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I. Abstract

Bombyx mori nuclear polyhedrosis virus (BmNPV) and

Spodoptera litura NPV (S1NPV) were analyzed using various

molecular biological techniques to examine the structure and
functions of baculoviral genomes. Gene libraries covering
the entire genomes of the two viruses were initially
constructed in plasmid vectors. Complete physical maps of
the BmNPV and SINPV genomes for several restriction
endonucleases were constructed by hybridization and double
digestion experiments.

In the BmNPV genome five major regions of homologously
repeated (hr) sequences were found. The BmNPV hr sequences
had very high conservation of sequence, location, and
orientation compared to hr sequences previously found in

Autographa californica NPV (AcNPV), however, an inversion and

rearrangement of some sequences were observed. Excluding the
hr sequences, the BmNPV genome was made up of unique
sequences, which consisted of open reading frames (ORFs) and
their flanking sequences. Most ORFs identified between 86.3
and 99.6 map units possessed late and/or early gene promoter
motifs and poly (A)+ signals, indicating that they were
actively translated. Furthermore, the coding sequences and
loéation of four immediate-early genes and one late gene
(p74) were found to be well conserved between BnNPV and

ACNPV.



Four different polyhedrin genes of BmNPV and S1NPV were
isolated, sequenced, and characterized. An amino acid
sequence substitution was found to be responsible for a
change in the inclusion body shape from polyhedral to
cuboidal. Sequence analysis of the polyhedrin genes of two
SINPV isolates, OT2 and CC5, showed that OT2 is an AcNPV

variant and CC5 belongs to a previously unknown S. littoralis

NPV group, which is related to Orygia pseudotsugata NPV.

Based on the effects of the 5’ non-translated region of the
polyhedrin gene, new transfer vectors with high expression
characteristics and with multiple cloning sites were
constructed for foreign gene expression.

The polyhedrin gene was used to study the mechanisms of
protein localization in the nucleus. A specific consensus
nuclear localization signal found in other eukaryotic cells
was found in the BmNPV polyhedrin gene. When this region was
deleted by treatment with Bal3l exonuclease and examined
using a marker rescue technique, the resulting recombinant
viruses expressed mutated polyhedrin which localized in the
cell cytoplasm. These results showed that insect cells use
the same protein trafficking mechanisms generally found in
other eukaryotic cells. It was also found that nearly the
entire amino acid sequence of polyhedrin is necessary for
normal crystallization to occur. The deletion experiments
showed that 1) the shape of polyhedra is controlled by C-
terminal amino acids and 2) amino acid information controls

polyhedral size.



II. Introduction.

Insect-pathogenic viruses are generally classified into
seven families. Most insect-pathogenic viruses fall into
the family, Baculoviridae, which consist of three
subfamilies, nuclear polyhedrosis viruses (NPV), granulosis
viruses (GV), and non-occluded viruses. Viruses in the
family Baculoviridae are characterized by circular double-
stranded DNA genomes 80-160 kilo bases (kb) in length and
rod-shaped enveloped virions (Matthews, 1982).

NPVs are found in several orders of insects, mainly
lepidopterans, and have the unique characteristic of
producing proteinacious nuclear occlusion bodies, which can
each incorporate a large number of progeny viral particles.
GVs produce proteinacious inclusions, called granules, which
can each incorporate one progeny viral particles. Other
insect virus families, including cytoplasmic polyhedrosis
virus (CPV) and insect poxvirus, are also able to produce
large proteinacious inclusion bodies which contain many
progeny viral particles. The production of viral inclusion
bodies is a unique characteristic of insect-pathogenic
viruses. These inclusion bodies play an important role for
viral transmission in the field by protecting embedded viral
particles from UV light, chemicals, etc. in the soil for
prolonged periods, presumably more than several years.

Viral epidemics in the field are a major factor in the

control of insect populations (Granados and Federici, 1986).



For this reason they have been considered for use as a

natural insecticide. For example, Oryctes rhinoceros

baculovirus has been heavily used for pest control of
coconut trees in the South Pacific (Redford, 1986), and
Anticarsia gemmatalis NPV has been used for pest control of
soybean in Brazil (Johnson and Maruniak, 1989). These
applications have been primarily based on the efficacy of
baculoviruses for pest control (Granados and Federici, 1986)

and safety factors (Summers et al., 1975). Spodoptera

litura NPV (SINPV) is also considered as an efficient
controlling agent for S. litura (Okada, 1977), which is a
major pest of vegetable crops in Southern and Western Japan,
however, very few genetic studies have been performed on
this virus (see Maeda et al., 1990).

Bombyx mori NPV (BmNPV) is a major disease of the

silkworm, B. mori, in sericulture. Protection of reared
silkworm colonies from viral infection is crucial for
obtaining high quantities of high quality cocoon for silk
production. Although many etiological and histopathological
studies have been conducted, little has been reported on the
genetics of BmNPV at the molecular level (see review of
Horie & Watanabe, 1980). NPVs are generally characterized
as either SNPV or MNPV depending on the number of
nucleocapsids within a viral envelope embedded in the
polyhedra. Although BmNPV is listed as representative of
SNPV (Matthews, 1982), BmNPV also produces a MNPV form. 1In

an established cell line, it has been reported that only the



SNPV form is observed (Inoue & Mitsuhashi, 1984). 1In
larvae, most progeny viral particles (more than 90%) are the
S- form and the ratio of S- and M- forms depends on the
infected organ (Watanabe, 1975). Even after plaque
purification, BmNPV still shows this heterogeneity and this

ratio does not change significantly after passage in vivo or

in vitro (see Maeda and Majima, 1990). The mechanisns
behind the MNPV and SNPV phenotypes pose an interesting
scientific question with regard to the processes of protein
association within cells and viral assembly.

Baculoviruses have been considered as efficient vectors
for expression of foreign genes in insect cells (Luckow and
Summers, 1988; Miller, 1988; Maeda, 1989a: Luckow, 1991).
Baculoviral expression systems exhibit numerous advantageous
characteristics including high expression rates, correct
post-translational modifications, and authentic antigenic
properties. The very strong promoter of the polyhedrin gene
is essential for high level production of foreign genes by
recombinant baculoviruses, however, the polyhedrin gene or
gene product is not essential for viral progeny production.
The polyhedrin protein accounts for about 30% of total
cellular proteins at a late stage of infection.

Furthermore, since polyhedra are visible under the light
microscope, a recombinant NPV carrying a foreign gene after
the polyhedrin promoter by replacement of the polyhedrin
gene can be isolated easily by screening for infected cells

lacking polyhedral production.



Two NPVs, BmNPV and Autographa californica NPV (AcCNPV) ,

are commonly used for expression experiments, however, the
BmNPV system has the advantage of having a well studied and
easy to use in vivo host, the silkworm (Maeda et al., 1985).
To date more than two hundred different genes have been
expressed using baculovirus expression vectors (see review
of Luckow, 1991) for basic research and specific
applications. Of current interest in medicine in the United
States is the use of a recombinant baculovirus-expressed
envelope protein of the AIDS virus (HIV-1) (see Maeda,
1989a) for testing as a possible AIDS vaccine. Recently,
the silkworm and the baculovirus expression vector system
has also been used for the production of canine interferon
alpha for veterinary use in Japan.

Until recently most studies of baculovirus replication
have been conducted using in vivo systenms (larvae) mainly by
histological, histochemical and microscopic analysis.
Initial infection of larvae by baculoviruses occurs after
viral particles are released from ingested inclusion bodies
by alkaline protease degradation in the digestive juice.
Released viral particles attach to microvilli of midgut
cells and replication initiates in the midgut tissue,
however, only a limited number of midgut cells, columnar and
regenerative cells, are initially infected. After the
replication of baculoviruses in midgut cells, budded non-
occluded viruses from the basement membrane spread into

various tissues of the body cavity of larvae (see Keddie et



al., 1989). The initial target tissue in the body cavity is
hemocyte. At a late stage of infection (3-4 days post
infection), viruses can infect and replicate in almost all
larval tissues. Fat body is the major target organ of viral
replication and production of polyhedra is observed in most
fat body cells. At a very late stage of infection (one or
two days prior to larval death), fat body and other cells
start to degenerate, resulting in the whitish appearance of
hemolymph due to the large number (more than a hundred per
cell) of polyhedral inclusion bodies released from lysed
cells.

The establishment of an in vitro replication system
(established cell lines) and molecular biological techniques
(see Granados and Federici, 1986) has led to a greater
understanding of the replication of baculoviruses. Most
insect viruses do not replicate or replicate poorly in
established cell lines. AcNPV, however, which possesses
relatively wide host specificity replicates rapidly in vitro
and a great wealth of knowledge of the mechanisms of viral
replication has been accumulated using this baculovirus as a
model.

Historically insect viruses including baculoviruses
have been classified (Latin name plus subfamily name) based
on their host specificity which is generally narrow.
Recently, however, DNA restriction analysis has allowed more
sensitive and accurate classification of baculoviruses.

Using these techniques the genetic relatedness of many



insect viruses have been guantitatively compared (e.g.,
Smith and Summers, 1982). In addition, in vitro systems
have spawned plaque isolation techniques for the recovery of
pure viral clones including mutant clones. Using these
techniques, wild stocks of baculoviruses have been found to
be genetically heterogeneous (Lee and Miller, 1979) and are
sometimes mixtures of completely different viruses (Maeda et
al., 1990). Taxonomical distance among baculoviruses has
also been studied using hybridization techniques (Smith and
Summers, 1982). Although Kondo and Maeda (1991) have
recently shown that host specificity of baculovirus can be
changed (expanded) by recombination of two baculoviruses
having different host specificity, the real mechanisms of
host specificity are still unknown.

To date about 40% of the entire genome of ACNPV has been
sequenced and more than ten genes have been identified,
sequenced, and characterized. The polyhedrin gene of AcCNPV
was the first baculoviral gene to be identified and
sequenced (van Iddekinge et al., 1983). Structural
polypeptides of AcNPV that have been isolated and sequenced
include: envelope protein (Whitford et al., 1989), capsid
protein (Thiem and Miller, 1989), DNA binding protein (Wilson
et al., 1987), and polyhedral envelcope protein (Russell and
Rohrmann, 1990). Non-structural proteins that have been
isolated and sequenced include: DNA polymerase (Tomalski et
al., 1988); p74 related to virulence (Kuzio et al., 1989);

immediate early genes (IE-0 (Chisholm and Henner, 1988), IE-



Henner, 1988), IE-1 (Guarino and Summers, 1987), IE-N
(Carson et al., 1991), PE-38 (Krappa and Knebel-Morsdorf,
1991)); PCNA (ETL and ETS) which accelerate late genes
(Crawford and Miller, 1988); ubiquitine-like gene (Guarino,
1990) ; DNA helicase (Lu and Carstens, 1991); superoxide
dismutase (Tomalski et al., 1991); ecdysteroid UDP-glucosyl
transferase (0’Reilly and Miller, 1989); and apoptosis-

preventing protein (Clem et al., 1991). Several structural

and non-structural genes from Orygia pseudotsugata NPV

(Blissard and Rohrmann, 1990) and BmNPV (Maeda et al.,
1991a) have also been isolated.

Unique repeated sequences are characteristic of the
baculoviral genome (Arif and Doerfler, 1984; Cochran and
Faulkner, 1983). AcCNPV has 6 repeated sequences in five
discrete regions (Guarino et al., 1986). Since all
baculoviruses examined have repeated sequences (see Blissard
and Rohrmann, 1990), these regions are considered to be
essential in the baculoviral genome construct. The gene
arrangement of baculoviruses is also relatively conserved,
although insertions, deletions, and inversions of genes have
been observed (Blissard and Rohrmann, 19%90).

Initial studies on the regulation of gene expression
examined viral protein synthesis in established cell lines
by SDS polyacrylamide gel electrophoresis and radio-labeling
of protein synthesis (e.g., Dobos and Cochran, 1980).

Thirty to forty viral polypeptides have been identified and

their expression has been shown to be temporally controlled.



The control of protein synthesis is related directly to
transcription levels. Baculovirus gene expression has been
characterized by Northern blot analysis, cDNA cloning,
primer extension, CAT (chloramphenicol acetyltransferase)
assay, and S1 nuclease mapping.

Baculovirus gene expression is classified into four
phases: immediate-early, delayed early, late, and very late
(see Blissard and Rohrmann, 1990). Immediate-early genes do
not require viral gene products for their expression, i.e.,
host factor(s) can activate the gene expression of
immediate-early genes. Four major immediate-early genes,
IE-0, IE-1, IE-N, and PE-38 have been isolated and
characterized (see above references). The IE-1 and IE-N
gene products can trans-activate delayed early genes (Carson
et al., 1988), however, the real functions of these genes
including their target sites are still unclear. The TATA
box and a CAGT motif located about 25 bp downstream of the
TATA box are believed to be essential for immediate-early
gene expression (Blissard and Rohrmann, 1990). Most
identified immdiate-early genes possess these sequences.

The polyhedrin (Rohrmann, 1986) and pl0 (Leisy et al., 1986)
genes are expressed at a very late stage of infection. The
upstream region of (very) late genes contain the consensus
séquence ATAAG. Transcription of these genes starts from
the second adenine of this consensus sequence. At a late
stage of infection early gene and host gene expression are

suppressed. Furthermore, splicing of host and viral genes

10
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is also blocked (Chisholm and Henner, 1988). Ooi and Miller
(1990) have hypothesized that this suppression is caused by
the production of antisense RNA.

I have chosen two baculoviruses, BmNPV (T3 isolate) and
SINPV (OT2 isolate), for the study of baculoviral
replication in insect cells. BmNPV is important as an
expression vector and in the sericultural industries. S1NPV
has potential for use as an effective controlling agent for
a major pest of vegetable crops in Japan. Since published
molecular biological studies of these two viruses are very
limited, physical maps, which are essential for further
experiments at the molecular level, of the viral genome,
were initially constructed (Section III). A DNA fragment
library of the viral genome, which can be directly used for
gene analysis, was also constructed. In section IV, the
characteristics of the polyhedrin genes of BmNPV T3, S1NPV
OT2 and various mutants are reported. To test the
relationship between nucleotide sequence and phenotypic
characteristics such as the shape of the polyhedra,
recombinant viruses were constructed. Four different
polyhedrin genes were isolated from various mutants and the
entire sequence of these genes was determined. Various
mutants with appropriate deletions in the polyhedrin gene of
BmNPV were examined to determine the mechanisms of 1)
nuclear localization of polyhedrin, 2) crystallization of
polyhedrin, and 3) shape and size determination of inclusion

bodies. 1In section V, sequence analysis of the BmNPV genome



is reported. The structure of the repeated sequences of
BmNPV were characterized after isolation and sequencing. A
sequence of about 17 kb (13%) of the BmNPV genome, which
contains four immediate-early genes was determined, and gene

structure and expression in this region was examined.

12
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III. Construction of DNA fragment libraries and physical

maps of two nuclear polyhedrosis viruses.

A. Introduction
Recently, over 100 isolates from four different wild

stocks of NPVs of Spodoptera litura (the same or closely

related species to S. littoralis), which is a major

agricultural pest in Africa, Asia, and Mediterranean
regions, have been plaque-purified and characterized (Maeda
et al., 1990). These S. litura NPV (S1NPV) isolates were
classified into four distinct groups (S1INPV-A, S1NPV-B,
SINPV-C, and AcCNPV (an AcNPV variant)) by in vitro host
range and DNA restriction endonuclease patterns using EcoRI.
Another NPV, the BmNPV T3 isolate, has been used extensively
for basic molecular biological research (Maeda et al.,
1991a) and its applications for foreign gene expression
(Maeda et al., 1985; Maeda, 198%a), and as a model system
for the construction of recombinant viral insecticides
(Maeda et al., 1991b).

Plaque isolation and DNA analysis techniques have
demonstrated the precise genetic relatedness of NPVs. AcCNPV
is the most well studied baculovirus at the molecular level
and several AcNPV variants have been isolated and
characterized (see Blissard and Rohrmann, 1990).
Construction of a physical map of the viral genome using

restriction endonucleases is essential for further

experiments at the molecular level. Restriction
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endonuclease maps have been constructed for several NPVs
including: AcNPV and its variants (Miller and Dawes, 1979;
Smith and Summers, 1979; Vlak, 1980; Cochran et al., 1982;

Brown et al., 1984), Anticarsia gemmatalis NPV (Johnson and

Maruniak, 1989), Panolis flammea NPV (Possee and Kelly,

1988), Mamestra brassicae NPV (Wiegers and Vlak, 1984;

Possee and Kelly, 1988), Orayia pseudotsugata NPV (Chen et

al., 1988), Heliothis zea SNPV (Knell and Summers, 1984),

Spodoptera littoralis NPV (Croizier et al., 1989) and

Spodoptera frugiperda NPV (Loh et al., 1981; Maruniak, et

al., 1984).

In this section, I describe the construction of
restriction fragment libraries covering the entire genomes
of BmNPV T3 and S1NPV OT2 (AcNPV variant) in plasmids, and
construction of their physical maps for several
endonucleases. In addition, five areas of EcoRI-rich
repeated sequences were found and localized in the physical

map (see section V for details).

B. Materials and Methods.

Chemicals, media, gene cloning techniques, and plasmid

preparations: are described in Figs. III-1 to III-3.

Virus: BmNPV. A plaque purified isolate, T3, of BmNPV
(Maeda, 1984) and a plaque purified isolate, 0OT2, of SINPV
(AcNPV variant) (Maeda et al., 1990) were used. For
purification of BmNPV viral particles, polyhedral inclusion

bodies propagated in the silkworm were used. Inclusion



A. Ligation: (using the Takara Ligation kit)
1. Take 2-5 ul of digested plasmid prefered for ligation,
and add 4-8 times volume of A buffer and 1 times volume of B
buffer. Mix by gentle tapping (do not vortex).
2. Incubate in a 16 C water bath for 30 min.
B. Transformation:
3. Mix the following in a microfuge tube:

5 ul ligated plasmid (approx. 0.1 ug)

40 ul competent cells

4., Incubate 10 min on ice.

5. (Invert once to mix) and incubate 40 sec in a 43.5 C
water bath.

6. Quickly transfer tube to ice bath (0 C) for 2 min.

7. Add 70ul TUM without ampicillin and incubate at 37 C
(air incubator) for 10 min. Mix by gentle tapping.

8. ©Spread on a plate (TA plates or Taxi plates) using
sterile spreader and incubate at 37 C at least 7 hours.

Fig. III-1. Ligation and transformation with plasmid DNA

15
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1. Add 1 ml of TUM/AMP* medium into sterile microfuge tubes
using a sterile pipet.

2. Pick up a single colony using a sterile toothpick. Touch
the toothpick to a replica plate, then insert it into a
microfuge tube.

3. Incubate the microfuge cultures at least 7 hours at 37 C
with rocking (175 rpm). Incubate the replica plates at 37 C
without rocking.

4. Centrifuge cultures at 4000 rpm for 1 min.

5. Disgard supernatant and agd 150 ul (300 ul for
sequencing) of lysozyme-STET  (0.5mg/ml) solution into each
tube and vortex until the pellet is completely disolved.

6. Boil tubes in a boiling water bath for 1 min.

7. Place each rack into an ice/water bath until cold (2
minutes).

8. Centrifuge at 12,000 rpm for 15 min.
9. Remove precipitate with sterile toothpicks.

10. Add 100 ul (200 ul for sequencing) of isopropanol. Mix
well by inversion and shaking; incubate at -80 C for at
least 10 min.

11. Centrifuge at 12,000 rpm for 10 min. Discard
supernatant and dry in vacuum for 30 min or until dry.

*TUM/AMP Medium
Bacto tryptone (Difco)
Bacto yeast extract (Difco)
NacCl
KCl
MJgSQ4.7H,0

H50 to

i

N O
Lol (S BN IS IS o]

HioKQe

Autoclave for 15 minutes at 121 C¢. Stock at 5 C or room
temperature. Add Ampicillin to 50 mg/liter.

*STET Buffer

Sucrose 80 g
Triton X-100 50 g
0.5M EDTA 100 ml
1M Tris-Cl pHS8 50 ml
H50 to 1 1

Fig. III-2 Minipreparation of plasmid DNA
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1. Add 50 ml of TUM/Amp medium into a 150 ml Ehrenmyer
flasks and innoculate media with a single bacterial colony
using a sterile toothpick.

2. Incubate (140-160 rpm) at least 7 hours at 37 C.

3. Transfer culture medium into a 50 ml centrifuge tube and
centrifuge at 3000 rpm for 10 min at 5 C.

4. Discard supernatant by decantation. Add 3ml of TE (20mM
Tris-Cl, 1 mM EDTA pH 8.0). Completely suspend pellet by
vortexing.

5. Add 1 ml of 2 nmg/ml lysozyme in 25% sucrose-20mM Tris-Cl
(pH 7.5). Mix well and incubate at room temperature for 5
min.

6. Add 4 ml of 1.5% SDS, 0.3 N NaOH. Shake vigorously.
Incubate at room temp. for 5 min.

7. Add 4 ml of 5M Potassium Acetate. Shake vigorously.
Centrifuge at 3,000 rpm for 10 min at 5 C.

8. Transfer supernatant into another 50 ml tube. Add 6 ml
of isopropanol. Mix well. Incubate 15 min at room temp.

9. Centrifuge at 3,000 rpm for 10 min at 5 C. Discard
supernatant by decantation. Turn upside-down on a Kimwipe.

10. Add 300 ul of RNase (1l0ug/ml) in TE (10:1), suspend
pellet by vortexing and transfer to a microfuge tube.
Centrifuge at 12,000 rpm for 2 min to remove precipitates.

11. Transfer into a new microfuge tube. Incubate for 30 min
at 37 C.

12. Extract with 300 ul of phenol-chloroform (vortex well).
Centrifuge 12,000 rpm for 3 min and transfer aqueous layer
to a new tube.

13. Extract once with 300 ul of chloroform (vortex well).
Centrifuge 12,000rpm for 3 min. Transfer aqueous layer to a
new tube.

14. Transfer aqueous layer into another tube. Add 15ul 5M
NaCl, 750ul EtOH and mix well. Incubate 30 min at -20 C.

15. Centrifuge 12,000 rpm, 10 min. Discard supernatant and

dry under vacuum. Add 200-300 ul TE (10mM Tris-Cl,1mM EDTA)
and suspend well.

Fig. III-3. Large-scale preparation plasmid DNA



bodies were dissolved in alkaline solution and the released
viral particles were purified by ultracentrifugation
(Kawarabata and Matsumoto, 1973). SI1INPV OT2 was purified
from the culture medium of infected Sf cells as described by
Maeda et al. (1989).

Endonuclease analysis: Viral DNA was extracted from
viral particlés after treatment with proteinase K (Merk) in
the presence of 1% SDS (Maeda, 1989b). DNA was cleaved by

digestion with EcoRI, HindIII, PstI, BamHI, KpnI, or Smal

(New England Biolabs) under conditions recommended by the
supplier. The cleaved fragments were separated on 0.7%
agarose gels along with lambda phage DNA size markers using

a Tris-acetate buffer system (Maniatis et al., 1982).

Southern blot analysis: Southern blot analysis was

performed by a modification of the method of Maniatis (1982)
as shown in Fig. III-4. Deionized formamide was prepared by
adding 50-100 g of ion exchange resin (BioRad AG 501-X8) per
liter of formamide and shaking gently for at least 1 hour.
Salmon sperm DNA (Type-III sodium salt, Sigma) was dissolved
in distilled water to a concentration of 2 mg/ml, stirred
for 2 to 4 hours at room temperature, sheared by several
passages through an 18 gauge needle, and boiled for 10
minutes. The DNA was stored at -20 C in small aliquots

until used.

C. Results and Discussion.

l. BmNPV.

18
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1. After electrophoresis, carefully transfer gel into a
glass baking dish.

2. Denature the DNA by soaking the gel in about two volumes
of 1.5 M NaCl and 0.5 M NaOH for 15 min at room temperature
with constant shaking. Replace with 1.5 M NaCl and 0.5 M
NaOH and soak for an additional 15 min.

3. Neutralize the gel by soaking in more than two volumes of
1 M Tris-Cl (pH 8.0) and 1.5M NaCl for 15 min at room

temperature with constant shaking. Replace with 1 M Tris-Cl
and 1.5M NaCl and shake for an additional 15 min.

4. Transfer DNA to a nitrocellulose filter using 10x SScC.
5. Wash the filter with 5x sSsSc* at room temperature.
6. Place filter onto Whatman 3MM paper and allow to dry.

7. Wrap filter in 3MM paper and bake for 1 hr. at 80 C under
vacuum.

8. Wet filter in 5x SSC. Place filter in a hybridization*
incubator tube, add 10-15 ml of prehybridization solution i
and incubate 24 hours at 42 C. After prehybridization add
10 ul of denatured probe and incubate 6 to 24 hours at 42 cC.
9. Wash twice with 2x $SC, 0.1% SDS (20 min per wash) :

10. Wash twice with 0.1x SSC, 0.1% SDS (20 min per wash) :

11. Air dry filter, and expose to X-ray film at -80 C.

*20x ssc
NacCl 1753 g
Sodium Citrate 882 g
HpO to 10 1
*Prehybridization Solution
Deionized Formamide (50%) 50 ml
50x Denhardt’s solution”™ (5x) 10 ml
10% SDS (0.5%) 5 ml
2 mg/ml Salmon Sperm DNA (0.1 g/ml) 5 ml
20x SSC (5x) 25 ml
dd H,O0 5 ml
*50x Denhardt’s Solution
Ficoll 5 g
polyvinylpyrrolidone 5 g
BSA (Pentax Fraction V) 5 g
dd H50 to 1 1

Fig. III-4. Southern Transfer and Hybridization
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Fig. III-5, shows BmNPV DNA digested with the indicated
enzymes. No submolar bands, sometimes found in the
preparation of other NPVs (Miller and Miller, 1982), were
seen. Molecular weights of the fragments were estimated as
shown in Table III-1 by comparison to the migration of the
size markers. Molecular weights of some of the larger
fragments were estimated by summing the sizes of the smaller
fragments of which it was composed as described later. The
molecular weight of the entire BmNPV genome was estimated to
be about 130 kbp by summing the weights of the fragments
generated by the restriction endonucleases. This estimated
size is quite similar with that of AcNPV (Lee and Miller,
1978).

DNA fragments digested with EcoRI, HindIII, KpnI, PstT,

or BamHI were cloned into pBR322, pUC9, or pUCl9. Two large

fragments of EcoRI, EcoRI A and B, were first cloned into

Charon 4A (Maniatis, 1982), digested with restriction
endonucleases, HindIII and/or BamHI, and then subcloned into
pUC plasmids. Most of the cloned DNA was authenticated by
comigration in agarose gels with digested viral DNA. All
EcoRI fragments larger than 500 bp were successfully cloned
into plasmids. These EcoRI clones and additional clones of
the 22 DNA fragments listed in Table III-1 completely
oVerlapped the entire viral genome without breaks at any
restriction site.

Hybridization analysis was employed to construct

physical maps of the BmNPV genome. Viral DNA was first
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Fig. III-5. Cleavage patterns of BmNPV DNA by the
restriction endonucleases EcoRI, HindIII, PstI, BamHI, KpnI,
or Smal. Viral DNA cleaved with these restriction

[)

endonucleases were separated on a 0.7 % agarose gel. Lane
marked Lambda/HindIII shows molecular weight markers in kbp.
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Table III-1l. Sizes (kbp) of BmNPV restriction fragments

Fragment EcoRI HindIII PstI BamHI KpnI Smal

A 20.4* 30.0 17.5% 54 52 97
B 20.1*  17.0 17.5% 36 48 25
c 14.5% 15.5* 17.0 22 28 8.0
D 13.9%  10.0 12.5% 7 agi 1.8*

E 10.5* 8.9 10.8* 6.0%

F 8.7% 7.8 7.2 3.9*

G 7.5% 7.8 7.2%

H 6.6* 5.8* 5.5%

5.2% 5.1% 5.4%

J 5.2% 4.8 5.4

K .o 3.8* 4.9*

L 2.4* 3.a* 4.6

M 1.3* 3.0 2.8*

N 1.2* 2.2 2.3*

o 1.0% 1.7 2.3

P 0.9% 1.5 1.9%

Q 0.8* 1.0* 1.5*

R 0.5*% 0.7 1.5

s 1.3

* cloned into plasmid
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digested with the same restriction endonucleases used for
cloning and electrophoresed on agarose gels. The separated
DNA fragments were Southern-transferred onto a
nitrocellulose filter, fixed at 80 C, pre-hybridized, then
hybridized with cloned plasmid DNA probes labeled with
[32P]-dCTP (Maniatis, 1982). Hybridizations were carried
out in 50% formamide at 42 C for 6-16 hours and the filters
were washed with 0.1x SSC at room temperature. Analysis of
the hybridization data showed that most of the sequences of
the BmNPV genome were unique (see section V).

By comparing the overlapped areas of DNA for each
restriction fragment a preliminary physical map was
constructed. To obtain highly detailed maps, the larger
cloned DNA fragments were digested with two or more
restriction enzymes and physical maps of these fragments
were constructed. To confirm the location of these smaller
fragments, they were compared with the initially cloned
fragments or with original viral DNA by electrophoresis in
agarose gels. By combining the various data obtained above,
detailed physical maps were constructed for six restriction
endonucleases (Fig. III-6). The zero-point of the physical
map was established as one end of the EcoRI E fragment
following the proposal of Vlak and Smith (1982). The zero-
pdint was chosen here because the polyhedrin gene (indicated
by the arrowhead in Fig. ITI-6) has been mapped in this

fragment (Maeda et al., 1985) .
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From the hybridization experiments, five regions
containing homologously repeated sequences rich in EcoRI
sites were found in the genome. To confirm the existence of
the repeated sequences, cloned or subcloned plasmids (
HindIII H, PstI K, HindIII-PstI (67.7-75.3 map unit) of PstI
B, KpnI D, and PstI-HindIII (96.1-99.6 map unit) of
HindITI), were digested with EcoRI and analyzed
electrophoretically. As expected, several EcoRI fragments
with molecular weights less than 400 bp were identified on
an 1.5% agarose gel. These areas containing several smaller
ECORI fragments seemed to be the so-called repeated
sequences found in AcNPV (Erlandson et al., 1984; Guarino et
al., 1986) and other baculoviruses (Kuzio and Faulkner,
1984; Arif and Doerfler, 1984). Three repeated sequences
could not be mapped exactly, however their locations were at
either end or on both ends of the small EcoRI N, P, or R
fragments, these areas were mapped and are indicated by the
bars in Fig. III-6. All five repeated sequences of the
BmNPV genome were located at similar positions as the
repeated sequences mapped in the AcNPV genome (Summers and
Smith, 1987). Furthermore, the positions of 7 (3.4, 28.1,
38.9, 64.4 (KpnI), 64.4 (SmaI), 77.5, and 80.6 map units) of
14 restriction endonuclease sites for BamHI, KpnI, and Smal
were located very closely to the analogous sites mapped in
the AcNPV genome. This is consistent with data showing

around 80% DNA homology of the polyhedrin gene areas between

BmNPV and AcNPV (Maeda et al., 1985; Iatrou et al., 1985).
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DNA hybridization analysis also indicated that the BmNPV
genome was more than 50% homologous to the AcNPV genome by
calculation from the intensity of film exposed to hybridized
viral DNAs.

It has been reported that the genome organization of
NPVs is relatively conserved even between viral DNAs with
low DNA homology (Leisy et al., 1984). From our analysis
AcNPV and BmNPV seem to be closely related viruses in terms
of sequence homology. This is interesting because of the
significant differences in the phenotypical and biological
characteristics of the two viruses, such as host range. We
are now analyzing the viral genome based on the physical map
we constructed. The physical map and gene library will be

useful for further genetic studies of BmNPV.

2. SINPV.

S1INPV OT2 was originally isolated from a stock of S1NPV
collected in Ogasawara, Japan and characterized as an AcNPV
variant (Maeda et al., 1990; Kondo and Maeda, 1991).
Isolates of the AcNPV group were obtained only from plaque
assays on TN-368 cells and only from one of four SINPV
stocks obtained from various regions in Japan, indicating
that this group is a minor part of SINPV in Japan. The
production rate of polyhedra per cell varied depending on
the AcNPV isolate. A multiple polyhedra (MP) type isolate,

OT2, was selected for the following experiments.
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Restriction enzyme analysis is the most sensitive
method for characterizing closely related viruses. To
determine the genetic relatedness of S1NPV OT2 and AcNPV L1,
purified 0T2 and AcNPV L1 DNAs (Miller and Dawes, 1979) were
digested with seven different restriction endonucleases

EcoRI, HindIII, PstI, BamHI, KpnI, XhoI, and SmalI,

electrophoresed in a 0.7% agarose gel and stained with
ethidium bromide. As shown in Fig. III-7, the restriction
patterns of cleaved OT2 DNA were similar to those of AcCNPV
Ll. Four out of 20 EcoRI digested 0T2 fragments migrated
differently compared to the EcoRI digested AcNPV fragments.
Four out of 25 HindIII fragments of OT2, one out of 15 PstI
fragments, 3 out of 14 XhoI fragments, 4 out of 8 BamHI
fragments, 0 out of 4 Kpnl fragments, and 1 out of 4 Smal
fragments, migrated differently from the corresponding
digested AcNPV fragments. In total about 81% of the 0OT2
fragments were indistinguishable from those of AcNPV L1,
indicating that OT2 is genetically close to AcNPV. The size
of each 0T2 fragment was calculated by comparison with
lambda DNA cleaved with HindIII (Table III-2). The sizes of
larger fragments (> 20 kb) were calculated by summing the
sizes of smaller fragments of which they were composed. The
estimated genome size of OT2 was about 130 kb, which is
similar to that of AcCNPV (Lee and Miller, 1978).

To further analyze the genome structure, a DNA fragment
library of OT2 was constructed in pUC19 plasmids using seven

different restriction endonucleases EcoRI, HindIII, PstI,
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Table III-2. Sizes (kbp) of SINPV OT2 restriction fragments

Fragment EcoRI HindIIX PstI BamHI KpnI XhoI XbaI
A 16.2%  20.3 24.5 49 47.8 25 18.0
B 13.0*  20.0 20.5 30.5 43.6 23.3 16.0
c 12.9* 10.5" 18.0% 23.4 29.9 14.4 15.5*
) 10.6 10.5* 11.0* 10.5 5.3  14.4 12.9*
E 9.7% 10.4* 10.2" 6.3% 1.9%  10.4 11.5
F 9.5% 8.5* 9.3* 3.2% 7.4  11.5
G g.8" 8.2* 7.5% 2.9% 7.3  10.8*
H 8.o* 5.5 5.5% 1.0* 6.2 10.3*
I 7.4" 5.0% 5.5 5.7 8.7*
J 6.7" 4.8 5.5% 4.1 7.9*
K 5.4% 2.8% 3.2* 3.0* 3.6*
L 3.9% 2.3 2.9* 2.25% 1.7*
M 3.7 2.2* 2.7* 2.15 1.6*
N 2.5% 2.2 2.6 2l 2
) 2.3* 2.1* 1.6*

P 2.0* 2.1
Q 1.9 2.05
R 1.5* 1.8*
s 1.5 1.6
T 105 1.1
U 1.0 1.0
' 0.9
W 0.8
X 0.73
Y 0.7

* cloned into plasmid

29
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BamHI, XbaI, XhoI, and KpnI. Plasmids in the library were
extracted by the heat denaturation procedure (Maniatis et
al., 1982), digested with the restriction endonucleases used
for cloning, and electrophoresed in a 0.7% agarose gel with
digested viral DNA in order to confirm the existence of an
insert derived from viral DNA. Totally 57 different DNA
fragments were successfully cloned into the plasmids (Table
ITI-2).

Southern blot hybridization was performed to construct
physical map of the OT2 genome using labeled fragments from
the library as probes. Most probes hybridized specifically
to a single fragment or a limited number of fragments on the
nitrocellulose filter. However, the labeled HindIII Q
fragment hybridized to several fragments, indicating the
existence of EcoRI-rich repeated sequences (see section Iv).
To confirm the presence of repeated sequences, the
corresponding HindIII fragments from the DNA fragment
library were digested with ECORI and analyzed by comigration
with non-EcoRI digested fragments. HindIII A, B, F, L, and
Q fragments generated several fragments smaller than 300 bp,
indicating the existence of repeated sequences (data not
shown). HindIII fragments G, M, N, 0, and P did not
generate small EcoRI fragments, indicating the lack of
répeated sequences containing EcoRI. Rough physical maps
were initially constructed by analysis of this preliminary
data. More detailed physical maps were constructed by

further hybridization analysis using plasmids in the
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fragment library which were double digested with restriction
endonucleases. The detailed physical maps of the OT2 genome

for EcoRT, HindIII, PstI, BamHI, XhoI, KpnI, and Smal are

shown in Fig. III-8. The map units of OT2 were adjusted to
that of HR3 as reported by Cochran et al. (1982) for ease of
comparison, i.e., the two insertions and one deletion found
only in the OT2 genome were not incorporated into the map,
but rather shown separately at the top of the figure.

When the restriction patterns of 0T2 and L1 (or HR3)
(Cochran et al., 1982; AcCNPV L1 and HR3 are nearly identical
except for the existence of an additional HindIII site in
the HindIII B (20.0 kb) fragment of Ll) were compared for

the HindIII, BamHI, PstI, EcoRI, XhoI, and KpnI physical

maps, the cleavage patterns of BamHI showed the greatest
disparity; 4 out of 8 BamHI digested OT2 fragments were
different from those of AcNPV Ll1. This difference was
caused by one deletion and two additions of BamHI sites in
AcNPV Ll. Deletion of a BamHI site of L1 between BamHI C
(8.5 kb) and BamHI F (1.92 kb) at the 4.8 map units
generated BamHI D (11.5 kb) of OT2. Insertion of two BamHI
sites at 35.0 and 70.8 map units in the BamHI A (86.5 kb)
fragment of L1 generated the three fragments, BamHI A (49.4

kb), BamHI B (30.8 kb), and BamHI E (6.3 kb) in 0T2. The

PétI patterns showed two detectable differences. PstT A
(24.5 kb) of 0T2 contained a 0.5 kb deletion causing it to
be slightly smaller than PstI A (25.0 kb in our estimation;

25.7 kb by Cochran et al. (1982) (this value for L1 will be
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used hereafter)) of Ll. PstI J (5.5 kb) of OT2 contained a
1.6 kb insertion compared to PstI J (3.45 kb) of Ll. This
insertion was also confirmed by the size difference of EcoRI
A (14.2 kb) of L1 and EcoRI A (16.2 kb) of 0T2. The EcoRI
digestion patterns showed three detectable differences. One
EcoRI site was deleted between EcoRI F (8.8 kb) and EcoRI V
(0.94 kb) of Ll resulting in the 9.7 kb EcoRI E fragment of
OT2. A 0.1 kb deletion in EcoRI H (8.7 kb) of Ll resulted
in the 8.0 kb EcoRI H fragment of OT2. A 0.1 kb insertion
in EcoRI L (3.8 kb) of Ll resulted in the 3.9 kb EcoRI L
fragment of OT2. The Xbal digestion patterns showed no
detectable difference. The addition of a XhoI site in XhoI
A (29.2 kb) of Ll resulted in the 25 kb XhoI A and 4.5 kb
XhoI J fragments of OT2. The Smal digestions patterns
produced minor detectable differences. SmalI C of OT2 was
slightly smaller than that of L1 as a result of a deletion
in the EcoRI G fragment (52.9-59.7 map position) of L1 as
described earlier. No detectable differences in the KpnI
digestions patterns were observed between OT2 and Li.

AcNPV variants have been reported from various

lepidopteran insects including: Trichoplusia ni (Miller and

Dawes, 1978; Smith and Summers, 1979), Galleria mellonella

(Smith and Summers, 1979), Rachiplusia ou (Summers et al.,

1980), and Spodoptera exigua (Brown et al., 1984). These

ACNPV variants showed similar restriction patterns. Of
these variants, GmNPV, showed the greatest difference in its

restriction patterns compared to the other AcNPV variants
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including Trichoplusia ni NPV (TnNPV). The BamHI digestion

patterns showed the most differences between GmNPV and the
other AcNPV variants. The BamHI pattern of 0T2 seemed to be
completely identical to that of GmNPV (Smith and Summers,
1979). Furthermore, the EcoRI pattern of OT2 was identical
to that of GmNPV, and slightly different from five ACNPV
isolates and TnNPV (Smith and Summers, 1979). Only OT2 and
GmNPV possessed the larger (16.2 kb) EcoRI A fragment and
the smaller (8.0 kb) EcoRI H fragment. When the Xhol
digestion patterns were compared, only OT2 and GmNPV
contained 25 kb (XhoI A) and 4.3 kb (XhoI J) fragments,
while all of the other isolates possessed a 29.2 kb XhoI A
fragment presumably corresponding to the XhoI A and J
fragments of OT2 and GmNPV. OT2 and GmNPV also had smaller
10.5 kb HindIII C fragments, while AcNPV E2 (Fraser et al.,
1983) and L1 have 11.1 kb HindIII C fragments. These
results indicated that 0T2 is genetically closer to GmNPV
than to AcNPV.

The GmNPV EcCoORI A.fragment seemed to contain the 1.6 kb
insertion found at 19 map units in 0T2, since it was larger
than the corresponding EcoRI A fragments of the other AcNPV
variants. To further analyze this area, the PstI J fragment
of OT2 in the constructed library was compared to the PstI J
fragment of L1 cloned into pTZ18R. Since additional HindIII
and XhoI sites were speculated in OT2 from previous
restriction enzyme analysis, these two fragments were first

digested with HindIII and/or XhoI. As shown in Fig. II-9,
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an additional three XhoI and one HindIII fragments were
observed in 0T2. Two fragments from OT2 and L1 generated by
HindIII and XhoI double digestion migrated to identical
positions (0.7 kb and 0.5 kb) on an agarose gel (Fig. III-
9), indicating that both ends of the Pstl J fragment covered
by these fragments were presumably identical (Fig. III-9).
EcoRI digestion revealed different patterns between L1 and
O0T2. EcoRI cleavage of the L1 fragment generated 7
fragments (4 discrete bands in a 3% gel presumably due to
repeated sequences) as previously reported (Cochran and
Faulkner, 1983; Guarino et al., 1986). Although the 0OT2
fragment generated many EcoRI fragments 70-80 bp in length,
fragments longer than 100 bp were not detected. Detailed
physical map analysis showed approximately 20-25 of these
70-80 bp fragments. The positions of the four Xhol sites,
two HindIII sites, and PstI J fragment are shown in Fig.
III-9. Repeated sequences containing EcoRI sites extended
through the second Xhol site as indicated in Fig. III-9.

Several reports on the insertion of DNA fragments into
the baculovirus genome have been published. Hot spot(s) for
DNA insertion have been found in the AcNPV genome between
8.4 and 9.6 map units (Kumar and Miller, 1987), 35.5-37.7
map units (Fraser et al., 1983; Beams and Summers, 1988;
1989), and 80-86 map units (Miller and Miller, 1982). It
has also been reported that insertions which originated from
the chromosomal DNA of the cell line used were often

observed during serial passages in cell culture in these
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areas. However, the insertion found at the 19 map unit
position seemed not to be related to this type of insertion,
since 1) the insertion site was different from other
previously reported sties and 2) the physical mapping
pattern of the inserted area (Fig. III-9) was unique.
Homology between OT2 and AcNPV was examined by

comparing the nucleotide sequences of their polyhedrin
genes. The polyhedrin gene of AcNPV has already been

published (Iddekinge et al., 1983). The nucleotide sequence

of the SINPV OT2 polyhedrin gene was determined by dideoxy
sequencing (see section IV). The nucleotide sequences of
the polyhedrin gene was completely identical to that
feported for the AcNPV L1, E2, and HR3 isolates, indicating
that OT2 is closely related to previously characterized
AcNPV isolates such as L1 and E2. Completely identical
sequence homology of the polyhedrin genes was not expected
from the restriction endonuclease patterns showing an
average genomic difference of 19%. The perfectly conserved
nucleotide sequence in the polyhedrin gene region may be
explained by 1) the importance of the two genes for viral
growth or replication, 2) specific insertions or deletions

in other region, and/or 3) the existence of sequences

(genes) essential for replication in Galleria mellonera

other than the polyhedrin gene.
Restriction enzyme analysis showed that the 0T2 isolate
was very closely related to GmNPV, which is characterized as

a variant of AcNPV (Smith and Summers, 1979). AcNPV
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variants have also been isolated from NPV stocks from
several lepidopteran insects by plaque purification,
however, they have not been isolated in Japan until our
finding. This is probably due to the fact that the original

hosts of AcCNPV such as Tricoplusia ni and Heliothis

virescens do not exist or exist only as minor species in

Japan, while G. mellonella is commonly found in Japan. OT2

was found as a very minor portion (less than 1%) of the
population in only one of the four S1INPV stocks (Maeda et
al., 1990) examined. These observations suggest that OT2 is

a virus which originated in G. mellonella. The specific DNA

pattern of GmNPV may be related to the specificity of this

virus to G. mellonella, i.e., specific sequences (genes) may

provide advantages to this virus.
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IV. Cloning, sequence analysis, and expression of polyhedrin
genes and their crystallization and nuclear localization

mechanisms

A. Introduction

Baculoviruses produce many (presumably 100-150)
structural and nonstructural polypeptides. The unique
characteristic of producing two different types of progeny
is considered to be controlled by mechanisms unique to
baculoviruses. During an early stage of infection all viral
components are transported to the cell surface from the
cytoplasm (for gp64) and nucleus (for nucleocapsid
dontaining genomic DNA, basic DNA binding protein, and
capsid protein) where viral particles are assembled. At a
late stage of infection, many structural polypeptides
including polyhedrin, basic-DNA binding protein, capsid
protein, and polyhedral envelope protein, as well as many
nonstructural proteins (see section III; Blissard and
Rohrmann, 1990) are transported into the nucleus where the
viral envelope and polyhedral envelope are constructed. 1In
general, polypeptides produced in eukaryotic cells are
transported to target organs. These proteins have been
shown to have or are considered to have specific signal
sequences (e.g., specific amino acid sequences) for
transportation (see review of Garoff, 1985). Baculoviral
polypeptides which are transported into the nucleus are also

expected to have specific sequences for transportation and
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mechanisms similar to ones generally found in other
eukaryotic cells. The nuclear membrane has pores which are
considered wide enough to allow polypeptides up to 40 kDa to
pass (see review of Silver, 1991). There are two major
hypotheses for the translocation of proteins into the
nucleus. One is the diffusion and trap theory, and the
other is an energy dependant theory. In both cases, a
recognition signal composed of specific amino acid sequences
for nuclear localization seems to be important. There are
many examples of signal sequences used for nuclear
localization. A typical sequence which was originally found
in the SV40 T antigen consists of five basic amino acids
surrounded by hydrophobic amino acids (Garrof, 1985). 1In
the BmNPV polyhedrin gene, a sequence of five basic amino
acids surrounded alanine and leucine is found 31-35 amino
acids from the N-terminus (Maeda et al., 1985).

Since polyhedra are visible under light microscopy,
many mutants showing unique polyhedral shape and numbers,
have been isolated. There are several mutants of CPV having
interesting polyhedral characteristics. CPV produces
polyhedra in the cytoplasm of midgut cells, however, mutants
which form polyhedra in the nucleus, and mutants with
cuboidal, or fibrous polyhedra have been isolated (Hukuhara
and Yamaguchi, 1973). Polyhedra which localize in the
nucleus are found to have four additional amino acids at the
C-terminus caused by a single point mutation of the stop

codon of the polyhedrin gene (Mori et al., 1989). These
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mutations are speculated to be involved in the mutated
polyhedral characteristics, however, this can not be proven
due to the lack of an in vitro system for CPV replication.
An in vitro system is necessary so that mutated viruses with
insertions and deletions in the polyhedrin gene can be
isolated.

In vitro systems are available for NPVs to directly
study specific genes by insertion and deletion. Carstens et
al. (1987) showed that a single point mutation causing a
single amino acid substitution is responsible for the
cuboidal shape of a mutant AcNPV polyhedra. The baculovirus
expression vector system was used to introduce this mutation
into the wild-type viral genome and confirm that the amino
acid substitution is solely involved in the polyhedral
structure.

To study the characteristics of polyhedra, polyhedrin
genes of four mutant viruses of BmNPV and S1NPV were cloned
and sequenced. The nucleotide and deduced amino acid
sequences, phenotypic characteristics, and evolutionary
relationships of the polyhedrin genes were examined. Gene
expression of the polyhedrin gene in permissive and
nonpermissive cells was analyzed. New transfer vectors with
high expression characteristics were also constructed. To
study the shape and nuclear localization of polyhedrin,
recombinant viruses with various deletions in the polyhedrin
gene were generated and isolated using direct deletions in

the polyhedrin gene of BmNPV and the baculovirus expression



vector system. Amino acid sequences important for the
nuclear localization of polyhedrin were identified. The
relationship between amino acid sequence and shape of the

polyhedra was also examined.

B. MATERIALS AND METHODS

DNA sequencing: Sequencing was performed mostly using

double stranded plasmid DNA prepared on a mini-scale (Fig.
ITI-2). The procedures employed are shown in Fig. IV-1
(denaturation and annealing of DNA), Fig. IV-2 (sequencing
reaction), and in Fig. IV-3 (polyacrylamide gel
preparation).

Northern blot analysis: The procedure employed for

preparation of mRNA are shown in Fig. IV-4. Northern blot
analysis was performed as shown in Fig. IV-5. Probes used
for hybridization were labeled by random priming as shown in
Fig. IV-6.

Fractionation of cell nucleus and cytoplasm: BmN cells

were infected with BmNPV mutants at a moi of 5 and incubated
for about 3 days at 27 C. BmN cells (about 107 cells) were
washed twice, by centrifugation (4000 rpm, 5 min), and
resuspension in PBS (pH 7.0, 0.14 M NaCl). After washing,
the cell pellet was suspended gently in 110 ul of 1% Nonidet
P-40, 30 mM Tris-Cl, pH 7.5, 10 mM MgCl, and incubated at
room temperature for one min. Nuclei were precipitated by
centrifugation (4000 rpm, 5 min) and washed with PBS.

Polypeptides in the supernatant (cytoplasm) were

42
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A. Denaturing:
1. Denaturing mix, mix the following for oné sample (1 ug
DNA in 8 ul H,0):

dd HyO 7 ul
Primer 1 ul
5N NaOH 2 ul

2. Add 10 ul of denaturing mix per microfuge tube.

3. Transfer 8 ul of DNA solution (from mini prep) into
microfuge tube containing denaturing solution. Vortex to
mix.

4. Denature by heating for 7 minutes at 85 C.

5. Precipitate by adding 10 ul of 5M Ammonium Acetate (3.85
g/10 ml) and 100 ul of 100% EtOH (-20 C).

6. Close l1lids and vortex.

8. Incubate for 10 min. at -80 C (=20 C for 60 min) (samples
can be stocked at -80 C).

9. Centrifuge 12,000 rpm, 10 min. Remove supernatant.

10. Wash with 200 ul of 70% EtOH.

11. Centrifuge 12,000 rpm, 3 min. Remove supernatant.

12. Dry in vacuum. (tubes can be stocked at room
temperature).

B. Annealing:

1. Add 10 ul of 1x annealing buffer to each.

2. Incubate at 37 C for 20 minutes.

3. Keep at room temperature for 10 minutes, (do not allow to

cool under room temperature)

Fig. IV-1. Denaturing and annealing of plasmid DNA for
sequencing
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1. Add 1.3 ul each of A, C, G, and T solutions to a 96-well
plate.

2. Mix the following just prior to use (on ice) and vortex

gently:
DTT 21.0 ul
395-gaTP 9.0 ul
Labeling mix 16.0 ul
Sequanase 2.0 2.5 ul

3. Add 2.2 ul of the above mix into the annealed DNA
solutions and mix at room temperature. (add every 15 seconds
for 20 samples).

4. Preheat the 96 well plate on a heat block at 37 C

5. Transfer 2.5 ul from each labeling reaction (microfuge
tube from step 3) into each of the four wells containing A,
C, G, and T solutions in the 96-well plate.

6. Add 3.6 ul of stop solution to each well.

7. Seal the plate with self adhesive plastic plate sealers.
(Samples can be stored at -20 C.)

8. Incubate at 80 C, 2 min (air incubator) before loading
onto the gel.

9. Load 1.1 ul of each sample onto a 5% acrylamide gel.
10. Run gels at 2400 Vv, 60 W for 6 and 12 hours.

11. Disassemble and wash gel twice with acidified-methanol
solution (250 ml per wash for 10 minutes):

galcial acetic acid 50 ml
methanol 60 ml
Ho0 to 500 ml

Fig.IV-2. Sequencing of plasmid DNA using Sequanase
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1. 5% acrylamide gel stock solution for sequencing gel.
Mix the following (stir vigorously) and stock at 5 C for
less than a few months:

Total

Acrylamide 48.3 g
‘Bis-acrylamide 1.68 g
Urea * 420 g
10x TBE 100 ml

3

2. Construct the necessary number of gel plates and set up.

3. Transfer the necessary amount of 5% acrylamide gel stock
solution into a flask and degas for 10 min on ice. Add
TEMED and 10 % ammonium persulfate as indicated below. Mix
completely, but carefully not to introduce bubbles into the
solution. Solution will not polymerize for about 45 min. if
kept on ice.

5% stock 110 ml
TEMED 63 ul
10% ammonium-persulfate 630 ul

4. Cast gels.

5. Insert combs. Gel will polymerize in 30-60 min.

*10 X TBE buffer

Tris 109 g
EDTA-4Na 8.3 g
Boric acid 53.4 g
H»,O to 1 1

Fig.IV-3. Sequencing Gel
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1. At the appropriate time after infection, discard the
culture medium and wash attached cells gently once with ice-
cold 1x PBS (5-10 ml/150 mm dish). Completely scrape-off
cells with a rubber policeman, add fresh ice-cold 1x PBS,
and transfer PBS and cells into a 50ml centrifuge tube.
Centrifuge at 500 rpm for 5 minutes and discard supernatant.
If necessary wash and centrifuge again.

2. Add Extraction Buffer, (200mM NaCl, 200mM Tris HC1l, 1.5mM
MgClsy, 2% SDS) into the centrifuge tube (4 ml/150 mm dish)
and mix well to disolve cells completely. (The solution
should become viscous due to the extracted genomic DNA.) To
extract mRNA from fat body of 5th instar larvae, add 5-10 ml
of Extraction Buffer into a 15 ml centrifuge tube, add fat
body collected from one larvae, and vortex immediately.

3. Shear genomic DNA by sonication (3-5 min) and passage (1
or 2 times) through an 18 gauge needle using a 50 ml
syringe. Incubate (45 C water bath) for 1 to 2 hr.

4. Adjust the NaCl concentration of the lysate to 0.5M, by
adding 0.95 mls of 5M NaCl for each 15 mls of Extraction
Buffer (which is 0.2M NaCl to start).

5. Add the pre-equilibrated oligo-dT cellulose to the
lysate. Rotate at room temperature for 40-60 min.

6. Centrifuge 3000 rpm at room temperature. Pour off the
supernatant and resuspend the oligo-dT cellulose in 10-20 ml
Binding Buffer (500mM NaCl, 10mM Tris HCl1l pH 7.5). Repeat
this process 4 times (or until clear).

7. Add the washed oligo dT cellulose-mRNA to a disposable
autoclaved column. Wash with 10 ml of binding buffer 2 or 3
times. (Allow the column to run dry or until no liquid
remains on top of the resin layer.

8. Elute the poly A+ RNA with 0.5 ml of DEPC water (or 10 mM
Tris-HCl) into a 1.5 ml microfuge tube containing 50 ul (0.1
vol.) of 2M sodium acetate. Add 1 ml (2 vol.) of 100%
ethanol (-20 C). Precipitate at -20 C overnight.

9. Centrifuge at 14,000 rpm for 10 min. Dry briefly under
vacuum, and add 100 ul of DEPC water. Take 1 ul into
another microfuge tube and determine concentration by
measuring absorbance at 260 - 280 nm. Stock at -80 C.

Fig. IV~-4. Extraction of mRNA of infected cells



1. Soak electrophoresis tank and other equipment in contact
with RNA in 3% hydrogen peroxide solution and rinse with
DEPC Hp0 or dd H,0).

2. Preparation of the gel:
Microwave (or autoclave) the following:

Agarose * 1lg
10x MOPS 10 ml
DEPC Hy0 85 ml
After cooling to 60 C add:
Fromaldehyde (37%) 5.4 ml

Pour agarose into gel plate.

3. Sample Preparation:
Mix the following in microfuge tubes:

poly (A)+ RNA 1-2 ug

add DEPC Hp0 up to 4.5 ul
10x MOPS 2 ul
Formaldehyde 3.5 ul
Formamide™ (deionized) 10 ul

Incubate: 65 C for 10 min

4. Add 2 ul RNA loading buffer (50% glycerol, 1mM EDTA, 0.4%
bromophenol blue, 0.4% xylene cyanol) per tube and load
samples onto gel. Electrophorese RNA at 150 V in 1000 ml of
1x MOPS buffer.

5. Soak the gel for 40 min in a 0.1-0.5 ug/ul ethidium
bromide solution (2-10 ul of 10 mg/ml stock EtBr per 200 ml
dd H,0) with gentle rocking.

6. Mark the size standards a on clear plastic overlay using
UV light box.

7. Denaturation: treat gel in 0.05 M NaOH - 0.15 M NaCl for
20 min. (0.4 g NaOH and 1.75 g NaCl in 200 ml dd H,0)

8. Neutralization: pour off the denaturing solution and add
0.1 M Tris pH 7.5 - 0.15 M NaCl for 20 min. (1.753 g NaCl in
200 ml 0.1M Tris pH 7.5).

9. Transfer RNA to nitrocellulose or equivalent using
PosiBlot Pressure Blotter.

10. Fix RNA to nitrocellulose using UV Stratalinker two

times. Place filter in UV Stratalinker RNA side up push
autocrosslink button.

11. Dry filter on 3MM filter paper (at 37 C for 10 min).

12. Bake filter at 70 C for 30 min under vacuum

Fig.IV-5. Northern Transfer and Hybridization (MOPS)

47
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13. Wet filter in 5x SSC*. ©Place filter in hybridization
incubator tube, add 10-15 ml of prehybridization solution*,
and incubate 6 to 24 hours at 42 C. After prehybridization
add 10 ul of denatured probe (see Random Primed DNA Labeling
Protocol) and incubate 6 to 24 hours at 42 C.

14. Wash twice with 2x SSC*, 0.1% SDS (30 min per wash):
15. Wash once with 0.1x SSC*, 0.1% SDS (20 min per wash):
16. Air dry filter, wrap in Saran wrap (using 3MM filter
paper as a backing), and expose to X-ray film overnight
at -80 cC.

Materials:

*10% MOPS (pH 5.5-7.0)

MOPS (0.2M) 41.9 g
sodium acetate (50 mM) 4.1 g
EDTA (pH 8.0) (10 mM) 20 ml 0.5M stock
add DEPC H,0 to 11

mix well and autoclave

*Deionized Formamide
Add approximately 50-100 g of ion exchange resin
(BioRad AG 501-X8) per 1 liter of formamide.

20x SSC
Dissolve 175.3 g NaCl and 88.2 g sodium citrate in 800
ml DEPC H,0. Adjust pH to 7.0 with 3-4 drops of
concentrated HCl. Adjust volume to 1 liter and
autoclave.

*Prehvbridization Solution

Deionized Formamide (50%) 50 ml
50x Denhardt’s Solution” (5%) 10 ml
10% SDS (0.5%) 5 ml
2 mg/ml Salmon Sperm DNA (0.1 g/ml) 5 ml
20x SSC (5x) 25 ml
dd H,0 5 ml

“50x% Denhardt’s Solution
Mix the following:

Ficoll 5 g
polyvinylpyrrolidone 5 g
BSA (Pentax Fraction V) 5 d
dd Hy0 to 1000 ml

Filter through disposable Nalgene filter. Store at -20 C.

Fig. IV-5. continued
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1. Transfer 25-500 ng of DNA into a microfuge tube, add
water up to 18 ul, and denature DNA by heating for 10 min.
at 95 C and then chill on ice. Spin down. Adjust to 15 ul
with distilled water.

2. Plagce the microfuge tube on ice and add the following
(for 32p. dATP labeling):

2 ul, ANTP (1lul each of dCTP, dGTP, dTTP) (or mixture)
0.5 ul, random primer

2 ul, reaction mixture (10x buffer)

1 ul, P dATP, 3000 Ci/mmole, aqueous solution
0.5 ul, Klenow enzyme .

3. Incubate 30 min at 37 C

If necessary, terminate the reaction by adding 2 ul of
.2M EDTA, pH 8 (or by heating 65 C for 10 min).

O,

5. Store at -80 C before use. One ul of the labeled probe
solution is sufficient per 10 ml of hybridization solution.

Before Use:

6. Denature probe by heating (in a water bath) at 95 C for
10 min. Chill on ice. Add 9 or 10 ul of the probe to the
incubator tube containing the prehybridization solution and
filter.

Fig. IV-6. Labeling of DNA by random priming
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precipitated by addition of 20 ul of 50% TCA, incubated on
ice for 30 min, and centrifuged at 12,000 rpm for 5 min.
The precipitate was washed with 1/5 volume of 50% TCA. The
cells and cytoplasm fractions were solubilized in 50 ul of
10 mM Tris-Cl, pH 8.0, 2% SDS, and 5% 20-mercaptoethanol,
and boiled at 100 C for 3 min, and subjected to SDS-
polyacrylamide gel electrophoresis as described by Laemmli
(1982).

CAT assay: The piasmid, PA10CAT2, which contains the
entire coding sequence of the CAT gene, a HindIII cleavage
site at its 5’ end and, a Bspl286 cleavage site at the 37
end, was obtained from Dr. A. Fuse of Chiba University. The
entire coding sequence the CAT gene in pAl10CAT2 was cleaved
with HindIII just upstream of the translational start,
treated with the Klenow fragment of DNA polymerase I making
blunt ends, and inserted into the AatI site of the BmNPV
transfer vector, pBK283, as shown in Fig. IV-7A. The
resultant recombinant transfer vector (BmCAT) was isolated
by restriction endonuclease analysis from plasmids
propagated on a mini-scale (Fig. III-2). BmCAT was
propagated on a large-scale (Fig. III-3), and cotransfected
into BmN cells with wild-type T3 viral DNA in the presence
of calcium ion as described by Maeda et al. (1985).
Recombinant virus carrying the CAT gene after the polyhedrin
gene promoter was isolated by plaque assay by screening

plaques for the absence of polyhedra as described by Maeda
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Fig. IV-7. (A) Construction of recombinant transfer vector
carrying the chloramphenycol acetyltransferase gene (BmCAT).
(B) Activation of the BmNPV polyhedrin promoter in non-
permissive cells by coinfection with AcNPV (S1NPV OT2). Lane
1, CAT; lane 2, BmN infected with BmCAT; lane 3, BmN infected
with BmCAT and S1NPV OT2; lane 4; TN-368 infected with BmCAT
and S1NPV OT2; lane 5, TN-368 infected with BmCAT; lane 6,
SF-21 infected with BmCAT; lane 7, SF-21 infected with BmCAT
and S1NPV 0T2; lane 8, CLS-79 infected with BmCAT; Lane 9,
CLS-79 infected with BmCAT and S1NPV OT2.
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(1989b). CAT assay was carried out as described by Guarino

and Summers (1987).

C. Result and Discussion

1. Cloning and seguencing of the polvhedrin genes of the

BmNPV and SINPV isolates.

a. BmNPV BT31 with cuboidal polyhedra

BnNPV BT stock, which exhibits heat resistance and a
cuboidal polyhedral shape, was originally collected in
Tanegashima, Kyushu (Fig. IV-8). This virus stock was
initially heterogeneous in terms of polyhedral shape,
however, viruses éroducing only cuboidal polyhedra were
selected from larvae infected per os and incubated at high
temperature (35 C) for several passages (Watanabe, personal
communication). The BmNPV BT31 isolate was plaque purified
from this viral stock at high temperature.

To isolate the polyhedrin gene of the BmNPV BT 31
isolate, DNA restriction patterns of BmNPV BT31 were
compared with BnNPV T3 isolate in 0.7% agarose gels as
described in section III. As shown in Fig. IV-9, the
restriction endonuclease patterns of BmNPV BT31l and T3 were
generally similar, i.e, about 80% of the fragments had
indistinguishable mobilities. However, several fragments of
BT31 had no corresponding fragments. The estimated size,

130 kb, of the BT31 (by summing these digested fragments)



BmNPV T3 BmNPV BT31

Fig IV-8. Polyhedra produced by the BmNPV T3 (polyhedral
shape) and BmNPV BT31 (cuboidal shape) isolates.
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Fig. IV-9. Restriction endonuclease analysis of the BmNPV
BT31 genome. Viral DNA (approximately 0.5 ug/lane) was
digested with the indicated restriction endonucleases and
electrophoresed on a 0.7% agarose gel. Lanes marked T3,
BmNPV T3 DNA; lanes marked BT31, BmNPV BT31 DNA; lane marked
Lambda/HindIII, lambda DNA cleaved with HindIII. Sizes in
kb are shown at the far left.
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and T3 genomes were similar. These results indicated that
BT31 was a variant of T3, however, not a very closely
related isolate.

To isolate the location the polyhedrin gene of the BT31
isolate, Southern blot analysis was carried out by the
method described in Fig. III-4. BT31 Viral DNA was digested

with EcoRI, HindIII, Smal, XbaI, PstI, BamHI, SalI, and

XhoI, and electrophoresed on a 0.7% agarose gel, then
transferred and fixed to a nitrocellulose filter. When the
EcoRI E fragment (10.5 kb) of the T3 isolate containing the
polyhedrin gene was used as a probe for hybridization, the
BT31 isolate showed hybridization patterns different from
those produced by the T3 isolate (Fig. IV-10). The probe
hybridized large (more than 7 kb) molecular weight fragments

generated by EcoRI, Smal, BamHI, XhoI. The hybridization

pattern with HindIII digested DNA was especially different.
The probe hybridized only to the 3.9 kb HindIII fragment of
T3, however, it hybridized to three BT31 fragments, 0.9 kb
strongly, and 3.5 and 10 kb weakly. These results indicated
that the polyhedrin gene of BT31 was not located in the same
HindIII fragment as T3.

Two additional probes were prepared to further
characterize the polyhedrin gene location by Southern blot
analysis. Probe #201 contained sequences 201 bp downstream
and 2.7 kb upstream (HindIII site) of the translational
start of the T3 polyhedrin gene, and probe #713 contained

sequences 23 bp upstream and 4.3 kb (BstI site) downstream
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10.5

Fig. IV-10. Hybridization of BmNPV T3 viral DNA (A) and
BmNPV BT31 viral DNA (B) digested with the indicated
restriction endonucleases to the 10.5 kb EcoRI E fragment of
BmNPV T3. Sizes in kb are indicated to the far left and
right. Note that probe hybridized strongly to the 0.9 kb
HindIII fragment of BT31.
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of the polyhedrin stop signal of the T3 polyhedrin gene.
Probe #201 hybridized to the 20 kb HindIII and 20 kb Xbal
fragments of BT31. Probe #713 hybridized to the 0.9, 3.5,
and 10 kb HindIII and 7.5 kb Xbal fragments of BT 31 (Fig.
IV-11). These results indicated the existence of HindIII
and XbaI sites in the polyhedrin gene. The Xbal site of
BT31 seemed to be located at the same position as the
polyhedrin gene of BmNPV T3 (Maeda et al., 1985), however,
the HindIII site of BT31 seemed to be generated by
nucleotide substitution.

Fragments of appropriate size for cloning and
sequencing of BT31 were screened by double digestion and
hybridization using the #210 and #713 probes. The enzymes

used for the double digestions were EcoRI/Xbal, PstI/EcoRI,

BamHI/HpaI, BamHI/PstI, XbaIl/PstI, and HindiII/PstI.

Hybridization patterns of the double digested BT31 DNA with
the two probes are shown in Fig. IV-12. From these results,
the EcoRI/XbaTl 4.3 kb and the XbaI 7.5 kb fragments, which
presumably contained sequences upstream and downstream of
the polyhedrin gene, respectively, were cloned into pUC19
plasmid.

These two fragments were treated with Bal31l exonuclease
to produce nested deletions, and cloned into pUC plasmids
for sequencing as shown in Fig. IV-13. The nucleotide
sequence of both directions of the coding and flanking
regions were determined by dideoxy sequencing as shown in

Figs. IV-14A and IV-15. When the polyhedrin gene sequence
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Fig. IV-11. BmNPV BT31 viral DNA digested with the
indicated restriction endonucleases and electrophoresed on a
0.7% agarose gel (B), and transferred to a nitrocellulose
filter and hybridized to probes #201 (A) and #713 (C). (A)
Arrowheads indicate hybridization of probe #201 to the 20 kb
HindIII and 20 kb XbaIl fragments. (C) Arrowheads indicate
hybridization of probe #713 to the 0.9, 3.5, and 10 kb
HindIII and 7.5 kb XbaI fragments. (D) The polyhedrin gene
and flanking regions of BmNPV T3 indicating the sequence
regions of probes #201 and #713.
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Val
GTA
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32
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144
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96
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112
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Sequence of the polyhedrin gene of BmNPV BT31.

nucleotide substitution.

Three asterisks (**%)

An exclamation mark (!)
amino acid sequence indicates an amino acid substitution.

indicate a stop codon.

above an



of BT31 was compared to the polyhedrin gene of BmNPV T3
(Maeda et al., 1985; Iatrou et al., 1985), three nucleotide
substitutions were observed: T at nucleotide 144 was changed
to C: A at nucleotide 204 to G, and G at nucleotide 230 to
A. One of these substitutions (nucleotide 230) resulted in
an amino acid change from serine to aspartic acid. This
substitution seemed to be responsible for the change in the
shape of the inclusion body from polyhedral to cuboidal. It
has been shown that an AcNPV mutant producing cuboidal
polyhedra has a single amino substitution from proline to
leucine at amino acid 58 (Carstens et al., 1986) of the
ACNPV polyhedrin gene. Proline can cause "bends" in the
amino acid chain due to unique characteristics of its side
chain. However, the amino acid substitution found in the
BT31 isolate was considered not to cause drastic changes in
the structure of the polyhedra based on similar
characteristics of the substituted amino acid.

Recombinant techniques were used to determine whether
or not a single amino acid substitution was responsible for
the change in polyhedral shape. The polyhedrin gene was
exchanged between the T3 and BT31 isolates using a
recombinant virus, BMIFN (carrying the human interferon
alpha gene in place of the BmNPV T3 polyhedrin gene,
Horiuchi et al., 1987). The complete polyhedrin gene
sequence of BT31 was first constructed in a plasmid by
ligation of the 4.3 kb EcoRI/Xbal and 7.5 kb Xbal fragments

containing upstream and downstream sequences of the
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polyhedrin gene and coding region, respectively. A plasmid
containing the continuous complete polyhedrin gene was
isolated by DNA fragment analysis of plasmid DNA propagated
on a mini-scale. This plasmid was cotransfected with BmIFN
DNA, and a polyhedron positive virus (BT-T3) was plaque
purified.

To confirm that flanking sequences of the polyhedrin
gene were not involved in the determination of polyhedral
shape, the BT31 polyhedrin gene along with a fragment
between the XbaI (at nucleotide 147 of the BT31 polyhedrin
gene) and BamHI (1.3 kb downstream of the BT31 polyhedrin
gene) sites was transferred to the transfer vector p89BX40
(Sekine et al., 1988) which contains about 3 kb of the
flanking sequence derived from BmNPV T3. A recombinant
virus (BTX40) was isolated after cotransfection of this
plasmid and BmIFN DNA by the method described above.

When the BT-T3 and BTX40 viruses were infected into BmN
cells, both produced cuboidal polyhedra (Fig. IV-16). These
results indicate that the cuboidal shape of polyhedra is
caused by substitution of one amino acid. When the
polyhedrin gene of T3 which produces polyhedral shaped
inclusion bodies, was transferred to the BT31 genome and
examined, cuboidal polyhedra were not produced confirming
that the BT31 polyhedrin gene is responsible for the
cuboidal shape.

BmNPV BT31 DNA was extracted and cotransfected with

recombinant plasmid having a deletion within the polyhedrin
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polyhedrin gene polyhedrin gene 4

Fig. IV-16. Polyhedral production in BmN cells infected
with a recombinant BmNPV BT31 carrying the polyhedrin gene
of BmNPV T3 (left), and infected with a recombinant BmNPV T3
carrying the polyhedrin gene of BmNPV BT31 (right).

65



coding sequence (see Section V) into BmN cells. A
recombinant virus of BT31 lacking polyhedral production was
isolated after cotransfection of BmNPV BT31 DNA with a
recombinant plasmid lacking the polyhedrin gene and plaque
purification. Viral DNA of this recombinant BT31 was
prepared and cotransfected with the EcoRI E (10.5 kb) (see
Section III) fragment of BmNPV T3, which contains the
polyhedrin gene. A polyhedra producing virus was plagque
purified and reinfected into BmN. When these viruses were
examined they produced polyhedral shaped inclusion bodies
identical in appearance to those of T3. These results
indicated that a single amino acid substitution was

responsible for the cuboidal shape of the polyhedra.

b. The formaldehyde resistant BmNPV Hino isolate

The BmNPV Hino isolate was plaque purified and
propagated in 5th instar silkworm larvae. Polyhedral
inclusion bodies were purified from larvae by various
centrifugation processes and viral particles were purified
from inclusion bodies in a 10-40% sucrose gradient after
alkaline treatment of polyhedra. Viral DNA was extracted
from viral particles and analyzed by agarose gel
electrophoresis after digestion with several endonucleases.
Fig. IV-17 shows electrophoretic patterns of cleaved Hino
DNA. Most cleaved fragments of the Hino isolate were
indistinguishable from those of the T3 isolate. Southern

blot analysis was conducted using the HindIII K fragment
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Fig. IV-17. Restriction endonuclease analysis of the BmNPV
Hino isolate digested with the indicated restriction
endonucleases and electrophoresed on a 0.7% agarose gel.
Lanes marked Hino, BmNPV Hino DNA; lanes marked T3, BmNPV T3
DNA. Lane marked lambda/HindIII, lambda DNA cleaved with
HindIII. Sizes in kb are shown at the far right. Arrowhead

indicates the 3.9 kb HindIII fragment of BmNPV T3 containing
the polyhedrin gene.

67



68

(see Section III) of BmNPV T3 containing the polyhedrin gene
as a probe. The probe strongly hybridized to the 3.9 kb
HindIII and the 10.5 kb EcoRI fragments of the Hino isolate
(Fig. IV-18). The 3.9 kb HindIII fragment was assumed to
have the polyhedrin gene and was cloned into the pTZ18R
plasmid for treatment with Bal3l exonuclease to produce
fragments with nested deletions. Fragments with nested
deletions were recloned into pTZ18R (Figs. IV-14B, IV-19).
The entire nucleotide sequence of the polyhedrin gene
region of the Hino isolate was determined by dideoxy
sequencing of the nested fragments. No amino acid nor
nucleotide substitutions were found in the coding sequence.
Amino acid substitutions causing changes in structural
conformation resulting in low fixation efficiency of
polyhedra to formaldehyde have been hypothesized as the
mechanism of resistance of polyhedral resistance to
formaldehyde (Nitta and Watanabe, 1984). However, identical
amino acid sequences of polyhedrin between the T3 and Hino
isolate indicated that the polyhedrin gene alone was not
involved in formaldehyde resistance. Since polyhedra are
surrounded by an envelope (polyhedral envelope) and its
associated protein (polyhedra envelope protein), it can be
hypothesized that a change of the polyhedra envelope protein
imparts increased resistance to formaldehyde in the Hino
isolate. Experiments to examine this hypothesis will be

performed by isolation of the polyhedron envelope protein
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Fig. IV-18. Restriction endonuclease analysis of BmNPV Hino
digested with the indicated restriction endonucleases and
electrophoresed on a 0.7% agarose gel (B) and transferred to
a nitrocellulose filter and hybridized with the 10.5 kb
EcoRI E fragment of BmNPV T3 (A). Arrows indicate
hybridization of the probe to the 10.5 kb EcoRI and 3.9 kb
HindIII fragments of BmNPV Hino.
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Fig. IV-19. Construction of plasmids with nested deletions
of the BnNPV Hino polyhedrin gene for sequencing.
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and exchange experiments using the baculovirus expression

vector system.

c. S1NPV OT2

The S1INPV OT2 isolate is classified as an AcNPV variant
(AcNPV OT2) as described in Section II. The nucleotide
sequence. of its polyhedrin gene was determined by dideoxy
nucleotide sequencing and compared to the AcNPV polyhedrin
gene to study the relatedness of OT2 and AcNPV. The
polyhedrin sequence of the 0T2 isolate was completely
identical to that of AcNPV. In addition, other DNA
characteristics of this virus have shown it to be an AcCNPV

variant and nearly identical to Galleria mellonera NPV.

d. SINPV CC5

It has been shown that the S1INPV CC5 isolate belongs to
the type C group of SINPV by DNA hybridization and in vitro
replication studies (Maeda et al., 1990). DNA hybridization
experiments show low DNA homology of CC5 to OT2 (AcNPV
variant) (Maeda et al., 1990), i.e. the 1.8 kb HpaI-HindIII
DNA fragment of BmNPV T3 (Maeda et al., 1985) containing the
polyhedrin gene only hybridizes to limited regions of CC5
(data not shown). To analyze the polyhedrin gene of SINPV
CC5, a 10 kb HindIII fragment, which presumably contained

the polyhedrin gene, was cloned into the HindIII site of

pUC19. Using this plasmid further hybridization analysis



narrowed the location of the polyhedrin gene to near the
Scal site located in the center of the HindIII fragment (see
Fig. 14C). After cleavage at the Sacl site, two fragments
possessing the polyhedrin gene area at its ends were
subcloned into pTZl18Rlambda and the polyhedrin gene area was
sequenced as described in Fig. IV-20.

When sequence around the Scal region was examined, one
open reading frame 738 nucleotides in length (including the
translational start) encoding a 245 amino acid long protein
very similar to polyhedrin was found. Fig. IV-21 shows the
entire sequence of the S1INPV CC5 polyhedrin gene and its
deduced amino acid sequence along with amino acid sequences
of the polyhedrin genes of other NPVs and the granulin gene
of two GVs for comparison. The nucleotide sequence and
amino acid sequences were generally similar to those of
previously reported polyhedrin genes (Fig. IV-22; Rohrmann,
1986). When the polyhedrin amino acid sequence of CC5 was
compared in detail to other polyhedrin amino acid sequences

from AcNPV, G. mellonella NPV, O. pseudotsugata NPV, L.

dispar NPV, and BmNPV (see section III), no identical

sequences were found, and 0. pseudotsugata NPV showed the

highest homology (89%) (Rohrmann, 1986). These results
suggests that there are some genetic relationships between
OpNPV and the CC5 isolate of SINPV group C. It is of
interest that they are characterized as completely different

viruses due to differences in their hosts.
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Fig. IV-20. Construction of plasmids with nested deletions
of the S1NPV CC5 polyhedrin gene for sequencing.
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2. Expression of the polyhedrin gene.

a. Expression of the polvhedrin gene in vivo

The polyhedrin genes of baculoviruses are expressed at
a late stage of infection, however, few studies have been
conducted on the expression of the polyhedrin and other
baculoviral genes. To study gene expression of the
polyhedrin gene of BmNPV, especially in vivo, the
recombinant virus, BmDH5 (Maeda, 1989c) was used. After
BmDH5 was injected into the body cavity, fat body was
collected at appropriate times after infection and poly (A)+
RNA was extracted by the method described in Fig. IV-4.
Poly (A)+ RNA was electrophoresed on a 1.5% agarose gel, and
transferred to a nitrocellulose filter. The filter was
subjected to Northern blot analysis using a plasmid probe
containing a synthetic diuretic hormone adjacent to the
polyhedrin promoter.

Three days post infection, an 800 nt band was detected
which intensified at 4 days post infection (Fig. IV-23.
Four days post infection, two additional minor bands were
identified with mobilities of 1800 and 2400 nt. No-
detectable band was observed in fat body collected from
uninfected control larvae. Transcription of the polyhedrin
gene initiates 53 bp upstream of the polyhedrin
translational start (Horiuchi et al., 1987) and the poly
(A)+ signal is located 435 bp downstream of the polyhedrin
stop codon (Iatrou et al., 1985). Since the size of the

inserted gene (DH) was 95 bp, the expected size of the
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Fig. IV-23. Northern blot analysis of the expression of the
synthetic diuretic hormone gene in the fat bodies of
infected silkworm larvae using a pTZ plasmid containing the
entire DH5 gene as a probe. Lane 1, RNA marker ladder
(BRL) ; lane 2, mock-infected fat body; lane 3, BmDH5-
infected fat body (2 days p.i.); lane 4, BmDHS5-infected fat
body (3 days p.i.); lane 5, control wildtype infected fat
body (3 days p.i.).



80

polyhedrin promoter derived mRNA was about 700 nt, which was
almost identical to the 800 nt observed in the Northern blot
analysis. These results indicated that the major band
originated from a polyhedrin promoter derived mRNA. The
polyhedrin promoter was not activated at an early stage of
infection and strongly activated at a late stage of
infection in vivo, in fat body cells. The additional minor
bands 1800 and 2400 nt in size were considered as extended
mRNAs which were read through the poly (A)+ signals, since
the polyhedrin mRNA of other baculoviruses show similar read
through products in infected cells (Friessen and Miller,
1985; Lubbert and Doerfler, 1984). This type of read
through was not found to occur in fat bodies infected with

BmNPV.

b. Activation of the polvhedrin gene promoter by

heterologous viral infection.

During our experiments, a recombinant virus carrying
two different polyhedrin gene promoters was isolated as
follows. BmIFN viral DNA was cotransfected with plasmid DNA
containing the 7.2 kb EcoRI fragment containing the
polyhedrin gene of the S1NPV (AcNPV) OT2 isolate, and a
recombinant virus producing polyhedra was isolated by plaque
purification. Since the upstream region of the polyhedrin
gene of the 0T2 isolate had no apparent homology between
AcNPV and BmNPV (Maeda et al., 1985), the location of the

polyhedrin gene of this recombinant virus was analyzed by



DNA restriction enzyme analysis. The polyhedrin gene
unexpectedly inserted at a position, which had relatively
high (80-90%) DNA homology, but was different from the
original polyhedrin gene location. The precise region
determined by double digestions of several enzymes is shown
in Fig. IV-24. These results indicated that 1) a different
polyhedrin gene promoter of SINPV (AcNPV) OT2 is activated
in BmN cells, 2) the polyhedral production of AcNPV occurred
in BmN cells by activation of BmNPV gene products, and 3)
the location of the polyhedrin gene promoter in the viral
genome is not important for expression.

Cat assay was used to further study the activation of
various polyhedrin promoters in different cells. CAT assays
are commonly employed to quantitate gene expression levels
due to its high sensitivity and lack of endogenous activity
in eukaryotic cells. BmNPV carrying the CAT gene was
initially inserted after the polyhedrin gene promoter
(designated BmCAT). BmCAT was able to express CAT at a high
levels so that expression was detected with a high degree of
sensitivity. BmCAT was propagated and infected into

permissive cells with and without the S1INPV (0T2) isolate.

c. Construction of new transfer vectors of BmNPV

Since the 5’ non-translated region of the polyhedrin
gene is important for high level expression of foreign
genes, new transfer vectors were constructed containing

these sequences. Plasmids containing the polyhedrin gene
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and the 5’ flanking sequence were used as a base for the
construction of new vectors. After Bal3l digestion, a
plasmid containing nearly the entire 5’ flanking sequence (3
bp from the translational start of the polyhedrin gene) was
isolated (pol-left) as shown in Fig. IV-25 (details of the
construction are described in section IV-3).

Using a similar strategy, a DNA fragment containing the
3’ region including 5 bp upstream (in the coding seguence)
from the translational stop of the polyhedrin gene was
isolated (pol-right) (Fig. IV-25).

The HindIII-EcoRI fragment (HindIII is located to the
left end in Fig. IV-25 and EcoRI is connected to a pUC
iinker) containing the 5’ region of the polyhedrin gene of
pol-left and the EcoRI-PstI fragment (PstI is located to the
right end in Fig. IV-25) of pol-right were ligated using the
EcoRI and Scal sites. When the resulting plasmid, pBE274,
was tested for foreign gene expression levels using the
human interferon alpha gene, a 5-fold increase in expression
activity was obtained in infected culture medium and in the
hemolymph of infected larvae. Expression of a synthetic
insect-specific scorpion toxin gene also exhibited high
level expression in cell culture and in larvae. Similar
vectors, pBE284, pBK273, pBK283 were constructed by ligation
with the 3’ region and a part of the linker region of the

plasmid pBM030 plasmid (Horiuchi et al., 1987) (Fig. IV-26).
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Fig. IV-25. Construction of plasmids containing BmNPV T3
polyhedrin genes with deletions in the coding region.
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Fig. IV-26. Physical map of the pBE and pBK series transfer
vectors (bottom). Multiple cloning sites of the pBE and pBK
transfer as indicated (top).
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3. Structure and localization of the polvhedron crystal

Deletions were made in the polyhedrin gene by Bal3l
exonuclease digestion for both directions (Fig. IV-25).
These deleted fragments were sequence by dideoxy nucleotide
sequencing and the exact sites where deletions occurred were
determined. Totally, mutant with 115 and 42 different
deletions from the 5’ and 3’ ends of the coding sequence,
respectively, were isolated. The deleted ends were ligated
to the Smal site adjacent to EcoRI, which was derived from
the pUC8/9 plasmid. The two fragments were connected at the
EcoRI sites after calculation and adjustment in the reading
frame, so as to generate a continuous amino acid sequence
with the addition of a SmaI-EcoRI (5’/-GGGAATCCC-3’) linker
sequence. By this procedure, all mutants had an additional
9 bases which expressed 3 amino acids.

The plasmid constructs with various deletions were
transfected with wild-type BmNPV DNA into BmN cells and the
cotransfection cell culture medium was subjected to plaque
assay using BmN. When the plaques were screened, about 1%
lacked polyhedral production, which was similar to the
percentage of recombinant plaques found when a foreign gene
is inserted into the polyhedrin gene of BmNPV (Maeda,
1989b). Since no plaques lacking polyhedral production were
observed in a control transfection of the wild-type BmNPV
DNA only, plaques without polyhedra were considered to be

mutants with the expected deletions in the polyhedrin gene.



Several isolates without polyhedral production were
plagque purified and propagated in BmN cells. BmN cells
infected with these isolates did not shown any polyhedral
production at a high (50) moi of infection. When the
infected cells were collected and subjected to SDS-
polyacrylamide gel electrophoresis, a major band was
detected by Coomassie blue staining at a position expected
for polyhedrin with the induced deletions (Fig. 1IV-27).

When the #79-105 recombinant plasmid (containing a
deletion between 79 and 105 nt from the translational start)
was cotransfected with BmNPV T3 DNA, recombinant virus with
cuboidal shaped polyhedra were produced and isolated by
plaque assay. When the plasmid #79-105 was cotransfected
with BmIFN DNA, recombinant viruses producing cuboidal
shaped polyhedra were also produced and isolated. Plaque
purified #79-105 recombinants showing the cuboidal phenotype
also produced polyhedra 3-5 times larger than wild-type
BﬁNPV (Fig. IV-28). Furthermore, only a few polyhedra per
nucleus were produced, probably because of the large size of
each polyhedra. #124-141 and #99-112 recombinants also
produced a similar type of polyhedra in the nucleus (Fig.
IV-28).

When a deletion at the C-terminus (26 bp) was
introduced into the polyhedrin gene, polyhedra which lacked
straight edges and non-uniform in shape were produced (Fig.
IV-28). The number of polyhedra per cell nucleus was

similar to those of wild-type BmNPV T3.
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Fig. IV-27. SDS-PAGE (12.5% acrylamide) of proteins stained
with Coomassie brilliant blue. Lane IMW, low molecular
weight markers (BRL); lane 1, mock infected BmN; lane 2,
BmNPV T3 infected BmN; lane 3, BmN infected with a
recombinant BmNPV containing a deletion between nucleotides
5 and 310 of the polyhedrin gene; lane 4, deletion between
nucleotides 5 and 172; lane 5, 5 and 499; lane 6, 185 and
410; lane 7, 352 and 477; lane 8, 386 and 574; lane 9, 360
and 632; and lane 10, 386 and 715. Arrowheads indicate
polyhedrin. Sizes in kilo-Daltons are indicated to the far
left.
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Fig. IV-28. Polyhedral production of BmN cells infected
with recombinant BmNPV carrying the BmNPV T3 polyhedrin gene
with deletions of nuclotides 100 to 111 (left), and 714 to
738 (right).
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These results indicated that 1) proper polyhedral
inclusion body assembly required most amino acid sequences
of the polyhedrin gene, 2) a minor deletion or substitution
within the polyhedrin gene caused the production of cuboidal
polyhedra of abnormally large size, and 3) the C-terminus
amino acid sequence is responsible for the straight edge
phenotype of polyhedra. These results are reasonable in
light of the fact that sequence analysis of mutants with
different polyhedra shape have shown that they possess only
a single amino acid substitution (Carstens et al., 1987;
Mori et al., 1989). The amino acid sequence of the
polyhedrin gene in various NPVs are highly conserved (more
than 80% in the polyhedrin genes of seven NPVs) (see Fig.
IV-20). Furthermore, the number of amino acids are very
highly conserved (Rohrmann, 1986), indicating that the size
of the amino acid chain is important for polyhedra. This
study also supports the hypothesis that the size of the
amino acid chains is important for the normal formation of
polyhedra.

All cuboidal shaped polyhedra were found to be located
in the nucleus. To analyze the mechanisms of the nuclear
localization of polyhedrin, the location of the deleted
polyhedrins were analyzed. Cells infected with various
polyhedrin deletion mutants were initially observed using
FCTC-conjugated antibody against polyhedral proteins.
However, the staining patterns with antibodies were not

clear, probably due to the expansion of the cell nucleus and
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20 K

Fig. IV-29. SDS-PAGE (12.5% acrylamide) of proteins from
the nucleus (lanes marked N) and cytoplasm (lanes marked C)
stained with Coomassie brilliant blue. Lane LMW, low
molecular weight markers (BRL); lane 1, BmNPV T3 infected
BmN; lane 2, BmN infected with a recombinant BmNPV
containing a deletion between nucleotides 5 and 310 of the
polyhedrin gene; lane 3, deletion between nucleotides 5 and
172; lane 4, 5 and 499; lane 5, 185 and 410; lane 6, 352 and
477; lane 7, 386 and 574; lane 8, 360 and 632; and lane 9,
386 and 715. Arrowheads indicate polyhedrin. Sizes in
kilo-Daltons are indicated to the far left.
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low affinity of the antibody to polyhedrin under the non-
denaturation condition without SDS treatment. Due to the
poor results of the immunoassays, the nucleus was separated
from the cytoplasm and polyhedrin localization was analyzed
by SDS-polyacrylamide gel electrophoresis (Fig. IV-29).

When various samples were stained with Coomassie blue, most
polyhedrins with deletions were found in the nucleus
fraction. ©Polyhedrin with deletions between its 2nd and
56th amino acids (recombinant #5-172), localized in the
cytoplasm but not in the nucleus. When the deleted region
of the polyhedrin gene was narrowed from nucleotides 5-172
to 5-112 (recombinant #5-112), the polyhedrin was also found
6n1y in the cytoplasm. Polyhedrin of recombinant #5-61
which lacked nucleotides 5-61 of the polyhedrin gene
localized in the nucleus. These results indicate that a
signal sequence for nuclear localization is found, between
nucleotides 61 and 112. This region corresponded to amino
acids 19 to 36. In this region polyhedrin has a sequence of
Ala(30)-Lys-Arg-Lys-Lys-His-Leu(36) . This sequence of basic
amino acids surrounded by nonpolar amino acids is similar to
the nuclear localization signal of other peptides such as
the large SV40 T antigen (Fig. IV-30) which is localized in
the nucleus. However, the #5-139 mutant without this
sequence containing a similar sized deletion, localized both
in the cytoplasm and nucleus, and mutants with large
deletions including this nuclear localization signal

produced polyhedrins which localized in the nucleus. These
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results indicated that other mechanisms besides the amino
acid localization sequence mentioned above of polyhedrin

might be responsible for nuclear localization.
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V. Gene structure and expression of BmNPV.

A. Introduction

Nucleotide sequencing of target DNA fragments and
computer analysis 1is one of the most effective strategies
for the study of specific genome characteristics. As
discussed in previous sections, BmNPV was used for this
analysis. BmNPV has not yet been studied at the DNA level
in spite of its importance in agriculture and as an
expression vector. AcNPV, on the other hand, has been
widely studied at the DNA level. BmNPV and AcNPV have high
DNA homology yet have different host specificities.

In this section, homologously repeated sequences in the
BnNPV genome were isolated, sequenced, and analyzed by
comparison to AcNPV. The HindIII C fragment (86.4-99.6 map
position) of BmNPV, which supposedly contains four immediate
early genes, was also subcloned, and the entire sequence of
this region was sequenced. Genome structure and gene

expression was examined by computer analysis.

B. Materials and Methods

DNA sequencing: The dideoxy sequencing method as

described in section III was employed to determine the
nucleotide sequence of genomic fragments inserted and
propagated in plasmid vectors. DNA fragment libraries for
sequence analysis were constructed from 1) restriction

endonuclease digested genomic DNA (section III; Maeda and
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Majima, 1990) and 2) sonicated genomic DNA (Maeda et al.,

1991la). The ends of all DNA fragments in the two libraries
were initially sequenced. To determine internal sequences,
nested deletions of DNA fragments from the "restriction
endonuclease" library were generated with Bal31l exonuclease
treatment. Plasmids with nested deletions were subjected to
mini-prep propagation, and plasmids with appropriate
deletions were directly sequenced using a pUC primer.

Sequence analysis by personal computer: Sequence

information was read and transferred to an IBM PC using a
program written in Basic and analyzed by various subprograms
of DNASIS. Homology search was carried out using Gene Bank

R68.

C. Results and Discussion

1. Homologously repeated sequence

Physical mapping and hybridization experiments revealed
the existence of five distinct areas containing homologously
repeated (hr) sequences in the genome (designated hrl to
hr5) (see Section III) (Figs. III-6, V-1A). The map
positions of these repeated sequences in the BmNPV genome
were similar to those found in the AcCNPV genome (Cochran and
Faulkner, 1983; Guarino et al., 1986). Due to the
repetitive nature of the repeated regions, it was not
possible to obtain accurate sequence information by computer

analysis of information accumulated by random sequencing of
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the genome library from sonicated viral DNA fragments (Maeda
et al., 1991a). To obtain accurate sequence information of
the hr regions, DNA fragments each containing a complete hr
region were prepared from the DNA restriction fragment
library (see section III; Maeda and Majima, 1990). The
library fragments used for sequencing containing the hr
regions were the 4.2 kb PstI-HindIII (96.1-99.6 map units)
fragment, the 4.1 kb PstI H (18.8-23.3 map units) fragment,
the 4.9 kb PstI K (50.1-53.8 map units) fragment, the 6.1 kb
HindIII~-BamHI (67.7-72.7 map units) fragment, and the 7.6 kb
BamHI D (80.6-86.3 map units) fragment, which contained hri,
hr2, hr3, hr4, and hr5, respectively, as determined by
comparison of the physical maps of BmNPV T3 (section III)
and AcNPV (Cochran et al., 1982). (Fig. V-1A). The
fragments containing the hr regions were treated with Bal3l
exonuclease to produce nested deletions for sequencing as
described in section III. The sequence of the fragments
with nested deletions was determined by the dideoxy
sequencing method in two directions. All sequence data was
melded and analyzed by the DNASIS program using an IBM
compatible personal computer.

When the sequence of the five DNA fragments were
analyzed by the Harr plot analysis subprogram of DNASIS,
seven major hr regions were identified. The original hr2
and hr4 regions were further subdivided into hr2-left and
hr2-right, and hr4-left and hr4-right, respectively. Six of

the seven major hr regions were located in regions high in



99

EcoRI sites as shown in Fig. V-1B. When the number and
position of the BmNPV hr regions were compared with the six
hr regions (Guarino et al., 1986) of AcCNPV; hr2-right of
BnNPV seemed not to have a counterpart in AcNPV, as
discussed below. Although hr4-right (71.5 map unit) of
BmNPV had no EcoRI sites, it corresponded to hr4-right of
ACNPV (Guarino et al., 1986). The other hr regions of BmNPV
corresponded very closely to their respective counterpart
regions in AcNPV. In conclusion, hrl, hr2-left, hr3, hr4-
left, hr4-right, and hr5 of BmNPV seemed to correspond to
hrl, hr2, hr3, hr4-left, hr4a-right, and hr5 of AcNPV,
respectively.

Sequence information of the seven BmNPV hr regions is
shown in Figs. V-2 to V-6. The BmNPV hr regions, hrl, hr2-
left, hr2-right, hr3, hrd4-left, hr4-right, and hr5 contained
7, 5, 3, 6, 3, 0, and 8 EcoRI sites, respectively. The
number of EcoRI sites in each of the BmNPV hr regions did
not correspond to those of AcNPV. 1In AcNPV, hrl, hr2, hr3,
hr4-left, hr4-right, and hr5 contain 5, 8, 8, 2, 4, and 6
EcoRI sites. The number of nuclectides between the EcoRI
sites in the BmNPV hr regions mostly varied between 72 and
109 bp and averaged 83 bp. However, hr2-left had two 180 bp
separations and hr5 had an 18 bp separation (Fig. V-7).

When the repeated sequences of the hr regions of BmNPV were
aligned as shown in Fig. V-7, core sequences possessing an
EcoRI site at its center were recognized. More than 95% of

the nucleotides in the core sequence of the repeated



-1
\GATAAAAA
\ATTAATCA
[GACGCAAC
\ACAATGAC
>AGTTTTGA
STAAAGCCA
\GAATTCTA
PTATAATAA
3GGTTCAGT
\CATCACCT
SAAAAACAA
SATCATGTT
\CATCATTT
[GAGCCGTG
3TATAATTC
3CACGTGTA
\AGATTCTA
JTAGCGAAG

CAATAATCG

ig. v-2.

CGTTGTAAAT
TAATCACGAA
AACATACAAT
ATCATCGTTT
AAAACAAATG
GTTCAGTTTT
CTCGTAAAGC
ATGACATCAT
TTTGAAAAAC
TTCGATCATG
GTGACATCAT
TTACACGTAG
TTTTGATTAT
TGCAAAAAAT
TACTCGTAAA
AAATGTTTCC
ATCTAATATG
AAGATGTGTG

ATTTAACCAA

Nucleotide

ire underlined.

GCGTATGACG

CAAGTCGATG

TCTTGCATCA

GATTGTGTTT

ACATCACCTC

GAAAAACAAA

GAGTTCAGTT

TTCTTGATCA

AAGTGACATC

TTTTACACGT

TTCTTAAATT

G _AATTCTACTC

GTTTTACAAG

GACATCAGCT

GCGAGTACAT

CGCGCGTTGG

TTTTAAAACA

GACCACAGAA

CACGTCTAAA

sequence of hrl of BmNPV.

CTATCGATGT
AAACAAACAA
TAAAAATTTA
TACACGTAGA
TTGATTATGT
TGACGTCATT
TTGAAAAAAC
TGTTTTACAC
ATTTCTTAAA
AGAATTCTAC
AAGTTTTGAA
GTAAAGCGAG
TAGAATTCTA
TATGACATCA
ATTTAGTTAC
CACAACTATT
CCTTTGCAAC
CAGATAGTAA

TATTATGATG

TGACCCCAAC,

ACAAGAAGTC
AATGATATTA
ATTCTACTCG
TTTACACGTA
TCTTGATCAT
AAATGACATC
GTAGAATTCT
TTAAGTTTTG
TCGTAAAGCG
AAACAAATGA
TTCAGTTTTG
CTCGTAAAAC
CCCACTGATC
GTTTCTGAGA
TACAGTGCGG
CCGAGTTGTT
AACAAAACCC

GTGTGCACTT

EcoRI

AAAAAATTTA
GTCGATAAAA
TAATTTAAAA
TAAAGCCAGT
GAATTCTACT
GTTTTACACG
AATTTTTATT
ACTCGTAAAG
AAAAACAAAT
AGTTCAGTTT
CGTCATTTCT
AAAAACAAAT
GAGTTCGGTT
GTGCGTTACA
TAAGATTGAA
CCAAGTTATA
TGCGTACGTG
CAGTATTGGA

TTTGCGGGCG

100

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

core sequences



hr2-left

CAAAGACGAT
CCGTTTGGGA
CGAGTAGAAT
GAATTTAAGA
TACTTGTAAA

CGAGTAGAAT

GAATTTAAGA
TACTTGTAAA
CGAGTAGAAT
GAA%GATGTC
AACACAATCA
TCGCTTTACG
ACATGATTAT

CGAGTAAAAT

hr2-right

ATGTGTAATC
TAGTAAATGA
TTCAGTTTTG
TCATCCCTTG
ACATCATTTC
CACGTAGAAT

AAATTGAGAC

Fig. V-2.

CTGGGCCTTA
TGCGGAATAA
TCTACGTGTA
AATGATGTCA
ACATAATCAA
TCTACGTGTA
AATGATGTCA
ACATAATCAA
TCTACGTGTA
ATTTGTTTTT
AAAAATGATG
AGTAGAATTC
AAACGTGTTT

TCTACTTGTA

AATGTGTATT
CATCATCCCT
AARAACAAAT
ATTGTGTTTT
TTAAATTTAG
TCTACTCGTA

TAGTTAATAA

CCGAGCATCC
TTGCCATATG
AAACACAATC
TTTGTTTTTC
GGGATGATGT
AAACACAATC
TTTGTTTTTC
GGGATGATGT
AAACACAATC
CAAAACTGAA
TCATTTGTAG
TACGTGTAAC
ATGTATGATT

ACGCAAGATC

TTACAATAAA
TGATTGTGTT
GACATCATTT
ACACGTAGAA
TTTTGAAAAA
AAGCGAGTTT

TTTGTGTGAT

sequences are underlined.

GTTGAGCAAA
TAAATGATGT
AAGAGATGAT
AAAACTGAAC
CATTTGTTTT
AAGAGATGAT
AAAACTGAAC
CATTTGTTTT
AAAAGATGAT
CTGGCTTTAC
AATGATGTCA
GCATGATCAA
CATTTGTTTT

GGTGGATGAT

AACATTTTTA
TTACACGTAG
CTTAAATTTA
TTCTACTCGT
CAAATGACAT
AGTTTTGAAA

CAGATAACTA

Nucleotide sequence of hrl of BmNPV.

ACAACCGGCA

CATCGCTTTA

GTCATTTGTT

TGGCTTTACG

TCAAAACTGA

GTCATTTGTT

TGGCTTTACG

TCAAAACTGA

GTCATTTGTT

GAGTAGAATT

TTTGTTTTTC
AAAATGATGT
TCAAAACTGA

GTCATTTATT

TTTAAATAAT
AATTCTACTC
GTTTTGAAAA
AAAGCGAGTT
CATCCCTTGA
AACAAATGAC

TTAACGTCCA

101

ATTCTGACGG
ACTCGCTTTA
TTTCAAAACT
AGTATAATTC
ACTCGCTTTA
TTTCAAAACT
AGTATAATTC
ACTGGCTTTA
TTTCAAAACT
CTACGTGTAA
AAAATTAAAC
CATCTTTTAC
ACTCGCTTTA

TGTGCAAAGC

TATTTTATTT
GTAAAGCGAG
ACAAATGACA
TAAACAAATG
TTGTGTTTTA
ATCATTTCTT

CATGGTATTT

coRI core

60

120

180

240

300

360

420

480

540

600

660

720

780

840

60

120

160

240

300

360

420



ir3

'GTAGAATCG
\TTTTATGTC
'AGAATTCTA
'TAACAATCG
'TACACGTAG
TCGATTGTG
\TGACATCAT
'TTACACGTA
AGTTTTGAA
s TAAAGCCAG
\GAATTCTAC

JACCCGTCGC

'ig. V-3.

GATAAATTAT
GAAAACAAAT
CTTGTAAAGC
TGTATAAAAA
AATTCTACTC
TTTTACACGT
TTTTTTAAAT
GAATTCTACT
AAACAAATGA
TTCAGTTTTG
TCGTAAAGCC

CAAGACGGGT

Nucleotide

are underlined.

ATTATTTGGA
GACATCAGCT
GAGTTTAATT
TGACATCAGT
GTAAAGCCGG
AGAATTCTAC
TCAGTTTTGA
CGTAAAGCGA
CATCATCTTT
AAAAACAAAT
AGTTCAATTT

CTGCTCATAT

sequence of hr3 of BmNPV.

TAATTTACAA

TATGATTCAT

TGAAAAACAA

TTAATGATGA

TTCAGTTTTG

TCGTAAAGCC

AAAACAAATG

GTTCAGTTTT

CGATTGTGTT

GACATCATCT

TGAAAAACAA

GTCGTTTTGT

GAAGATTCCA
ACTTAATCGT
ATTAGTCATT
CATCATCTCT
AAAAACAAAT
AGTTCAGTTT
ACATCATCTC
GAAAAACAAA
TTACACGTAG
TTTGATTGTG
ATGACATCAT

ATTTGTCATT

EcoRI

TTGTATAAAC
GCGTTACAAG
ATTAAACATG
TGATTATGTT
GACATCATCT
TGAAAAACAA
TTGATCATGT
TGACATCATT
AATTCTACTC
TTTTACACGT
CTTAGAGGTA

GCCTCTTTTC

102

60

120

180

240

300

360

420

480

540

600

660

720

COore seduences



hr4-left

ATTGTGTACA
AAGCGAGGTT
ATCATGTGCA
AAAGCCAGTT
GAATTCTACT
GTTTTACAAG

CAACGTGTAG

hr4-right

TTAATAAACG
TTCAAAATTG
TGTCATTTTT
CAAGTTGATA
ATTATAAACA
TTAATGTATG
ACTTAATTTT
ATAAACGTGA
TAATGTATGA
TTTGTGTAAA

ACACGATCAC

Fig. Vv-4.

of BmNPV.

AAATATGACT
TTAATTAGAG
AAATATGACA
CAGTTTTGAA
CGTAAAGCCA
TAGAATTCTA

TATTTTTTAC

TACATAATAA
AACTCGCTTT
GTACGTTATT
AACATGATTA
TGTTTAAACA
ACTCATTTGT
TGCAAGTTGA
TTAATAACAT
CTCATTTGTT
AATGATGTCA

AGCACTTCGT

Nucleotide sequence of hr4-left (top) and hr4-right (bottom)
EcoRI core sequences are underlined.

CATCGATCGA
CCGTGTGCAA
TCATCCGACA
AAAACAAATG
GTTCAGTTTT
CTTGTAAAGC

AATATTTAAG

CACGTTTATC
ACGAGTATAA
ATAAACATGT
ATGTATGACT
TAGTTCATTG
TTGTGCGAGT
TAAACATGAT
AGTTCATTGA
TGTGCAAGTT
TTGTACAAAC

AGTTGTATCG

TCGTGCGTTA
AACATGACAT
ATTGTGTTTT
ACATCATCTC
GARAAAACAAA
GAGTTTAAAA

TGAAACATTA

GATACTCACA
TTCTACTTGT
TTAAACATAG
CATTTGTTTG
AACTTAATTT
TAATAAACAT
TAGTGTATGA
ACTTGGTTTT
AATAAACGTG
TCGCTTTACG

AAAATTGTTC

CACGTAGAAT
CATAACAAAT
ACAAGTAGAA
TTGATTGTGT
TGACATCATC
ATTTTGTGAC

TGACTTCCAA

TTTGATTTTA
AAAACACAAT
TGCATTGAAC
TGCAAGTTAA
TTGCAAGTTG
GTTTAAACAT
CTCATTGTTT
TGCAAGTTGA
ATTAATATAT
AGTAGAATTT

AAGGGCTCTT

103

TTTACTCGTA
CATGTTTATA
TTCTACTCGT
TTTACACGTA
TCTCGATTAT
GTCAATGAAA

CAATTTTGTG

TCATTCGTTT
CGAAAGATGA
TTAATTTTTG
TAAACGTGTG
ATAAACATGA
AGTTCATTGA
GTGCAAGTTA
TAAACACGAT
GATTCATATG
TACGTGTAAA

TGTTAATGTC

60

120

180

240

300

360

420

60

120

180

240

300

360

420

480

540

600

660



hrs

ACACTCAACA
TATTATTCTT
ATTTGAGATG
CGAGTAGAAT
TGCACACGGC
AAGAAATGAT
AAAATCGAAC
TCATTTGTTT
CAAGAAATGA
TAGAATTCTA
TTAAGAAATG
TGTAAAACAC
TGAACTGGCT
GTTATAAAAA
AGTAAAATTC

TTGAATCGAA

Fig. vV-5.

AAAATGTAAT
TGTCATTGCT
ATGTCATTTA
TCTACTTGTA
TCATAACCGA
GTCATTTGTT
TTGATTTACG
TTCAAAACTG
TGTCATGAGG
CGTGTAAAAC
ATGTCATTTG
AATCGAAAGG
TTACGAGTAG
TAAAATTGAT
TACGCGTAAA

CGGACGTTAT

Nucleotide

are underlined.

ATTAGACATG
TGATTGTGTT
TGAAATGATG
ACGCACGATC
ATTCGTTTTA
TTGCAATATG
GGCAGAATTC
AACTGGCTTT
TGATGTCATT
GCGATCAAGA
TTTTTCAAAA
TGATGTCATT
AATTCTACGT
GTCATGTTTT
ACCCGATTGA

GGAATTGTAT

sequence of hr5 of BmNPV,.

ATTAAATAAA
TTACGAATAT
TCATTTGTTT
AGGTATGAAT
CGAGTAGAAT
ATATCATACA
TACTTGTAAA
ACGAGTAGAA
TGTTTTTCGA
AATGATGTCA
CTGAACTGGC
TGTAGAATGA
GTAAAACACA
GCACACGGCT
TAATTAAATA

AATATTAAAT

TGTTAAAATT
AATTCTACTC
TTCAAATTGA
CATAAGCTGA
TCTACTTGTA
ATATGACTCA
GCACAATCAA
TTCTACGTGT
AACTGAACTG
TTTGTTTTTC
TTTACGAGTA
TGTCACTTGT
ATCAAAATAT
CATAACCAAC
ATTTATTTGC

ATGCAATCGA

EcoRI

104

TATTGCCTAA
GTAACGCAAG
ACTGGCTTTA
TGTCATGGTT
ACGCACAATC
TTTGTTTTTC
AAAAATGATG
AAAACATGAT
GCTTTACGAG
AAAACTGAAT
GAATTCTACG
TTTTCAAAAC
GATGTCATTT
TCGCTTTACG
AAGCTATACG

TCCAACAAAT

60

120

180

240

300

360

400

480

540

600

660

720

780

840

900

960

Ccore sequences
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sequences of each hr region were conserved (Fig. V-7).
Sequences (28 bp) flanking the core EcoRI site formed a
palindrome in all conserved consensus regions (Fig. Vv-8).
This palindrome motif was highly conserved with a maximum of
only one or two nucleotide mismatches. Furthermore, the
mismatch(s) was always found at the same position(s) of the
palindromes, i.e., 7 and/or 8 bp to the left and/or right of
the core EcoRI (Fig. V-8). This characteristic was the same
as that observed in AcNPV (Guarino et al., 1986). However,
one-third of the mismatched bases in the palindrome were not
the same as that found in AcNPV. Furthermore, the
palindrome of the BmNPV hr4-left region was perfect (without
mismatch); perfect palindromes were not found in any AcCNPV
hr region. As hypothesized by Guarino et al. (1986),
mismatches in the palindrome motif seemed to offer some
functional advantages. Recently, this palindrome motif of
AcNPV was shown to have the ability to bind a specific
protein by gel retardation assay. The binding protein has
been speculated to be IE-1 by Carson et al. (1991) or a host
protein by Y. Hashimoto (personal communication). The
existence of mismatches at different nucleotide positions in
the palindrome will change binding affinity slightly so that
the function of each hr region can be differentiated. Also,
a functional direction (e.g. cis-activation of genes located
only one side of the palindrome) can be generated. Repeated
sequences have an enhancing function that can cis-activate

delayed-early genes, e.g. the p39 gene, however, the



(A) hri Bm
Ac

hr2l Bm
Ac

hr2r Bm
Ac

hr3 Bm
Ac

hr4l Bm
Acl

hr4rl Bm
Ac2

hrs Bm
Ac

(B) hr4r2 Bm

Fig. V-8

palindrome motif.
between the BmNPV and AcNPV palindrome motifs.

Ac

. (n)

TTTACACGTAGAATTCTACTCGTAAA
TTTACAAGTAGAATTCTACTCGTAAA

TTTACGAGTAGAATTCTACGTGTAAA
TTTACGAGTAGAATTCTACTTGTAAA

TTTACACGTAGAATTCTACTCGTAAA
TTTACGAGTAGAATTCTACTTGTAAA

TTTACACGTAGAATTCTACTCGTAAA
TTTACAAGTAGAATTCTACTCGTAAA

TTTACAAGTAGAATTCTACTTGTAAA
TTTACAAGTAGAATTCTACTCGTAAA

TTTACGAGTAgAATTCTACETGTAAA
TTTACGAGTAGAATTCTACTTGTAAA

TTTACGAGTAGAATTCTACGTGTAAA
TTTACGAGTAGAATTCTACGTGTAAA

AAACATAGTTCATTGAACTTAATTT
AAACATGGTACATTGAACTTAATTT

Comparison of the palindrome motifs of
the indicated hr regions for BmNPV (Bm) and AcNPV (Ac).
Bold characters indicate mismatches in the BmNPV

Underlining indicates mismatch

Small

characters indicate one of two nucleotides possible.
All mismatches were found either 7 and/or 8 nucleotides
to the left and/or right of the core EcoRI motif. (B)
Comparison of newly identified palindrome motifs in the

hr4-right regions of BmNPV and AcNPV.

Mismatches were

found 7 to 9 nucleotides to the left and right of the

center,

"T", of the BmNPV palindrome.

and underlined characters.

See (A)

for bold
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location of delayed early genes does not alter its enhancing

activity (Guarino et al., 1986). This enhancing activity

was activated in the expression of the IE-1 gene product
(Guarino et al., 1986).

Guarino et al. (1986) have shown that homologous
repeats have polarity. When the polarity of the BmNPV hr
regions was examined by the Harr plot analysis, five of the
six hr regions of BmNPV had the same polarity to the
corresponding AcNPV hr regions (Guarino et al., 1986). When
the consensus sequences of the seven BmNPV hr regions were
compared to each other after orienting them to the same
polarity, 97% sequence conservation was observed. The
consensus sequence for all hr regions is shown in Fig. V-7.
When this BmNPV hr consensus sequence was compared to the
AcNPV hr consensus sequence, after orienting them to the
same polarity, they showed high sequence conservation (92%)
in the region 80 bp flanking the core EcoRI site (Fig. V-7).

Harr plot analysis showed 12 of 15 nucleotides were
identical between the BmNPV and AcNPV hrl core sequences
(Fig. V-9A). Harr plot analysis also showed the BmNPV hril
and AcNPV hrl had 7 and 5 repeats, respectively, each
showing high homology. The two extra repeats in BmNPV hril,
were consistent with the 180 bp longer length of BmNPV hrl
and the two extra EcoRI sites found in BmNPV hrl. Sequences
flanking the BmNPV and AcNPV hrl regions contained no
homologous repeats, however, they showed high homology as

indicated by arrows in Fig. V-9A. When the flanking regions
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Fig. V-9. (A) Harr plot analysis of the hrl regions of
AcNPV and BmNPV. (B) Harr plot analysis of the hr2-left

regions of AcNPV and BmNPV.

(C) Harr plot analysis of the

hr2-right regions of AcNPV and BmNPV.



of hrl of BmNPV and AcNPV were compared sequences 246 bp to
the left (upstream in the physical map) of hrl (containing
hr and flanking sequences) were 88.4% identical when
deletions and insertions (14 bp) were excluded, and 83.4%
identical when included. Sequences 353 bp to the right
(downstream) of hrl (containing hr and flanking sequences)
were 95.4% and 90.4% identical excluding and including
deletions and insertions, respectively. Both flanking and
hr sequences possessed similar mismatch ratios, indicating
the mutation rate of these areas was similar. Mismatches
were presumably accumulated during evolution by random
mutations, i.e. small (a few bases) deletions or insertions.
The two additional repeats in BmNPV hrl indicated that the
insertion of repeated sequences could occur more frequently
in hr regions than in non-hr regions. It is of interest to
note that AcNPV hrl had a 50 bp sequence near its center
having no apparent homology to other hr regions of BmNPV and
AcNPV as indicated by the discrete lines in Fig. V-9A.
Hr2-left and hr2-right of BmNPV, are separated by the
0.9 kb EcoRI P fragment. AcNPV seems not to have the same
sequence corresponding to hr2-right of BmNPV as speculated
by the lack of EcoRI sites. When the number of repeated
sequences of BmNPV hr2 and AcNPV hr2 were compared, AcNPV
hr2 has 8, while, BmNPV hr2-left has 5 and BmNPV hr2-right
has 3 (see Fig. V-1B). Flanking sequences to the left side

of AcNPV hr2 and BmNPV hr2-left showed homology as indicated
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sequences of each hr region were conserved (Fig. V-7).
Sequences (28 bp) flanking the core EcoRI site formed a
palindrome in all conserved consensus regions (Fig. V-8).
This palindrome motif was highly conserved with a maximum of
only one or two nucleotide mismatches. Furthermore, the
mismatch(s) was always found at the same position(s) of the
palindromes, i.e., 7 and/or 8 bp to the left and/or right of
the core EcoRI (Fig. V-8). This characteristic was the same
as that observed in AcNPV (Guarino et al., 1986). However,
one-third of the mismatched bases in the palindrome were not
the same as that found in AcNPV. Furthermore, the
palindrome of the BmNPV hr4-left region was perfect (without
mismatch); perfect palindromes were not found in any AcNPV
hr region. As hypothesized by Guarino et al. (1986),
mismatches in the palindrome motif seemed to offer some
functional advantages. Recently, this palindrome motif of
AcCNPV was shown to have the ability to bind a specific
protein by gel retardation assay. The binding protein has
been speculated to be IE-1 by Carson et al. (1991) or a host
protein by Y. Hashimoto (personal communication). The
existence of mismatches at different nucleotide positions in
the palindrome will change binding affinity slightly so that
the function of each hr region can be differentiated. Also,
a functional direction (e.g. cis-activation of genes located
only one side of the palindrome) can be generated. Repeated
sequences have an enhancing function that can cis-activate

delayed-early genes, e.g. the p39 gene, however, the
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Fig. V-11. (A) Harr plot analysis of the hr3 regions of
(B) Harr plot analysis of the hr4-left
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BnNPV oriented in the opposite direction.
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AcNPV had 3 and 2 repeated sequences, respectively. When
both hr regions were analyzed by the Harr Plot analysis
program, they showed relatively low homology (Fig. V-11B).
However, they showed high homology when they were compared
in the same orientation (Fig. V-11C), indicating that this
region was inverted between BmNPV and AcNPV. Since
information of the flanking sequence of the hr4i-left region
AcNPV is:not available, analysis of the flanking sequences
of hr4i-left of BmNPV and AcNPV was not possible.

As described above, hr4-right of BmNPV had no EcoRI
sites, however, two consensus core hr sequences were found
by homology sequence search. Two single nucleotide
substitutions in the core EcoRI motif from GAATTC to TAATTC
and GAATTT (indicated by E* in Fig. V-1B) were found in both
BnNPV core sequences. The two core sequences were found at
the ends of hr4-right in BmNPV (indicated by the cross-
hatched bar in Fig. V-1B). Between these two core
sequences, four repeated sequences each about 90 bp long
were identified (indicated by the solid black bar in Fig. V-
1B). These repeated sequences had no apparent homology to
other hr sequences, however, the center of these repeats
possessed inverted palindrome motifs (Fig. V-8). Fig. V-10B
shows a schematic drawing of hrd-right (four repeats
surrounded by typical hr sequences) of BmNPV. AcNPV hr4-
right had a single repeat between the flanking repeated
sequences having high homology to the middle four repeats of

BmNPV hr4-right (Fig. V-12A). This region in AcNPV was
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characterized as a nonhomologous insertion between hr
sequences and contributed to the low sequence homology (64%)
of hr4-right when compared to the other hr regions (80-87%)
(Guarino et al., 1986). The four repeats of BmNPV hr4-right
were presumably generated tandemly from the repeat unit
found in AcNPV hr4-right during its evolution. This newly
identified repeated sequence motiff was not found in a
search of other areas of the BmNPV genome by homology
search.

Harr plot analysis showed relatively high overall
sequence homology between the hr5 regions of BmNPV and AcCNPV
(Fig. V-12B). BmNPV hr5 is the largest hr region of BmNPV
and possessed two more repeats than the AcNPV hr5 region.
Flanking sequences both to the left and right of hrS5 were
also conserved, indicating the importance of hr5 and its
flanking regions. This region contains the p35 and p26
genes to the left and right sides of the hr, respectively,
in both BmNPV (unpublished observations) and AcNPV (Friesen
et al., 1986; Liu et al., 1986).

When sequences (approx. 80 bp) flanking the core
palindrome motif were compared, high sequence conservation
(around 92%) was observed. The conservation rate was
similar to that calculated for regions flanking the hr
regions. These values were also very similar to rates found
in other regions of the baculovirus genome such as the DNA-
binding protein (96%, Maeda et al., 1991a). On the other

hand, differences in the number of homologous repeats
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between the corresponding hr regions, indicated that
sequence duplication or deletions occurred much more
frequently in hr regions. These types of mutations were
probably generated by the formation of loops and homologous
recombination between looped DNA regions as was probably the
case in hr2 of BmNPV. Simple duplication was also
identified in several regions of the baculovirus genome and
seemed to occur relatively frequently; e.g. repeat of a 30
bp fragment in the basic DNA binding protein gene of BmNPV
(Maeda et al., 199l1a), 16 repeats of 48 bp in the gene
encoding the polyhedron envelope protein of AcCNPV (Gombart
et al, 1989).

In general, the corresponding hr regions between BmNPV
and AcNPV were relatively conserved in their sequence,
polarity, and location. Only hr4-left of BmNPV and AcNPV
showed different polarities. From detailed sequence
analysis, BmnNPV hr2 seemed to have evolved from an ancestor
having a sequence similar to AcNPV hr2 by partial inversion
and recombination. Gene inversion was also reported in the

polyhedrin gene of 0. pseudotsugata. However, since the

overall gene arrangement of baculovirus genomes is
conserved, gene rearrangement seems to occur infrequently
and only in limited areas. The difficulty of gene
rearrangement is also supported by the fact that there is no
evidence of gene rearrangement in two regions that were
examined between the hr regions, e.g., between hrl and hrb5

and between hr2 and hr3. Baculovirus may also have
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suppressive mechanisms to block large inversion by
recombination which could cause gene rearrangements.

A new type of repeated sequence was found in the hr4-
right region of BmNPV. The newly identified repeated
sequence had no apparent homology to previously identified
hr sequences, however, it possessed a core palindrome motif.
The structure of these homologous repeats, four similar
repeats surrounded by two different repeats, is very
interesting, however, its function is yet to be identified.

The real function of the hr regions in the baculovirus
genome are still unclear. Originally hr regions were
speculated as sites for the initiation of replication (Kuzio
and Falkner, 1984). Recently, Guarino et al. (1986) have
shown them to be regions enhancing cis-activation of delayed
early genes by binding the transactivating product of IE-1
onto its core palindrome. We are currently attempting to
inactivate one of the hr regions by insertion of the beta-
galactosidase gene and examining its activity. Detailed
comparison of this mutant lacking an hr region with wild-
type virus will help reveal the true function of this hr

region.

2. Nucleotide sequence analysis of the 86.3 and 99.6 map

unit fragment of the BmNPV genome.

Sequence information at the nucleotide level is
essential for molecular biological study of baculoviruses.

The entire sequence of the 15.5 kb HindIII C fragment (86.3-
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99.6 map position) of the BmNPV genome was sequenced by the
dideoxy sequencing procedure as described in Section IIT and
IV. 1Initially, the 15.5 kb HindIII C fragment was digested
into four fragments, two HindIII-PstI fragments, and two
PstI fragments (see Fig. III-6, V13A) and subcloned into
plasm&ds. After obtaining sequence data for both
directions, the entire sequence was melded by the combining
program of DNASIS. The nucleotide sequence of HindIII C is
shown in Figs. V-14. This HindIII fragment was found to be
16,945 bp long by direct sequencing rather than 15.5 kb
which was initially speculated by calculation from its
mobility in an agarose gel (section III). The 1.4 kb
difference was partially due to the poor separation of
fragments over 10 kb in length in agarose gels.

Furthermore, when the initial HindIII C fragment map was
constructed by summing the sizes of the smaller fragments of
which it is composed, several repeated sequences containing
ECoRI sites were not properly accounted for especially in
the 1 kb long hrl region (see section IV), which is found in
this fragment.

When the entire sequence of the HindIII C fragment was
analyzed by the Harr plot analysis program, one homologously
repeated sequence was found as described previously in this
séction. The remaining sequence was mostly unique and
contained 12 open reading frames (ORFs) (of more than 500 bp
in length) and their flanking sequences containing putative

promoters and poly (A)" signals. To confirm the translation
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of these open reading frames, direct detection of
translational products is necessary. However, the
probability that these regions are transcribed and
translated can be speculated using information accumulated
from previous studies of baculovirus gene expression (see
Blissard and Rohrmann, 1990).

The 12 ORFs found in HindIII C were initially compared
with genes found in a part of the corresponding region in
the AcCNPV genome that has been sequenced previously (Fig. v-
13B). Highly conserved open reading frames corresponding to
p74, IE-0, IE-1, IE-N, PE-38 of AcCNPV and anh open reading
frame desigﬁated ORF12 in BmNPV were identified. The
position and directions of the corresponding genes between
the BmNPV and AcNPV genomes were the same (Fig. V-13B). All
sequences were generally conserved between BmNPV and AcNPV.
However, the outside open reading frames were less conserved
and deletions and insertions were found in these regions.

In the coding regions of IE-N and PE-38, there were 96 and
51 bp deletions and insertions, respectively. Amino acid
sequence homology between the, p74, IE-0, IE-1, IE-N, and
PE-38 genes showed 91.5%, 96.8%, 94.5%, 72.8%, and 86.1%
identity, respectively. These results indicate high
conservation of gene structure between the two viruses.
These six BmNPV genes were considered to be actively
transcribed and translated, since transcription and
translation of the corresponding genes in the AcCNPV genome

have been confirmed. When the 5’ flanking sequences of the
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proposed translational start sites were analyzed, 8 open
reading frames had a typical late gene consensus seguence
(ATAAG) for transcription within 200 bp of the proposed
translational signal, (information for the 5’ flanking
sequence of ORF1l2 was not available). ORF6, IE-1, and IE-N,
did not contain a late gene transcriptional consensus
sequence, however, IE-1 and IE-N possessed consensus early
gene promoters of baculoviruses, i.e., the TATA box located
21-25 upstream of the CAGT motif (marked by #### in Fig. v-
14). In addition, IE-0 and PE-38 also had this consensus
sequence for early gene expression. Only ORF6 had neither
early nor late gene consensus transcription sequences of
baculoviruses. When the 3’ regions of the 12 open reading
frames were examined, p74, IE-O0, ORF4, ORF6, and ORF1l1l had
no poly (A)+ signal (AATAAA) within 300 bp downstream of the
translational stop, however, IE-0 was shown to have a
spliced signal (identified by Chisholm and Henner, 1988) and
ORF4 possessed many AT rich sequences in the 3’/ flanking
sequence, which might have a similar function as the poly
(A)+ signal. From these results, ORF6 seemed not to be
translated since it had no early or late gene consensus
transcriptional start sequences, and it was relatively small
(605 bp). ORFll possessed a short open reading frame (506
bp) and no poly (A)+ signal. The remaining ten ORFs were
most likely transcribed and translated.

Yih and Maeda have recently found that IE-0, IE-1, PE-

38, and IE-N of BmNPV are transcribed at an early (2 hours
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post infection) stage of infection (unpublished
observations). These early genes of BmNPV all had an early
gene transcription consensus sequence and were likely
transcribed as early genes. The remaining open reading
frames, ORF2, ORF3, ORF4, ORF5, ORF8, and ORF1l2 were
considered to be transcribed at a late stage of infection.
When the putative amino acid sequence of these regions were
compared to amino acid sequences in GeneBank R68 (1991),
amino acid sequences with high homology were not found.

When the nucleotide and amino acid sequences of the six
gene areas between BmNPV and AcNPV having sequencing
information were compared, they showed relatively low
differences indicating the importance of the amino acid
sequence of p74, IE-0, and IE-1. The numerous insertions
and deletions observed outside these genes suggest that most
areas outside limited small regions, such as promoters and
poly (A)T signals, are not important in the viral genome

construct.
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AAGCTTTTGAATTCGATTCAGACGCTCGTCGTGGTAAACGCAGTTCCAAGTAAATAAATCGTTTTTTTTTAAAATAACAAATCAATTGTT 90

* F L L DI T
TTATAATATCCGTACGATTCTTTGACTATGTAATAAAATGTAATCATTAGGAAGATTACGAAAAATATAAAAAATATGAGTTGTTIGIGT 180
K Y YGYSEXVIYYV FTTIMLT FTIUVTFTFITFTFTITLZGQZKH

ATAACAAATGCTGTAAACGCCACAATTGTGTTTGTTGCAAACAAACCCATTATTATTTGATTAAAATTGTTGTITTITITIGTTCATAGAC 270
I VF ATTFAYVITUNTATFILGMITIA QNTFUNNNIEKTE KNMS

AATATTGTGTTTTGCCTAAACGTGTACTGCATAAACTCCATGCGAGTGTATAGCGAGCTAGTGGCTAACGCTTTCCCCACCAAAGTAGAT 360
L I TNGQQU RTPFTVYQMTFEMP RTY YULSSTA AL AZKTGU VLTS
TCGTCAAAATCCTCAATTTTATCACCCTCATCCAATTTTAACATTTGGCCGTCGGAATTAACTTCTAAAGATGTGACATAATTTAATAAA 450
EDVF DETIXDGEDILI KILMOQGDSUNUVETLZSTUVYNTLTL

TGAAATAGAGATTCAAACGTAGCTTTATCGTCCGTTTCGACCATATCCGAAAAGAATTCGGGCATAAACTCTATGATTTCTCTAGACGTG 540
HFLSETFTAXDUDTTEVMDS ST FFETZPMTFETITILIET RS ST

GTGTTGTCTAAACTTTCAAAGTATGCAGTCAGGAACGTGCGCGACATGTCGTCGGGAAACTCGCGCGGAAACATGTTGTTGTAACCGAAC 630
T N DL SETFYATLT FTI RS SMDUDZ®PFERU?PTFMNNYGTF
GGGTCCCATAGCGCCAAAACCAAATCTGCCAGCGTCAATAAAATGAGCACAATGCCGATGACGGAGCTGGCTTTGATAGCAATTCGAGTT 720
P DWIULALU VLD ATLTTULULTIULUVIGTIU VS S AKTIAWTITRT

AACGCTTTGGCAGTCGTGGTCAGCGTTTTGATGGCAATCGCGT TGAACGAGTGCACTATCGCGGCTTTGTAAGTCTCTCCCAAGATGCGC 810
L AKATTTTULTU XTIATIANTFSHUYVY I AAIKYTTETGTILTIHR

GCGGTCACGCGCCGAGTCGTGCTAACCAACATGCGT TTCAAGGCCGGAATGAGAGTAGTGTTAATTTTTTTCAACATGCTTTTAAACCCG 900
AT VRRTTSVLMR®BRIKLAPTIILTTNUNTIZ KI KILMSI KT FG

GACATTAGCATCTCAAAGCCAGCGTCCGTAGCAATACCGAAAATGATCGCGTAATCTTCCAAAAACTTTGTTATAATTGACTCCAAATCT 990
S M LMETFGADTATIGT FTITIAYDETLTFZXKXTTITISETLTD

TGGTCGCTGATTGAACGGTCGAGCGCCTCAAAATGTTCGACATGTACACGT TCGGTACCGCGGTAATTGTATGTGATCGGAGTTTTAGTA 1080
Q DS I S RDULAETFHEVHVRETSGRYNYTTI?®PTTZKT

AAGCCGGTTTCGGCCGTGTACGTGATCTGGACGGGCGACCCGTCGACAATCATGCCCAAATCGTTTAGTGTTGGCCTTTTGGTAAAAAGT 1170
F GTEATJYTTIOQV?PSGDVIMGLU DU NIZ LTZPRIE KTTFL

TTTTCAAATTCCAAGTCTGTAGTGGTATCGCGCACGCTGCGCCATTGCGCTAATATTGCGT TGGAGTCCACGTTGGGTCGTGGCGGTAGT 1260
K EF ELDTTTD RV SRWOQALTIANSUDVNZPTRTUPPL

ATGCTGGAAGGCGCTCTGTAATCAAAAT TGCGCAATTCGCTAAAAACGTTGTTGGCCAGCATTTTGAAAGTGACAAGAATCGTGTCGCCC 1350
I S S PARYDT FNRLES ST FVNNALMEKT FTUVLTITTDSGEG

AGCACGAATCCGACGAGCGATTCCCACCATCTAAACGAACAGCCGCCGTTGAATAGATTICTGCCGAATCGTCGACAGTAGGCTTCGTTG 1440
L VFGVULSEMWUMWI RTFS ST CGGNTFLUNRGTFIRIRTCYATEN

Fig. V-14. Nucleotide sequence of the 16.92 kb HindIII C
fragment of BmNPV (86.3-99.6 map units). The deduced amino
acid sequences of the open reading frames are indicated
below the nucleotide sequences. The twelve open reading
frames are named in the parenthesis. Asterisk (*) indicates
stop codon. The arrow indicates the direction of
transcription. Dots (......) indicate poly (A)+ signal.
Asterisks (*#****) indicate late gene consensus sequence. The
number symbols (####) indicate early gene consensus sequence.
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AATTCGCCTTTAAAGCGTTCGGGAAACAAGGGATCGGGATCGGGCCGAACGT TAAAAGCCGGCACATCGTCCACGCCCATGATCGTGTGT 1530
FEGI X FREZPTFLUPDUPDUPRVYVNTFAPVYVYDDVGEGMTITH

TCTTCGGTGCGCAAGTATGGGCTGT TAAAGTACATTTTGGACAGCGAGTCCACCAAGATGCATCTGTTIGTCGGGCGTGTATCTAAACTCG 1620
EETRULYUPSNPFYMIKSLSDVLITCRUNDUPTYRTFE
GCAGACTGAACTTTATTTTCGGCGCCTTCACGCATGGCCGCCGCCCTGTCCAAATGGTAGCACGCTGGCTGCGCGTAACCCACTCTAGTC 1710
A S Q VXNEAGEU RMMAAARTIDILUHYCAPOQAYGVR RT

TCTGAGGTCTGCGTGTACATGAACGGTGTCGTGT TGGACACGACTCCGGTTTCGTGAAACGGATAGCAGCTCATGCTTTCGCACCCGCGC 1800
ESTQTJYMPF?PTTNSVYVV GTEHTFUPYCSMSETCGHR

TTGCTGAAAGTCAGTTTGACGGCCAGCGCTCTGTCGGCCAATT TCGGCGGCACATAATAATCGTCGTCACTTGACGCGGGACGCAACGTG 1890
S APRLTYDTIULTIUHPFRTIRWRSTITFETLRIHEMIHETIA
TAGTCGATCAGTATATGCGGAAACCTAGTGCGCCATCTCGAAATAAACTCGAGACGATGCATATGTATGGCATATCTACTGGCATTAGTT 1980
K S FTULZ XV ALARUDALT KU ®PZPVYYDDUDSYURSANT
AAATCGACGGCTGTTAAGACCGCCATGTTATATATGACTTAAATTAAACAACGATAATAATGAAATATTTATTAGATTATACTATAACAA 2070
L DV ATTULV A M <-(P74)

TACATTTGCATTTATTATGATTATATTATATTTGCATTTATTATAACAATTACATATGAGCAACCCCGTCGTCAGGACGGGTCTACCTCT 2160
Foh Wi

AACAGCGTCGTAAAAAGATAGCCGCATACAGTGCTTATTACCAAATCAGGCCTGATTCAATAACGATACATTTITATTTAGACATTGTTGT 2250
* V N NN

TTACAATATTAATTAACTTTTTATACATTTTTAAATCATAATATATAATCATTTCGTTGTGCATTTCAAAGTTTTTGATCGCTTTAGAAT 2340
vV I NI LXK JYMZ XU LDYYTITIMEU NI HMETFUNZ KTIATZKS]Y

AGTACACAAGTTTAGAGTATTCAGGAAAATGATAAACGTTGGTAAACCCGCATTTGGTACAATATAACACGGGATTITTATAATACAGTT 2430
Yy v.L X8 YEPFHYVNTTF FGT CI KTT CYULVYVZPNZ KT YYLK

TAGTTTTTTTACACAATTTGCAATAATTGTTAATTGTAGGTCTCGAAGGAAACGTGATTGCGCCGCCGTCCAATACCTCGGTAAATITTT 2520
T X XK CLXCYNUNITU®PURSU®PTFTTIAGS GTDIULVETTF KK

TGACTTTAACAGTGGCAAACACGGTTCCTTTGATACCCGAAAATCGGTTGTCTTGCAGAGCGGCCATCATTTCCGCTTGGCTCTTGAAGTA 2610
VKV TATFVTGI KIGS F RND QQLAAMMETSU?PEUZGQTLTI

TAAAACAATTAACGTCGTCCGCCGCGTCGGGTCTGGTGCACATGCTTCGGTAGCGCTGCAACACTATATIGGTGTACGTITCTCTGAGAA 2700
F CNVDDAADZPRTCMSRYU ROQLVYINTZYTTET RTLYV

CGAGACCGCCGGTGGTGCTAAGATCGATCGTTTGAATGCGCTCGTTGGGCTCTTTGTGATTTCGAATTATGCGCCTAATTATTTCAAACA 2790
L GGG TTSLDTITAOQTIIRENZPEI KU HNRTITIRI RTITITETFUV

CTTTGCAATTGTGATCGTCAATTTTCAATTCTTTAACTTCCGTCGTGTGCTCCAAACT TACAGGGAAAATGTATTGGTAAAAAAACCTCT 2880
K CNHDDTIIKULEIZ KV Y ETTHETLSV?PFTIVYOQYTFTFRE

CTCTGGCTAAATAGCTGAGGTCGACCAAATTGATAGAAGGATATATTTCGTACGAGGTCTTTGGAACGTTGTGATATAGATAGCATTTTIT 2970
R ALY SULDVLNTISU®PYTIEYSTI KU PVNUHYULYTCZKNQ

GACAGCATATGTCTATGCGGTCAGAATCGTCCAACGGCTTTTCGATGTGAACCACAACATACAAAAACCATGCGCGCGTGTTGTCTITGA 3060
c c¢cIDbpI1IURDSDDLUEPIKETIHUYVYVY VYLV FWARTWNDIKF
ATCTATAATTGCAAGTGGTGCATCGCGAATCGCTCATGTGCTGCTCCGTAGTCTTTTTGTATTTTACAGAACTGCTTGCAAATTTGCCCG 3150

RYNCTTT CRSUDSMHQQETTI KT K Y KV S S S A FKGT

Fig. V-14. continued.
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TCATGCGCATATCTTTACTGTTTATATAACCCATAATGTAATTGGTGGAAAATTTTAGCGTGGCTTTCATGATGTTGCGTTCTAAATCGC 3240
M RMDTJEXSUNTIZYOGMTIVYNTST FIEXKLTAIKMI N R E L D S

TCATAAAATGCATACGTAGATCACGCTCTTGTTTGAAATCCAGTTTGTCGCTGTACGCGGGCAAACTTTCCAATTTGTTACCAAACTCGG 3330
M F HMRTLDZ RETG G KT FDLIKXDSYAPLSETLZEKNGTFEFP

GCGGCACAAAATATCCATCTTTTCTGTTGACGACTGGTTTTTTACTTACAATGCTGCTGCTGATGCTGCGCTCCAACGGATTGGCCGAAA 3420
P VF Y GDJI KTZRNVYVYY®PZKI KSVISSSISRETLTPNA S F

AAGTGCGCGTAGGCAAAGAGATGCGCGTAGGTGGTTTGATGTTAGATTTTGGCGGCTGACGAACAGGCGACAGCGGCGAGTTGGCGACAG 3510
T R TPLSTIURTZ P®PZXTINSK®PPQRV?PSULZPSUNA vV P

GCGTTGGCAAAGATTTGACACGGCCCTTGCCACCGGTCTTTGGCGCGTCAAAAATGTTATTCTCTCGAAAAAAACGGTTCATTGTAACTG 3600
T PLSXKVRGIEKGGTTIXKU®PADTFTININETRTFTFRINM <--(ORF2)

r ¥ P Voo

TTGGTTAGCACTCAAAAATCAACACAATACTGTGCACGTTCAGCCATCGAGAGGCTTTATATACGAAAACCTTATCTATAGAAATAAAAT 3690
FHHEHHAHE
TGTATATGCGTAGGAGAGCCTGGTCACAAGGCACTTTGCGCGCGACACTAGGGCTGTGGAGGGGACAGGCTATATAAAGCCCGTTTGTCC 3780
THHHE etedeve

AACTCGTAAATCAGTATCGATTGTGTCACGGCGCACACGCTTGCTTIGCGCGCTGGATAGTATAAGTGATTGATAACGAGCAACGCAACAT 3870
(IE-0)--> M

GATAAGAACCAGCAGTCACGTGCTGAACGTCCAGGAAAATATAATGACGTCAAACTGTGCGTCATCGCCATATTCGTGCGAGGCAACGTC 3960
I R T S S HV LNV QEINTIMTSUNTCASS?PYSCEAT S

CGCTTGCGCAGAAGCTCAGCAGGTAATGATTGATAACTTTGTTTTCTTTCACATGTACACCGCCGACATACAAATCGACGCAAAGGTGCA 4050
A CAEAQQVMTIDNUNTFUVFFHMYTADTIOGQTIH?D A K V Q

ATGCGGCGTGCOTTCGGCCGCGTTTGCAATAATTGACGATAAACAT TTGGAAATGTACAAGTATAGAATAGAGAATAAATTTTTTTATTA 4140
C G VRS SAATFATITIODTDTEKHLEMYZ XKYRTIEUNTZEKTEFTFY Y

CTATGATCAATGTGCCGACATTGCCAAACCCGACCGTCTTCCCGATGACGACGGTGCGTGCTGTCACCATTTTATTTTCGATGCCCAACG 4230
Y D Q CADTIAZXKT PDZ RLTEPDDDGACCHHTFI F D A Q R

TATTATTCAATGTATTAAAGAAATTGAAGGCGCGTACGGCGTGCGTGATCGCGGCAATGTAATAGTGTTTTATCCGTACTTGAAACAGTT 4320
I I QC I XZETIZEGAZYGVRDZRGNYVYTIVFUYTP Y L X Q L

GCGAGACGCGTTGAAGCTAATCAAAAACTCTTTTGCGTGTTGTTTTAAAAATATAAATTCTATGCAAATGTACGTGAACGAGTTAATATC 4410
R DATLJZ KTLTITZ KNS ST FACCTFI KXKNTINSMOQMYV N ETLTIS

AAATTGCCTGTTGTTTATTGAAAAGCTGGAAACTATTAATAAAACTGTTAAAGTTATGAATTTGTTCGTAGACAATTCGGTTTTGTACGA 4500
N ¢LLPFTIEZ XKTLTETTINI KTVZEKVMDNTLTFVDUNSVLYE

ATGCAATGTTTGTAAAGAAATATCTACGGATGAAAGATTTTTAAAGCCAAAAGAACGTCGCGAATACGCTATATGCAACGCGTGCTGCGT 4590
C N VCEKETISTDETRTFLZE KEPZEKET RREYA ATITCNACTCUYV
Fofevraor
TACCATGTGGAAAACGGCCACCACGCACGCAAAGTGTCCAGCGTGCAGGACATCGTATAAATAAGCACGCAACGCAAAATGAGTGGCGGC 4680
T M W K T A TTHA AT KT CTPACRTSYK™* (ORF4)--> M 8 G G
GGCAACTTGTTGACTCTGGAAAGAGATCATTTTAAATATTTATTTTTGACCAGCTATTTTGATTTAAAAGATAATGAACATGTTCCTTICA 4770
G NLLTTLE®RU DU HTPFI K YLTFTLTSYV FDULZIXDNEIHYVTPS
GAGCCGATGCGATTTATTCGCAACTATTTGAATTGCACGTTTGATTTGCTAGACGATGCCGTGCTCATGAACTATTTCAATTACTTGCAA 4860
EPM®RTFIRNYLUNCTT FDLLDDAVLMUNYTFIDNTYLAQ

AGCATGCAGTTGAAACATTTGGTGGGCAGCACGTCGACAAACATTTTCAAGTTTGTAAAGCCACAATTTCGATTTGTGTGCAATCGCACA 4950
S M QL X HULVGSTSTUNTITFTZ KT FVZXKPQFRTFUVCNR RT
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ACTGTGGACATTTTAGAATTTGACACGCGCATGTACATAAAGCCCGGCACGCACGTGTACGCCACGAACCTGTTTACGTCCAATCCICGT 5040
T vbDIULETFDTR RMYTIZ KZ®POGTHUVYATWNILTFTS SNTPR

AAAATGATGGCTTTCCTGTACGCTGAATTTGGCAAGGTGTTTAAGAATAAAATATTCGTAAACATTAACAACTACGGCTGCGTGTTAGCG 5130
KMMATFLYAETFGI KV F KNI KTITFUVUNTINNYSGTCVILA

GGCAGTGCCGGTTTTTTGTTCGACGACGCGTACGTGGATTGGAATGGTGTGCGAATGTGTGCGGCGCCGCGATTAGATAACAACATGCAT 5220
G S AGFLF DDAYVDWNSGV VR RMTCAAPRILUDUNNDNMIBH

CCGTTCCGATTGTATCTACTGGGCGAGGACATGGCTAAGCACTTTGTCGATAATAATATACTACCGCCGCACCCTTCTAACGCAAAGACT 5310
P FRLYULULGEUDMAIKUHFUVDUNNTILUPZPUHZPSNATI KT

CGCAAAATCAACAATTCAATGTTTATGCTAAAAAACTTTTACAAAGGTCTGCCGCTGTTTAAATTAAAGTACACGGTGGTGAACAGCACT 5400
R XK I NNSMFMLI KNTPFYI KSGLU?PLT FI KT LI KYTVV NS ST
AAAATCGTGACCCGAAAACCCAACGATATATTTAATGAGATAGATAAAGAATTGAATGGCAACTGTCCGTTTATCAAGTTTATTCAGCGC 5490
K I VvVTRI XKUPNDTITFNZETIDIE KTELWNSGNTCT?PTFTIZ KT FTIAOQR

GACTACATATTCGACGCTCAGTTTCCGCCAGATTTGCTTGATCTGCTAAACGAATACATGACCAAAAGCTCGATCATGAAAATAATTACC 5580
D Y I FDAQPF?P?PDULLUDILTILWNEYZYMTI KT S SIMEZEKTITIT

AAGTTTGTGATTGAAGAAAACCCCGCTATGAACGGTGAAATGTCTCGCGAGATTATTCTTGATCGCTACTCGGTAGACAATTATCGCAAG 5670
K F VI EENPAMNGEM SR RETIITLDIRYSV VDN NYRHIK

CTGTACATAAAAATGGAAATAACCAACCAGTTTCCTGTCATGTATGATCATGAATCGTCGTACATTTTTGTGAGCAAAGACATTTTGCAA 5760
LYIXKXKMETITNAGQQTF?PVMYDHES SSYTIT FUVS KDTITLAQ

TTGAAAGGCACTATGAACGCGTTCTACGCGCCCAAGCAGCGTATATTAAGTATTTTGGCTATAAATCGTTTGTTTGGCGCCACGGAAACT 5850
L X GTMNATFY AP KOQRTITLSTIULATINT RLIFGATET
L
ATCGACTTTCATCCCAACCTGCTCGTGTACCGGCAGAGTTCGCCGCCGGTCCGTTTGACGGGCGACGTGTATGTTGTTGATAAGAACGAA 5940
I D FHPNILILVYROQSS?PPV RLTSGTDU VYV VDIKNE

e

AAAGTTTTTTTAGTCAAACACGTGTTCTCAAACACGGTGCCTGCATATCTTTTAATAAGAGGTGATTACGAAAGTTCGTCTGAGTTGAAA 6030
K VFLVXHVF FSNTUVZPAYULILTIRSGIDYZESS S ETLK

TCCCTTCGCGATTTAAATCCGTGGGTTCAGAACACGCTTCTCAAATTATTGATCCCCGACTCGGTATAATAATAATATGATTTACACAGA 6120
S L RDLNPWUV QVNTULILI XU LU LTIU®PUDS V *

TCCCACTACTGGCGCTACGACTAGCACAGATGTGCAGTCCGCAAACTATTTAAACAGGCTAACTCCAAACATGTITTTTGACCATTTTGGC 6210
TGTAGTAGTAATTATTGCTTTAATAATTATGTTTGTTCAATCTAACAGTAATAATGGAAACAGCTCGGGTGCTGGCTCTGGTGGTAATGG 6300
TGGCGGTGGTGGCTGCTGCTACACCTCCAAGCGCGACAGGTTTTATGAATCCTTTAAACGCTACCATGCGAGCTAATCCCTTTATGAACAC 6390

L8840 4

GCCTCAAAGGCAAATGTTGTAGATAAGTGTATAAAAATGAAACGTGTCAAATGCAACAAAGTTCGAACGGTCACCGAAATTGTAAACAGC 6480
(ORF5)--> M K R V X ¢ N K V R T v T E I V N §

GATGAAAAGATCCAAAAAACCTACGAATTGGCCGAATTTGATTTAAAAAATCTAAGCAGTTTAGAAAGCTATGAAACTCTGAAAATTAAA 6570
DEXKIQXKXKTVYETVLA AETFUDILI KN NLSSILESTYETTULTZEKTIHK

TTGGCGCTCAGCAAATACATGGCTATGCTCAGCACCCTGGAAATGACCCAGCCGCTGTTGGAAATATTTAGAAACAAAGCAGACACTCGG 6660
L ALSXYMAMLSTLEMTAO QZPLTULTETITFH RNI KA ADTR
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CAAATTGCCGCCGTGGTGTTTAGCACATTAGCTTTTATACACAATAGATTCCATCCACTTGTTACTAATTTTACTAACAAAATGGAGTTT 6750
Q I AAVVF FSTLATFTIHNRSRTFIHEHPLUVTINUNTFTI N K M EF

GTGGTCACTGAAACTAATGACACAAGCATTCCCGGAGAACCCATTTTGTTTACAGAAAACGAGGGGGTGCTGTTGTGCTCCGTCGACAGA 6840
vVVTETU NTDTS STIZPGEZ®PILTFTENESGVLTLTCSYDR

CCGTCTATCGTTAAAATGCTAAGCCGCGAGTTTGACACCGAGGCTTTAGTAAACTTTGAAAACGATAACTGCAACGTGCGGATAGCCAAG 6930
P S I VKMLGSRETFTUDTEA AWLVUNT FENDNTCNDNVYVRTIAHK

ACGTTTGGCGCCTCTAAGCGCAAAAACACGACGCGCAGCGATGATTACGAGTCAAATAAACAACCAGATTACGATATGGATTTGAGCGAT 7020
T FGAS KRIXKINTT®RSDDYZESN NI KOQ?PDYUDMDTLSD

TTTAGCATAACTGAGGTTGAAGCCACTCAATATCTAACTCTGT TGCTGATCGTCGAACATGCCTATTTGCATTATTATATTTTTAAAAAT 7110
F S I TEVEA AWATOQYULTULULLTIVEUHBAYTULUHYYTTFZXKHN

TACGGGGTGTTTGAATATTGCAAGTCGCTAACGGACCATTCGCTTTTTACCAACAAATTGCGATCGACAATGAGCACAAAAACGTCTAAT 7200
Y 6 VFEYCIXSLTDHSLTFTH NI KILR RSTMSTZKTSN
TTACTGTTAAGCAAATTCAAATT TACCATTGAAGATTTTGACGAAATAAATTCAAATTCTGTAACATCAGGCTTTAATATATATAATTTT 7290
L L L S XK PF X F TIZEDTFDETIWNSNSVTSGFNDNTIZYNTF

AATAAATAATTAAATAATATACAATGCTGTTATTAATTATATTTTTAATATTAATTAAAGTATTAATATTTAAAAAAATGAATCAAACTC 7380
N K *

ATCTAAAGTGTCACAGCGATAAAATTTGTCCTAAAGGGTATTT TGGCCTCAACGCCGACCCCTATGATTGCACTGCGTATTACATCIGIC 7470
CGCATAAAGTGCAAATGTTTTGTGAATCAAATCACGAATTCGACT TGGACTCGGCCAGCTGCAAGCCTATCGTGTACGATCGCACGGGCA 7560

GCGGGTGTGCGGCTCGCATGTATAGAAACTTGTTATTATGAAGAGTGGCTTTCTAGTTGCACAACACTATTATCGATTTGCAGTTCGGGA 7650

*# S S H S ELQV VS NDTIAGQTLEP
CATAAATGTTTAAATATATCAATGTCTTTGTGATGCGCGCGACATTTTTGTAAGTTATTAATAAAATGCACTGACACGTTGCCCGACATT 7740
Cc L BHEX F I DTIUDJ K HHEARTCI KT QLNUNTITFUHVYVYSVNSEGSM

ATCATTAAATCCTTGGCGTAGAATTTGTCGGGTCCGTTGTCCGTGTGCGCTAGCATGCCCGTAACGGACCTTGTGCTTTTGGCTTCAANG 7830
I MLDJIXAYT FIEXKUDUPGNDTHALMMGTU VSR RTSZKATEF

GTTTTGCGCACAGACAAAATGTGCCACACTTGCAGCTCTGCTTGTGTGCGCGTTACCACAAATCCCAACGGCGCAGTGTACTTGTTGTAT 7920
T K RV SLTIHWVQLEAQTT RTU VYV FGLZPATYKNY
GTAAATAAATCTCGATAAAGGCGCGGCGCGCGAATGCAGCTGATCACGTACGCTCCTCGTGTCCCGTTCAAGGACGGTGTTATCGACCTC 8010
T F L D RYLRUPARTITCS STIVYAGRTGNUNTLZST?P?PTTISR
AGATTAATATTTATCGGCCGACTGTTTTCGTATCCGCTCACCAAACGTGTTTTTGCATTAACATTGTATGTCGGCGGATGTTCTGTATCT 8100
L NI NI PR SUNZEJZYSGSUVLRTZ XA ADNYVNYTT?®PZ?PHETD
................ HHIHHIE
AATTTGAATAAATAAATGATAACCGCATTGGTTTTAGAGGGCATAATAAAAAAAATATTATTATCGTGTTCGCCATTAGGGCAGTATAAA 8190
L X FLYIIVANTJZ KT S?PMITFTFTINNDIEHEETGH?HNTPTCTYL

i tHHHE
TTGACGTTCATGTTGAATATTGTTTCAGTTGCAAGTTGACATTGGCGGCGACACGATCGTGAACAACCAAACGACTATGACGCAAATTAA 8280
N V N M <--(ORF6) (IE-1)--> M T Q I N

TTTTAACGCGTCGTACACCAGTGCTCCGACGCCGTCCCGAGCGTCGTTCGACAACGGCTATTCAGAGTTTTGTGATAAACAACAGCCCAA 8370
F N A S YT SAUPTU PSR RAST FDNTGYSETFTCDI K~ QQTPN
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CGACTATTTGAATTATTATAACAATCCCACGCCGGATGGAGCCGACACGGTAGTATCTGACAGCGAGACTGCAGCAGCTTCAAACTTTTT 8460
D YLNYYNNZPTU®PDSGADTU VYV SDSETAAASNTFIL
*
GGCAAGCGTCAATTCGTTAACTGATGATAACGATATAATGGAATGT TTGCTCAAGACCACTGATAATCTCGGAGAAGCAGTTAGTTCTGC 8550
A S VNSLTDUDNDTIMETCLTUZLIEKTTUDNILTGEAYV S S A
iR Fhdrd
TTATTATTCGGAATCCCTTGAGCTGCCTGTTGCGGAGCAACCATCGCCCAGTTCTGCTTATAATGCGGAATCTITTGAGCAGTCTGTITGG 8640
Y Y s ESL EL PV AEQPSUPS S AYNAETGST FETZ QS SVG

TGTGAACCAACCATCGGCAGCTGGAACTAAACGGAAGCTGGACGAATACTTGGACGATTCACAAAGTGTGGTGGGCCAATTTAACAAGAA 8730
VNQPS AAGTI XK RIKTLDETYULDUDSOQSVV GQFNIKN

TAAATTGAAGCCTAAATACAAGAAAAGCACAATTCAAAGCTGTGCAACCCTTGAGCAGACAATTAATCACAACACGAACATTTGCACGGT 8820
K L K?PZKY XK S TTIOQSTCATLEQTTIW NI HBNTWNTICTUV

CGCTTCAACTCAAGAAATTACGCATTATTTTACTAATGATTTTGCGCCGTATTTGATGCGTTTCGACGACAACGACTACAATTCCAACAG B910
A S TQ EI THY FTNDT FAPYILMRT FUDIDNIDYNS NR

GTTCTCCGACCATATGTCCGAGACTGGTTATTACATGTTTGTGGTTAAAAAAAGTGAAGTAAAGCCGTTTGAAATTATATTTGCCAAGTA 9000
F S DHMS ETGY YMT FVV KX S EVI KUZPFETITITFATZIKY

CGTGAGCAATGTGGTGTACGAATATACAAACAACTATTACATGGTAGATAATCGTGTGTTTGTGGTAACGTTTGATAAAATTAGATTITAT 9090
VS NVVY EYTWNWNYYMVYVDNRVYVYYFUV VTV FDI KTITI RTFM

GATTTCGTACAATTTGGTTAAAGAAACCGGCATAGAAATTCCTCATTCTCAAGATGTGTGCAACGACGAGACGGCTGCACAAAATTGTAA 9180
I s ¥YNLVKXKETSGTIETIUPHSI QDU VCNDTETAAGQNTCK

AAAATGCCATTTTGTCGATGTGCATCACACGTTTAAAGCTGCTCTGACTTCATATTTTAATTTAGATATGTATTACGCGCAAACCACATT 9270
K CHFVDVHBHHTTFI KA AALTS SYTFNILUDMYZYAQTTTF

TGTGACTTTGTTACAATCGTTGGGCGAAAGAAAGTGTGGGTTTCTTTTGGGCAAGTTGTACGAAATGTATCAAGATAAAAATTTATTTAC 9360
VTLULAQSULGER RI KT CSGTFLILSGI KU LYEMYUGQDZI KNTILTFT

TTTGCCTATTATGCTTAGTCGTAAAGAGAGTAATGAAATTGAGACTGCATCTAATAATTTTTTTGTATCGCCGTATGTGAGTCAAATATT 9450
L PI ML SR RIEKETSNZETILIETA ASU NNTFTFUVSPY VS QTITL

AAAGTATTCGGAAAGCGTAAAGTTTCCCGACAATCCCCCAAACAAATATGTGGTGGACAATTTAAATTTAATTGTTAACAAAAAAAGTAC 9540
K Y s ES VKPFPDWNZPUPNI K YV VVDNLU NTLTIU VNI KTIKST

GCTCACGTACAAATACAGTAGTGTCGCTAATCTTTTGTTTAATAATTATAAATATCATGACAATATTGCGAGTAATAATAACGCGGAAAA 9630
L T Y XY S5 SV ANILTILTFNNYI KYHUDN NI ASNU NN ATEN

TTTAAAAAAGGT TAAGAAGGAGGACGGCAGCATGCACATTGTCGAACAGTATTTGACTCAGAATGTGGATAATGTAAAAGGTCACAATTT 9720
L KXV XK EDGSMHHIVEQYLTA QNV VDNV VI XKSGHNTF

TATAGTATTGTCTTTCAAAAACGAAGAGCGGTTGACTATAGCTAAGAAAAACGAAGAGTTTTATTGGATTTCTGGCGAGATTAAAGATGT 9810
I vL S FKXKNETEH RTILTTIAZKTI KN NETETFT YMWTISGETIT KT DV

AGACGCTAGTGCAAGTAATTCAAAAATATAATAGATTTAAGCATCACATGTTTGTAATCAGTAAAGTGAACCGAAGAGAGAGCACTACAT 9900
D AS A SNJSI KTI®™*

TGCACAATAATTTGTTAAAATTGTTAGCTTTAATATTACAGGGTCTGGTTCCGTTGTCCGACGCTATAACGTTTGCGGAACAAAAACTAA 9990

ATTGTAAATATAAAAAAATTGAATTTAATTAATTATACATATATTTTGAATTTAATTAATTATACATATCTTTTGAATTTAATTAATTAT 10080
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ACATATATTTTATATTATTTTTGTCTTTTATTATCGACGAGGGGCCGTTGTTGATGCGGGGTGT TGCATAATAACAATGGGAGTTGGTGC 10170
* R R P ATTSAPHQMTIUVIUZPTUPA

GCCACCGCTTCCTCCTCCTCCTCCTCCTCCTTTTGTCATGTATCTGTAGATAAAATAAAGTATTAAACCTAAAAACAAGACCGCGCCTAT 10260
G 6GS G666 666G 66K TMYRYTIT FYULTIULGLT FILYVAGI

CATCATAATGATGGGCATTATTTTGTTGCGGATGCCGTCACTACTGTTGGACGATTTGCCGACTAAACCTTCTCTTCCCAGTAACCAATC 10350
M MITIUPMTIZKNR RTITGT DS SSNSSI KG GV VILGETRTGTILILWD

TAAACCCAAGTCGCCAACTAAATCACTAAACGAGTAAGGTTCGATGCACATGATIGTTTGGCCCGCAGGAAGATCGCTGATATCTACGTA 10440
L GLDGU VLD ST FSsSY?PETITCMTITAO Q®GAPTLDS STIUDIVY

TTGAGGCGAATTTGGGTTAGCGGCCGGATTGCTGCCGCGACAAACTGTTTTTTCTGTTTCATAGTTAAATCCTTIGGCACATGTTGGTTAG 10530
Q PS NPNAAPNSGRTCVTZXETEYUNTFGQCMNUINTL

TAGGGGCGAATCGT TAGCCAACAAGGGGTCTCTTGAGCAAATGTTAACATCCGACTGAGCTAGATTGCGGTCTTGACGACAAGTGCGCTG 10620
L P SDNALTLUPDRS ST CTINUVDSQALWUNRIDZ QRTCTRDQ

CAATAACAAACAGGACTCGACGTTTTCTCCGGCGTTTCTACCTTGCACATAATAACTTCCGCCGGTTCTATTGATGGCGTTGATTATATC 10710
LLLCSEVUNESGANRGNOQVYYSsSGGGTRWNTIANTITID

TTGTACTAATGTGGAGGCGGTAAACAAAAGATAACCGCCGCCGGCCAAGAGTATGCCCACTCCTGCTACTTTCAAGGTTCTCATGTGATT 10800
Q ViLITSATTFTILILYGSGGALTZLTIGVGAVYVY KILTRMIHN

ATGTAAACGGGGGTTTTGCTGCAGTGCGTTTTGAACACCTTCCGGCGTGCGCACGTTGGTCTCTGGGAAGTTTTGTCTGACTGCATTGGA 10890
HLRUPDN QQLANO QVYVYGEUZPTR RVYVNTEUPTFNIQRVANS
TCGCGTICTGTTTGGTGTGGTAATGAAAGTCTGGCACGTTGTCCATGCGCCGCAATTGGCGCAATGAGTTTATTTGAGGGTCTGAAATGCC 10980
R T Q K THYHVFDZPVNDMRRLA QRTLSUNTIAGQPDSTISG

CTGAAATACATTGCGTATGTTGGGGACATCGTTGT TACGAGTGATTCTGTTTATGTCTGAAGTGCTCACAAACCGGTTGTTAGATAATTG 11070
Q F VNRTINZPYVDNNRTTIRIUNTIDSTSVFRNNZSTILAQ

ATAGCCCGGCTGATATCTGTTGTTTCCAAGGTTGCGTACACTGGGCGCGTTGAGCACATTTGTGAAACCGGCGGGAGTGCTTGTTAAAAG 11160
Y 6 PQ YRMNNSGLW N RVYSPANLUVNTT FGAZPTUS5TIULL
v

ACGCGTATTATCAGCAAGAAAACTGGCCTGATTAGGATACAATTTATTGACTCTACGAAGATTTGTAAAAAAACTCATTTTAAAGCAAAC 11250

R T NDALT FSAQNU®PYULZ XNVRRTLUNTTFTF § M <--(0RF8)
Fededd

TTATTTAATAAATATATCACAGTAAAGGTTTTGCAAAATTGCCGTCGTCAATACAACACGGCTGCGGCGCCATGTIGGTAAAATCTAATC 11340
TTCTCCTTGCTTTAGATT TTGGGCGAGAGGGCGCATTTGTTGTGTCAGTCATTTCGACGTCTGCATTATTTGTTGTGTAAGGTACTTCAA 11430

TGTATGAAGCGACTTTAACATTATTATAATTTTTTTTAAATATTGATGCGT TCCACGGCGCTCGTTGATACGGATGATATCTCTCCATTG 11520

TATGATCGCTAAAGTTATATACCGTTTCAATAAATATGTTCAAACCCAACATGATTAGAATATACATAATAGTTTATITGTTTTTTATAA 11610
TTATTTTTATTGTTTTGAAATCTAAAAGAGGTAACGATAACGATAACGATAACGATAACGATAACGATAACGATTCAGACCACGAGTTCA 11700
GTTGCGTTAACAGACCAATTGGAGTACATTTTCCGCATCCTACTAAATGTAATGCTTTTTACATGTGTGTCGGTATAAATCATAGATTAG 11790

AGTTACTTTGTTCTGAAGGATTTGAATTTGATCCAAATGTTAAAGATTGTGT TCCTATATCAGATTATGGATGTACTGCTAACCAAAACA 11880
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AAAATAAAAATAAAATTTATTAAATATATTTTATTATTTATATTATTTACAACACTTAAGGTTTAGACATCTCAATAGTGTATAACTCAG
* P K S METITUYTULE A

CAACTAATTCAGAATTACGACGCTCAAACTGTGAAAATTTGGCT TGAGACTCGGCCACCTGCTTACGCAATTGTTCTTGCAGATCATTCA
VLEGSUNRBRRETFAQST FI K AQSEA AVQ KR RTILAG QEG QLTUDHNUV

CAGTCGATTGCAACTCTTGTGTTTTCTTGGTAAATTCTTCCAAATCACGATTTGCCCATTTTAATTTTAATTCGGTAATTTTATGTTCGT
T 8 QL EQTI KU KTV FETETLT DU RNAMWIEKTILTIEKTILTETTITZKTUHTEH

GTTTAAGCATAGCGTAGTCGCAGTTTAACATAGTCATTTTATGTTCAACTTGGCTGTICT TGGCTCGCAGCTCGGACCGTTCTCTTTCCA
K LMAYDCNTVLMTMIEKUBHEET YV QSN NI XK ARILTES ST RET RTEL

ATCGCTCCACATCGTTTAAGTCTATAATGCGATTGT TGACCGTGTTATTTTCTAAAAGCTCACGCCAATGCTGTTTGATGGAATCCCGGT
R EVDNLDTITIRUNNVYVYTNNETLILTERUMWUHAG QI XTISUDTZ RN
Wl
TACGAATGAGGGTTAAGGGCATAAATTCTACATACCCGTGCTTATTGTACACGCGAAAATCTGATGAACTAGCGCTGCAAAAACATTTGT
R I LTULUPMTFEVYGHI KN NYVRTFDSSSASTCTFTCTEKY

ACGTAGAATTGTCCATAATTATCCTGACATAACATTTGAAACACACAGCATGGTTACAATCAATCGAAGTCACAAACGAAGAATCTACGT
T s NDMTITIRVYVYCI KT FCVAHUNTCDTIZ STV VTFSSDVHN

TTTTAGTGTCTTTTAAAGTAGTAAAACAAATATTACACGAAACCTCTACTTCTTCGCCTTICTTCTTCTTCTTCTTCCTCGTCTTCATCTT

K TDIXULTTUV FTCTINTCS SVEUVTETESGTETETETETETETETDTETDE
o

CGAGTTCTAATTCATGCTGCTGCGGAGACTGCGGCGAGTCAAACAAATCTGGCGACTGTGATAATACGTCATTCGACGGATAAGGTGGAC
LELEHQQPSAQPSDTFLDZPSQSULVDINSUPYUPTZPS
iR Ao

TATAAGCGGGAGACCTTGGGGAAATTTCACTCATCAGTTGTGACTCAAGATCTAAACCTCGCTGCAGAGCCCTCTGCGCAGCTGTCTCCG
Y A PSRPSIESMLU QSETLTUDILSGRI QLA ARG GQAATTE S

ACGCAATGCTATTCTGGTACTGCTGAGAAACACGATCCACACTTTCAATGGTGTCATCTTCTTGACTTAACAACGGATCGTCATTGCTAA
Al S NQYQQS8S VRDVYSETITHDUDEU QS STLILZPDUDNSI

TGTTAACCTGACCGTGCACGTGATACGTGACACCCTGACTATGGTACGTGCGCGTCAACGGCTCGT TGGCGTTTCCGATAATCTGCACGT
NV QGHVHYTV66GQSHYTR RTULUPEUNANGTITIAOQV VN

TGTCTTCGCTGACACGCTGCTCCTGACTCCGCTCCTGACGGCGACGTCTGCGACTGCTTGAATACGGT TGGCTGCGACTGCTTGAATACG
DESVRQE QSR REQQRRRRRSSSYUPOQSU RS S S YTP

GTTGGCTGCGACTGCTTGAAGACGGT TGGCTGCGACTGCT TGAAGACGGCAGGGCTTCGGGAGATGT TGTAAAGTTAATGCGACGACGGC
Q SR S5 5 85 PQ SRSSSSPULAEUPSTTT FIUNTIRTERT RS

TGAGAGACAGCCTGTGGCGGCGGCTGCTGCTGCTGGGAGTGACGGCGT TGATTTGGCGACTCATGGCTGGCTGGTAGCGATACTGTTCGT
L s LRHRRSS S S PTUVANTIG QRS M <-(IEN)

HHHE Laaaasss e
TAGGCTGTGAGGCTTGAACTGTGCTTACGAGTAGAACGATCACTGTATTTATACTGTTTATCAGTAGTGTACGACTGATAAGACAATAGT

L 818184

GATAAGGGAACTTGTCAGGCAAAAATGAACT TTTTTGTAATGCAAAAAAGT TGATAGTGTAGTAGTATATTGAGAGCGTATAGTACAGTG

TAGACTATTCTAATAAAATAGTCTACGATTTGTAGAGT TCGTACTGTATATTATATGTCAAACATAGGCGAACTTTTTTGTATTGCAAAA

Fig. V-14. continued.
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AAATTCATTTTTTAATTTATCATATCACAGGCTTCAGTACTGTTATCTGTCCCCACTCAGGCGTACAGCTATAACATATCACAGGCTTCA 13590
THHKEHHE THEH
GTTTCTGTTATCTGTCCCCACTCAGGCGTACAGCTATAAAAGCAGACACTTGTCAACTCGTAAGCACAGTTTGTTGCGGAGAGCCTGCCA 13680
L322 1
ATAAGCAAAATGCCAAGGGACACCAACAATCGCCGCCGCCACCGGTCTACGCCATATGAACGTCCTACGCTTGAAGATCTCCACAGACAG 13770
(PE-38)--> M P R D T N N R RR HR S TUPYERU®PTTULETDTULUHTRQ
TTGGAAGACGCTTTGGAGAGGCGCTATCAAATGCGTAGAAGGCAGCGTCAAAACCGGCTCCGCACCATACAAATAAAACAGCAGCGAATG 13860
LEDALEZ RRYQMPERRROQQRAOQNZ RTLU RTTIGQTIZ KU QO QR RM

ATGGCGGAATTAAAGAAAGAGCCGGTAATTAATTTTAAATTTGAGTGCAGTGTGTGTTTCGAAACATATTCTCAACAATCTAACGATACT 13950
M A EL KK KEUPVINTFI KT FET CSVCFETUZYS5QQSsSNUDT

TGICCTTITTTGATTCCGACTACGTGCGACCACGGTTTTTGTTTCAAATGCGTCATCGATCTGCAAAGCAACGCGATGAATATTCCACAT 14040
Cc PF LTI PTTZCDUHGT FTCT FZ KT CUVTIDILIGQSNAMIENTITPH

TCAATTGTGTGCTGTCCATTGTGCAATACCCAGGTAAAAATGTGGCGTTCTTTAAAACCTAACGCTGTTGTGACGTGTAAGTTTTACAAG 14130
$ I vecCPLTCNTAOQVI KMWRSILI KU PNAVUYTTCI KT F YK

AAAACTCAAGAAAGAGTTCCGGCCGTGCAGCAATATAAAAACATTATCAAAGTGCTACAAGAACGGAGCGTGATTAGTGTCGAAAACAGC 14220
K T Q ERVPAV QQY KNTITIU KV VL QEH RSV YVTISVENS

GACAACAATTGTGACATAAATATGGAGAATCAGGCAAAAATAGTTGCTTTGGAAGCTGAAT TAAAGAACGAAAAAAATCACAGTGATCAA 14310
DNNCDTIWNMENDNO QAZKTIVALTEAETLZKNDNTETZ KNI HSTDQ

GTAACTTCTGAAAACCGACAGCTAATAGAGGAAAATACTCGTCTCAACGAACAGGTTCAAGAATTGCAGCGTCAGGTGAGGACATTGGCG 14400
VTS ENIR RIGQLTIETZENTRTLNEU QVQETLI QR QVI RTTIL A

CCGCAACGTGGCATTACGGTTAATCCGCAAATAGGCCGTGACGACCGTGCGCCAGCCGAGCTGAACGAGCGTTTTCGCTCACTCGTCTAT 14490
P QRGITVNZPOQIGRIDUDI RAPAETLUNETRTFR RTSTILIUVY

TCGACTATTTCAGAACTGTTTATTGAAAATCGCGTTCATAGTATTCAAAATTATGTTTATGCCGGAACTTCTGGTGCTGCTAGTTCATGT 14580
§ T I S ELT FIENRUVHSTIQNYUVYAGTSGAASTSTSTC

GATGTAAATGTTACTGTTAATTTTGGGTTTGAAAATTAATGTGATATGTATGTATAAATGTATATATAAAAATGCTGAAACAACTAATAA 14670
D VNV TVYVUNTFGTFEN~*

ACGTTTTTTATTTGTTTTTTTTATTTTATGTGAT TAAGAAACT TTTAACATGGATAGTAGTAATTGTATTAAAATAGATGTAAAATACCA 14760

TATGCCGTTACATTATCAATGTGACATTAACGCAGATAAAAACGTTGTAAATGCGTATGACGCTATCGATGTTGACCCCAACAAAAAATT 14850

TATAATTAATCATAATCACGAACAAGTCGATGAAACAAACAAACAAGAAGTCGTCGATAAAACTGACGCAACAACATACAATTCTTGCAT 14940

CATAAAAATTTAAATGATATTATAATTTAAAATAACAATGACATCATCGTTTGATTGTGTTTTACACGTAGAATTCTACTCGTAAAGCCA 15030

GTTCAGTTTTGAAAAACAAATGACATCACCTCTTGATTATGTTTTACACGTAGAATTCTACTCGTAAAGCCAGTTCAGTTTTGAAAAACA 15120

AATGACGTCATTTCTTGATCATGTTTTACACGTAGAATTCTACTCGTAAAGCGAGTTCAGT TTTGAAAAAACAAATGACATCAATTTTTA 15210
TTTTTATAATAAATGACATCATTICTTGATCATGTTTTACACGTAGAATTCTACTCGTAAAGCGGGTTCAGTTTTGAAAAACAAGTGACA 15300

TCATTTCTTAAATTAAGTTTTGAAAAACAAATGACATCACCTTTCGATCATGTTTTACACGTAGAATTCTACTCGTAAAGCGAGTTCAGT 15390

TTTGAAAAACAAGTGACATCATTTCTTAAATTAAGTTTTGAAAAACAAATGACGTCATTTCTTGATCATGTTTTACACGTAGAATTCTAC 15480

Fig. V-14. continued.



TCGTAAAGCGAGTTCAGTTTTGAAAAACAAATGACATCATTTTTTTGATTATGTTTTACAAGTAGAATTCTACTCGTAAAACGAGTTCGG

v

TTATGAGCCGTGTGCAAAAAATGACATCAGCTTATGACATCACCCACTGATCGTGCGTTACAAGTATAATTCTACTCGTAAAGCGAGTAC
Yol
ATATTTAGITACGTTTCTGAGATAAGATTGAAAGCACGTGTAAAATGTTTCCCGCGCGTTGGCACAACTATTTACAGTGCGGCCAAGTTA
(ORF11)--> M F P A R W H N Y L Q C G Q V

TAAAAGATTCTAATCTAATATGTTTTAAAACACCTTTGCAACCCGAGTTGTTTGCGTACGTGACTAGCGAAGAAGATGTGTGGACCACAG
I X DSV NULTITCTFI KTUZPLOQPETLTFAYVTSETETDVWTT

AACAGATAGTAAAACAAAACCCCAGTATTGGAGCAATAATCGATTTAACCAACACGTCTAAATATTATGATGGTGTGCACTTTTTGCGGG
E QI VEKQNWPSTIGATITIU DZLTNTSI KYYDSGVHTFTLR
CGGGCCTGTTATACAAAAAAATTCAAGTACCTGGCCAGACTTTGCCGTCTGAAAGCATCGTTCAAGAATTTAT TGACACGGTAGAAGAAT
A G L LY KXKXKTIOQV?PGQTTULU®PSESTIUVQETFTIUDTVEE

TTACAGAAAAGTGTCCCGGCATGTTGGTGGGCGTGCATTGCACACACGGCATTAATCGCACCGGT TACATGGTGTGCAGATATTTAATGC
F TEZ KT CUPGMLVYVGVHCTU HG GTINZ RTGYMVUVCRYTLM

ACACCCTGGGTATTGCGCCGCAGGAAGCCATAAATAGATTTGAAAAAGCCAGAGGTCACAAAATTGAAAGACAAAATTACGTTCAAGATT
H TILGTI AP QEATIWDNRTFETZ KA ARSGIUHEKTIEHZ RA QNYUV QD

L L I =
* NI NN A NI KU LILYXTIRNETFQQAETETLSTDTF S I

TGCTTCGCTTGCTACGTTTACTTIGTAGCCGATCAGTGGCGTTGTTCCAATCGACGGTAGGATTAGGCCGGATATTCTCCACCACAATGT
S RK SRKSQLRDT AN NUWDUVTZPNZPRTIWNTEUV VUYVIN

TGGCAGCGTCGATGTTACGTTTGTGCTTTTGGCTTTCCACGTACGTCTTTTGGCCGGTAATAGCCGTAAACGTAGTGCCGTCGCGCGTCA
A ADINRIEKU HKAOQSEVYTIZ XKOQGTTIATT FTTSGUDT RTUV

CGCACAGCACCGGATGTTTGCGCTTGTCCGCGGGGTATTGAACCGCGCGATCCGACAAATCTATCATTTTGGCAATTAAATTGGAGACCT
C L VPHIEKTRIKDAPYOQVARDS STILTDTIME KA ATITLINSUVAQ

GCGTGTCTTTAACCTGCAACAACTCGICTTTTTTGTGCATCATTITCATCTTTTCTCTGCATAGTTTCCTGAAACCCGGTGTACATGCGGT
T DK VQLULEDZE K KHMMETDI K RQMTEU QT FGTYWMTZ RN

TGAGGTCGGTCATCACGCGCGTCACTTGCAAGTCTTTGGCCTCAATCTGCTTGTCCTTAAT TGCGATGATGCGTTCGATAAACTCTTGCT
L DTMVRTUVQLUDI K AETIUGQQIXKUDI KTIA ATITIRTETITFTESQHEK

TTTTAAAAAGTTCCTCGGTTTTTTGCGCCACCACCGCTTGCAGCGCGT TTGTGTGCTCGGTAAATGTCGCAATCAGT TTAGTCACCAACT
K FLEETI KA QAYVYYVY AQLANTUHETT FTA ATIULTI KTV VILQ

GTTTGTICTTTTCCTCCTGTTGTTTAATTGCGGGGTCGTACTTGCCCGTGCATAGCACTTGAGGAATTACTTCTTCTAAAAGCCATTCTT
K NK EEQQ KIAPDYI KG GT T CLVQPTIUVETETZLTLUWENQ

GTAATTCTATGGCGTACGGAAGCTT 3' 16945
L EI A Y P L K

Fig. V-14. continued.
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VI General Discussion and Conclusion

Expression systems using baculoviruses especially NPVs
have recently become very popular for basic research and its
applications to agriculture and medicine. Recent advances
in molecular biological techniques have also allowed the
genome of viruses and living organisms to be manipulated.
Several NPVs including BmNPV and AcNPV possess advantageous
characteristics which allow these types of manipulations.
BmNPV and AcNPV have established cell lines which support
sufficient viral replication and allow the isolation of pure
clones by plaque assay. They also possess a viral genome
composed of circular double-stranded DNA, which can be
easily handled by modifying enzymes. Furthermore, NPV
possess a unique gene, the polyhedrin gene, whose gene
product can aggregate and form proteinacious crystals which
encapsulate many viral progenies. The polyhedrin gene is
not essential for production of viral particles, and has a
very strong promoter activated at a late stage of infection.
Crystals of this gene product, polyhedra, are visible under
the light microscope, and can be used as a marker for
insertion of foreign genes. These characteristics have made
baculoviruses extremely useful as gene expression vectors.

In contrast to other DNA viruses with similar or larger
genomes, such as the vaccinia virus (180 kb genome),
molecular biological knowledge of NPVs is limited.

Nucleotide sequencing is one of the most powerful techniques
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to study viruses at the DNA level. Baculoviruses possess
genomes of about 130 kb in length, however, sequence
information of only 40% of the AcNPV, 10% of O.

pseudotsugata NPV, and 1-5% of several other NPVs including

BmNPV is available. My thesis problem has focused on the
clarification of the genome structure of baculoviruses.
BnNPV was chosen because it is a major disease in
sericulture and is currently used as a highly efficient
vector for the expression of foreign genes. The BmNPV
expression system in particular has an additional |

advantageous characteristic of having a useful larval host,

the silkworm, for expression in vivo. Another advantage of

using BmNPV for basic research is the availability of AcNPV
sequence information for comparison. SINPV was also
analyzed as part of my thesis problem. This virus has been
extensively studied for application in the control of a
major pest of vegetable crops in Japan. Little information
of the molecular biology of SINPV is available (see Maeda et
al., 1990).

From this starting point, gene libraries covering the
entire genomes of the two viruses were initially constructed
using plasmid vectors. By hybridization and double-
digestion experiments, complete physical maps for several
restriction enzymes of the two viral genomes were
constructed. This basic information has contributed greatly
to the molecular biological studies of this thesis. This

information will also be very useful for basic research and



its applications in the future by other scientists. Using
the gene library and associated information, the
characteristics of the polyhedrin gene and gene structure of
NPVs were studied extensively.

In section IV, the polyhedrin gene was analyzed by
various procedures. Studies of the sorting mechanisms of
proteins localized in nucleus and the crystallization of
polyhedra and amino acid sequence relationships were
conducted. Four different polyhedrin genes of BmNPV and
SINPV were isolated, sequenced, and characterized. Amino
acid sequence substitutions were found to be responsible for
changes in the polyhedral structure, e.g. polyhedral to
cuboidal. By analysis of sequence information of the
polyhedrin genes of two isolates (OT2 and CC5) of SINPV, it
was speculated that OT2 belongs to AcNPV and CC5 belongs to
a new virus group of SINPV, which has some relatedness to O.
pseudotsugata NPV. These studies indicate that sequence

J
analyses offer an efficient approach to viral systematics

and evolutionary studies. Based on the studies of the
effects of the 5’ non-translating region of the polyhedrin
gene for foreign gene expression (Horiuchi et al., 1987),
new transfer vectors with high expression characteristics
and with multiple cloning sites were constructed. This type
of transfer vector is currently used for high expression of
foreign genes all over the world.

To utilize the polyhedrin gene, the basic scientific

question of, "why does the nucleus contain specific

137
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proteins?", was studied. Protein localization in specific
organelles in eukaryotic cells is very important. Recent
molecular biological studies have revealed that proteins
have their own internal signals for localization. Two major
hypothesis have been proposed for the mechanisms of nuclear
localization of proteins. However, the true mechanism is
still unclear. I chose the polyhedrin gene for this study
because the polyhedrin gene is highly expressed, modified
easily, and non-essential for viral production. A specific
consensus nuclear localization signal found in other
eukaryotic cells was also found in the BmNPV polyhedrin
gene. These results showed that insect cells follow the
same protein trafficking rules within insect cells as found
in other eukaryotic cells. Furthermore, crystallization of
polyhedra was found to be controlled by most of the amino
acid sequence of polyhedrin. This result is consistent with
data showing high conservation of amino acid sequences of
polyhedrins (Rohrmann, 1986). It was also revealed through
deletion experiments that 1) the shape of polyhedra is
controlled by C-terminus amino acids and 2) polyhedral size
is controlled by amino acid sequence information. These
polyhedrin deletion experiments may contribute to study of
the mechanisms of size determination of organelles in
eﬁkaryotic cells.

In section V, the gene structure of BmNPV was
discussed. Homologously repeated sequences (hr) were found

in all baculoviruses examined. It has been shown that hr
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has an enhancing activity, however, its true mechanisms are
still unknown. Detailed comparison of sequence information
between AcCNPV and BmNPV, hr regions showed high conservation
of sequence and location, indicating the importance of these
regions in the baculovirus genome. In addition, one
inversion of an hr sequence was speculated in the BmNPV
genome by detailed homology search. About 1 kb was inverted
at the 21.2 map unit position of BmNPV and AcNPV. Since
inversion of the polyhedrin gene of OpNPV has also been
reported (Blissard and Rohrmann, 1990), inversions
associated with hr regions were speculated to occur
commonly.

The entire sequence of a fragment (about 13% of the
genome) containing four important immediate-early genes in
the AcNPV genome was determined. Detailed analysis of this
region, showed that baculoviruses were covered by relatively
unique sequences except in the hr regions. These unique
regions contained open reading frames, which were presumably
transcribed and translated, and separated with up to 500 bp
of non-translated regions containing promoters and
termination signals. Early gene promoters or/and late gene
promoters (see Blissard and Rohrmann, 1990) were found.

Most ORFs had a poly (A)+ signal close to its
transcriptional stop. When the corresponding ORFs between
BmNPV and AcNPV were compared, the amino acid sequences were
generally highly conserved, indicating the importance of the

gene products. It was also shown that non-translated
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regions had relatively high mutation rates including
deletions and insertions. In the near future, the entire
BnNPV genome sequence will be determined. This information
will show a clearer picture of how the baculovirus genome
operates.

In conclusion, I devised a basic system to study two
important NPVs using viral genomic libraries. Based on the
unique characteristics of the polyhedrin gene, the following
were performed: analysis of viral systematics, structural
analysis at the DNA level, anlysis of the nuclear
localization mechanisms of polyhedrin, and construction of
improved expression vectors. Finally, the genomic
structures of NPVs were characterized by analyzing
homologously repeated and unique sequences. This
information has shed light on the organization and
mechanisms of the baculoviral genome and will be helpful for
the application of these viruses to agriculture and

medicine.
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