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ABSTRACT 

Nuclear polyhedrosis viruses (NPVs) are enveloped, rod-shaped insect viruses 

containing a circular double-strand DNA genome (Family: Baculoviridae). NPV genes are 

expressed according to a temporally regulated program consisting of four phases: 

immediate early, delayed-early, late and very late. With the exception of the immediate-

early genes, which do not require viral factors for expression, each phase is triggered by 

genes of a previous class. 

The NPVs have become important gene expression vectors and are being developed as 

biopesticides. The ideal NPV would have high virulence for a broad range of pests and yet 

be harmless for beneficial insects and nontarget organisms. However, before such strains 

can be developed by genetic engineering approaches, it is necessary to understand the 

molecular mechanisms of NPV specificity and virulence. 

Our laboratory has developed a tissue culture model system for the study of NPV host 

specificity. This model is based on earlier observations that Autographa californica 

multicapsid nuclear polyhedrosis virus (AcMNPV) does not produce polyhedral inclusion 

bodies (PIBs) in Bombyx mori (BM) cells, but 90% of the cells contain viral antigen. This 

constitutes the nonpermissive or abortive component of our model. The permissive or 

productive component is AcMNPV-infected Spodopterafrugiperda (SF) cells. 

Previous studies in our laboratory have shown that AcMNPV initiates infection in BM 

cells and produces unique cytopathic effect (CPE). The CPE was characterized as large 

"sac-like bodies" at the cell periphery and elongated structures referred to as "protrusions." 

PIBs were not observed. SDS-PAGE analyses showed that some viral proteins are 

synthesized in infected BM cells. In addition, novel proteins, not present in the permissive 

(SF) cells, are also observed. 
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In the present study, I examined additional aspects of die differential replication of 

AcMNPV in SF and BM cell lines. I designed this study to see if viral particles of any type 

are formed in BM cells and whether restriction of virus replication is due to a block at the 

transcription level. I also tested for replication of viral DNA. 

Electron microscopy data showed that both cell lines displayed nuclear 

hypertrophy and virogenic stroma upon infection; however, BM cells did not contain 

polyhedral inclusion bodies or virions. Nucleocapsids were detected in approximately 

one of every five cells and were defective. Viral DNA replicated in BM cells but more 

slowly and at a much lower level than in SF cells. Northem blot analysis showed that: 

(a) AcMNPV immediate-early genes (IE-1 and pe-38) were transcribed at normal levels 

at early times post infection in both cell lines; however, in BM cells they were 

transcribed at higher than expected levels at late times post infection; (b) a delayed-early 

gene (dnapol) and a late gene which codes for the major component of the nucleocapsid 

(ccp) were transcribed at relatively low levels in the abortive infection; and (c) a very 

late gene (polh), responsible for the matrix of PIBs, was transcribed in BM cells at 

barely detectable levels. 

The results strongly suggest that delayed-early, but not immediate-early, genes 

require host factor(s) for expression, I propose that virus replication in BM cells is 

primarily restricted between the immediate-early and delayed-early stages and that the 

block occurs at the transcriptional level; other aspects of sub-optimal gene expression 

and particle assembly in this abortive infection appear to be consequences of the 

primary block. 
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CHAPTER I 

INTRODUCTION 

Baculoviruses are a diverse group of viruses found mostiy in insects. They are not 

known to have any non-arthropod hosts (Bilimoria 1986, O'Reilly et al. 1992). The 

baculo portion of the name refers to the rod-shaped capsids of the virus particles. The 

lethality and specificity of baculoviruses have caused many investigators to evaluate the 

potential of these agents as insecticides, and a number of baculoviruses have been used 

effectively and safely to suppress insect pests in the field. The Umited size of the 

baculovirus genome and technical advantages that allow easy preparation of highly purified 

probes make this virus very suitable for studies including genetic engineering and gene 

expression. Recombinant DNA constructions of baculoviruses are being utilized 

successfully for the expression of a wide variety of foreign genes in invertebrate cell lines. 

In order to manipulate the specificity and virulence of viral strains as pesticides and to 

enhance the efficiency of these viruses as gene expression vectors, it is important to 

understand the mechanisms of baculovirus host-specificity (Bilimoria 1991, O'Reilly et al. 

1992). 

Literature Review 

In order to solve the problem of baculovirus specificity, it is extremely important to 

understand the normal, productive infection. Below is a review of the structure, 

classification, physiology, molecular biology and gene regulation of baculoviruses with an 

emphasis on aspects affecting specificity. 



Baculovirus Structure 

Two biochemically and morphologically distinct forms of the baculovirus are budded 

virus (B V)-^od-shaped particles with a loose-fitting envelope and occluded virus (OV)-

virus particles with tight-fitting envelopes and embedded in proteinaceous, polyhedral 

inclusion bodies (PIBs). Although it is tiiought that the nucleocapsids (NCs) of these two 

forms are identical, the envelopes clearly differ biochemically (Volkman & Goldsmith 

1985). The most distinctive difference observed to date is the presence of the virus-

encoded glycoprotein, gp64, which is found in BV but not in OV (Volkman 1986). 

Virion Structure 

The basic structure of the virion is essentially the same in all baculoviruses (Figure 1), 

The virion is an enveloped, rod-shaped nucleocapsid, and there is an amorphous but 

definite layer between the nucleocapsid and the envelope, Baculovirus capsids are usually 

40-50 nm in diameter and 200-400 nm in length (Harrap 1972b), The lengtii of the 

capsids can extend to accommodate larger DNA genomes such as those of recombinant 

viruses carrying large inserts (Eraser 1986), The ends of the cylindrical capsids are 

structurally different (Eraser 1986), giving polarity to the rods. 

Within the capsid, the DNA is condensed into a nucleoprotein structure known as the 

core (Tweeten et al. 1980), The proteins associated with this core structure include a 

predominant protamine-like protein, p6.9 (Tweeten et al. 1980, Wilson et al. 1987), also 

known as basic protein, core protein, or VP12. The capsid plus core are collectively 

referred to as nucleocapsid (NC), which is comprised of two polypeptides vp39 and cor 

(6.9 kDa). 

Nucleocapsids are made in die nucleus of infected cells and are subsequently 

enveloped by one of two processes. These particles can bud tiirough the plasma membrane 

of die infected cell, resulting in the release of particles with loosely fitting envelopes into 
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Nonoccluded Virus (NOV) 
Subgenus C 
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DNA-protein core 

Nuclear Polyhedrosis Virus (NPV) 
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multiple-nucleocapsid 
(M-NPV) 

Figure 1: Schematic representation of the Baculoviridae: Structure and 
classification (reproduced from Bilimoria 1986). 



die extracellular fluid. This is the budded virus (BV) form of NPV. Nucleocapsids may 

also acquire an envelope (apparendy de novo) within the nucleus. The origin of 

intracellular envelope segments that contribute to this process is unclear, but the membrane 

is a phospholipid bilayer, possibly elaborated from the inner nuclear membrane (Bilimoria 

1991), The envelope of BV is comprised of two major polypeptides, gp64 and p34,8. 

The major polypeptide of the de novo viral envelope is p74. 

Occlusion Bodv Structure 

Viral occlusion bodies are formed in the nucleus and comprise enveloped 

nucleocapsids embedded in a crystalline protein matrix (Harrap 1972a), The occlusion 

bodies of nuclear polyhedrosis viruses (NPV) are known nspolyhedra, occluded viruses 

(OVs), OT polyhedral inclusion bodies (PIBs), The protein making up the crystalline matrix 

of NPV occlusion body is known as polyhedrin. Polyhedra have an external surface coat 

which has been called the polyhedron outer envelope. This outer coat is also referred to as 

a calyx (Zuidema et al. 1989). 

Baculovirus Classification 

So far Baculovirus is the only genus described in the Baculoviridae. Members of this 

genus are divided into three subgenera based on their morphological properties (Figure 1) 

(Matthews 1982, Bilimoria 1986), Subgenus A consists of the nuclear polyhedrosis 

viruses (NPVs). The characteristic feature of this group is that several virions are occluded 

in a polyhedral inclusion body (PIB). There are two morphological subgroups within the 

NPVs. The single-flucleocapsid nuclear polyhedrosis virus (SNPV) (type species: 

Bombyx mori SNPV) in which only one nucleocapsid is found per envelope and the multi-

nucleocapsid nuclear polyhedrosis virus (MNPV) (type species Autographa californica 

MNPV) in which several nucleocapsids (1-17) are packaged per envelope (Granados 
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1976). Subgenus B consists of the granulosis viruses (GVs; type species: Trichoplusia ni 

GV), In this group, virions containing single nucleocapsids are packaged one per inclusion 

body, which is oval in shape. Subgenus C consists of virions which are not packaged into 

inclusion bodies at any stage of their life cycle; these are die nonoccluded viruses (NOVs) 

(type species: Oryctes rhinoceros NOV), In addition to these tiiree major groups of 

baculoviruses, tiiere are several baculovirus-like particles that remain unclassified (Harrap 

& Payne 1979, Matthews 1982, Bilimoria 1986), 

Baculovirus Replication 

Permissive cell lines have been used to study the morphogenesis and biochemistry of 

replication of baculoviruses. Figure 2 summarizes the replication cycle of nuclear 

polyhedrosis virus (NPV) in productive cell lines, NPV replication in cell culture is 

biphasic and generates two phenotypes of the virion (Volkman et al, 1976), AcMNPV 

infection of cultured cells is initiated by the budded virus (Granados 1980, Faulkner 1981). 

The virion, which is an enveloped nucleocapsid, becomes internalized by the process of 

adsorptive endocytosis (Volkman & Goldsmith 1985). Uncoated nucleocapsids pass the 

cytoplasm and either enter the nucleus or discharge the genome at the nuclear pores. Virus 

entry appears to be an efficient process since nucleocapsids have been seen in the nucleus 

within 1 h of infection (Bassemir et al. 1983). Uncoating, transcription and DNA 

replication, and particle assembly occur within the nucleus, and nucleocapsids are observed 

within 12 h postinfection. Morphogenesis of the nucleocapsid apparendy involves 

assembly of capsids followed by addition of nucleoprotein to the capsid shells (Bassemir et 

al. 1983), Nucleocapsids are first observed lying within patches of DNA-rich virogenic 

stroma (VS), which form in infected nuclei. Early in infection, newly formed 

(unenveloped) nucleocapsids draverse the cytoplasm, and progeny virions are released by 

budding at the plasma membrane (Granados 1980, Faulkner 1981), In the alternate phase 
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of the infectious cycle, budding of the nonoccluded virus appears to be reduced (Volkman 

et al, 1976), and de novo membrane proliferation may occur within the nucleus (Stoltz et 

al, 1973). Bundles of enveloped nucleocapsids accumulate in the nucleus and then become 

encapsulated within the matrix of the occlusion bodies. Occlusion of the newly assembled 

virus (OV) is by crystallization of polyhedrin around the bundles (Chung et al. 1980). 

In nature, the two baculovirus phenotypes have different functions in the replication 

and transmission of the virus. Larvae of lepidopteran insects become infected when 

baculovirus polyhedral occlusion bodies (PIBs) are ingested along with food. They 

dissolve in the alkaline environment of the midgut (pH 10.5) and bundles of occluded virus 

are released (Harrap «& Longworth 1974, Granados & Williams 1986, Keddie et al. 1989). 

The OVs infect gut epithelial cells, and virus replicates in them. Enveloped nucleocapsids 

of nonoccluded virus phenotype (budded virus, B V) bud from the basal surface of gut cells 

into the hemocoel (Adams et al. 1977). A generalized dispersion of the virus follows, with 

many tissues (including hemocytes) becoming infected. Much of OV production occurs in 

the fatty tissue just beneath the cuticle (Lee & Miller 1979, Chung et al, 1980, Bassemir et 

al, 1983, Volkman & Goldsmitii 1985, Eraser 1986, Granados & Williams 1986, Volkman 

1986, Charlton & Volkman 1991), 

Vh^l Protein Svndiesis 

Several laboratories (Carstens et al, 1979, Dobos «& Cochran 1980, Wood 1980, 

Maruniak & Summers 1981, Kelly 1982,1984, Rohrmann 1986, Liu & BiUmoria 1990, 

Bilimoria et al, 1993) have documented die kinetics of AcMNPV-and odier NPV-specific 

protein syndiesis. Sequential and regulated expression of die viral genome is observed 

diroughout the replication cycle of AcMNPV, and translation products are detected from as 

early as 2 h to at least 60 h post-infection. About 30-40 infected cell-specific polypeptides 

(ICSPs) have been identified by one-dimensional SDS-PAGE of [̂ Ŝ] mediionine-labeled 
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Table 1: Transcription, regulation and function of genes in Autographa californica 
multicapsid nuclear polyhedrosis virus (modified from Lu & Carstens et al. 
1991, O'Reilly et al. 1992). 

CLASS 

Immcdiate-carly 
(alpha) 

DcIayed-carly 
(beta) 

Late 
(gamma) 

Very late 
(delta) 

GENE 
pe-38 

lE-N 

IE-0 
IE-1 

ME53 

egt 
da26 
pcna 

dnapol 
cg30 

hel 
p94 
p35 
p39 

gp64 
603 
ubi 
p39 
cor 
p74 
clx 
fp25 
p34.8 

sod 

polh 
plO 

PRIMARY FUNCTION 
Contains zinc fingcr-likc motif 
and leucine zipper 
Zinc finger-like motif and 
leucine zipper, modulates self 
and IE-1 expression 
First exon of IE-1 
Transactivator of early genes 

Zinc finger-like motif; 
functional significance is not 
k n o w n 
Blocks molting of larval host 
Nonessential 
Stimulates DNA replication and 
late gene expression 
DNA polymerase homolog 
Contains zinc finger-like motif 
and leucine zipper 
Helicase homolog 
Nonessential 
Blocks apoptosis 
Cofractionatcs with nuclear 
matrix 
Major envelope protein 
Nonessential 
Ubiquitin homolog 
Major capsid protein 
Associated with DNA in core 
Essential for OV infectivity 
Associated with the calyx of OV 
Mutation result in FP phenotpe 
Related to cntomopoxvirus 
sphcrodin gene 
Cu/Zn superoxidasc dismutasc 
homolog 
Polyhedrin, OV matrix protein 
Nonessential, may affect lysis 
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cell extracts (Maruniak 1986), and the genes for 26 of diese have been characterized (Table 

1). Since the resolving power of one-dimensional gels is Umited, there may well be over 

100 virus-coded proteins synthesized in infected cells. In other studies of virus structural 

proteins, 80-90 polypeptides were detected using two-dimensional gel electrophoresis 

(Singh et al. 1983, 1985). 

Temporal control of AcMNPV gene expression is demonstrated by SDS-PAGE 

analysis of polypeptides synthesized at various times post infection in synchronously 

infected cell cultures. Early work identified at least three temporal classes (Carstens et al, 

1979, Dobos & Cochran 1980, Wood 1980, Maruniak & Summers 1981), Recendy, 

workers have suggested that there are four distinguishable phases of gene expression. 

This is based on: (a) the time of appearance and effect of inhibitors on protein and DNA 

synthesis (e,g,, cycloheximide and cytosine arabinoside, aphidicoline, respectively); (b) 

study of temperature sensitive (ts) mutants; and (c) transient expression assays of 

representative genes (Kelly & Lescott 1981, Miller et al, 1983, Gordon & Carstens 1984, 

Guarino & Summers 1986a, Miller 1988). Synthesis of immediate-early or a 

polypeptides begins at approximately 2 h post infection (h p,i.) and relies on host factors 

for expression, Delayed-early (P) polypeptides are observed beginning at approximately 5 

h p,i, and appear to be dependent on the synthesis of one or more a proteins (Kelly & 

Lescott 1981, Gordon & Carstens 1984, Guarino & Summers 1986a). Early polypeptide 

synthesis precedes viral DNA replication (Kelly & Lescott 1981, Miller et al. 1983, Wang 

& Kelly 1983), Late (y) polypeptide synthesis is dependent on viral DNA replication and 

begins at approximately 8 h p,i. Beginning at this time, host protein synthesis is 

significandy curtailed (Kelly & Lescott 1981, Miller et al, 1983, Gordon & Carstens 

1984). Very late (5) polypeptide is characterized by the prominent synthesis polyhedrin 

and begins at 18 h p,i. Thus, AcMNPV displays a clear temporal cascade pattern of gene 

expression, 
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Virus DNA 

The DNA genome of baculovirus is double-stranded, covalendy closed, and circular 

(Summer & Anderson 1973). The lengdi of baculoviral DNA is between 80-200 kbp 

(Burgess 1977). The DNA of several nuclear polyhedrosis viruses have been characterized 

(Knudson & Harrap 1976, Tjia et al, 1979, Loh et al, 1981, Bud & Kelly 1984), The 

DNA of AcMNPV is approximately 128 kbp. The physical as well as genetic maps of the 

genomes of a number of baculoviruses obtained with several restriction endonucleases have 

been determined (Miller & Dawes 1978, Smith & Summers 1978, Miller & Dawes 1979, 

Loh et al, 1981, Cochran & Faulkner 1983, Friesen & Miller 1986), Through comparative 

studies of these maps, it appears that many baculovirus isolates are minor variants of one 

another and are deletion or insertion mutants (Miller & Dawes 1978, Smith & Summers 

1978,1979), The genome of AcMNPV can encode as many as 50-75 proteins (Summers 

et al, 1980), In contrast to other large DNA viruses such as herpesvirus, adenovirus, and 

vaccinia virus, the process of viral DNA replication in AcMNPV is poorly understood, 

Baculovirus DNA contains homologous repetitive sequences (hrs) widely dispersed on the 

viral genome. Some of these homologous regions have been sequenced and appear to 

function as enhancers (Cochran & Faulkner 1983, Guarino et al, 1986), Viral DNA 

synthesis has been studied using total genomic DNA as probe; dot blots of total intracellular 

DNA and Southern blots of restricted intracellular DNA have been employed. Very Utde is 

known about the origin(s) of the DNA replication and how the DNA is packaged into 

nucleocapsids (Knudson & Tinsley 1978, Wang & Kelly 1983, Lu & Carstens 1992, 

O'Reilly et al, 1992), Several workers have hypothesized that the hr sequences in 

AcMNPV DNA serve as origins of DNA replication (Cochran & Faulkner 1983, Groner et 

al, 1984, Guarino et al, 1986). Recendy, Pearson et al, (1992) showed that origins of 

replication in AcMNPV DNA are repeated sequences. Each of dieses sequences contains 
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several closely related imperfect palindromes that are present in six regions distributed 

around the genome. When plasmids containing six or eight of these palindromes were 

transfected into insect cells, their rephcation was substantially increased. 

Viral RNA Svnthesis 

Several laboratories have been involved in studies designed to examine the patterns of 

transcription occurring during the different stages of AcMNPV replication, Northem blot 

hybridization, the primary technique used, has provided a catalogue of information on the 

number, size, relative abundance, and, in some cases, the temporal appearance and 

disappearance of RNAs mapping to different regions of the viral genome (Rohel et al. 

1983, Smith et al. 1983, Rohel & Faulkner 1984, Lubbert & Doerfler 1984a, Erlendson 

et al. 1985, Friesen & Miller 1985, Rankin et al. 1986, Guarino & Summers 1987, Ooi & 

Miller 1988, Tomalski et al. 1988, Thiem & Miller 1989a, Ooi & MiUer 1990, Krappa & 

Knebel-Morsdorf 1991). 

Virus-associated enzymes are not needed for the initiation of NPV transcription 

because NPV infections can be initiated with naked, purified viral DNA (Burand et al. 

1980, Potter & Miller 1980). Fuchs et al. (1983) and Grula et al, (1981) showed diat an a-

amanitin-resistant RNA polymerase is involved in virus-specific RNA synthesis. It has 

been suggested that one or more early genes code for a virus-specific, a-amanitin-resistant 

RNA polymerase or for factors that modify one of the host polymerases. The virus-

induced or virus-modified polymerase then plays a major role in late transcription (Grula et 

al. 1981, Huh & Weaver 1990), 

Results fix)m several laboratories indicate tiiat baculovirus mRNA contains poly A tails 

and 5' methylated cap structures in die d^dition of eukaryotic mRNAs (Vlak et al, 1981, 

Chaan & Weaver 1982), Transcriptional and danslational maps have aided in 

understanding AcMNPV gene organization and expression (Lubbert & Doerfler 1984b, 
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O'Reilley et al, 1992). Erlandson et al, (1985) showed that 12 abundant transcripts were 

detected by four h p.i. There was an increase in the abundance and number of virus-

specific transcripts between 4 and 8 h p,i,, coincident witii the onset of viral DNA 

replication, Lubbert and Doerfler (1984a) mapped 11 early and more than 90 late 

transcripts of AcMNPV, and made the very important observation that there are 

overlapping sets of viral RNAs of various lengths and with common 3' or 5' termini. So 

far, many studies have been conducted to find out whether splicing occurs in baculovirus 

transcripts (Smidi et al. 1983, Lubbert & Doerfler 1984a, Friesen & Miller 1985). 

Recendy, Chisholm & Henner (1988) demonstrated splicing in RNA transcribed from the 

IE-1 immediate-early gene of AcMNPV. This is the only known example of splicing in 

the baculoviruses. 

Virus Gene Organization 

The Physical Map and hr Regions 

The physical map of the 128 kbp genome of AcMNPV is represented in Figure 3, 

Since the genome has not been totally sequenced, the map units or restriction sites should 

be considered approximate. The origin, orientation, and fragment designations of this map 

were derived by consensus and are accepted by most baculovirus investigators (Nathans & 

Smidi 1975, Vlak & Smidi 1982, Lu & Carstens 1991, O'Reilly et al, 1992), 

One obvious feature of the physical map is the presence of numerous Eco RI sites at 

five locations in the genome. These sequences (designated hr regions) contain two to eight 

reiterations of an imperfect palindromic sequence containing an Eco RI site at the center of 

each palindrome (Cochran & Faulkner 1983, Guarino et al. 1986, Pearson et al. 1992), 
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The Distribution of Genes 

Figure 3 also shows the arrangement of functionally characterized genes in AcMNPV; 

the direction of each opennreading fiame (ORE) is shown by arrows, ORFs are usually 

very closely spaced along the genome, and regulatory regions seem to be kept to a minimal 

length. All the genes indicated have been characterized with respect to sequence and coding 

potential. Thus far, there seems to be litde or no clustering of functionally or temporally 

related genes. Some clustering is observed, but it is not yet clear if it is functionally 

significant. For instance, five genes (IE-1, lE-N, IE-0, pe-38, and ME53), which have 

been implicated as having regulatory roles in gene expression, are located in the 95-100 mu 

region (Guarino & Summers 1987, Carson et al, 1991a, 1991b, Krappa & Knebel-

Morsdorf 1991, Knebel-Morsdorf et al. 1993). However, another regulatory gene (cg30) 

with homology to lE-^ and pe-38 is located immediately downstream of vp39 (virus 

structural protein; Thiem & Miller 1989b). Virus structural genes appear to be dispersed 

throughout the genome. On the othCT hand, three occlusion related genes (clx, plO, and 

polh) axe located in a quadrant of the genome encompassing the 80-100 and 1—5 mu 

regions (Matsuura et al, 1987, Williams et al. 1989, Zuidema et al, 1989). 

Occlusion-Related Genes 

Genes that are known to be involved specifically in occluded virus formation are polh, 

fp25, and clx gene (Smidi et al, 1983, Matsuura et al 1987, Beames & Summers 1989, 

Zuidema et al, 1989), Without ;7o//i gene there is no OV formation. The clx gene is 

nonessential for the formation and activation of PIBs but plays a very important role in PIB 

stability. Disruption of fp25 gives rise to die few polyhedra (FP) phenotype (Eraser et al. 

1983, Beames &. Summers 1989), FP mutants arise spontaneously in cell culture or in 

insects, usually by the insertion of a host transposable element into die^25 locus (Eraser 

et al, 1983, Kumar & Miller 1987). Anodier OV-related gene, p74, appears to be 
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Figure 3: Functional and physical maps of Autographa californica multicapsid 
nuclear polyhedrosis virus (AcMNPV). 

(A) Location of functionally characterized genes of AcMNPV (reproduced 
from Lu & Carstens 1991, O'Reilly et al. 1992). 

(B) Restriction map of AcMNPV genome (reproduced from 
Friesen & Miller 1986, Bilimoria 1991, O'Reilley et al. 1992), 
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associated with the envelope of occluded virions and plays an essential role in die 

infectivity of OV in the midgut, the primary site of virus infection in larvae (Kuzio et al, 

1989), 

Genes Encoding Virion Structural Proteins 

Genes known to encode virion structural proteins include vp39, cor, and gp64. The 

major capsid protein, which forms the basic shell of die rod-shaped nucleocapsid, is 

encoded by vp39 gene (Thiem & Miller 1989a). The cor gene encodes a 6,9 kDa protein 

(Kelly et al, 1983, Wilson et al, 1987). This highly basic, protamine-like protein is 

associated widi die DNA widiin die capsid structure (Tweeten et al, 1980), The major 

glycoprotein of BV is encoded by gp64 (Whitford et al, 1989), The 34,8 kDa protein 

(p34,8) may be a virus structural protein, but its role has not been established. Initial 

genetic disruption studies suggest that the gene encoding this protein may be essential (Wu 

& Miller 1989). 

Genes that Function During DNA Replication 

Genes that appear to be involved in viral DNA replicaticm include dnapol, hel, and 

pcna. The dnapol gene (Tomalski et al, 1988) encodes a 114 kDa protein with homology 

to other DNA polymerases. It is likely that this gene encodes the AcMNPV-induced, 

aphidicoline-sensitive DNA polymerase described previously (Miller et al, 1981), The 

pcna (ett) gene encodes a 28 kDa polypeptide. By analogy to mammalian proliferating-cell 

nuclear antigens (PCNA), baculovirus PCNA (Crawford & Miller 1988, O'Reilly et al, 

1989) may serve as a processivity factor for one of the DNA polymerases. However, 

PCNA is not essential for replication in at least two cell lines (Qawford & Miller 1988). 

Therefore, host cell PCNA may duplicate this function, or the viral-induced DNA 

polymerase(s) can function in the absence of a. pcna product The hel gene encodes a 143 

15 



kDa protein that contains a region-sharing sequence homology with proteins having ATP-

dependent helicase activity (Lu & Carstens 1991). 

Genes Related to Cell Function 

The gene product p35 (Friesen & Miller 1987) is required to block apoptosis, a 

specific type of programmed cell death that is induced during baculovirus infection in some 

cell lines (Clem et al. 1991). Mutant viruses lacking functional p35 grow poorly in the 

IPLB-SF-21 cell Une because apoptosis is not blocked and cells die before efficient BV or 

OV production can occur. The ubi gene encodes a ubiquitin homologue (Guarino 1990). 

It is an essential gene but its mode of action remains to be determined. The gene 

downstream of ubi is p39, which encodes a 39 kDa protein (p39) (Guarino & Smith 1990) 

that is expressed both early and late in infection. Although p39 has not been studied 

functionally at a genetic level, its product has been reported to cofractionate with the nuclear 

matrix (Guarino & Smitii 1990). The v-cath gene (adjacent to gp64) encodes a protein that 

has sequence homology with cysteine proteases. Initial studies indicate that the v-cath 

gene is nonessential (O'Reilly et al. 1992). 

Regulatory Genes 

Several genes that appear to be involved in gene regulation have been identified. 

These genes include IE-0, IE-1, lE-N, PE-38, and CG30. IE-0 is actually an exon of 

one of the two forms of IE-1 (Chishohn & Henner 1988), IE-OIIE-1 is the only known 

sphced gene in the AcMNPV genome so far discovered, IE-1 is able to transactivate some 

early promoters in transient expression assays (Guarino & Summers 1986a, 1987), The 

IE-1 exon gene product is the only viral protein shown to be required for transactivation. 

The odier three proteins, lE-N (Carson et al. 1991a), PE-38 (Krappa & Knebel-Morsdorf 

1991), and CG30 (Thiem & Miller 1989b) all share common unique structural motifs: an 

16 



unusual, double zinc-finger and a C-terminal leucine zipper. These structures have been 

shown to be important for DNA binding and are characteristic of many regulatory 

polypeptides, Recendy, Knebel-Morsdorf et al, (1993) characterized anotiier immediate-

early gene, ME53, having a putative DNA-binding motif (zinc-finger). This might be a 

regulatory gene, however, its functional significance is not known. Thus, baculoviruses 

appear to have a family of related (immediate early) genes that are probably involved in 

gene regulation. Whether all members of this family function in viral or host gene 

regulation remains to be established. 

Mechanism of Gene Regulation 

Nuclear polyhedrosis viruses (NPVs) display a remarkably complex pattern of gene 

regulation. Several studies aimed at understanding the molecular mechanisms of 

baculovirus gene regulation have been carried out (Friesen &. Miller 1985, Guarino & 

Summers 1986a, 1986b, 1987, Carson et al, 1988, 1991a, 1991b, Crawford & Miller 

1988, Nissen & Friesen 1989, Dickson «& Friesen 1991, Kovacs et al, 1991, Glocker et 

al, 1992), However, litde is known about the function of virus-or host-encoded factors. 

Thus, it is of interest to review how similar factors control gene expression in other DNA 

viruses such as herpesvirus, adenovirus, and SV40. 

Gene Regulation of Animal Viruses 

Herpesvirus is an extensively studied vertebrate DNA virus. Many significant studies 

have been done to understand the molecular mechanisms that govern the temporal cascade 

(a, P, yl, and 72 genes) in herpesvirus replication. Events in the productive cycle which 

turn gene expression "on" and "off," are summarized as: (a) turning on of a gene 

transcription by a-trans-induction factor (a-TIF), a y protein packaged in die virion; (b) 

autoregulation of a gene expression; (c) turning on of P gene transcription; (d) turning on 
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of Y gene transcription by a and P gene products through trans-a.cti\a.tion of y genes, 

release of y genes from repression, and replication of viral DNA; (e) turning off of a and P 

gene expression by products of y genes late in infection (Nevins 1991, Roizman & Sears 

1991, 1990). 

The herpesvirus VP16 (a-TIF) protein is a late viral gene product that is incorporated 

into the virion during viral maturation. Very early in die next round of infection, die VP16 

protein is released into the cell and facilitates the activation of immediate-early genes. 

Activation is dependent on the so-called TAATGARAT sequence element found in the 

promoters of each of the immediate-early genes (Coding & Hare 1989), Several studies 

initially showed a temary complex involving the VP16 protein, a DNA fragment containing 

the TAATGARAT sequence and a cellular factor identified as the Octl transcription factor 

(Coding & Hare 1989), 

In transient expression systems, immediate-early gene product (ICPO) has been 

reported to fra/w-activate transfected genes promiscuously by itself or in combination with 

ICP4, the major trans-activator of three classes of herpesvirus genes. Fine anatomical 

dissection of the ICP4 gene has revealed domains necessary for autoregulation of a genes, 

synthesis of proteins made later in infection, phosphorylation, and nuclear transport. 

Another extensively studied animal virus is adenovirus. The control of adenovirus 

early gene expression is under extensive study in many laboratories (Moran & Matthews 

1987, LilUe & Green 1989), These studies suggest a cascade of events centering around 

the syndiesis and function of the El A early gene. The El A gene is actually a complex 

transcriptional unit that encodes multiple protein products. Altemative splicing of the El A 

pre-mRNA generates at least five distinct mRNAs. There are three regions widiin the El A 

open reading frame, CRl, CR2, and CR3, A variety of experiments have provided direct 

evidence for the involvement of multiple, cellular transcriptional factors in the activation of 
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transcription by El A product (Nevins 1989,1991), These factors include E2F, E4F, AP-

1, ATE and a TATA specific factor. 

For some viruses the interaction between virus and cells is controlled with gene 

enhancers (Serfling et al, 1985, Maniatis et al, 1987), Enhancers are composed of short 

sequences (50-100 base pairs) of nucleotides, often repeated in tandem, which serve to 

stimulate transcription from associated genes on the same DNA molecule (i,e„ cw-acting) 

in an orientation-independent fashion (Teyler &, Fields 1990). Enhancer elements present 

in the genomes of S V40 and polyomavirus have been extensively investigated (Ondek et al. 

1987,1988), For example, when the SV40 enhancer and early promoter are linked to a 

marker gene (CAT, chloramphenicol acetyl-transferase), gene expression is about five

fold greater in monkey kidney cells compared to mouse cells (Laimins et al. 1982), The 

SV40 enhancers consist of 72-bp tandemly repeated sequences which contain at least three 

functionally independent elements (A, B, C), each of which has a distinct pattem of cell-

type specificity (Herr & Qarke 1986). The specificity of the SV40 enhancer elements may 

be related to the binding of trans-acting cellular proteins present in some cell types but not 

odiers (Davidson et al, 1988), 

Gene Regulation of Baculoviruses 

The temporal cascade in baculovirus gene expression is outlined in viral protein 

synthesis section and in Figure 4, Transition from early to late gene expression requires 

the products of immediate-early gene (Faulkner & Carstens 1986), Late and very late 

genes are very likely regulated by other viral proteins (Guarino & Summers 1988, 

Partington et al, 1990), 

On the basis of in vitro transcriptional studies, Glocker et al. (1992) recendy suggested 

tiiat there is only one category of early genes and that previous distinctions between 

baculovirus immediate-early and delayed-early genes are due to differences in levels of 
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promoter activity early in infection. In my opinion, early genes should be classified under 

two temporal classes because one group (immediate-early) is activated independent of 

trans-a.cung viral factors; on die other hand, delayed-early genes need immediate-early 

gene products for expression. However, at least four delayed-early genes (dnapol, cg30, 

p35 and pcna) do not seem to require prior viral protein synthesis and possibly form a 

distinct category within the delayed-early group. 

Recent work indicates that control at the transcriptional level plays a critical role in 

regulating gene expression of AcMNPV mfected cells (Thiem & Miller 1990,1989b, 

Krappa & Knebel-Morsdorf 1991), AcMNPV genes are usually transcribed as sets of 

unspliced, nested, overlapping transcripts (Lubbert & Doerfler 1984a, 1984b, Friesen & 

Miller 1985,1986,1987, Mainprize et al. 1986, Rankin et al, 1986, Guarino & Summers 

1987, Oellig et al, 1987), The most prevalent pattem is the existence of individual 

transcription units composed of an unusually large number of overlapping RNAs 

transcribed in the same direction and having either common 3' or 5' ends (Vlak & Krol 

1982, Rohel et al, 1983, Friesen & Miller 1986,1985). The complexity of AcMNPV 

transcription may be related to the regulation of gene expression by mechanisms such as 

promoter occlusion (Friesen & Miller 1985), anti-sense RNA translational inhibition 

(Friesen & Miller 1987), or polycistronic d^slation (Kozak 1986, Oellig et al, 1987), 

The prevalence of overlapping RNAs transcribed from the AcMNPV genome was 

demonstrated by the use of cDNA clones as hybridization probes in northem blot analysis 

of viral RNA isolated at various times after infection (Miller et al, 1983, Mainprize et al, 

1986). Overlapping RNAs were synthesized maximally during each of the four temporal 

phases of replication, Friesen and Miller (1987) observed that the smallest RNAs appeared 

early in infection and were replaced in time by successively larger RNAs which were 

initiated further upstream. 
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Studies suggest that AcMNPV employs various »-a/w-activating factors (either virus 

encoded, host encoded, or both) to potentiate transcription and accomplish temporal 

control. It is expected that the specificity of this control is mediated by the interaction of 

such factors within the cw-acting regulatory elements comprising the promoter of each 

gene as well as nearby transcriptional enhancers (Guarino & Summers 1986b, Dickson & 

Friesen 1991), 

The mode of interaction of AcMNPV rra^w-activators with cw-elements remains to be 

determined. Hitherto, progress to define the components of this system had been limited 

by the lack of an m v/rro transcription system. Recendy, Hoopes and Rohrmann (1991) 

described die production and characterization of an in vitro transcription system (derived 

from nuclear extracts of uninfected S.frugiperda cells) that faithfiilly initiates the 

transcription of baculovirus immediate-early genes. This system should prove useful for 

the isolation and identification of host and viral transcription factors involved in the 

regulation of bacidovirus gene expression and also for studies on baculovirus host 

specificity. 

Immediate-Early (a) Genes 

Viral protein synthesis is not a prerequisite for immediate-early viral genes 

transcription (Crawford & MiUer 1988, Tomalski et al. 1988, Nissen & Friesen 1989), 

Immediate-early genes may require host cellular factors for their initial transcription, but 

they also may be regulated by cw-acting viral enhancers, trans-Acting viral factors 

expressed during later stages of viral infection, might also influence the activity of 

immediate-early promoters (Carson et al. 1991a). Transcription of immediate-early genes 

is thought to be mediated by host cell RNA polymerase n because no viral gene expression 

is required (Grula et al. 1981, Huh & Weaver 1990,1991). The requirement of die TATA 

element (identical or closely related to the motifs found approximately 30 bp upstream from 
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the RNA start site of many early AcMNPV genes) for immediate-early promoter activity 

suggests that this element is a crucial component of most, if not all, early baculovirus 

promoters. This predicts that a IMlD-like host factor is involved in regulating immediate-

early promoter activity. As part of die general transcription complex, IFilU mediates basal 

transcription by binding to sequences diat include die TATA box and is die target of 

activation by auxiliary transcription factors (Hoey et al., 1990). 

So far, five AcMNPV immediate-early (a) genes have been characterized: IE-1, lE-

0, lE-N, PE-38 , and ME53 (Table 1; Figure 4). 

IE-1 is a multifunctional transcriptional regidator protein. It transactivates continued 

expression of its own gene product during infection (Kovacs et al, 1991). IE-1 

transactivates p39 and induces the formation of at least four additional transcripts from the 

Hindm-Q fragment of die AcMNPV genome (Guarino & Summers 1987, Chisholm & 

Henner 1988, O'Reilly et al. 1989, Kovacs et al. 1991). Upon transient expression from a 

construct (pHindni-Q) containing the promoter for two delayed early genes of AcMNPV, 

Guarino and Summers (1987) detected high level of transcription of both genes, but only if 

IE-1 was present. Similar results were obtained with two other delayed-early genes. To-

date, however, none of the four genes have been characterized. 

IE-1 also transactivates at least one late gene (Guarino & Summers 1988, Kovacs et 

al, 1991), This was shown using a CAT reporter gene under the control of an AcMNPV 

late gene promoter. Low levels of CAT activity were observed in cells cotransfected with 

this plasmid and with a plasmid containing IE-1 gene. However, a cw-linked enhancer 

element is necessary for this as CAT activity was not induced in the absence of this element 

(Cochran & Faulkner 1983, Guarino & Summers 1986b, 1988), IE-1 also down-

regulates expression from the lE-N promoter in transient assays (Carson et al. 1991b). 

Assay involving electrophoretic mobility shift show that extracts from cells expressing 
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IE-1 contain a specific hr 5 binding activity, suggesting diat IE-1 may be a DNA-binding 

protein (Guarino & Dong 1991). 

IE-0 is expressed as a spliced mRNA with an a open reading firame (ORE) that 

encodes a polypeptide identical to die IE-1 gene product except for an additional 54 amino 

acids at the amino terminus (Chishohn & Henner 1988), Kovacs et al. (1991) showed diat 

the IE-0 gene product transactivated the IE-1 promoter, but did not effect expression from 

its own promoter, IE-0 transactivates the 39 kDa promoter only in the presence of cis-

linked hr-5 enhancer. 

The lE-N gene product transactivates itself and two other immediate-early genes (lE-

1 and IE-0) in an enhancer-independent fashion as determined by transient assay 

experiments. The lE-N product contains several structural motifs present in transcriptional 

regulatory proteins, including a serine-threonine-rich region and a polyglutamine tract 

(Carson et al, 1991a). lE-N is regulated by three viral elements: (a) hr-l enhancer 

stimulates lE-N activity; (b) lE-N decreases its own overall transcription; (c) lE-N gene 

product appears to also stimulate its own production (Carson et al. 1991b). 

The most recendy isolated immediate-early genes, PE-38 and ME53, contain putative 

zinc finger and leucine zipper stmctural motifs, but their activities have not yet been 

determined (Krappa & Knebel-Morsdorf 1991, Knebel-Morsdorf et al. 1993). 

Delayed-Early (P) Genes 

The transcription of many delayed-early genes introduced into cells in the form of 

naked DNA is strongly dependent on the production of IE-1 (Guarino & Summers 1986a, 

1987). However, viral protein synthesis is not required for transcription of some delayed-

early viral genes (p35, dnapol, pcna, cg30) during normal virus infection (Crawford & 

Miller 1988, Nissen & Friesen 1989, Thiem & Miller 1989b, Tomalski et al, 1988), 

Transcription of delayed-early genes is diought to be mediated by host cell RNA 
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polymerase n because no viral gene expression is required and the process is sensitive to 

a-amanitin (Huh & Weaver 1990, Grula et al. 1991), a potent inhibitor of eukaryotic RNA 

polymerase H, So far, nine delayed-early genes have been determined. Both early phases 

precede viral DNA syndiesis (KeUy & Lescott 1981, Miller et al. 1983, Wang & Kelly 

1983, Friesen & Miller 1986, Crawford & Miller 1988, Tomalski et al, 1988, Nissen & 

Friesen 1989). 

The p39 gene codes for a 39 kDa protein (Guarino & Smidi 1990), which 

cofractionatcs with nuclear matrk (fibrillar network, which in infected cells, is 

synonymous with virogenic stroma) of the infected cell (Wilson & Price 1988), The p39 

promoter has been extensively used in functional mapping of viral factors that regidate 

expression of delayed-early gene expression (Guarino & Summers 1986a, 1986b, 1987, 

Guarino et al. 1986, Carson et al. 1988). The immediate-early protein, IE-1, is required 

for expression of the delayed-early gene, p39 (Guarino & Summers 1986a), trans-

Activation of p39 by IE-1 is enhanced a thousand-fold when one of the viral hr enhancers 

(hr5) is Unked to the 39 kDa promoter (Guarino & Summers 1986b), This suggests that 

cw-acting sites (hrs) are required for enhancing the activation of p39 by IE-1 gene. 

The cg30 gene encodes a polypeptide (30 kDa) with features characteristic of 

transcriptional regulatory protein (Thiem & Miller 1989a). At early times post infection, 

cg30 is transcribed from an initiation site within vp39. At late times, cg30 is transcribed 

from the vp39 initiation sites as the second gene of a bicistronic message. However, it is 

not known whether the cg30 ORE of this bicistronic message is translated in AcMNPV-

infected cells. The cg30 polypeptide contains two different nucleic acid-binding motifs, a 

zinc finger and a leucine zipper with a flanking basic region. The presence of two separate 

nucleic acid-binding motifs in the same polypeptide raises die interesting possibility that 

CG30 recognizes and activates transcription from more than one DNA recognition 

sequence in the manner of chimeric lex A-GCN-^ proteins of yeast (Hope & Struhl 1986). 
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A Umited amount of information is available on die possible regidatory effects of die 

delayed-early gene products on viral or host expression: The pcna (etl) product, 

proliferating-ceU nuclear-antigen homologue, stimulates DNA replication and late gene 

expression (Crawford & Miller 1988, O'Reilly et al, 1989), The egt gene of die AcMNPV 

encodes an ecdysteroid UDPglucosyltransferase diat catalyzes the transfer of glucose from 

UDPglucose to ecdysteroids (O'Reilly 8c Miller 1990). Ecdysteroids are a family of steroid 

hormones essential for the induction of both larval-larval and larval-pupal molts in insects, 

AcMNPV infection of an insect larva blocks die ability of diat larva to molt or pupate, 

through the expression of the egt gene, Aphidicoline, an inhibitor of both viral and host 

DNA polymerases, inhibited the dnapol gene transcription suggesting a unique regulation 

involving DNA rephcation (Tomalski et al. 1988). Anodier gene in AcMNPV, pl43 (hel), 

is essential to viral DNA synthesis (Lu & Carstens 1991), The predicted amino acid 

sequence of pl43 contains regions that exhibit amino acid sequence similarities to a group 

of repUcative proteins with putative helicase activities, and therefore pi43 may function to 

unwind duplex DNA at the rephcation fork and/or at the origin of rephcation (Lu & 

Carstens 1992), The gene (p35) encoding 35 kDa is required to block apoptosis (Friesen 

& Miller 1987, Clem et al. 1991). Clem et al. (1991) indicated that loss of sequences 

within the/?i5 open reading frame causes premature lysis and death of infected host cells. 

This virus induced phenomenon was cell Une specific, since SF21 ceUs were susceptible to 

lysis whereas TN368 cells were not. The early lysis of SF21 ceUs was characterized as 

diat resulting from programmed ceU death (apoptosis) on the basis of stereotypic changes in 

cell morphology and degradation of nuclear DNA into oligonucleosome-sized fragments. 

This indicated that one function of the p35 gene is to direcdy or indirectiy suppress virus-

induced apoptosis, a process that may be an antiviral defense mechanism by the host 

(Hershberger et al, 1992, White et al, 1992), 
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Late (y) Genes 

As mentioned above, late and very late gene transcription is dependent on early viral 

gene expression and on DNA rephcation (Grula et al. 1981, Fuchs et al, 1983, Rice 8c 

MiUer 1986, WUson et al, 1987, Thiem & Miller 1989a, Huh & Weaver 1990, 1991, Yang 

et al. 1991), Both cycloheximide and aphidicoline block the transcription of late and very 

late genes. Late and very late genes are distinctive and unusual with regard to thek 

location. The primary determinant of bodi late and very late promoter activity is die 

tetranucleotide TAAG, which is located at the transcriptional start point of aU known late 

and very late transcripts (Rohrmann 1986, Possee & Howard 1987, Miller 1989), These 

sequences are very rare in AcMNPV genome and are found primarily at late or very late 

transcriptional start points. The TAAG sequence is essential for transcriptional initiation to 

occur (Oio et al, 1989). As the postidated viral RNA polymerase or polymerase modifying 

factor has not been isolated (see above), it is not yet possible to study die interaction 

between these protein(s) and TAAG sequence, 

fp25 appears to be involved in occlusion formation (Eraser et al. 1983, Beams & 

Summers 1989). Disruption of fp25 gives rise to the FP phenotype. 

Very Late (8) Genes 

Of the two known genes in this class, only plO appears to have same regulatory 

function, Wei & Volkman (1992) recendy showed that plO may be responsible for down 

regulation of the actin gene in the host ceU, 

Gene Expression Vectors and Genetic Engineered Viral 

Pesticides 

The appUcation of recombinant DNA technology is beginning to help elucidate the 

organization and expression of baculovims genomes. There are several appUcations for 

recombinant baculoviruses: (a) high-efficiency eukaryotic expression vectors, (b) better 
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pest-condiol agents, (c) the study of baculovirus gene fiinction and organization, and (d) 

study of the regulation of gene expression in baculovirus and/or invertebrates in general 

(Cochran et al. 1986). 

In addition to the sdxjng promoter sequences (i.e., these of plO and polh), several 

other features of the baculovirus genome make it an attractive agent for die cloning and 

expression of foreign DNA: (a) baculovirus do not represent a significant health hazard as 

diey do not repUcate in mammaUan ceUs, (b) depending on die strain, diey exhibit a host 

range limited to certain invertebrate famiUes, (c) baculovirus gene products are subject to 

modification by glycosylation and phosphorylation, (d) the viral capsid can package at least 

two genomic lengths, suggesting that they may be able to insert famiUes of genes, or a 

large number of genes (Skuratovskaya et al. 1982, Tjia et al. 1983, Cochran et al. 1986). 

Expression Vectors 

Recombinant baculovirus vectors are currendy being developed for gene expression 

and protein production systems in bodi insect cell cultures and in larvae. Therapeutic 

agents, vaccines, reagents and pesticides are among the products being made by this 

significant mediod (Knight 1991, Tomalski & MUler 1991). 

The polyhedrin gene (polh) of AcMNPV has been mapped and sequenced (Ooi & 

MiUer 1990). It is not essential for infection or replication of virions (i.e. BV production) 

in cell culture (Summers & Smith 1987). Deletion or insertional inactivation of the 

polyhedrin gene results in the production of occlusion negative (Occ~) viruses, which form 

plaques that are distincdy different from those of wild-type, occlusion positive (OcC*") 

viruses. This distinctive plaque morphology provides a simple way to screen for 

recombinant viruses in which wild type AcMNPV polyhedrin gene has been replaced with 

a hybrid gene of choice. The nonessential nature and high levels of expression of the 

polyhedrin gene and the ease with which recombinant Occ~ viruses can be detected make 
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the promoter of diis gene particularly suitable for use in expression vectors (O'Reilly et al, 

1992). 

Viral Pesticides 

Foreign gene expression in baculovirus is of interest in the development of more 

effective baculovirus pesticides. Unmodified, baculovirus is slow acting. This means diat 

a greater percentage of crops is lost before the virus takes effect Wild-type baculovirus 

infection takes 4 to 8 days to kiU susceptible species and provokes an eating binge before 

the infected insects die. Hence, baculovirus efficacy is lower than that of conventional, 

chemical insecticides (Knight 1991), Recombmant nuclear polyhedrosis vkuses 

expressing insect-selective toxins, hormones, or enzymes could enhance their insecticidal 

properties (McCutchen et al. 1991,0'ReUly & MUICT 1991), 

Viral PIBs dissolve in the midgut of insect larvae and release infectious virions which 

enter and repUcate in gut epithelial ceUs, Spread of virus to other organs causes extensive 

tissue damage and eventuaUy death, Stewart et al. (1991) constructed a recombmant of 

AcMNPV containing an insect-specific neurotoxin fix)m the venom of the North African 

(Algerian) scorpion, Androctonus australis Hector, The neurotoxin acts by causing 

specific modifications to the Na"̂  conductance of neurons, producing a presynaptic 

excitatory effect leading to paralysis and death. The toxin has no effect on mice. 

Another approach to the development of baculovirus pesticides by recombinant DNA 

methods would involve alteration of host range and virulence through site-specific 

mutagenesis. However, the required understanding of the molecular basis of baculoviruses 

specificity and virulence is not yet avaUable, 
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Ho.st Specificitv 

Most nuclear polyhedrosis viruses are not species specific, but they do have a narrow 

host range (BUimoria 1991), Generally, NPVs infect only members of the genus or, in 

some cases, die famUy of the original host (Bilimoria 1991). 

Host ceU Unes infected with most DNA viruses can be categorized as permissive, 

semipermissive, or nonpermissive according to the extent of infectious virus formation 

(Farber & Baum 1978, Paraskeva et al. 1982), Permissive ceUs support high amounts of 

infectious virus production, Semipermissive ceUs support very low infectious virus 

production and nonpermissive cells do not produce any infectious virus. However, it is 

often difficult to distinguish clearly between semi- and non-permissive infections, and this 

has resulted in much confusion in the Uterature, Thus, as recommended by BUimoria 

(1991), I wUl use the terms "productive" and "abortive" to describe relative susceptibiUty. 

Based on host specificity studies in our laboratory and in those of others works, 

BUimoria (1991) has suggested that NPV infections in alternate insect ceU lines may be 

aborted at a number of different stages in the virus rephcation cycle. 

The first abortive infection of a baculovirus was described by Carpenter & BiUmoria 

(1983), who studied die infection of TN-368 ceUs widi S.frugiperda MNPV (SflVINPV). 

In this infection, the virus induced early cytopathic effect (CPE), including nuclear 

hypertrophy and the formation of characteristic virogenic stroma in permissive SF cells, but 

did not produce complete virions. In a more recent study, Liu (1987) showed that 

infectious virus is not produced in this system. Liu & BiUmoria (1990) reported that only 

two infected ceU-specific polypeptides (97 kDa, P and 29 kDa, y) are synthesized in SF 

ceUs. They suggested tiiat the limited expression of a delayed-early and a late ICSP in 

nonpermissive ceUs is due to induction by a component (possibly the 67 kDa polypeptide) 

in parental virus, MiUer (1988) has suggested diat die IE-1 of AcMNPV (67 kDa) enters 

die cell as a virion component Dot-blot hybridization data showed that a low level (<15% 
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of permissive infection) of viral DNA rephcation occurs m abortive SfMNPV mfection (Liu 

& BUimoria 1990), 

Groner et al, (1984) studied AcMNPV infection in the nonpermissive, codUng modi 

cell line, CP169, They showed diat adsorption and engulfment of virus particles occurred, 

but there was no syndiesis of ICSPs or rephcation of viral DNA. 

McClintock et al, (1986) showed that in infections of nonpermissive gypsy moth ceUs 

(IPLB-LD-6427Y) widi AcMNPV, early but not late ICSPs were syndiesized. The virus 

produced classic CPE in these ceUs, but faded to produce infectious progeny. However, 

the rate of DNA synthesis approximated diat observed m permissive TN-368 ceUs. 

BUunoria et al. (1986) and Reinisch (1989) showed that in AcMNPV infections ofB. 

mori, BM-5 ceUs, the CPE is highly unusual; in addition to developmg die nuclear 

hypertrophy typical of early stage CPE, die ceUs developed ;?o/ar terminals and sac-like 

bodies never observed in other baculovirus infections. Recendy, BiUmoria et al, (1992) 

reported that no infectious virus is produced in these ceUs, An interesting aspect of this 

research is that a total of 18 ICSPs were detected in infected BM cells. Four of these 

ICSPs are unique to the AcMNPV-infected BM ceUs and are designated as novel proteins 

(BUimoria et al. 1993), Eight of the ICSPs detected in infected BM ceUs comigrate with 

components of purified budded viruses and thus appear to be components of the virion. 

Rice and MiUer (1986) showed that specific AcMNPV transcripts (immediate-early) 

were synthesized in nonpermissive Drosophila melanogaster ceUs, but late viral transcripts 

were not observed. Carbonell et al, (1985) transfected D. melanogaster ceUs with 

recombinant plasmids in which the E. coli P-galactosidase gene is under the control of late 

polyhedrin promoter of AcMNPV and showed that expression of the bacterial enzyme was 

less than 0.3% of that in similarly treated, permissive SF cells. 

Thus, it is clear that one or more distinct mechanisms of restriction might be 

operational in each of the host specificity model systems discussed. As more information 
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on the specific promoter classes, enhancer sequences, and transcription factors operational 

in the temporal cascade of the NPV rephcation cycle becomes avaUable, it should be 

possible to test die role they play in regulating die specificity and tissue tropism of these 

viruses. 

Purpose and Scope 

Hypothesis 

Our laboratory has developed a host specific model for AcMNPV. In diis model 

(Figure 5), S.frugiperda (SF) ceUs are die productive host. Table 1 shows diat infections 

of Bombyx mori (BM) cells with AcMNPV are abortive because: (a) budded virus antigen 

is produced in 90 percent of ceUs, but less than 1 percent of the ceUs produced polyhedrin 

antigen (Summers et al. 1978); (b) no infectious progeny is produced (Reinisch 1989); (c) 

virus-specific early cytopathic events (sac-Uke bodies and protrusions) are observed 

(BiUmoria et al. 1992); and (d) the synthesis of a significant number of viral polypeptides is 

blocked, and some novel polypeptides are synthesized (Bilunoria et al, 1993), 

These results clearly show that some virus specific activities are going on in AcMNPV-

BM infection. However, there is considerable restriction of the virus replication cycle. 

The lack of complete polyhedral inclusion bodies or infectious virus in the abortive 

infection does not preclude viral morphogenesis or assembly of particles that are defective in 

some way. Thus, the question arises as to the extent to which viral particles are produced. 

It is possible virogenic stroma, defective nucleocapsids, vUions, and polyhedral inclusion 

bodies are produced. 

The presence of vu-al antigen, polyhedrin antigen, and some late protems (i.e., low 

levels of the capsid polypeptide) suggested that at least some viral DNA rephcation occurs in 

the abortive infection. However, it is also possible diat vkal DNA synthesis is delayed 

and/or occurs at a very low rate in the abortive infection. 
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Table 2: Results of previous studies on abortive and productive infections of 
B. mori and S.frugiperda ceUs, respectively, with Autographa californica 
multicapsid nuclear polyhedrosis virus. 

PIB antigen 
BV antigen 

Nuclear enlargement 
Infectious virus 
Inclusion bodies 

Viral polypeptides 
Novel polypeptides 
Sac-like bodies 
P r o t r u s i o n s 

Virogenic stroma 
Nucleocapsids 
Vi r ions 
Polyhedral inclusion bodies 
Budded virus DNA 
Immediate-early transcription 
Delayed-early transcription 
Late transcription 
Very-late transcription 

ABORTIVE 
BM 

+ / -
+ 

+ 
— 
-

+ / -
+ 
+ 
+ 

7 
7 
7 
7 
7 
7 
7 
7 
* 

PRODUCTIVE 
SF 
+ 
+ 

+ 
+ 
+ 

+ 
N A 

— 
— 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

REFERENCES 

Summers et al. 1978 

Reinisch 1989 
ti 

It 

Bilimoria et al. 1993 
Reinisch 1989 
Bilimoria et al. 1992 
Bilimoria et al. 1993 
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As the synthesis of a significant number of viral polypeptides is blocked or 

significandy low, and some novel polypeptides are synthesized, it is possible that 

expression of a number of genes is blocked eitiier at the transcriptional or at the post-

transcriptional translational levels. Therefore, it was of interest to study the transcription of 

selected AcMNPV genes in BM ceUs, To help estabUsh if there was a particular stage in 

the NPV temporal cascade during which such restriction occurred, genes representative of 

the four temporal classes were studied. 

Objectives 

The objectives of this dissertation were to: (a) study viral morphogenesis in 

productive versus abortive infections of SF and BM ceUs and look for viral particle 

production; (b) estabUsh die kinetics of vural DNA synthesis in BM and SF cells and 

determine the relative level of viral DNA synthesis in abortive infection; and (c) compare 

transcription of representative genes from each temporal class in SF and BM cells with the 

intention of determining whether restriction occurs at the transcriptional level and to 

establish the temporal phase during which such restriction occurs. 

35 



CHAPTER n 

MATERIALS AND METHODS 

Cell Growth and Maintenance 

Continuous ceU Unes of Vaughn's SF-IPLB-21 (Spodopterafrugiperda, SF, Vaughn 

1977) and Grace's BM-5 (Bombyx mori, BM, Grace 1967) ceU lines were used in this 

study. Both cell lines were grown in Hink's TNMFH medium (Hink 1970) supplemented 

with 10 % fetal bovine serum at 28°C and routinely subcultured at 5-day intervals. SF 

ceUs were subcultured at a 1:10 ratio, and BM ceUs were subcultured at a ratio of 1: 5. 

Plaque Assav 

First passage vims (AcMNPV) was produced by the modified plaque assay procedure 

of Summers and Smidi (1987). Viable SF ceUs were seeded at 7 x lO^ ceUs per weU of 6-

weU trays (Costar). After cell attachment (2 h), the medium was removed, and 0.4 ml of 

virus dilutions (10-3-10-S) was added to each weU. Virus adsorption was performed at 

room temperature for 2 h on a BeUco rocker platform. After adsorption, the medium was 

removed and aU wells were washed with unsupplemented TNMFH medium. One and a 

half ml overlay (1.5% sterile agarose in water was added to an equal volume of 2X 

TNMFH containing 10% fetal bovine serum [FBS] and 0.1 g/ml gentamicm) was added to 

each well. After die agarose had sohdified, trays were incubated at 28°C for 4-6 days. 

Virus was collected from well-isolated plaques by applying suction with a Pasteur pipette 

and then resuspended in 1 ml complete TNMFH. This procedure was repeated to ensure 

that the virus was biologically pure. The final, plaque-purified \\r\xs was used to inoculate 

SF cells for the production of vims stock. 
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Vmis Stock PrnHnrrinn 

Virus Stock was grown in SF ceUs using die procedure of Summers and Smidi (1987). 

CeUs were seeded (1.8 x lO^ ceUs per 150 cm2 tissue culmre flasks) and aUowed to attach 

for 2 h. Medium was removed from flasks and ceUs were washed with unsupplemented 

TNMFH, CeUs were inoculated with 4 ml of virus suspension (in unsupplemented 

medium) such that the multipUcity of infection (MOI) was 1. After 2 h of adsorption on a 

rocker platform, 20 ml complete TNMFH medium was added and die flasks incubated at 

280C until 60-80% of die cells had polyhedral mclusion bodies (PIBs; 48-60 h p,i,). 

Culture fluid was harvested and centrifuged at 2,500 rpm for 10 min to remove ceU debri 

and most PEBs. Supernatant, containing budded virus, was stored at 4^0 untU needed. 

End-Point DUution 

Virus was titrated by the tissue culture infectious dose-50 (TCID-50) method of 

Brown and Faulkner (1975), Ten-fold dUutions of virus stock were prepared. AUquots 

(50 [sL) of each vuiis dUution (lO-l to 10-8) were muted with 50 |iL of SF ceUs (2,5 x 10^ 

ceUs/ml), For each dUution, 10 jiL mixture was transfened into 6 weUs of a 60-well 

Teresaki plate (Falcon), After 4-5 days incubation at 28°C, weUs containing at least one 

ceU with one or more PIBs were scored positive. 

Virus Purification 

Virus was produced as explained above. At the desired number of hours post 

infection (h p,i,) the infected ceUs were centrifuged at 2,500 rpm for 10 min. The 

supernatant was transferred into ultracentrifiige tubes and the budded virus (BV) was spun 

for 30 min at 100,000 x g (24,000 rpm in an SW-27 rotor). The vims pellet was 

resuspended overnight at 40C in 0,7 ml of 0.1 x Tris-EDTA (pH 8), The resulting 

suspension was layered onto Unear sucrose gradients (25%-50% sucrose in 0.1 x TE 
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buffer: 1 mM Tris HCl, 0,1 mM EDTA, pH 8,0) and centrifuged at 100,000 x g (28,500 

rpm in an SW-^1 rotor) for 90 min. The viral band was removed mto a new tube, dUuted 

widi 0,1 X TE and centrifuged to a pellet at 100,0(X) x g for 30 min. 

Cell and Virus Preparation for Electron Microscopv 

Coming tissue culture flasks (75 cm )̂ seeded with 9 x 10̂  SF or BM cells were 

aUowed to attach overnight (Bilimoria et al, 1992), The cultures were inoculated with 

AcMNPV at an MOI of 50, Mock-infected flasks were prepared in exacdy the same 

manner as infected flasks; however, unsupplemented medium devoid of virus was used as 

inoculum. The virus was aUowed to adsorb for 2 h at room temperatiure on a Bellco rocker 

platform. The ceUs were then washed with unsupplemented TNMFH, and 10 ml of 

complete medium (supplemented with 10% Fetal Bovine Seram and including 50 |iL/ml 

gentamicin) was added to each flask. Incubation was at 28°C, in a humidified CO2 

incubator set at 5% CO2. At specific times post infection (0, 6,12, 24, 60 h p.i.), cells 

were fixed for electron microscopy. 

ElecQ-on Microscopv 

Infected and control SF and BM ceUs were detached from tissue culture flasks at 

specific times post-infection with a mbber poUceman and were fixed in 0,1 M phosphate 

buffer, 2,5% glutaraldehyde (pH 7, 380 mOsm/kg) for 1 h at room temperature, CeUs 

were post-fixed m 2 % OSO4 in phosphate buffer, dehydrated in a graded edianol series 

and then embedded in Spurr's embedding medium (Carpenter 1983, Carpenter & Bihmoria 

1983, BUimoria et al, 1992), CeUs were centrifuged and resuspended during each step of 

fixation and embedded m plastic beam capsules. The ceUs were sectioned widi an LKB 

ultramicrotome fitted widi a diamond knife. Thin sections were coUected on coated copper 
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grids and stained for 5 min with uranyl acetate and then stained 15 min with lead citrate. 

Sections were examined with a Hitachi HS-9 transmission elecd-on microscope. 

Isolation of BiidHed Viral DNA 

AcMNPV DNA was isolated from extraceUular virus by the procedure described by 

Smith and Summers (1987). Medium was removed from infected ceUs (in 75 cm^ tissue-

culture flasks), and virus was purified as described earUer. The vims pellet was 

resuspended in 4,5 ml extraction buffer (0,1 M Tris base; 0,1 M NaaEDTA, 2H2O; 0.2 M 

KCl; pH 8.0; filter steriUzed). Two hundred microUters of proteinase K was added, and 

die preparation was digested 1 h at 50^0. The digest was treated widi 0,5 ml of 10% 

Sarkosyl and incubated at 50°C for an additional 2 h. The suspension was extracted once 

with phenol: chloroform: isoamyl alcohol (25:24:1), then twice with chloroform only. The 

aqueous DNA-containing phase was combined with 10 ml absolute ethanol to precipitate 

"cotton-Uke" viral DNA. Precipitation was completed by incubatmg the sample at -80°C 

for 10 min. The DNA was then centrifuged to a peUet at low speed (2,500 rpm) for 20 min 

and washed twice with cold 90% ethanol. The pellet was resuspended in 500 |iL of 0,1 x 

TE and incubated at 65°C for about 15 min. The DNA was stored at 4^0 until needed. 

Preparation of DNA Probe for DNA: DNA Dot-Blot 
Hvbridization 

Budded virus DNA was isolated as oudined above. Pure AcMNPV DNA was 

sonicated at 100 W for 1 min, at 50% duty cycle in a Heat Systems Model 225R sonicator 

fitted with a cuphom probe attached to a cux^ulating ice-cold water-bath. Samples of 

sonicated DNA (20-50 ng) were isotopicaUy labeled by random primer DNA labeling 

procedure (described below) and used as probe in DNA: DNA dot-blot hybridization. 
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DNA: DNA Dot-Blot Hvbridization 

Total vu^l DNA was studied by usmg lysates (0, 2,4, 6, 12, 24, 48 h p,i,) from SF 

and BM ceUs. SF or BM ceUs were seeded into 24-well trays (1.25 x 10^ ceUs/weU, final 

volume: 400 jiL), After ceU attachment, medium was removed from aU weUs, and ceUs 

were washed with unsupplemented medium. Forty |iL unsupplemented medium was 

added to aU weUs. One set each of SF and of BM ceUs were used as uninfected control 

(mock infection), Anodier set of each ceU Une was mfected widi AcMNPV OVIOI: 50), A 

thu-d set of each ceU was infected in the presence of 0.2 |iL 5 ̂ ig/ml aphidicoline as control 

for parental virus DNA. Virus was aUowed to adsorb for 2 h at room temperature on a 

BeUco rocker platform. The ceUs were dien washed, and 400 |iL complete TNMFH 

medium was added to each flask. Incubation was at 28°C in a humidified CO2 incubator 

set at 5% CO2. At specific times post infection medium was removed, and ceUs were lysed 

and processed for DNA: DNA dot-blot hybridization by the procedure of Summers and 

Smidi (1987), Lysis was affected by adding 800 |xL 0,5 N NaOH into each weU, After 

complete mixing, 80 ̂ L 10 M NH4-acetate was added to neutraUze ceU suspensions, 

which were stored at 40C untU needed. A nitroceUidose membrane of appropriate size was 

wetted in hot water (ca, 90°C) and equiUbrated sequentiaUy in 1 M NH4-acetate and 0.02 

M NaOH. The dot-blot apparatus (BIORAD, MicrofUtration Apparatus: # 170-6545) was 

assembled as explained by the manufacturer. The wells were rinsed with 1 M NH4-acetate 

0.02 M NaOH. One hundred îL of cell lysate was applied to each weU of the manifold. 

The weUs then were rinsed with 1 M NH4-acetate, 0.02 M NaOH. The nitrocellulose 

membrane was removed and washed briefly (2 min) in4xSSC(lxSSC = 0.15 NaCl, 

0.015 M Na Citrate, pH 7.0). Then it was ak dried and baked for 2 h at 80^0 under 

vacuum. The membrane was probed widi ^^p labeled (by random priming) viral DNA . 
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Smce there is 100% homology between probe and tested DNA, high stringency conditions 

were chosen (50% formamide, 5 x SSPE, 0,1 mg/ml salmon DNA, 5 x Denhard's, 0.1% 

SDS, at 420C overnight). After hybridization, the nitroceUulose was washed (0,1 x SSPE, 

0,1% SDS, at 650C, for 15 min,), air dried, and exposed against Kodak XAR-5 X-Omat 

AR film at -80°C using FisherBiotech intensifying screens. After autoradiography, 

nitroceUulose-squares containing the dotted DNA were cut and transfened to individual 

vials, ScintiUation fluid (Fisher Scientific Universal L,S,C, cocktaU) was then added and 

the preparations counted for 32p in a Beckman LS 7500 scintUlation counter. 

Random Primer DNA Labeling 

Random Primer DNA labeling was performed according to procedure described by 

the manufacturer (Boehringer Mannheim Random Primer Labeling Kit Cat # 1004 760) 

(Smidi & Summers 1980, Feinberg & Vogelstein 1983,1984). Purified DNA (25-50 ng 

in 9 |J.L) was denatured by boUing for 10 min and subsequent cooling on ice. The 

foUowing was added to a microfuge tube on ice and made up to a final volume of 20 |iL; 1 

pL dATP (5 mM), 1 jiL dGTP (5 mM), 1 îL dTTP (5 mM); 2 îL reaction mixture; 5 |il 

(approx. 50 M-Ci) 32p_dCTP, 3000 Ci/mmol; l̂ iL Klenow enzyme. The mixture was 

incubated for 30 min at 370C and 1 ml low salt (0,2 M NaCl, 20 mM Tris HCl, pH 7,4, 

1,0 mM EDTA) was added. Labeled DNA was separated from unincorporated nucleotides 

widi die use of ELUTIP-D columns (Schleicher & SchueU: #NAO10/2) according to 

manufacturers instmctions. All columns were pretreated by passing through 5 ml high salt 

solution (1,0 M NaCl, 20 mM Tris HCl, pH 7.4,1,0 mM EDTA) and 5 ml low salt 

solution. The reaction mixture was dien loaded onto die column and the radiolabeled DNA 

was eluted with 750 |J,L high salt The labeled DNA was boUed 5 min, cooled on ice dien 

used in DNA: DNA dot-blot hybridization and Northem blot analysis experiments. 
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Total RNA Isolation from SF and BM CeUs 

Total, RNA was isolated from uninfected S.frugiperda and B. mori ceUs and from 

infected ceUs at 0,2, 6, 12,24 and 48 h p.i, (Sambrook et al. 1989), CeUs were seeded at 

Ix l(P per flask (Coming, 25 cm^) and incubated overnight at 280C, The ceUs then were 

inoculated widi AcMNPV (MOI = 50); adsorption was for 2 h at room temperature. The 

infected ceU cultures were incubated at 280C, and at various times post infection, flasks 

were placed on an aluminum plate over an ice bed. Medium was removed by asphation. 

Each monolayer was washed twice with 5 ml of ice-cold PBS lacking calcium and 

magnesium ions. One ml lysis buffer (10 mM EDTA (pH 8.0), 0.5% SDS, 4 mg/ml of 

Macaloid) was added to each flask. The lysate was transferred to a 15 ml disposable 

polypropylene tube. The flask was rinsed with 1 ml ice-cold mixture of 0.1 M sodium 

acetate (pH 5.2) and 10 mM EDTA (pH 8.0), The solution was transferred to the tube 

containing the ceU lysate. Two ml water-saturated phenol was then added, and the lysate-

phenol mixture was shaken vigorously for 2 min at room temperature. The phases were 

separated by centrifugation at 5,000 rpm for 10 min in an SS34 rotor fitted with rubber 

sleeves. The upper (aqueous) phase was removed using a sterUe Pasteur pipette and 

transferred to a fresh tube containing 220 p.L of ice-cold 1 M Tris, HCl (pH 8.0) and 90 

jiL ice-cold 5 M NaCl, Two volumes of ice-cold ethanol was added. The contents of the 

tube were mixed and stored on ice. To maximize the RNA yield, the organic phase was 

reextracted (as described above) with lysis buffer, the resulting aqueous phase was pooled 

with the original aqueous phase and stored on ice for 30 min. to aUow RNA to precipitate. 

The RNA precipitate was collected by centrifugation (5,000 rpm, 10 min, 4^0) m an SS34 

rotor. The peUet was redissolved in 200 îL of ice-cold TE (pH 8.0). Four |J.L of ice-cold 

5 M NaCl and 500 |iL of ice-cold edianol were added. The resulting peUet was coUected 

by centrifugation (12,000 g, 5 min, 4 ^ 0 in a microfuge. The RNA was redissolved in 50 

jiL water and stored at -20oC untU needed. 
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Preparation of Viral Gene-Specific DNA Probes for 
Northem Riot Hvhridizarion 

Appropriate vhal DNA fragments, inserted into polylinker cloning sites of vector 

(Bluescript, pUC19), were obtained from Dr. L. K. MiUer, University of Georgia (probes 

for dnapol, cap, and polh gene), from Dr. D, Knebel-Morsdorf, University of Cologne, 

Germany (probe for pe-38 genes), and from Dr, L, A, Guarino, Texas A&M University, 

CoUege Station (probe for/E-7 genes). Plasmids were transformed into DH5 a or XL 1 

blue strains of E. coli according to a modified procedure of Fritsch and Maniatis (1989), 

Plasnoid DNA was isolated, and 2-3 îg amounts were digested with appropriate restriction 

enzymes to release insert DNAs. The vector and insert DNA mixture was then 

electrophoresed in horizontal 1% agarose gels, in 1 x TBE (0.5 M Tris base, 2.25 M boric 

acid, 0.01 M EDTA, pH 8). DNA was eluted from the gel block containing die target 

fragment and radiolabeled with 32p by the random primed procedure. The labeled 

fragments were used as viral probes in the northem blot hybridization experiment 

Electrophoresis of RNA dirough Gels Containing 
Formaldehvde and Northern Blot Analvsis 

Total RNA was isolated at 0,2, 6,12,24,48 h p.i, from AcMNPV infected SF and 

BM cells and also from mock infected SF and BM ceUs, which served as controls, RNA 

samples (20 (ig in 4,5 |iL) were electrophoresed in horizontal 1% agarose gels (18 x 0.6 

cm) containing 6.6% (i.e., 2.2 M) formaldehyde (in water) and 1 x MOPS according to 

procedure of Ogden & Adams (1987). Ethidium bromide-stained RNA was viewed in UV 

light and RNA was blotted onto nitroceUulose filters ovemight. Baked blots were probed 

with appropriate, radiolabeled, gene-specific viral DNA (Fritsch & Maniatis 1989). Since 

there is 100% homology between the probe of interest and desired transcripts, high 

stringency conditions were chosen (50% formamide, 5 x SSPE, 0.1 mg/ml salmon DNA, 

5 X Denhard's, 0.1% SDS, at 42^0 ovemight). After hybridization, the nitrocellulose was 
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washed (0,1 x SSPE, 0,1% SDS, at 65^0, for 15 min), an- dried, and exposed against 

Kodak XAR-5 X-Omat AR fihn at -70^0 using FisherBiotech mtensifying screens. 
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CHAPTER m 

RESULTS 

AcMNPV morphogenesis in Spodopterafrugiperda and 
Bomhvx mori cell lines 

In an earUer report Summers et al. (1978) indicated diat 90% ofB. mori ceUs infected 

widi AcMNPV produced budded vkus antigen, and less than 1% of the ceUs produced 

polyhedrin, die major polyhedral inclusion body antigen. However, then- study did not 

indicate whether intact defective virions or nucleocapsids are produced in this infection. 

Reinisch (1989) showed that no infectious virus is produced in this infection. In order to 

understand viral morphogenesis in AcMNPV-infected BM ceUs, I carried out electron 

microscopic observations for virogenic stroma, nucleocapsid, budded vims, and also for 

occluded vims, and polyhedral inclusion bodies (PIBs). Vims-infected and mock-infected 

SF and BM ceUs were harvested and embedded at 6,12,24, and 60 h post infection (h 

p.i.) and then prepared for observation. 

Mock-infected controls showed that aU ceUs had normaUy appearing nuclei with intact 

nucleoU and continuous nuclear membranes (Figure 6-A and B). AU other aspects of the 

ceUs appeared to be normal (data not shown). AcMNPV-infected SF and BM ceUs at 0 h 

p.i. both had virogenic stroma and nucleocapsids (data not shown). At 6 h p.i. the VS in 

SF ceUs became darker and the number of nucleocapsids decreased compared to 0 h p.i. 

(Figiu-e 7-A). SimUar darkening of VS was observed in BM ceUs (Figure 7-B); however, 

nucleocapsids were not detected. At 12 h p.i,, SF and BM ceUs continued to manifest VS 

(Figure 8-B), De novo envelopment of nucleocapsids was detected only in infected SF 

ceUs, By 24 h p,i, most of these nucleocapsids had acquired envelopes and had become 

vuions. This resulted in a decrease in die number of naked nucleocapsids (Figure 9-A), 

In contrast, low levels of nucleocapsid-like stmctures were observed in BM ceUs, but only 

in approximately one of every five ceUs and not earlier than 24 h p.i, (Figure 9-B), These 
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Figure 6: Electron micrographs of mock-infected ceUs; (A) Spodopterafrugiperda 
(SF; X 20,100) and (B) Bombyx mori (BM; x 20,400) ceUs, Unstressed 
nuclear memlwane (NM) is observed in both ceU lines, A normal nuclei 
(N) with intact nucleoU (NU) are present in both ceU lines. 
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Figure 7: Electron micrographs of AcMNPV-infected ceUs at 6 h p.i. (MOI = 50); 
(A) S.frugiperda (SF; x 20,700) and (B) B. mori (BM; x 20,400), The 
SF cell nucleus (N) contains distinct virogenic stroma (VS) and numerous 
nucleocapsids (NC), Virogenic stroma is also observed in B. mori cells, 
but no nucleocapsids are seen at this stage. 



A) AcMNPV-SF ceUs; 6 h p.i,, x 20,700 
. . * ' • . ' • . ' . • " « : 

B) AcMNPV-BM cells; 6 h p,i„ x 20,400 
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Figure 8: Electron micrographs of AcMNPV-infected ceUs at 12 h p,i, (MOI = 50); 
(A)Spodopterafrugiperda (SF; x 23,100) ceUs and (B) Bombyx mori 
(BM; X 13,200). Both ceU lines had formed distinct virogenic stroma 
(VS), Nucleocapsids (NCs) were detected in only infected S.frugiperda 
ceUs. 



A) AcMNPV-SFceUs; 12hp.i., x 23,100 

B) AcMNPV-BM ceUs; 12 h p.i., x 13,200 

51 



52 



Figure 9: Electron micrographs of AcMNPV-infected ceUs (MOI = 50) at 24 h p.i. 
(A) The Spodopterafrugiperda (SF) ceU nucleus (N) displays distinct 
virogenic stroma (VS) widi numerous progeny virions (V) and 
nucleocapsids (NC) (x 16,800); (B) there are no nucleocapsids in the 
majority of the Bombyx mori (BM) ceUs, however, distinct VS was 
observed in aU infected BM ceUs at this time (x 21,600), (C) The 
complete nucleocapsid (NC) is shown in infected SF ceUs for 
comparison (x 42,300), (D) In the remaining (approximately one of 
every five BM cells) of the B. mori ceUs, nucleocapsids are observed but 
appear to be defective (NC*) in that the cap stmctures (c) are missing (x 
40,400), 



A) AcMNPV-SF ceUs; 24 h p.i. 
X 14,000 

B) AcMNPV-BM ceUs; 24 h p.i. 
X 22,000 

jr,]: 

C) AcMNPV-SF ceUs; 24 h p.i. 
X 42,300 

D) AcMNPV-BM ceUs; 24 h p.i. 
X 40,400 
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structures are simUar to die early stage nucleocapsids produced in die SF cells (Figure 9-

C), but appear to be defective in that the cap (c) stmctures at the ends are missing. The 

majority of BM ceUs had only virogenic stroma (Figure 9-B). The VS in BM ceUs became 

more condensed by this tune and appeared to be very simUar m its sdiicture to mature VS in 

the productive cells (Figure 8-A), At 60 h p,i., polyhedral mclusion bodies (PIBs) along 

with continued virion formation was observed in AcMNPV-infected SF ceUs (Figure 10-

A), but no vuions or PIBs were seen in BM cells. Furthermore, the nucleocapsids detected 

in BM ceUs at 24 h p.i, were no longer observable, and the virogenic stroma appeared to 

have degenerated (Figure 10-B), 

Kinetics of Viral DNA Rephcation in AcMNPV-infected S. 
frugiperda and B. mori CeUs 

The presence of virogenic stroma and defective nucleocapsids in BM ceUs suggested 

that viral DNA repUcation may have been initiated in the abortive infection. To determine if 

AcMNPV DNA repUcated in BM ceUs, I investigated viral DNA levels in both productive 

(SF) and abortive (BM) ceUs by DNA: DNA dot blot hybridization. Total vu^ DNA was 

extracted from ceU lysates prepared at 0,2,4, 6,12,24, and 48 h p.i. from sets of SF and 

BM ceUs that were: (a) infected with AcMNPV; (b) infected in the presence of aphidicoline 

(5 |J.g/ml); and (c) mock-infected. AUquots (100 ̂ L/weU) of the DNA from these lysates 

was immobiUzed onto nitroceUulose paper and hybridized with probe consisting of 32p_ 

labeled, total AcMNPV-DNA, Figure U-A shows diat viral DNA replication had started 

by 6 h p,i, in productive SF ceUs; in abortive BM ceUs, viral DNA replication was first 

detected at 12 h p,i, but at very low levels (13% of productive infection). Figure 11-B 

represents a quantitative analysis of die data in Figure 11-A, The peak rate of viral DNA 

repUcation was between 6 and 12 h p,i, in both die productive and abortive infection. Viral 

DNA accumulation in BM ceUs was only 13% of tiiat in SF ceUs, Whereas vkal DNA 
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Figure 10: Electron micrographs of AcMNPV-infected ceUs (MOI = 50) at 
60 h p,i, (A) Spodopterafrugiperda (SF) ceUs (x 20,590) and (B) 
Bombyx mori (BM) ceUs (x 20,350). Mature polyhedral inclusion 
bodies (PIB) with occluded vims (arrow) and nonoccluded virions (V) 
are observed in S.frugiperda ceUs. The virogenic stroma (VS*) in the 
B. mori cell nucleus (N) is apparendy degenerating by this stage of the 
infection. Nuclear membrane (NM); Nucleolus (NU), 



A) AcMNPV-SF ceUs; 60 h p.i., x 20.590 

B) AcMNPV-BM ceUs; 60 h p.i., x 20.350 
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Figure 11: Kinetics of vkal DNA synthesis in Autographa californica multicapsid 
nuclear polyhedrosis vims (AcMNPV)-infected Spodopterafrugiperda 
and Bombyx mori ceUs. Total viral DNA was studied from ceU lysates 
obtained at 0, 2,4, 6,12,24, and 48 h p,i. from AcMNPV-mfected SF 
(SAc) and BM (BAc) cells, from ceUs infected in the presence of 5 jig/ml 
aphidicoline (SAc* or BAc*), and from mock-infected controls (Smc or 
Bmc), Preparation of probe: DNA was from purified budded vims 
particles, sonicated to generate fragments of approximately 500 bp and 
labeled with 32p by random primer labeling. One hundred |iL of ceU 
lysate was immobilized onto nitroceUidose paper, and hybridized with 
32p_iabeled AcMNPV-DNA. (A) Autoradiogram of viral DNA synthesis 
m SF and BM ceUs. (B) DNA synthesis in SF and BM ceUs quantitated 
by Uquid scintUlation counting of hybridized dots (See plate A for key to 
symbols). 
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repUcation continued tiU 24 h p.i, in SF ceUs, repUcation in BM ceUs did not increase 

significandy after 12 h p,i. 

Transcription of Representative Genes fit>m Four Temporal 
Phases of AcMNPV Gene Regulation 

To determine whether restriction of viral gene expression is occurring at the 

transcriptional level and to further estabUsh the temporal phase during which the restriction 

occurs, northem blot analysis was carried out on total RNA from productive (SF) and 

abortive (BM) AcMNPV infections. Gene-specific fragments from each of the four 

temporal classes were used as probes. The representative genes used were IE-1 and pe-38 

(immediate-early or a phase), dnapol (delayed-early or P phase), cap Gate or y phase), and 

polh (very late or 5 phase). 

Transcription of IE-1 gene in AcMNPV-infected S. 
frugiperda and B. mori CeUs 

There is no requirement for viral protein synthesis for immediate-early gene 

transcription in a normal vims infection (Crawford 8c MUler 1988, Nissen & Friesen 

1989). Immediate-early genes require only host cellular factors for their initial 

transcription, but they also may be regulated by cw-acting viral enhancers. Immediate-

early genes contain a putative zinc finger and a leucine zipper stmctural motif, and a 

number of them are known to play significant roles in gene regulation, 

IE-1 gene encodes a protein with a predicted molecidar weight of 67 kDa (Guarino & 

Summers 1987), This gene is expressed as an immediate-early gene. IE-1 gene trans-

activates itself, some other immediate-early genes, p39, and at least four other potential 

AcMNPV delayed-early genes and one potential late gene (Friesen & MiUer 1986, Guarino 

& Summers 1986a, 1987, Miller et al. 1983, Rice & MiUer 1986), Some of tiie hr regions 

(e,g. 5hr) (Cochran & FauUaier 1983) function as enhancers for expression of delayed-

early and late genes and this also requires IE-1 gene product (Guarino et al, 1986, Guarino 
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& Summers 1986b), Therefore, IE-1 has a central role in the regulation of gene 

ejqiression, and knowledge of the transcriptional pattem of this gene in abortive infection is 

important. 

Cultures of SF and BM ceUs were infected widi AcMNPV at an MOI of 50 and total 

ceUular RNA was extracted at various times post-mfection. This RNA was fi^ctionated by 

agarose gel electrophoresis, blotted onto nitroceUulose membranes and probed with a 32p-

labeled internal fragment of IE-1 gene under high stringency conditions (see Materials and 

Methods for detaUs of procedures). 

Figure 12-A shows the Hind JR-Cla I sub-fragment of Eco RI-B fragment of 

AcMNPV as cloned into die Bluescript M13-f- (pIE-1) (Guarino & Summers 1987), This 

fragment includes IE-1 gene, I used the Eco RY-Xba I internal fragment of IE-1 gene 

(1,9 kb) from pIE-1 (donated by Dr. L. A Guarino) as a probe for detecting the major 

transcript (1,9 kb) of the IE-1 gene in AcMNPV-infected SF and BM ceUs, 

The data indicate that IE-1 gene is transcribed in abortive infection of BM ceUs as 

weU as in productive infections of SF ceUs. Figure 12-B shows that levels of the major 

transcript of IE-1 are very simUar in SF and BM ceUs at early times post-infection. At late 

times, this transcript remains steady in SF cells, but its level in BM ceUs rises dramaticaUy-

beginning at 12 h p.i, and peaking by 24 h p.i. A 3.7 kb secondary transcript has been 

reported for AcMNPV-SF infections (Guarino & Summers 1987), It appears at 12 h p,i, 

and steadily decreases to just above detectable levels by 48 h p.i. In BM ceUs, however, 

the appearance of this di-anscript is delayed untU 24 h p,i,, and it increases to very high 

levels by 48 h p,i. The 2,5 kb transcript observed at 24-48 h p,i, in BM ceUs was not 

observed in SF ceUs. Guarino and Summers (1987) had observed very low levels of a 2,1 

kb d-anscript in AcMNPV-infected SF ceUs, The high molecular weight bands (marked 

"D") are due to presence of low levels of viral DNA in die RNA samples. 
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Figure 12: Transcription of IE-1 gene. 
(A) Restriction map of IE-1 gene within Eco RI-B fi:agment of the AcMNPV 

genome (reproduced from Chisholm 8c Henner 1988, Guarino & 
Summers 1987), The 1,9 kb Eco RY-Xba I internal fragment of IE-1 
gene was isolated from pIE-1. This fragment was labeled by 32p_ 
random primer method and used to detect IE-1 gene-specific transcripts. 

(B) Northem blot analysis of IE-1 gene transcription as described in Materials 
and Methods, The numbers above the lanes indicate the times (h p,i,) at 
which RNA samples were obtained, s; indicates control RNA isolated 
from mock-infected SF cells, b; indicates control RNA isolated from 
mock-infected BM ceUs, s; indicates RNA isolated from AcMNPV-
infected SF ceUs. b; indicates RNA isolated fix)m AcMNPV-infected BM 
cells. The arrows show the lE-I gene-specific transcripts, "*" indicates 
the major transcript (1,9 kb) of lE-I gene, "D" shows viral DNA in the 
RNA samples. 
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Transcription of pe-38 gene in AcMNPV-infected S. 
frugiperda andB. mori CeUs 

Immediate-early genes do not require synthesis of viral polypeptides. Therefore, their 

expression woidd be a fiinction of only host enzymes and transcription factors. Since the 

various immediate-early genes of AcMNPV are not govemed by the same 

promoter/enhancer elements, it was of interest to see if functional transcription complexes 

for two distinct a genes were formed in BM cells. I chose pe-38 as the second a gene. 

The function of this gene is unknown, but it has been shown that expression of pe-38 does 

not require prior synthesis of viral polypeptides (Krappa & Knebel-Morsdorf 1991), 

The experimental design for detecting pe-iS transcripts was identical to that for IE-1 

except that Pst l-Eco RI fragment (1,075 kb) of pe-38 gene was used as probe. This 

fragment is intemal to the ORE for pe-38 gene and was excised from pAcPE (courtesy of 

Dr. Knebel-Morsdorf, Krappa & Knebel-Morsdorf 1991), My data for pe-38 expression 

in the AcMNPV-SF infection (Figure 13-B) were simUar to the results of Krappa & 

Knebel-Morsdorf (1991). The major (1.3 kb) transcript is present in AcMNPV-infected 

BM as weU as SF ceUs between 2 and 48 h p.i. (Figure 13-B), However, transcript levels 

are extremely high in BM ceUs late times in the infection. In SF ceUs pe-38 was 

maximally transcribed during 2 h p.i. Then, the level of transcription decreased throughout 

the remaining observation period. 

In addition to the 1.3 kb RNA, low levels of three other transcripts (1.45 kb, 3.3 kb 

and 5,4 kb) were detected in SF ceUs at late times (between 12 and 48 h p,i.; Figure 13-B). 

These transcripts (1.45 kb, 3,3 kb and 5,4 kb) and a smaller transcript (0.6 kb) were 

observed in BM cells at 24 and 48 h p.i. The high molecular weight bands (marked "D") 

are due to presence of low levels of viral DNA in die RNA samples. 
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Figure 13: Transcription of pe-38 gene. 
(A) Resdiction map of pe-38 gene within Hind HI (96.5 mu) -hr 1 (100 mu) 

fragment of the AcMNPV genome (reproduced from Krappa 8c Knebel-
Morsdorf 1991), The 1, 47 kb Pst 1-Eco RI fragment of pe-38 gene was 
isolated from pAcPE. This fragment was labeled with 32p by the random 
primer method and used to detect pe-38 gene-specific transcripts. 

(B) Northem blot analysis of pe-38 gene transcription as described in 
Materials and Methods, The numbers above the lanes indicate the tunes (h 
p,i.) at which RNA samples were obtained, s; indicates control RNA 
isolated from mock-infected SF ceUs, b; indicates control RNA isolated 
from mock-infected BM ceUs. s; indicates RNA isolated from AcMNPV-
infected SF ceUs, b; indicates RNA isolated from AcMNPV-infected BM 
cells. The artows indicate the position of pe-38 gene transcripts, "*" 
Shows the 1,3 kb major pe-J5 transcript, "D" shows viral DNA in the 
RNA samples. 
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Transcription of dnapol gene in AcMNPV-infected S. 
frugiperda andB. mori CeUs 

In order to determine if expression of delayed-early genes occurs during abortive 

mfection of BM ceUs widi AcMNPV, I studied O-anscription of dnapol gene. This gene 

codes for a 114 kDa polypeptide homologous to polymerase from die large DNA vimses 

(e.g., herpesvims, poxvims and adenovims). 

To detect dnapol transcription, I used the Eco Rl-Sma I fragment (2.994 kb) of the 

AcMNPV-genome as a probe. This fragment was derived from pBSP-Xma 2,4 (courtesy 

of Dr. L, K. MiUer) and constitutes an intemal sequence of the druipol gene. The 

experimental protocol was identical to that for IE-1 transcription except diat die dnapol 

intemal fragment was used as 32p labeled probe. 

My observations (Figure 14-B) of dnapol transcription in the AcMNPV-SF infection 

were simUar to those of Tomalski et al, (1988). Figure 14-B shows that the major dnapol 

transcript (3 kb) is present in infected SF ceUs between 0-12 h p.i. The transcript levels 

are simUar to those detected by Tomalski et al. On the other hand, in BM ceUs the major 

transcript (3 kb) was detected between 2-12 h p,i. Transcript levels in BM cells seem to be 

lower than those in SF ceUs and reached maximum levels at around 6 h p,i. compared to 2 

h p.i. for SF ceUs. A smaUer (1,4 kb) transcript is detected in BM ceUs by 0-2 h p,i,, but 

the significance of this unclear. This transcript has not been detected in AcMNPV-infected 

SF cells (Figure 14-B; Tomalski et al. 1988). The high molecular weight bands (marked 

"D") are due to low levels of viral DNA in the RNA samples. 

Transcription of cap gene in AcMNPV-infected 5, 
frugiperda and B. mori CeUs 

The cap gene encodes a 39 kDa protein (Thiem & MiUer 1989a), which is die major 

component of the capsid (Summers & Smidi 1978). Morphogenesis data (Figure 9-B) 

show diat nucleocapsids produced in BM cells are defective. Since ccp is a late gene, it is 

presumably induced by eidier immediate-early or delayed-early products. BiUmoria et al. 
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Figure 14: Transcription of d/i^o/gene. 
(A) Restriction map of Eco Rl-F-V fragment of the AcMNPV genome 

(reproduced from Tomalski et al. 1988). The 2,994 kb Sma I (40, 3 
mu)-£'co RI (42.1 mu) intemal fragment of dnapol gene was isolated 
from pBSP Xma 2.4, This fraginent was labeled with 32p by the random 
primer method and used to detect dnapol gene-specific transcript(s), 

(B) Northem blot analysis of dnapol gene transcription as described in 
Materials and Methods, The numbers above the lanes indicate the times (h 
p.i.) at which RNA samples were obtained, s; indicates control RNA 
isolated from mock-infected SF ceUs, b; indicates control RNA isolated 
from mock-infected BM ceUs, s; indicates RNA isolated from AcMNPV-
mfected SF ceUs, b; indicates RNA isolated from AcMNPV-mfected BM 
cells. The arrows mark the position of die rf/iapo/gene transcripts. "*" 
identifies the 3 kb major transcript of the dnapol gene, "D" shows viral 
DNA in the RNA samples. 
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Figure 15: Transcription of cap gene. 
(A) Restriction map of cap gene within Hind IH-C (53.5 mn)-Xho I-A 

(58,9 mu) firagment of the AcMNPV genome (reproduced from Thiem & 
MUler 1989a), The 620 base Xho I-Eco RI intemal fragment of cap gene 
was isolated from pSTSNM. This fragment was labeled with 32p_by the 
random primer method and used to detect cap gene specific transcript(s). 

(B) Northem blot analysis of cap gene transcription as described in Materials 
and Methods. The numbers above the lanes indicate the times (h p,i,) at 
which RNA samples were obtained, s; indicates control RNA isolated 
from mock-infected SF cells, b; indicates control RNA isolated from 
mock-infected BM cells, s; indicates RNA isolated from AcMNPV-
infected SF ceUs. b; indicates RNA isolated from AcMNPV-infected BM 
cells. The arrow marks the position of the cap gene transcripts. "*" 
identifies the major 2,2 kb cap gene transcript. 
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(1993) showed that AcMNPV-uifected BM ceUs synthesized capsid polypeptide at a very 

low rate. Thus, the transcription level of cap gene in BM ceUs is of considerable interest, 

not only from the perspective of intermption of the temporal cascade at the transcriptional 

level, but also fixim the point of view that restriction at the post-transcriptional level might 

be occurring. 

Experimental design was as for IE-1 gene, except that a cap probe was used, Xho I -

Eco RI fragment (620 bases) of pSTSNM (courtesy of Dr, L. K, Miller) was used as 

probe. This fragment contains the intemal Sea I-^ar I sub-fragment of cap gene open 

reading frame (Figure 15-A), The data (Figure 15-B) show that cap transcript (2,2 kb) 

was present in AcMNPV-infected SF ceUs between 12-48 h p,i. with maximum levels at 

24 h p,i. This result is simUar to that of Thiem & MiUer (1989a). The transcript was also 

present in infected BM ceUs, but at a much lower level. Peak level of cap transcript in BM 

ceUs was delayed (between 24—48 h p.i.) with respect to the productive infection. The data 

show diat cap expression is restricted at die transcriptional level. 

Transcription of polh gene in AcMNPV-infected S. 
frugiperda and B. mori CeUs 

The morphogenesis data clearly showed that polyhedra were not formed in infected 

BM ceUs (Figure 10-B), Further, BUimoria et al, (1993) showed that die polyhedrin 

polypeptide is not syndiesized in this abortive infection. Finally, the polh gene belongs to 

the very late class and is presumed to be induced by a late gene. Thus, it is interest to 

determine if this significant restriction occurs at the transcriptional or postttanscriptional 

level. 

The experimental design was as for IE-1 gene, except diat a polh probe was used. 

The probe used was a 700-base fragment (Kpn l-Hind IE) of polh gene (Hooft et al, 

1983) excised from pBSpRI-I (Figure 16-A) obtained from Dr. L, K. MUler, 
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Figure 16: Transcription of polh gene, 
(A) Restriction map of polh gene within Eco RI-I (0. 0-5,7 mu) 

fragment of the AcMNPV genome (reproduced from Ooi & MiUer 1990). 
The 700-base Kpn I-Hirui HI intemal fragment of polh gene was isolated 
from pBSpRI-I, This fragment was labeled with 32p by the random 
primer method and used to detect polh gene-specific transcript(s). 

(B) Northem blot analysis of polh gene transcription as described in Materials 
and Methods. The numbers above the lanes indicate the times (h p.i,) at 
which RNA samples were obtained, s; indicates control RNA isolated 
from mock-infected SF ceUs, h\ indicates control RNA isolated from 
mock-infected BM cells, s; indicates RNA isolated from AcMNPV-
infected SF ceUs, b; indicates RNA isolated from AcMNPV-infected BM 
ceUs, The arrow marks the position of the polh gene transcripts. "*" 
identifies the major transcript of the polh gene. 
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The data (Figure 16-B) for AcMNPV-SF mfection was simUar to the results of 

Friesen and MiUer (1985). The major transcript of polh gene (1,28 kb) was observed in 

AcMNPV-infected SF ceUs from 12 h p,i, onwards. The highest observed level was at 48 

h p.i, (Figure 16-B). In cond^st, infected BM ceUs did not synthesize detectable levels of 

this transcript by 24 h p,i,, and extremely low levels of the transcript were present by 48 h 

p,i. Two larger transcripts (3.31 kb and 4.3 kb), normaUy present in infected-SF cells, 

were not detected in AcMNPV-infected BM cells. 
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CHAPTER IV 

DISCUSSION 

In a typical infection with whole vims, the interactions between viral envelope and cell 

membrane receptors would be one level at which host restriction might operate. Other 

blocks may exist inside the cell, aborting infection at various points in the viral repUcation 

cycle. In this study, I have focused on the intraceUular mechanisms of nuclear 

polyhedrosis vims specificity by use of a model system developed in our laboratory 

(BUimoria et al, 1986), This model calls for a comparative study of AcMNPV repUcation 

in abortive and productive infections; i,e„ infections ofB. mori (BM) and S.frugiperda 

(SF) ceU Imes, respectively (Table 2; Reinisch 1989, Bihmoria et al. 1992,1993), 

In order to understand restriction in BM ceUs and to learn more about the level at 

which critical blocks occur, I compared the two infections for viral morphogenesis, DNA 

replication, and transcription of representative genes (IE-1, pe-38, dnapol, cap and polh) 

from each of the four temporal classes of the AcMNPV gene expression cycle. The 

abortive and productive infections differed gready in each of these areas. 

My electron microscopic observations showed that BM ceUs were characterized by the 

absence of polyhedral inclusion bodies, virions and normal nucleocapsids, but virogenic 

stroma and some defective nucleocapsids were present. The DNA: DNA hybridization 

studies indicated that viral DNA replicated at very low levels, and repUcation was delayed 

in AcMNPV-infected BM ceUs, Northem blot analysis showed that: (a) AcMNPV 

unmediate-early (IE-1 and pe-38) genes were transcribed at normal levels at early tunes 

postinfection, however at late times post infection, they were transcribed to much higher 

levels m BM ceUs; (b) die delayed-early gene (dnapol) and die late gene (cap) we selected 

were d-anscribed at much lower levels in die abortive infection; and (c) a very late gene 

(polh) was d-anscribed in BM ceUs at barely detectable levels, 
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Previous research in our laboratory had shown that infectious vims is not produced in BM 

ceUs; however, it is stiU possible tiiat vims particles might be produced. In the AcMNPV-

SF infection, I observed aU the expected morphogenetic events: nucleocapsid entry, 

virogenic stroma and nucleocapsid formation, intracellular vims production, and polyhedral 

inclusion body formation. However, in the abortive infection, morphogenesis of vims was 

not completed. The presence of nucleocapsids in the ceU nucleus at "0" h p.i. indicated 

that AcMNPV entered B. mori ceUs (data not shown). Since "0" h is very early for 

nucleocapsid formation, these particles would have to be parental. Whereas the number of 

nucleocapsids decreased significandy in SF ceUs, they were not detected in BM ceUs at 6 h 

p.i. In similar studies, Bassemir et al. (1983) and Knudson and Harrap (1976) also 

observed nucleocapsids within 1 h p.i. and their complete disappearance by 6-8 h p.i. 

Observation of virogenic stroma in AcMNPV-infected BM ceUs was the first major sign of 

initiation of vims repUcation. Because virogenic stroma is a mixture of vims DNA, 

protein, and chromatin (BUimoria 1991), formation of VS in infected ceUs clearly shows 

that AcMNPV repUcation is initiated. The presence of vkogenic stroma in aU ceUs shows 

that restriction was not at the level of adsorption or entry. Later in the infection, virogenic 

stroma became quite strong and was very simUar to diat in the AcMNPV-SF infection. 

However, the sd-oma did not reach fuU form untU 12 h p.i,, which is at least 6 h late 

compared to the productive infection. The nucleocapsids detected in approximately one of 

every five infected BM ceUs appeared to be defective and were not seen until at least 24 h 

after infection (Figure 10-C). Eraser (1987) proposed that subunits of nucleocapsids (cap, 

base, nucleoprotein core and capsid sheath) occur separately in die vkogenic stroma and 

tiien assemble into nucleocapsids. WUson and Price (1988) suggested diat die nuclear 

matrix of the infected ceU plays an important role m baculovuiis assembly. They 

demonstt-ated diat capsids appeared to be attached to one anodier in an end-on fashion 

within die intemal fibrogranular protein network of die nuclear matrices. My data show 
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diat nucleocapsids present in approximately one of every five BM ceUs are defective at one 

erui. Therefore, I suggest that restriction occurs before or during nucleocapsid formation. 

This restriction is due to the complete absence of cap subparticle or difficulty with its 

assembly mto capsid stmcnires. More detaUed studies wiU be necessary to estabUsh firmly 

whether or not cap subparticle is formed during abortive infection. It is unportant to note 

diat die rate of synthesis of the major capsid polypeptide (vp39) is much lower m BM ceUs 

compared to SF ceUs (see Appendix A-A and B, Bilunoria et al. 1993), Thus, it is not 

surprising that even after 60 h p,i,, no vims particle of any type was detected. For reasons 

I do not understand, die vu-ogenic stroma underwent degeneration by 60 h p,i. It is 

possible that this is due to recovery of cells from a failed infection and subsequent recycUng 

of stroma contents. In a similar study, McCUntock et al, (1986) showed that AcMNPV 

produced classic cytopathic effect (CPE) but faded to yield progeny vims in abortive 

infection of Lymantria dispar ceUs. 

The dot blot hytoidization data showed that the rate of viral DNA synthesis in the 

productive infection was maximal between 6 and 12 h p.i. (Figure 11-A, B), On the other 

hand, only very low levels (13% of productive infection) of AcMNPV DNA were 

synthesized in infected B. mori ceUs. Also, viral DNA replication in BM ceUs started 6 h 

later than in productive SF cells. Aphidicoline, an effective inhibitor of DNA repUcation in 

productive infection (Rice & MiUer 1986), was used to show whether the DNA detected in 

infected BM ceUs was parental. Since no viral DNA was detected in infected SF and BM 

ceUs in the presence of aphidicoUne, I conclude that viral DNA detected in BM ceUs was 

progeny DNA, At this time, I do not have an exact explanation for the reduced level of 

DNA repUcation in the abortive infection, although this effect may be the result of the lower 

and delayed transcription of dnapol gene (Figiu-e 15-B), It is also possible that putative 

host factors required for AcMNPV-DNA repUcation are vims specific and those in BM 

ceUs are not very compatible widi AcMNPV, interactmg inefficiendy widi repUcation 
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origins and leading to partial or inefficient synthesis of viral DNA, In a similar study, Liu 

and BUunoria (1990) showed diat a low level (<15% of permissive mfection) of viral DNA 

replication does occur in abortive infection of Trichoplusia ni ceUs with the Spodoptera 

frugiperda NPV (SfMNPV). The mechanism of baculovkus DNA repUcation is not 

understood (O'ReiUy et al. 1992). Cochran and FauUcner (1983) originaUy suggested diat 

the hrs sequences may be repUcation origins. In a recent study, Pearson et al. (1992) 

showed that each of these sequences contains several, closely related imperfect 

pahndromes, that are present in six regions distributed around the genome. When plasmids 

containing one to six of these palindromes were d-ansfected into insect ceUs, their 

repUcation was substantiaUy increased. Thus, it is enturely possible that one or more of 

these repUcation start sites is not recognized by factors in BM ceUs, and this results in a 

reduced rate of vims DNA repUcation, It is not known if host-specific factors play a direct 

role in AcMNPV DNA repUcation, or whether any specific regions (govemed by particular 

hr sequences) fail to repUcate in BM ceUs. 

At early times p,i„ the IE-1 gene was transcribed at low levels in both SF and BM 

cells. This gene is transcribed at high levels at late times during productive infection 

(Figure 12-B; Guarino & Summers 1987); however, in BM cells late transcription of IE-1 

occmred at even higher levels. The dramaticaUy high levels of this transcript in the abortive 

infection is interesting and has important implications for the development of expression 

systems in altemative hosts. Current evidence does not aUow a distinction between 

increased rate of transcription and transcript stabiUty as possible mechanisms for this 

phenomenon. If overexpression occurs, tiien the absence of several late polypeptides and 

the presence of novel polypeptides in the abortive mfection (See Appendix B, BUunoria et 

al. 1993) allow for the possibiUty diat they are udubitors or enhancers, respectively, of 

immediate-early gene expression, Friesen and MiUer (1985) have suggested diat extended 

polyhedrin d-anscripts (3,4 kb and 4.9 kb; Figure 16-B) may play a significant role in 
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suppression of immediate-early gene transcription. My results support this hypothesis, in 

diat extended ;?o//i gene transcripts were not present in AcMNPV-infected BM ceUs, and 

increased levels of unmediate-early gene major transcript are observed. 

In addition to the IE-1 gene, I used pe-38 gene to detect immediate-early transcripts in 

AcMNPV-infected SF and BM ceUs. The results were essentiaUy simUar to diose obtained 

widi lE-I gene. Northem blot analysis showed diat the major (1,3 kb) transcript of this 

gene was present in normal amounts at early times in the abortive infection; however, the 

level at late times was very high in comparison with productive infection (Figure 13-B). It 

has been shown that immediate-early gene transcriptions are inhibited by their own 

products and also by products of, early, late and very late viral genes; they are also 

mhibited by host factors (Liu 1987, Reuiisch 1989, Dickson & Friesen 1991, O'ReiUy et 

al. 1992), Therefore, it is possible that the absence of one or more of these factors results 

in increased transcription of pe-38 during late stages of the abortive infection. In addition 

to the 1,3 kb RNA, three other transcripts (1,45 kb, 3.3 kb, 4 kb) were detected in SF cells 

between 12 and 48 h p.i, (Figure 13-B), A smaller transcript (0,6 kb) was observed 

between 12 and 48 h p,i. This transcript has never been detected in SF cells, I do not 

understand the significance of this result, but this ttanscript may be responsible for one of 

the novel polypeptides. It is not known whedier any of the novel polypeptides (See 

Appendix A-A, Bilimoria et al, 1993) cause the unusual cytopatiuc effect (CPE) observed 

in infected BM ceUs. 

There is a significant difference in die levels of major dncpol transcript (3 kb) in 

infected SF and BM ceUs (Figure 15-B). Transcripts of tins gene m SF ceUs reach 

maximum level at 6 h p.i. However, die maximum levels in BM ceUs were not reached 

untU 12 h p.i, and were lower dian that in SF ceUs, The data correlate very weU with die 

results of DNA: DNA hybridization (Figure 11-A, B) in tiiat low levels (13% of productive 

infection) of AcMNPV DNA were syndiesized in mfected B. mori ceUs and diere was a 6 h 
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delay in DNA replication relative to the productive infection. A 1.4 kb transcript was 

detected in BM ceUs by 0-2 h p,i. The significance of die 1,4 kb transcript, detected only 

in infected BM ceUs, is unclear. 

The major transcript of cap gene (2,2 kb) was present in AcMNPV-mfected BM and 

SF ceUs between 12-48 h p,i. However, the level of transcription was very low in BM 

ceUs, This result is compatible with my observation that very low numbers of defective 

nucleocapsids were detected in BM ceUs (Figure 9-C), They also agree with die 

observation of BiUmoria et al. (1993) that very low levels of 39 kDa capsid polypeptide are 

detected in infected-BM ceUs by pulse-labeling with ^Ss^nethionine (See Appendix A-A). 

Thiem 8c MUler (1989a) had shown that the cap gene transcript is not detected in permissive 

infection in the presence of cycloheximide, indicating that vims-induced proteins are 

required for ccp gene transcription. Therefore, the low level of cap gene transcription in 

BM ceUs could be due to lack of transactivation by some immediate-early or delayed-early 

gene product. 

The major transcript of polh gene (1.28 kb) was detected in AcMNPV-infected SF 

ceUs between 12 and 48 h p.i. In the abortive infection, the polh gene transcript was 

detected at only 48 h p.i, and even then at barely detectable levels. This correlates very 

weU with the observation (See Appendix A-B, BiUmoria et al, 1993) that the 29 kDa 

product (polyhedrin) of the polh gene is not present in infected BM ceUs, 

While this work was in progress, Morris and MUler (1992) reported experiments 

measuring die activity (using CAT gene as reporter) of early, late and very late AcMNPV 

promoters in several insect ceU lines, including a 5, mori ceU line, BmN-4, A comparison 

of their results widi B. mori ceUs and my transcription data is iUuminating, The cap 

promoter (late) activity ui B. mori ceUs was 10% of diat in SF ceUs, andpolh promoter 

activity was approximately 0.5% of die activity in die productive infection. Thus, my 

results (Figures 15-B and 16-B) for diese two genes arc reasonably compatible widi those 
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of Morris and MUler. The data for delayed-early genes (pcna and dnapol) are slightiy 

different in die two experunental approaches. Morris and MUler found diat die promoter 

activity for pcna in B. mori ceUs was 200% of diat m SF cells. However, transcription of 

dnapol in BM ceUs was about 30% compared to SF ceUs (Figure 14-B). It is not clear at 

this time whether this reflects an intrinsic difference in promoter activity of pcna and dnapol 

in B. mori cells or whedier die difference is due to use of two distmct B. mori ceU Unes by 

the two laboratories. Direct comparison of these two genes either by northem blot analysis 

or through assay for promoter activity would be more meaningful. My data on immediate-

early gene transcription cannot be compared with the approach used by Morris and MUler 

as these workers did not use any promoters from this class. 

Of the four abortive infections studied by Morris and MUler (1992), aU had low level 

activity for late and very late promoters, suggesting that the major restriction in these 

infections occurs during the transition from early to late expression. Since viral DNA 

repUcation is a prerequisite for late gene expression (BiUmoria 1991, O'ReiUy et al, 1992, 

Liu 1987), it woidd be of interest to determine the extent of DNA repUcation in the above 

infections. As mentioned above, viral DNA repUcation in the AcMNPV-BM infection 

(Figure 11) and SfMNPV-T, ni infection (Liu & BiUmoria 1990) is very low. On the odier 

hand, McClintock et al. (1985) showed that viral DNA was repUcated fuUy in the abortive 

AcMNPV-Ly/?janrria dispcw system. 

The d-anscription pattem in AcMNPV-infected BM and SF ceUs is clearly different. 

This suggests that abortive infections lack certain host factors that are essential for complete 

expression of AcMNPV genes. The role of enhancers, and specific motifs within them, in 

the host specificity of simian vims 40 and other papovavmises is weU estabUshed (for 

detaU see "Mechanism of Gene Regulation"), As more mformation on the specific 

promoter classes, enhancer sequences, and host-specific factors operational in the temporal 

and abundance cascade of die nuclear polyhedrosis vims cycle becomes avaUable, it should 
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be possible to test the role they play in regulatmg the specificity and tissue tropism of these 

vimses. 

Based on previous studies. Carpenter (1983) and BiUmoria (1991) suggested diat 

restriction of replication could possibly occur at any of the major steps during vims 

repUcation. The observation of nucleocapsids at "0" h p.i, in AcMNPV-mfected BM ceUs 

(data not shown) indicates diat die restriction of AcMNPV mfection m B. mori ceUs does 

not resuh from mabiUty to enter host cells. The block more Ukely resuUs from inabiUty of 

the vims to repUcate DNA and express late, functional gene products. My data suggest that 

restriction of vims replication in BM ceUs occurs during (or just before) delayed-early gene 

expression and is at the transcriptional level. 

I propose that incomplete or inefficient transactivation of at least some of the delayed-

early genes is the primary restiiction point in AcMNPV infection of BM ceUs. This could 

occur if the BM counterpart of a critical SF factor were incompatible for efficient 

transactivation. Such an effect probably would not be due to inefficient expression of 

unmediate-early genes. BiUmoria et al, (1993) showed that a considerable number of late 

Infected cell-specific polypeptides (ICSPs) are synthesized at normal, productive rates m 

infected BM ceUs (See Appendix A-B), suggesting that these polypeptides are not affected 

by the reduced repUcation of viral DNA, It is not clear whether the missing or reduced 

polypeptides in an abortive infection are a consequence of: (a) low levels of progeny viral 

DNA; (b) missing delayed-early polypeptides; or (c) incompatible host factors. It is also 

unclear whether the complete absence of polyhedrin and plO polypeptides in BM ceUs is 

die result of missing viral factors (delayed-early or late) or incompatible host factors or 

both. 

Based on my observations and previous studies, I present a model for host specificity 

in die AcMNPV-BM infection (Figure 17), In diis model, full expression of immediate-

early genes occurs early in infection. However, because of the absence of late viral 
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factor(s) there is no back inhibition of immediate-early genes. Consequentiy, there is 

overexpression of immediate-early genes at late times. Since, these genes are regulatory 

genes, their products are present at very low levels. Therefore, they are difficult to detect 

by pulse-labeling (See Appendix A-A), Delayed-early genes are not transcribed at 

productive levels because host factor(s) required for their transactivation are not compatible 

with viral elements. As a result, formation of a functional transcriptional complex does not 

occur. This impedes subsequent gene expression, causing a lack of key stmctural 

polypeptides (see Appendix A-B), which in turn, prevent formation of nucleocapsids, 

virions and polyhedral inclusion bodies. 

The results obtained from this research wUl help identify the host and viral factors 

involved in the temporal cascade of gene regulation in productive infections. 

Characterization of these factors and elucidation of their mechanisms of action in both 

homologous and heterologous ceU Unes wiU improve our understanding of the molecular 

mechanisms of baculovims host specificity and regulation of gene exprcssion in productive 

infections. The identification of genes for regulatory polypeptides of host origin or of viral 

DNA elements governing host specificity wiU allow engineering of desirable hybrid vuiises 

for pest control and also aid the design of gene expression vectors that are more efficient 

for industrial scale-up. 
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CHAPTER V 

CONCLUSIONS 

Observations 

AcMNPV infections of abortive B. mori ceUs and productive S.frugiperda cells 

were compared. The foUowing major observations were made for die abortive infection: 

1. Vu-ogenic stromata are formed in all ceUs, 

2. Nucleocapsids are formed in one of every five ceUs but arc defective, 

3. No vuions or polyhedral inclusion bodies are assembled. 

4. Vu-al DNA is replicated but at much lower levels dian m SF ceUs, and repUcation is 

delayed 6 h. 

5. The transcripts of die immediate-early (IE-1 and pe-38) genes are at normal levels 

early in the infection; however, at late times, their levels are very high relative to 

those in SF ceUs. 

6. The delayed-early (dnapol) and the late (cap) gene transcripts are present at low 

levels. 

7. The very late gene (polh) transcript is present at extremely low levels. 

Interpretation and Hvpotheses 

1. AcMNPV repUcation in BM cells is initiated then aborted. The presence of full-

scale virogenic stroma in all cells shows that restriction was not at the level of 

adsorption or entry. 

2. Primary restriction occurs during (or just before) delayed-early gene expression and at 

the transcriptional level. It is proposed that the block results from incompatibility 

of host factors required for (a) transcription of delayed-early genes or (b) trans

activation of delayed-early genes by viral immediate-early proteins. 
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3. Low repUcation of viral DNA is due to low levels of dnapol product; however, 

incompatibility of essential host factors is not precluded. 

4. The reduced transcription of late (cap) gene and missing or reduced late polypeptides 

in abortive infection are consequences of one or more of the foUowing: (a) low 

levels of progeny viral DNA; (b) lack of critical amounts of delayed-early 

polypeptides; (c) lack of compatible host factors for rra/w-activation of late genes 

by immediate-early or delayed-early polypeptides. 

5. This and earlier studies show that essentially no expression of very late genes occurs 

in the abortive infection. 

6. Insufficient levels of key stmctural Oate and very late) polypeptides lead to incomplete 

assembly of nucleocapsids, virions and polyhedral inclusion bodies. 
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APPENDIX A 

POLYPEPTIDE SYNTHESIS IN AcMNPV-INFECTED SF 

AND BM CELLS, 
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Figure A, 1: Polypeptide syndiesis in AcMNPV-infected S. frugiperda and B. mori 
ceUs. CeUs were pulse labeled for Ih with [ S] methionine at 2 to 10 
h p.i. (A) and 12 to 20 h p.i. (B). The numbers refer to Mj- in 
thousands, S, SF ceUs; B, BM ceUs; M, Mock-infected ceUs; B V, 
polypeptides in budded vims (BUimoria & Ng 1992, used with 
permission). 
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Figure A.l: Continued, 
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APPENDIX B 
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Table B.l: ICSPs Detected in AcMNPV-infected SF and BM CeUs, 

Stmcttiral Relative rate 
Mf X10 polypeptide of synthesis* 

90 ~ 5sr 
84 SF 
78 SF BM 
65 + Envelope SF bm 
63.5 bm 
60.5 + SF 
50.3 + SF bm 
47 + SF bm 
43 bm 
40 + SF bm 
37 + Capsid SF bm 
35.5 SF 
32.5 + SF BM 
32 SF 
31 + SF BM 
29 + Polyhedrin SF 
28 SF bm 
24.5 + SF 
24 SF BM 
23 SF 
22 BM 
21.5 SF 
20.5 SF 
17 + SF 
16 + SF 
15.4 + SF 
15 + SF 
14 SF 
12.5 SF 

"+" Stmctural polypeptides of the budded vims. "*" For each cell line; upper case 
letters indicate a normal rate of synthesis for a particular ICSP and lower case letters 
indicate a rate of synthesis less than 25% of that expected in the other ceU line. 
Absence of any letter indicates undetectable levels of synthesis (BUimoria & Ng, 
1992, used with permission). 
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Definition of Terms 

AcMNPV Autogreqjha californica multicapsid nuclear polyhedrosis vims 

BM Bombyx mori 

BV Budded vims 

hr Homologous region 

HS V Herpes simplex vims 

ICSP Infected ceU-specific polypeptide 

lU Infectious unit 

MNPV Multicapsid nuclear polyhedrosis vims 

MOI MultipUcity of infection 

NC Nucleocapsid 

NPV Nuclear polyhedrosis vims 

OV Occluded vims 

PFU Plaque forming unit 

PIB Polyhedral inclusion body 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SF Spodopterafrugiperda 

SNPV Single nucleocapsid nuclear polyhedrosis vims 

SV40 Simian vims 

VS Virogenic stroma 
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