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The genome of the multicapsid nuclear polyhedrosis virus of

Orgyia pseudotsugata (OpMNPV) was mapped by examining overlapping

HindIII fragments from cosmid clones which had been constructed

from partial HindIII digests of viral DNA. Five OpMNPV cosmid

clones containing fragments encompassing the entire OpMNPV genome

were hybridized to blots of DNA from the multicapsid nuclear

polyhedrosis virus of Autographa californica (AcMNPV). The

hybridization pattern indicated that the genomes of these viruses

are similarly organized.

In order to examine a homologous region in greater detail, a

32P-labeled cloned DNA fragment (AcMNPV HindIII-Q) containing one

of the repeated sequences and a portion of the p10 gene from

AcMNPV was used to probe Southern blots containing restriction

endonuclease digests of AcMNPV DNA, and OpMNPV DNA. A single 3.6

Kb fragment, OpMNPV HindIII-Q was hybridized. The OpMNPV

HindIII-Q fragment was cloned into pUC-18, mapped with restriction



endonucleases, and reprobed with the AcMNPV HindIII-Q fragment. A

small region of ca. 700 base-pairs, near the left end of the

cloned fragment, was cross-hybridized. DNA sequencing in this

region revealed an open reading frame of 279 base-pairs which had

a detectable homology to the p10 gene of AcMNPV. The sequences

upstream and downstream from the p10 gene in both viruses contain

long open reading frames which also share a high degree of

homology. Northern blot analysis of RNA from OpMNPV infected

Orgyia leucostigma cells was used to define the temporal and

spatial organization of transcripts from this region. Overlapping

mRNAs were found. Si analysis of the termini of the major p10

mRNA indicates nontranslated regions of 52-53 bases at the 5'-end

and 176-181 bases at the 3'-end. The 5'-mRNA start site was

located within a 12 nucleotide sequence which appears conserved in

all late hyper-expressed baculovirus genes. S1 analysis was

performed on an early message from this region and the 5'-mRNA

start site lies 29 base-pairs downstream from the beginning of a

putative TATA box. No homology was detected between OpMNPV DNA

and the repeated sequence element present on the AcMNPV HindIII-Q

fragment.
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Gene Expression, Genome Organization, and Evolution

of the Orgyia Pseudotsugata

Multicapsid Nuclear Polyhedrosis Virus

INTRODUCTION

Literature Review

Use of Baculoviruses in Controlling Tussock Moth Populations

Interest in the viruses infectious for the Douglas-fir

tussock moth, Orgyia pseudotsugata, was first stimulated by their

potential as agents for controlling tussock moth populations. The

Douglas-fir tussock moth is a foliage-eating insect that inhabits

coniferous forests in the western United States and Canada,

feeding primarily on the needles of Douglas fir, Grand fir and

White fir (Wellner, 1978). During outbreaks of the moth, which

usually last for 3 to 4 years (Mason and Luck, 1978), extensive

growth loss and mortality in these tree species occurs (Wickman,

1978) adversely affecting the forest products industry (Schreuder,'

1978). Outbreaks generally reoccur in intervals of 7 to 10 years

(Mason and Luck, 1978).

Between the years 1947 and 1974, the insecticide DDT was

applied to 1,260,000 acres of forest land in order to decrease

damage to the forests caused by the tussock moth (Anon., National
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Academy of Sciences, 1975). Because of the adverse effects of DDT

to nontarget organisms, the Environmental Protection Agency banned

the use of DDT in 1972, leaving forest managers without an

effective means of combating the moth. However, a variance to

these regulations was issued during the last major outbreak, which

affected ca. 800,000 acres of forest land in the Northwest, and in

1974 DDT was applied to over 400,000 acres of forest land to bring

this infestation under control (Cielsa, 1978).

Several chemicals have been tested as alternatives to DDT for

controlling the Douglas-fir tussock moth. Among them SEVIN 4 oil

(carbaryl), Orthene 75S (acephate), and Dimilin 25W

(diflubenzuron) have all been found to be quite effective

(Robertson, 1978), but each of these agents has also been found to

exert adverse effects on nontarget organisms (Shea, 1978).

As a result of the increasing awareness of environmental

problems associated with many of the chemical insecticides, the

use of microbial agents for controlling insect populations is

being investigated. In general, such microbial insecticides are

thought to pose much less of a hazard since they are relative

specific for their target organisms, and being natural components

of the ecosystem, the application of these agents does not

introduce any foreign compounds into the environment.

Three different species of virus have been found to be

infectious for the Douglas-fir Tussock moth. One is a cytoplasmic

polyhedrosis virus (CPV) from the Reoviridae family, and the other
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two are both members of the Baculoviridae family. One of the

baculoviruses, the Orgyia pseudotsugata multicapsid nuclear

polyhedrosis virus (OpMNPV), has been selected for production and

field testing as an insecticide against the Tussock moth. This

virus is extremely virulent (Martignoni and Iwai, 1978), and

exhibits a very high host specificity, having been found to be

virulent for only three other species of moths, all in the same

genus as the Tussock moth (Hughes, 1976). Use of this virus in

field trials has produced Tussock moth population size decreases

averaging 96-99.8% (Stelzer and Neisess, 1978). The OpMNPV is now

used as the active ingredient in a technical grade insecticide

registered under the name "TM BioControl-1" (EPA Registration

No. 27586-1, approved August 11, 1976), which is produced at the

Forest Sciences Laboratory in Corvallis, Oregon under contract for

the Forest Service.

Classification of Insect Baculoviruses

Baculoviruses are large, enveloped, double-stranded DNA

viruses with genomes ranging in size from 88 to 160 kilobases (Kb)

(Matthews, 1982). Members of this virus family have been found to

infect more than 400 species of invertebrates (Table 1), mostly

insects. The largest number of host species are found in the

order Lepidoptera. There are only a few reports of baculovirus

infections occurring outside of the insects; these include two
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TABLE 1

Baculovirus occurence in arthropods

Arthropoda Virus Morphotype
Number of

Affected Species

Arachnida NOBV S 1

Crustacea NPV S 2

Insecta

Trichoptera NPV S 1

Hymenoptera NPV S 26

Diptera NPV S 22

Lepidoptera NPV S,M 355

GV S 113

NOBV S 2

Coleoptera NOBV S 16

NPV: nuclear polyhedrosis virus
GV: granulosis virus
NOBV: non-occluded baculovirus
S: singly-enveloped nucelocapsid
M: multiply-enveloped nucelocapsid

(from Vlak and Rohrmann, 1985)
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species of shrimp (Couch, 1974a and 1974b; Lightner and Redman,

1981) and one mite species (Reed and Hall, 1972).

The two baculovirus species which have been found to be

infectious for the tussock moth are both members of a baculovirus

subgroup called the nuclear polyhedrosis viruses (NPVs, subgroup

A). The granulosis viruses (GVs, subgroup B) and nonoccluded

baculoviruses (subgroup C) form additional subgroups within the

baculovirus family. All baculoviruses have rod-shaped, enveloped

nucleocapsids containing a large, circular, double stranded DNA.

The division of baculoviruses into 3 subgroups is based on

additional morphological criteria. Subgroup A, the NPVs, contain

either single (SNPV) or multiple (2-20) nucleocapsids (MNPV)

within a common envelope. The virions are embedded in

proteinaceous crystalline matrices to form large occlusion bodies,

the polyhedra, which are easily visualized with an ordinary light

microscope. The matrix of the polyhedra is composed primarily of

a single protein termed polyhedrin. Development of the polyhedra

occurs entirely within the nucleus of infected cells, and numerous

enveloped viruses are embedded within each polyhedron (Faulkner,

1982). Polyhedra are thought to play a role in the stability of

the viruses in the open environment (Tinsley, 1977). Subgroup B,

the granulosis viruses (GV), form occlusion bodies called granula

or capsules that contain only one enveloped virion. The matrix

protein of granulosis viruses is called granulin, and is

functionally and structurally related to polyhedrin (Chakerian et



6

al., 1985). During the infection of cells with GVs, the nuclear

membrane appears to disintegrate and the formation of the

occlusion bodies occurs within both nuclear and cytoplasmic areas.

Subgroup C, the nonoccluded viruses, are devoid of any sort

of protective crystalline matrices, and are released as free

virions.

The Infectious Cycle of Occluded Baculoviruses

The occluded baculoviruses (subgroups A and B) have two

distinct morphotypes involved in their natural life cycles, the

occluded form, responsible for transmission of the viruses between

insect hosts, and a budded form responsible for the spread of the

virus to tissues within an insect host. Although most of the work

describing these two virus forms has been done with the subgroup A

viruses, particularly the Autoarapha californica multicapsid

nuclear polyhedrosis virus (AcMNPV), many of the basic processes

occurring during the infectious cycle are thought to be similar in

both subgroup A and subgroup B viruses. The discussion that

follows applies primarily to the subgroup A viruses.

The occluded virions are functionally inert until they are

released from the occlusion bodies. Release occurs when the

occlusion bodies are ingested by an insect larva, exposing them to

the alkaline environment of the insect midgut. The virions

released infect midgut columnar cells (Granados, 1980) by fusion
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of the viral envelope and the cell plasma membrane (Kawanishi et

al., 1972). The infected gut cells produce a nonoccluded form of

these viruses by budding single virions from the plasma membrane

into the haemolymph which then spreads the infection to the other

tissues within the host. In the secondarily infected cells,

mature virions acquire an envelope by de novo synthesis (Stoltz et

al., 1973). These enveloped virions are subsequently incorporated

into the occlusion bodies which are released into the environment

by cytolysis when the insect dies, completing the infectious

cycle. In infections of tissue culture cells, both the occluded

and the budded forms of the virus are produced. However, the

production of the budded form precedes the production of the

occluded form by several hours (Volkman et al., 1976). Serial

passage of NPVs in cell culture results in a gradual reduction in

the ability of the virus to produce the occluded form of the virus

(OV), and the nonoccluded viral form (NOV) predominates.

Infectious forms of the viruses can be liberated from

occlusion bodies in vitro by treatment with alkali. The released

viruses are termed LOVAL (larvae-occluded virus, alkali

liberated), to distinguish them from the NOV. Although the two

forms of virus are genetically identical (Smith and Summers,

1978), they differ in many of their characteristics including

morphology (Summers and Volkman, 1976), time of maturation

(Volkman et al., 1976), antigenicity (Volkman, 1983; Volkman et
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al., 1976). In vivo, LOVAL are comparatively more infectious in

the gut than NOV, and conversely, NOV are more infectious than

LOVAL in the haemocoel (Volkman and Summers, 1977). In cell

culture NOV is much more infectious than is LOVAL (Volkman et al.,

1976). Neutralization studies with the two virus forms from

AcMNPV have shown that they are neutralized by different

populations of antibodies (Volkman et al., 1976). A monoclonal

antibody directed against a 64-KDa phosphoglycoprotein found

uniquely in the envelope of NOV reduces the infectivity of NOV to

the general level of LOVAL (Volkman et al., 1984). Studies using

this antibody in combination with inhibitors of adsorptive

endocytosis suggested that the preferred pathway of entry into the

cell for NOV is by adsorptive endocytosis (viropexis), whereas

LOVAL and the persistent, non-neutralizable fraction of NOV

apparently enter by some other pathway (Volkman and Goldsmith,

1985).

The Organization and Expression of Baculovirus Genes

The AcMNPV, which has served as a model system for studies on

the molecular biology of baculoviruses, has a genome size of

ca. 128 kilobases. This is considered enough to code for at least

75 proteins (Smith et al., 1982). Few AcMNPV genes have been

characterized in detail; besides the polyhedrin gene, which is

hyper-expressed late in infection and encodes the major protein of

the occlusion bodies, no function has been assigned to any other
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gene. At least 35 polypeptides have been characterized by

SDS-PAGE analysis of virion proteins from nonoccluded viruses

(Vlak, 1979), and using the more sensitive technique of

two-dimensional gel electrophoresis, 81 polypeptides have been

detected from samples of enveloped viruses released from occlusion

bodies (Singh et al., 1983). In similar experiments, even more

polypeptides could be resolved from preparations of virions of the

Lymantria dispar MNPV than were seen with AcMNPV. Each of the

polypeptides detected by this technique probably does not

represent a unique gene product, however, because modifications

such as proteolysis, phosphorylation, and glycosylation may alter

the mobility of otherwise identical peptides, and at least some of

the coding capacity of these viruses would be expected to encode

viral-specific nonstructural proteins.

Temporal expression

A number of studies have indicated that there is a sequential

synthesis of a large number of viral polypeptides after infection

of cells with AcMNPV (Carstens et al., 1979; Dobos and Cochran,

1980; Maruniak and Summers, 1981; Wood, 1980). Experiments in

which different types of macromolecular synthesis are blocked,

either by chemical agents or by mutation, have been used to define

four stages of infected cell-specific protein (ICSP) synthesis: an

early a-phase (3 h post-infection), an intermediate L-phase (6-7
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h p.i.) requiring protein and DNA synthesis, a y-phase (10-12

h p.i.) and a very late 6-phase (15 h p.i.) associated with

polyhedrin synthesis and occlusion body formation. With the

exception of the earliest class, synthesis in each phase appears

to require the expression of proteins of the preceding class

(Kelly and Lescott, 1980, Miller et al., 1983b).

Analysis of infected cell specific proteins (ICSPs) at very

early times is obscured by the high levels of host cell proteins

still being synthesized. At about 4 h post-infection host cell

protein synthesis begins to decline and a number of ICSPs can be

detected by SDS-PAGE analysis of proteins from cells labeled in

vivo with [35S]methionine (Carstens et al, 1979; Dobos and

Cochran, 1980; Rohel and Faulkner, 1984; Wood, 1980). ICSP

synthesis then gradually increases, both in number and amount,

until by 24 h p.i. intracellular protein synthesis is almost

exclusively directed toward ICSPs. At the later times some of the

early proteins are no longer synthesized and the synthesis of

other ICSPs begins. Other proteins are synthesized at both early

and late times.

Transcriptional and translational mapping

The earliest attempts to map baculovirus genes involved the

hybrid-selection of mRNA from infected cells, using isolated or

cloned viral DNA fragments as selection probes. In vitro
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translation was performed using the mRNAs selected by specific DNA

fragments, and the protein products were compared to in vivo

labeled proteins by SDS-PAGE analysis (Adang and Miller, 1982;

Esche et al., 1982; Lubbert and Doerfler, 1984a; Smith et al.,

1982; Vlak et al, 1981). With these techniques, genes for

proteins present late in infection (18 to 21 h postinfection) were

mapped to DNA fragments representing a large portion of the viral

genome (Smith et al., 1982). Many of the peptides produced by in

vitro translation of late mRNA were similar in molecular weight to

those present in purified AcMNPV NOV and to other proteins made

late in infected cells. There appeared to be no clustering of

viral late genes suggesting that each gene may be governed by an

independent control region.

Similar results were obtained by hybridizing pulse-labeled

mRNA from infected cells to Southern blots containing restriction

digests of AcMNPV DNA. Erlandson and Carstens (1983) analyzed

mRNA from early times after infection and found that pulse-labeled

cytoplasmic RNA from very early times (0.5-2.5 h p.i.) hybridized

to a large portion of the genome. Specific regions were

identified as being predominantly transcribed, however. By 7.5 h

p.i., cytoplasmic transcripts were found to represent even more

dispersed areas of the genome. Vlak and Van Der Krol (1982)

analyzed late mRNA (24 h p.i.) and found that all of the AcMNPV

DNA restriction fragments hybridized, but to varying extents,

indicating that some regions of the genome had considerably more
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complementary mRNA sequences. At least three of these regions

contained genes that are abundantly expressed as measured by

protein synthesis; those encoding polyhedrin, a 39K KDa protein,

and a 10 KDa protein. This suggested that the abundance of these

proteins may be controlled at the transcriptional level.

The most sensitive technique that has been used for mapping

AcMNPV transcripts has been Northern blotting of RNA and probing

with cloned viral DNA fragments. Using this technique, Lubbert

and Doerfler (1984a) were able to detect and map at least 11 early

and about 90 late transcripts. They found more RNA classes than

corresponding ICSPs which had been mapped by hybrid selection and

in vitro translation, but noted insignificant differences between

total cellular RNA and cytoplasmic RNA, suggesting that extensive

processing may not be responsible for the RNA class over-

abundance. The occurrence of overlapping sets of mRNAs has been

documented in AcMNPV and will be discussed below; this may account

for much of the over-abundance of mRNA classes.

Transcriptional analysis and the regulation of gene

expression

The bipartite infectious cycle and the hyper-production of

late gene products has spurred considerable interest in trying to

understand the regulation of baculovirus gene expression.

Assays of transcriptional activity in isolated nuclei from
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AcMNPV infected Spodoptera frugiperda cells have shown that early

viral transcription is sensitive to a-amanitin and therefore

presumably carried out by the host RNA polymerase II. Late viral

transcription was shown, however, to be a-amanitin resistant and

therefore performed by an enzyme other than RNA polymerase II

(Fuchs et al., 1983). The switch from a-amanitin sensitive to

a-amanitin resistant viral RNA synthesis is gradual, beginning at

about the time of onset of viral DNA replication and therefore

with the switch from early to late transcription. The a-amanitin

resistant polymerase was partially purified by DEAE-sephadex

chromatography and was shown to be distinct from host RNA

polymerase I and III as well as RNA polymerase II. This suggested

that the virus encodes either a viral specific RNA polymerase

factor which confers a-amanitin resistance to a host RNA

polymerase, or that the virus encodes an entirely new RNA

polymerase activity.

A great deal has been learned about the transcription of two

major late genes of AcMNPV; those encoding polyhedrin and a 10 Kda

protein termed p10. Polyhedrin and p10 (also called the 7.2K,

7.5K, 8K and 10K protein in various reports) are abundantly

synthesized and represent the major viral gene products late in

infection (Adang and Miller, 1982; Smith et al., 1982, 1983c;

Rohel et al., 1983; Rohel and Faulkner, 1984). Polyhedrin is the

major protein of the occlusion bodies, whereas the majority of the

p10 produced is nonstructural. No function has as yet been
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assigned to the p10 protein, but its coordinate synthesis with

polyhedrin suggests that it may perform a late function.

Rohel et al. (1983) found that cytoplasmic poly-A+ RNA

isolated from Spodoptera frugiperda cells late after infection

(30-40 h p.i.) contained two major RNA species (0.75 Kb and 1.4

Kb) detectable on denaturing methyl mercury gels stained with

ethidium bromide. Evidence was presented indicating that the 1.4

Kb transcript was polyhedrin specific mRNA; in vitro translation

of this mRNA produced a polypeptide which comigrated with

polyhedrin in SDS-polyacrylamide gels, and limited proteolysis of

in vitro synthesized product with S. aureaus V8 protease generated

a banding pattern similar to that of purified polyhedrin.

Northern blot hybridization and hybrid selection experiments

revealed that the polyhedrin gene was localized to the 1.9-5.4

region of the standardized AcMNPV map (Esche et al., 1982; Rohel

et al., 1983; Smith et al., 1983c, Vlak et al, 1981). The

nucleotide sequence of this portion of the genome has been

determined (Hooft van Iddekinge, 1983), and the amino acid

composition derived from the nucleotide sequence closely matches

that determined directly from purified polyhedrin (Summers and

Smith, 1975/76), thereby confirming that this region encodes

polyhedrin.

The 0.75 Kb mRNA translated in vitro into a 10 Kda

polypeptide which comigrated on SDS-PAGE gels with a protein

synthesized abundantly late in infection (Rohel et al., 1983).
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This polypeptide was easily labeled when the mRNA was translated

in the presence of [31-flleucine but could not be detected when

[35S]methionine was used as label. The gene for this protein was

localized between map coordinates 87.35 and 89.55 (Rohel et al,

1983; Smith et al., 1983c) and subsequently the nucleotide

sequence of this portion of the genome was determined (Kuzio et

al., 1984). An open reading frame for a polypeptide of 94 amino

acids with MW of 10,138 daltons was identified. The amino acid

composition of this open reading frame, derived from the

nucleotide sequence, was very similar to that determined for p10

purified from infected cell extracts, thereby confirming that this

region encoded the same 10,000 MW protein that is produced

abundantly late in infection.

Using S1 and primer extension analysis, Friesen and Miller

(1985) showed that the p10 gene was transcribed into several

classes of overlapping RNAs sharing common 5'-termini which were

truncated at different lengths. A major small species of 0.72 Kb,

two slightly less abundant longer species of 2.56 and 2.72 Kb, and

a minor 4.68 Kb species were detected. Also found were several

size classes (1.28, 3.39 and 4.9 Kb) of polyhedrin gene

transcripts with common 5'-termini. Both the p10 and polyhedrin

specific mRNAs were synthesized maximally late in infection, with

no evidence of sequential activation of the different size classes

with time. The functional significance of the different size

transcripts in these regions is not yet clear. One intriguing
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possibility is that the extended polyhedrin and p10 related

transcripts suppress transcription of early viral genes located

downstream by promoter occlusion (Adhya and Gottesman, 1982), a

process characterized in a prokaryotic system whereby

transcription through a downstream promoter prevents

transcriptional initiation at that promoter because of steric

hindrance or localized distortion of the DNA structure. In

contrast, overlapping RNA molecules with common 3'-termini but

different 5'-termini were transcribed from regions including

fragments EcoRI-J (seven size classes), EcoRI-0 and -F (four size

classes) (Lubbert and Doerfler, 1984b), and HindIII-K (more than 5

size classes) (Friesen and Miller, 1985). Time course analysis of

the RNAs from the HindIII-K region showed that the smallest RNAs

appeared early but were replaced in time by successively larger

RNAs initiated further upstream. This suggested that there is a

temporal regulation of viral mRNA synthesis in this region

involving the sequential activation of upstream promoters and the

coordinate deactivation of the downstream promoters. As to

whether this temporal regulation of transcription is related to

the temporal regulation of ICSP synthesis remains an unresolved

question.

S1 nuclease protection experiments have been performed to

define the 5'-initiation sites for the polyhedrin specific and p10

specific mRNAs in both AcMNPV (Kuzio et al., 1984; Lubbert and

Doerfler, 1984b; Smith et al., 1983c) and OpMNPV (Leisy et al.,
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1986b; Leisy et al., 1986c, reported in this thesis). In

addition, nucleotide sequence analysis has been performed on the

regions immediately upstream from these genes, and from two

additional polyhedrin genes (Iatros et al., 1985; Leisy et al.,

1986a;Leisy et al., 1986b; Leisy et al., 1986c, reported in this

thesis) and two granulin genes (Akioshi et al, 1985; Chakerian et

al., 1985). A comparative analysis of these sequences will be

presented in the discussion of this thesis.

There is no evidence that baculovirus RNA undergoes

splicing. R-loop mapping of the polyhedrin mRNA did not reveal

the presence of introns (Rohrmann et al., 1982a). By allowing

hybrids to be formed between viral DNA and RNA from infected cells

at 24 h post infection, followed by S1 treatment and

two-dimensional electrophoresis of the RNA-DNA hybrids (the first

dimension was run under neutral conditions, while the second

dimension was run under alkaline conditions), Lubbert and Doerfler

(1984a) found no evidence of RNA splicing. However, they did note

that splices near the ends of the RNA molecules could not be ruled

out by this method.

Restriction Endonuclease Site Maps of Baculoviruses

A restriction endonuclease site map or "physical" map is a

scale diagram of the relative locations of restriction enzyme

cleavage sites along the length of a given DNA molecule. Such
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maps serve as essential references in the study of genetic

organization, gene transcription, DNA replication, and genomic

variation.

Construction of physical maps for baculoviruses is made

difficult by the large sizes of their genomes. The methods which

have been successfully used for mapping restriction endonuclease

sites in baculoviruses include: (1) analysis of single and double

digestion products produced with two different restriction

enzymes, (2) the isolation of large restriction fragments from a

gel and redigestion with a second restriction enzyme, and (3)

determination of sequence homology relationships among fragments

by Southern blot techniques.

The first restriction endonuclease site map for a baculovirus

was reported by Miller and Dawes (1979) for AcMNPV variant Ll.

The complete order of the seven BamHI and the four SmaI fragments

was determined, and EcoRI and HindIII fragments were partially

ordered with respect to the BamHI and SmaI fragments. The methods

employed were the analysis of single and double digests and the

hybridization of labeled single fragments to Southern blots

containing restriction enzyme digests of viral DNA.

A number of investigators have mapped other variants of

AcMNPV. Lubbert and his colleagues (Lubbert et al., 1981; Lubbert

and Doerfler, 1984a) completely mapped the sites cleaved in

AcMNPV-E by six different restriction enzymes, and Cochran et

al. (1982) described a complete physical map of AcMNPV-H3, also
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using 6 different restriction enzymes. Both groups utilized

individual cloned fragments as probes of Southern blots containing

digested viral DNA to determine the order of the restriction

fragments. The derived maps were similar to the previously

published AcMNPV maps, but minor differences indicated the

occurrence of genetic variability among different AcMNPV isolates.

Smith and Summers (1979) used reciprocal digests to construct

restriction endonuclease site maps of several additional AcMNPV

variants (E2, M3, Sl, S3, and R9) and of the Trichoplusia ni MNPV

(TnNNPV) and Galleria mellonella MNPV (GmMNPV). They found that

all of these viruses had similar restriction maps and were

distinguishable by only minor differences. This indicated that

AcMNPV, TnMNPV, and GmMNPV are very closely related, even though

they were initially isolated from different hosts. In 1982

fourteen baculovirologists agreed on a common orientation and

basic fragment nomenclature for AcMNPV, as a means of avoiding

confusion, and to facilitate the direct comparisons of information

from different laboratories (Vlak and Smith, 1982).

The restriction endonuclease maps of several additional

baculoviruses have also been derived, including Choristoneura

fumiferana MNPV (CfMNPV) (Arif et al. 1984), Spodoptera frugiperda

MNPV (SfMNPV) (Knell and Summers, 1981; Maruniak et al, 1984; Loh

et al., 1981), Heliothis ARA SNPV (HzSNPV) (Knell and Summers,

1984), Orkvia pseudotsugata SNPV (OpSNPV) (Leisy et al., 1986a),

and OpMNPV (Leisy et al., 1984). The mapping of OpMNPV was
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accomplished by comparison of overlapping restriction fragments

between cosmid clones containing large portions of the viral

genome. This work has been published (Leisy et al., 1984) and is

also presented in this thesis.

Repeated Sequences in Baculoviruses

The presence of homologous or repeated sequences in viruses

have been demonstrated at the termini of adenovirus, vaccinia

virus, herpes virus and retrovirus genomes. Baculoviruses may be

unique, however, in that some have intragenic, interspersed

repeated units. Kelly (1977) measured the reassociation kinetics

of melted baculovirus DNAs and found that some of these DNAs

contain a rapidly reannealing fraction accounting for 2 to 3% of

the viral genome, suggesting the presence of repeated sequences.

Cochran and Faulkner (1983) used a cross-blot hybridization

procedure to search for homologous regions within the AcMNPV

genome and found that there were five widely interspersed regions

sharing homologous sequences, each ranging in size from about 350

to 800 base-pairs in length. Digestion of fragments containing

these homologous regions with EcoRI produced a set of

"minifragments" with sizes of 73 to 225 base pairs, some of which

were present in extramolar amounts. Recently the nucleotide

sequence of one of these repeated regions (hr5) was determined

(Liu et al., 1986). It was found that this sequence consists of
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six direct repeats of the consensus sequence CA(a/c)ANGCTcAT...A-

ACTcGCTTTACGaGTAGAATTCTACGTGTAAA(a/g)CAC(a/g)ATC...GATGANGTCATTT-

TGTTTtcAA...TGAtgTCATGTTTTG, where the capital letters represent

bases found in at least four of the repeats and the underlined

bases are invariant. The invariant bases are centered around

EcoRI sites (GAATTC), accounting for the production of the EcoRI

minifragments. The last repeated unit extends to the common mRNA

start site for transcripts of 1100 and 1500 bases and therefore

may include the promoter for these transcripts.

The presence of repeated sequences has been confirmed in the

AcMNPV-E isolate (Lubbert and Doerfler, 1984) and in the AcMNPV

genomic variant SeMNPV-25 (Brown et al., 1984), except that

SeMNPV-25 may not contain one of the repeated regions contained in

AcMNPV.

No function has been associated with the repeated sequences

in AcMNPV. However, another baculovirus, Choristoneura fumiferana

MNPV (CfMNPV), also contains four regions of repeated DNA (Arif

and Doerfler, 1984). No homology was detected between the CfMNPV

repeated sequences and those of AcMNPV, suggesting that if the

repeated sequences in the two viruses share a functional homology,

such as replication origins or DNA packaging signals, then it is

one which is not constrained by a need for the conservation of a

specific DNA sequence.
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Characterization and Mapping of Baculovirus Mutants

Serial propagation of several nuclear polyhedrosis viruses in

cell culture results in the progressive increase in the proportion

of a class of spontaneous mutants which produce fewer polyhedra

(FP mutants) than wild-type viruses (Frazer and Hink, 1982b; Hink

and Vail, 1973; Potter et al., 1976). This class of mutants is

easily detected and isolated because of their distinct plaque

morphology (Fraser and Hink, 1982a; Hink and Vail, 1973; Potter et

al., 1976). Ramoska and Hink (1974) observed by electron

microscopy that the FPs generally had no more than seven polyhedra

per section of nucleus versus 15-35 polyhedra per section for

wild-type. They observed additional irregularities, such as a

lack of membranes in the nucleus and the absence of virions in the

few polyhedra that were produced. MacKinnon et al. (1974)

also noted a significant increase in the LD50 of FP polyhedra

compared to wild-type. Comparison of the kinetics of NOV release

from FP- and wild-type-infected cells showed that FPs release NOVs

faster and at five-fold higher levels than wild-type-viruses

(Potter et al., 1976). The higher level of NOV production is

likely selected for in the cell culture system, leading to the

accumulation of spontaneously arising FPs.

Potter and Miller (1980) attempted to detect gross genotypic

changes in FP mutants of AcMNPV by restriction endonuclease

analysis of FPs. Of five isolates studied, two had restriction
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endonuclease fragment patterns that were noticeably different than

the wild-type pattern. With these two mutants, new fragments were

observed, some of which were present in submolar quantities.

Miller and Miller (1982) characterized one of these mutants, FP-D,

as carrying an insertion within the HindIII-K fragment of

moderately repetitive host-cell DNA structurally resembling a

Drosophila copia-like element. The inserted DNA was 7.3 Kb in

size and was flanked on the ends by 0.27 Kb long terminal repeat

(LTR) sequences. After serial passage of the mutant virus,

viruses with two different size classes of inserted DNA were

found. One termed FP-DS, contained only a single LTR sequence,

while the other, termed FP-DL, contained the entire 7.3 Kb

insertion. Pure stocks of FP-DS can be obtained by plaque

purification. However, plaque purified stocks of FP-DL always

contain some FP-DS, leading to the speculation that the FP-DS

arise from FP-DL by homologous recombination between the direct

terminal repeated elements. The occurrence of two size classes of

virus in FP-D stocks accounts for the presence of submolar

fragments in the restriction endonuclease fragment pattern of this

mutant. It is not certain that the phenotype of FP-D results from

disruption of a viral gene by insertion of the copia-like element,

but this is a distinct possibility.

Fraser et al. (1983) analyzed three FP mutants of Galleria

mellonella MNPV (GmMNPV) and six AcMNPV FP mutants. All of the

GmMNPV FPs contained insertions of host cell DNA in HindIII-J and
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five of the six AcMNPV FPs contained similar insertions in

HindIII-I, the equivalent of the GmNPV HindIII-J fragment. All of

these mutants were defective in the synthesis of a 25 Kda protein

as demonstrated by [3H]leucine labeling of cells at 18 h

post-infection and SDS-PAGE analysis of the labeled proteins.

Marker rescue was performed with two of the GmMNPV FP mutants.

This technique is based on the ability of a transfected DNA

fragment derived from wild-type virus to recombine via homologous

recombination with intact transfected mutant DNA so that the

mutant region is replaced by wild-type sequences, resulting in

wild-type virus production. The two viruses could be rescued by

the HindIII-J fragment, and the rescued viruses had normal levels

of the 25 Kda protein, thereby correlating the mutant phenotype

with the insertion of host cell DNA and the absence of the 25 Kd

protein.

A number of instances of insertions and deletion have also

been observed in otherwise wild-type baculoviruses from

endonuclease fragment patterns (Lee and Miller, 1978; Smith and

Summers, 1978; Tjia et al., 1979; Burand and Summers, 1982).

Since baculoviruses can accommodate a wide range of genome sizes

in their extended-rod shaped nucleocapsids, the evolution of

baculoviruses may be more strongly influenced by the occurrence of

deletions and insertions than other viruses which cannot tolerate

large changes in genome size.

Several investigators have isolated temperature-sensitive
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(ts) and nonconditional mutants of AcMNPV following treatment of

viral stocks or infected cells with mutagenizing agents (Brown et

al., 1979; Duncan and Faulkner, 1982; Lee and Miller, 1979). The

ts mutants were selected on the basis of abnormal plaque

appearance or the inability to form plaques at the restrictive

temperature. In general, these ts mutants are divided into three

major phenotypic categories: (1) those defective in the formation

of occlusion bodies at the restrictive temperature (0- mutants),

(2) those defective in the production of NOV at the restrictive

temperature, as measured by plaque assay at the permissive

temperature (NOV- mutants), and 3) those defective in both NOV

production and occlusion body formation (NOV-,0- mutants). The

nonconditional mutants that have been isolated exhibit alterations

in the morphology of their polyhedra.

Complementation tests, based on either NOV production or the

percent of cells containing polyhedra, were used by Lee and Miller

(1979) to separate 16 ts mutants into 15 different complementation

groups (Lee and Miller, 1979). Duncan and Faulkner (1982) divided

18 ts mutants into 10 groups based on similar complementation

analysis. At least 14 of the complementation groups that have

been identified are among 0- mutants, suggesting that the number

of genes involved in polyhedra formation may be quite large.

Brown and Faulkner (1980) constructed a partial genetic map

of AcMNPV based on two-factor crosses with ts mutants. They were

able to order six NOV-0- mutants on a linear genetic map. Three
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mutants from the same complementation group mapped very close to

one another and the recombination frequencies for crosses among

the other three mutants ranged from 2.8% to 23.8%. Two

nonconditional occlusion body morphology mutants were found to be

unlinked to the six ts mutants. The genetic map constructed from

the analysis of these crosses proved to be of limited value since

distances based on recombination frequencies were not correlated

with actual physical distances.

Using the technique of marker rescue, Miller (1981)

determined physical map locations for a number of ts mutants.

Each of the mutants tested could be rescued by a unique DNA

fragment from each restriction digest of wild-type AcMNPV DNA,

thus allowing the assignment of a fairly precise map position for

each mutation. DNA restriction fragments from two other

baculoviruses (Orgyia pseudotsugata MNPV and Lymantria dispar

MNPV) known to share some sequence homology with AcMNPV were also

tested for their ability to rescue AcMNPV mutants, but without

success. This suggested either that the regions of sequence

homology were not sufficient to permit extensive genetic

recombination between the two different viral DNAs or that the

functions provided by the heterologous DNA were not similar enough

to the functions provided by wild-type AcMNPV DNA to allow rescue

to occur.

In order to characterize the defects present in particular ts

mutants, Miller et al. (1983b) used SDS-PAGE analysis to examine
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the infected cell specific proteins (ICSPs) from fifteen mutants,

each corresponding to one of the 15 identified complementation

groups identified in her laboratory. All but one of the mutants

produced protein profiles similar to those from wild-type

infections, with some variations in intensity and size of certain

ICSPs. Four of the mutants appeared to lack polyhedrin,

suggesting that the synthesis of this protein was blocked.

However, polyhedrin was synthesized in one mutant that lacked

polyhedra at the restrictive temperature suggesting that a

function needed for the assembly of polyhedrin into polyhedra was

blocked. Three of the mutants showed alterations in the sizes of

single ICSPs.

Mutant tsB821 was unusual in that the protein profile

produced was quite unlike that from wild-type infections. Time

course analysis was conducted with this mutant. It was discovered

that several virus-induced proteins were synthesized by 2 h post-

infection, but the synthesis of further viral-specific proteins

appeared to be blocked. In contrast to the other mutants and

wild-type virus, there appeared to be no shut down of host protein

synthesis, nor was there significant viral-DNA synthesis with this

mutant. Based on these characteristics it was determined that

tsB821 was defective in an early (a-phase) function and may play a

key role in the transition from early a-phase to intermediate

1-phase. Brown et al. (1979) reported that one of the is mutants

in their collection, ts8, was also defective in DNA replication.
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It is not known if ts8 and tsB821 are defective in the same

function or not.

A series of studies on nonconditional occlusion body

morphology mutants of AcMNPV has been undertaken with a view to

understanding the morphogenesis of polyhedra. Two mutants, M5 and

M6, have been described which produce a single large cuboidal

polyhedra per infected cell (Brown et al., 1980). These mutants

produce polyhedra that are almost devoid of nucleocapsids and

which have greatly increased LD50s as compared to wild-type

polyhedra. Carstens (1982) analyzed restriction enzyme digests of

M5 DNA and found that this mutant contained two 0.4 Kb insertions

spaced at great distance from each other on the genome as well as

an altered BamHI site within the polyhedrin gene. DNA isolated

from M5 was of two distinct lengths; one was approximately full

length, while the other was 58% as large as the full length DNA,

and presumably arose through recombination between the two

insertion elements. An M5 revertant was found to be reverted at

the BamHI site as well as having lost one of the 0.4 Kb

insertions. It is not certain which of these changes is

responsible for the revertant phenotype.

Another occlusion body morphology mutant, M29, produces many

small occlusion-like particles that are devoid of nucleocapsids.

No alterations in the polyhedrin from these mutants could be

detected from the analysis of proteolytic digests of polyhedrin.

However, a HindIII site within the polyhedrin gene was missing in
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this mutant, suggesting that there may be an alteration in the

chemical composition of polyhedrin.

Smith et al. (1983a) described an allelic-replacement method

for introducing site-specific mutations into the AcMNPV polyhedrin

gene. They introduced deletions within the gene of ca. 300 and

800 bp. These deletion mutants did not form polyhedra, nor did

they synthesize intact polyhedrin, but some of them produced

truncated proteins which reacted with polyhedrin antisera. NOV

production from these mutants was compared with that of wild-type

AcMNPV and no differences were found either in the rate of release

or in the overall titers; thus the inability to occlude

nucleocapsids does not result in higher titers of NOV. This is a

significant observation in relation to the FP mutants (discussed

earlier) in which NOV were released more rapidly and to a

significantly higher level than with wild-type virus.

Phylogeny and Evolution of Occluded Baculoviruses

The occlusion of virions in proteinaceous crystals has been

reported in only three groups of viruses, all of which infect

invertebrates. In addition to the occluded baculoviruses are the

cytoplasmic polyhedrosis viruses (CPVs) (Payne and Mertens, 1983)

and the entomopox viruses (EPVs) (Granados, 1981). The CPVs are

double stranded RNA viruses with segmented genomes from the family

Reoviridae, which also includes viruses infectious for plants and
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vertebrates. The occlusion body proteins of CPVs are similar in

size to baculovirus polyhedrins (25,000-30,000 daltons) but share

no relatedness either by N-terminal amino acid sequence, tryptic

peptide patterns, or by serological criteria (Rohrmann et al.,

1979). EPV is in the family Poxviridae, which contains members

infectious for a wide range of vertebrates and invertebrates. The

occlusion body protein of EPV is considerably larger (102,000

daltons) than polyhedrin. The presence of occluded viruses in

these three unrelated virus groups suggests that occlusion confers

a powerful selective advantage on those viruses which possess it

and may have evolved independently three times.

A central question in baculovirus studies has been the

evolutionary relationships between the different subgroups (NPVs

and GVs) of occluded viruses and between the viruses within a

given subgroup that infect different host insects. Methods that

have been used to examine this question range from surveys of

viral morphotypes within host groups, to the quantitative

determination of genetic relatedness from the comparisons of DNA

and protein sequence homology.

Examination of the distribution of the various baculovirus

groups among insect orders (Table 1) leads to the following

conclusions: (1) baculoviruses have been found to infect only

holometabolous species, and (2) GVs and MNPVs are found only in

the Lepidoptera, whereas SNPVs are found in all infected insect

orders. Since the Lepidoptera are the most recently evolved order
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of insects, this suggests that the GV- and MNPV-morphotypes have

evolved relatively recently from SNPV progenitors and have been

restricted in host range to only lepidopteran species.

A number of immunological techniques have been used in

attempts to determine the antigenic relatedness of baculovirus

occlusion body proteins. Based on complement fixation techniques

Krywienczyk and Bergold (1960) divided the occlusion body proteins

into three groups sharing little cross-reactivity: 1) two GV

granulins, 2) all lepidopteran MNPV polyhedrins plus two GV

granulins, and 3) hymenopteran NPV polyhedrin. Rohrmann et

al. (1981) used a solid phase radio-immune assay technique to

demonstrate that the polyhedrin from the SNPV of O. pseudotsugata

(OpSNPV) was closely related to that of the OpMNPV, whereas the

occlusion body proteins from a GV and a hymenopteran NPV were less

related to the OpMNPV polyhedrin. The polyhedrin from the NPV of

the dipteran Tipula paludosa (TpSNPV) showed no cross-reactivity

(See also Guelpa et al., 1977).

Another method that has been attempted to examine baculovirus

relatedness is DNA-DNA hybridization, but this technique has

proven to be of very limited value. One problem is that DNAs

sharing less than 67% homology do not form hybrids even under the

least stringent hybridization conditions (Howley et al., 1979).

Another problem is that with closely related DNAs, a higher

homology can be detected by molecular hybridization than is

actually present, due to the occurrence of mismatched nucleotides
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in stable duplexes which are counted as homologous. Yet another

problem is that the hybridization conditions used by different

laboratories vary considerably, making it quite difficult to

directly compare the results from different laboratories. As an

example of this last point, three different laboratories arrived

at values of 1, 4, and 25% homology between the genomes of

Autographa californica MNPV (AcMNPV) and OpMNPV based on DNA-DNA

hybridization experiments (Jewell and Miller, 1980; Smith and

Summers, 1982; Rohrmann et al., 1982a) . The lowest estimate

comes from experiments performed using high stringency conditions

and the highest estimate was arrived at from experiments conducted

under low stringency conditions.

The most direct method of determining the relatedness of

different baculoviruses is the comparison of functionally

equivalent DNA or protein sequences. Sequence comparisons of

functionally equivalent proteins and genes from a variety of

organisms have been used to construct phylogenetic trees which are

similar to those derived by other means, e.g., the fossil record.

Consequently, molecular phylogenies reflect the phylogenies of the

whole organisms.

Polyhedrin has proven to be an ideal protein for evolutionary

studies. Polyhedrin has the same function, occlusion, in all

occluded baculoviruses, and the gene for this protein is present

in only one copy per viral genome. It also appears to be fairly

stable during evolution and therefore can be readily aligned and
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subjected to analysis. Furthermore, recombinant DNA clones

containing the polyhedrin gene can be radioactively labeled and

used to locate the occlusion body protein genes in genomic digests

of other baculoviruses. This method has been used to locate the

occlusion body protein genes of OpSNPV (Leisy et al., 1986a),

Trichoplusia ni GV (TnGV) (Akioshi et al., 1985), Pieris brassicae

GV (PbGV) (Chakerian et al., 1985), and Lymantria dispar MNPV

(LdMNPV) (Ming Chang, personal communication), and will likely

lead to the location of many more occlusion body protein genes in

the future. Three polyhedrin proteins have been completely

sequenced (Kozlov et al., 1981), including: Bombyx mori SNPV

(BmSNPV), LdMNPV, and Galleria mellonella MNPV (GmMNPV). In

addition, the N-terminal sequence of a dipteran (Tipula paludosa)

SNPV (TpSNPV), and a hymenopteran (Neodiprion sertifer) SNPV

(NsSNPV) polyhedrin have been reported (Rohrmann et al., 1981).

The DNA sequence of a number of occlusion body protein genes has

been determined, including those from AcMNPV (Hooft van Iddekinge

et al., 1983), BmSNPV (Iatrou et al., 1985), OpMNPV, (Leisy et

al., 1986b), OpSNPV (Leisy et al., 1986a), PbGV (Chakerian et al.,

1985), and TnGV (Akioshi et al., 1985). The phylogenetic tree in

Fig. 1 is based on these polyhedrin gene and protein sequences,

and is consistent with both the baculovirus distribution (Table 1)

and the antigenic studies of Rohrmann et al. (1981).
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Genetic Manipulation of Insect Baculoviruses

Several properties of baculoviruses (reviewed in Miller et

al. 1983a) make them especially well suited as vectors for the

cloning and expression of eukaryotic genes. They have an extended

rod type morphology which can accommodate extra inserted DNA, and

they posses an inherent safety feature since they have not been

found to be pathogenic for vertebrate cells. In addition, the

polyhedrin gene provides a nonessential region where foreign genes

can be inserted downstream from a very strong promoter. This

promoter directs transcription late in infection after the

expression of most other genes has been shut off, and after the

release of extracellular virus. This last feature may be useful

if the virus is to be used for the expression of cytotoxic gene

products.

Several investigators have reported the successful cloning

and expression of passenger genes inserted into the polyhedrin

genes of baculoviruses (Maeda et al., 1985; Miyamoto et al., 1985:

Pennock et al., 1984, Smith et al., 1983b). In all cases a

"transfer" vector technique for constructing recombinant viruses

was used. This technique is a modification of the marker rescue

technique used for mapping mutations in AcMNPV (Fraser et al.,

1983; Potter and Miller, 1980; Miller, 1981,). In brief, the

transfer vectors consist of E. coli plasmids into which the entire

polyhedrin gene has been inserted. These vectors were opened up
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by cleavage at unique restriction sites within the polyhedrin gene

and the desired passenger DNA was inserted into these sites. The

transfer vectors carrying inserted passenger DNAs were then

cotransfected with viral DNA into insect tissue culture cells and

viruses picking up the passenger DNA via recombination with the

transfer vectors were selected.

The insertion of the passenger DNA into the polyhedrin gene

disrupts the polyhedrin gene coding sequence. This allows the

selection of recombinant viruses by screening viral plaques for

the absence of occlusion bodies (0- mutants) (Smith et al.,1983b;

Miyamoto et al., 1985).

Smith et al. (1983b) examined four separate viral

constructions for the expression of an inserted 13- interferon

gene. Each one had the passenger DNA inserted at a different

position with respect to the initiation codon for the polyhedrin

gene. In each case the passenger DNA contained the entire coding

region of the 1i- interferon gene with the translation initiation

codon for this gene placed just a few nucleotides downstream from

a BamHI linker.

All four of the viral constructions tested produced

13- interferon activity, but at quite different levels. The highest

level of A-interferon activity (5,170,000 U/ml) was produced by a

viral construction in which the passenger DNA was inserted at

position -58, near the cap site for polyhedrin mRNA. The second

highest activity (2,180,000 U/ml) was produced by a viral



37

construct in which the passenger DNA was inserted at position +34

with the A-interferon gene in the same codon reading frame as

polyhedrin. The kinetics of A-interferon expression was examined

in cells infected with these two strains and was found to parallel

the kinetics of polyhedrin production in cells infected with wild-

type virus (ie. delayed expression reaching very high levels late

in infection). In another construction in which the passenger DNA

was placed at position +35 with the A-interferon gene out of phase

with the polyhedrin codon reading frame, the amount of

R-interferon activity was greatly reduced (150,000 U/ml), but

still significant. In contrast a construction in which the

8-interferon gene was in the same codon reading frame as

polyhedrin, but inserted much further downstream (position +175),

produced marginal (5000 U/ml) 1- interferon activity.

These results suggested that the gene sequences upstream from

position -59 are primarily responsible for transcription of the

polyhedrin gene, and that the 58 base-pair transcribed region 5'

to the polyhedrin coding region is probably not required for high

level expression. The fact that moderate levels of activity are

produced in cells infected with the virus containing the

A-interferon gene inserted out of the codon reading frame of

polyhedrin suggested that the ribosomes occasionally skip the

polyhedrin initiation codon and advance downstream to initiate

translation at the A-interferon initiation codon.

Analysis of the proteins synthesized by cells infected with
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these recombinant viruses indicated that the 13-interferon was

glycosylated and signal peptides were cleaved from the

polyhedrin-E-interferon hybrid precursor molecules to yield

biologically active 13-interferon. Its possible that the reason

for the production of such low activities of 13-interferon activity

with the strain carrying the passenger DNA inserted at position

+175 is that the large amount of N-terminal polyhedrin amino acid

sequences present in the polyhedrin -I- interferon precursor

interferes with one or more processing steps, rather than a direct

effect on transcription or translation.

The transfer vector used by Pennock et al. (1984) was

constructed by fusing the carboxyl portion of the 8-galactosidase

gene distal to the eighth codon to an N-terminal portion of the

polyhedrin gene in such a manner that the 8-galactosidase gene was

in the same codon reading frame as the polyhedrin gene.

Recombinant viruses which expressed the R-galactosidase gene were

detected as those forming blue plaques in the presence of the

chromogenic substrate X-gal. They reported that ca. 0.1% of the

plaques formed after cotransfection of cells with viral and

plasmid DNAs expressed R-galactosidase. Like the synthesis of

R-interferon in cells infected by the viruses constructed by Smith

et al. (1983b), the kinetics of E- galactosidase synthesis was

found to parallel the synthesis of polyhedrin in cells infected

with wild-type AcMNPV.

The level of expression of passenger genes in baculovirus
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vectors is often much greater than that achieved in other

systems. In the experiments of Pennock et al. (1984) the specific

activity of Z-galactosidase was reported to be at least 2 times

that reported to be produced from yeast cells and many times

higher than the expression which has been achieved under early

SV40 control.

Recently researchers in Japan have reported the expression of

human a-interferon in insect tissue culture cells and intact

silkworms infected with the Bombyx mori nuclear polyhedrosis virus

(BmNPV) (Maeda et al., 1985). They claim that BmNPV has an

advantage over AcMNPV as an expression vector because of its

narrower host range. Levels of a-interferon production in both

BM-N cells and silkworm larvae infected with a BmNPV recombinant

carrying the a-interferon gene were measured by bioassay and

compared. They found that the level of activity in tissue culture

media reached a maximum of ca. 106 U/ml, and that silkworm larvae

haemolymph contained a maximum of 4 x 107 U/ml. The highest level

of a-interferon production achieved previously in a eukaryotic

system is 4 x 105 U/ml (for mouse cells with a bovine

papillomavirus vector, Fukanaga et al. 1984).

The results of experiments like these indicate great promise

for the use of baculoviruses as vectors for the expression of

foreign genes in both tissue culture and intact insects. Systems

employing such vectors have produced extremely high levels of

products which are correctly processed and biologically active.
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It is expected that in the future even more complex products will

be produced in baculovirus systems, such as multi-subunit

enzymes. This may be accomplished by using the p10 gene as an

insertion site in addition to the polyhedrin gene, resulting in

the simultaneous high level production of two polypeptides. The

p10 gene may also be used as a cloning site in those instances

where occlusion of the recombinant viruses is desirable, such as

in the further development of baculovirus based insecticides.

Obi ectives

The present research was undertaken to study the relatedness

of OpMNPV and AcMNPV with a view toward elucidating features of

the two viruses that are shared. There were two fundamental

reasons for undertaking these studies: (1) Since AcMNPV has been

studied more than OpMNPV, establishing the relatedness of the two

viruses gives one a feeling for the degree to which discoveries

made with AcMNPV can be extrapolated to OpMNPV. (2) It was hoped

that important features of gene structure and gene expression

might be found by examining sequences that have been conserved

through evolution within the genomes of these two viruses.

Experiments are described in this thesis which demonstrate

that OpMNPV and AcMNPV share regions of homology which are

arranged in predominantly a colinear fashions, indicating that

major rearrangements of the genome structure have not occurred
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since the two virus lines diverged.

Further experiments were done to examine, in detail, a

conserved region in these two viruses. The region was defined by

cross-hybridization of a specific AcMNPV restriction fragment to

restriction digests of OpMNPV DNA. The region of

cross-hybridization was cloned, sequenced, and compared with the

homologous region from AcMNPV. This region was found to contain a

late hypertranscribed gene in both viruses, and at least two

additional genes, of which one was shown to be an early gene. The

amount and pattern of homology varies among these three genes.

Sequences in the regions flanking these genes were compared, and

conserved elements were found, which in all likelihood represent

elements controlling the expression of these genes. The late

hyper-expressed genes appear to have unique structural elements in

their 5'-flanking sequences, whereas the early genes appear to

have structural elements in their 5'-flanking sequences that are

ordinarily found in eukaryotic genes.
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MATERIALS AND METHODS

Enzymes

Restriction endonucleases were purchased from Bethesda

Research Laboratories (BRL) and used in the appropriate low,

medium, or high salt buffers as described in Maniatis et

al. (1982). DNA polymerase I and DNA polymerase I large fragment

were also purchased from BRL. The S1 nuclease and calf intestinal

phosphatase used in this study was a product of Boehringer

(Mannheim). T7 and SP6 RNA polymerases were obtained from Promega

Biotec. T4 polynucleotide kinase and T4 DNA ligase were purchased

from Pharmacia.

Insects, Cells and Viruses

The Orgyia leucostigma cell line IPRI-OL-12 was a gift from

S. Sohi of the Forest Pest Management Institute of the Canadian

Forestry Service at Sault St. Marie, Ontario, Canada. These cells

were maintained by the serial passage of 0.5 ml of cultured cells

into 3 ml of fresh medium every 4 to 5 days in 25 cm2 T-flasks

(Corning). Grace's insect tissue culture medium (Grace, 1962)

supplemented with 20% fetal bovine serum (FBS) and 0.25% (w/v)

tryptose broth (TB) was used.

Viremic hemolymph used for infection of OL12 cells was
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obtained from OpMNPV-infected Orgvia pseudotsugata larva supplied

by Mauro Martignoni of the Forest Science Research Laboratory in

Corvallis, Oregon. Insects were bled at 4-5 days post-infection

and the haemolymph was diluted 1:40 into ice cold medium

containing a few crystals of phenylthiocarbamide (Sigma). The

diluted viral preparations were then filtered through membrane

filters with 0.22 um pore sizes. Undiluted viremic hemolymph is

reported to have a titer of 1.1 x 107 LD50 units/microliter, or

6.7 x 105 LD100 units/microliter when assayed on Orgyia

pseudotsugata larva (Mauro Martignoni, personal communication).

Bacteria, Plasmids and Phage Strains

JM83(pAcHind-Q) was obtained from John Kuzio of Queen's

University, Kingston, Ontario. The cloning vector, pUC-18, as well

as the M13 phage strains used for cloning and sequencing (mp8,

mp9, mpl8 and mp19) were obtained from Dr. Roy Morris. The

E. coli host strain, JM103, was obtained from Dr. Jon Beaty.

E. coli host strain HB101 was obtained from Dr. Christine Rogers.

The transcription vector, pGEM3, was purchased from Promega

Biotec.

Construction of Recombinants and Plasmid DNA Isolation

Plasmid DNA was purified and isolated using the lysis by
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alkali procedure described in Maniatis et al. (1982). DNA

restriction fragments to be cloned were isolated from agarose gels

using the phenol-freeze technique (Benson, 1984). These fragments

were ligated to vector DNA that had been appropriately digested

with restriction enzymes and the ligated DNA was then transformed

into competent JM103 cells according to standard procedures

(Maniatis et al., 1982).

Construction of Cosmid Clones Containing OpMNPV DNA

Genomic viral DNA (0.2 pg) was partially digested with the

restriction endonuclease HindIII, and was mixed with 2 pg of

HindIII-digested and phosphatase-treated pVK102 cosmid DNA (For

construction of this vector, see Knauf and Nester, 1982) in a 10

p1 ligase reaction containing 2 U of T4 DNA ligase and incubated

at 16°C for 6 h.

Recombinant cosmids were packaged by an in vitro packaging

system (Promega Biotec) and were selected by spreading infected

HB101 cells on LB-tetracycline plates and incubating at 37°C

overnight. Tetracycline-resistant colonies were then screened for

susceptibility to kanamycin by transferring colonies to

LB-kanamycin plates with sterile toothpicks and incubating at 37°C

overnight. Kanamycin-susceptible clones were given the

designation pVKOM followed by an isolation number.

Recombinant clones were grown overnight in 10 ml cultures at

37°C in LB medium. Recombinant cosmid DNA was isolated by the
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alkaline lysis procedure as described in Maniatis et al. (1982).

Southern Blot Analysis

[321:]-labeled plasmid DNA used to probe Southern blots was

prepared by nick-translation as described by Maniatis et

al. (1982).

Agarose gels containing restriction digests were blotted to

nitrocellulose paper using the technique of Smith and Summers

(1980). In some experiments a modification of this technique

involving the transfer of DNA in only one direction from the gel

was used to minimize the unequal transfer of DNA to each blot,

which sometimes occurs with the bidirectional technique.

The blots were prehybridized for 3 h at 42°C in a solution

containing 6X SSC (1X SSC is 0.15 M NaC1 plus 0.015 M sodium

citrate), 5X Denhardt's reagent (1X Denhardt's reagent is 0.02%

bovine serum albumin, 0.02% Ficoll, and 0.02%

polyvinylpyrrolidine), 0.5% sodium dodecyl sulfate (SDS), and 100

pg /ml denatured salmon testes DNA. Hybridizations were conducted

at 42°C for 22 h in a solution containing the above ingredients

plus 30% formamide and 3 X 106 CPM of denatured probe. Blots were

washed at room temperature for 5 min, transferred to a fresh tray

and washed for 15 min in solutions containing 2X SSC and 0.1% SDS,

followed by washing at room temperature for 2 h and then for 15

min in solutions containing 0.1X SSC and 0.1% SDS. The blots were
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then dried and exposed to Kodak XAR5 film at -80°C with the aid of

intensifying screens.

DNA Sequence Analysis

DNA fragments to be sequenced were cloned into M13 vectors

and nucleotide sequences of the inserts were determined by the

chain termination method using [a35S]dATP and ddNTPs according to

the methods of the BRL sequencing manual (Anon. 1980).

Virus Infection and RNA Isolation

Four ml of OL12 cells were pelleted at low speed in a bench

top centrifuge and resuspended in 20 ml fresh medium and

transferred to large Falcon flasks (150cm2). After about 2 days,

when the cells reached 0.5-1 x 106 cells/ml, 1 ml of 1/40 diluted

viremic haemolymph was added to each flask. At various times

post-infection, cells from 5 flasks were collected by

centrifugation at 2000 RPM in an SS34 rotor. The cells were

rinsed with cold PBS, and then suspended and dissolved in 4 M

guanidine thiocyanate (Fluka), 5 mM NaCitrate, pH 7.0, 0.5%

sarkosyl, and 0.1 M R-mercaptoethanol. CsC1 was added to the

homogenate to a final concentration of 1.0 g/2.5 ml. The

homogenate was then layered over a pad of 5.7 M CsCl, 0.1 M EDTA,

pH 7.0 (30% of tube volume) and centrifuged at 20°C for 20 h at
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25K RPM in an SW40 rotor. The supernatant was removed with a

pasteur pipette and the RNA pellet was dissolved in 400 Ill TES (10

mM Tris, pH 8.0, 1 mM EDTA, 1% SDS). NaCl was then added to 0.25

M. Phenol was added (200 pl), the solution was vortexed, 200 pl of

CHC13 was added and the solution was again vortexed. The mixture

was centrifuged for 2 min in a microcentrifuge, the aqueous phase

was reextracted with CHC13, and then the RNA was precipitated with

2.5 vol. of cold 100% ethanol. After centrifugation the RNA

pellet was dissolved in sterile diethyl pyrocarbonate

(DEPC)-treated H2O [prepared as described in Maniatis et al.,

(1982)] and stored at -80°C. Oligo-dT selection of poly(A)

containing RNA was performed as described in Maniatis et

al. (1982).

Northern Blot Analysis

Samples of RNA in 1X MOPS buffer (0.02 M MOPS, pH 7.0, 5 mM

sodium acetate, 0.1 mM EDTA), 2.2 M formaldehyde and 50% formamide

were heated to 65°C for 15 min and then electrophoresed through

1.1% agarose gels containing 2.2 M formaldehyde in MOPS buffer.

After electrophoresis the gel was soaked in several changes of

double distilled H2O for four or five hours to remove the

formaldehyde. The RNA was then transferred from the gel onto

nitrocellulose paper with 20X SSC as described by Thomas (1980).

Hybridization conditions were essentially those described by
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Melton et al. (1984). The RNA blots were prehybridized for 3-4 h

at 55°C in a hybridization solution containing 50% formamide, 5X

SSC, 50 mM sodium phosphate (pH 7.0), 2.5X Denhardt's reagent,

0.1% SDS and 100 pg/ml of boiled salmon testes DNA.

Hybridizations were for 16 h at 55°C in fresh hybridization

solution containing 1 x 106 cpm of RNA probe (see below). After

hybridization, the RNA blots were washed 4 X 10 min in 0.1X SSC,

0.1% SDS at 65°C. Wet filters were blotted to remove excess wash

solution, wrapped in Saran wrap and exposed to Kodak XAR5 film at

-80°C with the aid of intensifying screens.

Radio-labeled RNA probes were prepared from linearized

recombinant transcription vectors using T7 or SP6 RNA polymerase

(Promega Biotec) Reactions were pel'ormed in 10 pl volumes

containing 40 mM Tris-HC1, pH 7.5, 6 mM MgC12, 2 mM spermidine, 10

mM NaC1, 0.5 mM each of ATP, GTP, and UTP, 12 pM unlabeled CTP,

0.1-0.5 pg linearized plasmid template DNA, 50 pCi [a321,1CTP (400

Ci/mmole), 1 unit/p1 pancreatic ribonuclease inhibitor (Promega

Biotec) and 5 units of SP6 or T7 RNA polymerase. The reactions

were incubated at 37°C for 60 minutes and stored at -20°C until

use.

S1 Nuclease Assays

The 5'-probe was obtained by isolating the 636 base-pair Iagl

fragment (nucleotides 668 to 1303 in Figure 8) from an agarose
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gel, end-labeling the 5'-ends with T4 polynucleotide kinase and

Ey321,1ATP as described in Maniatis et al. (1982), recutting with

HpaII, and then isolating the 178 base long end-labeled fragment.

The 3'-probe was obtained by end-labeling the 800 base-pair

HRAII fragment (starting at nucleotide 1459 and extending to the

right to outside the sequenced region in Figure 8) with [a3213]dCTP

using a "fill-in" reaction as described in Maniatis et al. (1982),

then recutting with XhoI and isolating the 264 base long

end-labeled fragment.

S1 nuclease assays were performed essentially as described in

Maniatis et al. (1982). Total infected cell RNA (20 ljg, 24 h

post-infection) was mixed with the DNA probe, ethanol precipitated

and resuspended in S1 hybridization formula (80% formamide, 40 mM

Pipes, pH 6.4, 1 mM EDTA and 0.4 M NaC1). The mixture was heated

to 80°C for 15 min and then incubated for 4 h at 50°C. The

reactions were quickly transferred to an ice-water bath, and 300

pl of ice-cold S1 solution (0.25 M NaC1, 30 mM sodium acetate, pH

4.5, 4.5 mM ZnSO4, 20 pg/ml denatured salmon testes DNA, and 800

U/ml S1 nuclease) was added. The mixture was then allowed to sit

in the ice-water bath for 5 min and then transferred to 20°C for

30 min. Five pg of wheat germ tRNA was added, the nucleic acids

were precipitated with ethanol and then run on an acrylamide

sequencing gel beside a sequencing ladder from M13mp19. Control

reactions were performed by replacing the infected cell RNA with

an equal amount of wheat germ tRNA.
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RESULTS

Restriction Endonuclease Site Mapping of the OpMNPV Genome

The OpMNPV genome was mapped by cloning partially digested

HindIII fragments into the cosmid vector pVK102 and comparing

overlapping fragments between clones.

DNA from each of the cosmids was digested with HindIII and

electrophoresed on 0.8% agarose gels to determine the OpMNPV

restriction fragments present in each clone. The results from 37

clones are summarized in Table 2. The order of HindIII fragments

in the OpMNPV genome was readily determined from overlapping

fragments between clones, except for the region containing

fragments 0 and F and that containing fragments H and S. The

order of fragments 0 and F was determined from the analysis of

double digests with HindIII and other restriction enzymes. The

order of fragments H and S remains undetermined. There is also a

small HindIII restriction fragment of ca. 200 base pairs that is

difficult to detect in ethidium bromide-stained gels but which can

be detected by running end-labeled HindIII-cut total OpMNPV DNA on

a polyacrylamide gel (data not shown). This fragment was not

mapped.

The positions of BamHI, XbaI, and EcoRI restriction sites

were determined by double digestion of selected cosmid clones with
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Table 2. HindIII fragment order of the OpMNPV genome and
of pVKOM cosmid clones

Isolate
no.a HindIII fragments

Insert
Size
(Kb)

64 A 21.0
49,62 AT 22.5
27 ATN 26.4
1*,50 N(HS)IRK 23.0
13,24,46 IRKC 26.0
12 IRKCL 29.9
45 RKC 21.3
2,61 KCL 21.9
20 37 CL 17.8
54 CLD 29.3
34 CLDU 30.3
41 DUB 28.6
43 UB 17.1
58* UBP 20.8
67 UBPJ 25.6
17,55 BP 19.7
15,15 BPJ 24.1
9,35,60 BPJG 29.3
63 PJGOF 23.6
39* JGOFE 28.3
26 GOFE 23.9
5 GOFEM 27.8
22,52,57 OFEMQ 26.1
48 MQA 28.5
47* MQAT 30.0

aClones used in the hybridization studies are marked with an ''..
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these enzymes and HindIII. The restriction site map is given in

Fig. 2.

Comparison of Genome Organization of AcMNPV and OpMNPV

Five pVKOM clones (denoted in Table 2) were selected which

together contain HindIII fragments spanning the entire OpMNPV

genome. DNA from each of these clones and from a nonrecombinant

pVK102 plasmid were labeled by nick translation and hybridized to

blots containing HindIII-digested OpMNPV DNA and HindIII and PstI

digests of AcMNPV DNA (for sources of DNA, see Rohrmann et

al., 1982b). Fig. 3 shows the restriction profiles of these

digests in an ethidium bromide-stained gel. Initial experiments

were done to determine stringency conditions which allow detection

of cross-hybridization to regions of limited homology while

minimizing totally nonspecific hybridization. It was found that

hybridizations conducted at 42°C in a standard hybridization

buffer containing 30% formamide were best (data not shown).

The control blot, hybridized with nonrecombinant pVK102 DNA,

showed weak hybridization to a number of bands (Fig. 4). The weak

hybridization to the high-molecular-weight bands is thought to be

mainly due to nonspecific hybridization, which is detectable only

because of the large mass of DNA present in these bands. However,

hybridization to the lower-molecular-weight OpMNPV HindIII band G,

AcMNPV HindIII bands T or U or both, and AcMNPV PstI bands
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Figure 2. Restriction site map of OpMNPV. The positions of the

HindIII restriction sites were determined by the

analysis of overlapping OpMNPV fragments between

different pVKOM cosmid clones. BamHI, EcoRI, and XbaI

sites were determined by the gel analysis of single-

and double-enzyme digests of selected pVKOM cosmids

with these enzymes and HindIII.
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Figure 3. Restriction digests of OpMNPV and AcMNPV. OpMNPV (OpM)

DNA was digested with HindIII. AcMNPV (AcM) DNA was

digested with HindIII (H) and PstI (P). Each digest

(1 pg) was electrophoresed on a 0.8% agarose gel

prepared in Tris-acetate-EDTA buffer containing 0.5 pg

of ethidium bromide per ml.
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Figure 4 Hybridization of selected pVKOM cosmid clones to

HindIII digests of OpMNPV and AcMNPV DNA and PstI

digests of AcMNPV DNA. Gels prepared as described in

the legend to Fig. 2 were blotted onto nitrocellulose

paper using the bidirectional blotting procedure as

described in the Materials and Methods. DNA from

selected pVKOM cosmid clones and a pVK102 control was

labeled by nick translation (Maniatis et al., 1982)

with [02P]dATP, and the labeled DNA from each clone

(ca. 3 x 106 CPM per nitrocellulose blot) was

hybridized under low stringency conditions, as

described in the Materials and Methods. (A) Blots were

exposed to Kodak XAR5 film for 12 h. (B) blots were

exposed for 5 days (pVK102, pVKOM-1) or 3 days

(pVKOM-39, pVKOM-47, pVKOM-54, pVKOM-58). Exposure

times were varied to compensate for unequal transfer of

DNA during the bidirectional blotting procedure.
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M or N or both suggests that there is at least weak homology

between DNA sequences in these bands and DNA sequences in the

control probe.

As expected, the cloned DNAs specifically hybridized to the

HindIII OpMNPV fragments contained in each clone (Fig. 4). Some

clones also showed weaker hybridization to additional OpMNPV

fragments not contained within the limits of the clone (eg.

pVKOM-39 shows weak hybridization to HindIII fragments A and B or

C or both and pVKOM-47 and pVKOM-54 both show weak hybridization

to HindIII fragments E and F). The hybridization patterns of the

selected pVKOM clones to HindIII and PstI digests of AcMNPV is

also shown in Fig. 4. Table 3 summarizes these hybridization

results. In some cases, hybridization to a particular band in a

set of closely migrating bands could be discerned by analyzing the

hybridization pattern in the digest with the other enzyme and

referring to the restriction site map. For example, hybridization

to UindIII -I by pVkOM-54 could be distinguished from hybridization

to HindIII-J because PstI-E was hybridized and PstI-I was not (See

the AcMNPV map in Fig. 5).

Some of the AcMNPV fragments were not hybridized by any of

the pVKOM probes (Table 3). For instance, pVKOM-1 did not

hybridize to the region of the genome containing AcMNPV HindIII

fragments X and J but hybridized strongly to fragments to either

side of this region. The regions containing AcMNPV HindIII



60

Table 3. AcMNPV fragments hybridized by pVKOM cosmid clones

Cosmid
AcMNPV fragments hybridizeda

HindIII PstI

pVKOM-1 D,Lb,M,R G,Jb,K,O
pVKOM-39 B,H,W B,C,M
pVKOM-47 G,F,(N,Q,P)c,V B,D,N
pVKOM-54 A,E,I,Lb,0 E,F,H,Jb
pVKOM-58 A,C A

aHindIII fragments T or U or both and PstI fragments M or N or
both were hybridized weakly by all clones tested, including a

pVK102 control. HindIII-J, K, S, and X and PstI-I and L were
not hybridized.

bHybridization barely detectable in the longer exposure
(see Fig. 3).

cBands not resolvable in the autoradiographs.
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fragments K and S and PstI fragment L also showed no hybridization

to any of our probes.

Fig. 5 shows the alignment of the restriction site maps of

AcMNPV and OpMNPV. It can be seen that within the limits of this

study the cross-hybridizing regions of the two viruses are

arranged predominantly in a colinear fashion. One possible

exception to a strict colinear arrangement is found in the region

containing AcMNPV HindIII fragment L and PstI fragment J, which

hybridizes weakly with both pVKOM-1 and pVKOM-54.

The OpMNPV polyhedrin gene was previously oriented in

relation to the XbaI and BamHI sites lying within and downstream

from this gene, respectively (Rohrmann et al., 1982a). It is

interesting to note that the direction of transcription of the

polyhedrin genes in these two viruses is opposite with respect to

the aligned maps (Rohrmann et al., 1982a; Smith et al., 1983b),

indicating the presence of an inversion within the boundaries of

the OpMNPV DNA in pVKOM-54.

In a similar set of experiments, blots of restriction digests

of OpSNPV did not produce enough specific cross-hybridization to

allow a comparison of the genome organization of OpMNPV and OpSNPV

(data not shown). This is in agreement with the reduced DNA-DNA

hybridization between the OpSNPV and OpMNPV (Rohrmann et al.,

1978).
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Figure 5. Alignment of the OpMNPV map with the cross-hybridizing

regions of AcMNPV. The AcMNPV map is taken from that

of Vlak and Smith (1982). The arrows above the

restriction maps indicate the position and direction of

transcription of the polyhedrin gene for each virus.

Dashed lines connecting the two maps indicate the

regions cross-hybridizing with each pVKOM cosmid

clone. Dots indicate AcMNPV fragments not hybridized.
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Regions of Shared DNA Homology

Between OpMNPV and the AcMNPV HindIII-Q Fragment.

In order to further understand the evolutionary relatedness

of AcMNPV and OpMNPV, we examined more closely those regions of

OpMNPV DNA that share homology with the HindlII-Q fragment of

AcMNPV. The AcMNPV HindlII-Q fragment was chosen for this study

since it contains one of the repeated sequences present in AcMNPV

in five copies (Cochran and Faulkner, 1983), and also contains a

portion of the p10 gene (Rohel et al., 1983). [32P]- labeled

pAcHind-Q plasmid DNA was hybridized to blots containing HindIII

digests of AcMNPV and OpMNPV DNA (Fig. 6, lanes h and i

respectively) and of 5 cosmid clones (lanes j-m) which together

contain all of the DNA fragments of the OpMNPV genome. As a

control, a similar blot was hybridized with [32P]- labeled pUC-8

DNA (Fig. 6, lanes a-g). Surprisingly, a portion of the OpMNPV

HindIII-A fragment was hybridized strongly by both probes (lanes

b,e,i, and 1) indicating that a region of homology between this

fragment and the pUC-8 vector exists. A number of other OpMNPV

bands were hybridized weakly by both probes, but there was one

predominant band, corresponding to OpMNPV HindIII-Q, which was

hybridized very strongly only by the pAcHind-Q probe (lanes i and

1).
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Figure 6. Hybridization of restriction digests of AcMNPV and

OpMNPV DNA with pUC-8 and pAcHind-Q. Restriction

digests of AcMNPV and OpMNPV genomic DNA, as well as

the DNA from 5 cosmid clones which together contain all

of the OpMNPV DNA (Leisy et al., 1984) were

electrophoresed on an 0.8% agarose gel prepared in

Tris-acetate-EDTA buffer containing 0.5 pg of ethidium

bromide per ml, and blotted to nitrocellulose paper.

Lanes a-g were hybridized with pUC-8 whereas lanes h-n

were hybridized with pAcHind-Q.

Nonstringent hybridization conditions were used as

described in the Materials and Methods. The following

DNA samples were present in each lane:

HindIII-digested AcMNPV genomic DNA (a and h);

HindIII-digested OpMNPV genomic DNA (b and i);

HindIII-digested pVKOM-1 (c and j); HindIII-digested

pVKOM-39 (d and k); HindIII and EcoRI double-digested

pVKOM-47 (e and 1); HindIII-digested pVKOM-54 (f and

m); and HindIII-digested pVKOM-58 (g and n). The

position of bands in the AcMNPV DNA digests that

contain repeated sequences (Cochran and Faulkner, 1983)

is indicated by R. The position of the OpMNPV

HindIII-Q fragment is indicated by Q.
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No hybridization was detected between pUC-8 and AcMNPV DNA

(lane a). However, a number of minor bands and several major

bands were hybridized by the pAcHind-Q probe (lane h). The major

bands correspond to those containing repeated sequences (Cochran

and Faulkner, 1983).

The OpMNPV HindIII-Q fragment was subcloned from the cosmid

pVKOM-47 into the vector pUC-18 to form p0MHind-Q. A physical map

of the HindIII-Q fragment, derived from the analysis of single and

double restriction endonuclease digests of pOMHind -Q DNA, is

presented in Fig. 7. Hybridization of the pAcHind-Q probe to

purified OpMNPV HindIII-Q fragment DNA (isolated from pOMHind-Q)

which had been redigested with various restriction enzymes

revealed the region of cross-hybridization was confined to about

700 base-pairs near the left end of the HindIII-Q fragment (data

not shown).

DNA Sequence Analysis Within the Cross-Hybridized Region

A number of subfragments from the cross-hybridized region of

OpMNPV HindIII-Q were cloned into M13 vectors for DNA sequence

analysis. Also subcloned were some adjacent subfragments from the

HindIII-M fragment. The subclones and sequencing strategy are

indicated in Fig. 7. The DNA sequence of this region is presented

in Fig. 8.

Initially the sequence of ca. 1400 by from the left end of
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Figure 7. Restriction endonuclease map of the OpMNPV HindIII-Q

fragment, and strategy for determining the nucleotide

sequence of the left end of HindIII-Q, and the right

end of HindIII-M. (A) Restriction endonuclease map of

the OpMNPV HindIII-Q fragment, and the right-most

portion of HindIII-M as determined by reciprocal

digests. (B) Fine structure restriction map of the

left end of the HindIII-Q fragment and the right end of

the HindIII-M fragment, determined by reciprocal digest

of isolated fragments and from DNA sequence analysis.

Arrows below the map indicate the strategy used for

sequencing this region. A region sequenced with the

use of a synthetic primer prepared with an Applied

Biosystems 380A DNA synthesizer is indicated by the

arrow labeled (s). A region sequenced using the

Exonuclease III deletion method described by Henikov

(1986) is indicated by the arrows labeled (d).

Abbreviations used for restriction endonucleases

are: A, AluI; Ha, HaeIII; Hc, HincII; Hd, HindIII; Hp,

HpaII, Ps, PstI; Pv, PvuII; R, RsaI; S, SalI; T, TaqI;

X, XhoI.
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Figure 8. DNA sequence of the OpMNPV p10 gene and the surrounding

regions. The complete nucleotide sequence derived

amino acid sequences of a 230 aa open reading frame and

the 92 aa p10 gene are indicated, starting at

nucleotides 464 and 1207, respectively. Major

initiation sites for mRNA synthesis, as determined by

S1 nuclease analysis, are indicated by lines over the

nucleotide sequence near positions 438 and 1154. The

nucleotide corresponding to the predominate processing

site at the 3'-end of the major p10 mRNA, as determined

by S1 nuclease analysis, is indicated by a line over

the sequence at position 1658. Additional features of

interest are indicated by underlines. Starting at

nucleotide position 408 is a potential TATA box, and at

position 1152 is a putative controlling element found

to precede all late baculovirus genes that have been

sequenced thus far. Potential AATAAA signals for

processing and poly A+ addition at the mRNA 3'-ends of

are indicated starting at positions 1539, 1600, and

1637.
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Figure 8 continued.
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Figure 8 continued.
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Figure 8 continued.
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HindIII-Q was determined. After sequencing this region a computer

search was conducted to locate open reading frames greater than

100 nucleotides. One open reading frame of 276 nucleotides was

identified which would encode a protein product with a predicted

molecular weight of 10,087. This open reading frame shares 54%

nucleotide sequence homology and 41% amino acid sequence homology

with the p10 gene of AcMNPV (Fig. 9A), and by analogy we have

termed this the p10 gene of OpMNPV. Also identified were

continuous open reading frames in the regions flanking the p10

gene which extended beyond the sequenced region. Additional

subclones from the right end of the HindIII-M fragment were

sequenced in order to obtain the complete sequence for the open

reading frame upstream from the p10 gene. The complete sequence

of the downstream open reading frame has, as yet, not been

determined. The upstream open reading frame and the p10 gene read

from left to right whereas the downstream open reading frame reads

from right to left (Fig. 10). The upstream and downstream open

reading frames share significant homology with similar open

reading frames found flanking the p10 gene in AcMNPV (Fig. 9B and

C).

Northern Blot Analysis with Probes from the Sequenced Region

As a step toward determining if the OpMNPV p10 gene and the

open reading frames flanking this gene are expressed, Northern
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Figure 9. Alignment of the nucleotide sequence derived amino acid

sequences for the p10 genes and flanking open reading

frames of AcMNPV and OpMNPV. (A) p10 gene; (B)

downstream open reading frame; (C) 230 as open reading

frame. Underlined regions have greater than 65%

homology, whereas regions not underlined have 31%

homology or less.
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Figure 9 continued.
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Figure 10. Positions and orientations of probes used for Northern

blot analysis of the OpMNPV p10 gene and its flanking

regions, and interpretation of the Northern blot and

S1 nuclease analyses. The locations and orientations

of long open reading frames are indicated above the

map. The positions of cloned DNA fragments used for

the production of RNA probes are indicated by bold

regions on the map. Arrows below the map indicate the

orientation of each strand specific RNA probe used in

the Northern blot analysis. The locations and

orientations of the major mRNAs determined from the

Northern blot analysis are also indicated. Shown

schematically on the 630 base mRNA is a 276 base

translated region, flanked by untranslated regions of

52 and 180 bases at the 5'- and 3'-ends,

respectively. Indicated on the 1250 base mRNA is a

690 base translated region, flanked by untranslated

region of 25 and 507 bases at the 5'-and 3'-ends,

respectively. These models are based on the

assumption that these messages are both monocistronic.
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blot analysis was performed using RNA probes corresponding to a

region from within the p10 gene as well as the regions upstream

and downstream from this gene (the names, locations and

orientations of these probes are indicated in Fig. 10). Each

probe was hybridized to blots containing samples of total RNA

extracted from cells at various times post-infection (p.i.) and to

a sample of 60 h p.i. RNA that had been selected on oligo-dT

cellulose (Fig. 11). Probe Ta (T = the 91 nucleotide TaqI

fragment from within the p10 gene) hybridized to 3 species of RNA,

a major message of ca. 630 bases, and two minor messages (ca. 1280

and 2580 bases, Fig. 11A). The 630 and 2580 base RNA species were

first detected at 18 h p.i., whereas the 1280 base species can be

detected in the 6 h sample. The 630 and 2580 base RNA species

appear to be coordinately expressed; both species hybridized the

probe maximally at ca. 36 h p.i. In contrast the 1280 base

species hybridized the probe maximally at 18 h p.i., with less

hybridization at later times.

Probe HRa (HR the 388 nt HindIII-RsaI fragment from within

the upstream open reading frame) hybridized to a 1280 base RNA

species (Fig. 11B). This RNA species shows the same kinetics of

expression as the 1280 base species hybridized by Ta, and likely

represents the same RNA in both instances.

Probe Xa (X the 123 nt al2I fragment from within the

downstream open reading frame) hybridized with an RNA species of

2580 bases and possibly minor species of 1750 and 4150 bases.
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Figure 11. Northern blot analysis of the p10 gene and its

flanking regions. RNA from Orgyia leucostigma cells

infected with OpMNPV was collected at varying times

post-infection and electrophoresed through 1.1%

formaldehyde gels (4 ug total RNA or 1 ug of oligo-dT

selected RNA per lane, as indicated) and hybridized

with strand-specific RNA probes as described in

Materials and Methods. Single-stranded RNA probes

used are: (A) Ta, (B) RXa, (C) Xa, (D) Tb, (E) RXb,

and (F) Xb. Samples in each lane are: (a) uninfected

cell RNA; (b-h) total RNA collected at 6, 12, 18, 24,

36, 48, and 60 h post-infection, respectively; and (i)

oligo-dT selected RNA from 60 h post-infection. The

sizes of RNA molecular weight standards are indicated

at the right of each panel, and the sizes of major

transcripts are indicated to the left of each panel.

The position of the insect cell ribosomal RNA in (C)

is indicated by (r). The 1280 base mRNA shown in (A)

and (B) could be detected as early as 6 h post

infection in the original autoradiograms. In figures

B, C, E, and F, the reduced signals in the 24 h sample

are likely because the RNA in these lanes are from

cells infected with haemolymph which had been stored

for several months rather than fresh. The RNA markers

used are indicated by (m) in panel (D).



U 6 12 18 24 36 48 60 Af

2580-

1280-

630-

-2880

-1418

-679 1280-

U 6 12 18 24 3648 60 A+ 6 12 18 24 36 4860 A+

-2880

679

A Ba bcdefg hi abcdefg hi

Figure 11.

4150-

2580-

1750-
1418

679

b cd ef g h i



3450-

D

U 6 12 18 36 48 60 A+ m

a b c d f g h.i

Figure 11 continued.

U 6 12 18 24 36 48 60 A+

3450-

11
-2880 3450-

2500-

V 1418
r -

-679

E F

U 6 12 18 24364860 A+

1

1418

79

abcdef g hi a bcdefghi



85

(Fig. 11C). The 2580 base species hybridized by the this probe

and by Ta likely represent the same species of RNA.

Probes HRb, Tb, and Xb all hybridize to an RNA species of

ca. 3450 bases that is first detected at 18h (Fig. 11D, E and F).

There is also a possible RNA species hybridized by Xb of ca. 2500

bases. The RNA species marked "r" in Fig. 11F appears to be

hybridization of the probe to ribosomal RNA since it runs at the

same position as insect ribosomal RNA and since it appears in the

lane containing total RNA from uninfected cells and does not

appear to be present in the poly-A+ selected RNA.

Fig. 10 indicates the likely orientations and positions of

the major RNA species detected using these probes with respect to

the locations of the three open reading frames.

S1 Nuclease Analysis of the p10 mRNA

In order to more precisely determine the positions of the 5'-

and 3'-termini of the major p10 mRNA, S1 nuclease protection

assays were performed (Fig. 12). When the labeled DNA

encompassing the 5'-region of the p10 gene was hybridized to mRNA

from infected cells and digested with Si, two major bands of 149

and 150 bases were protected from degradation. This represents an

untranslated leader sequence of 52-53 bases. There was also some.

minor protected fragments with lengths of ca. 167 to 169

bases. Using the 3'-probe, a number of bands were protected,
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Figure 12. S1 nuclease analysis of the major p10 mRNA. The 5'-

probe was obtained by isolating the 636 base-pair Iagl

fragment (starting at nucleotide 1303 and extending to

the left to nucleotide 668 in Figure 8) from an

agarose gel, end-labeling the 5'-ends with T4

polynucleotide kinase and [Y32P]ATP as described in

Maniatis et al. (1982), recutting with HpaII, and then

isolating the 178 base end-labeled fragment. The

3'-probe was obtained by end-labelling the ca. 800

base-pair HpaII fragment (starting at nucleotide 1459

and extending to the right to outside the sequenced

region in figure 8) with [a32P]dCTP using a "fill-in"

reaction as described in Maniatis et al. (1982), then

recutting with XhoI and isolating the 264 base

end-labeled fragment. S1 nuclease analysis of the 5'-

and 3'-ends of the major p10 mRNA were conducted as
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Figure 12 (continued).

described in the Materials and Methods. (m) Ml3mpl9

sequencing ladders used as size markers. (a) Labeled

fragments protected in a control reaction containing

the 3'-probe. (b) Labeled fragments protected in

reactions containing OpMNPV infected-cell RNA and the

3'-probe. (c) Labeled fragments protected in

reactions containing OpMNPV infected-cell RNA and the

5'-probe. Protected fragments ranging in size from

200-205 bases are indicated in (b), corresponds to an

untranslated region of 176-181 bases at the 3'-end of

the p10 mRNA. Major protected fragments of 149 and

150 bases are indicated in (c), corresponds to an

untranslated leader sequence of 52-53 bases. Minor

protected fragments of 167-169 bases are also

indicated. The top fragments in lane (c) was also

protected in a control reaction using the 5'-probe

(data not shown).
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ranging in size from 200 to 205 bases with the strongest band

appearing at 200 bases. This represents an untranslated sequence

of 176-181 bases at the 3'-end of the mRNA. The total size of

the mRNA determined by these S1 analyses is 506-510 bases, which

indicates a poly(A) tail of ca. 120 bases on the major p10

transcript.

The 5'-initiation site for the 1280 base mRNA was also

determined by hybridization to the 575 by PstI-HindIII fragment

from the right hand end of HindIII-M. A heterogenous collection

of bands ranging in size from ca. 136 to 143 bases was protected

from S1 degradation, with major bands of 140 and 142 bases

appearing (data not shown).

The positions of the 5'- and 3'-ends of the major p10 (630

base) mRNA and the 1280 base mRNA, with respect to the DNA

sequence, are indicated in Fig. 8. Schematic representations of

these two mRNA species are presented in Fig. 10.
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DISCUSSION

Conservation of Genome Organization Between OpMNPV and AcMNPV

In a previous study, OpMNPV and AcMNPV demonstrated 24%

duplex formation by DNA-DNA hybridization under nonstringent

condition (Rohrmann et al., 1982b). In order to extend this

observation, the OpMNPV genome was first mapped and then large

clones containing 20-30 kb of OpMNPV DNA were hybridized to blots

containing restriction digests of AcMNPV DNA. It was demonstrated

that most regions of the AcMNPV genome exhibit detectable homology

with regions of the OpMNPV genome and that the regions of homology

between the two viruses are arranged in a predominantly colinear

fashion. Four regions of the AcMNPV genome were not hybridized by

any of the cloned OpMNPV probes, however. Interestingly, three of

these regions (HindIII-X and J, HindIII-S, and HindIII-K)

correspond very closely to regions which were also not hybridized

by labeled Anticarsa gemmatalis MNPV (AgMNPV) DNA (Smith and

Summers, 1982). This suggests either that these regions may vary

extensively among a number of related MNPV types, possibly because

they are under less functional constraint than the majority of the

genome (see below), or that they may have arisen independently in

the AcMNPV line at a time later than the divergence of the other

two MNPV types, possibly from a nonviral origin. Since stable

DNA-DNA hybrids do not form when there is less than ca. 67%
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nucleotide sequence homology (Howley et al., 1979) the direct

comparison of DNA sequences in these regions will be needed to

resolve this issue. Friesen and Miller (1985) have presented

evidence that one of the hyper-variable regions (AcMNPV HindIII-K)

is transcribed in the AcMNPV and that transcription of this region

is governed by a complex control system during the infection cycle

in cultured cells. This suggests that this region may serve

important functions for the virus during infection.

One non-hybridizing region was found in this study that was

not detected in the AgMNPV study and vice versa. Other

non-hybridizing regions undoubtedly were not detected because they

are present on restriction fragments that also contain

cross-hybridizing regions. For instance, it was found that the

region of cross-hybridization of the 2.08 Kb AcMNPV HindIII-Q

fragment with the OpMNPV genome was limited to ca. 700 base

pairs. Hybridization of the labeled cosmid probes to blots

containing AcMNPV DNA digested with restriction enzymes that were

not used in the current study would probably allow the detection

of additional non-hybridizing regions.

Another limitation to this analysis is that genomic

rearrangements occurring within the boundaries of the probes are

not detected in the cross-hybridization experiments. As noted,

the orientations of the polyhedrin genes in OpMNPV and AcMNPV is

opposite with respect to the aligned maps. It is quite possible

that additional inversions and translocations have occurred within



92

the probe boundaries.

One detectable exception to a strict colinear arrangement

between the genomes of OpMNPV and AcMNPV involves the weak

hybridization of AcMNPV HindIII-L with both cosmid clones pVKOM-1

and pVKOM-54 (Fig. 4, Table 3). Since AcMNPV HindIII-L contains

one of the repeated sequences found in AcMNPV (Cochran and

Faulkner, 1983), This hybridization may be the result of

cross-hybridization of repeated sequences between the two

viruses, or it may be an indication of the occurrence of a

translocation in the OpMNPV line since the time of evolutionary

divergence with the AcMNPV line. Since several instances of weak

hybridization were observed between baculovirus DNA and the

presumably quite unrelated pVK102 cosmid DNA in the control blot

(Fig. 4, Table 3), it is also possible that the observed weak

cross-hybridization by one (or both) of the cosmid probes is

purely adventitious.

Closer examination all but rules out the notion that the

cross-hybridization by two cosmid probes to AcMNPV HindIII-L is

due to repeated sequences. In the hybridization of cosmid clones

containing different portions of OpMNPV DNA to Southern blots

containing digests of genomic OpMNPV DNA, evidence of weak

hybridization of certain cosmid clones to fragments lying outside

the boundaries of those particular clones was noted (Fig. 4),

suggesting the presence of repeated sequences in OpMNPV. These

intragenic regions of homology differ substantially from the
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repeated sequences found in AcMNPV, however, in that the AcMNPV

repeated sequences show very strong, rather than weak,

cross-hybridization with one another (Fig. 6, lane h). This

suggests that if OpMNPV does contain repeated sequences similar to

those found in AcMNPV, they have diverged more from each other

within the OpMNPV genome than they have within the AcMNPV genome,

thereby hybridizing less strongly with one another. There was no

apparent hybridization of the repeated sequence found in AcMNPV

HindIII-Q to OpMNPV DNA; the cross-hybridization of the AcMNPV

HindIII-Q fragment with OpMNPV DNA was limited to a small portion

of the OpMNPV HindIII-Q fragment which contains the p10 gene, and

did not involve the AcMNPV repeated sequence (see below). We

think it is most likely that if OpMNPV does contain repeated

sequences, these sequences are unrelated to those found in

AcMNPV. On current evidence, however, we question the existence

of repeated sequences in the OpMNPV genome resembling anything

like those found in AcMNPV.

Homology of the p10 Genes and Flanking

Open Reading Frames Between AcMNPV and OpMNPV

The DNA sequence of the AcMNPV p10 gene, as well as a

considerable amount of the regions flanking this gene was reported

by Kuzio et al. (1984) and the complete sequence of an open

reading frame upstream of the AcMNPV p10 gene was determined by
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Liu et al. (1986). The nucleotide sequence of a similar region

from OpMNPV is presented here (Fig. 8). A computer generated

alignment of the nucleotide sequences from the two viruses is

shown in Fig. 13. The p10 genes from these two viruses, while

similar in size (276 bases in OpMNPV compared to 282 in AcMNPV),

have diverged considerably, sharing only 54% nucleotide sequence

homology and 41% amino acid sequence homology (Fig. 4A). The open

reading frames immediately upstream and downstream from the p10

gene in the two viruses also share a good deal of homology.

Overall the upstream open reading frames share 54% nucleotide

sequence homology and 47% amino acid sequence homology whereas the

downstream open reading frames share 71% nucleotide sequence

homology and 70% amino acid sequence homology in the region of

overlap between the two sequences. All three of the open reading

frames compared here show less homology than is shared by the

polyhedrin genes from these two viruses, which show 80% and 90%

homology at the nucleotide and amino acid sequence levels,

respectively (Leisy et al., 1986b).

Sequence comparisons of functionally equivalent proteins and

genes from a variety of organisms have been used to construct

phylogenetic trees. Phylogenetic trees based on these molecular

comparisons are similar to those derived from the fossil record,

when both methods are employed with the same organisms. However,

each protein group has its own intrinsic evolutionary rate which

is related to the amount of change which can be tolerated while
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Figure 13. Alignment of the regions containing the p10 genes from

OpMNPV and AcMNPV. The sequence on the top is from

AcMNPV and the sequence on the bottom is from OpMNPV.

Alignment was done with the aid of a computer

alignment program. The nucleotide sequence from

AcMNPV is from Kuzio et al. (1984) and Liu et

al. (1986) and that of OpMNPV is the one shown in

Figure 8. Dots between the two sequences represent

nucleotide identities. Bold letters indicate

nucleotides from codons that show alignment at the

amino acid level in the three identified long open

reading frames in this region (beyond position 1645 in

the AcMNPV sequence and position 1486 in the OpMNPV

sequence the codons are in the strand complementary to

the one shown). Potential TATA boxes are indicated by
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Figure 13 (continued).

lines above and below the sequences at position 506 in

the AcMNPV sequence and position 408 in the OpMNPV

sequence. Putative regulatory sequences in front of

late hyper-expressed baculovirus genes are indicated

by lines above and below the sequences at position

1276 in the AcMNPV sequence and position 1152 in the

OpMNPV sequence. Translational initiation codons and

termination codons for the p10 gene and the long open

reading frame upstream from the p10 gene are

underlined in each sequence. The complement of the

termination codon for the long open reading frame

downstream from the p10 gene is also underlined in

each sequence.
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Figure 13 continued.
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Figure 13 continued.
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still maintaining a functional structure. As a consequence of

this "functional constraint" the rate at which an individual

protein evolves appears to be fairly constant. Different proteins

evolve at different rates, however, indicating different degrees

of functional constraint. For example histone H4 has evolved at a

very slow rate (1% change in amino acid sequence every 400 x 106

years, whereas cytochrome C has evolved at 1% every 15 x 106 years

(Wilson et al., 1977). It's also apparent that different portions

of the same molecule evolve at different rates, indicating that

these different portions are subject to different degrees of

functional constraint.

There appears to be an overall gradient of homology along the

lengths of the p10 genes. While the N-terminal encoding portions

share a very high degree of homology (11 out of 13 identities not

including the methionine at the first position), the C-terminal

encoding portions share very little homology. This suggests that

the N-terminal portion of the protein may be very important in

terms of the function of p10. The amino acid homology of the

remainder of the protein is only 31%. However, with the exception

of a few small regions, the hydropathy plots for these two

proteins (Fig. 14) show an overall pattern of similarity,

suggesting that the p10 proteins may be more alike in structure

than is indicated by the primary sequence.

The underlined portions of the amino acid sequences in Fig. 9

indicate regions having greater than 65% amino acid sequence
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Figure 14. Hydropathy plots of OpMNPV and AcMNPV p10 proteins.

Plots were constructed using the algorithms of Kyte

and Doolittle (1982). The computer program plots the

sums of hydropathy values for 7 contiguous amino acids

over the position of the middle amino acid in each

sector. Points lying above the dashed line indicate

sectors with an overall hydrophobic character, whereas

points below the line indicate sectors with an overall

hydrophilic character.
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homology, whereas regions not underlined have 31% homology or

less. For the upstream gene the corresponding levels of homology

at the nucleotide level for these underlined and not underlined

regions is greater than 62% and less than 32%, respectively. Both

the amino acid and nucleotide sequences have an alternating

pattern of homologous and nonhomologous regions in this gene. In

contrast, the downstream open reading frame appears to have a

rather uniform distribution of homology along its length. The

region to the left of the upstream open reading frame in the two

viruses, which, in AcMNPV contains one of the repeated sequences,

shows no detectable homology. It is possible that there is a

region within the AcMNPV genome that is homologous with the region

to the left of the upstream open reading frame of OpMNPV, but that

this region has been "displaced" leftward by the insertion of the

repeated sequence. This notion can be tested by examining which

restriction fragments from AcMNPV, if any, hybridize to probes

made from this region in OpMNPV.

Initiation and Termination of the p10 mRNAs

We used S1 nuclease analysis to map the termini of the major

OpMNPV p10 mRNA (Fig. 12) and observed untranslated sequences of

51-52 bases at the 5'-terminus and 176-181 at the 3'-terminus. We

find that the major mRNA initiation site occurs within the

sequence AATAAGCACTAT, which matches a consensus sequence of
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(A/T)ATAAGNANT(T/A)T found in the 5' flanking region of all

late-hyper-expressed baculovirus genes that have been sequenced

thus far (Akioshi et al., 1985; Leisy et al., 1986; Chakerian et

al., 1985; Hooft van Iddekinge et al., 1983; Iatrou et al., 1985;

Kuzio et al., 1984; Leisy et al., 1986) (Fig. 15), and which is

near the 5'-terminus of the mRNA in all the other late baculovirus

genes in which this has been determined (Hooft van Iddekinge et

al., 1983, Kuzio et al., 1984; Leisy et al., 1986). We also noted

a minor initiation site ca. 17 bases upstream from the major

initiation site, within the sequence TGTAAG, which matches one end

of the conserved sequence in 5 out of 6 positions.

The conserved sequence may be an important element in the

control of transcriptional initiation of late baculovirus genes,

since no other sequence element has been found to be regularly

conserved near the 5'-ends of these genes.

The initiation site for transcription of the 1250 base mRNA

is ca. 25 bases in front of the ATG translation initiation codon

for the 230 aa open reading frame. The 1250 base mRNA therefore

likely represents the message for this gene. Since the 1250 base

mRNA can be detected as early as 6 h p.i. the 230 aa open reading

frame can be regarded as an early baculovirus gene.. There are no

sequences upstream from this open reading frame resembling the

conserved 12-mer found preceding the baculovirus late genes.

However, sequences resembling consensus TATA boxes (Breathnach and

Chambon, 1981) are found preceding the upstream open reading
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Figure 15. Regions preceding late hyper-expressed baculovirus

genes. Gaps have been introduced into some sequences

to facilitate the alignment of homologous regions.

The 5'-ends of transcriptional units is indicated

above those sequences for which this information is

available. Different 5'-end sites have been found for

the AcMNPV p10 trancriptional unit in different

laboratories; these are indicated by (5'K) (Kuzio et

al., 1984) and (5'L) (Lubbert and Doerfler., 1984).

Sequences and S1 results are from: AcMNPV polyhedrin,

Hooft van Iddekinge et al., 1983; BmNPV polyhedrin,

Iatrou et al., 1985, OpMNPV polyhedrin, Leisy et al.,

1986c; LdMNPV polyhedrin, Ming Chang, personal

communications; OpSNPV polyhedrin, Leisy et al.,

1986a; PbGV granulin, Chakerian et al., 1985; TnGV

granulin, Akiyoshi et al., 1985; AcMNPV p10, Kuzio et

al., 1984 and Lubbert and Doerfler, 1984; OpMNPV p10,

1986b, and this thesis.
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frames in both OpMNPV and AcMNPV. It seem quite plausible that

the early transcripts are produced by the host RNA polymerase II,

which recognizes standard eucaryotic promoter elements, and that

there is a switch to a viral specific RNA polymerase that

recognizes novel promoter sequences which is responsible for the

synthesis of the late transcripts. The conserved 12-mer located

in front of the late genes is a likely candidate for such a

promoter element. In vitro transcription studies with extracts

from infected and uninfected cells, coupled with a deletion

analysis of these putative promoter regions is needed to test this

hypothesis.

The 3'-termini of the major p10 and the upstream open reading

frame messages are likely identical and map ca. 15 bases

downstream from an AATAAA sequence. This sequence, or a closely

related sequence, is normally found a short distance upstream from

the 3'-terminus of eucaryotic mRNAs and very likely serves as part

of a signal for the processing of longer primary transcripts and

for poly(A) addition (Birnstiel et al., 1985). Our findings

suggest that the 3'-end of the p10 mRNA is most likely produced by

the host's processing machinery.

The OpMNPV p10 Gene is Transcribed by Overlapping mRNAs

Fig. 10 indicates the positions and orientations of the major

RNA transcripts in the region containing the p10 gene. We found
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that in addition to a major p10 message of ca. 630 bases, there

were two other larger mRNA species (1280 and 2580 bases) that are

transcribed in the same direction as the major p10 message, and

which also traverse the p10 gene. We also detected a large mRNA

species of 3450 bases that is transcribed in the opposite

direction. The use of probes from upstream and downstream of the

p10 gene revealed that the 1280 base mRNA species initiates

upstream from the p10 gene, and likely terminates at, or near, the

same site where the major 630 base p10 mRNA terminates. In

contrast the 2580 base mRNA species likely initiates at the same

site as the major p10 mRNA, but extends through the major p10 mRNA

termination site and ends much further downstream.

It is likely that the 1280 base mRNA species represents the

message for the 230 as reading frame. There are no AATAAA signals

immediately downstream from the termination codon for this open

reading frame, and the message probably extends through the p10

gene and is processed at the same site as the major p10 mRNA. The

2580 base mRNA species may represent p10 mRNAs that are not

processed at this site, but which are processed at a site further

downstream. The large 3450 base mRNA species may represent the

message for the downstream open reading frame. Like the upstream

open reading frame, we found no AATAAA signals following the

termination codon for the downstream open reading frame, which may

account for why this large message traverses through several

genes.
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The sequence analysis has revealed a very compact gene

organization in the region of the OpMNPV p10 gene. The TAA

termination codon for the upstream open reading frame overlaps the

putative regulatory (A/T)ATAAGNANT(T/A)T sequence in front of the

p10 gene, and there are no base-pairs separating the termination

codons for the p10 gene and the downstream open reading frame.

The AATAAA termination signal for the p10 gene is found within the

coding sequence of the downstream open reading frame. The gene

organization in AcMNPV is similar except that 11 bases separate

the termination codons for the p10 gene and the downstream open

reading frame. This type of organization suggests that selection

is operating towards a compact arrangement of genes in this

region. Since mRNA termination signals appear to occur within

polypeptide encoding regions, sequences just downstream from each

gene may often be constrained from evolving these signals. The

occurrence of overlapping mRNAs in these systems may be the result

of this selection; that is, the compactness of the viral gene

organization might be maintained at the expense of having to make

longer tracts of mRNA.

It is also possible that overlapping mRNAs may play a role in

the temporal regulation of baculovirus genes. It has been

suggested (Friesen and Miller, 1985) that overlapping mRNAs may

regulate transcription in baculoviruses by promoter occlusion, a

process characterized in a prokaryotic system whereby

transcription through a downstream promoter prevents
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transcriptional initiation at that promoter because of steric

hindrance or localized distortion of the DNA structure (Adhya and

Gottesman, 1982). Another possibility is that hybridization

between messages of opposite polarity may affect gene expression

of neighboring genes at a post-transcriptional level, such as

processing, transport across the nuclear membrane, or translation.
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