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Preface

The past decade has witnessed an explosion of information on the molecu-
lar biology of insect viruses and a frenzy of activity in applying this informa-
tion to medicine and agriculture. Baculovirus gene expression vectors are
now found in the laboratories of most industrial and academic research
institutions in the world. Genetically engineered baculoviruses are also be-
ing widely tested in agricultural fields in preparation for their commercial de-
velopment as pesticides, and the study of baculoviruses is providing remark-
able insights into basic virological and cellular processes such as apoptosis.

The purpose of this volume is to provide the reader with sufficient
knowledge of current basic and applied baculovirology so that current litera-
ture in the field can be appreciated. The chapters of the volume are meant to
be read in the order presented, especially by the novice, although each chap-
ter can be read and understood individually. The choice of chapter topics
was influenced by the molecular bias of the editor, but collectively the
chapters provide a comprehensive view of the baculovirus field.

In addition to the authors, many people contributed to the development
and quality of the volume. The following persons reviewed individual chap-
ters of the books or provided valuable comments or information that have
been incorporated into the volume: Dr. Gary Blissard (Boyce Thompson
Institute at Cornell University), Dr. Greg Dwyer (University of Massa-
chusetts, Amherst), Dr. Hans Flipsen (Wageningen), Dr. Robert R. Granados
(Boyce Thompson Institute at Cornell University), Dr. Jeanne McLachlin
(University of Georgia), Dr. Suzanne Thiem (Michigan State University),
and Dr. Robert Weaver (University of Kansas). The contributions of Dr.
Albert Lu and Dr. George F. Rohrmann extended far beyond the normal
duties of authorship.

The volume is dedicated to the memory of Dr. Norman Crook, a leader
in granulovirus research and a codiscoverer of the iap family of apoptotic
inhibitors.

Lois K. Miller
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CHAPTER 1

Introduction to the
Baculoviruses

Lois K. MILLER

I. AN OVERVIEW OF BACULOVIROLOGY
A. General Considerations

Of all the viruses known to mankind, baculoviruses are the most beneficial
from an anthropocentric viewpoint. While other viruses are studied because
they cause problems, the basis of modern baculovirology was stimulated by
the potential utility of baculoviruses to control insect pests (see Chapter 13,
this volume). The current use of baculoviruses as gene expression vectors
(see Chapter 14) evolved from the molecular biology of baculoviruses, a
research area pursued while assessing the safety and improving the efficacy
of baculovirus pesticides. Basic molecular studies also led to the use of
baculoviruses and their genes to explore fundamental questions in biology
such as the nature and function of apoptotic pathways (see Chapter 10).
However, baculoviruses also cause disease in beneficial species, not just
pest species, and understanding what controls the host range of these vi-
ruses (see Chapter 9) will become even more important if a balanced ecologi-
cal perspective displaces anthropocentrism.

LOIS K. MILLER + Departments of Entomology and Genetics, University of Georgia, Ath-
ens, Georgia 30602-2603.



2 LOIS K. MILLER

B. The Prevalence and Diversity of Baculoviruses

Baculoviruses are virtually ubiquitous in the environment. They infect
arthropods that inhabit terrestrial and marine ecosytems. On land,
baculoviruses have been identified in hundreds of insect species inhabiting
forests, fields, rivers, and households (Martignoni and Iwai, 1986). Being
specially designed to survive outside their host, they can reside in soil or in
the crevices of plants or other refugia for years (Jacques, 1975). They are
present in remarkable numbers in the food we eat and in the air we breathe
(Heimpel et al., 1973). But baculoviruses have never been found to cause
disease in any organism outside the phylum Arthropoda. Their prevalence
in the environment can be ascribed to the ubiquity of arthropod species. An
understanding of their behavior in the environment will be important in
predicting their prevalence and impact in various ecological niches (see
Chapter 12).

Based on the diversity of arthropod species, the diversity of baculovirus
“species” is probably enormous. Existing literature contains descriptions of
baculovirus diseases in over 500 different species of insects. However, solid
information on the nature and breadth of genetic diversity of baculoviruses
is just emerging. Currently, the entire sequence of the genomes of three
different nuclear polyhedrosis viruses (NPVs), belonging to the genus nu-
cleopolyhedroviruses, are known (see Chapter 5). The basic organization of
the genes in these NPV genomes is remarkably conserved, although rear-
rangements of genomic segments and the presence or absence of auxiliary
genes (see Chapter 11) contributes to viral diversity.

Only limited sequence information is currently available for viruses
belonging to the other major genus of the family Baculoviridae, the granu-
loviruses (GVs). The sequences that are available suggest that there will be
fundamental genes common to both NPV and GV genomes (see, for exam-
ple, Chapters 2, 10, and 11) but almost infinite potential for genetic varia-
tion on this basic theme. The full extent of the diversity of baculoviruses
will not be known until more is learned about the granuloviruses and
baculoviruses that infect marine arthropods. Understanding the evolution
of the baculovirus family will also require a broader knowledge of insect
viruses in general, many of which remain unclassified and probably even
undiscovered. One group of insect viruses that are not covered in this book
are viruses that were formerly called the “nonoccluded” baculoviruses, or
nudiviruses, and were recently removed from the Baculoviridae family un-
til further information is available concerning them.

II. BRIEF HISTORY

Although baculoviruses do not cause human disease, people have been
aware of their existence for hundreds of years. According to baculovirus
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lore, the earliest written accounts of baculovirus infections are found in
ancient Chinese literature describing silkworm culture. The first descrip-
tion of baculovirus disease in Western literature is credited (Benz, 1986) to a
poem by Marco Vida of Cremona, an Italian bishop of the 16th century.
Originally written in Latin, in perfect dactylic hexameter (the style of Vir-
gil’s Aeneid), Vida described the disease of silkworms in “De Bombyce” as
follows (translated in utilitarian English):

All at once, in the weak ones, the skin appears yellow. Then they swell up and a

foul (connotation of smell) inactivity (connotation of paralysis) comes in the bod-

ies of those who have fallen down. Finally they break open and everything is

infected with repulsive putrid gore; diseased blood, from all sides flows from the
bodies. (Translation provided by N. A. Miller)

A modern description and more sophisticated view of the pathology of
baculovirus disease is provided in Chapter 3. Vida’s putrid gore and diseased
blood flowing from the larvae is likely to be a description of a sign of certain
baculovirus diseases that is often referred to in the literature as “melting” or
“wilting.” Liquefaction of the diseased larvae occurs in the process of con-
verting insect biomass into progeny virus. It was not until the 19th century
that polyhedral crystals could be observed in the “gore” by microscopy and
correlated with the “wilting disease” of insects (reviewed by Benz, 1986).

Research during the first half of the 20th century established that virus
particles were present in the polyhedral crystals, and the view that
baculoviruses were important in the natural control of insect populations
was advanced. Also during this period, the GVs were described. In contrast
to the NPVs, the environmentally stable or “occluded form” of GVs is small
and granular in appearance, since they contain only a single virion per occlu-
sion body (see Chapter 2). In the 1930s and 1940s, Bergold discovered rod-
shaped virions within the crystalline polyhedra and initiated his landmark
studies on the biochemical properties of NPVs (Bergold, 1953). During the
same period, baculoviruses were observed to be effective biological control
agents of an insect pest (Balch and Bird, 1944). In this study, the European
spruce sawfly, a pest that was accidentally introduced into North America,
was found to be effectively controlled by the subsequent introduction of a
baculovirus.

From 1950 to 1975, the development of baculoviruses as biological con-
trol agents of insect pests was championed by Steinhaus and his students
(Steinhaus, 1963). In 1975, the first baculovirus was registered as a pesticide
in the United States (Ignoffo, 1981), but the product, Elcar® was a commer-
cial failure for a variety of reasons. A notable success of a baculovirus pest
control agent, however, was the use of an NPV to control the Douglas fir
tussock moth by the US Forest Service (Martignoni, 1984). Significantly, the
development of baculoviruses as biological pesticides stimulated efforts to
understand the molecular biology of baculoviruses, and this, in turn, led to
renewed industrial interest in baculovirus pesticide development in the
1990s (see Chapter 13).
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From 1970 to 1985, several important advances were made in under-
stand the pathology and genetics of baculoviruses. The realization that there
were two different forms of baculoviruses, a budded virus (BV) form as well
as the occluded virus (OV) form, was important to understanding the behav-
ior of the virus in cell culture and its pathology in the insect host. Whereas
OV are infectious only in the midgut of the insect host, the BV are responsi-
ble for the spread of infection to other tissues of the insect and in cell
culture. The ability to plaque-purify BV in cell culture led to the isolation of
mutants and the ability to confidently characterize clonal viral isolates.
Autographa californica nuclear polyhedrosis virus (AcMNPV) became the
focus of much of the research because of the ease of propagating it in cell
culture, its relative stability in a cell culture environment, and its relatively
broad range of pest insect hosts. When the National Institutes of Health
revised their guidelines for recombinant DNA research in late 1979, it be-
came possible to clone defined segments of baculovirus DNA into Es-
cherichia coli and analyze individual genes and their function in detail.

Baculovirology emerged as a dynamic and technologically important
field in the last two decades of the 20th century. The use of baculoviruses as
vectors for the expression of heterologous genes (see Chapter 14) led to their
extensive use throughout the biomedical research community and the use
of baculoviruses for human gene therapy has been proposed recently (see
Chapter 9). Although much of the success in bringing baculoviruses into the
forefront of biotechnology can be ascribed to progress made in the areas of
molecular biology and genetics, advances in insect cell culture were critical
to this success. Cell cultures provided a basis not only for studying
baculovirus genetics, but also allowed the production of valuable proteins
and pesticides in mass-scale cell culture facilities that were conducive to
industrial development.

1. THE CURRENT STATUS OF BACULOVIROLOGY

This volume presents current, fundamental information regarding both
basic and applied baculovirology. Information regarding the nature, regula-
tion, and function of baculovirus genes is reviewed. Considerable effort in
the past decade was devoted to defining the viral cis- and trans-acting fac-
tors involved in DNA replication (Chapter 7) and the cascade of early, late,
and very late gene expression (Chapters 6 and 8). Progress was also made in
defining the genes encoding the structural proteins of both BV and OV
(Chapter 2). The study of cytological changes that occur during virus infec-
tion and the mechanisms by which viruses rearrange the cellular environ-
ment in the process of virus replication remains primarily observational (see
Chapter 4), but this field is certain to be one of the more exciting ones as the
viral genes responsible for these events are defined and functionally charac-
terized. Several of the viral genes involved in manipulating cellular path-
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ways have been identified and characterized to varying degrees (see Chap-
ters 10 and 11).

The choice of focus areas was difficult given space limitations, and
some areas are not treated as fully as they deserve. For example, the effects
of serial passage of the virus are not explicitly covered, although some cover-
age of spontaneous insertions and deletions is found in Chapters 5, 7, and
11. The nature of transposable element insertion into the baculovirus ge-
nome, the second-most evident effect of serial passage, is a fascinating sub-
ject that was not covered in detail due to lack of space. The reader is referred
to the early history of this phenomenon (Miller, 1986), to a more recent
review (Friesen, 1993), and by current literature (Bauser et al., 1996; Elick et
al., 1996a, b; Harrison et al., 1996). Overall, the volume is biased toward
molecular biology, and the chapters regarding ecology, viral pesticides, and
expression vectors (Chapters 12, 13, and 14, respectively) each represent a
vast body of literature compared to most of the other chapters. Collectively,
the chapters reflect the enormous progress of baculovirus research in the
20th century.

Although the knowledge base was extended enormously this century,
many of the same fundamental problems faced by baculovirologists in the
19th century still exist today. A significant problem in the late 1800s was
diseases of beneficial insects such as silkworms, which eventually led to the
demise of the silk industry in Europe. Today, the emerging shrimp aquacul-
ture industry is threatened by baculovirus diseases. The use of NPVs to
control pest insect populations was also an important motivation for re-
search in the 19th century. Insect pest problems remain as one of the most
important problems facing the 21st century. Considering the pressure of a
rapidly expanding human population, the contamination of the environ-
ment with chemical pesticides, and the decline of biodiversity, the develop-
ment of biological pesticides is becoming increasingly important. The need
to learn more about baculoviruses, so that they and their hosts can be
managed in an intelligent manner, should be a priority of the future. It is
also likely, given the recent history of baculovirus research, that future
baculovirus research will continue to contribute novel insights into basic
biological processes and generate new technologies of broad utility.
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CHAPTER 2

Baculovirus Structure

C. JoerL Funk, SHARON C. BRAUNAGEL,
AND GEORGE F. ROHRMANN

I. INTRODUCTION

The Baculoviridae is a large family of occluded viruses that is composed of
two genera that are differentiated by the size of their occlusion bodies. The
nuclear polyhedrosis viruses (NPVs) produce large polyhedron-shaped struc-
tures called polyhedra, which contain many virions, while the granulosis
viruses (GVs) have smaller occlusion bodies called granules, which nor-
mally contain a single virion. NPVs have been more extensively investi-
gated than GVs, and therefore this chapter will mainly present information
on NPVs. However, much of this information is likely to be pertinent to
GVs because of the close relatedness of these two viral genera.

The evolution of the baculovirus structure appears to be in response to
the unique features of the life cycles of their invertebrate hosts. Baculovirus
host insects are often characterized by population expansion due to seasonal
(e.g., winter—-summer, or wet—dry seasons) or to ecological factors that can
lead to cumulative increases in population over a number of years. In forest
insects, such population explosions can involve millions of hectares of for-
est land and culminate in a collapse often caused by the spread of viral
disease through the insect population. Critical to the ability of baculoviruses
to efficiently replicate within insects and then to spread the infection
throughout a population is the structure of their virions, which are present

C.JOEL FUNK anp GEORGE F. ROHRMANN ¢ Department of Microbiology, Oregon State
University, Corvallis, Oregon 97331-7301. SHARON C. BRAUNAGEL -+ Department of
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in two forms during a single infection cycle. The occlusion-derived virus
(ODV) is encapsulated in a protein matrix composed predominantly of a
single protein called polyhedrin (or granulin in GVs), whereas the budded
virus (BV) is not occluded. Infection is initiated when the alkali-soluble
occlusion body is ingested by a susceptible host and dissolved by the high
pH of the insect midgut, thereby releasing virions. Although occluded vir-
ions are highly efficient at infecting insects, they do not spread the infection
within insect tissues. Early in infection BVs are produced, which are not
occluded and which efficiently spread the infection from cell to cell within
insects. Nucleocapsids destined to become BV are transported from the
nucleus through the cytoplasm and acquire an envelope when they bud
through the plasma membrane which has been modified by a viral-encoded
glycoprotein called gp64 (see Section VII). At later stages of infection, vir-
ions remain within insect cell nuclei where they become enveloped and
occluded. These occluded virions are released upon disintegration of dead
insects and contaminate foliage, which is subsequently ingested by other
susceptible insects.

Although their nucleocapsids are similar in structure, the two viral
forms differ in the composition of their envelopes (Fig. 1). These differences
likely reflect the different functions required of each form. The BV envelope
is adapted for movement and infection of tissues within the insect, whereas
the ODV envelope is adapted for interacting with polyhedron structures in
the occlusion process and for facilitating the infection of midgut epithelium
in the harsh environment of the insect gut. The occluded viral form is
highly stable in the environment, which is a major factor in allowing per-
sistence of the virus and subsequent initiation of sporadic infections of
insect populations at intervals of 1 year or more.

The structural composition of baculovirions was previously reviewed
(Rohrmann, 1992) and extensive information on relatedness of capsid and
polyhedron-associated proteins was presented. However, there have been
numerous recent advances in the identification of virions components, par-
ticularly those associated with ODV envelopes. Therefore, this review will
focus on three areas including the composition of polyhedra, the composi-
tion and organization of nucleocapsids, and the characterization of BV and
ODV envelope components.

II. BACULOVIRUS STRUCTURAL PROTEINS

Baculoviruses have large genomes with the potential to encode over 150
proteins (Ahrens et al., 1997; Ayres et al., 1994; S. Maeda, personal commu-
nication). Because transfection of susceptible cultured insect cells with pu-
rified virus DNA results in the production of viable virus (Burand et al.,
1980; Carstens et al., 1980; Kelly and Wang, 1981; Potter and Miller, 1980),
it is apparent that under these conditions no virion-associated proteins are
essential for virus replication. This is in contrast to the complexity of some
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viruses that are unable to productively infect cells via DNA transfection.
For example, poxvirus virions carry an extensive array of enzymes that are
essential for early gene transcription and other functions. Although the
production of virus from transfected DNA suggests that the virion structure
functions solely as a delivery system for the introduction of the virus ge-
nome into cells, it is likely that a variety of proteins with enzymatic activ-
ities are associated with the virion envelope, or are present as nucleocapsid
structural components or reside within polyhedra. The adventitious asso-
ciation of some proteins within occlusion bodies and with the membrane of
the BV is also likely to occur.

Although several genes encoding Autographa californica MNP (AcMNPV)
structural proteins are located in close proximity, most are distributed
throughout the genome with no obvious pattern to their location. In addi-
tion, the location of homologues of several of these genes have been identi-
fied in genomes of other baculoviruses, and the surrounding genes often
vary among viruses, indicating that they can be expressed irrespective of the
exact location in the genome or proximity to other specific genes.

II. STRUCTURAL PROTEINS OF POLYHEDRA

A. Polyhedrin (Ac MNPV orf8, BmNPV orfl,
OpMNPYV orf3)/Granulin

Polyhedrin and granulin are proteins of about 245 amino acids (29K) and
are the major component of polyhedra and granules, respectively. Poly-
hedrin/granulin has been reviewed previously (Rohrmann, 1986, 1992), and
so will not be discussed extensively here. Based on complete genome se-
quences, polyhedrin appears to be the most highly conserved baculovirus
protein (89% amino acid identity) between AcMNPYV and the Orgyia pseu-
dotsugata MNPV (OpMNPV) (Ahrens et al.,, 1997). Despite this conserva-
tion, there are extensive differences between these proteins from various
virus strains. At last count, 20 lepidopteran polyhedrin genes had been se-
quenced and those showing the most variation are about 70% identical in
amino acid sequence, whereas the most closely related sequences are 97—
99% identical (Chou et al., 1996). In addition, lepidopteran polyhedrins
show about 50% amino acid identity with granulins and 40% identity with
a hymenopteran NPV polyhedrin (Neodiprion sertifer SNPV) (Rohrmann,
1986, 1992). An N-terminal sequence of polyhedrin from a dipteran (Tipula
paludosa) NPV demonstrated little sequence identity to lepidopteran poly-
hedrins (Rohrmann et al, 1981). However, the N-terminus is the most
variable region, so this sequence may not be representative of the complete
molecule. Although the polyhedrin of a NPV pathogenic for the pink
shrimp, Penaeus duorarum, appears to be almost twice the size (50 kDa) of
insect baculovirus polyhedrins, it was reported to react with antisera against
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AcMNPV polyhedrin and Trichoplusia ni granulosis virus (TnGV) granulin
antisera (Summers, 1977).

B. The Polyhedron Envelope/Calyx Protein (AcMNPYV orfl31,
BmNPV orf108, OpMNPV orf129)

Polyhedra are surrounded by an electron-dense envelope that has been
termed the polyhedron envelope (PE) or polyhedron calyx. Although the PE
was originally reported to be composed of carbohydrate (Minion et al.,
1979), a protein component of the PE of AcCMNPV was identified (Whitt and
Manning, 1988). Subsequently, the gene encoding this protein (PEP, pp34)
was identified in OpMNPV, AcMNPV (Gombart et al., 1989b), and Ly-
mantria dispar MNPV (LAMNPV) (Bjornson and Rohrmann, 1992b). Immu-
noelectron microscopic examination of cross-sections of polyhedra showed
that the PE protein may be a major component of the PE of OpMNPV and
ACMNPYV polyhedra (Russell and Rohrmann, 1990b; van Lent et al., 1990).
The PE has been shown to be sensitive to protease, which suggests that
protein is an integral component of this structure and it is not composed
exclusively of carbohydrate. The PE protein localizes to the margins of p10
fibrillar structure (see Section III.C) and appears to be a component of struc-
tures called electron-dense spacers (Russell et al., 1991). Interruption of the
PE gene from OpMNPV with a GUS reporter gene resulted in the production
of polyhedra that retained an electron-dense structure surrounding poly-
hedra, but they were of small size and highly pitted, indicative of cavities
left by dislodged virions (Gross et al., 1994).

C. pl0 (AcMNPV orfl37, BmNPV orfl14, OpMNPV orf133)

In addition to polyhedrin, the p10 protein is highly expressed late in the
infection cycle, but in contrast to polyhedrin it is poorly conserved
(Zuidema et al., 1993). However, alignment of p10 from six viruses indicates
that they all have similar amphipathic alpha-helical structures at the N-ter-
mini with a characteristic pattern of units of seven amino acids with hydro-
phobic residues at position “a” and “d” and aligning on one face of the
peptide (Wilson et al., 1995). Such domains are involved in the formation of
coiled-coil structures, which are associated with protein oligomerization
domains. pl0 appears to be a component of extensive fibrillar structures
(Russell et al., 1991; van der Wilk et al., 1987; Williams et al., 1989) located
in both the nucleus and cytoplasm of infected cells, and it is likely that the
coiled-coil domain is involved in the aggregation of p10 into these struc-
tures. It has been suggested that phosphorylation of pl0 induces micro-
tubule elongation and is involved in process formation in infected cells
(Cheley et al., 1992).

Although it is not clear whether p10 is an essential component of poly-
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hedra or is simply trapped during the occlusion process, it is commonly
found associated with polyhedra (Quant-Russell et al., 1987) and may have a
role in the formation of the polyhedron envelope. As described above, the
pl0 fibrillar structures show a close association with the developing PE and
may be integrally involved in the application of the PE to the surface of
polyhedra (Rohrmann, 1992). In addition, immunoelectron microscopic evi-
dence shows a direct association of the PE protein with the periphery of p10-
containing fibrillar structures (Russell et al., 1991). Studies in which the p10
gene has been interrupted with the lacZ or GUS genes are not consistent in
the effect on the PE. Williams et al. (1989) showed that deletion of the p10
gene resulted in the absence of pl0-associated fibrillar material and in poly-
hedra that lack or had fragmented PEs. They also showed that polyhedra
from a mutant virus lacking p10 are fragile and are not released from nuclei
late in infection, suggesting that p10 may be involved in cell lysis. However,
van Oers et al. (1993) reported that a variety of mutants in which the pl0
gene was either partially or completely deleted showed evidence of a poly-
hedron envelope. In addition, they found that virus with C-terminal dele-
tions past amino acid number 79 showed an inability to release polyhedra
from cells late in infection, indicating that the disintegration of nuclei did
not occur. These data suggest that the pl0 gene may have a role in the
stability and efficient dissemination of polyhedra.

Infection of O. pseudotsugata larvae with recombinant OpMNPV with
a p10 gene interrupted by a reporter gene yielded polyhedra with partial PE-
like structures (Gross et al., 1994). However, scanning electron micrographs
of polyhedra from mutant virus showed rough and highly pitted surfaces
that did not resemble the surface of wild-type polyhedra, which indicated
that they may lack a PE. This suggests that the PE-like structure observed
by transmission electron microscopy (TEM) may be an artifact of the fixa-
tion protocol or is an improperly assembled PE. In addition, polyhedra pro-
duced by a OpMNPV double-mutant PEP--GUS™*/p10~ LacZ* were ob-
served to aggregate during the purification process (Gross et al, 1994),
which is another indication of a surface alteration on mutant polyhedra.
One possible function of a properly assembled PE could be to prevent the
fusion or aggregation of networks of polyhedra. Such a function would be
important in ensuring their maximal dissemination.

IV. OTHER PROTEINS ASSOCIATED WITH
OCCLUSION BODIES

A. Viral Enhancing Factor

The viral enhancing factor (VEF) is a 104-kDa protein that forms about
5% of the mass of occlusion bodies of the TnGV (Hashimoto et al., 1991).
Although it has been shown to be present in several GV genomes, homo-
logues are not present in ACMNPV (Ayres et al., 1994) or OpMNPV (Ahrens
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et al., 1997). However a homologue has been reported from the LIMNPV
genome (]J. Slavicek, unpublished data). The insect gut is lined with a chitin-
rich structure called the peritrophic membrane, which may function as a
barrier to invasion of gut cells by insect pathogens. The VEF protein appears
to facilitate GV infection by disrupting the peritrophic membrane, thereby
allowing virions access to the surface of gut cells (Derksen and Granados,
1988). It is not clear whether the VEF is an integral component of a virus
structure or simply trapped in granules during the occlusion process.

B. Alkaline Proteases

The presence of alkaline proteases in polyhedra (Kozlov et al., 1975;
Yamafuji et al, 1958) greatly hindered the initial characterization of
baculovirus structural proteins. However, the observation that it could be
heat inactivated (Kozlov et al., 1975) led to the sequencing of polyhedrin
protein (Kozlov et al., 1981; Serebryani et al, 1977). Subsequently, it was
demonstrated that the proteases associated with baculoviruses have proper-
ties similar to those isolated from the insect gut (Rubinstein and Polson,
1983). These data, along with the finding that polyhedra produced in cell
culture lack protease activity (McCarthy and DiCapua, 1979; Wood, 1980;
Zummer and Faulkner, 1979), indicate that the protease is likely to be a
contaminant derived from the insect gut or bacteria, and it becomes associ-
ated with polyhedra when the insect dies and disintegrates.

V. STRUCTURAL PROTEINS OF THE NUCLEOCAPSID

The nucleocapsids of BV and ODV appear to have a similar structure
(Fig. 1), and generally proteins that have been identified to be a component
of the capsid are present in both BV and ODV. However, Braunagel and
Summers (1994) showed differences in the structural protein composition
between BV and ODYV, using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis {SDS-PAGE) analysis. At least one protein, ODV-EC27, has
since been identified that is differentially incorporated into ODV capsid.
Preliminary data indicate that if this protein is incorporated into BV, it is
incorporated in a different form than ODV (Braunagel et al., 1996b). It re-
mains to be determined how extensive the differences are between the
capsid compositions of BV and ODV.

A. p6.9, a DNA-Binding Protein (AcMNPV orf100,
BmNPV orf84, OpMNPV orf101)

Baculoviruses have large genomes that must become highly condensed
in order to be efficiently packaged within a nucleocapsid. Although histones
neutralize the electrostatic repulsion of neighboring DNA sequences in cel-
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lular DNA, they do not appear to be associated with DNA packaged within
nucleocapsids (Wilson and Miller, 1986). However, an arginine-serine-
threonine-rich basic protein was shown to be present in virions of the GV of
Plodia interpunctella GV (PiGV) (Tweeten et al., 1980) and was found to
bind DNA (Wilson and Consigli, 1985b). Subsequently, a small gene encod-
ing 54 amino acids (termed p6.9) was identified in AcMNPV that had a
similar amino acid composition to the putative DNA-binding protein of
PiGV (Wilson et al., 1987). Homologues to the AcCMNPV p6.9 genes have
been isolated from both OpMNPV (Russell and Rohrmann, 1990a) and the
NPV of Bombyx mori (BmNPV) (Maeda et al., 1991) and a GV of Cryp-
tophlebia leucotreta (CIGV) (Jehle and Backhaus, 1994). The predicted ami-
no acid sequences of the NPV proteins are closely related (over 76% identi-
ty), but the BnMNPYV gene contains an additional 12 amino acid arginine—
serine-rich sequence, whereas the CIGV sequence is about 45% identical to
the AcMNPV p6.9 amino acid sequence. All four of these NPV proteins
contain about 40% arginine and approximately 30% serine or threonine
residues. The high concentration of arginine, serine, and threonine in these
proteins is similar to that of protamines, which are a class of proteins in-
volved in the production of highly condensed DNA found in many fish,
avian, and mammalian sperm neclei. Protamines are small molecules (44—
65 amino acids) composed of 55-70% arginine (Balhorn, 1982; Nakano et
al., 1989). Arginine has the highest affinity of all amino acids for interaction
with the phosphate backbone of DNA. It is thought that the central poly-
arginine segment in protamines binds in the minor groove of DNA, cross-
linking and neutralizing the phosphodiester backbone of DNA, while the
N- and C-terminal ends of protamine forms bonds with other protamine
molecules (Balhorn, 1982). Such an arrangement generates a neutral, insolu-
ble chromatin complex of compact volume, which is to a large degree bio-
chemically inert. In a sense, viral nucleocapsids and sperm have a similar
function: the transport of genetic information in a highly compact form to a
recipient cell. In baculoviruses, it has been suggested that the basic arginine
residues of the DNA-binding protein neutralizes the acidic residues of the
viral DNA. Phosphorylation appears to play a key role in the regulation of
this basic protein. Evidence suggests that the basic protein is phosphory-
lated prior to assembly, but dephosphorylated within the capsid (Funk and
Consigli, 1993). Upon entry into an insect cell, the DNA-binding protein
may become phosphorylated by a protein kinase, which results in the un-
packaging of the viral DNA. This theory is supported by the presence of a
protein kinase associated with purified capsids of granulaosis viruses (Wil-
son and Consigli, 1985a, b) and with both BV and ODV of AcMNPV (Miller
et al., 1983).

B. vp39-Capsid (AcMNPV orf89, BmNPV orf72, OpMNPV orf90)

A major capsid protein of 39 kDa has been characterized from both
OpMNPV and AcMNPV (Blissard et al., 1989; Pearson et al., 1988; Thiem
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and Miller, 1989). Immunoelectron microscopy confirmed that the vp39
protein is a component of the capsid (Russell et al., 1991) and showed that it
is randomly distributed over the surface of the nucleocapsid. This indicates
that vp39 is a component of the capsid rather than a part of a more spe-
cialized structure (such as an end structure of the nucleocapsid). In addition
to AcCMNPV and OpMNPYV, the vp39-capsid gene has been identified in
LAMNPV (Bjornson and Rohrmann, 1992a). The AcMNPV and OpMNPV
vp39 amino acid sequences are 59% identical and they are 39 and 47%
identical, respectively, to the LAMNPV vp39 sequence. However, the car-
boxyl-terminal 65 amino acids of the LAIMNPV vp39 sequence showed only
11 and 22% sequence identity with AcMNPV and OpMNPV vp39, respec-
tively. This region in AcCMNPV and OpMNPV vp39 is also variable (38%
homology). Another feature of the vp39 sequence is that all eight cysteines
are conserved. These likely form disulfide bonds that may play a major role
in the structure of vp39.

Recently it has been demonstrated (Braunagel et al., 1996a) that this
capsid protein also locates to empty elongated capsid structures within the
infected cell nucleus. It is not known if these structures represent aberrant
capsids or function as precursor forms of the mature capsid.

C. p87-Capsid (AcMNPV orf104, BmNPV orf88, OpMNPV orf105)

In addition to vp39, another protein, p87, has been found to be associ-
ated with capsids of OpMNPYV (Miiller et al., 1990) and its homologue, p80
is associated with AcMNPV capsids (Lu and Carstens, 1992). Although the
AcMNPYV homologue is found in a similar genome position and the C-ter-
minal one third of the amino acids are well conserved (59% identity com-
pared to OpMNPV), the overall amino acid sequence identity is rather low
(34%). Monospecific antiserum produced against the OpMNPV protein
binds to a protein of 87 kDa on Western blots of both ODV, BV, and purified
capsids. Similar observations have been reported for ACMNPV (Lu and Cars-
tens, 1992). The OpMNPV p87 reading frame encodes a protein of predicted
mass of 71 kDa. No evidence of N-linked glycosylation has been found, and
the cause of the difference between the predicted size of the sequenced ORF
and the size calculated from Western blots has not been determined. Immu-
nofluorescence microscopy demonstrated that p87 was concentrated in the
nucleus late in OpMNPYV infection similar to the vp39-capsid protein.

D. ORF1 (p24) (AcMNPV orf129, BmNPV orf106,
OpMNPV orfl27)

A gene originally referred to as ORF1 (now called orf129) is one of five
contiguous open reading frames (ORFs) oriented in the same direction
(Gombart et al., 1989a; Oellig et al., 1987) (the third ORF encodes the poly-
hedron envelope/calyx protein). The ORF129 locus is highly variable; in one



16 C. JOEL FUNK ET AL.

strain of ACMNPV it contains a transposable element (Gombart et al,
1989a, b; Schetter et al., 1990), and in the LAMNPV genome only the car-
boxyl-terminal half of the gene appears to be present (Bjornson and
Rohrmann, 1992b). Monospecific antiserum produced against a fusion pro-
tein containing the ORF129 protein of OpMNPV reacts with a protein of 24
kDa associated with both ODV and BV (Wolgamot et al., 1993).

E. ORF1629; pp78/83 (AcMNPV orf9, BmNPV orf2,
OpMNPV orf2)

AcMNPYV encodes a late gene called orf9 (Ayres et al., 1994) or orf1629
(Possee et al., 1991) of 543 amino acids and a predicted molecular weight of
61 kDa that is located adjacent to and in the opposite orientation to the
polyhedrin gene. Insertional mutagenesis at the carboxyl-terminal region
indicated that orf9 is essential for ACMNPYV viability (Possee et al., 1991).
This observation was exploited to develop a protocol for the selection of a
high frequency of AcMNPV recombinants (Kitts and Possee, 1993). Subse-
quently, Vialard and Richardson (1993) characterized orf9 expression and
found that it was present as both unphosphorylated and phosphorylated
forms with apparent molecular masses of 78 and 83 kDa, respectively. Fur-
thermore, they demonstrated by Western blot analysis that it was associated
with both budded and occluded virions. Examination by immunoelectron
microscopy indicated that it was localized to end structures of mature nu-
cleocapsids. Surprisingly, although orf9 appears to be an essential compo-
nent of a highly conserved virion structure, it appears to be poorly conserved
with the orf9 homologue from Heliothis zea SNPV (HzSNPV) and
OpMNPYV, showing less than 30% amino acid sequence identity with the
AcMNPYV protein (Cowan et al., 1994; Russell et al., 1997).

The virogenic stroma, and electron-dense structure present in the nu-
clei of baculovirus-infected cells, contains intrastromal spaces and a convo-
luted periphery and has been implicated as being the site of nucleocapsid
assembly. It is composed of a homogeneous electron-dense structure that is
highly sensitive to RNase (Young et al., 1993) and contains discrete com-
partments containing DNA. It has been suggested that the virogenic stroma
is the site of DNA synthesis. Electron micrographic studies suggest that emp-
ty capsids align with one end pointed toward the stroma, and DNA is trans-
ferred from the stroma into the capsid. A caplike structure called the apical
cap is observed in such capsids and it may be involved in the movement of
the genomic DNA into the capsid. The other end of the capsid contains a
structure termed the basal structure (Fraser, 1986). Recent evidence from
electron microscopy on the OpMNPV orf1629 homologue demonstrate that
it is present at only one end of the capsid, and this end is oriented away from
the virogenic stroma. In addition, these studies indicate that the orf1629-
containing end is opposite the end that interacts with membranes envelop-
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ing capsids in nuclei and is also opposite the end involved in the penetration
of the nuclear membrane as nucleocapsids move into the cytoplasm on the
way to becoming budded virus (Russell et al., 1997). Collectively, these data
suggest that the orf1629 protein is associated with the basal structure of the
capsid.

F. Tegument-gp41 (AcMNPV orf80, BmNPV orf66, OpMNPV orf83)

An ODV structural glycoprotein of 41 kDa (called gp41) has been char-
acterized from AcMNPV (Whitford and Faulkner, 1992a, b). It is expressed
as a late gene with the mRNA initiating from two TAAG promoter se-
quences and is present from 12 to 36 hr postinfection (p.i.). Glycoprotein
analysis of gp4l indicated that it contains single residues of O-linked
N-acetylglucosamine. Virion fractionation studies indicated that gp41 is
located between the virion envelope and the capsid. This structural region
has been termed the tegument.

G. Protein Tyrosine Phosphatase (AcMNPV ORF1,
BmNPV orf130, OpMNPV orf10)

Antiserum was made against a bacterially expressed fusion of a gene
encoding a protein tyrosine/serine phosphatases (PTP). Western blot analy-
sis of extracts of both BV and ODV indicated that PTP was associated with
these structures. It was also found to localize to concentrated specific re-
gions within fibrillar structures in the nucleus and cytoplasm (Li and Miller,
1995a). Deletion of this gene had no observable effect on the properties of
ACMNPV infection in Spodoptera frugiperda larvae or cultured Tri-
choplusia ni cells. However, a portion of a population of S. frugiperda cells
infected by the mutant were defective in occlusion body production (Li and
Miller, 1995b).

H. Protein Kinase

Evidence suggests that a protein kinase may be associated with NPV
and GV virons and that it may be involved in unpackaging virion DNA
(Wilson and Consigli, 1985a, b; Miller et al., 1983). See Section V.A, for more
detail.

VI. ENVELOPES OF OCCLUDED VIRIONS

ODV are surrounded by a unique envelope structure that is likely to
play an integral role in the association of ODV with polyhedrin as it crystal-
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lizes into occlusion bodies and may also play a major role in the infection
process in the midguts of susceptible insects. Because of the harsh environ-
ment likely encountered in the gut, the ODV envelope may also contribute
to virion stability prior to entry and infection of midgut cells.

Unlike other viruses that mature in the nucleus such as herpesvirus or
plant nucleorhabdovirus, there is no evidence that baculovirus nucleocap-
sids destined to mature as ODV associate with the nuclear envelope. In-
stead, ODV obtains its envelope within the nucleoplasm. The source of the
ODV envelope is unclear; however, a number of virus-encoded proteins
present in the mature ODV envelope are also found in viral-induced intra-
nuclear microvesicles (see Section VI.B.3). This strongly suggest that intra-
nuclear microvesicles play an important role, either as a direct precursor or
as an assembly focus for the ODV envelope (Braunagel et al., 1996a, b; Hong
et al., 1994). The source of the membranes that comprise the microvesicles
is unknown. Based on an apparent lack of continuity of microvesicles with
the inner nuclear membrane and differences in morphology between these
two membrane structures, de novo membrane morphogenesis has been pro-
posed (Stoltz et al., 1973). However, baculovirus infection also appears to
induce an inward invagination of the inner nuclear membrane (Summers
and Arnott, 1969; Tanada and Hess, 1976). Evidence using antibodies devel-
oped to ODV-E66 and -E56 to probe the transport pathway of ODV envelope
proteins suggests that the nuclear envelope itself could function as the
source of the microvesicles. This hypothesis proposes that the inner nuclear
membrane expands, invaginates into the nucleus, and buds, to produce mi-
crovesicles which then migrate within the nucleoplasm (Braunagel et al.,
19964, b; Hong et al., 1994). It should be noted that these two hypothesis are
not mutually exclusive. The inner nuclear membrane could serve as the
assembly site for newly synthesized lipids (i.e., de novo membrane
morphogenesis), and then as the membrane increases in size it invaginates
and buds into the nucleoplasm.

A. Lipid Composition of the Envelope of BV and ODV

. The envelope of ODV appears as a lipid bilayer membrane and becomes
tightly associated with the nucleocapsids upon occlusion. Typically, lipid
bilayer membranes contain phospholipids as major components and include
a variety of proteins located within the membrane or bound to the surface.
The two sides of the membrane are usually different in the distribution and
orientation of proteins, oligosaccharides, and phospholipids, and this re-
flects their differing roles in membrane transport and other functions. A
comparison of phospholipid content of AcCMNPV membranes reveals that
the composition of every lipid class except phosphatidylinositol is statis-
tically different between BV and ODV (Braunagel and Summers, 1994).
Phosphatidylcholine (39%) and phosphatidylserine (50%) are the major
phospholipids of ODV and BV, respectively. The major fatty acid of both BV
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and ODV has 18 carbons and one double bond (18 : 1) and it comprises 31%
of the fatty acids in ODV and 42% in the BV envelope. The ODV envelope
contains more saturated fatty acids than BV and this is reflected in signifi-
cantly different saturated—unsaturated fatty acid ratios (1.05 vs. 0.68, re-
spectively). The cholesterol-phosphate ratio indicates that ODV contains
somewhat more cholesterol than BV (0.58 vs. 0.42, respectively) and the
ODV envelope is more densely packed with protein than BV as determined
by both the phosphate-protein ratio (0.11 vs. 0.98 mole : mg) and the choles-
terol-protein ratio (0.02 vs. 0.15 mg : mg respectively).

Biological membranes are not rigid structures, but the lipid and protein
components are in constant motion. Such movement, or fluidity, depends
on the temperature and lipid composition. A curious feature of the lipid
composition of both BV and ODV is that it does not correspond with what
would be predicted based on the apparent source of the membrane. The
composition of BV, which obtains its envelope from the host cell plasma
membrane, is more fluid than would be expected when compared to that of
other mammalian cell plasma membranes. The composition of ODV pre-
dicts that its envelope is much less fluid than would be expected from an
envelope that was obtained from an intracellular membrane source
(Braunagel and Summers, 1994). These data suggest that baculovirus may
have the ability to selectively modify host cell membrane composition;
however, direct determination of the lipid composition of insect cellular
membranes is needed to confirm this hypothesis.

The differences in both protein and lipid composition of BV and ODV
envelopes likely reflect the different functions required of each form. A
number of viral-encoded proteins have been found to be associated with
ODV envelopes (see Section VL.B) and it is likely that these proteins provide
modifications that assist interactions with polyhedrin in the crystallization
process and facilitate fusion of the ODV envelope with the microvillar
membranes of the insect gut during primary infection. In contrast, BVs are
adapted for movement and infection of tissues within the insect. At least
one BV envelope protein, gp64, has been identified to be essential in this
process (see Section VII).

B. Proteins Associated with Occluded Viral Envelopes

1. ODV-E66 (AcMNPV orf46, BmNPV orf37, OpMNPV orf50)

A number of the structural proteins described below employ nomencla-
ture used by Braunagel et al. (1996a). In this terminology, the source of the
protein is indicated (ODV or BV), followed by the location, E (envelope) or C
(capsid), and the apparent molecular weight.

ODV-E66 was initially identified by N-terminal amino acid sequencing
of a protein that was unique to ODV and was not present in BV envelope.
Transcription of the gene encoding ODV-E66 is initiated from two con-
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served TAAG motifs (-15 and -37) with transcripts detected from 12 to 72 hr
p.i. The protein is detected in infected Sf9 cell extracts from 24 to 72 hr p.i.
by Western blot analysis. Immunogold localization of ODV-E66 shows that
the protein is present in the viral-induced microvesicles and ODV envelope
of both nonoccluded and occluded virus within the cell nucleus (Hong et al.,
1994). AcMNPV and OpMNPV ODV-E66 share 75% amino acid sequence
identity, while AcMNPV and LdMNPV ODV-E66 are 40% identical
(Bjornson and Rohrmann, 1992b).

N-terminal amino acid sequencing revealed two forms of ODV-E66 in
the mature virus. One form initiates from the first Met and shows that the
N-terminal region is uncleaved, while a second determined sequence initi-
ates 69 amino acids interior to the predicted N-terminus. It is unclear if the
truncated version of the protein is a degradation product formed in the
purification of the virus or if it represents a specific subset of ODV-E66. The
smaller 60-kDa protein is truncated at a trypsin consensus site after a single
arginine at amino acid 69, and this cleavage site resembles that of other viral
proteins including Vp8 of rotavirus and HA, protein of influenza virus
(Hong et al., 1994).

The uncleaved N-terminus predicts a 23-amino-acid hydrophobic do-
main. Hong et al. (1997) demonstrated that reporter proteins fused to this
domain [B-galactosidasae and green fluorescence protein (GFP)] are trans-
ported to the viral-induced intranuclear microvesicles and the ODV enve-
lope. These data suggest that in an AcCMNPV-infected cell, this amino acid
sequence is sufficient to target, retain, and/or transport proteins to the ODV
envelope. ODV-E66 is not N-glycosylated and preliminary data also suggest
that it does not undergo O-glycosylation (Hong et al., 1997).

2. ODV-E25,p25 (AcMNPV orf94, BmNPV orf77, OpMNPV or{95)

This protein was originally identified in OpMNPV and called p25
(Russell and Rohrmann, 1993). Antiserum produced against preoccluded
virus of OpMNPYV reacted with a fusion protein in an OpMNPV Agtll ex-
pression library. One of the immunoreactive clones contained an insert that
was subsequently identified to lie within the p25 ORF. Monospecific anti-
serum produced against a bacterial fusion containing this ORF reacted with
a doublet of approximately 25 kDa on Western blots of SDS-PAGE-separated
OpMNPV-infected Lymantria dispar cell extracts and AcMNPV-infected
Sf9 cell extracts (Russell and Rohrmann, 1993). Immunoelectron microsco-
py showed that p25 was present in the nuclei of OpMNPV-infected cells and
localized to the envelopes surrounding polyhedron-derived virus. No evi-
dence of N- or O-linked glycosylation of the OpMNPV p25 was found. In
addition, repeated attempts to produce a recombinant OpMNPV lacking
this gene were unsuccessful, suggesting that it may be an essential gene
(G. F. Rohrmann, unpublished data).
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Like ODV-E66, ODV-E25 also locates to viral-induced microvesicles in
AcMNPV-infected Sf9 cells (Braunagel et al., 1996b, and unpublished data).
The ODV-E25 amino acid sequence contains an N-terminal hydrophobic
domain similar to that observed for ODV-E66; however, the N-terminus is
uncleaved as determined by N-terminal amino acid sequencing (Hong et al.,
1997).

3. ODV-E56, ODVP-6E (AcMNPV orf148, BmNPV orf124,
OpMNPV orf146)

The AcMNPV gene encoding ODV-E56 was identified from three inde-
pendent Agtll expression library clones that were screened using antisera
developed to ODV or BV envelope proteins (Braunagel et al., 1996a), while
the OpMNPV gene was identified when the ie-1 gene and adjoining regions
were sequenced (Theilmann et al., 1996). In both OpMNPV and AcMNPYV,
transcription of the gene encoding ODV-E56 initiates from a conserved late
promoter TAAG sequence, with transcripts detected between 16 and 72 hr
p.i. The protein is detected in AcMNPV-infected Sf9 cell extracts from 36
through 72 hr p.i., and is still present in OpMNPV-infected Lymantria dis-
par cell extracts at 96 hr p.i. One of the most distinguishing features of
ODV-E56 is that it is detected at a variety of molecular weights when vari-
ous baculoviruses are analyzed, and even within the same baculovirus it
appears as multiple forms (Braunagel et al., 1996a; Theilmann et al., 1996).
Although the molecular weight of the protein is different between
baculoviruses, each baculovirus shows one predominant form in purified
ODV. ODV-E56 from AcMNPV-infected cells is not N-glycosylated
(Braunagel et al., 1996a), and the source of the protein heterogeneity is
unknown. The primary amino acid sequence predicted by the different
baculovirus genes encoding ODV-E56 does not explain the apparent protein
heterogeneity between baculoviruses. Homologues of the ODV-E56 have
been sequenced from OpMNPV, Choristoneura fumiferana MNPV
(CfEMNPV), HzSNPV, and Cydnia pomonella GV (CpGV) and show 70, 69,
52, and 46% amino acid identity with AcMNPYV, respectively, and compari-
sons of hydropathy profiles predict that the secondary structure of this pro-
tein would also be highly conserved (Theilmann et al., 1996).

Immunoelectron microscopy showed that ODV-E56 associates with
ODV envelopes (Braunagel et al, 1996a; Theilmann et al., 1996), virus-
induced intranuclear microvesicles, and the outer and inner nuclear mem-
brane (Braunagel et al, 1996a). In cells infected with a recombinant Ac-
MNPV in which the B-galactosidase gene was inserted at amino acid 151 of
the ODV-E56 gene (E56-B-gal), the mutant E56 protein no longer localized to
the viral-induced microvesicles or ODV envelope, but rather associated
with nucleocapsids within the nucleus. Additionally, E56-B-gal does not
associate with the elongated empty capsid structures as does vp39, the ma-
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jor capsid protein (Braunagel et al., 1996a). This indicates that the manner of
association or incorporation of E56-8-gal into nucleocapsids may differ from
vp39 incorporation.

4. ODV-E18/35 (AcCMNPV orf143/144, BmNPV orf119/120,
OpMNPV 140/141)

ODV-E18 was identified by N-terminal sequencing of a protein of ap-
proximately 18 kDa, which was purified from ODV envelope preparations.
The gene encoding this protein was located within the IEQ intron (Braunagel
et al., 1996b). Transcripts for ODV-E18 initiate from three conserved TAAG
motifs, and transcripts are detected from 16 through 72 hr p.i. Antisera
generated to a bacterial-expressed glutathione-S-transferase (GST)-E18 fu-
sion protein detects a band of 18 kDa on Western blots of extracts from
AcMNPV-infected Sf9 cells from 24 through 72 hr p.i., and in purified ODV
envelope. A curious feature of the mobility of ODV-E18 is that the protein
detected in purified ODV envelope has a diffuse banding pattern relative to
the pattern visualized from infected cell extracts. The gene predicts a pro-
tein of 9.5 kDa, and when the protein is translated in vitro, only a 9.5-kDa
protein is identified. This difference in size could be due to the anomalous
migration on SDS-PAGE gels, the formation of an SDS-resistant dimer, or
posttranslational modifications of ODV-E18. The ODV-E18 gene has been
sequenced in AcCMNPV, BmNPV, OpMNPV, and HzSNPV, and the AcMNPV
protein shares 86, 68, and 52% amino acid identity to the predicted proteins
respectively (Ahrens et al.,, 1997; Braunagel et al., 1996b; D. E. Tribe, un-
published data).

The nature of ODV-E35 is still unclear. The N-terminal amino acid
sequence of ODV-E35 is identical to that of ODV-E18. ODV-E35 is detected
in purified viral envelopes using antisera to ODV-E18 and antisera generated
to an ORF immediately downstream that codes for ODV-EC27. Western
blot analysis predicts that ODV-E35 is a structural protein of the ODV
envelope. While the data are inconclusive at present, it is believed that
ODV-E35 is translated from a transcript that includes both ORF 143 (ODV-
E18) and 144 (ODV-EC27). Such a translation product would most likely be
derived by ribosomal frameshifting. RNA structural analysis predicts a
stem-loop secondary structure consistent with ribosomal frameshifting,
and the stem-loop is associated with a cluster of “slippery sequences” that
has been shown to promote frameshifting events at high levels (Braunagel et
al., 1996b).

Because antisera to ODV-E18 also recognize ODV-E35, immuno-
electron microscopy shows that one or both of these proteins reside in the
viral-induced microvesicles and ODV envelope. Unlike ODV-E66 and ODV-
E56, however, ODV-E18/35 does not appear to associate with the nuclear
envelope or cytoplasmic membranes.
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5. ODV-EC27 (AcMNPV orf144, BmnNPV orf120, OpMNPV orf141)

ODV-EC27 is the first structural protein of ACMNPYV that appears to be
present in both ODV nucleocapsids and envelopes. Additionally, it is the
only nucleocapsid structural protein that appears to be specific for ODV and
is not present in BV (Braunagel et al., 1996b). ODV-EC27 is coded from ORF
144 and transcription initiates from a conserved TAAG motif. Transcripts
are detected from 16 through 72 hr p.i., with protein detected in AcCMNPV-
infected cell extracts from 24 through 72 hr p.i. Antisera to ODV-EC27 also
detect ODV-E35, and thus localization by immunoelectron microscopy is
difficult; however, Western blot analysis detects ODV-EC27 in both the
nucleocapsid and ODV envelope. The predicted AcMNPV ODV-EC27 pro-
tein demonstrates 95, 67, and 53% amino acid sequence identity with
BmNPV, OpMNPV, and HzSNPV, respectively (Ahrens et al, 1997,
Braunagel et al., 1996b; D. E. Tribe, unpublished data).

6. p74 (AcMNPV orf138; BmNPV orfl115, OpMNPV orf134)

The p74 gene is located downstream and in the opposite orientation to
the pl0 gene in the AcMNPV (Kuzio et al, 1989), OpMNPYV (Leisy et al,
1986), and CfMNPV (Hill et al, 1993) genomes, and AcMNPV p74 is 77—
79% identical to the OpMNPV and CfIMNPV homologues. p74 is not gly-
cosylated (Roberts, 1989) and it is expressed at low levels late in infection,
even though a conventional late promoter sequence is not found near the
mRNA start sites. Mutant virus with a partial p74 deletion are capable of
replicating in cultured cells; however, the resulting occluded virus are non-
infectious when fed to insects (Kuzio et al., 1989). This indicates that p74 is
required for infectivity when ingested by insects and also suggests that the
protein must be associated with ODV. It has been suggested that this protein
is associated with ODV envelopes (Hill et al., 1993).

VII. BUDDED VIRUS
A. BV Entry into Cells

BVs appear to enter cells predominantly by endocytosis, since their
infectivity can be neutralized by chloroquine and ammonium chloride,
which buffer endosomal pH (Volkman and Goldsmith, 1985). It is believed
that the process of endocytosis involves interaction of the virion with a host
receptor, which leads to the invagination of the plasma membrane and
formation of an endocytic vesicle containing the enveloped virion. The
endosome is then acidified, which activates fusion of the viral and endoso-
mal membrane, thereby releasing the nucleocapsid into the cytoplasm.
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B. Proteins of the Budded Virus Envelope

1. gp64; Envelope Fusion Protein (AcMNPV orf128; BmNPV 105,
OpMNPV orf126)

To date, only one viral-encoded protein has been found to be associated
with the BV envelope. This protein is called gp64 (gp64 envelope fusion
protein, or gp67), and most studies have focused on the gp64 proteins from
AcMNPV and OpMNPV. Gp64 is encoded by an ORF predicted to express a
protein of about 59 kDa (Blissard and Rohrmann, 1989; Whitford et al,
1989), but the mature protein is heavily glycosylated and acylated (Roberts,
1989). The gp64 gene is regulated by both early and late promoters, and this
combination of early plus late expression appears to be conserved among
several baculoviruses (Blissard and Rohrmann 1989; Hill and Faulkner,
1994; Whitford et al., 1989). The gp64 early promoter has been used as a
model system for studies of early transcriptional regulation (Blissard et al,,
1992; Blissard and Rohrmann, 1991; Kogan et al., 1995; Kogan and Blissard,
1994). In addition, the gp64 protein was also recently engineered for bio-
technological applications. Chimeric membrane proteins containing the
ACMNPV gp64 protein can be generated, and it is suggested that such con-
structs may be useful for displaying eukaryotic membrane proteins on the
surface of baculovirus virions (Boublik et al., 1995).

Immunologic and biochemical studies show that gp64 accumulates at
the plasma membrane during the early and late phases of infection (Blissard
and Rohrmann, 1989; Monsma et al, 1996; Monsma and Blissard, 1995;
Volkman, 1986). Nucleocapsids become enveloped within the gp64-mod-
ified plasma membrane by budding from the cell surface in the late phase.
Electron micrographs indicate that in budded virions, nucleocapsids are
surrounded by a loosely associated lipid-containing membrane. Spikelike
structures (called peplomers) that contain gp64 are concentrated at one end
of the virion (Volkman, 1986; Volkman and Goldsmith, 1984). Recent stud-
ies have shown that gp64 is a membrane fusion protein that is activated at
low pH and involved in viral entry through the endocytic pathway (Blissard
and Wenz, 1992, Monsma and Blissard, 1995). In addition, genetic studies
demonstrated that gp64 is an essential structural protein, required for cell-
to-cell propagation of the virus in cell culture and in the insect hemocoel
(Monsma et al., 1996).

The gp64 protein contains an N-terminal signal peptide and a C-termi-
nal anchor domain. In the Baculoviridae, the gp64 protein appears to be
highly conserved, with amino acid identities of 78-82% among AcMNPYV,
OpMNPV, and CfMNPV (Blissard and Rohrmann, 1989; Hill and Faulkner
1994). Recent studies of the kinetics of OpMNPV gp64 oligomerization
and processing suggest that of the gp64 protein synthesized, only approx-
imately 25% is oligomerized and transported to the cell surface, with the
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remainder apparently degraded as misfolded protein (Oomens et al., 1995).
As with other proteins that enter the secretory pathway, the extensive gly-
cosylation of gp64 may play a role in folding and subsequent transport. In
addition to glycosylation, palmitic acid is esterlinked to the AcMNPV
gp64 peptide, making it the major acylated protein associated with BV
(Roberts and Faulkner, 1989). Although its precise role in gp64 is un-
known, it is believed that acylation of proteins may be involved in anchor-
ing to membranes, membrane mobility membrane fusion, or regulation of
intracellular transport.

The mature gp64 peplomer is found in the virion envelope as a disul-
fide-linked oligomer. Based on their migration in nonreducing SDS-PAGE
gels, gp64 oligomers were initially thought to consist of a combination of
tetramers and trimers. However, using a purified soluble form of the
OpMNPYV gp64 protein, Oomens et al., (1995) detected only trimers by mass
spectrometry. This indicated that the mature oligomer of gp64 is trimeric,
and suggested that some heterogeneity may occur among trimers. Kinetic
studies of gp64 synthesis and trimerization indicate that oligomerization to
the trimeric form occurs rapidly and is complete or nearly complete within
15 min after synthesis (Oomens et al., 1995). Sequence analysis suggests
that the gp64 protein contains a centrally located amphipathic alpha-helix,
or leucine zipper, a structure that is frequently associated with dimerization
or oligomerization domains of proteins. Substitution mutations that reduce
the hydrophobic character of one face of the predicted amphipathic helix
resulted in inefficient or defective oligomerization. Similar effects were ob-
served when helix-breaking amino acid substitutions were introduced into
the predicted helix (Monsma and Blissard, 1995). Thus, gp64 trimerization
appears to be mediated by the leucine zipper (amphipathic alpha-helix) do-
main in the central portion of the molecule. Studies of gp64 in isolation
demonstrated that gp64 expressed alone in insect cells was capable of medi-
ating pH-activated membrane fusion (Blissard et al, 1992). Mediation of
membrane fusion by proteins is believed to involve the interaction of hydro-
phobic regions of membrane fusion proteins with the target lipid bilayer. A
small hydrophobic domain of gp64, composed of a cluster of six hydrophobic
amino acids, has been implicated in membrane fusion by site-directed mu-
tagenesis (Monsma and Blissard, 1995). Substitutions that reduce the local
hydrophobicity of that small domain result in gp64 trimers defective for
membrane fusion, while substitutions with hydrophobic amino acids had
little or no effect. In addition, an antipeptide antiserum generated against
this domain inhibits membrane fusion in syncytium formation assays
(Monsma and Blissard, 1995). Fusion of virion cell membranes is a multistep
reaction involving the triggering of a possible conformational change in the
fusion protein. Triggering may result from reduction in pH or binding to a
receptor(s). Models of membrane fusion suggest that the initial triggering of
the fusion protein leads to the merger of the outer leaflet of the two bilayers.
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This is followed by merger of the inner leaflets and the formation of a fusion
pore between the two membranes. Recent studies of gp64-mediated mem-
brane fusion have demonstrated that the triggering event can be separated
from the initial merger of membranes (Chernomordik et al., 1995).

The baculovirus gp64 protein has remarkable sequence similarity with
the envelope glycoproteins from two orthomyxoviruslike arboviruses
(Morse et al, 1992) that are vectored by ticks. In these viruses the gp64
homologue appears to mediate both membrane fusion and hemagglutina-
tion, suggesting that like the influenza virus hemagglutinin protein, these
gp64 homologues may be required for both host receptor binding and mem-
brane fusion. The provocative similarity between the envelope proteins of
these unrelated viruses poses fascinating questions regarding the evolution-
ary origins or transfer of viral genes.

C. Other Proteins Associated with Budded Virus

A number of proteins are found associated with budded virions; how-
ever, it is unclear whether they are randomly incorporated during the bud-
ding process or have a specific role in virion structure or function. In
one instance, antiserum was generated against sucrose-gradient-purified
OpMNPV BV grown in L. dispar cells and then used to examine uninfected
L. dispar cells by immunofluorescence microscopy. A very strong fluores-
cence response was observed, suggesting that the BVs were associated with
substantial amounts of cellular proteins (G. F Rohrmann, unpublished
data). IE-1 has been found associated with OpMNPV BV (Theilmann and
Stewart, 1993). AcCMNPV was found to contain a mixture of viral- and host-
encoded ubiquitin on the inner surface of the BV envelope. It appeared to be
attached by a novel type of phospholipid anchor (Guarino et al., 1995), but it
was not clear if it played a role in BV structure or function. Cellular actin
may also associate with BV, since it was observed that BV nucleocapsids
have actin-binding activity (Lanier et al., 1996). A cathepsin-L-like cysteine
proteinase is encoded by AcMNPV. Whereas the internal organs of larvae
infected with wild-type virus liquefy during the final stages of infection,
mutants lacking the cathepsinlike gene retained the integrity of their tis-
sues during the final stages of infection (Slack et al., 1995). Therefore, it has
been suggested that this proteinase is involved in the release of the virus
from the insect host. Subsequently, it was shown that wild-type BV were
capable of degrading actin, whereas mutant virus lacking the viral cathep-
sinlike gene did not degrade actin (Lanier et al., 1996). These data indicate
that the viral cathepsin is present in association with BV.

VIII. CONCLUSIONS

Considerable progress has been achieved in the identification of
baculovirus genes that are likely to encode virion structural proteins. In
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particular, the recent identification of proteins associated with the ODV
envelope provide a foundation for the elucidation of the contribution of
these proteins to the organization and function of this novel structure.
These studies will also likely shed light on the role of the ODV envelope in
polyhedron morphogenesis and infectivity. Proteins associated with the end
of virions that interact with the virogenic stroma and nuclear membranes
have not been identified.

Although gp64 is the most well-characterized baculovirus structural
protein, the makeup of the BV envelope is still unclear. In particular, the
role that host-derived molecules play in this structure is unknown. Future
investigations on the capsid proteins will likely establish how they interact
with one another and other virion components in producing the complete
structure. Understanding the role of these proteins and their contribution to
virion architecture is essential for the eventual understanding of the role of
the virion in the infection cycle.
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CHAPTER 3

Baculovirus Pathogenesis

BriaN A. FEDERICI

I. INTRODUCTION

Humans have been aware of diseases caused by baculoviruses for over 2000
years. The earliest historical accounts originated with descriptions of silk-
worm “jaundice,” a disease of Bombyx mori that we now know is caused by
anuclear polyhedrosis virus. In addition, people in various cultures through-
out history have witnessed, without knowing their cause, spectacular epi-
zootics and subsequent population declines brought about by nuclear poly-
hedrosis and granulosis viruses in caterpillars and sawfly larvae that feed in
the forests and on field and vegetable crops (Benz, 1986). However, it was
not until this century, and especially since the end of World War II, that the
etiologic agents that cause these diseases were identified as a unique family
of viruses, now known as the baculoviruses, which are largely restricted to
insects. Moreover, although the literature from the first half of this century
contains good descriptions of the diseases caused by nuclear polyhedrosis
and granulosis viruses, it is only recently that we have begun to understand
the progression of these diseases in their hosts and to identify the genes and
gene products that underlie their various pathologies.

My purpose in this chapter is to review the different pathologies caused by
the two major types of baculoviruses—nuclear polyhedrosis viruses (NPVs)
and granulosis viruses (GVs)—and show how they invade, develop, and
spread throughout their insect hosts, eventually resulting in host death. I
will begin with an overview of the different types of NPVs and GVs, their
phylogenetic distribution, and their tissue tropisms, as there are interesting
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and evolutionarily important correlations among these. I will then discuss
representative viruses and the disease that each causes, relating the gross
pathology observed in the whole insect with events that occur in infected
cells and tissues, identifying the causative genes and gene products where
known.

The best-studied baculovirus is the multinucleocapsid NPV of the al-
falfa looper, Autographa californica, the so-called AcMNPV, which attacks
most tissues in its lepidopteran hosts, replicating particularly well in the fat
body, tracheal matrix, and epidermis. Owing to our considerable knowledge
of the Ac MNPV, the discussion of baculovirus pathogenesis will initially
focus on this virus. Our understanding of AcMNPV pathogenesis will then
serve as the basis for a discussion of the diseases caused by other NPVs of
Lepidoptera and the GVs. Members of the latter group also typically attack
two or more tissues, but are only known from lepidopteran hosts. Finally,
NPVs attacking insects of other orders, such as those of sawflies (Hymenop-
tera) and mosquitoes (Diptera), where replication is generally restricted to
the midgut epithelium, will be discussed.

A. General Properties of Nuclear Polyhedrosis Viruses

The NPVs are large dsDNA viruses in which rod-shaped nucleocapsids
are enveloped singly (SNPV type) or in groups (MNPV type) in a mem-
branous envelope and subsequently are occluded in large protein crystals
known as polyhedra (see Chapter 2, this volume). These typically range
from 1 to 5 pm in diameter and form in the nuclei of infected cells.

NPVs are the most common and widely distributed baculovirus phy-
logenetically. They have been reported from more than 400 insect species
distributed among seven insect orders (Volkman et al., 1995). They occur by
far most commonly among species of Lepidoptera. For this order alone,
several hundred species have been reported as hosts, and with more than
200,000 species of lepidopterans described, it is likely there are at least
several thousand species of NPVs that attack members of this order. Though
much less common, NPVs have also been reported from members of the
Hymenoptera, Diptera, Coleoptera, Thysanura, and Trichoptera (Table 1).
Several NPVs are also known from shrimp (class Crustacea, order De-
capoda).

An interesting aspect of NPV tissue tropism is that, with the important
exception of the viruses attacking lepidopterous insects and a single disease
of the cranefly Tipula paludosa, virus replication in all these arthropod
groups is restricted to the midgut epithelium (Federici, 1993). Thus, in mos-
quito, sawfly, and caddisfly larvae, their NPVs invade and produce occlusion
bodies only in midgut epithelial nuclei. In the lepidopterans, the virus estab-
lishes a transient infection in the midgut, without producing occlusion
bodies, and then invades the other tissues.
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TABLE 1. Tissue Tropisms of Baculoviruses

Maijor tissues“

Midgut Tracheal
Virus type epithelium? Hemocytes Fat body Epidermis matrix

Nuclear polyhedrosis viruses
Lepidoptera (caterpillars) * + + + +
Hymenoptera (sawflies)
Diptera (flies)
Type 1 (Tipula paludosa)
Type 2 (Aedes triseriatus)
Thysanura (silverfish)
Trichoptera (caddisflies)
Crustacea (shrimp)
Granulosis viruses
Lepidoptera
Type 1 (T. ni GV) * - + - -
Type 2 (C. pomonella GV) * + + + +
Type 3 (H. brillians GV) + - - - -

+ 4+ 4+ + o+
!
[
|
[

aOnly the major insect tissues are listed here. However, viruses that infect the fat body, epidermis, and
tracheal matrix typically have a very broad tissue tropism, and thus will be found replicating in most other
tissues including the hemocytes, muscle, nerve, malpighian tubules, and reproductive and glandular tissues,
though the amount of virus produced in these tissues is usually very limited.

bViral reproductive strategies vary the most with respect to the extent of replication and pathogenesis in the
midgut epithelium. For the nuclear polyhedrosis viruses (NPVs) those of lepidopterous insects undergo an
initial colonizing phase of replication in the midgut, but typically form few if any occlusion bodies, using
this tissue as a “beach head” prior to invading most other tissues in the body. In these tissues replication
leads to the formation of occlusion bodies. This pattern of infection, with a transient phase in the midgut
epithelium, is indicated by an asterisk. In the NPVs attacking insects of other orders, with the exception of
the NPV of the cranefly, Tipula paludosa, the midgut epithelium is the only site of replication, and this is
where the occlusion bodies form. Granulosis viruses (GVs) are only known from insects of the order
Lepidoptera. With the exception of the GV of the Western grapeleaf skeleonizer, Harrisina brillians, these
viruses also have only a transient phase of replication in the midgut epithelium, after which they invade
other tissues and produce occlusion bodies. In the GV of H. brillians, the infection is restricted to the
midgut epithelium, where replication and occlusion body formation occurs. The NPVs of shrimp infect the
hepatopancreas, a digestive organ comparable to the midgut of insects.

B. General Properties of Granulosis Viruses

The granulosis viruses (GVs) produce virions biochemically and struc-
turally similar to those of NPVs, but the virions are occluded individually in
small occlusion bodies referred to as granules. These granules average about
150 nm in diameter by 400-600 nm in length, the length depending on the
length of the occluded virion, which can vary among different viruses
(Federici, 1986; Huger et al., 1963; Tanada and Hess, 1991; Tweeten et al.,
1981). GVs have only been reported from members of the order Lepidoptera,
and presently slightly more than 100 lepidopteran species are known to be
attacked by this virus type (Volkman et al, 1995). In all but one of the
known GVs, the reproductive strategy is the same as that of the lepidop-
teran NPVs. The virus establishes a transient infection in the midgut
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epithelium, and then, depending on the GV type, either the fat body or the
fat body and other major tissues are invaded, where the virus replicates first
in the nucleus and then in the cytoplasm after rupture of the nuclear enve-
lope (Table 1). The exception to this typical strategy is the GV of the West-
ern grapeleaf skeletonizer, Harrisina brillians. This virus, like the NPVs of
mosquitoes and sawflies, replicates and produces occlusion bodies only in
the midgut epithelium, though the cytopathology in this tissue is similar to
that which occurs in the fat body and other tissues of the typical GV.

II. BACULOVIRUSES OF LEPIDOPTERAN INSECTS
A. Nuclear Polyhedrosis Viruses

1. Gross Pathology

Baculovirus diseases are primarily diseases of the larval stages, and the
progression and signs of disease depend on several factors including the
instar in which NPV infection becomes apparent, infective dose, nutrition,
temperature, degree of compatibility of the virus with its host, and the
physical characteristics of the larva. When infected by ingestion of several
hundred to several thousand polyhedra during the first few instars (1-3),
death can occur within 24 to 72 hr, with few gross signs of disease before
death because of the small size of the larvae. However, if infected with the
same amount of virus during the fourth or early fifth instar, the disease
generally runs its course over a period of 5-10 days, at temperatures from
25-30°C. Death results at the end of this period, followed by liquefaction of
the larval carcass.

In typical NPV infections, such as the diseases caused by the NPVs of A.
californica (AcMNPV)|, Trichoplusia ni (TnSNPV), and Helicoverpa zea
(HzMNPV) in noctuid larvae, there are few gross signs of disease during the
first 3 days of infection. Then, at about the 4th day, infected larvae begin to
respond much more slowly than healthy larvae to tactile stimuli such as
touching. Their feeding also begins to slow, virtually ceasing by day 6 or 7
(Aizawa, 1963; Benz, 1963; Tanada and Kaya, 1993). At day 4 or 5, the larva
will begin to appear swollen and the cuticle can appear glossy, with small
melanotic spots occurring in some species. In species in which the larval
cuticle is translucent or lightly pigmented, such as T. ni, the larva will take
on a white to yellow, creamy coloration (Fig. 1). This is due to the presence
of polyhedra (which are white) accumulating in epidermal and fat body
nuclei. In larvae with a translucent cuticle, such as the avocado leafroller,
Amorbia cuneana, swollen nuclei packed with polyhedra can be observed as
white spherules at 25X with the aid of a dissecting microscope. The hemo-
lymph of infected larvae at this stage is also cloudy owing to the circulation
of large numbers of infected hemocytes and polyhedra released into the
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FIGURE 1. General characteristics of the pathology caused by nuclear polyhedrosis viruses
(NPVs) and granulosis viruses (GVs). (A) Healthy fifth-instar larva (top) and AcMNPV-infected
larva (bottom) of Trichoplusia ni, the latter at 6 days postinfection. (B) Healthy (h) and GV-
infected larva of the clover cutworm, Scotogramma trifolii. Note the discoloration and hyper-
trophy of the diseased larvae in A and B. (C, D) Phase-contrast micrographs of typical fat body
lobes of fifth-instar noctuid larvae infected with, respectively, NPV (C) and GV (D) at 6 days
postinfection. Polyhedra in NPV infections are restricted to the nuclei, whereas masses of
granules (gray clusters) in GV infections are in cells that no longer have nuclei. Larvae in A and
B are illustrated at about half life-size; bars in C and D, 25 pm.
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blood as a result of lysis of cells in various tissues at an advanced stage of
disease.

Larvae at this stage of disease will die within 1 or 2 days. Just prior to
this stage, larvae of many lepidopteran species will crawl to the top of the
vegetation on which they were feeding and then die. After death, the larvae
lose their turgor, become flaccid, and are frequently observed anchored to
the vegetation by their proleg crochets, hanging head down or in an inverted
V position, with the head and rear portion of the abdomen facing downward.
The cuticle is very fragile at this point due to its almost complete destruc-
tion by the virus. Within a few hours, the cuticle ruptures, releasing billions
of polyhedra that have been liberated from lysed cells of the fat body, tra-
cheal matrix, epidermis, and other tissues. Rupture of the cuticle at the end
of disease results from infection of the cuticular epidermis and production
of viral-encoded chitinase and protease in infected tissues (Hawtin et al.,
1995).

In species such as the gypsy moth, Lymantria dispar, in which the
larval cuticle is dark, heavily pigmented, and covered with cuticular hairs,
the behavioral changes are the same, but it is not usually possible to observe
the changes in color to internal tissues. However, the ventrum of these
larvae, where the cuticle often is not so heavily pigmented, may take on a
creamy coloration.

One aspect of gross pathology caused by at least some NPVs, and which
is not easily observed, is failure of the larva to molt after infection. This is
because of the production by the NPV of an ecdysteroid UDP-glucosyl
transferase that glucosylates the molting hormone, ecdysone, thus prevent-
ing further molts (O'Reilly and Miller, 1989). The energy and resources that
normally go into molting are instead directed to viral reproduction, thereby
increasing the amount of progeny virus (O’Reilly and Miller, 1991).

2. Pathogenesis

The gross pathology described above is of course the final manifestation
of several cycles of viral replication in a variety of tissues that began soon
after the larva ingested polyhedra. Here the principal stages of host invasion
and viral spread to the major tissues, where secondary infection and occlu-
sion body production occurs, are reviewed and discussed.

a. Initiation of Midgut Infection

Although NPVs can be transmitted via the egg (Tanada and Kaya, 1993),
or can initiate infection through the spiracles (Kirkpatrick et al, 1994), the
predominant route of infection is by ingestion of polyhedra and entry of the
virus through the midgut epithelium (Fig. 2). After ingestion, the occlusion
bodies/polyhedra dissolve quickly, typically within seconds to at most a few
minutes, in the alkaline juices at the anterior end of the midgut. Dissolution
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FIGURE 2. Schematic illustration of the initial baculovirus infection process in the midgut
epithelium of an infected caterpillar. (A) Dissolution of polyhedra in the midgut lumen and
passage of virions through the peritrophic membrane (PM). (B-D) Different infection pathways.
(B) The virion envelope fuses with the microvillar membrane and the nucleocapsid passes
directly through the cell to the basal lamina, followed by budding through this matrix into the
hemolymph. (C) An initial cycle of replication occurs in a midgut epithelial cell nucleus, after
which progeny-budded virions pass directly into the hemolymph or into the tracheal matrix via
tracheoblasts. (D) After the initial cycle of replication, midgut regenerative cells are invaded,
and progeny BV from these invade the hemolymph. PM, peritrophic membrane; BB, microvillar
brush border; CC, columnar cell; RC, regenerative cell; BL, basal lamina; TM, tracheal matrix;
CMC, circular muscle; H, hemolymph.

is aided by both the high pH (8—11) characteristic of most lepidopterans and
the presence of proteases (Granados, 1978; Granados and Lawler, 1981; Gra-
nados and Williams, 1986; Harrap, 1970; Harrap and Robertson, 1968; Hor-
ton and Burand, 1993). Thus, polyhedra have apparently evolved to persist
and protect the virions outside the host, but also to dissolve quickly under
midgut conditions, thereby facilitating rapid infection of a host.
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The virions released from occlusion bodies—occlusion-derived virions
(ODV)—then pass through the peritrophic membrane, a protective lining
secreted by the midgut that surrounds food and other ingested materials.
Passage of virions through the peritrophic membrane is neither well under-
stood nor is there agreement on how this occurs. In some lepidopterans, the
peritrophic membrane is fibrous, such as in the larvae of the Douglas fir
tussock moth, Orgyia pseudotsugata, allowing particles less than 800 nm to
pass, whereas in others, like T. ni, the membrane is multilayered and chan-
neled, though the channels are not continuous from one side of the mem-
brane to the other (Adang and Spence, 1981, 1983). Thus, it is not clear how
the virions traverse the peritrophic membrane in many species commonly
infected by baculoviruses. One possibility is that these viruses produce en-
zymes that facilitate localized digestion of the membrane to permit virion
passage. And in fact, though originally identified in GVs, Granados and co-
workers have described a group of proteins, referred to as enhancins, that
appear to serve this function (Gijzen et al.,, 1995; Hashimoto et al., 1991;
Lepore et al., 1996; Wang et al., 1994). Studies of one of these, an enhancin
isolated from the Trichoplusia ni GV (TnGV), suggest that it is a metal-
loprotease with a specific affinity for mucins in the peritrophic membrane
of T. ni (Lepore et al., 1996). This enzyme is capable of markedly disrupting
the structural integrity of the peritrophic membrane, creating lesions
through which virions can pass.

Other evidence suggests that the peritrophic membrane is not a signifi-
cant barrier to infection because it is shed during molting, permitting vir-
ions to come into direct contact with midgut microvilli (Washburn et al.,
1995). However, larvae probably ingest most virus during the intermolt
period. As the peritrophic membrane in many lepidopteran species may not
contain channels sufficiently large for virion passage, the existence of the
enhancins and their enzymatic properties suggests these aid virion passage
through the membrane. Though current evidence indicates that enhancins
aid viral infection, it is not known whether they are a feature of all
baculoviruses.

b. Entry into Midgut Cells

After crossing the peritrophic membrane, the virion envelope comes in
contact with the microvillar membrane of columnar midgut epithelial cells.
Specific binding proteins on the ODV envelope have not been identified, nor
have receptors on microvilli, although binding studies suggest they exist
(Horton and Burand, 1993). After contact, the virion envelope fuses with the
microvillar membrane, allowing the nucleocapsids to enter the microvilli
(Fig. 2). Virions have also been observed to enter cells by viropexis, but
electron microscopic studies indicate the primary route of entry is via fu-
sion of the virion envelope with the microvillar membrane (Granados and
Lawler, 1981).
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FIGURE 3. Light and electron micrographs illustrating aspects of the initial baculovirus coloni-
zation phase in the midgut epithelium. (A) Phase-contrast light micrograph illustrating an
infected regenerative cell (arrow). (B) Electron micrograph of an infected regenerative cell show-
ing the virogenic stroma and production of progeny nucleocapsids. Arrow indicates basal lami-
na at proximal end of the cell. (C) Electron micrograph of progeny-budded virion passing out of
cell into hemolymph via the basal lamina. Bar, 10 um in A, 1 pm in B, and 200 nm in C.

After entry, the nucleocapsids travel along the microvillus, apparently
with the aid of microtubles, to the nuclear pore and then into the nucleus
where the nucleocapsids uncoat, releasing the viral DNA to initiate replica-
tion (Charlton and Volkman, 1993; Granados and Lawler, 1981). Within 8 hr,
the nucleus hypertrophies, the nucleoli enlarge, move toward the nuclear
membrane, and then decrease in size as a large virogenic stroma forms
within the center of the nucleus (Fig. 3B). As the stroma develops, nucleo-
capsids begin to assemble around the periphery and in the stroma lacunae
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(Figs. 2 and 3). They leave the stroma and pass through the nuclear mem-
brane, often acquiring an envelope from this membrane. The nucleocapsids
shed this membrane before aligning end-on with the plasmalemma at the
base of the midgut cell. Here they become budded virions (BV) by emerging
from the cell. In this process, the nucleocapsids acquire a new envelope
derived from the plasmalemma. This envelope includes virion-encoded pro-
teins, such as the gp64 envelope fusion protein, essential for the infection of
other tissues (Adams et al., 1977; Blissard and Rohrmann, 1990; Blissard and
Wenz, 1992; Granados and Lawler, 1981; Monsma et al.,, 1996; also see
Chapters 2 and 4, this volume).

An interesting and important aspect of this phase of pathogenesis is
that, though polyhedrin crystals may form in midgut epithelial cells, occlu-
sion of virions in this tissue does not occur in most lepidopterous insects, or
where it does occur, occurs only rarely (Flipsen et al, 1993). Instead, in-
fected cells are cast off as the larva molts and are replaced by new cells as the
midgut regenerates, either immediately or as part of the molting process
(Flipsen et al., 1993). Of course, the new cells can be infected by fresh
inoculum.

A slightly different invasion pathway has been reported in larvae of the
beet armyworm, Spodoptera exigua, infected with the AcMNPV. Using a
recombinant AcMNPYV with two reporter genes under control of constitu-
tive (Drosophila melanogaster hsp70) and very late viral (AcMNPV pl0)
promoters, it was shown that the virus first invades the columnar cells and
then the underlying regenerative cells before passing on into the hemo-
lymph (Flipsen et al., 1995; Keddie et al., 1989).

c. Spread of Virions to the Hemolymph

Supporting the midgut epithelium at its base is the basal lamina, a
fibrous matrix of glycoproteins secreted by the epithelial cells. As BVs pass
out of the midgut cells, they either traverse this matrix directly into the
hemolymph or accumulate between the basal lamina and midgut cells, re-
maining there or possibly traversing the matrix into the hemolymph later
(Figs. 2 and 3). The hemolymph then circulates the BVs throughout the
body, facilitating the rapid transmission to and infection of other tissues
(Adams et al., 1977; Benz, 1963; Granados and Lawler, 1981). Distribution of
BV by the hemolymph appears to be the primary mode by which the virus is
spread to other tissues.

Though the route of infection outlined above has been generally ac-
cepted (Granados and Williams, 1986), several other routes for viral spread
to the hemolymph have been proposed. For example, Granados and Lawler
(1981), using early fifth instars of T. ni and high doses of Ac MNPV, provided
evidence that the nucleocapsids could circumvent the midgut nucleus, at-
tach to the plasmalemma along the base of the midgut epithelial cell, and
bud directly into the hemolymph. They fed larvae a dose of 106 poly-
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hedra/larva (a high dose that might be encountered during epizootics) and
found infectious hemolymph as early as 30 min postfeeding. This is much
too soon for progeny nucleocapsids to have been produced, but sufficient
time to obtain very early expression of gp64, which encodes the BV gp64
envelope fusion glycoprotein in both ACMNPYV (Jarvis and Garcia, 1994) and
OpMNPV (Blissard and Rohrmann, 1989, 1990). Thus, a plausible explana-
tion for the early appearance in the hemolymph is direct passage of nucleo-
capsids derived from infecting polyhedra into the hemolymph by circum-
vention of the nucleus (Fig. 2). It is also possible that ODV pass between
midgut cells and through the basal lamina to the hemolymph. This route
was suggested in an early study of the ODV infection pathway (Tanada and
Leutenegger, 1968), but now seems unlikely given the demonstration of
viral replication in midgut epithelial cells (Granados and Williams, 1986).

A more recent and interesting suggestion for passage of the virus to
other tissues is that the BV spreads via the tracheal matrix, using this tissue
as a conduit for the systemic spread of infection throughout the host (En-
gelhard et al, 1994). Using fourth instars of T. ni and a recombinant Ac-
MNPV that produces B-glactosidase under control of a constitutive promo-
ter, these authors showed that tracheoblasts infiltrating midgut epithelial
cells were markedly blue in the presence of 5-bromo-4-chloro-3-indolyl-8-p-
galactopyranoside (X-gal), a chromogenic indicator for lacZ expression, and
thus were infected within 16 hr postfeeding with very low doses of virus.
Moreover, the tracheal matrix was heavily infected by 24 to 48 hr postfeed-
ing, the period during which infection became marked in several other
tissues.

To explain the rapid spread of the virus, Engelhard et al. (1994) postu-
lated that BVs were incapable of traversing the basal lamina of the midgut
because the pores within it, which exclude particles larger than 15 nm in
diameter (Reddy and Locke, 1990), were too small to allow virions to pass.
To cross this barrier, they proposed that the BVs traveled from the midgut
via the tracheoles, either directly into the hemolymph and then to other
tissues, but more probably to other tissues laterally along the tracheal ma-
trix through the tracheae-specific lymph system. While interesting, avail-
able evidence does not support this hypothesis. For example, the tracheoles
themselves are surrounded with a basal lamina as they extend from the
midgut to the main tracheal trunks. This basal lamina would have to be
traversed for the BV to enter the hemolymph. Thus, if the BV has to cross a
basal lamina, it is not clear why, if the pores throughout this matrix are of
equal size, it is easier for them to pass the basal lamina of the tracheoles
than that of the midgut. Second, if the BVs are to travel along the tracheal
matrix to other tissues via the tracheal lymph system, they will have to run
a “receptor gauntlet” along the way, repeatedly encountering the plas-
malemma of susceptible tracheal matrix cells on their way to other tissues.
Third, other studies have shown that AcMNPV BVs can traverse the basal
lamina of the midgut epithelium (Fig. 3) (Flipsen et al., 1993, 1995; Gra-
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nados and Lawler, 1981). Since BV can cross this matrix, it is possible that
this is an enzymatic process, rather than just a physical one, as proposed by
Engelhard et al. (1994), and that the virion envelope contains as yet un-
known enzyme(s) on its surface.

In summary, analysis of available evidence indicates that BV spreads
the virus from the midgut to most tissues via the hemolymph. The tracheal
matrix is infected quickly and directly from the midgut owing to its inti-
mate physical association with this tissue (Fig. 2), but can also be infected at
sites not associated with the midgut by infection of BV transported by the
hemolymph. Aside from the tracheal matrix, the hemocytes, fat body, and
muscles closely associated with the midgut are also very quickly infected
(Benz, 1963; Granados and Lawler, 1981). Early infection of these tissues
would be unlikely if BVs had to first pass solely through the tracheal matrix,
especially if one or more cycles of replication were necessary to boost the
number of infectious virions for spread to these tissues along the tracheal
lymph system.

d. Infection of Other Tissues by Budded Virions

The budded virions initiate the second phase of replication in which
occluded virions and polyhedra/occlusion bodies are produced in most tis-
sues of infected lepidopterans. After the midgut, the first tissues reported by
most investigators to show signs of infection in susceptible hosts are the
hemocytes, tracheal matrix, and fat body cells, with infection of the latter
two tissues being most obvious in cells in direct physical contact with the
midgut (Adams et al, 1977; Aizawa, 1963; Benz, 1963; Engelhard et al,
1994; Granados and Lawler, 1981; Granados and Williams, 1986; Keddie et
al., 1989). The hemocytes are the easiest in which to detect infection be-
cause they are free-floating in the hemolymph, being readily collected from
larvae, have no basal lamina, and show a marked cytopathic effect, i.e.,
nuclear and cellular hypertrophy, followed by the presence of polyhedra
within the nucleus. At high viral doses, infected hemocytes containing
polyhedra can be detected with light microscopy as early as 15 hr postfeed-
ing of polyhedra to larvae, with over 80% of the hemocytes producing poly-
hedra by 4 days postfeeding (Granados and Lawler, 1981). But infected tra-
cheal matrix cells near the midgut (Adams et al.,, 1977; Engelhard et al.,
1994), and in some cases fat body cells adhering closely to the midgut (Benz,
1963), also exhibit infection by the presence of polyhedra within 24-48 hr
postingestion of polyhedra. Subsequently, infection is observed in nerve,
muscle, pericardial cells, reproductive tissues, and glandular tissues. Some
tissues, such as the Malpighian tubules and salivary glands, are typically not
well infected (Aizawa, 1963). The virus gains entry to these tissues and
immediate early genes but not late genes are expressed (Knebel-Morsdorf et
al., 1996). Interestingly, in hosts of low susceptibility, hemocytes are capa-
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ble of clearing infection via the encapsulation process (Washburn et al,
1996).

The mechanism by which BV gains access to the secondary sites of viral
replication is not well understood. For the tracheal matrix, infection appears
to be direct. Within the midgut epithelial cells, the tracheoblast and midgut
plasmalemmas are in direct contact where the fingerlike projections of tra-
cheoblasts penetrate these cells. Thus, BV can pass from a midgut cell di-
rectly into the tracheoblast. Infection of hemocytes is likely initiated by BVs
circulating in the hemolymph that adhere to the hemocyte plasmalemma,
with endocytosis, and then the fusion event, whereby nucleocapsids are
released into the hemocyte cytoplasm, being mediated by gp64, the enve-
lope fusion glycoprotein (Blissard and Wenz, 1992).

Infection of tissues surrounded with a basal lamina probably occurs in
two ways. Where the basal lamina is thin, e.g., less than 20 nm across, such
as along the fat body, epidermis, and tracheal matrix epidermis in early
instars, BV may be able to penetrate directly into the tissues from the hemo-
lymph. If BV can penetrate through the midgut basal lamina to the hemo-
lymph (Fig. 3C), it may be capable of moving from the hemolymph through
this matrix to gain access to other tissues. A second possible mechanism for
cases where the basal lamina is thick, e.g., >30 nm, is by entry into a tissue
via the tracheoles. The basal lamina surrounding the tracheoles suspended
in the hemolymph is often quite thin (<30 nm), and thus in this case the
tracheoles may provide a pathway into other tissues. Evidence for this
comes from the studies of Engelhard et al. (1994), where it was found that
the tracheal matrix was infected at the sites where trachea branched into
tissues such as the Malpighian tubules.

Keddie et al. (1989) proposed that virus could also spread to secondary
tissues via hemocytes. They observed infected hemocytes adhering to the
epidermis, and suggested that virus was passing from the hemocytes into
this tissue. It is known that uninfected hemocytes often adhere to tissues,
so the relevance of adherence by infected hemocytes is not clear. Though it
is unlikely that hemocytes serve as a major mechanism for the direct trans-
mission of virions to tissues, since infected hemocytes would contain gp64
in the plasmalemma, it is possible virus is occasionally spread in this man-
ner, particularly where the basal lamina lining a tissue is thin.

e. Spread of the Virus within Tissues

Once within a secondary site of infection, such as the fat body, tracheal
matrix, or epidermis, two different cycles of virion production occur. The
first corresponds to the infection cycle in the midgut and leads to the pro-
duction of BV that migrate from the cell and infect nearby cells. This spread
of the infection leads to concentric patterns of infected cells, much like
plaques in a cell culture monolayer, which can be observed histologically
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during the early phases of disease, usually 3 to 4 days after initial infection.
Within individual cells, BV production peaks at about 12-16 hr. Then viral
replication shifts to the occlusion phase, in which occluded virions and
polyhedra are produced (Granados and Williams, 1986; Volkman and Knud-
son, 1986; see also Chapters 4, 7, and 8, this volume).

f. Occlusion Phase of Viral Pathogenesis

The pathology associated with the occlusion phase of virion production
is one of the most dramatic that occurs in insect viral diseases. The high
level of polyhedrin production brought about by the polh gene and the
formation of hundreds of polyhedra filling each nucleus result in enormous
hypertrophy of infected nuclei. These become from 5 to 10 times the diame-
ter of those in healthy cells in all NPV infections (Figs. 1C and 4). The
nuclear hypertrophy leads to hypertrophy of the infected cells and tissues,
and this ultimately accounts for the swollen appearance of larvae, which
occurs toward the end of disease. The tissues that produce the heaviest
infections and largest quantities of polyhedra are the fat body, epidermis,
and tracheal matrix (Aizawa, 1963; Tanada and Kaya, 1993).

As virus replication advances, physical distension and weakening of the
plasmalemma brought about by occlusion body formation and concomitant
cellular hypertrophy, and possibly the production of viral protease, cause the
nuclei and cells to lyse. The viral pl0 protein also assists in nuclear lysis
(van Oers et al., 1993), and cell lysis is probably aided by cathepsins. As
more and more cells lyse, millions of free polyhedra accumulate in tissues
(Fig. 4E). With most of the cells infected, the basal lamina, which may also
be weakened by viral enzymes, loses its integrity and ruptures, releasing
polyhedra into the hemolymph. This increases the cloudiness already pres-
ent due to infected hemocytes, which also lyse. At about this point, the
larva dies. During the occlusion phase, the viral-encoded chitinase (Hawtin
et al., 1995) is produced, and after larval death likely aids in disruption of the
chitin-rich cuticle, releasing polyhedra from the body of the dead caterpillar.

B. Granulosis Viruses

1. Gross Pathology

As noted above and in Table 1, GVs are only known from lepidopterous
insects, and in these there are three types of GV disease, each characteristic
of a different type of tissue tropism encoded by the virus. In type 1 GVs,
such as the TnGV and many other but not all GVs of noctuid larvae, the
virus invades the host through the midgut epithelium, much like the typical
NPV, but subsequently only infects the fat body tissue (Federici, 1993;
Hamm, 1968; Huger, 1963). This type of tissue tropism has several conse-
quences for the gross pathology. Because other important tissues such as the
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FIGURE 4. Micrographs illustrating different aspects of NPV and GV pathogenesis. (A} Phase-
contrast light micrograph of NPV-infected tracheal matrix {TM) and NPV- and GV-infected fat
body (FB) in larva of Trichoplusia ni. N indicates NPV infected cells, G a GV-infected cell. Note
the difference in cytopathology; no nucleus is apparent in the GV-infected cell. (B) Cell under-
going mitosis (m) in GV-infected fat body stained with the Feulgen technique. The asterisk
indicates a cell in which most of the chromatin is now viral. (C) Phase-contrast light micro-
graph of GV-infected fat body at an advanced stage of infection. (D) Each of the round granular
clusters are cells packed with thousands of granules. (E) Wet-mount preparation of polyhedra
released from infected cells in a moribund NPV-infected larva. (F) Granules in a moribund GV-
infected larva. Bar, 15 ymin A, 4 umin B, 2 pm in C, 150 nm in D, 30 pm in E, and 7 um in F.
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tracheal matrix and epidermis are not attacked, the larva may live as much as
a week longer than a larva of the same stage infected with a similar amount
of NPV. When infected in the fourth instar, it is not unusual for larvae of T.
ni to live 10-14 days after infection. Unlike NPV-infected larvae, these
larvae will typically maintain their appetites and grow much larger than
healthy larvae, only becoming lethargic and slow to respond to tactile stim-
uli within a day or two of death.

After infection, as the disease progresses, the infected fat body prolif-
erates and larvae become markedly swollen, developing a creamy yellow
appearance (Fig. 1B). The latter discoloration is due to the accumulation in
the fat body of large numbers of golden-colored infected cells packed with
viral granules (Fig. 4C), the color of the infected fat body being easily ob-
served because of the light pigmentation of the T. ni larval cuticle. Soon
after this stage is reached, the larvae die. Typically, there is little or no
liquefaction of the body, probably because the epidermis is not infected.
More often, the larvae turn dark brown to black because of invasion of the
body by gut flora and then they dry up or disintegrate.

In the type 2 GV, such as the GV of the codling moth, Cydia pomonella
(CpGV), the viral infection and gross pathology parallel that of the typical
lepidopteran NPV disease. This is probably because the tissue tropism is
similar to that of NPVs. After invasion of the midgut, the virus attacks most
of the major body tissues, including the tracheal matrix, epidermis, and fat
body (Huger, 1963; Tanada and Leutenegger, 1968; Tanada and Kaya, 1993;
Tweeten et al., 1981). The disease is more acute than that caused by type 1
GV, typically lasting only 5-10 days in larvae infected during the fourth
instar. As the disease progresses, larvae swell and distend slightly and devel-
op irregular white to yellow patches beneath the cuticle. These are easily
observed in larvae with little cuticular pigmentation, such as codling moth
and cabbage worm (Pieris brassicae). After death, the body liquefies, proba-
bly due to infection of the epidermis. It is not known whether this type of
GV also produces chitinase and other enzymes that foster cuticle rupture
and liquefaction as in the NPVs.

The third type of GV disease is unique to the HbGV. This virus attacks
the Western grapeleaf skeletonizer, Harrisina brillians, and is characterized
by a tissue tropism restricted to the midgut epithelium (Federici and Stern,
1990; Smith et al., 1956; Steinhaus and Hughes, 1952). As far as is known,
HbGYV replicates only in this tissue, producing virions and occlusion bodies
in both larvae and adults.

The disease caused by HbGV is an acute one, and larvae infected in the
third or fourth instar usually die within 4 to 7 days. After ingestion, the
virus invades the midgut epithelium and rapidly spreads from cell to cell
over a period of a few days. The larvae, which are normally brightly colored
with alternating purple and yellow stripes that circle the body, develop a
noticeable diarrhea a few days after infection. The liquid diarrhetic dis-
charge and feces contain infectious granules and cells sloughed from the
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infected gut. As the disease progresses, the bright yellow stripes change to a
brownish yellow. The larvae typically begin to shrivel up during the 4th or
5th day of disease, apparently due to their inability to maintain water with-
in the body, and then die. There is no evidence that the virus invades other
tissues.

2. Pathogenesis

The pathogenesis of GV diseases has not been studied nearly as well as
that of NPVs, though the studies that have been done indicate that the
initial stages of host infection are very similar to those that occur in NPVs.
There are, however, major differences between the GVs and NPVs in tissue
tropism, already discussed, and in cytopathology and histopathology. The
summary below for GVs is a composite, and it should be realized that many
of the details of these processes remain to be determined for individual GVs.
Thus, the features described may not be universal, even within the same GV
pathotype.

a. Infection of Midgut Epithelium

As in NPVs, GV granules dissolve in the alkaline midgut juices of
lepidopteran larvae within minutes of ingestion (Summers, 1969, 1971). The
virions then pass through the peritrophic membrane, in some cases with the aid
of an enhancin (Derksen and Granados, 1988; Wang et al., 1994). The virion
envelope then fuses with the apical microvillar membrane, and the nucle-
ocapsid passes through the cell to the nuclear pore. A difference between
NPVs and GVs occurs at this stage, in that rather than pass into the nucleus as
in NPVs, the GV nucleocapsid injects the DNA into the nucleus at the
nuclear pore (Summers, 1971).

b. Midgut Cytopathology and Initial Viral Replication

The initial phase of GV replication is similar to that of NPVs and
includes enlargement and margination of the nucleoli, development of a
virogenic stroma, hypertrophy of the nucleus, and production of nucleocap-
sids (Huger, 1963; Walker et al., 1982). At this point, GV cytopathology
begins to differ considerably from that of NPVs. In GV diseases, as the
nucleus enlarges, the nuclear membrane ruptures and fragments and the
nucleoplasm and cytoplasm become intermixed. Nucleocapsids continue to
form and pass out of the cell, forming budded virus along the basal plas-
malemma. It appears that peplomers similar to those that occur on the
envelope of NPV BVs exist, but these have not been clearly identified, nor
has a gp64 analogue. At this point, it is assumed that BVs occur in type 1 and
type 2 GVs, and that these enter the hemolymph by traversing the basal
lamina much as do the BVs of NPVs. They then spread to other tissues,
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entering by direct penetration through the basal lamina, or via tracheal
junctions with these tissues. In GVs that infect the tracheal matrix, such as
CpGYV, the virus may gain access to this tissue by direct penetration of BV
from the midgut cells into tracheoblasts or via the hemolymph.

As in NPVs of lepidopterous insects, no occlusion bodies or virion oc-
clusion occurs in midgut epithelial cells, with the sole exception of the
HbGV. The mechanism by which the HbGV spreads from cell to cell in the
midgut epithelium of H. brillians is not known.

c¢. Cytopathology and Histopathology of the Occlusion Phase

The cytopathology that occurs in the occlusion phase in secondary sites
of GV infection differs markedly from that of NPVs, but parallels events
that occur in GV-infected midgut cells. The following description is based
on reports of infections caused by all three GV types (Federici and Stern,
1990; Hamm, 1968; Huger, 1963; Tanada and Leutenegger, 1968; Walker et
al., 1982). Regardless of the tissue tropism, the phase of replication leading
to occluded virions and granules is similar in all types.

After cell infection, the nucleus hypertrophies as the nucleoli enlarge
and move toward the nuclear membrane along with the chromatin. As the
nucleus enlarges, it ruptures and the cytoplasm and nucleoplasm mix (Figs.
1D and 4). At about this stage, numerous small virogenic stromata begin to
form as dense granular areas distributed throughout the cell, with the
stromata interconnected by thin nucleoprotein strands. Along the edges of
these, nucleocapsids begin to assemble and shortly thereafter are enveloped
by membranes lying outside the stroma. In the same region, as mature
virions begin to accumulate, masses of granulin appear, often as large crys-
tals. The virions are quickly occluded and initially form distinct masses
distributed throughout the cell. As more granules form, the masses coalesce
and the cell greatly enlarges. Finally, the cell becomes completely filled
with thousands of granules.

This cytopathology leads to a distinctive histopathology quite different
than that which occurs in NPVs. After lysis of the nuclei, infected cells
disassociate from one another as the gap junctions, desmosomes, and hemi-
desmosomes degenerate, apparently due to the loss of nuclear functions.
More or less simultaneously, the infected cells also separate from the basal
lamina and, in a tissue such as the fat body, move to and accumulate in the
center of the lobe (Fig. 1D). In HbGYV, this same pathology results in large
numbers of infected midgut epithelial cells being sloughed into the midgut
lumen.

In all infected tissues, the separation of infected cells from the basal
lamina results in proliferation of regenerative cells situated on the internal
surface of this matrix. Cell proliferation is apparently a natural response of
the infected tissue as it attempts to replace cells lost to disease. Thus, in the



BACULOVIRUS PATHOGENESIS 51

midst of GV infection, mitotic regenerative cells are found along the basal
lamina in diseased tissues, and these continue to occur until death (Fig. 4B).

As the regenerative cells begin to differentiate, they all develop GV
infections. It is tempting to think that the GV may have transformed these
cells in the sense of a malignancy, which the pathology resembles, but no
evidence for this exists. More likely, differentiating cells are infected by
BV derived from nearby cells more advanced in disease. Interestingly, the
mitotic activity in infected tissues was recognized in the early days of insect
virology by Paillot (1935), the discoverer of the GVs. He also recognized the
enlarged fat body cells filled with granules as a major characteristic of GV
disease that differentiates these from NPV diseases.

III. BACULOVIRUSES OF OTHER INSECT ORDERS
AND CRUSTACEA

The baculoviruses that occur in nonlepidopterous insects and crusta-
ceans (shrimp) are all NPVs, and in most of these the infection is restricted
to the midgut epithelium. Moreover, all have virions of the SNPV type.
While there are differences in the gross pathology of these diseases, the
cytopathology and histopathology are similar to those characteristic of the
occlusion phase of lepidopteran NPVs. Most of these viruses and the dis-
eases they cause have received relatively little study, especially in compari-
son to NPVs that attack lepidopterous insects. The process of infection is
not well understood, though infection where it has been studied has been
shown to occur by ingestion of polyhedra. Moreover, little is known about
the biochemistry and molecular biology of these viruses and their patho-
genesis.

The focus in this section therefore will be on a description of represen-
tative NPVs that occur in sawflies (Hymenoptera), mosquitoes and the
cranefly, Tipula paludosa (Diptera), and shrimp (class Crustacea). the NPVs
of caddisfly larvae (Trichoptera) and silverfish (Thysanura) (Larsson, 1984)
will not be discussed because the cytopathology and histopathology of these
is similar to that observed in sawfly larvae.

A. Nuclear Polyhedrosis Viruses of Hymenoptera

Among hymenopterous insects, NPVs are known to cause disease in
about 20 different species of sawflies (Cunningham and Entwistle, 1981).
Sawflies are primitive hymenopterans belonging to the suborder Symphyta.
The larvae resemble caterpillars, and many sawfly species are important
forest pests. Interestingly, there is some molecular evidence, based on simi-
larities of polyhedrin sequences, that the sawfly NPVs originated evolu-
tionarily from the NPVs that attack the Lepidoptera (Rohrmann, 1986).
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The diseases caused by the sawfly NPVs are quite similar, and the
disease of the European spruce sawfly, Gilpinia hercyniae, will be used to
illustrate this group. Generally, sawfly NPVs cause acute diseases, with the
larvae dying within 4 to 7 days after being infected (Steinhaus, 1949). In G.
hercyniae, the larvae are green, but within 2 to 3 days of infection, a yellow-
ish-white discoloration appears in the midabdominal segments, and this
becomes marked over the next day or two. As in other NPVs, as the disease
progresses, the larvae lose appetite and may decrease in size due to water
loss. The larvae die in 4 to 7 days after infection, turning brown, and after
death, depending on environmental conditions, either dry up or putrefy.

The gross signs of disease are due to infection of the midgut epithelium
where the virus replicates in the nuclei. As polyhedra accumulate in the
midgut nuclei, the tissue becomes opaque white, and this accounts for the
yellow discoloration that can be observed through the green cuticle in
the abdomen of infected larvae.

As in the midgut GV infection of H. brillians, infection of the sawfly
larva midgut results in an infectious diarrhea and to some extent a prolifera-
tion of midgut epithelial cells to replace those sloughed at an advanced stage
of cellular disease. Otherwise, the histopathology and cytopathology are
similar to that observed in the cuticular epidermis, for example, of the
lepidopteran NPVs.

B. Nuclear Polyhedrosis Viruses of Diptera

Two different types of NPV diseases occur in the Diptera: those re-
stricted to the midgut, as exemplified by mosquito NPV diseases, and the
NPV hemocyte disease of larvae of the cranefly, T. paludosa.

1. Mosquito Nuclear Polyhedrosis Viruses

There are now about six NPVs reported from mosquito larvae, primarily
from species of Aedes and Culex, and all of these attack the midgut epithe-
lium. The best-studied mosquito NPV is one originally isolated from the
saltmarsh mosquito, Aedes sollicitans (AsSNPV), but studied primarily in
larvae of the treehole mosquito, Aedes triseriatus. This NPV will serve to
illustrate the typical mosquito NPV pathology.

Larval development in Aedes mosquitoes is quite rapid, typically taking
only 4-6 days from eclosion to pupation. Thus, the NPV disease is an acute
one, usually lasting only 3-4 days in larvae infected during the third or early
fourth instar (Federici and Lowe, 1972). The gross signs of disease caused by
the AsSNPV are a shortening of the larva, cessation of feeding, and the
development of white spherules, which are infected nuclei packed with
occlusion bodies throughout the midgut. These can be observed at about
25X with a dissecting microscope by examining the ventral larval surface
and are particularly noticeable through the translucent intersegmental ab-



BACULOVIRUS PATHOGENESIS 53

FIGURE 5. Light and electron micrographs illustrating NPV diseases of dipterous larvae. (A)
Nucleus of NPV-infected mosquito (Aedes triseriatus) larva showing a single large spindle-
shaped occlusion body. (B) Virions of the mosquito NPV in occlusion bodies at an early stage of
occlusion body formation. (C) Phase-contrast light micrograph of a wet mount of cranefly (Tipula
paludosa) hemocytes infected with the T. paludosa NPV. (D) Polyhedra of the T. paludosa NPV
developing on the nuclear membrane of a hemocyte. Note that in both of these NPVs, the virions
are of the SNPV type. Bar, 10 um in A, 100 nm in B, 6 um in C, and 500 nm in D.

dominal cuticle. Larvae die within 4 days of infection and are usually quick-
ly devoured by other larvae and microcrustacea.

The cytopathology, i.e., hypertrophy of the nucleus, formation of a viro-
genic stroma, and production of nucleocapsids and virions, is similar to that
which occurs in lepidopteran NPVs. The AsSNPV differs from these, how-
ever, in occlusion body formation. Here, the occlusions begin to coalesce as
they grow and eventually fuse together to form only one or a few large
spindle-shaped occlusions in the nucleus (Fig. 5A) (Federici and Anthony,
1972).
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2. Nuclear Polyhedrosis Virus of Tipula paludosa

The larvae of craneflies live just beneath the soil or along the edges of
streams, where they feed on vegetation such as the roots of grasses. This
NPV, originally discovered in the 1920s and then again in the 1950s, is
unique in that the primary site of viral replication is the larval hemocytes
(Smith, 1955). The virus appears to initiate infection through the midgut,
but the actual pathway of infection is unknown. In terms of gross pathology,
the disease lasts for 10 to 14 days before larvae die. Healthy larvae are
normally brown. But within 4 days of infection, a white to yellow color
develops in diseased larvae, and this becomes more pronounced as the dis-
ease advances. The discoloration is due to the accumulation of thousands of
infected hemocytes in the hemolymph.

The histopathology and cytopathology of this disease are also unique.
NPV infection results in rapid proliferation of the hemocytes, all of which
eventually develop the disease (Fig. 5C). With respect to cytopathology, the
early stages are characteristic of other NPVs, but occlusion formation is
again different. In this disease, the occlusion bodies are shaped like an
orange segment and form by the direct deposition of polyhedrin and virions
on the nuclear membrane (Smith, 1955).

C. Nuclear Polyhedrosis Viruses of Crustacea

NPVs that attack crustacea such as shrimp are becoming increasingly
important because they are capable of causing significant disease outbreaks
in commercial shrimp production. There are now more than eight species of
shrimp reported to be hosts to NPVs, and these have been reported from
around the world where shrimp are produced commercially (Couch, 1991).

One of the best-studied shrimp baculoviruses is the NPV of Penaeus
monodon. The disease caused by this virus is not easily detected because
viral replication is restricted to the hepatopancreas. Thus, there is little
observable gross pathology. At an advanced stage of disease, the shrimp are
lethargic and can develop a foul odor.

Histologically, as the disease progresses and occlusion bodies form,
these can be observed in fresh preparations of the hepatopancreas with the
aid of a phase contrast microscope. Typically the occlusions are large and
tetrahedral in shape, being triangular in outline. Otherwise, the cytopathol-
ogy resembles that of lepidopteran NPVs (Couch, 1991).

IV. BACULOVIRUS PATHOGENESIS, DIVERSITY,
AND EVOLUTION

The studies reviewed in this chapter show that we have a reasonably
good understanding of how baculovirus pathogenesis at the level of the cell
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and tissue results in the signs of disease exhibited by many insect species.
Yet, we are only now beginning to explore and understand the molecular
basis of pathogenesis. Site-directed mutagenesis, particularly the use of de-
letion mutants and chromogenic marker enzyme systems that enable differ-
ent stages of replication to be monitored in vivo, have been very useful in
studying pathogenesis recently and will prove even more so in the future.

Most of what we know about the molecular basis of baculovirus patho-
genesis is based on studies of the AcMNPYV, and to some extent, studies of
the NPVs of Orgyia pseudotsugata, Bombyx mori, and Spodoptera exigua.
Whereas much remains to be learned about the molecular basis of lepidop-
teran NPV pathogenesis, we know even less about the GVs and the NPVs of
nonlepidopteran hosts. Most of these viruses differ considerably in their
pathology from the AcMNPV, and thus study of them would prove useful in
defining the molecular basis for different baculovirus pathologies. The fol-
lowing list of questions regarding the AcMNPV and other viruses will suf-
fice to show just how much remains to be learned in a few key areas:

1. What controls the lack of occlusion body formation in the midgut
epithelium by lepidopteran NPVs?

2. Why is AcMNPV replication in the epidermis so extensive, while
being highly limited in an active tissue such as the salivary glands?

3. What enzymes, if any, are involved in the passage of BV through the
basal lamina?

4. To what extent does the insect defense system limit baculovirus
host range?

5. What is the molecular basis for the various tissue tropisms observed

in the different types of GVs?

Which genes in GVs control early lysis of the nuclear envelope?

. How do viruses such as the HbGV and the mosquito and sawfly

NPVs spread from cell to cell?

8. Do they produce BV and gp64-like proteins, or is another mechanism

used for cell-to-cell spread?

~ o

Studies of baculovirus pathogenesis carried out to date have dealt large-
ly with the progression of disease in different tissues of a limited range of
viruses and their hosts. Nevertheless, these studies provide insight into the
possible ancestral origin and evolution of baculoviruses when the phy-
logenetic distribution of these viruses is correlated with the apparent evolu-
tionary success of different viral replication strategies and pathologies.

If we assume that baculoviruses have a common evolutionary origin,
which of course may not be the case, then two possibilities emerge. The
first, and most probable, is that the baculovirus ancestor was a virus that
attacked the midgut or hepatopancreas of an ancient arthropod. This ances-
tral virus then would have evolved and diversified along with the arthropods
and, based on our knowledge of the current phylogenetic distribution of
baculoviruses (Table 1), the virus group it gave rise to would have “blos-
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somed” in parallel with species radiation in the order Lepidoptera. The large
number of NPVs and GVs known today from lepidopterous insects, in com-
parison to the relatively few baculoviruses (all NPVs) reported from other
arthropods, serve as documentation of an extensive viral radiation that ac-
companied lepidopteran species divergence.

The reasons for the evolutionary success of lepidopteran baculoviruses
can only be speculated on at this point, but would appear at least in part to
be due to the dominant replication strategy and pathogenesis that evolved.
The NPVs of nonlepidopteran insects and crustacea attack and produce
polyhedra in midgut epithelial tissues, and this type of tissue tropism and
pathology, especially in gregarious insects, leads to a rapid spread of the
virus throughout a population, for example, as occurs in sawfly larvae. Such
a replication strategy is only seen in a single baculovirus of a lepidopteran,
the GV of the grape leaf skeletonizer, H. brillians, which interestingly
is considered a primitive lepidopteran. Thus, it would appear that in
baculoviruses that attack lepidopterous insects, there was rapid selection
against the production of infectious virus and formation of occlusion bodies
in the midgut epithelium. Concomitantly, a replication strategy evolved
that enabled the lepidopteran baculoviruses to invade the internal tissues of
the host. There, horizontal transmission was limited, but this loss was more
than compensated for by the larger numbers of progeny virions that could be
produced in a range of tissues, as opposed to just the midgut, that includes
the fat body, epidermis, and tracheal matrix.

The second possibility for the origin of the baculoviruses is that they
originated within the order Lepidoptera and then radiated to other orders via
horizontal transmission. Little evidence exists for this possibility, but anal-
ysis of polyhedrin sequence data by Rohrmann (1986) suggests that the
sawfly NPVs may have originated by cross-infection from lepidopteran
NPVs. These data, however, are far too few to give this possibility much
credence at this time.

Whether dealing with the mechanisms of pathogenesis at the level of
the cell, tissue, or whole insect, or studies of the origin and evolution of
baculoviruses, it is clear that there are many fruitful avenues for future
research on baculovirus pathogenesis.
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CHAPTER 4

Cytological Changes
and Viral Morphogenesis
during Baculovirus Infection

GREG V. WiLLiAMS AND PETER FAULKNER

I. INTRODUCTION
A. General

The family Baculoviridae encompasses a group of arthropod-specific DNA
viruses that are characterized by a circular DNA genome packaged within a
rod-shaped capsid and enclosed by a lipid envelope (Volkman et al., 1995).
At some stage of their life cycle all baculoviruses exist as an occluded form
in which virions are embedded within a proteinaceous matrix (Miller, 1996).
The family is divided into the genera nucleopolyhedrovirus [nuclear poly-
hedrosis viruses (NPV]] and granulovirus [granulosis viruses (GV])], which
differ in the morphology of their occluded virion form as well as the cyto-
pathology they induce. The occlusion matrix proteins polyhedrin (NPV) and
granulin (GV) are closely related and highly conserved, and have been used
to assist in the taxonomy of baculoviruses (Rohrmann, 1986a,b; Zanotto et
al, 1993). NPV have polyhedral-shaped occlusion bodies, 0.5-15pm in di-
ameter, which contain many virions embedded either as single nucleocap-
sids per envelope (SNPV) or multiple nucleocapsids per envelope (MNPV),
and morphogenesis occurs within the nucleus of infected cells. In contrast,
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GV produce much smaller ovicylindrical occlusions (capsules, 0.16-0.30
pm X 0.30-0.50 pm) that contain one or occasionally two virions. Replica-
tion of GV begins in the cell nucleus but induces apparent breakdown of the
nuclear membrane, such that morphogenesis is completed in the cytoplasm
or hybrid cellular compartment (Crook, 1991; Granados and Williams,
1986). Thus, GV cytopathology is distinct from that of NPV. Attempts to
produce a satisfactory tissue culture system for the propagation and study of
GVs have had limited success (Kelly, 1982; Tanada and Hess, 1991), and
consequently most studies describing the structure and morphogenesis of
granulosis viruses have been done using tissues derived from infected in-
sects. Winstanley and Crook (1993) have recently established new cell lines
that, when maintained 21°C, are permissive for in vitro replication of Cydia
pomonella granulosis virus (CpGV). Serial passage of the cells at higher
temperature, as is the standard for insect tissue culture, caused gradual and
permanent loss of susceptibility to CpGV infection.

Many continuous insect cell lines are permissive for MNPV replication,
and their use has facilitated detailed investigations of virus molecular biolo-
gy and morphogenesis (Bilimoria, 1991; Blissard, 1996; Faulkner and Car-
stens, 1986; Vaughn and Dougherty, 1985; Volkman and Knudson, 1986).
This review is centered on the morphogenesis and cytopathology of the type
species of NPV, Autographa californica MNPV, in Spodoptera frugiperda
and Trichoplusia ni continuous cell lines, since this is the best-charac-
terized baculovirus system reported on to date and it represents the standard
to which other baculoviruses are compared.

B. NPV Molecular Biology

The genome of baculoviruses is composed of a single covalently closed
circular dsDNA molecule (reviewed by Faulkner, 1981; Miller, 1986) 90-160
kilobasepair (kbp) in size with a G+C content ranging from 28 to 59%.
There is no correlation of base composition with morphological subdivi-
sions MNPV, SNPV, GV) (Harrap and Payne, 1979). Ac MNPV (C6 strain)
was fully sequenced (Ayres et al., 1994) and found to be 133,894 bp in length
with an overall A+T content of 59%. Genome analysis identified 337 open
reading frames (ORFs) initiated with a methionine codon and encoding poly-
peptides of 50 or more amino acids (Ayres et al., 1994). Of these, 154 were
chosen for further analysis based on a criteria of the ORF being a single,
contiguous, nonoverlapping coding region. Although many of the coding
regions that are actually utilized during viral replication remain to be deter-
mined, the coding potential of the NPV genome underscores the complexity
of their replication, which results in the production of two genotypically
identical but phenotypically distinct forms of virion.

Several strains of ACMNPV are under study, including E-2 (Smith and
Summers, 1979), L-1 (Miller and Dawes, 1979), D (Lubbert et al., 1981), E
(Tjia et al., 1979), C6 (Possee et al., 1991; Possee, 1986), and HR3 (Brown et
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al., 1979; Cochran et al., 1982). A standard restriction map and genome
orientation was proposed by Vlak and Smith (1982) to facilitate comparison
of strains. Genes generally appear to lack introns, with the exception of one
known immediate early gene that contains an intron and is processed by
cellular transcription and splicing machinery (Chisholm and Henner, 1988)
(see Chapter 5, this volume).

Transcription begins immediately after release of viral DNA into the
cell nucleoplasm and these very early transcripts are grouped in a class
called immediate early (IE) or a class genes (see Chapter 6, this volume).
Later transcripts appear in a temporal fashion, as products of each progres-
sive phase are required for the expression of the next phase. Classically, the
gene expression phases recognized for NPV are a (immediate early), 8 (de-
layed early), v (structural or late), and & (temporally delayed and hyperex-
pressed late genes) (Blissard and Rohrmann, 1990; Friesen and Miller, 1986).
Delayed early genes are transcribed in the presence of a gene products, and
together these constitute the early phase of infection, until the start of viral
DNA replication and vy class expression at about 6 hr postinfection (p.i.) (Tjia
et al., 1979). Significant overlap of temporal expression occurs (Nissen and
Friesen, 1989; Tomalski et al., 1988), and it is during the -y phase (6-18 hr
p.i.) that host protein synthesis is significantly curtailed (Friesen and Miller,
1986). The & phase genes are distinct in that transcription of this class is
maximal by 24 hr p.i. and continues until cell death, well after vy class
expression has curtailed. The predominant 3 gene products are the occlusion
matrix protein polyhedrin (Rohel et al., 1983) and the nonstructural poly-
peptide designated p10 (Kuzio et al., 1984; Rohel et al., 1983), and these may
comprise a very high proportion of cell protein mass; polyhedrin alone con-
stitutes about 20% of total cell protein by the end of the infection cycle
(Blissard and Rohrmann, 1990; Rohrmann, 1986a). The -y and & genes are
transcribed from a consensus late promoter start site, the TAAG motif
(Blissard and Rohrmann, 1990) (see Chapter 8, this volume).

C. Overview of Baculovirus Replication and Morphogenesis

1. In Vitro

The replication and morphogenesis of baculoviruses have been studied
most intensely in cell culture systems. Baculoviruses have a biphasic repli-
cation cycle that produces two different forms (Fig. 1), which have a com-
mon nucleocapsid structure and carry identical genetic information (re-
viewed by Blissard, 1996; Faulkner, 1981; Rohrmann, 1992). The form
responsible for horizontal transmission between insect hosts is the occluded
virus (OV), whereas systemic spread through the insect host and propaga-
tion in tissue culture are dependent on a budded virus (BV) form, which
acquires its envelope at the host cell plasma membrane.

Nucleocapsids gain access to the cytoplasm proper and then migrate to
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the nuclear membrane by an unknown mechanism; it is generally accepted
that uncoating occurs at nuclear pore complexes or just inside the nuclear
membrane (Bilimoria, 1991). A complex cascade of transcription, protein
synthesis, and the initiation of viral DNA replication occurs within the first
6-8 hr following NPV infection. Early cytopathology that begins during this
period includes nuclear hypertrophy (swelling) followed by progressive
alteration of cell shape (rounding), with coincident changes to heterochro-
matin distribution and nucleolar morphology. The switchover from early to
late viral gene expression (Blissard, 1996) coincides with the start of viral
DNA replication and intranuclear development of the viral replication cen-
ter, called the virogenic stroma (Knudson and Harrap, 1976). The virogenic
stroma provides the microenvironment necessary for assembly of progeny
nucleocapsids, which initially egress from the cell nucleus to bud at the
plasma membrane (BV). Later in infection, BV production is curtailed and
nucleocapsids are diverted by intracellular envelopment and incorporation
within the matrix of OV. Cellular infection culminates in cytolysis and the
release of mature OV (Van Oers et al., 1993; Williams et al., 1989).
Several parameters that may alter the outcome of infection influence
the progression of NPV infection in cell culture. For example, there is sub-
stantial variability in permissiveness for NPV replication among cell lines
(Carpenter and Bilimoria, 1983; Knudson, 1978; Lynn and Hink, 1980), even
among those derived from the same insect species (Vaughn and Dougherty,
1985). Both T. ni Tn368 and S. frugiperda Sf21 cells are permissive for
replication of AcMNPYV, but plaque assays in each cell line yielded an appar-
ent three- to fivefold difference in titer (Brown and Faulkner, 1978). Lynn
and Hink (1980) compared the growth of AcCMNPYV in five insect cell lines
from different insect species. Although AcMNPV infection was productive
in all cell lines, yield and relative virulence of progeny OV tested in vivo
varied significantly. Some cell lines may support only one NPV species,
while other lines support several viruses. Even with the same cell lines,
factors local to a particular laboratory such as cell incubation temperature
(Dougherty et al., 1981; Kelly, 1981; Knudson and Tinsley, 1974), composi-
tion of the culture medium (nutrients, inorganic components) (Goodwin et

e

FIGURE 1. The occluded and budded forms of baculoviruses. (A) Thin section of AcMNPV
occluded virus (OV) in Sf21 cells at 38 hr p.i. Enveloped nucleocapsid bundles (arrowheads by
OV) are dispersed throughout the paracrystalline matrix of the occlusion body, which in turn is
encapsulated within a sheathlike structure, the calyx (Cx). (B) AcCMNPV nucleocapsid budding
at the plasma membrane occurs at outpockets enriched with peplomer structures (arrowhead),
and these are present on a cap structure that remains localized to the apical end of the budded
virus (BV) particle. Arrays of microtubules and microfilaments are present along the cell pe-
riphery adjacent to regions of virion budding, but have an uncertain affiliation with the process.
A small vesiclelike structure devoid of peplomers is frequently seen on the basal end of the
virion particle, and these loose-fitting end structures can be seen by EM examination of whole
virions from tissue culture supernatant (panel C). Scale bars, 200 nm (panels A, B} and 100 nm
(panel C).
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al., 1973; Goodwin and Adams, 1980), and starting cell density and cell
growth rate (Wood et al., 1982) may affect the efficiency and temporal de-
tails of NPV replication (reviewed by Bilimoria, 1991; Volkman and Knud-
son, 1986). Similarily, the multiplicity of infection determines the propor-
tion of cells infected (Dougherty et al, 1981) and affects the timing of
replicative events (Knudson and Tinsley, 1974) and relative yields of BV and
OV (Brown and Faulkner, 1975).

2. In Vivo

During the natural life cycle of baculoviruses, infection of a suitable
host insect is initiated by the ingestion of OV and subsequent dissolution of
the occlusion matrix by the highly alkaline midgut environment, thereby
releasing occlusion-derived virions (ODVs). Virions must traverse the peri-
trophic membrane (PM), a tubular barrier that surrounds the food bolus, to
gain access to midgut cells (Derksen and Granados, 1988; Romoser, 1981;
Stoltz and Summers, 1971). Factors released by dissolution of OV tran-
siently caused major alterations to the integrity and elasticity of the PM
(Derksen and Granados, 1988), presumably to enhance virion access to the
midgut tissue. ODVs bind to the brush border microvilli of epithelial cells
to establish the primary infection and release nucleocapsids into the cyto-
plasm proper: Penetration is insensitive to inhibitors of adsorptive endo-
cytosis (Horton and Burand, 1993), and ultrastructural studies suggest direct
fusion of viral and cellular membranes as the mechanism of ODV entry
(Granados and Lawler, 1981; Harrap, 1970; Summers, 1971). Nucleocapsids
may proceed to the nucleus and uncoat, although there is evidence that
some nucleocapsids from the original inoculum may pass directly through
the cell to infect underlying cells or gain entry to the hemocoel (Granados
and Lawler, 1981; Keddie et al., 1989) (see Chapter 3, this volume). Nucleo-
capsids that pass directly through cells by this mechanism appear to acquire
a standard BV envelope, complete with apical spikes (peplomers): A possible
explanation for this phenomenon has been postulated in a recent review
(Blissard, 1996). Virion penetration and uncoating within the midgut cells
initiate the cascade of transcription and protein synthesis as described above
for replication in vitro. Progeny virions emerge shortly after formation of
the virogenic stroma by budding from the basolateral surface of the midgut
cells at sites enriched with the major envelope glycoprotein GP64 (Keddie et
al., 1989).

Infection throughout the host insect is facilitated by the spread of prog-
eny BV to neighboring cells and tissues. Several potential invasion pathways
to effect systemic spread have been recognized, although their relative im-
portance remains to be determined. Direct penetration of BV through the
midgut basal lamina was observed by electron microscope (EM) when high
doses of OV (>5 X 106/larva) were used to initiate infection (Granados and
Lawler, 1981); however, systemic spread along trachioles appeared to be the
major conduit for virus when insects were inoculated per os with lower
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doses (Engelhard et al., 1994). Once infection is established at secondary
sites, further spread within the target tissue is facilitated wholly or in part
by direct cell-to-cell transmission (Engelhard et al, 1994; Keddie et al,
1989). Additional perspectives on in vivo pathogenesis are provided in Chap-
ter 3 (this volume).

There is a pronounced variation in tissue tropism among baculoviruses.
Infection by the European spruce sawfly NPV is restricted to cells of the
midgut epithelium (monoorganotrophic) (Benz, 1986; see Chapter 3), where-
as many other NPV infections progress to involve most host tissues (poly-
organotrophic) (Faulkner, 1981; Granados and Williams, 1986). Little is
known about the underlying mechanisms that determine baculovirus trop-
ism. A recent study utilized recombinant AcMNPV strains that carried
reporter genes under control of early versus late viral promoters and showed
that, in the case of the midgut, virus was able to gain entry into most or all
cell types of Spodoptera exigua larvae, but infection did not progress in
nonpermissive cell types such as goblet cells (Knebel-Morsdorf et al., 1996).
The implications of these findings focuses attention on the virus—cell inter-
actions following attachment and penetration, and recent studies of
baculovirus replication in vitro are beginning to eludicate principles of these
interactions on the molecular level (Clem et al., 1991; Crook et al., 1993;
Kamita and Maeda, 1993; Maeda et al, 1993). Progression of poly-
organotrophic NPV infection in the insect host indicates a further level of
complexity to viral pathogenesis. In the case of AcCMNPYV, infected cells are
cleared from midgut tissue by shedding into the gut lumen after systemic
spread has occurred, and by 60 hr p.i., the tissue has almost fully recovered
(Englehard et al., 1994; Keddie et al., 1989). Clearing infection from this site
may benefit the virus by maintaining the gut in a functional state and
extending insect feeding (Volkman and Keddie, 1990), and therefore provide
metabolites that would not be available if the tissue was heavily or chron-
ically infected.

II. CELL INFECTION AND EARLY CYTOPATHOLOGY
A. Virus Attachment, Entry, and Uncoating

BVs and ODVs have unique envelope compositions and appear to enter
cells by different mechanisms (Rohrmann, 1992; see Chapter 2, this vol-
ume). Ultrastructural studies have shown that ODV attach to the brush
border microvilli of midgut epithelial cells and probably gain entry into the
cytoplasm by direct fusion of membranes (Granados and Lawler, 1981; Har-
rap, 1970; Horton and Burand, 1993; Kawanishi et al., 1972; Summers,
1971). The interaction of ODV with the brush border membrane probably
involves a specific cellular ligand (receptor), because virus binding was satu-
rable in an in vitro test system and reactivity was abrogated by pretreatment
of target cells with proteinases (Horton and Burand, 1993). Virus attachment
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to target membranes and subsequent membrane fusion was demonstrated
and found to be optimal at alkaline pH, coinciding with the native midgut
environment. In contrast, BV attach to and enter cells in culture primarily
by adsorptive endocytosis (Blissard and Wenz, 1992; Volkman and Gold-
smith, 1985). Viral particles appear to be internalized into clathrin-coated
vesicles by invagination of the plasma membrane: Subsequent fusion of the
viral envelope with the endosome membrane is thought to release the viral
nucleocapsid into the cytoplasm proper (Blissard, 1996). Some BV may enter
cells by membrane fusion at the cell surface (Volkman et al., 1986), although
the significance of this mechanism is unknown. The major envelope gly-
coprotein of BV is designated GP64 EFP (envelope fusion protein) (Blissard,
1996; Volkman and Goldsmith, 1985; Volkman et al., 1984; Whitford et al.,
1989). This protein can mediate membrane fusion at low pH (Monsma and
Blissard, 1995), but it is not known whether GP64 EFP is responsible for
binding to the cell surface. Kinetic studies suggest that BVs also bind to
specific receptor structures on the target membrane in a saturable manner
(Wickham et al., 1992), but the molecules involved in these interactions
have not been identified for either phenotype.

Nucleocapsids traverse the cytoplasm and align with nuclear pores
within a 1 to 4 hr window following inoculation both in vivo and in vitro
(Granados, 1978; Knudson and Harrap, 1976; Vaughn and Dougherty, 1985).
A capsid-associated kinase (Miller et al., 1983; Wilson and Consigli, 1985a)
may be involved in the release of the viral genome at or just inside a nuclear
pore by phosphorylation of the highly basic core protein p6.9 (Funk and
Consigli, 1993; Wilson and Consigli, 1985b).

Release of the viral genome into the nucleoplasm of a susceptible cell is
rapidly followed by transcription of immediate early (a class) viral genes,
most likely through utilization of host cell RNA polll and associated cellu-
lar machinery (Fuchs et al., 1983; Hoopes and Rohrmann, 1991; Huh and
Weaver, 1990a,b). Virus-specific RNA can be detected in cells by 30 min
postinoculation (Chisholm and Henner, 1988). Because transfection of viral
DNA into insect cells yields productive infection in vitro (Burand et al,
1980; Carstens et al., 1980; Kelly and Wang, 1981; Potter and Miller, 1980),
it is generally accepted that productive infection does not require virion-
associated proteins to initiate transcription of immediate early genes or to
alter host replication machinery. The presence of the transcriptional activa-
tor IE1 (immediate early 1) has been reported in the BV phenotype of Orgyia
pseudotsugata MNPV (OpMNPV| (Theilmann and Stewart, 1992), although
the significance of this finding is currently unknown.

B. Correlation of Cytopathology and Molecular Biology
of Early Infection

The entry of NPV into insect cells induces formation of F-actin bundles
within 30 min after inoculation in a process that does not require new
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protein synthesis (Charlton and Volkman, 1991, 1993a). Single nucleocap-
sids were usually associated with one end of an F-actin tract, and the num-
ber of tracts formed in the cytoplasm was proportional to the multiplicity of
infection used in the experiment. However, addition of cytochalasin D to
depolymerize F-actin prior to infection did not cause obvious differences
relative to controls (Volkman et al, 1987). In a study of NPV infection in
midgut epithelial cells, Granados (1978) reported possible association be-
tween nucleocapsids traversing the cytoplasm and microtubules, perhaps
indicating tissue-specific cytoskeletal interactions. Immobilized F-actin
was reported to bind, directly or indirectly, the major capsid protein p39 and
a 67-kDa polypeptide from infected cell extracts (Charlton and Volkman,
1991; Lanier et al., 1996).

Within the first few hours following infection, the virus must seize
control of the host cell’s metabolic machinery, and on a molecular level the
virus undergoes a frenetic cascade of activity to achieve this goal. In addi-
tion to expressing the early genes required to initiate viral DNA replication,
the virus must counteract host defense mechanisms such as apoptosis (see
Chapter 10, this volume). Considering the numerous biochemical changes
that are occurring during this period, there are remarkably few gross cyto-
logical changes observable.

III. THE ASSEMBLY AND STRUCTURE
OF THE REPLICATION COMPLEX

A. Development of the Virogenic Stroma and Concomitant
Changes to Nuclear Structure

The onset of late viral gene expression at about 6 hr p.i. (AcMNPV) is
correlated with nuclear hypertrophy (swelling) and progressive cell round-
ing. The latter is attributed to significant reorganization of the cytoskeleton,
including changes to the microtubules (Volkman and Zaal, 1990) and micro-
filaments (Charlton and Volkman, 1991), which may influence the state of
the host cell nucleus (Ben-Ze’ev, 1983). Within the cell nucleus, clumps of
heterochromatin normally seen dispersed throughout the nucleoplasm are
reduced or redistributed and may be displaced so that the heterochromatin
generally becomes progressively marginated along the inner nuclear mem-
brane. Nucleolar morphology is also affected (Benz, 1986; Tanada and Hess,
1976), and there is a transient increase in the abundance of RNA detected by
histochemistry (Benz, 1986). It is not known whether nucleolar changes
result from alterations to the organelle-associated heterochromatin (nucleo-
lar organizing region), or if other cytopathological changes affect the struc-
ture. Coincident with these changes is the development of the intranuclear
viral replication center, the virogenic stroma (Vaughn and Dougherty, 1985;
Volkman and Knudson, 1986), which is first seen as a loose granular mate-
rial dispersed throughout the nucleoplasm (Fig. 2A.)



FIGURE 2. Formation of the virogenic stroma. (A) TEM of early virogenic stroma (8 hr p.i.). The
virogenic stroma (VS) is first manifest as a loose (dispersed) granular matrix within the cell
nucleus, often in association with nucleoli (Nu, arrowheads). Clumps of heterochromatin (H)
are displaced peripherally by the forming stroma. There is usually no evidence of capsid forma-
tion at this time. (B) By 22 hr, the intrastromal spaces of the virogenic stroma are enriched in
developing nucleocapsids. Maturation of the stroma coincides with its condensation into a
dense latticelike structure, which is DNA-rich by DAPI staining (B, inset). Scale bars, 1 pm.
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The virogenic stroma is considered a de novo product of baculovirus
infection in which progeny virions are assembled. The stroma forms around
the time viral DNA replication is initiated (6-8 hr p.i.), and progeny nucleo-
capsids appear in the stromal network shortly thereafter (about 10 hr p.i.).
The onset of these morphological events coincides with the switch over
from early to late viral gene expression (Blissard, 1996; Faulkner, 1981;
Knudson and Harrap, 1976), involving the appearance of a novel virus-
induced RNA polymerase activity (Beniya et al., 1996; Yang et al., 1991) (see
Chapter 8, this volume). Viral DNA synthesis continues for at least 12 hr,
with the level of intracellular viral DNA plateauing by 18 hr p.i. (Erlandson
and Carstens, 1983; Tjia et al., 1979). The virogenic stroma persists through-
out infection, although the structure appears to regress and contains few if
any nucleocapsids after OV formation.

By 16-18 hr p.i., the virogenic stroma condenses into a dense (mature)
structure, usually in the central region of the nucleus, and contains a large
quantity of nucleocapsids (Fig. 2B). When observed in the electron micro-
scope the mature stroma has two distinct regions: a fibrillar electron-dense
matte forms a prominent “chromatic mass” interspersed with electron-
lucent (granular) intrastromal spaces in which progeny nucleocapsids are
assembled (Harrap, 1972b; Summers, 1971; Young et al,, 1993). The chro-
matic mass stains intensely with DNA-specific fluorescent dyes such as 4’,
6-diamidino-2-phenylindole (DAPI) and propidium iodide from very early in
infection (6 hr p.i.), and the staining pattern changes from dispersed or
amorphous early in stromal development to a lattice or cagelike appearance
as the stroma condenses into the mature structure (Fig. 2B, inset). The
distribution of staining in the mature stroma also indicates that the concen-
tration of DNA occurs within the matte and not the intrastromal spaces.
Maturation of the virogenic stroma together with progressive nuclear hyper-
trophy yield a significant and morphologically distinct peristromal compart-
ment of nucleoplasm, called the ring zone (Benz, 1986). It is within this
compartment that intranuclear envelopment of virions and occlusion body
formation take place.

The molecular basis for changes in nuclear architecture and factors
governing the assembly of the virogenic stroma are not known. In general,
the degree of condensation of chromatin is principally regulated by mod-
ification of histone proteins and possibly alterations to the nuclear scaffold.
Wilson and Miller (1986) examined the changes in nucleoprotein complexes
of host and viral DNA at several times during infection using a micrococcal
nuclease assay. Viral DNA appeared to adopt a chromatinlike nucleosome
structure initially, but adopted a unique nucleoprotein structure between 10
and 24 hr p.i. Host chromatin, however, remained in a nucleosomal struc-
ture. However, histones were not examined for chemical modifications that
may have influenced the condensation of the host chromatin. Margination
of the host cell chromatin occurs during the late phase and roughly coin-
cides with down-regulation of the steady-state levels of host transcripts
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between 12 and 18 hr p.i. (Ooi and Miller, 1988), although a causal relation-
ship has not been established. Within a similar time frame, cellular DNA
and protein synthesis are also inhibited (Bilimoria, 1991; Vaughn and
Dougherty, 1985), and by 8 to 12 hr p.i., only a small percentage of DNA
synthesis is cellular. Host cell protein synthesis is reduced beginning at
about 10 hr p.i., and its shutoff is complete at 24 hr p.i. (Carstens et al., 1979;
Kelly and Lescott, 1982).

The decline in the steady-state levels of host transcripts and protein
synthesis does not occur when viral DNA synthesis is inhibited by
aphidicolin treatment (Ooi and Miller, 1988; Rice and Miller, 1986). Simi-
larly, studies using temperature-sensitive mutants have demonstrated that
in the absence of viral DNA replication, both host DNA synthesis (Brown et
al., 1979) and protein synthesis (Gordon and Carstens, 1984) are maintained.
Because the shutoff of host gene expression does not occur when DNA
replication and subsequent late gene expression is blocked, it is thought that
viral early genes do not play a direct role in host synthesis shutoff. As in the
case of host shutoff, formation of the virogenic stroma is dependent on viral
DNA synthesis and late gene expression. Two temperature-sensitive mu-
tants have been described that are defective in late gene expression and
cause disappearance of heterochromatin and nucleoli but fail to form a
defined stroma within most cells (Carstens et al., 1994).

B. Substructure of the Virogenic Stroma

Little is known about the fine structure and molecular components of
the virogenic stroma or the degree to which the host cell contributes to its
structure or function. The constituents of progeny nucleocapsids are known
to accumulate within the stromal matte, but it is generally accepted that
capsid shell formation and nucleocapsid maturation occur in the intrastro-
mal spaces (Fraser, 1986; Harrap, 1972b). A recent study provided evidence
of specialized substructures within the stromal mat (chromatic mass)
(Young et al., 1993). DNase-I-sensitive filament bundles were revealed by
purification of nuclei in the presence of 0.5% Nonidet P40 and 250 mM
sucrose. These structures localized throughout the stromal matte and were
intimately associated with nascent capsids in the adjacent instrastromal
spaces (lacunae); hence, the filament bundles were postulated to be precon-
densed viral genomes. The distribution of filament bundles was consistent
with the intrastromal distribution of the basic DNA-binding protein p6.9
(Williams, 1995), which is associated with viral genomes within the capsid
core (Maeda et al., 1991; Russell and Rohrmann, 1990b; Tweeten et al.,
1980; Wilson et al., 1987). Another major viral protein associated principally
with the stromal matte is the 39K early gene phosphoprotein, pp31 (Guarino
et al., 1992). The protein has four internal basic regions that were attributed
to nuclear localization and accumulation in the virogenic stroma and to
binding to dsDNA (Broussard et al., 1996a). The intranuclear localization
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and DNA-binding properties of pp31 may be modulated by dynamic phos-
phorylation (Broussard et al., 1996b). These recent studies on pp31 are the
first to recognize specific motifs required for partitioning within the viro-
genic stroma. Although immunolocalization of pp31 suggests that it is a
major constituent of the stromal matte in infected cells, its constitutive
expression in transformed Sf9 cells was manifest as an amorphous intra-
nuclear distribution, without gross evidence of higher-order assembly or
association (G. V. Williams, unpublished observations).

The nuclear matrix may be defined as the major underlying scaffold
structure of the eukaryotic nucleus, and by definition it is the fraction
resistant to extraction by successive treatments with nucleases (RNase,
DNAse), nonionic detergent, and high salt (2 M NaCl). A large amount of
viral protein remains associated with the nuclear matrix fraction following
extraction procedures (Wilson and Price, 1988), including the stroma-associ-
ated proteins p6.9 and 39K (pp31). The morphology of the virogenic stroma
is severely disrupted by nucleases or moderate salt (0.4 M) treatment (Young
et al.,, 1993), and thus is sensitive to considerably milder conditions than
treatments used to reveal the nuclear matrix.

The structural foundation of the virogenic stroma may be built on a
preexisting scaffold provided by the nuclear matrix, but it is structurally
distinct and should not be considered an extension of the nuclear scaffold.
For NPV morphogenesis, the nuclear matrix may be utilized for several
intranuclear events, including OV formation. The occlusion matrix protein
polyhedrin is found in the nuclear matrix fraction (Wilson and Price, 1988),
and disruption of whole nuclei late in infection by gentle procedures causes
release of virogenic stroma ringed by OV than remain spatially intact (Fig.
3A). Other intranuclear viral structures, such as preoccluded virions or in-
tranuclear membrane patches, also appear to be aligned on “strings” of
unidentified material (Fig. 3B,C). Although these structures are not seen in
morphologically intact preparations, similar stringlike structures can be
revealed by immunogold localization (Fig. 3D), and most likely reflect a de
facto scaffold utilized for transport or assembly of virion components rather
than an artifact of preparation.

The virogenic stroma is considered the most probable site of viral DNA
replication and late transcription (Volkman and Keddie, 1990), and its as-
sembly parallels the onset of these processes (Knudson and Harrap, 1976).
Recent attempts to identify components required for viral DNA replication
and late gene expression by transient complementation assay have shown
that pp31, which localizes to the stroma, is necessary for transcription or
transcript processing or stability (Lu and Miller, 1995; Todd et al., 1995), and
is consistent with the hypothesis that late viral transcription occurs within
the stroma. In addition, extraction of infected cell nuclei by 0.4 M salt
solubilizes a pool of proteins that includes the baculovirus-induced RNA
pol activity (Beniya et al., 1996), and these conditions also cause severe
disruption and extraction of the virogenic stroma (Young et al, 1993).
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RNase treatment of NPV-infected nuclei caused severe disruption of the
stromal matrix, suggesting that this structure contains a significant amount
of RNA (Young et al., 1993) in addition to protein and DNA. However, sites
of DNA replication and transcription have not been mapped by in situ
techniques, so their localization to the virogenic stroma has not been dem-
onstrated directly.

Studies utilizing transient complementation assays have demonstrated
the requirement of 18 viral genes for replication of plasmids transfected into
insect cells and for transcription from late viral promoters (Lu and Miller,
1995; Todd et al., 1995, 1996). A total of nine viral genes were necessary for
plasmid replication in Sf21 cells, including the putative DNA polymerase
(dnapol) and helicase (p143) genes, and an additional nine viral genes were
required for transcription from late and very late viral promoters (see Chap-
ter 7 and 8, this volume). There is currently little information regarding the
intracellular localization of any of the gene products involved, but associa-
tion with the virogenic stroma is likely. Structural and functional analyses
of the virogenic stroma have been hampered by the difficulties associated
with cell fractionation and isolation of pure stroma, and the likelihood for
selective extraction or contamination during cell fractionation is high. An
alternate approach that may yield higher-quality data on the assembly, cel-
lular associations, and fine structure of the viral replication complex may be
the use of subviral transient expression (complementation) systems as de-
scribed above to map and dissect morphological changes in the host cell
nucleus.

Potential roles of the homologous repeat sequences (HRS) in the accu-

mulation or positioning of viral DNA within the virogenic stroma have yet
to be assessed. The HRS are interspersed throughout baculovirus genomes.
In transient expression assays, HRS act as enhancer elements, especially of
delayed early mRNA transcription (Guarino and Summers, 1986a,b; see
Chapter 6, this volume). HRS also act as origins of DNA replication in
plasmid replication assays (Kool et al., 1993a,b; Leisy and Rohrmann, 1993;
Pearson et al., 1992; see Chapter 7, this volume).
FIGURE 3. Nuclear substructure utilized by baculoviruses during replication and morpho-
genesis. (A} Scanning EM micrograph of intact nuclear contents from a AcMNPV-infected Sf21
cell (36 hr p.i.). Lysis of purified nuclei directly onto specimen stubs before aldehyde fixation
preserves the spatial relationship of OV situated around the virogenic stroma (VS). (B, C)
Postfixation extraction of whole cell preparations by TEM (36 hr p.i.) indicates association of
viral structures such as de novo membrane patches (arrowheads) and polyhedrin condensations
(Ph) within a matrix of fine fibers that extend throughout the nucleus. (C) Intranuclear micro-
vesicles are often observed extending from the nuclear membrane (NM) to patches of de novo
membrane. (D) Immunogold staining using monoclonal antibodies directed against select NPV
nonstructural proteins demonstrates the presence of tracts of viral protein throughout the
nucleus of infected cells and perhaps indicates distribution along the scaffold structure re-
vealed by extraction. Scale bars, 5 pm (A), 1 pm (B, D), and 500 nm (C).
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IV. NUCLEOCAPSID ASSEMBLY, MIGRATION, AND BUDDING
AT THE PLASMA MEMBRANE

A. Nucleocapsid Morphogenesis within the Virogenic Stroma

The virogenic stroma is central to the replication of baculoviruses, as it
provides the environment for assembly of progeny nucleocapsids. Baculo-
virus nucleocapsids are composed of a tubular capsid shell with distinct cap
structures on each end, enclosing an inner nucleoprotein core in which the
genome is condensed about 100-fold (Bud and Kelly, 1980). The supercoiled
viral genome is complexed with a highly basic protein (pI 12.8-12.9) that
has been identified in other baculoviruses (Maeda et al., 1991; Russell and
Rohrmann, 1990b; Tweeten et al., 1980; Wilson et al., 1987). Morphological
and other data suggest that viral genomes are prepackaged with the highly
basic DNA-binding protein designated p6.9 (NPV) or VP12 (GV), perhaps at
specialized regions within the stromal matte (Young et al, 1993). These
nucleoprotein complexes are subsequently inserted into the preformed cap-
sid shells that dock with or perhaps are assembled along the edges of the
stromal matte within the intrastromal spaces (Fraser, 1986; Mackinnon et
al., 1974). Assembly of the nucleoprotein core may be regulated by the state
of phosphorylation of p6.9, which modulates its affinity for the viral DNA
(Funk and Consigli, 1993; Oppenheimer and Volkman, 1995); this polypep-
tide is arginine- and serine-threonine-rich and may condense with the viral
genome by ionic interactions between arginine residues and the phophopen-
tose backbone of the DNA and with tyrosine residues intercalated among
the stacked base pairs (Kelly et al., 1983). The nucleoprotein core may also
contain the highly basic polyamines putrescine and spermidine, which were
found associated with Spodoptera littoralis MNPV OV (Elliot and Kelly,
1977) and were present in sufficient quantity to neutralize 16.4% of phos-
phates on the vDNA, and so may aid p6.9 with packaging of the genome.
However, localization within the virion was not determined, and the poly-
amines might instead be associated with the virus envelope, as is the case
with herpes simplex virus (Gibson and Roizman, 1971).

Specialized end structures found on baculovirus nucleocapsids are dis-
tinct, with a flat disk on one end called a base plate (basal end) and a nipple-
shaped structure on the other (apical) end (Federici, 1986; Kawamoto et al.,
1977a; Summers, 1971); hence, the nucleocapsids display polarity. The
structures may contribute to assembly of nucleocapsids, and it has been
speculated that the apical end cap of the virus may mediate packing of the
nucleoprotein into the capsid (Fraser, 1986). The empty capsid shell appears
to form in association with and perhaps by sequential addition to the basal
plate structure (Fraser, 1986). A structural comparison of baculovirus cap-
sids by optical diffraction could not distinguish between GV and NPV, and
suggested an organization of 4.5-nm stacked rings (Beaton and Filshie, 1976),
indicating a highly conserved capsid structure. Molecules involved with the
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end structures have not been identified, although Vialard and Richardson
(1993) identified a 78-to 83-kDa NPV phosphoprotein, encoded by ORF 9
(also known as ORF 1629), that associates with the nucleocapsid in a po-
larized fashion and may be a component of one of the end structures. Inter-
estingly, the protein localizes to the ring zone of infected cells at the periph-
ery of the virogenic stroma. It is uncertain whether p78 association with
forming nucleocapsids occurs within the intrastomal spaces or as the na-
scent nucleocapsids migrate from the stroma into the surrounding nucleo-
plasm of the ring zone. Young et al., (1993) observed that DNase treatment
of purified nuclei caused degradation of the electron-dense core of nucleo-
capsids within the stroma, but did not affect the morphology of nucleocap-
sids in the ring zone; hence, nucleocapsids may be immature structures
until or after they leave the microenvironment of the virogenic stroma.

The capsid shell may be composed of nine or more protein species (Kelly,
1985), although the predominant species is a 39-kDa protein (designated p39),
which has been characterized for several NPVs (Bjornson and Rohrmann,
1992a; Blissard et al., 1989; Pearson et al., 1988; Russell et al., 1991; Thiem
and Miller, 1989). Western blots of OV and BV phenotypes (Pearson et al.,
1988) and immunocytochemistry (Russell et al., 1991) showed p39 to be a
major structural component present uniformly along the capsid. In infected
cells, p39 is present mainly in the mat of virogenic stroma, yet capsid assem-
bly occurs in the intrastromal spaces. The timing and regulation of p39
multimer formation, movement from the stromal matte to the intrastromal
space, and regulation of capsid length are not known. No structural motifs
have been recognized on p39, either for association with molecules within
the stromal matte or for capsid assembly. A 24-kDa protein is also present in
the capsid, and appears to be evenly distributed through the nucleocapsid in
both the OV and BV phenotypes (Wolgamot et al., 1993), but appears to be
nonessential for virus replication (Schetter et al., 1990). Other virus struc-
tural proteins have been identified (see Chapter 2, this volume), but their
localization with respect to the virogenic stroma is not known.

The process of nucleocapsid maturation within the virogenic stroma
was shown to sensitive to the actin-depolymerizing drug cytochalasin D
(CD) (Charlton and Volkman, 1991). By immunofluorescence staining, the
distribution of p39 in infected cells is principally intranuclear, with bright
patches of staining also found along the plasma membrane. A modest dose
of CD (0.5 pg/ml) applied to cells through infection altered the distribution
of p39 (Volkman, 1988); in particular, CD abrogated the localization along
the plasma membrane and caused foci of cytoplasmic staining with staining
along the nuclear membrane. Within the nuclei of CD-treated cells, p39 was
immunogold localized to bundles of aberrant tubular (capsid) structures
juxtaposed to the inner nuclear membrane, which apparently lacked a nu-
cleoprotein core (Volkman, 1988), although viral DNA synthesis was not
inhibited (Volkman et al., 1987). Actin was found to have a peristromal
distribution in infected cells during the time of most active nucleocapsid
morphogenesis (Charlton and Volkman, 1991). In the presence of CD, pack-
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aging of viral DNA into the capsid shells was disrupted, and cells released
particles enriched in GP64 EFP but lacking nucleocapsids (Volkman et al.,
1987). Removal of the drug restored the morphogenic process even in the
absence of new protein synthesis (Volkman et al., 1992); thus, reassembly of
microfilaments was apparently sufficient to reestablish nucleocapsid as-
sembly. CD treatment was subsequently found to induce proteolytic degra-
dation of the unphosphorylated form of p6.9, thus preventing nucleocapsid
maturation (Oppenheimer and Volkman, 1995). The rate of p6.9 synthesis,
phosphorylation, and dephosophorylation were not affected. The role of
actin in the assembly of nucleocapsids is not clear, except that it appears to
provide a scaffold structure required by the process. The involvement of
p6.9 is unclear: Degradation may occur because nucleoprotein cores cannot
be packaged within capsid shells, or conversely, the degradation of p6.9 may
occur as it is dephosphorylated and thereby preclude packaging.

B. Routes of Nucleocapsid Egress from Nuclear
to Cytoplasmic Compartments

Intrastromal spaces communicate with the surrounding nucleoplasm of
the ring zone and mature nucleocapsids are able to migrate freely into this
peristromal compartment, where they could follow one of two possible
morphogenic pathways. In early stages of the infection cycle, the progeny
nucleocapsids are destined to be components of BV, so they egress from the
nucleus for exit at the plasma membrane (Fraser, 1986; Kawamoto et al.,
1977a). In the case of AcMNPV, maximum titers of BV are achieved by about
24 hr p.i., at which time BV production declines as intranuclear envelop-
ment and occlusion begins (Faulkner, 1981). Several methods of nucleo-
capsid exit from the nucleus have been suggested, including via nuclear
pores (Hess and Falcon, 1978; Summers, 1971), migration into or through
the endoplasmic reticulum (E. A. Mackinnon, personal communication), or
passage through discontinuities in the nuclear membrane (Adams et al,
1977). However, the most common method of egress observed in EM studies
of NPV involves a budding process (synhymenosis) in which nucleocapsids
acquire a double membrane vesicle derived from the nuclear membrane (the
transport vesicle) (Fig. 4A).

FIGURE 4. Alterations to nuclear membrane structure induced by NPV infection. (A) TEM
micrograph of nucleocapsid egress through the nuclear membrane and acquisition of a double
membrane transport vesicle (arrowhead). (B,D) The nuclear membrane becomes highly convo-
luted, with electron dense patches evident along the inner membrane (arrowheads, panel B). (C)
Freeze fracture of infected cells demonstrates unique cagelike structures (arrowheads) that may
correspond to sites of nuclear membrane budding and vesiculation seen by standard thin
section methods (panel D). (D) Cytoskeletal-like elements similar in diameter to F-actin (mi-
crofilaments) are located on both sides of the nuclear membrane (NM) and are associated with
vesicles budding into the cytoplasm (arrowheads; N = nucleus). Scale bars, 0.1 pm (A, B, D) and
0.5 pm (C).
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Numerous changes occur to the nuclear membrane during the course of
NPV infection. Electron-dense patches are often observed along the nucleo-
plasmic face of the inner nuclear membrane (Fig. 4B). As well, nuclear cis-
ternae become progressively swollen and can be found in direct communi-
cation with similarly swollen pockets of endoplasmic reticulum. There may
be partial disruption of regions along the inner nuclear membrane, with
pockets of infolding. By freeze fracture, nuclear membranes develop cage-
like outpockets during peak nucleocapsid egress (Fig. 4C), and these may
correspond to regions enriched with a meshwork of cytoskeletonlike fila-
ments seen in thin sections of specimens that have been stained en bloc
with tannic acid and uranyl acetate (Fig. 4D). Based on morphology, the
nuclear membrane is heavily utilized and extensively modified by NPV
during the course of replication. A fundamental difference in replication
strategy between NPV and GV is the complete breakdown of the nuclear
membrane induced by the latter (Tanada and Hess, 1991; Winstanley and
Crook, 1993).

Nucleocapsids of both budded and occluded phenotypes are seen to
align with and attach to membranes at the apical (nipple) end of the capsid
(Fraser, 1986; Kawamoto et al., 1977a,b), and this is thought to trigger envel-
opment of nucleocapsid particles. Electron micrographs have shown an as-
sociation of nucleocapsid apical ends with nuclear pores (Granados and
Lawler, 1981; Summers, 1971). A 16-kDa nonstructural late glycoprotein of
OpMNPV appears to be associated with lamellarlike structures near the
nuclear membrane and with nucleocapsid-containing transport vesicles
(Gross et al, 1993): this polypeptide is highly conserved relative to
ACMNPV (Roberts, 1989) and has been designated as ORF 130 (Ayres et al.,
1994).

The intracytoplasmic nucleocapsids en route to the plasma membrane
appear to lose their nuclear membrane-derived vesicle in transit, as naked
capsids are predominant at sites of budding along the plasma membrane
(Fig. 1). No model for the release of capsids from transport vesicles has been
proposed, and the process may involve fusion and/or disintegration of mem-
branes. Multivesicular aggregates that contain many nucleocapsids are of-
ten seen in the cytoplasm, and this would suggest a series of successive
membrane fusions. Simple fusion of the inner and outer nuclear membrane-
derived membranes should also release nucleocapsids from the transport
vesicle directly into the cytosol. However, disintegration of the transport
vesicle also cannot be dismissed as a possible mechanism of nucleocapsid
release. It will be important to utilize immunocytochemistry to determine
whether the double membrane transport vesicles derived from the nuclear
membrane are lined by lamin proteins. The nuclear lamina lines the inner
surface of the nuclear envelope with a cagelike organization and is com-
posed of intermediate filament-class polypeptides (lamins) that form a com-
plex filamentous meshwork important for the structural integrity of nuclei
(Aebi et al., 1986; Gerace et al, 1984). Phosphorylation of lamins during
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mitosis promotes filament disassembly, thus causing breakdown of the nu-
clear envelope (Dessev et al., 1988). A Ca2+ and cAMP-independent protein
kinase copurifies with the nuclear lamina of mammalian cells (Dessev et
al., 1988); thus, a similar-acting kinase packaged within the transport vesi-
cle or perhaps nucleocapsid-associated may facilitate disintegration of the
transport vesicle by phosphorylating lamins within the vesicle. Whatever
the mechanism(s) of nucleocapsid release from transport vesicles, it is clear-
ly established that unenveloped nucleocapsids migrate to and bud through
the plasma membrane.

Nucleocapsids situated just inside the plasma membrane align their
apical (nipple) end with the plasma membrane in the process of budding
from the host cell, and this is seen both in vivo (Kawamoto et al., 1977a) and
in cell culture (Adams et al., 1977). Contact with the capsid may induce a
localized thickening of the membrane at the site of contact (Kawamoto et
al., 1977a), although sites of budding are probably pre-enriched for BV enve-
lope proteins prior to contact (Adams et al., 1977; Volkman, 1986; Volkman
et al., 1984). Usually single nucleocapsids bud at the plasma membrane,
acquiring a loose-fitting envelope with prominent peplomers (spikes) (Fig.
1). These peplomer projections are present on the apical end of the budding
virions only and are composed of GP64 EFP (Volkman, 1986; Volkman et al.,
1984). A modified form of ubiquitin bearing a phospholipid anchor is also
present and is localized to the inner surface of the BV envelope (Guarino et
al., 1995). The function of ubiquitin is not known, and both cellular and
viral forms are present in the budded virions (Guarino et al., 1995; Guarino,
1990).

C. Changes in Cytoplasmic Organization

Prominent changes occur to the cytoplasm during NPV infection, in-
cluding alterations to cytoskeleton and endomembrane systems and pro-
gressive development of large fibrillar structures throughout the cytoplasm
(Fig. 5). Microfilament and microtubule distribution are both altered by
infection (Charlton and Volkman, 1993b). The distribution of filamentous
actin (F-actin) changes as viral replication proceeds, and after initial bundle
formation induced by virus, entry is manifest as transient cytoplasmic agre-
gates on the basal side of infected cells. This occurs prior to viral DNA
replication and is dependent on early gene expression (Charlton and Volk-
man, 1991). After the switch over to viral DNA replication and late gene
expression, the distribution of F-actin becomes intranuclear and is concen-
trated around the virogenic stroma (Charlton and Volkman, 1991). Micro-
tubules undergo significant changes as a result of baculovirus infection and
may account for the rounding of cells normally observed (Volkman and
Zaal, 1990), and is one of the first signs of viral cytopathic effect (CPE)
evident by light microscopy (Vaughn and Dougherty, 1985). Changes to the
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microtubule cytoskeleton are attributed to the action of both early and late
viral genes (Volkman and Zaal, 1990).

Following the onset of late gene expression, very late gene (8 phase)
expression begins. The primary products of this phase are the occlusion
matrix protein (polyhedrin in NPV; granulin in GV) (see Chapter 2, this
volume) and a small nonstructural polypeptide designated p10 (Kuzio et al,,
1984; Williams et al., 1989). In cell culture, transcripts from the polyhedrin
and pl0 genes are present in approximately equal amounts, and together
account for 90% of the viral RNA in insect cells at 48 hr p.i. (Smith et al.,
1983); the corresponding polypeptides may constitute 50% of cell protein.
These genes have similar promoter structures (see, Chapter 8, this volume),
and both proteins are synthesized in copious amounts (Rohel and Faulkner,
1984; Smith et al., 1983). Their transcription probably involves a unique
subset of factors (McLachlin and Miller, 1994; Roelvink et al., 1992; see
Chapter 8, this volume). Regulation of p10 and polyhedrin transcription is
slightly different but not necessarily independent (Chaabihi et al., 1993).

Both p10 and polyhedrin proteins initially accumulate in the cytoplasm
and can be demonstrated immunocytochemically by 10-12 hr p.i. (p10) and
14-16 hr p.i. (polyhedrin). Later in infection (after about 20 hr p.i.), both
proteins also localize to within the nucleus. Polyhedrin distribution be-
comes predominantly intranuclear, whereas pl0 forms fibrillar masses in
both cytoplasm and nucleus of infected cells (Vlak et al., 1988; Williams et
al., 1989). In the cytoplasm, these associate with microtubules, but are not
attributed as the cause of the cytoskeletal changes (Volkman and Zaal,
1990). The cytoplasmic distribution of p10 is maintained throughout infec-
tion, but its function at this location is not known. During early morpho-
genesis (before OV formation) the cytoplasmic fibrillar structures have an
intermediate filamentlike distribution. Coexpression of both wild-type and
a heterologous p10 indicated that only p10 molecules of the same type were
present in individual fibrillar structures (van Oers et al., 1994).

Microtubules are associated with p10 fibrillar structures but are not an
integral component of them, and although there is significant interaction
between the structures, structure and dynamics of each is viewed as autono-
mous. Depolymerization of microtubules by colchicine (Fig. 6A) induces
cell rounding but does not prevent formation of pl0 fibrillar tracts; thus,
microtubules are not essential for development of p10 structures. Changes

&

FIGURE 5. Distribution of p10 in early and late infection. (A) Immunofluorescence localization
of AcCMNPV pl0 in T. ni cells at 18 hr p.i. demonstrates a predominantly cytoplasmic accu-
mulation with an intermediate filamentlike distribution that extends down cell processes. (B)
By TEM examination, the pl0-rich fibrillar bodies (FB) course through the cytoplasm and are
occasionally seen associated with vesicular aggregates containing nucleocapsids (arrowheads).
At times very late in infection (48 hr p.i.) p10 bodies are located in both the cytoplasm and
nucleus. Intranuclear pl0 is intimately associated with maturing OV in the ring zone. Note
that at late times postinfection, few free nucleocapsids are present in the virogenic stroma (VS).
Scale bars, 1 pm.
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FIGURE 6. Persistence of microtubules through infection. (A) Immunofluorescence staining of
AcMNPV-infected T. ni cells that have been treated with colchicine (0.1 pg/ml) from 6 hr p.i.
until harvest (18 hr p.i.) form cytoplasmic fibrillar pl0 structures in the absence of micro-
tubules. (B, C) Immunofluorescence staining of tubulin in T. ni cells infected with AcMNPV
(33 hr p.i., panel B, or mock-infected (C) indicates that microtubules were present in infected
cells at late times postinfection (B) but lacked the latticelike complexity of microtubule distri-
bution in uninfected cells (C). (D) By TEM study, microtubules persisted in Sf cells infected
with AcMNPV until at least 30 hr p.i. (nm, nuclear membrane; pm, plasma membrane; OV,
occlusion body). Scale bar, 1 pm.
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to the organization and stability of microtubules are induced by AcMNPV
infection (Fig. 6B,C) independent of p10 and are manifest as a lack of mesh
or latticelike complexity. In contrast to findings in an earlier study (Volk-
man and Zaal, 1990), which had suggested that microtubules are depo-
lymerized in S. frugiperda cells infected by AcMNPV by 24 hr p.i., we have
observed microtubules to persist in infected S. frugiperda and T. ni cells
throughout infection (Fig. 6B,D). Intact microtubules could be seen as late as
68 hr p.i. by immunofluorescence staining and EM. In the study of Volkman
and Zaal (1990), microtubules may have been obscured by nuclear hypertro-
phy or physically disrupted during tissue processing.

Domains important for the association of p10 with microtubules may
reside partially or completely within its C-terminal half (Quant-Russell
et al, 1987). Antibodies specific to a peptide domain of OpMNPV
(,,LPEIPDVPg,) cross-reacted with a host cell cytoskeletal element (Quant-
Russell et al., 1987), and part of this sequence is conserved among all p10
species examined thus far (van Oers et al., 1994; Zuidema et al., 1993). The
highly basic C-terminus of AcMNPV pl0 has also been a focus of study
because overexpression of a mammalian cAMP-dependent protein kinase
altered the morphology of infected cells, caused phosphorylation of two
serine residues within the pl0 sequence 3y RRGKRSSK,,, and appeared to
affect p10 affinity for microtubules (Cheley et al., 1992). The C-terminus of
p10 may be functionally similar to the basic C-terminus of microtubule-
associated proteins (MAP) such as 7 (tau), MAP-1B and MAP-2, which inter-
act with the acidic C-terminus of tubulin (Noble et al., 1989; Serrano et al.,
1985; Serrano et al, 1984) by charge complementarity (Hagestedt et al.,
1989). However, the primary amino acid sequence of the p10 microtubule-
binding domain might be quite distinct from those of cellular microtubule-
binding proteins, since there is wide variation of binding domains among
cellular MAPs (Noble et al., 1989). Phosphorylation of T at the microtubule-
binding domain is thought to decrease affinity for binding to microtubules
(Hagestedt et al., 1989; Hirokawa, 1994), and site-specific phosphorylation
of other cytoskeletal elements, for example, the intermediate filament (IF)
class polypeptides vimentin (Inagaki et al., 1987) and nuclear lamins (Des-
sev et al., 1988; Gerace, 1986), induces disassembly of filaments. It is pos-
sible that phosphorylation of p10 at the C-terminal serines may similarly
alter the dynamics of association with fibrillar structures and/or micro-
tubules. Site-directed mutagenesis of pl0, which substituted one or both
C-terminal serine residues with alanine, failed to affect fibrillar structure
formation or nuclear accumulation (van Oers, 1994), although the kinetics
of p10 association-dissociation from fibrillar bodies or microtubules was
not examined. Deletion of the entire eight amino acid C-terminal domain
abrogated fibrillar structure and prevented aggregation of p10 in the nucleus
and cytoplasm of infected cells (van Oers et al., 1993); hence, this sequence
appears essential for the formation of higher-order fibrillar structures and
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possibly for association with microtubules, but it is not required for nuclear
transport.

Large quantities of polyhedrin are required for OV morphogenesis; thus,
the high rate of synthesis can by reconciled with polypeptide function. In
contrast, pl0 is not essential for virus replication in vitro or in vivo (Kuzio,
1990) and is not a structural component of BV, ODV, or OV (Vlak et al.,
1981). The p10 gene has been identified in all baculoviruses characterized to
date and is likely to provide some survival advantage in the field. Studies on
pl0 mutants (Vlak et al., 1988; Williams et al., 1989) or immunolocalization
of pl0 in wild-type infected cells (Croizier et al., Quant-Russell et al., 1987;
van der Wilk et al., 1987) led to the correlation of p10 with cytoplasmic and
nuclear fibrillar masses formed during virus replication. Although studies
have demonstrated pl0-dependent events related to OV morphogenesis and
cytolysis (Williams et al., 1989), these studies failed to establish a functional
significance for the highly ordered cytoplasmic distribution of p10.

V. LATE EVENTS IN MORPHOGENESIS
A. Switchover to Occluded Virus Production

Late in AcMNPYV infection (about 22-24 hr p.i.), BV production is cur-
tailed by an undefined mechanism in favor of intranuclear maturation of
virions destined for occlusion (Stoltz et al., 1973; Tanada and Hess, 1976;
Volkman et al., 1976). The intranuclear ring zone is the site of several
morphogenic processes closely associated with OV development, and is
marked by the appearance of intranuclear membrane profiles that envelop
nucleocapsids to form preoccluded virions (POV). Patches of membranous
profiles and vesicles that develop within the ring zone are precursor struc-
tures utilized for intranuclear envelopment of virions. These membranes
have trilamellar morphology and dimensions distinct from cellular mem-
branes (Stoltz et al., 1973). Because of these observations and the apparent
lack of continuity with the nuclear membrane, intranuclear membranous
profiles were postulated to be the result of de novo synthesis. In other
studies, baculovirus infection has been observed to induce an invagination
of the inner nuclear membrane (Summers and Arnott, 1969; Tanada and
Hess, 1976) (Fig. 7), and this may be the source material for intranuclear
membrane vesicles. Although BV production is reduced substantially in
favor of intranuclear envelopment at late times postinfection, some virion
budding at the plasma membrane can still be observed very late in infection
(after 48 hr p.i.); thus, the phenotype switchover is not absolute. Polyhedrin
condensation subsequently occludes POV, and morphogenesis of the OV is
completed by the attachment of a distinct outer layer: the calyx (OV mem-
brane, polyhedron membrane). The onset of OV morphogenesis roughly
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FIGURE 7. Membrane formation and intranuclear envelopment of nucleocapsids. (A) Large
aggregates of membrane vesicles and profiles (V) form in the ring zone of NPV-infected cells and
are utilized for the envelopment of nucleocapsids. (B) Profiles of membrane material juxtaposed
to the nuclear membrane (NM) appear to break down into microvesicles (arrowheads), and
distal to the nuclear membrane reform into distinct trilamellar membrane profiles (refer to Fig.
3 B, C). (C) Nucleocapsids align with de novo membranous profiles end-on (arrowheads) and
acquire their envelope. Scale bars, 1 um (A) and 0.5 um (B, C).

coincides with intranuclear accumulation of p10 and polyhedrin, although
deletion of one or both of these genes does not abrogate the switchover from
budded to occluded phenotype virions, and intranuclear morphogenesis of
other OV-related structures such as calyx precursor is similarly maintained
in their absence (Williams, 1995).
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B. Morphogenesis of Intranuclear Membrane
and Envelopment of Nucleocapsids

Morphogenesis of POV occurs in the peristromal ring zone in infected
cells by interception and envelopment of nucleocapsids as they leave the
virogenic stroma (Fraser, 1986; Kawamoto et al, 1977a,b). Prerequisite to
this process is the formation of viral envelope precursors in the form of
microvesicles and unit membranelike profiles (Hong et al., 1994). We have
done extensive analysis of the processes of morphogenesis of this membrane
(Fig. 7) using fixation parameters and en bloc staining regimens to maxi-
mally stabilize membrane components. Under these processing conditions,
there is strong evidence to support nuclear membrane involvement in this
morphogenic process. However, this process is complex. Lipid composition
of the OV envelope is distinct (Braunagel and Summers, 1994) and envelope
association of a recently identified 66-kDa OV structural protein (PDV-E66)
appears to occur concomitant with or following formation of the microvesi-
cles and membranous profiles (Hong et al, 1994). Immunocytochemical
localization indicated that PDV-E66 colocalized to these intranuclear mem-
brane patches but not to the adjacent nuclear membrane. In addition, a 25-
kDa ODV envelope protein of OpMNPV was found to localize to virions
within the ring zone and within mature OV (Russell and Rohrmann, 1993)
and was also identified at the periphery of the virogenic stroma, suggesting
late insertion in the membrane and perhaps indicating dynamic modifica-
tion or reassortment of membrane-associated species following association
with nucleocapsids. The capsid end structure-associated protein (p78) iden-
tified in both virion phenotypes has a similar distribution to the 25-kDa
species (Vialard and Richardson, 1993), and the most likely explanation for
these observed distributions of virion components is that nucleocapsids
leaving the virogenic stroma are intercepted by molecules necessary for
completion of morphogenesis. Regulation of peristromal accumulation of
POV-specific components is one possible mechanism that may govern the
switch over from budded to occluded virion production. Kawamoto et al.
(1977b) observed interaction of nucleocapsids leaving the virogenic stroma
with electron-dense particles that were intimately involved in the envelop-
ment process and appeared to form the tegument layer following envelop-
ment; this material most likely contained gp41, the major tegument gly-
coprotein (Whitford and Faulkner, 1992a,b).

Although morphological changes to the nuclear membrane (Fig. 4) and
the development of membrane patches within the ring zone (Fig. 7) out-
wardly appear dramatic, they may be due to very subtle changes within the
host cell. For example, up-regulation of a single nuclear pore complex pro-
tein in BHK cells (Nup 153) (Bastos et al., 1996) induced both nuclear mem-
brane-associated lamellar profiles and intranuclear membrane arrays. The
lamellar profiles, although intranuclear rather than cytoplasmic, are grossly
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similar to those reported to be associated with a late-expressed 16-kDa
glycoprotein of OpMNPV (Gross et al., 1993), and intranuclear membrane
profiles are similar to those observed in NPV infection where late gene
expression is limited (Carstens et al., 1994). Further, cell-cycle-dependent
action of a nuclear-membrane-associated kinase can cause nuclear mem-
brane disintegration, grossly similar to what is observed during GV
morphogenesis, by phosphorylation of nuclear lamins (Dessev et al., 1988).
The molecular details of nuclear membrane-associated cytopathology in-
duced by NPV and GV replication have not been determined.

VI. OCCLUSION BODY MORPHOGENESIS
A. Polyhedrin Condensation and the Occlusion of Virions

The NPV occlusion matrix protein, polyhedrin, is highly conserved 29-
kDa polypeptide (Rohrmann, 1986a,b, 1992) and accounts for about 95% of
the OV mass (Faulkner, 1981). Polyhedrin is related to the GV matrix pro-
tein granulin (Kozlov et al., 1992; Vlak and Rohrmann, 1985) but is very
different from the matrix proteins of entomopoxvirus (EPV), spheroids (110-
115 kDa) (Arif, 1995; Hall and Moyer, 1993; Harrap and Payne, 1979) and
cytoplasmic polyhedrosis virus (CPV) occlusions (25-30 kDa) (Vlak and
Rohrmann, 1985).

The incorporation of POVs into the matrix of condensed polyhedrin is
well underway by 24 hr p.i. in cells infected with Ac MNPV (Volkman and
Knudson, 1986). It appears that only enveloped virus particles become incor-
porated into OV (Vaughn and Dougherty, 1985), but the regulatory mecha-
nism governing the process has not been identified. Mutations exhibiting a
few polyhedra (FP) phenotype arise spontaneously upon serial passage of
AcMNPV in tissue culture, and the resulting OV contain few if any oc-
cluded virions (Potter et al., 1976; Ramoska and Hink, 1974). The genetic
defect is usually attributed to loss of a 25-kDa protein (Beames and Sum-
mers, 1989; Fraser et al., 1983). Deletion of the gene, FP-25 (ORF 61}, encod-
ing this protein results in reduced OV formation, reduced intranuclear en-
velopment of nucleocapsids, and elevated levels of BV production (Beames
and Summers, 1989; Fraser et al., 1983; Harrison and Summers, 1995a,b). It
has been speculated that the 25K protein could be an important factor for
initiation of OV formation, perhaps by causing nucleation of polyhedrin
(Wood, 1980). However, FP-25 does not appear to associate with forming OV
and may in fact be predominantly cytoplasmic (Harrison and Summers,
1995b).

The size and shape of baculovirus OVs are governed to some degree by
the occlusion matrix protein, polyhedrin or granulin. Several morphology
mutants of ACMNPV with altered polyhedrin coding regions have been
characterized at the nucleotide level. Cells infected with the mutant M5
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synthesize one large cubic OV per cell that has a paracrystalline lattice and
outer calyx, but occludes very few virions (Brown et al., 1980). In contrast,
cells infected with the mutant M29 produce copious amounts of small intra-
nuclear polyhedrin condensations that lack an obvious lattice structure and
do not occlude virions or associate with calyx material (Duncan and Faulk-
ner, 1982; Duncan et al, 1983). A single point mutation results in the
observed phenotype of both viruses (Carstens et al., 1986, 1987). Two addi-
tional mutants, M276 and M934 (Partington et al., 1990}, also have defects
in the polyhedrin coding region that result in large amorphous condensa-
tions within infected cells (Carstens et al., 1992). These mutants all have
alterations in highly conserved regions of polyhedrin, based on amino acid
comparisons of at least four NPV polyhedrin sequences (Kozlov et al., 1986),
which disrupt the paracrystalline lattice and abrogate or greatly reduce oc-
clusion of virions.

B. Assembly of Calyx Precursors within
the Intranuclear Ring Zone

Calyx precursor structures, also called bilamellar fibrous sheets (Wil-
liams et al., 1989) or spacers (Mackinnon et al., 1974), form in the ring zone
of cells infected with NPVs (Figs. 8, 9). The origin of these structures is
unknown and is considered a de novo process (Mackinnon et al., 1974; van
der Wilk et al., 1987). A 34-kDa phosphoprotein (pp34) (Gombart et al.,
1989) has been immunolocalized to the precursors and to mature calyx
(Russell and Rohrmann, 1990a; van Lent et al., 1990), and its presence is
essential for calyx formation (Zuidema et al., 1989). Other protein compo-
nents of the calyx material have not been identified, and the structure ap-
pears to be predominantly carbohydrate (Minion et al., 1979). Fibrillar struc-
tures enriched in pl0 are commonly found associated with the calyx
precursors and with maturing OV (Croizier et al., 1987; van der Wilk et al.,
1987; Vlak et al., 1988; Williams et al., 1989). The pl10 polypeptide, how-
ever, is not required for formation of calyx precursor material (van Oers et
al., 1993, 1994; Williams et al., 1989) or OV (van der Wilk et al., 1987).
Morphogenesis of p10-rich fibrillar bodies, OV, and the OV calyx seems to
occur independently, as deletion mutants that affect one of the structures do
not affect formation of the other structures (van der Wilk et al., 1987;
Zuidema et al., 1989).

LN

FIGURE 8. TEM analysis of bilamellar fibrous sheet formation. (A} Nuclei of Sf cells infected
with AcCMNPV (24 hr p.i.) contain extensive profiles of bilamellar fibrous sheet material (s)
associated with p10-rich fibrillar structures (f) situated adjacent to the nuclear membrane {nm).
Bilamellar sheet profiles often abut the inner nuclear membrane (inset, arrowhead). (B) Profiles
of sheet material appeared to form at or near the nuclear membrane, and are morphologically
complete with spikelike projections (arrowhead) before incorporation into fibrillar structures.
An undefined RNP-like matrix (r] is usually found at or near sites of sheet formation. Scale
bars, 1 pm (A), 0.2 um (A, inset), and 0.5 um (B).
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Mature calyx precursor is usually associated with fibrillar structures
(Fig. 8) and is often aligned close to the nuclear membrane, sometimes
_abutting the inner membrane (Fig. 8, inset). Parallel arrays of fibrous sheet
with spiked outer surfaces also occur in the nucleoplasm near p10 bodies
(Fig. 8B), with shorter profiles occurring near the nuclear membrane. Adja-
cent regions of the inner nuclear membrane stain intensely and are lined
with beadlike structures predominantly on the cisternal side of the mem-
brane. Calyx precursor synthesis may occur at specialized regions on or near
the inner nuclear membrane. Looped end structures joining bilamellar
sheets have been reported (Mackinnon et al., 1974), and would be consistent
with a model involving the involution and collapse of unilamellar sheets to
form the observed bilamellar profiles. Interestingly, an electron-dense
ribonucleoprotein (RNP)-like material is usually associated with the sites
where precursor formation seems to occur, although the composition and
function of this material is not known.

C. Attachment of Calyx to the Outer Surface
of Developing Occlusion Bodies

Structurally, the calyx is composed of a regular bilammellar array dis-
tinct from the polyhedrin lattice, with 15-nm holes or hollows evenly distrib-
uted across the structure (Harrap, 1972a). The structure appears to be porous,
and occluded virions can be stained within intact OV by fluorescent DNA-
intercalating dyes such as DAPI. Dissolution of OV does not affect the calyx,
which remains as a residual baglike structure (Harrap, 1972a). A 34-kDa
phosphoprotein (pp34) (Gombart et al., 1989) has been immunolocalized to
the calyx (Russell and Rohrmann, 1990a; van Lent et al., 1990) and is cova-
lently associated by thiol bonds (Whitt and Manning, 1988). A subpopulation
of polyhedrin is also thiol linked to the calyx (Whitt and Manning, 1988),
which may anchor this structure to the surface of the OV. Deletion mutants
lacking the pp34 protein fail to produce a calyx or the bilamellar fibrous sheet
(precursor] structure; OVs of these mutants have an increased sensitivity to
alkali (Vlak et al., 1988; Zuidema et al., 1989). A 34.8-kDa spheroidinlike
glycoprotein (SLP) (Vialard et al., 1990) has also been localized to the OV of
AcMNPV and may be a component of the calyx (Rohrmann, 1992), but its role
in calyx morphogenesis or structure is not known, and in OpMNPV the
putative SLP does not seem to be calyx-associated (Rohrmann, 1992). By EM
of thin section specimens, the calyx has distinct spikelike projections on the
outer surface (Fig. 9). Similar structures are present on the bilamellar fibrous
sheet precursor material, and attachment onto the surface of OV appears to be
facilitated by unfolding of these sheets around the polyhedrin matrix to form
a unilamellar structure. This process is intimately associated with but is not
dependent on p10-rich fibrillar masses, and it appears to be important for the
structural integrity of the OV (Williams et al., 1989). Some mutations in the
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FIGURE 9. Calyx attachment to OV. Sf21 cells infected with AcMNPV were harvested between
30and 48 hrp.i. and processed for TEM study with tannic acid and uranyl acetate en bloc staining
to stabilize and enhance membrane and other structures. (A} Fibrillar bodies (f) within the
nucleus at 30 hr p.i. are intimately associated with forming OV, and form a shell of 100-120 nm
around their surface (arrowheads) just prior to or during calyx attachment. (B) Mature OV seen in
partially extracted Sf cells (48 hr p.i.) have p10 fibrillar structures intimately associated with the
OV surface after removal of most nucleoplasm. (C, D) OV calyx and p10-associated bilamellar
fibrous sheet structures are contiguous. (D) Attachment of calyx to the surface of maturing OV
appears to involve separation of fibrous sheet lamellae at the OV surface (38 hrp.i.). (E) Bilamellar
fibrous sheets (30 hr p.i.) associated with fibrillar body have spikelike projections along the outer
surfaces (arrowheads). (F) Corresponding structures are seen on the outer surface of the unilamel-
lar calyx structure attached to the OV surface (48 hr p.i.). Scale bars, 2 pm (A), 0.5 um (B, C), 0.2
wm (D, E), and 0.1 wm (F).

polyhedrin gene cause an unusual affinity between polyhedrin and calyx
material (Carstens et al.,, 1992), and it is possible that a shift in polyhedrin
tertiary structure at the surface of a growing occlusion condensation may
signal the attachment of the calyx.

D. Fine Structure of the Occlusion Body Lattice

The paracrystalline matrix of OV is a face-centered cubic lattice com-
prised of 4 to 5-nm subunits packed in a rhombic arrangement (Federici,
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1986; Harrap, 1972a; Kelly, 1985). Virions within the matrix are randomly
distributed and do not interfere with the regularity of the lattice (Bergold,
1963; Harrap, 1972a; Harrap and Payne, 1979). Harrap (1972a) examined
polyhedrin crystals of partially dissolved OV by transmission electron mi-
croscopy, using a negative stain procedure, and determined that polyhedrin
oligomers form a six-nodal structure that presumably associates in an or-
dered array to form the matrix. OV are resistant to putrefaction and disrup-
tion by a variety of chemical agents (Benz, 1986) or physical treatments such
as freezing and desiccation (Jacques, 1985), but are dissolved by weak alkali
(pH 9.5-11.5) in the midgut of the host insect (Granados and Williams,
1986), which this facilitates release of the occluded virions. Reducing condi-
tions are additionally required to dissolve the polyhedrin crystal and release
embedded virions of the T. paludosa NPV (Guelpa et al., 1977). In addition
to containing virions, the OV matrix of GVs and possibly some NPVs also
contains a viral-enhancing factor that acts on the insect peritrophic mem-
brane to aid OV access to the ectoperitrophic space (Derksen and Granados,
1988). Also, OV derived from insects contains a significant amount of sili-
con (Stairs, 1968), which may be incorporated into the paracrystalline lat-
tice, but its distribution has not been determined nor have tissue-culture-
derived OV been examined for inorganic components. There are also several
accounts of the presence of RNA in purified OV (Aizawa and Tida, 1963;
Faulkner, 1962; Himeno et al., 1969) in approximately equal quantities rela-
tive to viral DNA (Faulkner, 1962). These molecules and inorganic compo-
nents have not been localized within the OV structure and may be associ-
ated with embedded virions, dispersed throughout the occlusion matrix, or
copurified as contaminants at the surface of the OV.

VII. CYTOLYSIS AND RELEASE OF OCCLUSION BODIES

The end of NPV infection in tissue culture is marked by cytolysis and
release of OV (Williams, 1995; Williams et al., 1989). This phenomenon is
dependent on viral and cellular factors and may not be seen in some in vitro
systems. Ultrastructurally, release is correlated with the development of
large cytoplasmic vacuoles that become associated with both plasma mem-
brane and the outer nuclear membrane (Fig. 10A-E). The plO protein of
AcMNPYV is essential to OV release from the nucleus (Williams et al., 1989),
and this function has been mapped to a segment residing between amino
acids 52 and 79 (van Oers et al., 1993). Immunocytochemically, p10 is inti-
mately associated at the periphery of the cytoplasmic vesicle (Fig. 10). Regu-
lation of the process is complex and cells appear to commit to the event at
least 6 hr prior to OV release. The action of a currently uncharacterized
kinase as well as the presence of both cellular microfilaments and the virus-
encoded cathepsin are also essential to OV release (Williams, 1995). In unre-
lated experiments, expression of bcl-2 in infected cells was found to delay
the internucleosomal DNA cleavage, which normally occurs late in infec-



FIGURE 10. Light and electron microscopic examination of cytoplasmic vesicles associated
with cytolysis and OV release. (A) Toluidine blue-stained section of Sf cells infected with
AcMNPYV at 68 hr p.i. Large cytoplasmic vesicles are prominent features of infected cells and
appear to fuse with the plasma membrane, exposing a portion of nuclear membrane imme-
diately adjacent to the extracellular space (arrowheads). (B) by TEM examination, multiple
vesicles (v) are present in the cytoplasm of infected cells at 22 hr p.i. (C) Vesicles become larger
as infection progresses, and associate with pl0-rich fibrillar bodies (f) and nuclear membrane
(arrowhead). (D) Narrow channels connect the vesicle membrane with the outer nuclear mem-
brane (arrowhead), and may anchor the vesicle membrane when fusion with the plasma mem-
brane occurs. Severe vesiculation of the nuclear membrane occurs near cytoplasmic vesicles (C,
D) and in areas of close contact with cytoplasmic fibrillar bodies (E, arrowhead). (F) Immu-
nofluorescent staining of p10 in T. ni cells infected with wild-type virus (moi = 10, 22 hr p.i.)
labeled cytoplasmic tracts (arrowheads) that appear to be concentrated around cytoplasmic
vesicles (v). Scale bars, 20 pm (A}, 2 um (B), 1 pm (C), 0.5 um (D, E), and 10 pm (F).
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tion (Alnemri et al, 1992), and this is probably related to the observed
nuclear disintegration that precedes or is concomitant with OV release (van
Oers et al., 1993). Disintegration and/or reorganization of intranuclear com-
ponents may in some way affect the release of OV.

VIII. SUMMARY

Baculovirus infection results in a number of cytological changes and, in
the process of their morphogenesis, baculoviruses induce the formation of a
several novel structures including fibrillar structures, intranuclear trilamel-
lar membranes, bilamellar fibrous sheets, and paracrystalline occlusions.
The basis for these remarkable changes are just beginning to be understood
at the molecular level, and these studies are being aided by immu-
nocytochemistry, genetics, and electron microscopy. Unraveling the mecha-
nisms by which these unique cytological and morphological events occur
promises to be an exciting avenue for future baculovirus research.
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CHAPTER 5

Baculovirus Genome
Organization and Evolution

ROBERT D. Possee AND GEORGE F. ROHRMANN

I. INTRODUCTION

The development of DNA-sequencing technology and the advancement of
computer-assisted sequence analysis have provided a powerful means of
determining the genetic content of baculovirus genomes and investigating
their gene organization and evolution. The entire nucleotide sequence of
three baculovirus genomes are now available (Ahrens et al., 1997; Ayres et
al., 1994; Maeda, 1994). Two of these genomes, those of Autographa califor-
nica nuclear polyhedrosis virus (AcMNPV) and Bombyx mori nuclear poly-
hedrosis virus (BmNPV), are closely related, whereas the third sequenced
genome, that of Orgyia pseudotsugata nuclear polyhedrosis virus
(OpMNPV), is more distantly related. Comparison of the overall gene con-
tent of divergent baculovirus genomes provides an initial view of what
genes are retained in all genomes, and thus are likely to be fundamental for
virus survival. Such genes constitute the “essence” of being a baculovirus,
i.e., the minimal basis of membership in the baculovirus family, and are
likely to provide insight into the ancient origins of this viral family. In
contrast, characterization of the genes that are found in only some members
of the family provide novelty to the virus and will influence individual
phenotypic traits such as host or tissue tropism, virulence, and morphology
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[e.g., nuclear polyhedrosis viruses (NPVs) vs. granulosis viruses (GVs)]. The
nature of these “individualistic” genes will probably reveal how
baculoviruses are currently changing and acquiring new, distinctive proper-
ties. This chapter focuses on a comparison of the AcMNPV and OpMNPV
genomes and highlights some of the fundamental as well as unique proper-
ties of these viruses.

II. THE BASICS OF BACULOVIRUS DNA

A. Early Analysis of Baculovirus Genomes

DNA was first identified in virus particles derived from the occlusion
bodies of an NPV by Breindl and Jirovec (1935). Further information on the
base composition of NPV and GV DNAs was provided by Wyatt (1953).
Electron microscopy and biochemical and biophysical studies provided the
first evidence that baculovirus genomes were large circular DNAs (Bud and
Kelly, 1977; Burgess, 1977; Summers and Anderson, 1972a,b; reviewed by
Harrap and Payne, 1979).

The introduction of restriction endonuclease analysis to the study of
baculovirus genomes in the 1970s provided a powerful new means of charac-
terizing baculovirus genomes. Initially, these analyses provided the means
of estimating total genome sizes more accurately, assessing genomic hetero-
geneity, and distinguishing different baculoviruses (Miller and Dawes,
1978a,b; Rohrmann et al., 1977; Smith and Summers, 1978). Coupled with
Southern blot hybridization, restriction endonuclease analysis also sug-
gested that some baculovirus DNAs exhibited considerable sequence di-
vergence (Jewell and Miller, 1980). But most importantly, restriction endo-
nucleases provided a means of producing discrete fragments of baculovirus
DNA that could be ordered—to provide physical maps of the genomes—and
cloned—to provide pure samples for genetic and sequence analyses.

In the 1980s and early 1990s, defined portions of baculovirus genomes
were sequenced and functionally analyzed. The first complete baculovirus
gene to be sequenced was the AcMNPV polyhedrin gene (Hooft van Id-
dekinge et al., 1983). In the ensuing decade, numerous studies of individual
baculovirus genes provided a tantalizing glimpse of the nature and complex-
ity of the baculovirus genome (summarized in Kool and Vlak, 1993). Many
of these studies included transcriptional mapping and/or functional analy-
sis as well as DNA sequence analysis. Transcriptional analyses provided
evidence for the interspersion of early, late, and very late gene classes
throughout the genome; different transcriptional classes of genes are not
clustered with respect to their temporal expression. By the time the entire
sequence of the AcMNPV genome was published (Ayres et al., 1994), ap-
proximately half of the AcMNPV genome had already been sequenced and
approximately 40 of the genes had been functionally or transcriptionally
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characterized to some extent. The availability of the entire sequence, how-
ever, revolutionized the way genetic and molecular studies could be ap-
proached.

B. Heterogeneity of Baculovirus Genomes

The current statement on baculovirus taxonomy (Murphy et al., 1995)
suggests that the genome size for different members of this virus family may
vary from 90 to 160 kilobasepairs (kbp). Such a wide variation in the size of
baculovirus genomes indicates that some baculoviruses may lack many of
the genes present in other members of the family. Because of their rod-
shaped nucleocapsid structure (see Chapter 2, this volume), baculovirus
nucleocapsids are able to expand to accommodate such natural variations in
genome content, and they also can accept engineered insertions of foreign
genetic material (see Chapter 14, this volume).

While most molecular genetic studies of baculoviruses have been per-
formed with plaque-purified strains propagated in cell culture, field isolates
of baculoviruses often show considerable genetic heterogeneity. Early stud-
ies with AcCMNPYV and its close relatives revealed sequence heterogeneity as
monitored by restriction endonuclease digestion of plaque-purified isolates
(Lee and Miller, 1978; Smith and Summers, 1978). Isolates of other
baculoviruses such as Spodoptera frugiperda MNPV (Maruniak et al., 1984)
and Heliothis zea SNPV (Corsaro and Fraser, 1987) exhibited similar hetero-
geneity. Some baculoviruses exhibit a high degree of genetic instability
when propagated in cell culture, and variants identified following passage in
cell culture may not represent the constituents of the original isolate. For
example, propagation of Spodoptera exigua MNPV in cell culture rapidly
generates deletion mutants that cannot be amplified in vivo (Heldens et al.,
1996). AcMNPYV, although comparatively stable in cell culture, may be ge-
netically altered during serial passage in cell culture, even when passaged at
high dilution (reviewed by Miller, 1986). At least some of these changes are
due to insertion of host transposable elements into the viral genome (re-
viewed by Friesen, 1993), although specific types of deletions are also ob-
served (Kumar and Miller, 1987). However, the sequence heterogeneity first
reported for ACMNPV (Lee and Miller, 1978; Smith and Summers, 1978) is
probably an accurate reflection of the heterogeneity of the original field
isolate.

Passage of a baculovirus through a single permissive insect species may
also influence (bias) the proportion of the variants within the population.
For example, the proportion of two virus variants of Panolis flammea
MNPV, PIMNPV A and B (Weitzmann et al., 1992), changes according to the
larval host in which the virus is propagated, but both genotypes are always
present. The fact that minority genotypes are not eliminated indicates that
this heterogeneity is important for virus survival and suggests that field
isolates containing heterogeneous populations may be more valid models
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for studies of baculovirus host range and pathogenicity than cloned isolates.
The realities of molecular genetic research, however, usually require the use
of cloned isolates. The sequence of the C6 strain of AcCMNPV is described
here, but it should be remembered that evidence already exists for micro-
heterogeneity (occasional nucleotide differences) among the isolates of Ac-
MNPV used by different laboratories in the world, e.g., C6, L-1, HR3, and
E2.

1. THE AcMNPV GENOME

A. Coding Potential

The Ac MNPV C6 genome contains 133,894 bp. Analysis of such a com-
plex set of information involves the use of computer programs that identify
putative open reading frames (ORFs) that initiate with an ATG (methionine
initiation codon) and terminate with a stop codon. For the analysis of
AcMNPV, ORFs that were less than 150 nucleotides in length were ex-
cluded, which led to the identification of a total of 337 ORFs (Ayres et al.,
1994). A strong bias was introduced into these analyses by focusing on
translatable genes and by the exclusion of gene products smaller than 50
amino acids. Such an approach, in which genomic DNA but not cDNA was
characterized, excludes the identification of gene products of spliced
mRNAs. However, since splicing of baculovirus mRNAs has only been
identified in the transcript spanning IE-O and IE-1 (Chisholm and Henner,
1988; Kovacs et al., 1991) this parameter may not have a major effect on the
prediction of baculovirus gene products. In addition, nontranslatable genes
such as tRNAs would not be identified by this approach.

The selection of 337 ORFs in the AcCMNPV genome still presents a
mass of information that is difficult to interpret. Consequently, Ayres et al.
(1994) reduced the number to 154 by assuming that ORFs are distributed as
nonoverlapping, contiguous sequences. Some exceptions were made for pre-
viously well-defined baculovirus genes. For example, the 5’ end of Ief-2
(Passarelli and Miller, 1993a) starts within the 3’ region of ORF5 and the 3’
end of lef-1 (Passarelli and Miller, 1993b) overlaps the start of ORF13. These
additional criteria could have a significant impact on the prediction of
baculovirus gene products, since baculoviruses have short intergenic re-
gions and regulatory sequences often overlap with coding sequences. For
example, the early promoters for CG-30, lef-4 and lef-6, are located within
the coding region of the gene immediately upstream of each gene (Passarelli
and Miller, 1993c, 1994a,b). The Ief-10 gene, a small ORF overlapping exten-
sively with a downstream gene (Lu and Miller, 1994), was eliminated by the
OREF selection criteria.

The analysis of ACMNPV genes was assisted by the use of the neural-
net ORF identification program, GRAIL (Uberbacher and Mural, 1991). This
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program searches for coding potential in the primary sequence data. Encour-
agingly, GRAIL selected 84% of the 154 ORFs as potential coding regions,
providing some measure of confidence in the original, intuitive analysis.

A summary of the properties of the 154 AcMNPV ORFs selected by
Ayres et al. (1994) is presented in Table 1. The direction of the ORFs with
respect to their clockwise or counterclockwise position on the circular ge-
nome is indicated by rightward and leftward arrows, respectively; the ORFs
are found on both strands of the DNA throughout the genome. The size of
the predicted gene products of each of the ORFs is presented as both the
predicted molecular weight and the number of amino acid residues. In those
cases where some functional information has been determined for an ORF
and/or some sequence homology has been determined by sequence analysis,
the gene has been assigned a name and a reference is provided. The Ief-10
gene has also been added to the list of ORFs in Table 1 as ORF 53a and, to
avoid confusion, future changes of this nature should follow the protocol of
not altering the numbering of the original ORFs.

B. Transcription Signals

The recognition that baculovirus genes are expressed in a temporally
regulated manner and that early and late genes possess distinctive transcrip-
tion signals provides another method to identify potential coding regions.
The early genes of AcMNPV utilize the host cell RNA polymerase II (RNA
polll) and probably host transcription factors. In general, the promoters of
early genes conform to those seen in other RNA polll-transcribed genes (see
Chapter 6, this volume) and often include a TATA box 20 to 40 bps upstream
of the transcriptional start point. Two additional early gene promoter motifs
have been functionally identified in several early promoters: an initiator
CAGT and an upstream regulatory element CGTGC (Friesen and Miller,
1987; Kogan and Blissard, 1994; Lu and Carstens, 1991; reviewed in Chapter
6, this volume). The presence of these three sequence motifs upstream of a
potential ORF are likely to be suggestive of early transcription of that re-
gion. Those genes appearing to have early transcriptional motifs are indi-
cated as E in the “trans” column (Table 1), while those with a CATG motif
are indicated with a C in this column.

The search for baculovirus late transcription signals is easier, since
most of these genes have a TAAG at the point of mRNA initiation. The 5’
leader sequences of most characterized late mRNAs are less than 80 nucleo-
tides in length. A search for TAAGs within the 80 nucleotides upstream of
each predieted ORF revealed that TAAG motifs are located in 71 of the 154
selected ORFS and only 11 of the 183 nonselected ORFS. The TAAG motif
occurs less frequently than would be expected for a random sequence; it
occurs 210 times on the clockwise (+) strand and 196 times on the counter-
clockwise (—) strand. For comparison, GAAT occurs 574 times on the +
strand and 595 times on the — strand. The paucity of TAAG motifs may
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have evolved to minimize nonspecific initiation of late transcription within
coding regions, since the TAAG site serves as the major promoter element
for late and very late transcription (see Chapter 8, this volume).

C. Analysis of AcMNPV Gene Function

Computer-assisted predictions of potential AcMNPV genes and appro-
priate comparisons with databases can assist in predicting their function,
but such predictions must be confirmed by appropriate experimentation. If a
gene is nonessential for replication in cell culture, the gene can be func-
tionally inactivated by inserting heterologous sequences into the coding
region using homologous recombination methods (see Chapter 14, this vol-
ume). Usually the heterologous sequences are genes such as lacZ that confer
a distinctive color to recombinant plaques and facilitate their identification
(e.g., O'Reilly and Miller, 1989; Pennock et al., 1984). Once the recombinant
mutant is isolated, its phenotype can be characterized. This procedure is not
applicable for essential genes, and the isolation of conditional lethal muta-
tions is necessary for genetic confirmation of gene function. Two methods
for isolating conditional baculovirus mutants have been used previously:
the isolation of temperature-sensitive mutants (reviewed by Miller, 1986)
and the isolation of a gene-disrupted recombinant in a cell line expressing
the essential gene (Monsma et al., 1995).

IV. COMPARISONS OF BACULOVIRUS GENOMES

The three baculovirus genomes that have been sequenced in their en-
tirety are similar in size, but the ACMNPV genome (133,894 bp) is about 5.5
kbp larger than that of BmNPV (128,413 bp), whereas the OpMNPV genome
(131,990 bp) is closer in size to that of AcMNPV. There are significant
differences in the G+C contents of these viruses. The AcMNPV (41%) and
BmNPV (40%) are very similar, but OpMNPV (55%) is much higher.

The availability of the complete sequences enables detailed compari-
sons to be made of the differences in their genetic content. The AcMNPV
genome is used as the prototype sequence for these analyses. Although most
of the AcMNPV and BmNPV ORFs are closely related with amino acid
sequence identities in excess of 95%, OpMNPV is significantly different
from these two viruses. The average amino acid identity between homolo-
gous ORFs of ACMNPV and OpMNPYV is 56% (see Table 1). The most con-
served ORF is polyhedrin (ORF3) (89% amino acid sequence identity), fol-
lowed by the viral ubiquitin homologue (ORF25) (84 %), although the latter
has a 3’ extension of 16 amino acids in OpMNPYV that is not included in this
calculation. Several other OpMNPV ORFs show about 80% identity and
include homologues of AcMNPV ORFs 22, 76, VLF-1 (ORF77), chitinase
(ORF126), cathepsin (ORF127), gp64 (ORF127), and p74 (ORF 138).
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In general, those genes that are known to be essential for AcCMNPV are
also found in the OpMNPV genome. All the genes implicated as encoding
virion structural proteins (see Chapter 2, this volume) are present in both
genomes. In addition, the set of ACMNPV genes required for transient DNA
replication and late gene transcription (Kool et al., 1994; Lu and Miller
1995a) are also present in OpMNPV except for hef-1 (Lu and Miller, 1995b)
and the antiapoptotic gene p35 (Clem et al., 1991). The absence of the latter
two genes is not unexpected, since hcf-1 is a host cell-specific AcMNPV
factor (see Chapter 9, this volume) and OpMNPV has a member of the iap
family of antiapoptotic genes, which can functionally substitute for p35 in
the AcMNPV genome (Birnbaum et al., 1994) and in replication and late
gene transcriptional transient assays (Kool et al, 1994; Lu and Miller,
1995a).

Table 2 lists the AcMNPV ORFs that are missing in BmNPV and
OpMNPV. There are a number of AcMNPV ORFs that are not present in the
genomes of both OpMNPV and BmNPV. Among these are ORF 20 and 58,
which are present in both OpMNPV and BmNPV as fusions with a neighbor-
ing ORF. Although this suggests the possibility of a sequence error in the
AcMNPV genome, there may be real differences in these sequences, and
further sequence information and/or protein analysis will be necessary to
resolve this question. Fourteen other ORFs appear to be completely missing
in both OpMNPYV and BmNPV genomes. Some of these ORFs are small (e.g.,
ORF 97,112, 116, 121, 140, 152), which suggests that they may not actually
be translated genes in ACMNPV. However, ORF 152 is the only one of these
OREFs that lacks any of the transcriptional motifs; the other ORFs have at
least one or two motifs associated with early transcription.

The AcMNPV ORFs that have been previously characterized to some
degree and are missing in one or both of the genomes include: a conotox-
inlike gene (ct, AcMNPV ORF 3), missing only in BmNPV; ORF 7 (also
known as ORF 603) (Gearing and Possee, 1990), which is located imme-
diately upstream of the polyhedrin gene in AcMNPYV; p43 (Ac MNPV ORF
39); proliferating cell nuclear antigen homolog (pcna, ORF 49, missing in
BmNPV); host cell-specific factor, hcf-1 (ORF70); a homologue of poly-
nucleotide kinase/polynucleotide ligase (pnk/pnl, see Section V); ORF105
(He65), an early gene; protein kinase 2 (pk2; AcMNPV ORF 123); p94
(AcCMNPV ORF 134), and p35 (AcMNPV ORF 135, lacking in OpMNPV).
The latter two genes are located in the single large AcMNPV insert of 4.2 kb
that is lacking in OpMNPV. In BmNPV, the p94 gene appears to have been
deleted, since a remnant of p94 sequence is present adjacent to the p35 gene.
Of these eight genes, six are known by mutational analysis to be nonessen-
tial for AcCMNPV replication, although disruption of pcna, hcf-1, and p35
have demonstrable phenotypes in at least some cell lines and insect species
(Clem et al., 1991; Crawford and Miller, 1988; Lu and Miller, 1995b).

The BmNPV genome has at least two ORFs that are not found in Ac-
MNPV. These ORFs are located between AcMNPV ORFs 96 and 98 and are
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TABLE II. AcMNPV ORFs Missing in OpMNPV and BmNPV

OpMNPV AA BmNPV Comments
53 3 (ctl)
7 (ORF603) 201 7 (ORF603)

12 217 12 Absent in both

20 69 20 Fused to 21 in both

33 182 33 Absent in both

39 (p43) 363

45 192

113 48
285 49 (pcna)

52 123 52 Absent in both

58 57 58 Fused to 59 in both

63 155

69 262

70 (hcf-1) 290 70 (hcf-1) Absent in both

84 188 84 Absent in both

53 85

86 (pnk/pnl) 694 86 (pnk/pnl) Absent in both

97 56 97 Absent in both
105 (HE65) 553 105 (HE65) Truncated in BmNPV
112 87 112 Absent in both
113 169 113 Absent in both
116 56 116 Absent in both
118 157 118 Absent in both
121 58 121 Absent in both
123 (pk2) 215
134 (p94) 803 134 Truncated in BmNPV
135 (p35) 299
140 60 140 Absent in both
149 107
150 99
152 92 152 Absent in both
154 81

predicted to encode polypeptides of 239 and 318 amino acids. ORF 97 ap-
pears to be absent in the BmNPV genome, suggesting that it may have been
disrupted by the insertion in this location.

Despite a general colinearity of their genomes, there are a number of
genes present in OpMNPV that are lacking in AcMNPV (see Table 3). Fur-
thermore, there are two major rearrangements and two major insertions in
the OpMNPV genome relative to ACMNPV. These include inversions that
encompass regions with homology to AcMNPV ORFs 1-10 and 24-38 and
insertions of 6.8 and 2.7 kb located between OpMNPV homologues of Ac-
MNPV ORFs 31 and 30 and 148 and 151, respectively. The latter region
contains three genes that were previously described—Opp32, Opp25, and
Opp8.9—and whose functions are unknown (Shippam et al., 1993; Wu et
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TABLE III. OpMNPV ORFs Missing

in AcMNPV
OpMNPV AA
PTP-2 160
CTL-2 52
dUTPase 317
RRR1 593
RR R2 349
IAP-3 268
Bm81FS 201
IAP-4 118
Opp32 285
Opp25 236
Opp8.9 75

al,, 1993). The first major inversion involves the region surrounding the
polyhedrin gene. In OpMNPV this region contains two homologues of pro-
tein tyrosine phosphatase (ptp-1 and ptp-2), while in AcMNPV this region
contains only ptp-1 and ctl-1; the ctl-1 gene is located elsewhere in the
OpMNPV genome. However, there is also a second ctl-like gene (ctl-2) in
OpMNPYV located within the 6.8-kb insert (for information on ctl genes, see
Chapter 11, this volume). In addition to ctl-2, this insert contains iap-3,
which was previously known as iap (Birnbaum et al., 1994) and has anti-
apoptotic function. There are two other members of the iap family (iap-1
and iap-2) also present in OpMNPV. In addition, there is also a fourth trun-
cated iap-like gene (iap-4) in OpMNPV. The relationships between the full-
length iaps of AcMNPV and OpMNPV are summarized in Table 4. The 6.8-
kb OpMNPV insert also contains homologues of three genes involved in
nucleotide metabolism in other organisms. These include a dUTPase homo-
logue and two subunits of a putative ribonucleotide reductase. The large
ribonucleotide reductase subunit, R, shares 29% amino acid sequence iden-
tity with the human enzyme and 24% identity with a vaccinia virus homo-
logue. The small subunit, R2, shares 14 and 16% identity, respectively, with
the same enzymes.

TABLE IV. Identity between ACMNPV and OpMNPV IAPs

OpMNPV

IAP1 IAP2 IAP3 IAP4

AcMNPV IAP1 62% 18% 28% 27%
IAP2 20% 55% 20% 28%




124 ROBERT D. POSSEE anD GEORGE F. ROHRMANN

The primary cellular nucleotide biosynthetic pathways flow into
ribonucleotide triphosphate (NTP) pools. Many DNA viruses have genes
encoding enzymes that allow the virus to convert host cell INTPs into
dNTPs for use in DNA synthesis. These enzymes are thought to benefit the
virus because they allow replication in nondividing cells in which dNTP
pathways are inactive. Ribonucleotide reductase is the first enzyme in this
pathway and catalyzes the reduction of INDPs to dNDPs. These dNDPs are
then phosphorylated to produce dATP, dGTP, dCTP, and dUTP. However,
the production of dUTP can be deleterious because it is mutagenic if incor-
porated into DNA. Therefore, dUTPase is a critical enzyme because it con-
verts dUTP to dUMP, thereby excluding dUTP from incorporation into
DNA. In addition, dUMP is a starting nucleotide for the synthesis of dTTP,
which is not directly produced by the ribonucleotide reductase pathway
(reviewed in Mathews and van Holde, 1995).

The C-terminal 128 amino acids of OpMNPV ORF31 show about 30%
amino acid sequence identity with a segment of human dUTPase and with a
dUTPase derived from a polyprotein encoded by a subset of retroviruses. All
the amino acids thought to comprise the active site of dUTPase (Wagaman
et al., 1993) are present in this region. Although a role for the dUTPase
gene in OpMNPYV infection has not been established, lack of a functional
dUTPase gene is associated with increased mutation frequency in feline
immunodeficiency virus (Lerner et al., 1995) and other lentiviruses. In addi-
tion, such dUTPase mutations have been shown to delay replication in
nondividing cells (Turelli et al., 1995).

Contiguous with the OpMNPYV dUTPase homologue is a gene, r1, with
sequence similarity to the R1 subunit of ribonucleotide reductase, and in
close proximity to r1 is a gene, r2, with sequence similarity to R2, the small
subunit of ribonucleotide reductase. OpMNPV R1 consists of 594 amino
acids, which is much shorter than other R1 proteins (750-800 amino acids)
and shows only about 25% amino acid sequence identity with R1s of herpes
simplex virus, vaccinia virus, and Homo sapiens and 20% identity with
Escherichia coli R1. Despite this low level of sequence conservation, amino
acids shown to be essential for enzyme activity (Uhlin and Eklund, 1994) are
present in OpMNPV R1. The R2 subunit is even less well-conserved, with
10-16% sequence identity with other R2 peptides. Although this level of
identity is very low, homology was clustered in regions where major areas of
conservation are present in other R2s. The r1 gene (but not the 2 gene) has
also been identified in at least two other baculoviruses (E. A. van Strien,
personal communication). In contrast to OpMNPYV, the r1 genes from these
viruses are much more closely related (50-60% amino acid identity) to
those from Homo sapiens and vaccinia virus and only distantly related to
OpMNPYV, herpes simplex virus, and E. coli R1 (25-27% identity). There-
fore, at least two different lineages of R1 appear to be present in
baculoviruses.

Deletion of vaccinia virus ribonucleotide reductase greatly reduces vir-
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ulence in vivo, but has little effect on replication in cell culture (Child et al.,
1990). Therefore, possession of the enzyme could benefit OpMNPV during
replication in insects. (For further discussion, see Section VI.)

V. BACULOVIRUS EVOLUTION AND THE
ACQUISITION OF NEW GENES

Sequence analysis has shown that baculovirus carry many genes that
are homologous to those found in the genomes of other categories of organ-
isms. These include a number of genes related to those from eukaryotes, at
least two genes that are similar to genes found in other virus families, and
several genes that appear to be derived from prokaryotes. These genes are
listed in Table 5. As new baculovirus genomes are sequenced and as the
eukaryotic databases expand, this list of genes is likely to increase. The
origin of these baculovirus genes and the mechanism(s) and frequency with
which baculoviruses can acquire new genes are intriguing questions. Experi-
mental studies have shown that baculovirus genomes can acquire host

TABLE V. Known Homologues of Baculovirus Genes

Gene Homologue Known locations

ptp Protein tyrosine phosphatase Eukaryotes, prokaryotes, poxviruses

ctl Conotoxins Cone snails, spiders

pk1 Protein kinase Eukaryotes, prokaryotes, other virus
families

iaps Inhibitors of apoptosis Mammals, insects

sod Superoxide dismutase Eukaryotes, prokaryotes, poxviruses

fef Fibroblast growth factor Mammals

ubi Ubiquitin Eukaryotes, prokaryotes

gta General transcription activator Mammals

pcna Proliferating cell nuclear antigen Eukaryotes

dnapol DNA polymerase Eukaryotes, prokaryotes, other virus
families

vlf-1 Integrase/resolvase Yeast, prokaryotes

pnk/pnl Polynucleotide kinase and ligase Phage, yeast, plants

pk2 Protein kinase, elF2-alpha-like Eukaryotes

chiA Chitinase Eukaryotes, prokaryotes

cath Cathepsins Eukaryotes

alk-exo Alkaline exonuclease Eukaryotes, prokaryotes

gp67 Viral glycoprotein Thogoto virus

p34.8 Spindlin Entomopoxviruses

dUTPase dUTPase Eukaryotes, prokaryotes, other virus
families

RR 1,2 Ribonucleotide reductase subunits Eukaryotes, prokaryotes, other virus

families




126 ROBERT D. POSSEE aAND GEORGE F. ROHRMANN

transposable elements (reviewed by Friesen, 1993), including retro-
transposons (Miller and Miller, 1982), and this implies that genomic and
cDNAs of arthropods might be acquired via transposition. For genes such as
egt, the ecdysteroid UDP-glucosyl transferase gene, an insect origin seems
likely, since ecdysteroid glucoside conjugates are found in some insects. For
accurate phylogenetic analyses, multiple sequence alignments of homo-
logues from a wide variety of organisms are necessary to construct an evolu-
tionarily valid phylogenetic tree, so that only a few genes have been studied
in this manner. In the case of sod, a homologue of super oxide dismutase,
computer-assisted phylogenetic analysis suggests that the AcMNPV homo-
logue is most closely related to insect sods. But one of these studies, involv-
ing the viral chitinase gene, has proposed a surprising origin for this gene
that cannot be easily explained by known transposition mechanisms or
simple recombination models.

The AcMNPYV chitinase gene, chiA, has striking similarity to a bacte-
rial chitinase homologue (Ayres et al., 1994). The AcMNPYV chiA encodes a
functional enzyme with both endo- and exochitinase activities (Hawtin et
al., 1995) that appears to be involved in liquefaction of virus-infected larvae,
suggesting that the chitinase plays a role in the efficient release of the
polyhedra from the larvae (Hawtin et al., submitted; see Chapter 3, this
volume). A number of chitinase sequences from a variety of organisms were
compared with the AcCMNPV chiA sequence using a Monte Carlo method
(Hawtin et al., 1995) and by multiple sequence alignments to establish
phyologenetic trees. Two bacterial enzymes, Serratia marcescens chitinase
(Jones et al., 1986) (61 % identity; 56 SD above mean) and marine bacterium
Alteromonas sp strain O-7 chiA (Tsujibo et al., 1993) (48% identity; 50 SD
above mean) showed the highest similarity.

Nucleotide composition provides an additional suggestion of common
ancestry of the AcCMNPV and S. marcescens chiA. The AcMNPV chiA has a
G+C content (48%) higher than that expected from the rest of the virus
genome (41%) (Hawtin et al., 1995). The G+C content two genes flanking
chiA in the AcCMNPV genome were analyzed: the cathepsin gene (cath) has a
G+C content of 40%, while lef-7, upstream of chiA, has a G+C content of
26%. The S. marcescens chiA has a G+C content of 59%. Therefore, the
higher overall G+C composition of the AcMNPV chiA resembles the S.
marcescens chiA G+C content.

Although it was originally proposed that a simple mutation of the bac-
terial gene upstream of the initiating methionine codon might be sufficient
to provide a TAAG motif for late transcription from the AcMNPV genome,
an alternate explanation seems more plausible at this time. Although resi-
dues important for the enzymatic activity as a chitinase are conserved, the
AcMNPV and S. marcescens protein sequences diverge at their N-termini
where the secretory signal sequence of the bacterial enzyme is replaced by a
eukaryotic signal peptide (Ayres et al., 1994). Furthermore, the carboxyl end
of the AcCMNPYV chitinase has a KDEL motif that is characteristic of proteins
that are retained in the endoplasmic reticulum of cells in widely divergent
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eukaryotic species (e.g., yeast, plants, and mammals) (Pelham, 1990). In-
deed, the AcCMNPV chitinase appears to localize within the endoplasmic
reticulum (R. D. Possee, unpublished data). The KDEL motif is conserved in
the predicted sequence of the OpMNPV chitinase and as RDEL in BmNPV,
an acceptable conservative change in this motif (Pehlam, 1990), but is ab-
sent from the S. marcescens chitinase sequence. A comparison of the
OpMNPV and AcMNPV chitinases, however, shows that the region imme-
diately upstream of the KDEL motif is not well conserved. These data sug-
gest that the ancestral chitinase sequences may have replaced most of the
coding region of an original baculovirus late gene encoding a protein with a
signal peptide and a KDEL endoplasmic reticulum localization motif.

VLEF-1, the product of the very late factor-one gene (vIf-1), is also related
to a family of genes—integrases and resolvases—that have been found in
microorganisms but not invertebrates to date (McLachlin and Miller, 1994).
However, in this case, members of this family are also found in lower eu-
karyotes such as yeast, suggesting that other members of this family might
eventually be found in higher eukaryotes.

The origin of the AcMNPV pnk/pnl eventually may be traced to a
prokaryotic source. This gene has the potential to encode multiple function-
al domains. It is very similar to two genes of T4 bacteriophage—63 and
pseT—which encode RNA ligase (Silber et al, 19792; Snopek et al., 1977)
and polynucleotide kinase (Midgley and Murray, 1985) activities, respec-
tively. The amino terminal portion of pnk/pnl is related to the T4 RNA
ligase (31% identity, 72% similarity), while the carboxyl-terminal half ap-
pears to be related to the T4 polynucleotide kinase (26% identity, 66%
similarity).

The T4 RNA ligase and polynucleotide kinase are not essential for T4
replication in common E. coli hosts, but are indispensible in a clinical
isolate CT196 (Depew and Cozzarelli, 1974; Runnels et al., 1982; Sirotkin
et al., 1978). The CT196 isolate has an additional gene, ppr, which encodes
two physically associated restriction activities (Amitsur et al., 1987, 1992;
Morad et al., 1993). These comprise the Ecopprl (Tyndal et al., 1994) and the
anticodon nuclease activity (ACNase) (Abdul-Jabbar and Synder, 1984),
which is inhibited in normal conditions. After bacteriophage infection, the
product of the T4 gene Stp inactivates the Ecoprrl activity, but activates the
ACNase (Kaufmann et al., 1985; Penner et al., 1995). The T4 polynucleotide
kinase and ligase are thus involved in counteracting the reaction of the host
in blocking the infection.

The relatively low sequence identity shared by baculovirus PNK/PNL
and the bacterial gene products argues against a recent acquisition of these
sequences. The higher similarity values, however, suggest that the baculo-
virus gene product may retain RNA ligase/kinase activity. The absence of
this gene in BmNPV and OpMNPV suggests that it may not be required for
replication of all baculoviruses. Further, it may be deleted from the AcMNPV
genome without apparent effect on virus propagation in cell culture and is
also absent in some natural isolates of AcMNPV (Durantel et al., submitted).
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Single proteins with both RNA ligase and polynucleotide kinase activ-
ities have also been described in wheat (Pick and Hurwitz, 1986; Pick et al.,
1986) and yeast (Xu et al, 1990a,b). In yeast, the bifunctional protein is
involved in the processing of tRNAs; mutants with these functions im-
paired are nonviable (Phizicky et al, 1992). These studies suggest that
chimeric RNA ligase/kinase proteins may have a role in higher eukaryotes,
and eukaryotic homologues more closely related to PNK/PNL than the T4
phage genes may exist.

The suggestion that baculoviruses may have acquired a bacterial gene
during their evolution poses many questions regarding how, where, and
when such an event may have occurred. The presence of intracellular bacte-
rial symbionts in many insect species could provide a source for such genes.
It may be relevant that at least one other eukaryotic virus has been found to
possess a gene that is most closely related to a T4 phage homologue, as
determined by multiple sequence alignment and phylogenetic tree con-
struction (Pellock et al., 1996). This is the DNA polymerase gene of the
African swine fever virus, a virus that replicates in both mammals and ticks.
The symbiotic relationship that some invertebrates have with bacteria sug-
gests a possible environment for gene exchange, although the existence of a
virus that can replicate in both prokaryotes and eukaryotes would simplify
the construction of models for such gene exchange.

Baculoviruses appear to have acquired or shared at least two genes with
viruses of other families. The GP64 envelope fusion protein of ACMNPYV is
related to a glycoprotein of Thogoto virus, a tick-borne orthomyxolike virus
(Morse et al., 1992), while GP37 (derived from ORF 64, also known as p34.8)
is homologous to spindlin of entomopoxviruses (Yuen et al, 1990). The
extent of similarity of these genes suggests that gene exchange may have
occurred between viral families. The possibility that the spindlin gene may
have been acquired by baculoviruses from entomopoxviruses was supported
by the observation that the gp37 gene of AcCMNPV has a different codon bias
than other AcMNPV genes analyzed (Wu and Miller, 1989) and that this
codon bias is similar to entomopoxvirus codon bias (Yuen et al., 1990).
However, baculoviruses differ dramatically in their G+C content as well as
their codon bias (see Section VI). Thus, arguments of evolution based on
codon biases or G+C content are weakened by the likely possibility that
baculoviruses exchange genes among themselves. Indeed, the comparison of
AcMNPV and OpMNPV genomes described above imply that baculoviruses
might collectively be a rich source of genes, possibly acquired over long
evolutionary history from many different organisms.

VI. CODON USAGE

The G+C contents of the genomes of OpMNPV and AcMNPV differ
markedly (55 vs. 41%, respectively). The higher G+C content of the
OpMNPV genome is reflected both in the codon usage as well as the amino
acid frequency. The most frequently used codons in the predicted OpMNPV
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ORFs all end in G or C and include GAC (Asp), GCG (Ala), AAC (Asn), GTG
(Val), CGC (Arg), and CTG (Leu). Overall, the percent of codons that have a
G or C in the third position is above 75% for 17 of the 25 codon sets. For
OpMNPV OREFs, codon sets encoding amino acids that have more than one
possible codon showed on average 25% more codons with G or C in the
third position than AcMNPV. Furthermore, the first and second positions of
the codon, which specify the amino acid for most codons, also varied be-
tween AcCMNPV and OpMNPV. In OpMNPYV, nearly an equal percent of
codons had exclusively Gs and Cs in the first and second positions of the
codon compared to those with only As and Ts (24% G and C vs. 29% A and
T). In contrast, the AcMNPV-predicted codons had a much stronger bias for
As and Ts in both these positions compared to Gs and Cs (40% A and T vs.
16% G and C). This is reflected in a higher number of A/T-rich codons
specifying Asn, Ile, and Lys residues in AcMNPV-predicted ORFs compared
to those of OpMNPV, which have a greater number of G/C-rich codons
specifying Ala, Gly, and Arg residues.

A similar relationship has been found between two alphaherpesviruses:
herpes simplex virus I (HSVI) (68% G+C) and varicella zoster virus (VZV)
(46% G+C) (Schachtel et al., 1991). Both the percent G+C at codon position
3 and amino acid usage were found to reflect the G+C content of these
viruses. It was suggested that various selective events following speciation
could evoke major changes in HSVI and VZV processes that are reflected in
codon and amino acid divergence. These events could include residence in a
new host species or cell type, replication at different times or in different
cell types, or novel interactions with host factors.

In addition, major differences in G+C content could reduce the compe-
tition for nucleotides by closely related viruses that coinfect the same host
or replicate simultaneously in the same cell (Schachtel et al, 1991).
OpMNPV was originally isolated as a mixture with OpSNPYV, a virus with
44% G+C (Rohrmann et al., 1978). Recent evidence suggests that T4 phage
ribonucleotide reductase has a bias in its ability to reduce tNDPs, which
reflects the phage G+C content (S. Hendricks, personal communication).
Orgyia pseudotsugata, the host insect, has a G+C content of 36%
(Rohrmann et al,, 1978). Because of its low G+C content, the host cell
ribonucleotide reductase could have a bias toward dATP and dUTP produc-
tion. Therefore, it may be to the advantage of viruses with higher G+C
contents to alter the composition of ANTPs by providing their own dNTP
synthetic enzymes.

VII. HOMOLOGOUS REGIONS

A novel feature of many baculovirus genomes is the presence of homol-
ogous regions (hrs) that are located throughout the genome (Ayres et al.,
1994; Cochran and Faulkner, 1983; Garcia-Maruniak et al, 1996;
Theilmann and Stewart, 1992; Xie et al, 1995). Hrs are composed of re-
peated sequences encompassing both direct repeats and imperfect pal-
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indromic sequences and have closely related counterparts elsewhere in the
genome. The AcMNPV hrs are the most well-characterized and are located
in nine regions of the genome (Fig. 1c). Each hr contains one to nine 30-bp
imperfect palindromes within a directly repeated sequence (Ayres et al,
1994; J. Kuzio, personal communication). In both AcMNPV and OpMNPYV,
hrs can act as enhancers of RNA polymerase II-mediated transcription (Gua-
rino and Summers, 1986; Theilmann and Stewart, 1992) and also behave as
origins of DNA replication in transient replication assays (Ahrens et al,
1995; Kool et al., 1995; Pearson et al., 1992).

Five hrs (hr 1-5) were identified in the OpMNPV genome that varied
from 2 to 10 repeats (Fig. 1b). Some of the regions show very high sequence
similarity. For example, hr4 is 93% identical to hrl over a 500-bp region.
OpMNPV hrs contain 30-bp imperfect palindromes embedded in a 66-bp
repeat. The consensus palindrome sequence (Fig. 2a) shows 24 out of 30
palindrome matches. This compares with 26 out of 30 matches for the
ACMNPV palindrome consensus (Fig. 2b). The sequences located in the
direct repeat that form the palindrome flanking sequences are similar in size
(21 nucleotides upstream and 15 nucleotides downstream) to the corre-
sponding AcMNPV sequences (22 nucleotides upstream and 20 nucleotides
downstream) (Kool et al., 1995). However, the lengths of the sequences
separating the direct repeats are highly variable in AcMNPV (0-131 nucle-
otide) but are not present in the OpMNPV sequences. The OpMNPV pal-
indrome consensus sequence was 57 % identical to the AcMNPV consensus
sequence (Fig. 2c). Sequences related to AcMNPV and OpMNPV hrs have
also been reported from Choristoneura fumiferana MNPV (CfMNPV) (Xie
et al, 1995) and Anticarsia gemmatalis MNPV (AgMNPV) (Garcia-
Maruniak et al., 1996). The LIMNPV genome has homologous regions that
are highly repetitive and contain small palindromic sequences, but do not
appear to be closely related to the hrs discussed above (Pearson and
Rohrmann, 1995).

In addition to the conservation of hr sequences in a number of viruses,
the genomic context of some of the hrs appears to be conserved. The most
clear example of conservation of context is hr3, which is located between
ORFs 83 and 84 in AcMNPYV (Fig. 1b,c). Homologues of AcMNPV ORF 83
also flank the left of hr3 in OpMNPV (OpMNPV ORF86). The ORFs on the
right margin differ between the viruses, but the differences are due to the
deletion of ORFs. AcCMNPV hr3 is flanked on the right by ORF84. However,
OpMNPV lacks an ORF84 homologue, and therefore hr3 is flanked by
OpMNPV ORF87 (a homologue of AcMNPV ORF85). The conservation of
location of other hrs is not as clear as hr3, but the position of several other
hrs is close but not identical between the two viruses. Major rearrange-
ments, insertions, and deletions relative to ACMNPV were detected near all
the OpPMNPV hrs. Because of their sequence similarity, it is likely that
OpMNPV and AcMNPV hrs descended from a common viral ancestor that
had a set of hrs present at several locations in its genome. The close related-
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C

*hkhkkkkkkxk *x khk*k *hkhk k kkkkkkkk 24/30

b

GCTTTACTATTAGAATTCTACTTGTAACGC ACMNPV
G AA

*hkhkhkhkhkk * KhAkkkAkkkkkkx * *hAkkkkk*k 26/30

(<]
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FIGURE 2. Comparison of OpMNPV and AcMNPV hr palindrome consensus sequences. (a)
The OpMNPV hr palindrome consensus sequence. The asterisks below the sequence are nucle-
otides that contribute to the palindrome. (b) The AcMNPV hr consensus sequence. (c) A
comparison of the OpMNPV and AcMNPV hr consensus sequences. The colons indicate identi-
ty; the dash indicates a gap inserted to facilitate the alignment. The consensus sequence is
based on a nucleotide being present with a frequency of 70% or more at a given position. If no
single nucleotide had a 70% frequency, additional nucleotides are indicated that together are
present at 70% or more at these positions.

ness of the hr sequence within each viral genome suggests that the se-
quences undergo coevolution, possibly caused by their interaction with a
viral protein (e.g., IE-1) that is also involved in hr binding (Choi and Gua-
rino, 1995; Leisy et al., 1995; Rodems and Friesen, 1995). In addition, the hr-
IE-1 interaction may be modulated by the interaction with host factors. The
relative conservation of hr positions may be necessitated by their role as
transcriptional enhancers or replication origins.

VIII. CONCLUDING REMARKS

The entire sequences of three baculovirus genomes have revealed a
number of major differences in this diverse viral family. One of the most
fascinating differences is that individual baculoviruses possess different sets
of genes; only some genes are found in common. Thus, OpMNPYV, for exam-
ple, has a set of three genes involved in INTP metabolism that are lacking
in AcCMNPV and BmNPV. The nature of these three genes suggests that
OpMNPV may employ a different strategy for provisioning DNA precursors
than the other two viruses. ACMNPYV, in contrast, possesses hcf-1, a host
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cell-specific factor that allows AcMNPV to replicate more efficiently in
certain insect species; OpMNPV and BmNPV, with different host ranges,
lack hcf-1. The presence of different genes in different baculovirus genomes
suggests that baculovirus genomes are collectively a rich reservoir of genes
that, if shared among different genomes through recombination, could pro-
vide diversity and plasticity to baculovirus speciation.

Another feature of baculovirus genomes that has been revealed by the
sequences of complete genomes is the presence of groups of related genes
within the same genome. These include a conotoxinlike gene family, a
family of inhibitor of apoptosis (iap) genes, and a phosophotyrosine phos-
phatase gene family. It is likely that these genes were acquired from host
species, duplicated in the baculovirus genome, and then evolved to have
different functions. A major challenge for future investigation is to under-
stand the function of these and other baculovirus genes. Those genes that
appear to be nonessential under laboratory conditions are likely to have a
function in the context of field conditions—in populations of different vi-
ruses and in populations of different insects; such functional analyses are
likely to present new challenges to molecular biologists as well as ecolo-
gists.

Homologous regions (hrs) appear to be a novel feature of baculovirus
genomes. The relatedness in both location and nucleotide sequence of the
hrs) suggests that they may perform vital functions in the baculovirus life
cycle. Although they have been implicated as both transcriptional en-
hancers and viral replication origins, their origin function appears to be
highly specific and they are not replicated by the heterologous virus (Ahrens
et al., 1995; Pearson et al., 1993). This suggests that hrs may have a high
degree of specificity in their interactions with viral replication factors. The
apparent conservation of the genome context of hr sequences could also
suggest that either genome spacing or a relationship with specific ORFs is
important for their function. Although the complete sequences of three
baculovirus genomes has contributed to our understanding of baculovirus
diversity, other baculoviruses have much larger genomes. Sequencing addi-
tional baculovirus genomes may enable us to answer questions about
baculovirus evolution and their ability to exploit particular hosts.
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CHAPTER 6

Regulation of Baculovirus
Early Gene Expression

PauL D. FRIESEN

I. INTRODUCTION

Baculovirus multiplication culminates in high-level production of two tem-
porally and morphologically distinct forms of infectious progeny (budded
virus and occluded virus) in a process unique among animal viruses. Regula-
tion of the 100 or more open reading frames required to accomplish produc-
tive infection is highly complex and involves sequential and coordinated
expression of early, late, and very late genes. In the cascade of viral regula-
tory events, successive stages of virus replication are dependent on proper
expression of genes within the preceding stage. Thus, critical to baculovirus
replicative success is the appropriate expression and regulation of early
genes. The products of early viral genes function to both accelerate replica-
tive events and to prepare the host cell for virus multiplication, which
represents an enormous tax on cellular biosynthetic capacity. Specific early
genes are also essential for virus-mediated regulation of the host, including
the control of larval molting and evasion of host antiviral responses such as
apoptosis (see Chapters 10 and 11, this volume). Thus, early baculovirus
genes collectively contribute to host range determination.

Current evidence indicates that the timing and levels of early (and late)
baculovirus gene expression is regulated at the level of transcription. Due to
the complexity of regulation, the molecular mechanisms by which these
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large DNA viruses execute their transcriptional program and discriminate
between early and late genes are of considerable interest. Such mechanisms
include a novel switch from early dependence on host RNA polymerase II to
that of a new virus-induced RNA polymerase for late transcription (see
Chapter 8, this volume). Key to the understanding of baculovirus early gene
regulation has been the identification of cis-acting DNA elements within
the viral genome and the trans-acting protein factors capable of potentiating
viral transcription through interaction with these DNA elements. Consider-
able progress has been made toward defining the cis-acting regulatory ele-
ments involved in early viral gene expression. Moreover, host factors and
baculovirus-encoded transregulators (IEO, IE1, IE2, and PE38) involved in
early transcription have been identified and characterized. This chapter re-
views the structural organization of early viral promoters and transcription-
al enhancers, the function of early viral transregulators, and the molecular
mechanisms that contribute to proper early baculovirus gene expression.

II. BACULOVIRUS EARLY GENES: ORGANIZATION
AND TRANSCRIPTION PATTERNS

Baculovirus genes expressed early during infection are transcribed from
both DNA strands and distributed throughout the circular DNA genome. In
the case of Autographa californica nuclear polyhedrosis virus (AcMNPV),
Orgyia pseudotsugata NPV (OpMNPV), and Bombyx mori NPV (BmNPV),
RNA transcripts of many early genes have been mapped in detail, thereby
providing useful information with respect to baculovirus gene structure and
organization. In general, there is no apparent physical association or group-
ing of genes according to temporal expression. Likewise, transcriptional
enhancer elements involved in early gene regulation are dispersed through-
out the viral genome, including the homologous regions (hrs) of AcCMNPV
(Fig. 1A). Early gene transcription involves the synthesis of RNAs that are
capped at their 5’ end (Jun-Chuan and Weaver, 1982) and polyadenylated at
their 3’ end in response to consensus poly(A) signals at the 3’ end of most
genes. Although many early baculovirus genes are transcribed into a single
RNA species, early transcription is often characterized by the synthesis of
multiple overlapping RNAs that form individual groups or nests with a
common 3’ terminus but different 5’ ends (Friesen and Miller, 1985; Liibbert
and Doerfler, 1984a). The functional significance of this pattern is still un-
clear. The AcMNPV p35 and ie-1 loci (Fig. 1B,C) represent two well-studied
early transcriptional units that synthesize overlapping and nonoverlapping
RNAs; both are described in Section III.

Transcription of many early genes initiates immediately after virus in-
oculation, since specific RNA transcripts are detectable within the first 15
to 60 min (Krappa and Knebel-Morsdorf, 1991; Theilmann and Stewart,
1991; Huh and Weaver, 1990a; Nissen and Friesen, 1989; Chisholm and
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FIGURE 1. Genomic organization of AcMNPV hr elements. (A} AcMNPV genome map. Ho-
mologous regions (hrs) are indicated on the linear map of the ACMNPV genome (Ayres et al.,
1994). The number of repetitive palindromic 28-mers present in each hr element is indicated in
parentheses below the viral genome. (B) Transcriptional organization of the p35 locus. The p35
gene (shaded arrow) is flanked on the left by the p94 gene and on the right by the hr5 enhancer
(black box) and the p26 gene. The early p35 o; mRNA and the early p94 a; and o, mRNAs
initiate from within the p94-p35 intergenic region. The hr5 enhancer (black box) contains six
28-mer palindromes (open arrows). (C) Transcriptional organization of the ie-1 locus. The ie-1
gene is flanked on the left by the ie-0 intron that contains late (L) genes ODV-E18 and ODV-
EC27 and on the right by late gene ODV-E56. The immediate early genes ie-2 and pe38 are
adjacent to the hrl enhancer. Abbreviations: N, Nrul; R, EcoRl; m.u., map units.

Henner, 1988; Guarino and Summers, 1987). Thus, it is likely that transcrip-
tion begins as soon as the viral DNA is uncoated in the nucleus. During this
early time, the viral DNA genome may adopt a nucleosomelike structure
(Wilson and Miller, 1986). Transcription of strictly defined early genes usu-
ally peaks between 6 and 12 hr after infection and declines thereafter when
late viral transcription is vigorous. The mechanism(s) by which early viral
transcription is shut down, like that of host RNA transcription (Ooi and
Miller, 1988), is unknown. The finding that the reduction in steady-state
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levels of some early RNAs can be blocked by metabolic inhibitors, including
cycloheximide (inhibitor of protein synthesis) and aphidicolin (inhibitor of
viral DNA synthesis), suggests that the turnoff is directly or indirectly due
to late gene expression or viral DNA replication (Pullen and Friesen, 1995Db;
Huh and Weaver, 1990a; Friesen and Miller, 1987; Rice and Miller, 1986). In
the case of some early genes, transcription continues late into infection.
Late transcription of these early/late genes, including p35, gp64 efp, 39K
(pp31), and ie-1, is mediated by late promoter elements that overlap the
early promoter (see Section III.D and Chapter 8, this volume).

By definition, a baculovirus early gene is transcribed prior to the initia-
tion of virus DNA replication, which begins 6 to 9 hr after infection (see
Chapter 7, this volume). Thus, early transcription is independent of viral
DNA replication and late gene expression. Several lines of evidence indicate
that early baculovirus promoters are responsive to the host RNA poly-
merase II and associated host transcription factors. First, naked viral DNA
(devoid of virion components) is infectious, indicating that the host tran-
scription machinery is sufficient to initiate productive infection. Second,
certain early viral genes are readily and accurately transcribed by in vitro
reactions composed of nuclear extracts from uninfected host cells (Pullen
and Friesen, 1995a; Glocker et al., 1992; Blissard et al., 1992; Hoopes and
Rohrmann, 1991), indicating that early promoters respond appropriately to
the host RNA polymerase. Third, early viral transcription but not late viral
transcription is blocked by the RNA polymerase II inhibitor a-amanitin
(Huh and Weaver, 1990b; Grula et al., 1981). Last, early promoters have a
structural organization that is similar to that of RNA polymerase II-respon-
sive genes but strikingly different from that of late viral genes (Pullen and
Friesen, 1995a; Lu and Carstens, 1993; Guarino and Smith, 1992; Blissard
and Rohrmann, 1991; Dickson and Friesen, 1991; Theilmann and Stewart,
1991; Nissen and Friesen, 1989). This distinction between early and late
promoters is sufficiently clear that it is often possible to classify the tempo-
ral specificity of an unknown baculovirus gene solely on the basis of the
nucleotide sequence of its promoter.

III. EARLY BACULOVIRUS PROMOTERS

Current evidence suggests that the promoters for early baculovirus
genes are organized to expedite immediate and regulated levels of transcrip-
tion by mechanisms that exploit host RNA polymerase II and associated
host transcription factors. The structure of early promoters therefore mim-
ics that of promoters normally responsive to RNA polymerase II. Moreover,
to enhance RNA polymerase II-mediated transcription, the virus encodes
early factors that stimulate transcription in a promoter-specific manner. To
accomplish regulated expression, early viral promoters are composed of core
transcription elements that cooperate with auxiliary cis-acting elements
located either nearby or within distal transcriptional enhancers (Fig. 1A).
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These regulatory elements are responsive to sequence-specific transcription
factors.

A. Core Promoter Elements

The core (basal) promoter region of an RNA polymerase II-responsive
baculovirus promoter includes sequences surrounding the +1 RNA start
site (Fig. 2A). The core functions to provide a basal level of accurate tran-
scriptional initiation that is further augmented or activated by distal cis-
acting elements. Basal promoters can be categorized as TATA-containing
(TATA), initiator-containing (INR+*), or composite (TATA+, INR+) promo-
ters (reviewed by Novina and Roy, 1996). Although some baculovirus early
promoters remain unclassified, most are represented by these three classes.

1. TATA Elements

The TATA element consists of an A/T-rich motif (consensus TATAA)
located 25 to 31 nucleotides upstream from the +1 RNA start site of many
RNA polymerase II-responsive promoters. As indicated by the dramatic re-
duction in promoter activity upon its deletion or replacement, the TATA
motif is the principal regulatory element of many baculovirus early promo-
ters (Pullen and Friesen, 1995a; Blissard et al., 1992; Guarino and Smith,
1992; Blissard and Rohrmann, 1991; Dickson and Friesen, 1991). It regulates
the rate of transcription initiation and defines the start site for early viral
transcription, especially in the absence of an INR motif (Blissard et al., 1992;
Guarino and Smith, 1992; Dickson and Friesen, 1991).

In eukaryotes, the TATA element is the recognition sequence and bind-
ing site for TATA binding protein (TBP), a factor that mediates assembly of
the TFIID transcriptional complex in the rate-limiting step during transcrip-
tional initiation by RNA polymerase II (reviewed by Phillips, 1993). The
single copy TBP gene from the permissive lepidopteran host Spodoptera
frugiperda (SfTBP) has been cloned and sequenced (Rasmussen and
Rohrmann, 1994). Although its functionality remains to be demonstrated,
the SfTBP protein (307 amino acid residues) has striking sequence similarity
to TBP of Drosophila melanogaster, especially within the C-terminal 180
residues (93 % identity), but differs in its N-terminal domain. Since TBP is a
common target of animal virus transactivators during stimulation of viral
gene expression, it is expected that baculovirus-mediated enhancement of
early promoter activity directly or indirectly involves the host lepidopteran
TBP. However, viral factors that interact with the host TBP remain to be
identified.

2. Initiator (INR) Motifs

Current evidence suggests that numerous baculovirus early promoters
contain a transcriptional INR composed of the heptanucleotide sequence
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FIGURE 2. Structural organization of early baculovirus promoters. (A) Cis-acting early promo-
ter elements. Typical core promoter elements include the TATA element (TATA), CAGT initia-
tor (INR), and DAR motif (CACNG), all located upstream from the open reading frame (ORF) of
each gene. Transcription initiates from the CA dinucleotide (position +1) within the CAGT
INR, if present. Distal elements within the UAR are composed of specific regulatory sites,
including GATA, CGT, and GC motifs. The 28-mer-containing hr enhancers of AcMNPV
function in a position- and orientation-independent manner. The organization and nucleotide
sequence of core promoter elements and distal motifs are included for the (B) AcMNPV ie-1, (C)
AcMNPV p35, and (D) OpMNPV gp64 efp genes. The early RNA start site (position +1) for each
promoter is indicated by an arrow.

ATCA(G/T)T(C/T). These motifs closely match INR motifs of arthropods
and to a lesser extent the INR motifs of vertebrates (Hultmark et al., 1986;
Cherbas and Cherbas, 1993). By definition, an INR overlaps the RNA start
site, contributes to basal promoter activity, and determines the position of
the RNA start site in the absence of a TATA element (reviewed by Novina
and Roy, 1996). Most conserved among the INR-like motifs located at or
near the RNA start site of early baculovirus genes is the tetranucleotide
CAGT (Fig. 2A). The CAGT motif functions as an INR within the viral
genome as first demonstrated by inactivating the TATA element of the early
transregulator gene ie-1 (Pullen and Friesen, 1995b). In plasmid transfection
assays, the CAGT motif also contributes to the overall strength of the
TATA-containing promoters of early genes ie-2, gp64 efp, and 39K (pp31)
(Kogan et al., 1995; Blissard et al., 1992; Guarino and Smith, 1992; Carson et
al, 1991a). This finding is consistent with CAGT-mediated INR activity. As
demonstrated by site-directed mutagenesis, the CA dinulceotide is most
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FIGURE 2. (Continued).

influential in maintaining regulated levels of CAGT transcriptional initia-
tion, but a consensus CAGT is not required (Kogan et al., 1995; Pullen and
Friesen, 1995b).

In vertebrates, the INR binds specific recognition factors that, analo-
gous to TBP, expedite the assembly of the preinitiation TFIID transcription
complex at the promoter (reviewed by Burley and Roeder, 1996; Zawel and
Reinberg, 1995). Many of the baculovirus CAGT-containing early promoters
also possess an upstream TATA element, and thus represent composite
(TATA+, INR+) promoters. Thus, both core promoter elements may cooper-
ate to either stabilize the host transcription machinery or enhance recruit-
ment of required factors. It is expected that such interactions accelerate
transcription initiation and insure adequate expression of key early genes at
the time when DNA template concentrations are at their lowest during
infection. This viral strategy that recruits universal host transcription fac-
tors may also facilitate early gene expression in a wider variety of tissue
types and thereby contribute to viral replication success.

3. Downstream Activating Region Elements

Mutational analyses of the composite ie-1 and gpé4 efp promoters have
identified a transcriptional element within the 5’ untranslated region, re-
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ferred to as a downstream activation region (DAR) motif (Kogan et al., 1995;
Pullen and Friesen, 1995a). This core regulatory element (Fig. 2A) contrib-
utes to basal promoter activity, but has little if any effect on RNA transcript
stability. The ie-1 and gp64 efp DARs contain the sequence (A/T)CACNG,
which upon deletion eliminates DAR-mediated stimulation of basal promo-
ter activity (Kogan et al., 1995; Pullen and Friesen, 1995a). Due to the rela-
tive proximity of the DAR to the CAGT INR motif and its influence on
TATA-independent transcription, it is likely that the DAR functions to
stabilize protein interactions, including TFIID, at the INR. Host- or viral-
encoded factors that interact with DAR sequences remain to be identified.
Nonetheless, the presence of similar sequences within the noncoding leader
region of other early baculovirus genes suggests that the DAR is a general
regulatory motif.

B. Distal Upstream Activating Region Elements

Early baculovirus promoters often possess an upstream activation re-
gion (UAR) consisting of one or more cis-acting DNA elements that potenti-
ate transcription from the basal promoter (Fig. 2A). Representing a distal
regulatory motif that can extend 100 or more nucleotides upstream from the
TATA element, the UAR affects the level of transcription but not the posi-
tion of the RNA start site. Thus, the organization of UAR-containing pro-
moters resembles that of RNA polymerase II promoters of the host. The
UAR is functionally separable from the basal promoter as demonstrated by
direct substitution of UARs from different promoters (Pullen and Friesen,
1995a) or by UAR deletions (Lu and Carstens, 1993; Krappa et al, 1992;
Theilmann and Stewart, 1992a; Theilmann and Stewart, 1991; Blissard and
Rohrmann, 1991; Dickson and Friesen, 1991). Likewise, a UAR can stimu-
late INR-dependent transcription as demonstrated for the p35 and gpé4
early promoters (Kogan et al., 1995; Pullen and Friesen, 1995b). Consistent
with the separability of UAR and basal promoter, the p35 UAR functionally
can be replaced by a baculovirus transcription enhancer in the context of the
viral genome (Rodems and Friesen, 1993). Different UARs can exert oppos-
ing effects on basal promoter activation as demonstrated for the p35 and ie-1
promoters (Pullen and Friesen, 1995a) (Section III.D). Moreover, UAR-medi-
ated promoter stimulation can differ dramatically, depending on whether
assayed in uninfected or infected cells by using plasmid transfections or by
insertion into the genome of recombinant viruses. The activity of certain
UARs can also vary in a host-specific manner (Blissard and Rohrmann,
1991; Theilmann and Stewart, 1991), consistent with the role of host tran-
scription factors in potentiating basal promoter activity through the UAR.
Although direct evidence is lacking, it is expected that virus-encoded tran-
scriptional transregulators also affect UAR activity by direct DNA recogni-
tion or indirectly through stabilization of host factor interaction.
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The analysis of multiple early promoters suggests that individual UAR
regulatory motifs are recognized by DNA sequence-specific transcription
factors. These factors likely function to stimulate the rate of transcriptional
initiation by the RNA polymerase II-complex assembled at the basal promo-
ter. Several distinct baculovirus UAR motifs have been identified. The CGT
motif with consensus sequence A(A/T)CGT(G/T) is present within the
UAR of the p35, p94, 39K (pp31), p143, gp64, and ets genes, among others. In
the context of the Ac MNPV genome, the CGT motif alone provides approx-
imately a fivefold stimulation of p35 basal promoter activity (Dickson and
Friesen, 1991). As assayed by plasmid transfections, the CGT motif of the
39K UAR provides a similar stimulation (Guarino and Smith, 1992). The
CGT motif bears a striking resemblance to the CACGTG motif first identi-
fied in the OpMNPV gp64 UAR. The CACGTG motif binds an unidentified
host factor in as sequence-specific manner as shown by electrophoretic mo-
bility shift assays and is a core motif recognized by a family of eukaryotic
transcription factors classified as helix-loop-helix/leucine zipper proteins
(Kogan and Blissard, 1994). The GC motif, represented by a GC-rich se-
quence identical to the E2F binding site in adenovirus promoters, also con-
tributes to UAR activation of the p35 and 39K promoters (Guarino and
Smith, 1992; Dickson and Friesen, 1991). In the case of the p35 promoter, it
is likely that the proximal GC and CGT motifs cooperatively bind interact-
ing factors, since disruption of either motif or insertions that affect the
spacing between both motifs eliminate UAR activation of the basal promo-
ter (Rodems, 1995). Another UAR motif referred to as the GATA element
was identified in the early gp64 and pe38 promoters. This motif resembles
the GATA motif of vertebrates and binds a nuclear factor (designated
SfNF-1) in host insect cells (Kogan and Blissard, 1994; Krappa et al., 1992).
Although mutation of the GATA motif of the gp64 UAR disrupted factor
binding and reduced promoter activity, loss of the same motif within the
pe38 UAR had no effect. The regulatory role of the GATA motif within the
context of the viral genome is unknown. It is likely that additional, unre-
lated baculovirus UAR motifs remain to be identified.

C. Unconventional Promoter Motifs

Several important early baculovirus genes are expressed from promoters
that lack recognizable TATA or INR elements. Much less is known about
the cis-acting elements mediating transcription of such genes. In the case of
dnapol, which encodes a DNA polymerase activity required for transient
plasmid replication (reviewed by Kool et al., 1995), the early promoter lacks
both a TATA and CAGT motif. During AcMNPV infection, dnapol early
transcription is initiated from multiple sites, including the sequence
CGTGC (Ohresser et al., 1995; Tomalski et al., 1988) that is positioned at
the RNA start site of other genes, including p143 helicase and p47. Al-
though the dnapol promoter is inactive when transfected into uninfected
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cells, it is highly responsive to the IE1 transregulator (Ohresser et al., 1995).
This finding suggests that such unconventional promoters are more depen-
dent on virus-encoded transactivators during infection. Consistent with this
possibility, the TATA-containing promoter of p143 with a CGTGC motif at
its RNA start site is inactive in uninfected cells, but is highly responsive to
cis-linkage with the homologous region hr5 transcriptional enhancer and
viral transregulators IE1, IE2, and PE38 (Lu and Carstens, 1993).

E. Early Promoter Examples

Most of our knowledge of the organization and regulation of early
baculovirus genes has been provided by detailed studies of a limited number
of distinct promoters. Even fewer viral promoters have been studied in the
context of the viral genome during infection when appropriate host and viral
factors are present at physiologically relevant levels. Nonetheless, it is like-
ly that the organization of promoters examined to date are representative of
many of the early baculovirus promoters. Key features of the promoter for
the ie-1, p35, and gp64 efp genes are described.

1. ie-1 Promoter

The ie-1 gene encodes the principal early transregulator protein IEI,
which plays a critical role in accelerating baculovirus replication (Section
V.A). Its expression is regulated by a typical composite promoter (Fig. 2B)
containing TATA and INR elements, both of which are essential for normal
ie-1 expression (Pullen and Friesen, 1995a). Transcription of AcCMNPYV ie-1
initiates from the CA dinucleotide of the CAGT-containing INR within the
first 15 to 30 min after virus entry (Chisholm and Henner, 1988; Guarino
and Summers, 1987). RNAs initiated from this site accumulate late into
infection through the activity of an unconventional late promoter motif
(Pullen and Friesen, 1995b). The function of IE1 produced late in infection is
unknown.

As determined by plasmid transfection assays and in vitro transcription
reactions using nuclear extracts from uninfected cells, the ie-1 promoter and
associated upstream sequences are active in the absence of other virus-
encoded factors (Pullen and Friesen, 1995a; Kovacs et al., 1991a; Theilmann
and Stewart, 1991). This responsiveness in uninfected cells has been exploit-
ed for the development of plasmid vectors in which the ie-1 promoter di-
rects expression of foreign genes in stably transfected lepidopteran cells
(Section VI). The cis-acting regulatory motifs responsible for ie-1 promoter
activity in uninfected cells lie within the UAR. In the case of AcCMNPV ie-1,
sequences between -546 and -34 confer a 1000-fold stimulation of the basal
ie-1 promoter (Pullen and Friesen, 1995a); the UAR motifs involved have
not been mapped. The hr5 transcriptional enhancer (Section IV.A), but not
the p35 UAR, can functionally replace the ie-1 UAR in plasmid transfec-
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tions of uninfected cells. The UAR of the closely related OpMNPV ie-1 gene
also contributes to ie-1 promoter activity in a cell line-specific manner
(Theilmann and Stewart, 1991), suggesting that the ie-71 UAR contains regu-
latory motifs that are species specific. The ie-1 promoter is also stimulated
as much as tenfold by its own gene product (IE1), raising the possibility that
ie-1 is autoregulatory during infection (Pullen and Friesen, 1995a; Kovacs et
al., 1991; Theilmann and Stewart, 1991).

Surprisingly, the ie-1 UAR is dispensable for proper regulation of early
and late ie-1 expression in the context of the viral genome (Pullen and
Friesen, 1995a). The ie-1 core promoter, including TATA, INR (CAGT), and
DAR motifs (Fig. 2B), is sufficient for proper levels of accurately initiated
transcription during infection. Substitution of the ie-1 UAR with the highly
active p35 UAR stimulated ie-1 basal transcription approximately 11-fold,
and thus indicated that the ie-1 core promoter was responsive to a hetero-
logous UAR (Pullen and Friesen, 1995a). The lack of ie-1 UAR-mediated
stimulation during infection could be due to localized alterations in viral
chromatin or UAR interaction with negative regulators. The finding that
the ie-1 UAR, as well as other early baculovirus promoters, can serve as
origins of virus DNA replication in plasmid transfection assays raises the
interesting possibility that interaction of DNA replication factors may re-
press ie-1 UAR-mediated transcriptional stimulation (Wu and Carstens,
1996); however, it is unknown whether the UARs function as origins of viral
DNA replication during infection. These findings suggest that the ie-1 UAR
may be most active immediately after the viral genome is uncoated within
the nucleus in order to accelerate ie-1 expression at the time during infec-
tion when virus regulatory factors are limiting.

2. p35 Promoter

One of the most thoroughly studied combination early/late baculovirus
promoters is that for p35. The p35 gene product (P35) is a 35-kDa suppressor
of apoptosis that functions by inhibiting a virus-induced CED-3/ICE-like
protease (caspase) involved in premature apoptotic death of infected insect
cells (LaCount and Friesen, 1997; Bertin et al., 1996; Clem et al., 1991). As
such, p35 provides a dramatic selective advantage to AcCMNPV in apoptosis-
sensitive cells and contributes to host range determination (Clem and Mil-
ler, 1993; Lerch and Friesen, 1993). Since early p35 expression is involved in
efficient suppression of apoptosis (Hershberger et al., 1994), p35 provides an
example of an early gene that has a significant influence on viral replicative
success.

p35 is flanked by the early p94 gene and the hr5 transcriptional en-
hancer (Fig. 1B). It is transcribed within the first hour after virus inoculation
to produce the polyadenylated, messenger-active RNA «, (Friesen and Mil-
ler, 1985, 1987; Huh and Weaver, 1990a). Longer, overlapping RNAs of un-
known function are synthesized both early and late after infection. The p35
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and p94 promoters are located within the 210-base pair (bp) intergenic re-
gion from which the p35 a; and p94 a3 and o, RNAs initiate (Fig. 1B). This
promoter region is sufficient for proper regulated early and late transcription
of reporter genes when inserted at alternative locations within the Ac-
MNPV genome (Dickson and Friesen, 1991). Within the p35 promoter (Fig.
2C), the TATA element is the single-most important motif due to its contri-
bution to promoter strength and role in determining the RNA start site
(Dickson and Friesen, 1991). The p35 promoter lacks a CAGT motif. More-
over, there is no apparent requirement for an INR, as suggested by nucle-
otide insertions between the TATA element and the native RNA start site
that always directed transcription approximately 30 bp downstream from
the TATA motif without significant change in the rate of initiation.

The p35 UAR (extending from position —90 to —30) confers a signifi-
cant 10- to 20-fold stimulation of the basal promoter. The most influential
UAR regulatory elements include the GC and CGT motifs (Fig. 2C). Dele-
tion of either motif or insertions that alter the spacing between both motifs
eliminated stimulation (Rodems, 1995). These findings suggested that both
motifs are recognized by cooperative transcription factors; these host or
viral stimulatory factors remain to be identified. In transfection assays, the
p35 promoter is dramatically responsive to the ACMNPYV transregulator IE1.
Cotransfection with ie-1 causes more than a 1000-fold stimulation of p35
promoter activity (Rodems and Friesen, 1993; Nissen and Friesen, 1989).
Thus, it is likely that early in infection, IE1 contributes to p35 regulation.
Potential cis-acting IE]1 response elements have not been identified within
the p35 UAR.

Located immediately downstream from p35 (Fig. 1B), the transcription
enhancer hr5 (Section IV.A) also contributes to early p35 promoter activity.
When transfected into uninfected cells, the p35 promoter plus its UAR is
inactive. However, cis-linkage to hr5 stimulates promoter activity (Nissen
and Friesen, 1989), suggesting that hr5 enhancement can be mediated in part
by host cell factors alone. When cis-linked to hz5, IE1 further augments p35
promoter activity to levels approximately 20-fold higher than that in the
absence of hr5. Direct evidence that hr5 affects early p35 transcription dur-
ing infection was obtained by deleting the enhancer from the AcMNPV
genome (Rodems and Friesen, 1993). Steady-state levels of p35 transcription
were reduced approximately 50%. This modest reduction may be influenced
in part by the redundancy of hr elements within the genome.

The p35 promoter also contains a consensus late promoter motif
(TTAAG) at position —4 relative to the early +1 RNA start (Fig. 2C). Multi-
ple early baculovirus genes contain late promoter elements that overlap
early promoter sequences (Pullen and Friesen, 1995a; Guarino and Smith,
1992; Blissard and Rohrmann, 1991; Nissen and Friesen, 1989). Presumably,
such an arrangement prolongs expression of genes required both early and
late in infection. Indeed, the p35 late promoter motif is activated during
disappearance of the early p35 transcripts (Nissen and Friesen, 1989). The



EARLY GENE EXPRESSION 153

overlap between the early and late promoter motifs raises the interesting
possibility that viral late transcription factors contribute to the rapid de-
cline in the early transcription due to promoter occlusion.

3. gp64 efp Promoter

The gp64 gene encodes the major envelope glycoprotein of the budded
virion, an approximately 67-kDa fusion protein (EFP) required for cell-to-
cell transmission of budded virus (Monsma et al., 1996). Expression of gp64
is regulated by a combination of early and late promoters. The early compos-
ite (TATA+, INR*) promoter (Fig. 2D) has been well studied for OpMNPV by
plasmid transfections and in vitro transcription assays (Kogan et al., 1995;
Kogan and Blissard, 1994; Blissard and Rohrmann, 1991). The TATA ele-
ment exerts the predominant role in regulating the level of early gp64 tran-
scription. However, the basal gp64 promoter also has a TATA-independent
activity that is revealed upon elimination of the TATA element (position
—29 relative to the +1 RNA start site). Upon TATA inactivation, accurate
initiation occurs within the CAGT INR, albeit at much reduced levels (Ko-
gan et al., 1995). Besides the INR, the TATA-independent activity is stimu-
lated by the DAR (positions +14 and +24), which contains a consensus
CACNG motif (Fig. 2D). Although the functional significance of the TATA-
independent activity is unknown, it may represent a general form of func-
tional redundancy present within other early promoters (Kogan et al., 1995).
Such redundancy may insure proper expression of essential viral genes in
diverse tissues or insect hosts. It is interesting in this regard that the general
organization of promoters for gpé64 and ie-1, both essential viral genes, are so
similar.

Although the gp64 promoter is stimulated by the IE1 transregulator, it
is also active in uninfected host cells, suggesting that, like the ie-1 promo-
ter, it is responsive to host transcription factors. Such factors likely recog-
nize distinct motifs within the gp64 UAR, which stimulates basal promo-
ter activity (Kogan and Blissard, 1994). Two distinct regulatory motifs,
GATA and CACGTG, have been identified in the gp64 UAR (Fig. 2D). In
plasmid transfection assays, the stimulatory effect of the two motifs is
additive, since elimination of either motif reduced promoter activity by
approximately 50%. Sequence-specific binding of host factors was demon-
strated for both motifs by electrophoretic mobility shift assays (Kogan and
Blissard, 1994). Moreover, mutagenesis of each motif eliminated host fac-
tor binding and reduced gp64 promoter activity, demonstrating a correla-
tion between factor interaction and transcriptional stimulation. The role of
GATA and CACGTG motifs for gp64 expression has not been determined
in the context of the viral genome. However, the resemblance of the CAC-
GTG motif to the functional CGT motif within the p35 UAR (Dickson
and Friesen, 1991) suggests that this motif influences promoter activity
during infection.
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IV. TRANSCRIPTIONAL ENHANCERS
A. Homologous Regions of AcCMNPV

In addition to the cis-acting UAR elements of early promoters, the
baculovirus genome contains multiple copies of repetitive and highly ¢on-
served sequences that function as transcriptional enhancers and possible
origins of viral DNA replication. In the AcMNPV genome, these elements
were first identified on the basis of their sequence similarity (Cochran and
Faulkner, 1983) and later by their extraordinary capacity to enhance tran-
scription of viral and heterologous promoters in a position- and orientation-
independent manner (Guarino and Summers, 1986b). Sequence analysis of
the AcCMNPV genome (Ayres et al., 1994) has revealed the presence of eight
such homologous regions (hrs) designated hrl, hrla, hr2, hr3, hrda, hr4b,
hrdc, hr5 (Fig. 1A). The hrs range in size from 30 to 800 bp and are distin-
guished by the number of palindromic repeats within each. Much of our
understanding of transcriptional enhancement is derived from studies of the
hrs of ACMNPV.

1. AcMNPV hr Structure and Function

Each of the hrs has the capacity to stimulate transcription of cis-linked
early viral promoters in plasmid transfection assays (Lu and Carstens, 1993;
Nissen and Friesen, 1989; Carson et al., 1988; Guarino et al., 1986; Guarino
and Summers, 1986b). Enhancement is accomplished by increased tran-
scription of the linked gene by RNA polymerase II, most likely through
increased transcriptional initiation (Guarino and Summers, 1986b). The hr
elements have a complex modular organization characterized by the pres-
ence of multiple 60- to 70-bp repeats, each of which contains a 28-bp imper-
fect palindrome bisected by an EcoRI site. Located downstream from the
p35 gene (Fig. 1B), the 484-bp hr5 element has an organization typical of the
ACMNPV hrs. It possesses six direct repeats, each with a 28- to 30-bp pal-
indrome (28-mer) flanked on either side by smaller approximately 20-bp
direct repeats (Fig. 3). The minimal sequence element required for orienta-
tion- and position-independent enhancement of promoter activity by hr5 is
the 28-mer (Rodems and Friesen, 1993). Neither divergent palindromic half-
site, 28hsL or 28hsR (Fig. 3), is sufficient for enhancer activity (Leisy et al,
1995; Guarino and Dong, 1994; Rodems and Friesen, 1993). Consistent with
a modular organization of the hrs, repetition of the 28-mer increases promo-
ter enhancement, although to a level less than that provided by the intact
hr5. The 28-mer is also the minimal sequence required for plasmid DNA
replication in transfection assays (Leisy et al., 1995; Pearson et al., 1992).
The level of transient DNA replication is proportional to the number of
28-mer palindromes. These findings suggest that sequence requirements for
hr-mediated transcriptional enhancement and activity as a DNA replication
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FIGURE 3. Structural organization of homologous region hr5. The 484-bp hr5 element contains
six 60-bp repeats (shaded boxes), each of which includes an imperfect 28-mer palindrome
(shaded divergent arrows) bisected by an EcoRI site. Shorter direct repeats (smaller arrows) are
located on either side of the palindrome. The leftmost 28-mer (shown below) consists of two
inverted half-sites (28hsL and 28hsR) separated by the EcoRlI site. Nucleotides within each half-
site required for 28-mer transcriptional enhancer activity are indicated within the boxes. The
nucleotide sequence of the consensus 28-mer half-site is shown (Kool et al., 1995). Abbrevia-
tions: R, EcoRJ; Sp, Sspl, V, EcoRV.

origin are similar, if not identical. Thus, the 28-mer may recruit factors that
promote both early transcription and DNA replication. As origins of DNA
replication (Pearson et al., 1992), the hrs also stimulate late gene transcrip-
tion in transfection assays by increasing reporter plasmid copy number (Lu
and Miller, 1995), suggesting that they indirectly contribute to viral late
gene expression through the same mechanism.

2. Protein Interactions with the hrs

Cis-linkage of hr5 to certain early viral promoters (including p35, 39K,
ie-2, and pl43) stimulates transcription upon plasmid transfections of unin-
fected cells. Thus, host factors can mediate hr activity in the absence of virus-
encoded factors. Nonetheless, hr-mediated enhancement is dramatically
augmented by the viral transregulator IE1. This potent transactivator (see
Section V.A) binds directly or indirectly to hr sequences as demonstrated by
electrophoretic mobility shift assays (Choi and Guarino, 1995a; Leisy et al.,
1995; Rodems and Friesen, 1995; Kovacs et al., 1992; Guarino and Dong,
1991). Nuclear extracts prepared from AcMNPV-infected cells also exhibit an
hr-binding activity indistinguishable from that of in vitro synthesized IE1
(Rodems and Friesen, 1995). As demonstrated by multiple approaches, IE1
binds to the hr through interaction with the 28-mer (Leisy et al., 1995;
Rodems and Friesen, 1995; Guarino and Dong, 1994). Moreover, as predicted
from the palindromic structure of the 28-mer, IE1 binds as a dimer (Rodems
and Friesen, 1995). Optimal IE1 binding and hr enhancer activity requires
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properly spaced 28-mer half-sites. Interestingly, the conserved EcoRlI site is
not essential as long as half-site spacing is preserved. Collectively, these data
indicate that IE1/28-mer interaction is required for IE1-mediated hr enhancer
activity (Section V.A). Formal demonstration of direct interaction between
IE1 and hr will require DNA binding by purified IE1.

3. hr-Mediated Transcriptional Enhancement during Infection

The unique repetition and distribution of the hrs within the ACMNPV
genome (Fig. 1A) suggests that these elements play a critical role during
virus replication. It has been shown that hr5 stimulates promoter-specific
transcription within the AcMNPV genome during infection (Rodems and
Friesen, 1993). Both the early p35 and ie-1 promoters were stimulated when
inserted with a linked copy of hr5 into the genome of AcMNPV recombi-
nants. In this case, the 28-mers was the minimal element required for pro-
moter stimulation. Nonetheless, enhancement by full-length hr5 was great-
er than the sum of its 28-merz, suggesting that other hr sequences augment
enhancer activity. During infection, hr5 had no effect on a late viral promo-
ter or a heterologous promoter upon proximal linkage (Rodems and Friesen,
1993). Thus, direct hr enhancement may be limited to RNA polymerase II-
responsive early promoters. Deletion of hr5 from its native position in the
ACMNPYV genome downstream from p35 also reduced the steady-state lev-
els of p35 RNA by 50%. However, hr5 deletion had no obvious effect on
virus replication in cultured cells (Rodems and Friesen, 1993). This finding
is consistent with the predicted functional redundancy of the hrs within the
viral genome for DNA replication (Pearson et al., 1992).

B. Homologous Region Enhancers of OpMNPV

Homologous regions are dispersed throughout the genome of other
baculoviruses (see Chapter 7, this volume). In the OpMNPV genome, a
homologous region (0.8 kb) located downstream from the ie-2 gene func-
tions as a transcriptional enhancer in plasmid transfections (Theilmann and
Stewart, 1992b). This OpMNPV enhancer (OpE) consists of 12 tandemly
repeated 66-bp elements that only slightly resemble the AcMNPV hr re-
peats. OpE has the capacity to stimulate expression of the early OpMNPV
ie-2 and pe38 promoters in a position- and orientation-independent manner
(Wu et al., 1993; Theilmann and Stewart, 1992b). Although, OpE-mediated
enhancement was augmented by IE1, overall levels of stimulation were
significantly lower than that conferred by ACMNPV hrs. Nonetheless, these
findings suggest that enhancer activity by homologous regions are a general
feature of baculovirus early gene regulation.
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V. BACULOVIRUS-ENCODED EARLY
TRANSCRIPTIONAL REGULATORS

A common strategy among nuclear-replicating DNA viruses of animals
is to express potent transregulators that function by stimulating early viral
gene expression during that period prior to DNA replication when viral
DNA template concentrations are lowest. Such factors accelerate replica-
tion by insuring that the necessary components for viral DNA synthesis and
viral takeover of the host biosynthetic machinery are present at the proper
time and level. To date, four baculovirus transregulators have been identi-
fied by their capacity to stimulate early viral gene expression: IEQ, IE1, IE2,
and PE38. The most potent and best studied of these transregulators is IE1.

A. Immediate Early Transregulator IE1

1. IE1 Properties

Encoded by the immediate early gene ie-1, IE1 is conserved among the
baculoviruses, a feature consistent with its central role in virus replication.
Due to its capacity to trans-activate multiple early genes at high levels in
plasmid transfection assays, IE1 is thought to be the principal transregulator
of early baculovirus expression. Nonetheless, the exact role(s) of this multi-
functional protein during virus multiplication remains to be determined.

As expected for an early transregulator, ie-1 (Fig. 1C) is transcribed
immediately after infection and its approximately 67-kDa gene product IE1
appears soon thereafter. The steady-state level of IE1 increases during infec-
tion (Choi and Guarino, 1995b; Ohresser et al., 1994; Theilmann and Stew-
art, 1993), most likely the result of late ie-1 promoter activity (Pullen and
Friesen, 1995a). As a mediator of transcription, IE1 must localize to the
nucleus of the infected cell. OpMNPV IE1 has also been detected in prepara-
tions of extracellular budded virus (Theilmann and Stewart, 1993), raising
the possibility that IE1 delivered to the nucleus by viral nucleocapsids may
accelerate early gene expression upon uncoating. As an apparent require-
ment for its activity as a transregulator, IE1 oligomerizes upon synthesis
and binds DNA as a dimer (Rodems and Friesen, 1995). Indirect evidence
suggests that IE1 is phosphorylated late in infection (Choi and Guarino,
1995a,b); however, the function of this posttranslational modification is
unknown.

IE1 was originally identified by its capacity to trans-activate the
ACMNPV early 39K (pp31) promoter in ie-1 plasmid transfection assays
(Guarino and Summers, 1986a, 1987). It is now known that many early
baculovirus promoters, as well as heterologous promoters, can be affected to
some extent by IE1 in these assays. IE1 potently stimulates transcription of
promoters for the 39K, p35, gp64, p143, dnapol, pe38, lef-1, lef-2, and lef-3
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FIGURE 4. IE1 structure and function. (A) Simple model for IE1 interaction with a 28-mer.
Dimeric IE1 binds to the 28-mer by simultaneous recognition of both inverted half-sites (28hsL
and 28hrR). Oligomerization and DNA binding are mediated by C-terminal IE1 domains,
whereas trans-activation is mediated by N-terminal domains. (B) IE1 functional domains.
N-terminal IEI residues 8 to 118, consisting of acidic stretches of residues, are required and
sufficient for DNA-dependent IE1 trans-activation. IE1 oligomerization is mediated by a helix—
loop-helix (HLH)-like domain that includes residues 543 to 568. Located to the C-terminal side
of the trans-activation domain, the DNA binding domain(s) remains to be identified. Residues
432 and 512 are associated with the temperature-sensitive lesion within IE1 of AcMNPV
mutant tsB821.

genes, as well as the ie-1 promoter itself (Pullen and Friesen, 1995a; Ribeiro
et al.,, 1994; Lu and Carstens, 1993; Passarelli and Miller, 1993; Guarino and
Smith, 1992; Blissard and Rohrmann, 1991; Kovacs et al., 1991a; Theilmann
and Stewart, 1991; Nissen and Friesen, 1989). No clearly recognizable IE1-
response element has been identified within these viral promoters. In trans-
fection assays, IE1 dramatically augments expression of genes that are cis-
linked to the hr enhancers, as first demonstrated for the 39K promoter
(Guarino et al., 1986; Guarino and Summers, 1986b). The AcMNPV p35
promoter is particularly responsive, since it exhibits a 3000-fold stimulation
in the presence of IE1 and hr5 (Nissen and Friesen, 1989).

IE1 binding to the hr occurs through interaction with the 28-mer pal-
indromes (Fig. 3) as shown by site-directed mutagenesis and competition
with 28-mer-containing DNA probes (Choi and Guarino, 1995b; Leisy et al.,
1995; Rodems and Friesen, 1995; Guarino and Dong, 1991). IE1 binds as a
dimer (Fig. 4A) by a mechanism that involves simultaneous recognition of
both 28-mer half-sites (Rodems and Friesen, 1995). The finding that nucle-
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otide replacements within the center of the 28-mer half-sites (consensus
sequence 5'-TTACGAGT-3') reduced IE1 binding and simultaneously re-
duced or eliminated position- and orientation-independent stimulation by
the 28-mer suggests that IE1 trans-activation is the direct result of hr inter-
action (Rodems and Friesen, 1995). Although IE1 has the capacity to bind to
a single half-site, IE1 stimulation of hr enhancer activity requires proper
interaction with both half-sites (Leisy et al., 1995; Guarino and Dong, 1994;
Rodems and Friesen, 1993). This finding indicated that IE1 binding alone is
not sufficient for hr activation and suggests that an undefined molecular
event(s) is required subsequent to protein binding. Such events might in-
clude conformational changes in IE1 itself, an induced change in the struc-
ture of the hr that promotes transcriptional initiation in a position- and
orientation-independent manner, or relief from transcriptional repression
caused by chromatin structure. Alternatively, IE1 might stabilize host fac-
tor interactions with the hr, thereby stimulating transcriptional activity.
Current evidence suggests that IE1 trans-activation involves hr en-
hancer-dependent and DNA-independent mechanisms. In an enhancer-de-
pendent model (Fig. 5A), the binding of IE1 to the 28-mer leads to transcrip-
tional stimulation through direct or indirect protein contact with TFIID-
associated factors of the preinitiation complex that could include TATA
binding protein-associated factors (TAFs) or the basal transcription complex.
Alternatively, IE1 could alter DNA or chromatin conformation, thereby
stimulating transcriptional initiation at the affected promoter. Cis-linkage
of hr5 to a promoter reduces the IE1 concentration required to obtain com-
parable levels of promoter activation in the absence of hr5 (Choi and Gua-
rino, 1995b). This finding, combined with the lower IE1 levels early in
infection, suggests that IE1 trans-activation of early viral genes is primarily
mediated through the hrs within the viral genome. In a DNA-independent
model (Fig. 5B), IE1 interacts directly or indirectly with the transcriptional
initiation complex without binding to DNA in a sequence-specific manner.
This model could explain the high degree of IE1-responsiveness of certain
promoters in the absence of recognizable IE1 binding sites. Not ruled out is
the possibility that IE1 interacts nonspecifically with transfected reporter
plasmids causing promoter stimulation (Choi and Guarino, 1995b).
Although the physiological relevance is unknown, IE1 also has the ca-
pacity to repress transcription as demonstrated by decreased ie-0 and ie-2
promoter activity in transfection assays (Carson et al., 1991b; Kovacs et al.,
1991a). IE1-mediated repression of ie-2 may be due to the presence of a
28-mer half-site (consensus 5'-TTACGAGT-3’) located between the TATA
and CAGT motifs that could bind IE1 such that it inhibits rather than
simulates transcription (Leisy et al., 1996). Consistent with this model is
the finding that IE1 mutations that disrupt DNA binding failed to repress
ie-0 transcription, whereas IE1 mutations defective for trans-activation but
capable of DNA binding repressed as efficiently as wild-type IE1 (Kovacs et
al.,, 1992). It is noteworthy that IE1 can stimulate (rather than repress) ie-0
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FIGURE 5. Models of IE1 trans-activation. (A) Enhancer (hr)-dependent trans-activation. Bind-
ing of dimeric IE1 to the palindromic 28-mer repeats within a distal hr element leads to IE1-
mediated activation of the transcription initiation machinery at the affected promoter through
mechanisms that facilitate assembly of the TFIID initiation complex or activate host-encoded
TATA binding protein associated factors (TAFs). Alternatively, IE1 binding to the hr could alter
DNA conformation that is transmitted to the promoter in a position-independent manner. (B)
DNA-independent trans-activation. In the absence of DNA binding, IE]1 causes direct stimula-
tion of the transcriptional initiation complex at the promoter. IE1 could function by interacting
with transcription factors bound to distal UAR response elements, TAFs, or TFIID directly.

promoter activity when cis-linked to hr5, suggesting that IE1 repression is
context dependent (Riberio et al., 1994).

2. IE1 Structure

The 582-residue IE1 protein from AcMNPV has a modular structure
consisting of separable trans-activation and DNA binding domains (Fig. 4).
Progressive deletions from either end of IE1 indicated that residues required
for trans-activation and DNA (hr) binding are located within the N- and
C-termini, respectively (Kovacs et al., 1992). Moreover, N-terminal IE1 de-
letions that eliminated trans-activation retained DNA binding activity and
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indicated that these functions are separable, a property typical of transac-
tivators. By using constructed GAL4-IE1 fusions in combination with an
early viral promoter containing cis-linked GAL4 DNA binding sites, it was
determined that IE1 residues 8 to 118 are sufficient for DNA-dependent
trans-activation (Rodems et al., 1997). This N-terminal domain consists of
stretches of acidic residues (Fig. 4B) comprising the trans-activation domain
of other viral transactivators (Kovacs et al., 1992; Guarino and Summers,
1987). At its C-terminal end, IE1 contains a domain required for oligomeriz-
ation and hr binding (Fig. 4B). A four—three hydrophobic repeat (residues 543
to 568) within a predicted helix-loop-helix domain (Kovacs et al., 1992) is
required for IE1 dimerization (Rodems et al., 1997). However, the IE1 resi-
dues directly involved in 28-mer binding remain to be determined. Inter-
estingly, the highest degree of similarity between AcMNPV and OpMNPV
IE1 lies within the C-terminus, including the oligomerization domain
(Theilmann and Stewart, 1991; Guarino and Summers, 1987). IE1 nuclear
localization signals remain to be identified.

Dominant negative mutations of IE1 should prove useful in probing IE1
molecular mechanisms and identifying interacting factors. In transfection
assays, C-terminal IE1 deletions that retained the N-terminal trans-activa-
tion domain dominantly interfered with the capacity of wild-type IE1 to
stimulate hr-dependent promoter activity (Kovacs et al., 1992). This finding
suggested that the IEl trans-activation domain(s) interacts with cellular
factors required for hr-mediated enhancer activity. Likewise, dominant in-
terfering mutations of IEl that retain the C-terminal oligomerization do-
main have been identified (Pullen et al., 1996). The interfering activity of
these IE1 mutations suggested that IE1-IE1 interaction is required for trans-
activation in a process that can be blocked by heterodimerization with
trans-activation-defective IE1.

3. Roles of IE1 during Infection

Despite the requirement of IE1 in trans-activation and DNA replication
assays involving plasmid transfections, information on the exact function of
IE1 during baculovirus infection is limited. Characterization of AcMNPV
mutant tsB821, carrying a temperature-sensitive mutation in ie- 1, indicated
that IE1 is required for proper timing of early gene expression and viral DNA
replication (Ribeiro et al., 1994; Miller et al., 1983). The temperature-sensi-
tive lesion is attributed to substitutions Ala*32—Val and Asp>12—Asn (Fig.
4B) that reduced but did not eliminate IE1-mediated trans-activation of
multiple early viral promoters (cis-linked to hr5) at the nonpermissive tem-
perature (Ribeiro et al, 1994). The reduction in IE]l trans-activation was
correlated with reduced hr5 binding activity at the nonpermissive tempera-
ture (Choi and Guarino, 1995c). Although the temperature-sensitive muta-
tion altered conserved IE1 residues, the function of the domain affected is
unknown.
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Whereas tsB821 exhibits normal replication at the permissive tempera-
ture (23°C), viral DNA replication and budded virus production are delayed
for approximately 12 hr at the nonpermissive temperature (33°). Viral late
gene expression is also reduced (Choi and Guarino, 1995¢; Ribeiro et al,
1994). Surprisingly, tsB821-inoculated cells undergo a variety of responses
including full infection, no infection, or apoptotic death in a process that
may be cell cycle dependent (Ribeiro et al., 1994). Thus, due to this varied
response and the likelihood that the temperature-sensitive mutation is par-
tially active, it is difficult to assign an infection-specific function to IEl.

Upon plasmid transfection of apoptosis-sensitive SF21 cells, ie-1 has
the capacity to induce apoptosis in a significant fraction of the cell popula-
tion (Prikhod’ko and Miller, 1996). The IE1-induced apoptosis is inhibitable
by baculovirus apoptotic suppressors p35 and iap (see Chapter 10, this vol-
ume). Although the mechanism(s) by which transfected IE1 triggers apop-
tosis is unknown, possibilities include trans-activation of cellular death
genes or effects on DNA replication and the cell cycle. It is unknown wheth-
er IE1 induces apoptosis in the context of baculovirus infection (Prikhod’ko
and Miller, 1996). Nonetheless, these findings suggest that IE1 affects host
cell homeostasis during infection.

B. Immediate Early Transregulator IEQ

Encoded by the gene ie-0 (Fig. 1C), IEO is an immediate early trans-
regulator with properties similar but distinguishable from those of IE1. The

636-residue IEO is identical to IE1 (582 residues) except for 54 additional
residues at the IEQ N-terminus (Chisholm and Henner, 1988). The extended

N-terminus of IEO is derived from an RNA splicing event in which a small
exon located ~4 kb upstream from ie-1 is fused with the ie-1 open reading
frame, producing the early ie-0 mRNA (Fig. 1C). In general, RNA splicing
occurs only rarely during baculovirus gene expression (Kovacs et al., 1991b;
Liibbert and Doerfler, 1984b). ie-0 RNAs are detected immediately after
infection, peak early (between 3 to 5 hr), and disappear later (Pullen and
Friesen, 1995a; Kovacs et al., 1991a; Chisholm and Henner, 1988). Thus, the
temporal expression of ie-0 is consistent with early function. As determined
by transfection assays, IEQ is a trans-activator capable of stimulating tran-
scription from the ie-1 and 39K promoters, but not from its own promoter
(Kovacs et al.,, 1991a). Unlike IE1, IEO-mediated trans-activation of the 39K
promoter requires cis-linkage to the hr5 enhancer. It is unclear whether this
hr requirement extends to other IEO-responsive early promoters. Consistent
with the capacity of IEO to stimulate hr-linked promoters, in vitro synthe-
sized IEO exhibits hr binding activity as judged by normal interaction with
28-mer-containing DNA probes in electrophoretic mobility shift assays
(Rodems et al., 1996). The role of IEO in regulating viral replication during
infection is unknown.
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C. Immediate Early Transregulator IE2

ie-2 was also identified during a screen for AcMNPV genes (Fig. 1C)
capable of trans-activation of the 39K promoter in plasmid transfection
assays (Carson et al., 1988). Its gene product, IE2 (formerly designated IE-N),
is a 47-kDa nuclear-associated protein that stimulates transcription of sev-
eral early baculovirus promoters, including its own. However, the level of
stimulation (from two- to threefold) is significantly lower than that confer-
red by IEL. In transfection assays, IE2 stimulates plasmid DNA replication
probably through the indirect trans-activation of genes required for replica-
tion (Kool et al., 1995). Current evidence indicates that IE2 affects the rate of
transcription through the function of an acidic domain (residues 198 to 206)
at its C-terminus (Yoo and Guarino, 1994a,b). IE2 contains a number of
additional motifs typically found in transcription regulators (Carson et al.,
1988), including a leucine zipper and a RING finger. Since there is no evi-
dence yet for DNA binding by IE2, it has been suggested that IE2 stimulates
transcription indirectly through interaction with auxiliary transcription fac-
tors (Yoo and Guarino, 1994b). IE2 is conserved between baculoviruses,
including OpMNPV (Theilmann and Stewart, 1992a). During AcMNPV and
OpMNPYV infection, IE2 is synthesized early and disappears later, suggestive
of early regulatory function (Krappa et al., 1995; Stewart and Theilmann,
1993). IE2 and the transregulator PE38 colocalize to punctate nuclear struc-
tures in transfected cells (Krappa et al., 1995). However, the exact role of IE2
during infection remains to be determined.

D. Transactivator PE38

The immediate early pe38 (or p34) gene (Fig. 1C) encodes the 38-kDa
nuclear protein PE38 (Wu et al., 1993; Krappa and Knebel-Mérsdorf, 1991).
Sequence analysis predicts that PE38 contains an N-terminal RING finger
and a C-terminal leucine zipper motif, typical of transcriptional regulators.
Transcription of pe38 is initiated from the divergent pe38 and ie-2 promoter
region of AcMNPV (Fig. 1C) immediately after infection, producing RNA
transcripts that peak 12 hr after infection and disappear thereafter. Consis-
tent with an early replicative function, PE38 is selectively synthesized early
in infection (Krappa et al., 1995, Wu et al., 1993). When produced in uninfec-
ted cells by plasmid transfection, PE38 accumulates in punctate nuclear
structures in a pattern similar to that of IE2. On the basis of stimulation of
early promoter activity in transfection assays, PE38 is a viral transregulator
(Lu and Carstens, 1993; Passarelli and Miller, 1993; Wu et al., 1993). PE38
stimulated expression from the p143 helicase promoter (~fourfold), but had
no effect on the 39K (pp31) promoter (Lu and Carstens, 1993); in contrast,
both promoters are highly responsive to IE1 trans-activation. Although ad-
ditional PE38-responsive genes need identification, these findings suggest
that PE38 exhibits a restricted trans-activation range compared to IE1. Po-
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tential PE38 response elements within the p143 promoter have not been
identified, nor is the function of PE38 during infection known.

VI. APPLICATIONS: EARLY BACULOVIRUS PROMOTERS
FOR FOREIGN GENE EXPRESSION

As a direct result of the molecular characterization of early viral promo-
ters, baculovirus promoter-based vectors have been developed for the ex-
pression of foreign genes in uninfected insect cells. In particular, the
AcMNPYV ie-1 and OpMNPV gp64 efp promoters have been exploited for
constitutive expression in stably transfected lepidopteran cells (Monsma et
al., 1996; Cartier et al., 1994; Jarvis et al., 1990). Plasmid expression vectors
have been designed in which the ie-1 promoter plus the associated ie-1 UAR
directs high-level expression of inserted foreign genes in response to host
transcription factors. Improved ie-1 expression vectors have been designed
(Fig. 6A) in which the full-length ie-1 promoter plus its associated DAR is
linked to the hr5 enhancer (Cartier et al., 1994). These hr5-ie-1 promoter-
based expression vectors provide high-level, constitutive expression not

FIGURE 6. Immediate early expression vectors for insect cells. (A) Expression vector
pIE15r/PA. Foreign gene expression is directed by the ie-1 promoter consisting of sequences
from —550 to +76 that include the core promoter elements TATA, INR, and DAR, along with
the ie-1 upstream activating region (UAR). Foreign genes are inserted at the multiple cloning
site (MCS) located upstream from a polyadenylation signal (PA). The hr5 enhancer is positioned
upstream from the ie-1 promoter. (B) pIE1-neoR plasmid. The truncated ie-1 promoter (—161 to
+11) directs expression of the neomycin resistance gene in transfected cells. Both plasmids are
Bluescript (BS)-based vectors (Cartier et al., 1994).
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only in lepidopteran cells, but also in cultured dipteran cells, including
those from Aedes albopictus mosquitoes and Drosophila melanogaster
(Shotkoski et al., 1996; Harper, 1995). The versatility of these expression
vectors in diverse insects suggests that the ie-1 promoter is responsive to
highly conserved invertebrate transcription factors. Stable transfection of
cultured lepidopteran cells is accomplished by transfection of the ie-1 pro-
moter-containing vector along with a neomycin-resistance vector (Fig. 6B)
also under control of the ie-1 promoter for selection of G418-resistant cells
(Jarvis et al., 1990). Although the physical status of the vector DNA (e.g.,
integrated or episomal) is unknown in stably transfected cells, the ie-1 pro-
moter remains responsive to viral trans-activation, since expression is
boosted upon baculovirus infection (Cartier et al., 1994; Jarvis, 1993).

Constitutive expression of foreign or viral genes in stably transfected
invertebrate cells has provided new opportunities to investigate both host
cell and viral replicative events. Included to date are studies on glycosyla-
tion and secretory pathways in insect cells (Jarvis et al., 1990), mechanisms
of apoptotic regulation (Cartier et al., 1994), the physiology of ion channel
action in invertebrate cells (Shotkoski et al., 1996), and the generation of
helper cell lines for the propagation of novel baculovirus mutants (Monsma
et al., 1996).

VII. SUMMARY

Proper expression of baculovirus early genes is critical to the replication
success of these unusually prolific DNA viruses. The baculoviruses have
therefore evolved mechanisms that exploit the host cell transcriptional ma-
chinery to expedite immediate and regulated levels of early gene expression.
Early transcription is accomplished in part by the use of promoters that
closely resemble RNA polymerase II-responsive promoters of the host. As
such, molecular studies of these baculovirus early promoters continue to
provide important insight into the regulation of transcription and gene ex-
pression of invertebrates. In a strategy that accelerates early gene expression
and prepares the host cell for viral replication, the baculoviruses employ
potent viral transregulators that potentiate transcription through mecha-
nisms that remain to be determined. These viruses also make use of a novel
arrangement of repetitive DNA elements (hrs) that function as efficient
early transcriptional enhancers and possible origins of DNA replication.
Further investigation of the molecular interaction between the hrs and vi-
rus-encoded transregulators should provide increased understanding of es-
sential replication events. Moreover, such studies will likely uncover novel
mechanisms for eukaryotic transcriptional enhancement and virus-host in-
teractions. Last, strategically designed early baculovirus promoters for for-
eign gene expression in insects have been a direct outcome of baculovirus
transcriptional studies. These virus-based vectors should continue to have
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numerous applications, including, for example, use in development of ge-
netic transformation systems for nondrosophilid insects.
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