infection of Aedes albopictus Cell Cultures. 

Inkoo standard virus and various concentrations of PI virus 
from Inkoo persistently infected Aedes albopictus cells 
were co-i~fected on uninfected Aedes albopictus cellg. 
Samples taken were plaque assayed on BHK cells at 37 C 
and plotted as PFU/ml. Inkoo standard viru3 alone 
G *4 * $-), plus PI virus5diluted 1/10 ( ••• ), 
1/10 (--0--.-0-0-) and 1/10 ( • & .A ). 
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standard Inkoo virus during co-infection of Aedes albopictus cell 

cultures. The level of interference to standard virus growth is 

correlated with the volume of persistently infected (PI) virus inoculum 

used. With increasing PI virus inoculum a greater interference to 

standard virus growth is observed as determined by the number of virus 

PFU observed. Whether the final yield of virus is affected is difficult 

to determine because the cells are not killed and result in the 

establishment of another persistently infected cell state with 

additional virus production and release. Therefore, virus released from 

Inkoo persistently infected cells has three properties, (1) a 

heterogeneous plaque morphology, (2) an aberrant virus specific RNA 

profile, and (3) also interferes with standard virus growth during 

primary co-infections with Aedes albopictus cell cultures. 

Co-infection experiments with standard virus and virus from 

Inkoo persistently infected invertebrate cells have been performed 

using BHK (vertebrate) cells for infection. The data are presented in 

Figure 15. The interference to standard virus growth during Aedes 

albopictus infection by virus form Inkoo persistently infected cells 

displayed in Figure 14 is not observed when BHK cell cultures are 

co-infected. Standard virus grows equally well on infection of BHK cell 

cultures regardless of the concentration of PI virus present during 

co-infection. 

Interference is not directed by virus specific factors alone. 

The results of co-infection experiments using BHK cells are the same if 

performed at 37oC, as displayed in Figure 15, or if performed at 

o 28 C. If there were temperature requirements associated with 
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Fig. 15. Co-infection of BHK Cell Cultures. 

Infections and assay conditions were as in the previous 
figure except with BHK cell cultures. Inkoo standard virus 
alon3 (.~-4t--)t Plus4PI virus diluted 
1/105 (~-~)t 1/10 (-A-A:-A-) and 
1/10 HI-----). 
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o 
interference, then, experiments with BHK cells at 28 C (the culture 

incubation temperature of Aedes albopictus cells) would have resulted 

in interference to standard virus growth: this did not occur. The data 

suggests that host specific factors may be required for interference. 

The interpretation of host specific factors as being required for 

interference may be extended to show that host specific factors are 

also required for establishment of the persistently infected cell 

state. If this were not the case then BHK cells persistently infected 

with Inkoo or Uukuneimi would have been established during the 

corresponding primary infections. 

DI Particles 

The ability of PI virus to interfere with standard virus growth 

and the presence of a nonstandard or aberrant virus specific RNA 

profile implies that the virus population released from the Inkoo 

persistently infected cells contain defective interfering (DI) 

particles (see introduction). Defective interfering particles interfere 

with homologous standard virus growth. Defective interfering particles 

also require standard virus replication for DI virus replication, 

assembly and virus release into culture media. Virus from persistently 

infected Aedes albopictus cells interferes with standard virus growth 

and has an aberrant RNA profile. DI virus particles have not been 

purified to homogeneity. To fit the classical definition of DI 

particles a purified DI population must not be able to grow in the 

absence of standard virus. Defective interfering (DI) virus particles 
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have been characterized from BHK-21 cell cultures infected with 

Bunyawamera virus (Kascsak and Lyons 1978). The DI particles have been 

purified from this virus-cell system and have been shown to interfere 

with standard virus growth when co-infected with standard virus on BHK 

cell. BHK cell generated DI particles do not interfere when Aedes 

albopictus cells co-infected with standard Bunyamwera virus. DI virus 

populations generated in our laboratory, during Aedes albopictus cell 

culture infection with the Bunyavirus Inkoo, are the first to be 

characterized baving resulted from invertebrate cell infections. 

The Bunyavirus tripartite genome and the presence of more than 

one of the M and S genome segments per virus particle potentially 

allows for the defective (non-standard) virus genome to be present in 

each virus particle along with a complete complement of standard virus 

genome. It may not be possible to purify a virus particle having only 

the defective (aberrant) RNA profile from the persistently infected 

Aedes albopictus cell cultures as they exist at present. One approach 

to overcome the difficulty is to clone cell lines from the persi~tently 

infected population. Cell clones may produce a stable virus population 

which has an aberrant RNA profile, and which is defective as well. 

Persistent Virus Return to Vertebrate Cells 

Virus from Inkoo persistently infected Aedes albopictus cells 

grows in BHK cell cultures. When virus from Inkoo or Uukuneimi 

persistently infected cells is used to infect BHK cell cultures the 

following is observed: (1) plaque morphology returns to that of 
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standard virus, (2) cell death occurs, and (3) as can be seen in Figure 

16, the intracellular RNA profile appears much like that of a standard 

virus infection. The profile seen intrace11u1ar1y in Aedes a1bopictus 

cells persistently infected with Inkoo virus contains sub-genomic virus 

specific RNA species not observed during BHK cell infections with 

standard virus (see Figure 4). The subgenomic RNAs were also present in 

virus isolated from persistently infected cell culture media. The same 

virus was used to infect BHK cell cultures. The subgenomic RNAs are not 

represented as newly synthesized RNA species which would have been 

labeled during infection. There are some high molecular weight RNA 

species present which have not been identified relative to the genome 

segments L, M or S. Possible interpretations of this data suggest that 

replication of subgenomic RNAs present in virus from persistently 

infected cells is selectively repressed during BHK cell infection or 

that only complete standard virus particles enter and replicate in BHK 

cells. 

Comparative Effects of 
Bacillus thuringiensis var. Isra1ensis Cytotoxin 

The cytotoxic effects of Bacillus thuringiensis var. Isra1ensis 

toxin have been assayed in Aedes a1bopictus cell cultures. The response 

of persistently infected Aedes a1bopictus cells to toxin has also been 

determined. A Bacillus thuringensis var. israe1ensis (Bti.) strain 

HD-567 spore extract obtained from Dr. J. Aronson, was tested for 

cytotoxic activity in Aedes a1bopictus cell culture. Previous 

experiments have indicated the toxin has larvicidal activity (Goldberg 
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and Margalit 1977). Dilutions of toxin were made in MM/VP12 media plus 

20% FBS and incubated on mosquito cell monolayers. At a 1/20 toxin 

dilution in tissue culture media uninfected cells became detached from 

culture dish surface. Inkoo and Uukuneimi persistently infected cells 

were unaffected. Uninfected cells do not reattach to the culture dish 

while persistently infected cells continue to grow. Results indicate 

that uninfected cells are susceptible to the cell killing effects of 

toxin. However, both Inkoo and Uukuneimi persistently infected cells 

are resistant to the cytotoxic effects of Bti. toxin. BHK cells treated 

in the same manner with dilutions being made in DMEM plus 10% FBS are 

also unaffected by the presence of toxin. 

Toxin activity can be destroyed by heat inactivation. The 

cytotoxicity can be eliminated if the dilutions in media are first 

incubated at 560 c for 30 minutes. Toxin activity is stable in media 

incubated 16 hours at 37 0 C. In collaboration with Dr. Elizabeth 

Davidson (Arizona State University, Tempe, Arizona) all toxin samples 

assayed in tissue culture were also tested for larvicidal activity. 

First instar larvae of the mosquito Culex quinquefasciatus were assayed 

as previously described (E. W. Davidson, 1982). Positive tissue culture 

cytotoxicity with uninfected Aedes albopictus cells, always correlated 

positive in the larvicidal assay as well. The tissue culture assay 

system is considered an accurate correlate to mosquito larvae toxicity. 

The absence of a cytotoxic affect is not due to a gross loss in 

the ability of toxin binding the cell surface. When increasing numbers 

of cells are incubated with a constant amount of toxin the cell killing 

activity can be effectively removed from the culture fluid. Table 2 



Table 2. Adsorption of Toxin by Preincubation with Cells 

Cell 

A. alb. - -

A. alb/INK 
P129 

C5/35 

C5/35-INK 
P20 

Preadsorptionl with: 

Number 

1 x lOB 

5 x 107 

1 x 107 

1 x 105 

1 x lOB 

1 x 107 

1 x 105 

2.9 x 107 

1.45xl07 

2.9 x 105 

2.9 x 105 

1 x lOB 

1 x 107 

1 x 105 

Toxin Effect2 

+/-
+ 

+/-

+ 

+/-

+ 

+/-

58 

1. Preadsorption: a constant amount of BTl Toxin was incubated with 
the indicated number of cells in media at 2BoC for 3 hours. Cells 
were removed an the media was used to treat susceptible cells. 

2. Toxin effect: susceptible cells (normal cells) were treated with 
preadsorbed toxin for 15 hours. Effects were scored as -, no 
effect; +/-, some cells surviving; +, all cells killed. 
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indicates these results. After a defined incubation period, cells were 

pelleted from the media. The supernatant (culture media) is then added 

to susceptible uninfected cell monolayers to assay for cell killing. 

The data indicates that not only is binding still occuring with 

persistently infected cells but, the relative efficiency at removing 

toxin from the culture fluid is nearly identical to that of uninfected 

cells. This may be interpreted as there being the same level of cell 

surface binding. The ability to bind toxin to persistently infected 

cells may, however, be non-specific. If two 'classes of toxin receptors 

are present on the cell surface and the receptor mediating cell killing 

is present in lower numbers than in these experiments, its absence 

could not be detected. The differential response to the cytotoxic 

activity of Bti. toxin is considered characteristic of Inkoo and 

Uukuneimi persistently infected Aedes albopictus cell state. 

The site of cytotoxic (cell killing) activity may, however, be 

in question. Previous interpretations as to the site and mechanism of 

cytotoxic activity imply cell surface receptor binding followed by 

disruption of membrane integrity in uninfected Aedes albopictus cells 

assayed. Persistently infected cells do bind toxin but membrane 

function is not interrupted as determined by trypan blue dye exclusion. 

A second test for membrane integrety determined the level of 

glucose-6-phosphate dehydrogenase (G-6-PDHase) in cell culture media 

(Table 3). The reduction of nicotinamide adenine dinucleotide phosphate 

(NADP) was measured at 340 nm. Increased enzyme activity in culture 

media is an indication of leakage from the cell cytoplasm. The data 

indicates that higher levels of G-6-PDHase activity is found in the 
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Table 3. Effect of BTl Toxin on Mosquito Cells in Culture 

Cell Toxin Ce 11 Vi abil i ty 

Treatment Effect (1 ) % Non-Viab1e(2) G-6-PDHase(3) 

A. alb. 1.4% 0.010 

+ + 83.0% 0.220 

A.a1b/INK 7.9% 0.009 
P129 

+ -(4) 37.8% 0.077 

1. Toxin effect: -, no change in cells; +, cells come off plate and 
eventually lyse. 

2. % non viable cells: determined by trypan blue dye inclusion. 

3. G-6-PDHase: amount of enzyme released measured as an activity in 
media divided by activity in media and cells. Assayed as reduction 
of NADP, recorded at 340 nm. 

4. In a few experiments, the infected cells show some effect, but the 
cells recover and are not killed. 
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culture media of uninfected Aedes albopictus cells compared to that 

found in persistently infected cells treated simillarly. Presumably 

membrane integrity is therefore maintained. There may be some other 

site responsible for cell death which is altered in some way during the 

establishment or maintenance of persistence. Possibly an 

internalization step and/or processing of toxin which may be required 

for cell killing has been interrupted in the persistently infected cell 

state. Collaborations with the Yale Arbovirus laboratory are in 

progress to determine if a differential larvacidal activity is observed 

between infected and uninfected larvae, such experiments might 

complement results obtained with tissue cultured cells. 

Molecular Cloning of Bunyavirus Genome 

Recombinant DNA clones have been constructed which represent 

the genome of the Bunyaviruses Uukuneimi and Inkoo. Figure 17 outlines 

the strategy used to convert the negative sensed, tri-partate genome of 

both Uukuneimi and Inkoo genome RNA into double stranded DNA (dsDNA) 

molecules modified for insertion into linearized and deoxyguanosine 

(dG) extended plasmid pBR322. 

Media from infected BHK cells was clarified of cellular debris. 

PEG precipitated virus was pelleted out of suspension, resuspended in 

buffer and layered over a 9.5%-38% renografin gradient. A typical 

profile after fractionation is displayed in Figure 18. Appropriate 

fractions were collected, virus was pelleted, resuspended in 0.5% SDS 



Fig. 17. Outline of Cloning Strategy. 

The enzymatic conversion of Inkoo or Uukuneimi viral RNA 
into DNA molecules to be cloned is presented. Dashed lines 
represent RNA molecules, solid lines represent DNA 
molecules and double stranded dsDNA is represented as 
double solid lines. Molecular termini are labeled accordingly. 
Enzymes used are numbered as follows: (1) polynucleotide 
phosphorylase, (2) AMV reverse transcriptase, (3) indicates 
hair pin secondary structure resulting from cDNA synthesis, 
(4) Klenow fragment of Polymerase I second strand synthesis, 
(5) S1 nuclease digestion, (6) terminal deoxynucleotidyl 
homopolymer extension, (7) Pst I linerarization of pBR322, 
(8) terminal deoxynucleotidyl homopolymer extension, 
(9) annealing reactions and (10) transformation of E. coli. 
strain C600. 
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Fig. 18. Virus Purification. 

Radiolabeled virus is layered onto a 9.5%-38% renografin 
gradient. Centrifygation is for 16 hours in a SW28 rotor 
at 26,000 rpm at 21°C. Direction of sedimentation is 
from right to left. Fractions were collected and counted. 



plus O.2M NaAc pH 5.4, phenol extracted and ethanol precipitated as 

described in Materials and Methods. 
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Genome RNA thus isolated was then polyadenylated using 

polynucleotide phosphorylase in order to provide a template for oligo 

- CdT)10_12 primed reverse transcription. Polynucleotide phosphorylase 

displays a template-independent activity which polymerizes the ADP 

substrate into poly A stretches which are not linked to the 3' end of 

the isolated viral genome RNA. The template-independent activity limits 

the techniques available to assay the template-dependent poly A 

additions which in this case is the polyadenylation of the genome RNA 

3' end. Trichloracetic acid (TCA) precipitation will also precipitate 

the template-independent polymerization products as well as the 

template-dependent products. The size of the template independent 

polymerization products are large enough to preclude purification on 

sucrose gradients, or by oligo (dt) column chromatography. However, 

sucrose gradient analysis can be used to show that enzyme directed 

addition to the 3' end of the Uukuneimi RNA genome does occur. Figure 

19 presents data indicating these activities. Panel A shows 

polynucleotide phosphorylase directed polyadenylation of 28s ribosomal 

RNA. Panel B shows polyadenylation of purified Uukuneimi RNA. The three 

genome segments can be distinguished in the gradient by incorporation 

of 3H_ADP into the 3' extended poly A tail. Presumably, 

polyadenylation proceedes equally well on all three genome segments. 

Complementary DNA (cDNA) was prepared using AMV reverse 

transcriptase. Reverse transcription using AMV reverse transcriptase is 

primed with a large molar excess of oligo (dt)10_12' The large excess 
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Fig. 19. Polynucleotide Phosphorylase Directed Polyadenylation of RNA. 

Polyadenylated RNA is centrifuged at 2',000 rpm for 16 hours 
at 2'oC in an SW28 rotor. Direction of sedimentation is 
from right to left. Panel A is 28s rRNA after polyadenylation. 
Panel B is Uukuneimi viral RNA after similar polyadenylation 
reactions. Viral RNA markers run in parallel are designated 
L (large), M (medium) and S (small). 
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used should saturate much of the poly A stretches, covalently linked to 

genome RNA, and therefore push initiation of cDNA synthesis towards the 

precise 3' end of the Bunyavirus genome. This should also eliminate 

much of the potential cDNA product that may result from reverse 

transcription of free poly A stretches, representative of the template 

independent activity of polynucleotide phosphorylase. Products of 

reverse transcription or first strand synthesis were then based 

hydrolyzed by adjusting to O.1M NaOH and incubation at 600 C for 10 

minutes. The RNA portion of the RNA:DNA hybrid is removed leaving only 

cDNA sequences complementary to the genome RNA transcribed. 

Conversion of first strand synthesis products (cDNA) into dsDNA 

was performed using the Klenow fragment of DNA polymerase I. After 

neutralization the DNA template for second strand synthesis is phenol 

extracted and ethanal precipitated. The DNA dependent DNA polymerase 

activity of the Klenow fragment of E. coli. polymerase I is used to 

convert the first strand product into dsDNA. The double stranded primer 

required for second strand synthesis forms spontaneously as a result of 

a hairpin secondary structure formed, and is a consequence of first 

strand synthesis. The 3' end of first strand synthesis base pairs with 

a complementary nucleic acid sequence closer to the 5' end resulting in 

the formation of a hair pin structures. The 3' end of the first strand 

synthesis is now base paired and serves as the double strand primer 

required for second strand synthesis. 

After phenol extraction and ethanol precipitation the dsDNA 

product is trimmed and blunt 'ended with 81 nuclease. Products of second 

strand synthesis may have single strand DNA sequences resulting from 
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incomplete second strand synthesis. The single strand DNA arms would 

represent first strand transcription products of reversetranscriptase, 

these would be removed by S1 digestion. The hairpin structure which 

primed second strand synthesis is also digested and trimmed by S1 

nuclease because of its single stranded character. The loss of 

sequences involved in the formation of the hairpin structure implies 

that all clones (double strand DNA products) will not represent 

complete, end-to-end, copies of genome RNA. Information lost would 

represent those sequences representing the 5' end of genome RNA. If 

second strand synthesis is incomplete as well then sequences 

representing the 3' portion of genome RNA may also be lost during S1 

'nuclease digestion. Clones produced therefore may not represent full 

length DNA complements of genome RNA directed DNA products. 

Data representative of the above enzyme reactions are presented 

in Figure 20. Nuclease S1 digestion of first strand synthesis products 

completely degrades the single strand molecules as expected, lane C. 

First strand products before S1 digestion are displayed in lane B. 

Products of second strand synthesis before S1 are digestion represented 

in lane D. After S1 digestion, products remaining are aproximately half 

the length of the s'econd strand products before S 1 digestion. The 

expected change in size of second strand products after S1 digestion 

results from cleveage of the hairpin loop structure which forms as a 

consequence of reverse transcription. The hairpin structure primes 

second strand synthesis, and is retained in the dsDNA products. The 

denaturing gel used to analyze DNA products separates the complementary 

strands. Second strand products before S1 digestion however are still 



Fig. 20. Alkaline Gel Analysis of DNA Synthesis. 

Alkaline agarose gel analysis displaying products of 
Uukuneimi DNA synthesis. Molecular weight markers are 
kinased Lambda Sst I and Eco RI restriction fragments, 
lane A and D respectively. Lane B shows products of 
first strand synthesis. Lane C, first strand products 
treated with S1 nuclease. Lane D is second strand 
synthesis products and lane E second strand products 
treated with S1 nuclease. 



A B 

,'. 
" 

c D E 

Fig. 20. Alkaline Gel Analysis of mJA Synthesis. 

73 

F 



79 

connected by virtue of the hairpin structure. After S1 digestion 

accurate lengths of the blunt ended single strand molecules can be 

determined. Lambda phage DNA digested with Sst1 and R1, then end labled 

as described in Materials and Methods were used as markers, lanes A and 

F respectively. The average size of the DNA molecules representing the 

Uukuneimi virus genome is aproximately 1500 nucleotides. Assuming the 

Uukuneimi small (S) genome segment is 1900 nucleotides, medium (M) as 

3500 and large (L) 8000, DNA molecules produced could represent full 

le~gth copies of the S genome segment, and less than full length 

molecules representing the M, and L genome segments. 

Double strand blunt end molecules are modified for insertion 

into the appropriate vector by 3' deoxycytosine extention 'with terminal 

deoxynucleotidyl transferase (TdT). Extensions were calculated to be 

aproximately 15-20 residues long and were considered to be of 

sufficient length to provide stable structures after annealing with 

deoxyguanosine modified pBR322 molecules. 

The eDNA molecules were then annealed with deoxyguanosine 

extended pBR322 DNA as described in Materials and Methods. Competent 

bacteria (E. coli. strain C600) are prepared and transformed as 

described in Materials and Methods. Successful transformants are 

screened on agar plates containing 15 ug/ml tetracycline. Colonies 

growing are considered positive for receiving pBR322 conferring drug 

resistance. Replica plating on agar plates containing the antibacterial 

drug ampicilin screens for colonies positive for receiving pBR322 

molecules with an insert of DNA representing the Bunyavirus genome. 

Insertions are within the beta-Iactamase gene which directs resistence 
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to ampicilin. Insertions therefore destroy drug resistance by 

interupting the correct gene coding sequence. Colonies which do not 

grow are positive for recombinant molecules representing the DNA pool 

prepared. 

Plasmid pBR322 originally linearized at the single Pst 

restriction site and successful for insertion with (dC) modified dsDNA 

representing Uukuneimi genome sequences should regenerate the Pst 

recognition site. Terminal deoxynucleotidyl transferase extension of 

Pst cut pBR322 with deoxyquanosine replaces the 3' most deoxyguanosine 

which after Pst digestion is the 5' end nucleotide. After ligation with 

deoxycytosine extended dsDNA intended for insertion the Pst restriction 

site (5'CTGCAG3') is intact. There are now two Pst restriction sites, 

each flanking the insert DNA. Digestion with Pst can therefore be used 

to remove the insert in its entirety. 

Pst digestion of clones yields at least two fragments; one is 

linearized pBR322, the other represents the cloned DNA. If there are 

additional Pst sites within the cloned DNA they will also be excised. 

Further analysis of clones by restriction enzyme digestion confirms 

drug screening and allows further characterization of inserts. Data 

representative of this analysis is presented in Figure 21. Cloned 

pBR322 with its insert was prepared from 4.0 ml mini-prep cultures. The 

restriction pattern after digestion with Pst yields additional DNA 

bands representing the insert DNA. Digestion of pBR322 alone, without 

an insert gives only one band representing the linearized pBR322 

molecule. The smears at the bottom half of the gel result from RNA 

contamination of mini-preps. It can be seen that the Uukuneimi clones 



Fig. 21. Pst Digestion of Uukuneimi Clones. 

1.5% agarose gel profile of DNA products of cloned 
recombinant plasmid digested with Pst. A pattern with 
more than one band is indicative of a successful insert 
into the Pst recognition sequence. Its successful 
regeneration flanking the insert allows the insert to 
be excissed and seperated by argarose gel analysis. 
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Fig. 21. Pst Digestion of Uukuneimi Clones. 
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digested have varying sized inserts present. The precise relationship 

to the Uukuneimi genome RNA, molecular weight of the insert, and 

sequence analysis of clones remains to be completed. However, the data 

does confirm previous drug screening for positive DNA insertion. 

Additional analysis should include hybridizations to specific 

probes to identify genome origins of inserts; sequencing of cloned DNA 

representing Uukuneimi and Inkoo genome. Further use of the clones once 

characterized will be to analyze molecular events and processes 

specific to Bunyavirus growth in vertebrate as well as invertebrate 

cells. The DNA clones will be invaluable in further analysis of the 

persistently infected cell state. These analyses will enable future 

investigators to confirm similarities and/or dissimilari·ties between 

the persistently infected cell state generated and characterized in 

tissue culture (this dissertation) with the state of the virus as well 

as the state of the cells during growth in its invertebrate vector-host 

in nature. 



CHAPTER 4 

DISCUSSION 

Summary 

Aedes albopictus cell cultures support the growth of both 

Bunyviruses Inkoo and Uukuneimi. Inkoo grows to similar titers as 

reached during growth in vertebrate BHK cells. Uukuneimi also grows in 

Aedes albopictus cells but the titers reached are 103 of that reached 

during BHK cell infections. Aedes albopictus cell infections with 

either Inkoo or Uukuneimi do not result in cell killing or in the 

production of CPE. BHK cell infections with Inkoo or Uukunemi result in 

cell death. The stable cell lines resulting from Aedes albopictus cell 

infections with either Inkoo or Uukuneimi are ~haracterized as being 

persistently infected with the appropriate virus. The characteristics 

of the persistently infected cell lines includes the continued absence 

of detectable CPE, resistence to homologous virus superinfection while 

supporting heterologous virus superinfection, and the continued release 

of virus particles into the culture medium. The Inkoo persistently 

infected Aedes albopictus cells release some virus particles,capable of 

forming plaques on BHK cell monolayers. Plaques are not produced when 

supernatant from Uukuneimi persistently infected Aedes albopictus cells 

are plaque assayed on BHK cell monolayers. 

83 
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Virus released from Inkoo persistently infected cells 

interferes with standard virus growth when co-infected on Aedes 

albopictus cells but not on BHK cells. Along with the aberrant RNA 

profiles of virus released from persistently infected Inkoo cells and 

the interference of standard virus growth during co-infection the virus 

is considered to be DI-like. What is necessary to strictly fit the 

classical definition of 01 particles (see introduction) is a purified 

01 virus population which demonstrates an inability to replicate 

without the presence of helper virus. 

Inkoo and Uukuneimi persistently infected Aedes albopictus 

cells are resistant to Bti. cytotoxin activity. Uninfected Aedes 

albopictus cells as well as BHK cells are killed by the toxin. 

Recombinant DNA technology applied to Bunyavirus genomes has 

resulted in the construction of DNA clones representing the Inkoo and 

Uukuneimi genomes. Further analysis will provide data regarding virus 
I 

structure and function and provide additional probes to be used in 

analysis of the ~olecular mechanisms leading to the establishment and 

maintenence of the persistently infected cell state. 

Virus Host Relationship 

The infection of Aedes albopictus cells with the Bunyaviruses 

Inkoo and Uukuneimi has allowed the characterization of a number of 

early events leading to the persistently infected cell state. An 
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advantage of-this cell-virus system in establishing persistence has 

been the ability to use standard (wild type) virus at relatively low 

MOl in the absence of detectable cell death or CPE. The early molecular 

events are not masked by related events associated with a lytic cell 

infection (death of infected cell). Presumably the lack of CPE and the 

low MOl used to establish persistence closely resembles characteristics 

of the insect primary infection via engorgement of a blood meal from a 

viremic ~ertebrate. The volume of the blood meal taken during 

engorgment aproximately equals the female's body weight at the time of 

feeding (Christophers 1960). If the feeding female weighed aproximately 

0.78 mg, the volume of blood taken would be aproximately 78 microliters 

(ul). If, for example, the viremic vertebrate had a circulating virus 

titer of 105 PFU/ml then the number of virus passed to the 

invertebrate would be aproximately 100 PFU. 

Tissue culture infecti~ns of m.o.i. 0.1-0.01 PFU/cell may more 

accurately resemble the infection of the feeding uninfected female 

mosquito. It is difficult to determine what the relative m.o.i. would 

be for the primary insect infection, but it seems safe to assume it 

would be much less than that which is often used during tissue culture 

infections. The point is that additional virus growth and re-infection 

of adjacent cells is required in order to reach the levels of cells 

supporting virus growth that have been observed by EM anlysis of 

infected insects. The re-infections are with virus particles which have 

now aquired invertebrate membrane components. The invertebrate derived 

membrane components may alter or modify the virus-cell specificity or 

even virus stability. 
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Viruses which are pathogenic in a number of vertebrate and 

plant hosts are delivered to the host through an insect vector. In 

certain instances the infected vector is a carrier and potential 

horizontal transmitter throughout its life. The female mosquito will, 

for example, release infectious virus into its appropriate host while 

taking a blood meal. The potential for vertical (transovarial) 

transmission has been documented in a number of instances. Transovarial 

(vertical) transmission may relieve some of the pressures for 

successful virus dissemination through the primary infection cycle of 

the uninfected female mosquito. 

The molecular organization of the virus during the insect 

portion of its life cycle is at present difficult to determine. 

However, if the biological properties of virus isolated from infected 

mosquito cell cultures is similar to those of virus being transmitted 

from insect to host then the molecular events occurring in tissue 

culture may also reflect those occurring in the insect and are, 

therefore, of interest. 

Characteristics of Infections with Virus from PI Cells 

Uukuneimi and Inkoo infections have not produced detectable 

CPE while continuing to release virus (PI virus) into Aedes albopictus 

cell culture fluid. The plaque morphology of PI virus released from 

Inkoo infected Aedes albopictus cells has remained heterogeneous during 

two years of continuous cell culturing. Heterogeneous plaque morphology 

is a characteristic of both primary infections and persistently 
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infected Aedes albopictus cell cultures infected with Inkoo virus. 

Arboviruses which have been plaque assayed directly from insect 

homogenates have also displayed a heterogeneous plaque morphology. 

Plaque morhology data assayed directly from Inkoo infected insect 

homogenates is not avalible for comparison with PI virus from tissue 

culture infections. 

If, however, similarities between PI virus released from 

persistently infected mosquito cell cultures and that characterized 

from arthropod vectors of field virus are confirmed, then it may be 

postulated at that time that field virus is carried by the infected 

mosquito in a persistently infected cell state. Additional 

characterization is certainly necessary before conclusive evidence is 

obtained. The virus specific RNA profile from infected insects should 

be compared to that obtained from infected tissue culture cells. Virus 

persists in the insect in such a way that enables it to infect and 

begin a lytic replication cycle when presented to its appropriate host. 

PI virus isolated from Inkoo persistently Aedes albopictus cell 

cultures also begins a lytic replication cycle when presented to 

vertebrate cells in culture. 

Heterogeneous plaque morphology may indicate modifications 

acquired during growth in Aedes albopictus cell culture which are 

involved in re-establishing standard virus growth in the vertebrate 

host. Possible interpretations include, (1) an altered rate of 

replication, (2) the virus has become more or less virulent, (3) an 

heterogeneous plaque morphology may indicate the presence of defective 



particles, or (d) is an indication of less faithful replication 

(fidelity of transcription) or translation. 
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The structural organization as well as the genome organization 

of PI virus being presented to the host cell may be of interest. For 

example, is the ability to return to a standard virus replication 

(growth) pattern reflected in the glycoprotein moieties of the PI virus 

particle? There may be a subpopulation of PI virus particles for which 

the glycoproteins are specific for mammalian host cell surface 

receptors. The remaining PI virus particles lack these receptor 

complements and never or rarely enter an environment permitting 

replication of the genome it carries. Alternatively, PI virus enters 

the cell, is uncoated but fails to replicate because of the absence of 

polymerase or because the polymerase present is not functional. 

The total weight of virus specific nucleic acid in a PI virus 

particle may be that of standard virus but represent subgenomic RNA's 

of either sense •. The subgenomic RNAs may lack recognition sequences 

required for replication and/or translation. If replication was 

successful, but there is not a full complement of standard virus genome 

present, i.e. L, M, and S RNA, then standard virus would not be 

produced, and the RNA profile would remain aberrant. The data presented 

when BHK cells were infected with PI virus from persistently infected 

Inkoo cells indicates an absence of the subgenomic RNAs which were 

present in the persistently infected mosquito cells. 

During animal infections resulting from virus delivered via an 

insect vector standard virus present may be able to effectively escape 

dectection by the host immune system. Escape may result from the 
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presence of a large population of virus particles incapable of standard 

virus growth (DI particles) but which are capable of stimulating a host 

immune response. Therefore, standard virus from a persistently infected 

mosquito, which also contains a significant proportion of DI particles, 

may sucessfuly infect the vertebrate host as a result of the ability of 

the non-standard PI virus to pre-occupy the host immune system. 

Attempts at purification of a DI virus population by either 

velocity gradient sedimentation or density gradient centrifugation have 

been unsuccessful. Within a virus particle the distribution of aberrant 

RNA species in the background of standard virus RNA is therefore 

difficult to determine. It can be seen that the population of Inkoo 

persistently infected cells is itself heterogeneous. While as a 

population the culture is restrictive towards homologous virus growth, 

only 0.1-0.01% of the cells are capable of forming plaques as 

infectious centers. Infectious centers were scored as the number of 

persistently infected ~edes albopictus cells capable of forming a 

plaque when plated on a BHK cell monolayer. Virus released from the 

persistently infected cell was therefore able to establish a lytic 

infection with subsequent virus release and re-infection of the 

surrounding cells. The plaques are again heterogeneous but, one has to 

wonder what virus-like particles or virus products are produced fro~ 

the rest of the persistently infected Aedes albopictus cell population. 

Cell cloning experiments would be a particularly useful approach to 

examine this property of the persistently infected cell population. 

Mechanisms which might allow virus from persistently infected 

cell cultures or a persistently infected insect to re-establish a 
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standard or wild type replication profile when infecting the 

appropriate host includes, host directed immune response, cell tropism, 

and modified replication or translation events. The data concerning 

return to standard virus growth properties in BHK cell cultures at 

present can not distingush between the mechanisms discussed, however 

the RNA profiles obtained indicate the absence of subgenomic RNA's 

which are present in the persistently infected Aedes albopictus cell. 

Further information may become available with cell clones from 

persistently infected Aedes albopictus cells which can be used to 

further characterize restricted virus populations more closely. 

Interference 

The ability of a virus population when co-infected along with 

homologous standard virus to decrease or alter the growth of the 

homologous standard virus is termed interference. In other words the 

virus population and/or the 01 particle present has interfering 

activity. Interference to standard virus growth may be achieved through 

a number of different mechanisms: 

(1) Competition between both viruses for a limited number of 

replication sites or complexes within the host cell. 

Poliovirus is an example of this competitive process in 

that each cell supports only a limited number of replication 

complexes. 



(2) There may be competition not for replicative complexes but 

instead for precursors or host specific factor(s) required 

for growth. 
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(3) The competitive processes resulting in decreased yields of 

standard virus may take place at the stage of virus assembly. 

If only standard Virus genomes are capable of directing the 

synthesis of viral structural polypeptides required for 

assembly and there is an equal likelihood for packaging 

either virus genome then a decreased yield of packaged 

standard virus results when they are present at sub-molar 

amounts relative to the interfering genome present. 

(4) Virus particles may contain a limited number of polymerase 

molecules, or polymerase molecules may be shared. One 

possible mechanism for establishing interference during 

early events of replication first assumes that the 

interfering virus has maintained the correct ratio of total 

protein:RNA, but has altered the molar ratio of molecules 

present. For example, every RNA molecule may not be associated 

with a molecule of polymerase. Every RNA molecule, therefore, 

may not have the same opportunity for replication or 

transcription into mRNA. Then, if adsorption and subsequent 

uncoating of virus (which presumably occurs before RNA 

synthesis begins) brings into proximity both the interfering 

and standard virus ribonucleoproteins, a number of 

interactions are possible. (a) The limited number of 

polymerase molecules present can initiate on only a few 
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molecules. If the interfering genome has a higher affinity 

for initiation, then these are selected preferentially. (b) 

If polymerase can be shared between templates in close 

proximity then a redistribution of initiation complexes 

occurs, favoring the more abundant genome present. In either 

case the resulting full length positive strand synthesized 

will be used as template for negative strand genome RNA 

synthesis, thereby continuing the synthesis of non-standard 

virus genomes preferentially. 

(5) One possible interpretation of the aberrant virus specific 

RNA profile obtained during primary infection (establishment 

of persistence) and during maintenance of the persistently 

infected cell state is that it arises from an altered virus 

specific transcriptase activity. The alteration could possibly 

occur through a host-directed modification of the polymerase 

molecule. The host modification would not be available in 

vertebrate cells, and therefore allows for standard virus 

synthesis. The factor may also be present in an invertebrate

vertebrate cell hybrid previously disscussed and serve to 

modify virus replication patterns. 

(6) A kinetic interpretation has been discussed in other virus 

systems in which shorter length genomes complete each round of 

replication faster than longer related genomes and therefore 

compete more effectively for replicative machinery than those 

requiring a longer time to finish (Huang 1977). However, the 

rate of synthesis is not different between DI and standard 
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virus genomes. The rate limiting step is the initiation of 

replication or translation. If the DI particle genome has a 

higher affinity binding site for polymerase than does standard 

virus then preferential initiation, transcription and 

replication would result. 

The mosquito cell interference assay system is complicated by 

two facts: (1) cell death does not occur and (2) virus growth continues 

resulting in the establishment of another persistently infected cell 

state. A decrease in the final yield of virus can therefore not be 

clearly interpreted as being an indication of interference. The data 

using standard Inkoo virus co-infected with Inkoo PI virus and Aedes 

albopictus cells indicates a lower rate of virus release which is 

inversely proportional to the amount of PI virus present and is 

referred to as interference activity. The mechanism responsible for 

this interference cannot be determined from data presented but may 

involve aspects of possibilities discussed above. 

Interference is not observed during co-infection of Inkoo 

standard virus with Inkoo PI virus on BHK cell monolayers. The lack of 

interference to standard virus growth in cells other than those from 

which the DI virus or PI virus was isolated has been observed in other 

systems as well. In at least one virus system (VSV) only the virus 

which produced the DI population is interfered with during co-infection 

(Holland et ale 1979). A functional but as yet unproven role for DI 

virus in the establishment and maintenance of virus populations, 

persistence and disease transmission has been examined, see 

introduction. 
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ts Mutants 

Temperature sensitive (ts) mutants are potentially involved in 

the maintenance of the persistently infected cell state (Preble and 

Youngner 1975, Fields and Raine 1974). Early passages (P6-P40 

approximately) of Inkoo persistently infected Aedes albopictus cells 

did not display a detectable variation in virus PFU at either 2SoC or 

o 37 C. However, when related long term passaged (P140) cells were 

examined, approximately 90% of the virus population exhibits a ts 

phenotype. One cannot say ts mutants were not present during early 

passages of Aedes albopictus persistently infected Inkoo cells, but 

their abundance would not suggest a significant potential for 

maintenance of the persistently infected cell state. The role of ts 

mutants in the maintenance of the persistently infected cell state at 

late times after establishment of persistence when 90% of the Inkoo PFU 

are displaying a ts phenotype cannot be determined.' Aedes albopictus 

cells grown at 370 C detach from the culture dish, do not reattach and 

do not grow in suspension. If cultures could be shifted to cultivation 

at high temperatures, the effects on ts virus specific functions which 

might be associated with the maintenance of the persistently infected 

cell state may become apparent. The ts phenotype is expressed only at 

low temperature (2SoC) and therefore, the ts virus may not be 

expressed in the mammalian host (37°C) under natural conditions. 

Temperature sensitive mutants may be a natural transition 

state (albeit artifactual) observed in cell culture that mayor may not 
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occur in the intact insect. The evolutionary pressures on the field 

virus genome are not comparable to the tissue culture system. Pressure 

on field virus is to maintain a wild type (standard) virus profile. 

However, the insect portion of the arboviral life cycle in the field 

need not be restricted to maintaining only a standard virus profile. 

Genetic drift has been described during persistent infections with VSV, 

Visna, Measles and Tahyna (California serogroup Bunyaviridae) and has 

been shown to play a significant role in the evolution of progeny virus 

(Hall, Kiessling and ter Meulen 1978, Davis and Nayak 1979, Scott, 

Stowr~ng and Haase 1979, Clements et ale 1980, Bardos and Pesko 1981). 

In fact the appearance of a non-standard virus RNA profile, plaque 

morphology and virus packaging may be structured in response to field 

opportunities. The insect portion of the virus life cycle can be 

considered as a time for experimentation, a time for genetic drift in 

the absence of host cell restrictions. The vertebrate portion of the 

arbovir~l life cycle re-establishes the requirements for a standard 

virus growth profile and selects for those modifications successfully 

introduced during growth in the insect vector-host. 

This is not to say that non-standard virus particles, ts 

mutants, DI particles or ribonucleoproteins (RNP's) which may be 

present in the insect vector are not significant. They may, infact, be 

the agents which in certain individuals or situations become 

responsible for the establishment of chronic infections, encephalitis 

or other neural disorders. Experiments with VSV DI virus inoculated 
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intracerebrally have produced chronic as opposed to acute infections in 

mice, suggesting the potential involvement of D1 and the disease state 

(Dolye and Holland 1973). The long term passage PI virus population, 

displaying a ts phenotype, has not been compared to early passaged PI 

virus for differences in the virus specific intracellular RNA profile 

present after re-infection of BHK cell cultures at 280 C and 37oC. 

It is not apparent, therefore, that DI particles or ts mutations 

present in the virus population are directly responsible for the 

establishment or maintenance of persistence in Aedes albopictus cell 

cultures. 

The DI or ts population present in virus from Inkoo 

persistently infected mosquito cells when incubated with BHK cells did 

not give rise to a persistently infected cell population. The data 

suggest, that host specific factor(s) may be involved in directing both 

the establishment and maintenance of the persistently infected cell 

state. Varriability in virus growth has been implicated with host cell 

properties (Sarver and Stollar 1977, Schlesinger 1975, Kowal and 

Stollar 1981). The mechanism responsible for the differential response 

to virus growth has not been distinguished. One interesting approach to 

this problem would be to construct cell hybrids between Aedes 

albopictus and BHK cells and then screen for cell clones which would 

not result in cell death or CPE upon infection with virus. Karyotyping 

cell hybrids should be relatively simple since there are only four 

mosquito chromosomes to be characterized. This is a biological approach 

to fractionating the host specific factor(s) involved and would be 

followed by more molecular approaches such as displaying virus specific 
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RNA profile, and virus specific protein profile possibly with 

monoclonal antibodies to virus proteins. Hybrids capable of growth at 

both 280 C. and 370 C. can be used with ts mutants to further 

characterize the molecular events responsible for non-lytic virus 

growth. Cell hybrids could also be used to distinguish events~ 

responsible for interference and resistance to super-infection. 

Superinfections 

Inkoo and Uukuneimi persistently infected Aedes albopictus 

cell cultures are refractile to homologous virus superinfection. Early 

cell passages of both Inkoo and Uukuneimi persistently infected cells 

support heterologous virus growth. The yield of heterologous virus is 

similar to that which is obtained during primary infection of 

uninfected Aedes albopictus cell cultures. When long term passage Aedes 

albopictus persistently infected Uukuneimi cell cultures were assayed 

for the ability to support virus superinfection the results were the 

same as with earlier passage cells. That is, homologous virus did not 

grow while heterologous virus growth was supported. However, when long 

term passaged Inkoo persistently infected Aedes albopictus cell 

cultures were tested, heterologous, as well as, homolognus virus growth 

was restricted. 

It has already been discussed that late term passage Inkoo 

persistently infected Aedes albopictus cells release into culture fluid 

a virus population which contains a significant percentage of ts PFUs 

of virus. The ts phenotype was not present during earlier cell culture 
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passages of the Inkoo persistently infected cell cultures. If taken to 

mean that the late term virus, and possibly the persistently infected 

cell state has changed since characterization at p24, then the 

superinfection data may also be a characteristic of this change. 

The negative slope of the superinfection experiments however, 

requires additional discussion. At least two possible explanations 

exist, (1) virus is slowly absorbed to cells, does not replicate, but 

is effectively removed from the pool of initially unabsorbed virus and 

not available to form a plaque; and (2) the unabsorbed virus becomes 

inactivated during extended incubation in culture and will not produce 

a plaque on the appropriate cell monolayer. Both suggestions could 

appear as a linear decrease in virus plaque forming ability. 

Inkoo persistently infected Aedes albopictus cells changed 

during aproximately 160 sub-culturings, from supporting CE virus growth 

to being completely non-supportive to CE virus superinfection. Other 

members of the California serogroup of the Bunyaviridae tested at 

passage 78 were TAH and LAC virus. Both were somewhat restricted, 

compared to titers during infection of uninfected cell cultures. Some 

virus growth did however occur. CE virus growth in P78 Inkoo 

persistently infected Aedes albopictus cells was still supported to 

yields similar to those resulting from primary infections. The data 

indicated that even at earlier times during sub-culturing, resistance 

to heterologous virus growth was incomplete. At latter passages of 

Inkoo persistently infected Aedes albopictus cells (passage 149) CE, 

LAC, TAH, and the virus reassortant LAC/TAH/LAC were all incapable of 

growth. The resistence to homologous, as well as heterologous, virus 
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growth is considered to be a characteristic of the population of Inkoo 

persistently infected Aedes albopictus cells composing the culture at 

late times after primary infection. 

The change was probably not synchronous for the entire cell 

population. The TAH, CE, and LAC infections of earlier passaged 

persistently infected cells did yield varring virus titers. Whatever is 

responsible for directing resistence to viral superinfection arises in 

the cell culture gradually, and spreads throughout the rest of the 

persistently infected cell population. The mechanism responsible for 

resistence to virus super infection could be either virus or cell 

directed. A cell specific factor could be released into the culture 

media at late term cell passages which gradually increases in 

concentration until inhibition to virus growth becomes obvious. The 

gradual increase could result from a gradual increase in the population 

of cells expressing the factor or the level of production increases in 

that sub-population of cells which are producers. Resistence to 

heterologous virus superinfection could also be spread throughout the 

persistently infected cell population by virus re-infection. The 

original cell population or sub-population in which the viral function 

directing resistence to superinfection became active releases virus 

particles which can then re-infect other cells and direct resistence in 

those cells as well. Both hypothesis result in a gradual increase in 

resistence to superinfection. Whether resistence is a function of the 

cell surface or results from aberrant virus replication, translation, 

or assembly has not been determined. 
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The negative slopes represent not only the persistently 

infected cells resistence to superinfection, but also indicates a loss 

of infectious virus titer from the culture media, as determined by 

plaque assay. Initial experiments to test for virus stability in 

culture media, without the presence of cells has shown that 

inactivation of infectous virus does not require the presence of cells, 

or cell debris. The culture fluid was clearified of debris before 

begining incubation. Heat inactivation experiments performed in 

colaboration with Ms. Sandra Bevacqua did not change the inactivation 

of virus during incubation. The preliminary interpretation from data 

which is presently at hand suggests that inactivation of viral PFUs is 

not mediated by enzymes in the culture media because they would have 

been destroyed during heat inactivation. The data points to an aspect 

of the virus particle itself. Inherent membrane virus instability has 

not been documented in the literature. Heterologous resistence to virus 

superinfection has been documented in one report with Alphaviruses 

(Eaton 1979). Sindbis virus infected Aedes albopictus cells were 

resistent to superinfection with the heterologous viruses Semliki 

forest virus, Una virus, or Chikungunya virus. The resistence to 

superinfection however, was transient. After aproximately eight days of 

culturing the Sindbis virus infected cells were then supportive to 

heterologous virus growth, although not to the levels reached during 

primary cell infections. 
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Virus Growth Analysis 

This information may require a re-evaluation or 

re-interpretation of membrane virus growth so as to include rates of 

inactivation. Corrected virus growth profiles will more acurately 

represent actual virus growth in various cells and media systems. If 

the virus growth rate equals the rate of inactivation then a plateau 

virus growth profile such as that in figure ~ may be obtained. For 

instance, the plateau shaped growth curve of LAC and TAH virus 

superinfection of early passaged Inkoo persistently infected cells may 

be re-interpreted to imply a low level of virus growth as opposed to an 

inability to superinfect. The low level of virus growth is sufficient 

to compensate for the observed (inherent, or enzyme mediated) virus 

instability. Alternaively, limited growth may be a result of a specific 

sub-population of sussceptible cells present at earlier times of cell 

passage. Low level virus production could also be due to a greatly 

decreased replicative potential throughout the persistently infected 

cell population. Allor most of the cells present support virus growth 

poorly. Infectious center assays of superinfection experiments may 

present information which will aid in further interpretation. 

It is difficult to interpret the virus stability results 

relative to the life cycle of Bunyaviruses in nature. Virus instability 

may be a property of the tissue culture systems used, and should 

therefore be considered artifactual, but still necessary for the 

correct interpretation of tissue culture experiments. However, virus 

instability may be of importance during some aspects of the 

insect-vertebrate cycle. There may, for instance, be a vir~l 
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"half-life" which can be extrapolated to a potential for virus 

infection. That is to say, if virus presented to a host whether 

vertebrate or invertebrate, does not encounter a susceptible cell for 

growth quickly enough it may be effectively removed from the 

circulating replicative gene pool by inactivation. Inactivation may be 

quite significant if only a few plaque forming units of virus are 

presented to a specific host at anyone time via invertebrate 

transmission; this may also be added to the already mentioned selective 

pressures on field virus which are not realized in laboratory 

situations. For example, requirements to maintain a'standard (wild 

type) charactiristic, as well as growth, virulence and transmission 

potential through the arthropod portion of the virus life-cycle. If a 

more stable subpopu1ation of virus exists it may have an increased 

potential for initiating the disease state and should be investigated 

further with this in mind. 

Similar results concerning virus stability and virulence has 

been investigated during reovirus infections of mice (Ramig, Cross and 

Fields 1977, Weiner, Powers and Fields 1980, Weiner et.a1. 1977, Rubin 
.... ,...--. 

and Fields 1980). Reasortants between reovirus serotypes have 

identified the S1 genome segment as responsible for neuroviru1ence when 

inoculated intra-cerebrally. However the M2 genome segemnt also 

influences virulence during enteric infections. The M2 gene product is 

the outer capsid" polypeptide. Virus sensitivity (stability) to the 

gastric environment has been directly related to the outer capsid 

polypeptides resistence to proteolytic digestion. The more resistent 

strains are considered to be more virulent. 
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The negative slopes observed in data from superinfection 

experiments as well as the relative instability of various California 

group viruses in media clearified of cells and debris may result in 

similar conclusions with regards to virus stability and virulence in 

specific environments. Further analysis of the mechanism of 

inactivation is however necessary before conclusive data is available. 

Characteristics of Toxin Response 

The development of a tissue culture assay system for the 

cytotoxic activity of Bacillus thuringensis var. Isralaelensis (Bti.) 

toxin has allowed further characterization of the persistently infected 

cell state. Dilutions of toxin preparations received from Dr. John 

Aronson were made in complete tissue culture media and then applied to 

the appropriate cell monolayer. Uninfected Aedes albopictus cells were 

killed in this assay system while BHK cells were unaffected at either 

28°C or 37oC. However, a differential response has been recorded 

when late passage persistently infected Aedes albopictus cells are 

treated with toxin. The persistently infected cells were not killed 

when incubated with Bti. cytotoxin at comparable dilutions. Experiments 

to determine if this is an isolated response to toxin or if there 

exists some commonality between other persistently infected Aedes 

albopictus cell lines is continuing. 

Experiments to show the retention of cell surface receptors 

specific for toxin have centered around the ability of cells 

preincubated with media plus Bti. toxin to remove the cell killing 
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activity from the culture fluid. Both persistently infected and 

uninfected cells remove toxic activity equally well under these 

conditions. The data suggests the absence of large differences in 

binding of toxin present and/or differences in the cell surface binding 

constant for toxin. Experiments performed to date could not distinguish 

between these two possibilities nor could it detect a ten-fold 

difference in either value. More accurate information using 

radiolabeled toxin is necessary for precise characterization. Future 

experiments shoul¢ include attempts at identifying toxin specific cell 

surface receptors, if present. One approach would be to use protein 

transfers from acrylamide gels to nitrocellulose filters, which can 

then be probed with radiolabeled toxin. 

The data may also suggest additional levels of toxin activity. 

For example, modifications in the translational and transcriptional 

activity after an internalization and/or processing pathway may be 

interrupted. Similar results have been described concerning the 

cytotoxic activity of Diptheria toxin so are not without precedent 

(Miskimins and Shimizu 1979, Gilliland et al. 1980). These activities, 

if they exist, may be blocked in the persistently infected cell state. 

Experiments are planned to determine if the differential 

activity of Bti. toxin observed with persistently infected cells in 

culture is also observed with infected larval stages during insect 

development. The commercially available toxin is designed for field 

application, the target being larval stages of mosquito development. 

The question is whether the larvae target which may have had virus 

passed transovarially or passed transovum is persistently infected and 
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resistant to the larvacidal activity of Bti. toxin. The potential 

consequence cannot be ignored. The population of insect vectors 

carrying (transmitting) virus in the field may be radically altered. If 

the percentage of insects carrying virus is increased, it seems logical 

to assume that the potential for virus disease transmission also 

increases. 

Alternatively, the tissue culture results may be totally 

artifactual, and of no consequence in field applications of Bti. toxin. 

In this case the variation between uninfected and persistently infected 

cell cultures may be used as a handle to study the molecular events 

associated with the maintenance of the persistently infected cell 

state. For example, would the persistently infected cell hybrid already 

discussed also become resistant to the cytotoxic activities of Bti. 

toxin. 

Comparisons Between Cell Culture and the Intact Insect Systems 

Similarities between cell culture and the whole insect have 

been suggested. The model which has been the focal point in the 

experiments discussed is presented in Figure 22. Arboviruses can be 

transmitted transovarialy within the arthropod population. Transovarial 

transmission lessens the requirement for the uninfected female to be 

inoculated with virus during engorgement on a viremic vertebrate host. 

A potential complication is the unrestricted genetic drift which would 

occur in the absence of selective pressures for standard virus growth 

properties during uninterrupted successive cycles through the 

vertebrate host. In tissue culture, invertebrate infection results in 
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Fig. 22. A Representative Arboviral Life Cycle. 

Diagram represents both vertebrate and invertebrate portions 
of the arbovirus life cycle. The diagram also indicates the 
interrelation required for virus dissemination. Horizontal 
and verticle trasmission as well as the suggestion of Dr 
mediated growth properties are distinguished. 
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the establisment of the persistently infected cell state which will 

change characteristics without selective pressures for standard virus 

growth. 

The long term characteristics of persistence include the 

appearence of ts mutants ~nd DI particles. One would expect further 

evolution of the virus genome in the absence of the selective pressures 

required to maintain standard virus infectivity to be towards 

non-infectious virus particles. Once infected, virus grows in the 

arthropod vector cell population. As a co sequence of virus growth ts 

mutants and/or DI particles may be generated which, (1) restrict 

homologous virus superinfection and possibly heterologous virus 

infection depending on the length of time the persistently infected 

cell state has been established. In fact, if virus is transmitted 

transovarially, does this imply that the characteristics of the 

persistently infected cell state are also transmitted? The age of the 

persistently infected cell population may be additive between 

generations and should not be considered a re-establishment of 

persistence. Long term passaged Inkoo persistently infected Aedes 

albopictus cell cultures became refractile to heterologous 

superinfection as well as homologous virus superinfection. Similar 

studies should be characterized in the intact arthropod vector. 

When the infected, possibly persistently infected, female 

mosquito takes the blood meal required for oviposition, virus is 

inoculated into the vertebrate host. Virus inoculated can either return 

to a standard virus infection profile or can produce a non-standard 

virus infection profile. The course of infection is directed by the 
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state of the virus genome in the virus particle which is inoculated, 

plus any host specific factors which may influence the course of 

infection. Standard virus infections will result in progeny standard 

virus produced along with the cytological consequences of standard 

virus infection. Non-standard virus inoculation may not result in 

progeny virus synthesis, but may result in the establishment of a virus 

infection with non-standard characteristics. That is, a non-standard 

disease state. Non-standard virus infections and the disease state may 

be reflected as a non-lytic, but infected, cell state. The result may 

be characteristic of the chronic disease states of man and other 

animals. At present virus from Inkoo persistently infected Aedes 

albopictus cells when returned to the vertebrate cell system develops 

as a standard virus infection. If the correct virus-cell system was 

used, however, the course of infection may not be as that which is 

considered standard, but would result in the characteristics of a 

chronic as opposed to acute infection. 

The standard virus infection of the vertebrate host results in 

the generation of standard virus progeny being released into the 

circulatory system. The virus is present in such a way which makes it 

available to inoculate the feeding arthropod vector. The inoculation of 

the uninfected arthropod completes the virus lifecycle and serves to 

further disseminate the virus population. 

The model correlates predicted associations of field virus 

during the invertebrate and vertebrate portions of its life cycle with 

properties of tissue culture infections characterized in both 

vertebrate and invertebrate ~ells. A reliable system for laboratory 
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work which also closely resembles virus disease transmission in nature 

allows basic molecular experimentation into virus structure and 

function to be applied to field virus growth. Similar plaque morphology 

has been observed with virus from persistently infected cells and from 

insect isolates of various arboviruses. Additional similarities may be 

expected in the virus genome present, with attention drawn to the 

presence of subgenomic RNA's. Experiments with laboratory infected 

arthropods, from which virus specific RNA profiles can be determined, 

will strengthen the ability to extend comparisons of the molecular 

aspects of tissue culture infections to both molecular and biological 

properties of virus disease transmission. 

A further approach which may allow additional comparisons to 

be drawn would be to use direct insect homogenates to infect insect 

cell cultures. This should establish a persistently infected cell state 

and possibly maintain the virus population, including those of aberrant 

RNA profile. Infection of Aedes albopictus cell cultures with virus 

from Inkoo persistently infected Aedes albopictus cells allows plaque 

morphology to breed true (data not shown). The virus released after 

inoculation of insect cells can be assayed for RNA profile, interfering 

activity, protein components and continued ability to re-establish a 

standard virus profile when presented to vertebrate cells. 

Intracellular RNA profiles from these experiments have not been 

compared to previous primary infection data but may also be maintained 

as in the original inoculum. 

Comparisons between tissue culture and insect infections using 

as an inoculum virus isolated directly from infected arthropods would 
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more ac~urately resemble the virus population present in the insect 

vector and allow sufficient quantities for further study to be 

obtained. Generally, virus from infected insects is first passed 

through some mammalian cell system to increase virus yields, but this 

also selects for standard virus profile as previously discussed. Direct 

inoculation of insect cell cultures may avoid this result. 

Conclusions 

In conclusion, experiments within this dissertation have 

characterized the persistently infected Aedes albopictus cell state 

which is generated after infection with the Bunyaviruses Inkoo and 

Uukuneimi. The characteristics of the infected cell cultures satisfy, 

and complete the definition required for persistence. That is cells 

survive initial infection, continue to express virus specific 

functions, and are resistent to homologous virus infection. 

Additional conclusions and their relative correlation to the 

arboviral life cycle in the field. 

(1) All cells survive the infection. Classically only a percentage 

of the cells need survive and be continuously cultured. The 

apparent survival of the entire infected cell population is 

considered to closely reflect the infection of the natural 

arthropod-host-vector. The arthropod must survive infection. 

Survival is required for sucessful completion of the arbovirus 

life cycle. Completion of the aboviral life cycle is 

considered to be the inoculation of a vertebrate host, which 



is a consequence of engorgement of a blood meal by the 

invertebrate vector. 
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(2) Infection of vertebrate host cells, in contrast to the 

invertebrate infection does result in standard (wild type) 

growth properties. If the virus is pathogenic to the 

vertebrate host, the return to a standard virus growth 

pattern models the establishment of a viral disease state. 

The acute disease state can result in the death of the 

infected vertebrate. In some instances a chronic or 

"persistent" disease state is established, which may result 

in the death of the infected vertebrate but as a result of 

indirect clinical complications. 

(3) BHK cells used for experiments in this dissertation are 

considered to reflect the infection of the vertebrate host in 

nature. The BHK cell infection represents the completion of 

the arboviral life cycle, but as it is represented by the 

tissue culture system in the laboratory. The BHK cell 

infection is acute and results in the death of the infected 

cell population. A chronic, or persistent vertebrate 

infection has not been generated as a result of infection 

with virus produced in the persistently infected 

invertebrate tissue culture cells. The ability to 

demonstrate acute infection of BHK cells and not a 

chronically infected cell state may be simply explained as 

an absence of the specific cell type responsible for the 

chronic disease state. 
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(4) Virus from Aedes albopictus persistently infected tissue 

culture cells is non-standard. Characteristically standard 

virus plaque morphology is homogeneous; the replicating RNA 

profile is that of a standard virus infection. In contrast 

virus plaque morphology from persistently infected 

invertebrate cells is herterogeneous; the replicating virus 

specific RNA profile is non-standard. Heterogeneous plaque 

morphology of virus from tissue culture invertebrate 

infections may be correlated with plaque morphology of 

virus isolated from infected arthropods, but the Inkoo and 

Uukuneimi virus system have not been analized. Attempts to 

display virus specific RNA profiles from infected insects 

has yet to attempted. 

(5) Virus from Inkoo persistently infected Aedes albopictus 

cell cultures is characterized as being DI-like. 

Interference to homologous standard virus is observed during 

co-infection of uninfected Aedes albopictus cell 

cultures. The DI-like particle has an aberrant, or non

standard virus specific RNA profile. The DI-like particle 

could not be purified to homogeneity. The virus population 

from the persistently infected mosquito cells containing the 

DI-like virus particle did not induce the establishment of a 

persistently infected cell state when infected to vertebrate 

cells, but did re-establish persistence in uninfected 

mosquito cell cultures. Mosquito cell cultures should be 

used to establish persistently infected cell cultures 



with virus isolated directly from infected insects. 

(6) The persistently infected Aedes albopictus cell cultures 

are persistent to the Bacillus thuringiensis var. 

Isralensis cytotoxin. Toxin assays described are the first 

using a tissue culture system. In collaboration with Dr. 

Elizabeth Davidson (Arizona State University, Tempe, 

Arizona) positive bioassay for larvicidal activity (using 

first instar Culex quinquefasciatus larvae) has always 

correlated with cytotoxicity of un infected Aedes 

albopictus cells in culture. Virus infected larvae have 

not been screened for sensitivity to toxin. The importance 

of the tissue culture system, which has reliably depicted 

the arboviral life cycle, is supported by the resistent 

character of the persistently infected invertebrate cell 

state. Results of the data has stimulated experiments to 

determine the effect of toxin on the infected insect 

population in the field. 

(7) Sucessfull construction of recombinant DNA clones 

representing the Uukuneimi and Inkoo viral genome has been 

accomplished as described within this dissertation. 

Further analysis of the persistently infected cell state 

using the characterized clones will identify the origin of 

the non-standard virus specific RNA profile. The strategy 

used can be applied to any arbovirus with human, or 

agricultural significance. The generation of virus free 

vaccines is a direct extension of this dissertation. 
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