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Abstract To compare the pl0 promoter activity of Bombyx
mori nucleopolyhedrovirus (BmNPV) K1 and K4, recombinant
viruses Bm101-LacZ and Bm104-LacZ with a lacZ gene
‘under the control of each p10 promoter were constructed. The
[B-galactosidase activity due to BmlQl-LacZ was about
5.5- and 1.1-fold higher than that due to Bm104-LacZ and
BmK1-LacZ, respectively, expressing [3-galactosidase under
the control of a polyhedrin promoter. The recombinant virus
BmK1-104LacZ with the same genome structure as Bm101-
LacZ, except for a p10 promoter region, produced a similar -
galactosidase activity to that due to Bm104-LacZ and 5.5-fold
lower than that due to Bm101-LacZ. The virus yield, expression
level of polyhedrin, and polyhedra productivity for each
recombinant virus was almost similar. These results suggested
that the difference in the expression level of B-galactosidase
resulted from a difference in the p10 promoter regions, and
that an expression vector using the p10 promoter of BmNPV-
K1 could be usefully exploited in the mass production of foreign
proteins with silkworm larvae by means of oral ingestion.
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Baculoviruses are a large group of insect DNA viruses with
covalently closed dsDNA genomes. They are pathogenic for
insects and used as biological insecticides [2]. Baculoviruses,
notably Autographa californica nucleopolyhedrovirus
(AcNPV) and Bombyx mori NPV (BmNPV), are also
exploited as vectors for the high level expression of
foreign genes [10, 11, 14].

During the very late phase of a baculovirus infection,
two viral gene products, polyhedrin (the major constituent
of polyhedra), and p10 are expressed in copious quantities.
[20]. p10 is a major component of the so-called fibrillar
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structures in the infected cells [22] and is thought to play a
role in disintegrating the nuclear matrix and supporting the
release of polyhedra from cells and tissues [23]. Since the
polyhedrin and p10 genes are under the control of very-late
strong transcriptional promoters and are nonessential for
virus replication, their promoters have been widely used
for foreign gene expression [3, 6, 7, 9, 17, 30].

In both AcNPV and BmNPYV expression vector systems,
a polyhedrin promoter has been utilized for the expression
of many foreign genes, whereas several foreign genes have
recently been expressed using a p10 promoter [24, 25, 26].
Although the promoter activity of p10 is relatively lower
than that of polyhedrin [15, 19, 21], utilization of a p10
promoter for foreign gene expression enables the recombinant
virus to be occluded in polyhedral 1nclus1on bodies and,
therefore, readily infectious for insects when administered
per os [25]. For the mass production of a foreign gene
product, a BmNPV vector has the unique advantage -of
having an advanced system, i.e., the silkworm B. mori,
which can be used for in vivo expression, and this system
has several attractive features in comparison with an AcNPV
vector system [11, 12, 18]. Therefore, the construction -of
occluded recombinant viruses using a pl0.promoter is
expected to increase the utility of the silkworm production
system.

Recently, four BmNPV variants were 1solated that have
somewhat different characteristics, including different restriction
enzyme patterns and different release rates of; polyhedra
from infected Bm35 cells [4]. In relation to the different
release rates of polyhedra, the structures of the polyhedrin
and pl0 genes of these variants were compared. The
results revealed that the plO promoter structures of
BmNPV-K1 and K4 were very different from each other.
Accordingly, to study the difference in the p10 promoter
activity of these two BmNPV variants, expression vectors
were constructed using p10 promoters, then the expression
efficiency of (-galactosidase under the control of these
promoters was compared. Lo
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MATERIALS AND METHODS

Cells and Viruses

The BmS5 cells were kindly provided by Dr. P. V. Choudary
(Univ. of California at Riverside, U.S.A.) and maintained
at 27°C in a TC-100 medium (Gibco-BRL, Rockville, MD,
U.S.A)) supplemented with 10% fetal bovine serum (FBS)
(Gibco-BRL, Rockville, MD, U.S.A.). The BmNPV-K1 and
K4 were used as wild-type viruses [4]. The recombinant
BmNPV, BmK 1-LacZ containing the E. coli lacZ gene under
the control of a polyhedrin promoter, was used in this
study for comparison of the p10 and polyhedrin promoter
activities [29]. The wild-type BmNPVs and recombinant
viruses were propagated in BmS5 cells. Routine cell culture
maintenance and virus: production procedures were carried
out according to previously published procedures [17].

Polymerase Chain Reaction and Primers

A 20-mer oligonucleotide containing an £coRV site at the
5" end (primer P1, 5-GATATCATACA ATATGACTC-3")
and 33-mer oligonucleotide containing a Ps/I site at the 5
end (primer P2, 5'-CT GCAGTGATAGTAAATAAAATG-
TAATTTACAG-3") were synthesized for the amplification
of the p10 5'-flanking region including the p10 promoter of
BmNPV-K4. Then, for the 3'-flanking region including the
pl0 gene termination region of BmNPV-K4, a 30-mer
oligonucleotide containing a Pacl site at the 5' end (primer
P3, 5“TTAATTAATTAAAGCCTACGCTGAAAATCC-3")
and 17-mer oligonucleotide containing a Sacll site at the 5'
end (primer P4, 5'-CCGCGGTACCGAACGTG-3") were
synthesized. In a polymerase chain reaction (PCR), the
genomic DNA of the wild-type BmNPVs were subjected
to 33 PCR cycles (1 min at 94°C, 1 min at 45°C, and 2 min
at 72°C) followed by a 7 min final extension at 72°C using
a Premix Top™ (Bioneer, Chungbuk, Korea) and DNA
Thermal Cycler (Perkin Elmer, Norwalk, CT, U.S.A.).

Construction of pl0-Based Transfer Vectors from
BmNPV-K1 and K4

To construct the p10-based transfer vectors, the p10 5'- and
3'-flanking regions were PCR amplified separately from
BmNPV-K1 and K4 genomes. Two synthetic primers
corresponding to —1,383~-1,364 and -26~+1 from the p10
translation start codon were used to amplify a 1.4 kb 5'-
flanking fragment of BmNPV-K1. In the case of BmNPV-
K4, two synthetic primers corresponding to —1,383~-1,364
and 26~+1 were used for amplification of the 1.4kb 5'-
flanking fragment. These amplified fragments were cloned
into a pGemT-easy vector (Promega, Madison, W1, U.S.A.),
cleaved with EcoRV and Psil, and then cloned again into
a pBluescriptlIKS(+) vector (Stratagene, La Jolla, CA,
U.S.A.) digested with the same restriction endonucleases
(Fig. 2). For the 3'-flanking region, two synthetic primers
corresponding to +212~+236 and +1,317~+1,333 were used

for amplification of a 1.1-kb 3'-flanking fragment of BmNPV-
K1, and two synthetic primers corresponding to +211~+231
and +1,317~+1,333 were exploited to amplify the 1.1-kb
3'-flanking fragment of BmNPV-K4. The amplified 3-
flanking fragments were cloned into pGemT-easy and then
cleaved with Spel and Sacll (Fig. 2). These 1.1-kb 3'-
flanking fragments were ligated just downstream of the
1.4-kb 5'-flanking fragments of each virus to create the
transfer vectors pBm101 and pBm104 (Fig. 2).

Construction of Recombinant BmNPVs Containing the
lacZ Gene ‘ ,

A 3.7-kb fragment containing the JacZ gene was isolated
from the plasmid pCH110 (Amersham Pharmacia Biotech.
Uppsala, Sweden), which was digested with HindIll,
blunted with the Klenow fragment, and then cleaved with
BamHI. This 3.7-kb fragment was cloned into pBm10!
and pBm104, which were then digested with Smal and
BamHI (Fig. 2). The resulting plasmids, pBm101-LacZ
and pBml104-LacZ, were independently transfected with
the corresponding wild-type viral genomic DNA into Bm5
cells to construct the recombinant viruses, Bm101-LacZ
and Bm104-LacZ, where the pl0 gene was replaced with
the lacZ gene. The recombinant virus, BmK1-104LacZ,
was constructed by cotransfection of pBm104-LacZ with
the genomic DNA of wild-type BmNPV-K1.

Transfection and Selection

BmS5 cells in a 60-mm tissue culture dish were cotransfected
with wild-type BmNPV DNAs and transfer vectors by the
liposome-mediated method using the transfection reagent
Lipofectin™ (Gibco-BRL, Rockville, MD, U.S.A.). The
transfection supernatants were subjected to an end-point
dilution [17] in order to obtain the recombinant viruses.
The end-point dilution was performed three times to clone
the viruses genetically. The recombinant viruses were
propagated and stored at —20°C.

B-Galactosidase Assay and SDS-PAGE

The BmS5 cells were seeded into 6-well tissue culture plates
at a density of 1x10° cells/well and allowed to attach for
1h. The cells were inoculated with the recombinant
viruses at a multiplicity of infection (MOI) of 10 plaque
forming units (PFU)/cell in 1 ml of & serum-free medium.
After 2 h, the medium was replaced with 3 ml of a fresh
medium. The total protein contents of virus-infected cells
at 3 days p.i. were analyzed by SDS-PAGE. The total
B-galactosidase activities including the extracellular and
intracellular activities were determined at various time
points (0—6 days) after infection by the recombinant viruses.
The B-galactosidase activity was measured by an ONPG
assay using a [P-galactosidase enzyme assay system
(Promega, Madison, WI, U.S.A.) and microplate reader
model 550 (BIO-RAD, Hercules, CA, U.S.A.).



Polyhedra Production and Virus Titration

The Bm5 cells (1x10°cells) were infected with each
recombinant virus at a MOI of 10 PFU/cell. For quantification
of the polyhedral inclusion bodies (PIBs), 1% sodium
dodecyl sulfate was added to the infected cultures 6 days
post infection (p.i.) to release the PIBs, which were then
incubated at 37°C for 30 min. The released PIBs were
quantified using a hemocytometer. The end-point dilution
for the fitration of the virus stocks was carried out
according to a previously published procedure [17].

RESULTS AND DISCUSSION

P10 Promoter Structure of BmNPYV Variants

The p10 promoter sequence of BmNPV-K1 (GenBank
accession number AF247681) was different from that of
BmNPV-K4 (GenBank accession number AF247684) at
seven base sequences (Fig. 1). The p10 promoter sequence
of BmNPV-K1 was also different from those of BmNPYV,
as reported previously by Hu ez al. [5], Tomita et al. [21],
and Zhang et al. [31], at seven or eight base sequences. In
contrast, the pl0 promoter sequence of BmNPV-K4 was
identical with that reported by Tomita et al. [21], and only
different from those reported by Hu et al. [5] and Zhang et
al. [31] at one and two base sequences, respectively.
Therefore, the activities of the pl0 promoters were
compared based on their different structures.

Construction of Transfer Vectors and Recombinant
Viruses

To compare the p10 promoter activity of BmNPV:K1 with
that of BmNPV-K4, a transfer vector was constructed to
permit the insertion of foreign genes into the virus genome

BuNPV-K1  -101  TTCAACCCAACACAATATATTATAGTTAAATAAGA  -67
BONPV-K4 =101  +rvrevverrninnannnnnn. CoeCovvennnns -67
BONPV-H =101 v v eBrvvrrerveenvennn. CorCrerennnns 67
BONPV-Z =101 v +Grvvevrrrennnannnn CorCernennns 67
BNPY-T ~ —10L  --vevveirecniinn. CoeCervrnnnn -67
BuNPV-K1 ~ -66  ATTATTATCAAATCATTTGTATATTAATTARAATA  -32
BmNPV-K4 66  -.------ RS O - .33
BmNPV-H 66 e R - -33
BoNPV-Z 66 e Teo T e - 33
BuNPV-T 66 e Toee T - 33
BmNPV-K1 ~ -31 ' C-TATACTGTAAATTACATTTTATITACAATCATG +3
BmNPV—K4 =32 T T..-ATG +3
BmNPV-H =32 T T---ATG 3
BmNPV-2Z 7 P ATG  +3
BmNPV-T 32 T T...ATG +3

Fig. 1. Nucleotide sequences of p10 promoters of BmNPV-K 1
and K4.

The nucleotide sequences of the p10 promoter of the BmNPV variants were
compared with that of BmNPV as reported by Hu et al. (1994, BmNPV-H),
Zhang et al. (1995, BmNPV-Z), and Tomita ez al. (1995, BnNPV-T).
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under the control of a p10 promoter, in lieu of a p10 coding
sequence (Fig. 2). The pBm101 and pBm104 originated
from the p10 genes of BmNPV-K1 and K4, respectively.
The pl0 promoter sequences in pBm101 and pBm104
were confirmed by nucleotide sequence determination. As
a result, these new transfer vectors were found to have
unique PsA, Smal, BamHI, Spel, and Pacl sites for the
insertion of foreign genes immediately downstream of the

- pl0 promoter, plus the pl0 coding genes were deleted

from +2 to +211/+210.

For a comparative study of the p10 prornoter activity of
BmNPV-K1 and K4, the recombinant viruses, Bm101-
LacZ and Bm104-LacZ, harboring the lacZ gene under
the control of a pl10 promoter were constructed (Fig. 2).
The recombinant viruses producing B-galactosidase were
identified as blue plaques when incubated with X-gal.
Following purification, the purity of the recombinant viruses
was confirmed by an analysis of the viral genomic DNAs
using a PCR with primers specific to JacZ and p10 genes,
respectively (data not shown).

Expression of B-Galactosidase in Bm5 Cells Infected
with Recombinant BmNPVs

The protein accumulation in the Bm5 cells infected with
Bm101-LacZ and Bm104-LacZ 3 days p.i. was analyzed
by SDS-PAGE. When the cells were infected with the
recombinant viruses, a new protein band of approximately
116 kDa for B-galactosidase was observed (Fig. 3). This
new protein band was absent in both the mock-infected
and wild-type BmNPV-K1- or BmNPV-K4-infected cells.
The B-galactosidase activities in the BmS cells infected
with the recombinant viruses were compared with each
other (Fig. 4). When assayed at 1-day intervals over
6 days, the B-galactosidase expression peaked 5 days p.i.
with all viruses. The B-galactosidase activity with infection

~ by Bml101-LacZ was 5.5 times higher than that by Bm104-

LacZ. In particular, the B-galactosidase activity with cells
infected by Bm101-LacZ was about 10% higher than that
by BmKI-LacZ, which was the recombinant BmNPV
expressing the lacZ gene under the control of a polyhedrin
promoter.

BmNPV-K1 and K4 showed differences not only with a
p10 promoter, but also in their other genomic structures, as
revealed by a restriction endonuclease analysis [4]. To address
the effects of other genomic factors on the expression of
the lacZ gene, the recombinant virus BmK1-104LacZ was
constructed by the cotransfection of pBm104-LacZ with
the genomic DNA of BmNPV-K 1. When the 3-galactosidase
expression efficiency was compared, the B-galactosidase
activity due to BmK1-104LacZ was basically: similar to
that due to Bm104-LacZ and about 5.5 times lower than
that due to Bm101-LacZ (Fig. 4).

This strongly suggests that the difference in the expression
level of B-galactosidase resulted from the pl10 promoter
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Fig. 2. Schematic diagram of transfer vector construction using the p10 promoter.
The 5'- and 3'- flanking regions were cloned using the PCR technique. The solid arrows show the direction of transcription.
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Fig. 3. SDS-PAGE of fB-galactosidase protein from Bm5 cells
after mock-infection or virus infection.

Proteins were isolated 3 days p.., electrophoresed on 10% SDS-
polyacrylamide gel. Positions of the protein molecular mass standards are
indicated on the left in kilodaltons. Lanes: 1, mock-infected cells; 2,
BmNPV-K1; 3, BuNPV-K4; 4, BmK1-LacZ; 5, Bm101-LacZ; 6, Bm104-
LacZ; 7, BmK1-104LacZ.

structure. Of course, maximum pl0 expression requires
the integrity of the complete 5' untranslated region (UTR)
plus several upstream nucleotides [27, 28]. The 3' UTR
and polyadenylation signals may also effect the efficiency
of p10 mRNA generation and its stability [23]. Previously,
it was reported that the promoter activity of p10 appears to
be relatively lower than that of polyhedrin. These results
were obtained in comparative studies on the promoter
functions between the p10 and polyhedrin of AcNPV and
BmNPV [15, 19, 21, 26]. However, in this study, the B-
galactosidase activity due to Bm101-LacZ was about 10%
higher than that due to BmK1-LacZ, thereby indicating
that the activity of the p10 promoter of BmNPV-K1 was
higher than that of the polyhedrin promoter of the same
virus (Fig. 2). To address the reason for this result, further
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'Fig. 4. B-Galactosidase activity in Bm5 cells infected with
‘recombinant BmNPVs,

‘The cells were seeded at a density of 1x10° cells/well and inoculated with
viruses at an MOI of 10 PFU/cell. The culture media and cells were
harvested every day for 6 days and the total B-galactosidase activities were
‘determined. Data for each time point were derived from three independent
sets of infected cells.

investigation concerning the regulation and transcription
from these promoters is needed.

Rephcatlon and Polyhedrin Expression of Recombmant
[BmNPVs

In order to address the relation of the expression efficiency
and the viral replication of the recombinant viruses, the
titers of the recombinant viruses were determined 5 days
pi. (Fig. 5A). The viral titers of Bm101-LacZ, Bm104-
LacZ, and BmK1-104LacZ were almost the same, and
these titers were lower than that of BmK1-LacZ, which did
not produce polyhedra. This result also supports the
dlfference in the expression level of [-galactosidase
resulted from the p10 promoter structure. Since BmK1-
LacZ is a polyhedrin-negative virus, it is believed that the
higher replication of BmK1-LacZ resulted from a lack of
occluded virus formation.

.- The PIB levels of Bm101-LacZ, Bm104-LacZ, and BmK -
104LacZ formed in the Bm5 cells were also determined
5days pi (Fig. 5B). In contrast to the expression
efficiency of P-galactosidase, the PIB levels of each
recombinant viruses were very similar with each other, and
the polyhedrin expression levels of all the recombinant
viruses were not only similar with each other, (Fig. 3) but
also to those for the wild-type viruses BmNPV-K1 and K4

(data not shown). These results have been described in a

previous report [4], in that the polyhedrin gene region of these
two isolates was the same. This suggested that an expression
vector system using the p10 promoter of BmNPV-K1 could
be usefully exploited for the mass production of foreign
proteins with silkworm larvae by means of oral infection.
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Fig.. 5. Titration and PIB production of recombinant BmNPVs
in BmS5 cells.

Cells (1x10°% were infected with each virus at an MOI of 10 PFU/cell (A)
The extracellular virus production was determined by an end-point ditution
assay 5 days p.i. (B) The cells were harvested 5 days p.i., Iyzed, and three
independent polyhedra counts made using a hemocytometer:

In a baculovirus expression vector system, several foreign
genes have been expressed using a p10 promoter [24, 25,
26]. The utilization of a pl0 promoter for foreign gene
expression enables recombinant viruses to be occluded
in polyhedral inclusion bodies. Also, a BmNPV vector
system has the unique advantage of expressing foreign
genes in silkworm larvae on a large scale. Previous studies
have demonstrated that the expressions of isome proteins,
such as human o-interferon [13], interleukin-3 [16], o-
amidating enzyme [8], and canine ‘parvovirus VP2 coat
protein [1] are significantly higher in concentration in the
hemolymph of silkworm larvae than in the culture supernatant
or lysate of insect cells.

In this study, the pl0 promoter of BmNPV-K1 was
found to be a very effective promoter for.the high level
expression of foreign genes. In addition, recombinant
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viruses constructed with p10-based transfer vectors formed
occluded viruses, and thus could be used easily through
oral ingestion for infecting a large number of silkworm
larvae.
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