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=Abstract=

We have now constructed a novel recombinant baculovirus Autographa californica nuclear
polyhedrosis virus (AcNPV) producing polyhedra with Bacillus thuringiensis (Bt) CrylAc crystal
protein. The recombinant polyhedra produced by the recombinant baculovirus, Btrus, in insect
cells was characterized. The recombinant baculovirus has two independent transcription units in
opposite orientations with two promoters, pl0 or polyhedrin gene promoter each initiating
transcription of either native polyhedrin or fusion protein with polyhedrin and Bt CrylAc crystal
protein. Surprisingly, this recombinant baculovirus stably produced recombinant polyhedra which
were nearly similar to those of wild-type AcNPV. The immunogold staining experiment showed
that the recombinant polyhedra were assembled with polyhedrin and Bt CrylAc crystal protein,
and contained virus particles. Insecticidal toxicity of recombinant polyhedra of Btrus to the fall
webworm, Hyphantria cunea, was strikingly improved in comparison with the wild-type ACNPV.
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baculoviruses have a limited host range and
the insecticidal effects are relatively slow. These
disadvantages have limited their use as control

INTRODUCTION

Baculoviruses are pathogenic to insects, so
that they are proliferated to kill the hosts. In
addition, baculoviruses are nonpathogenic to
the vertebrate and maintain their activity for a
long time in fields. Owing to these advantage,
as many as 20 viruses are developed as comm-
ercially available insecticides [3,21]. However,
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agents of insect pests [4,10].

Recently, active research has been directed to
the improvement of baculoviruses in usability
as a specific pest control agent. In this regard,
genetic engineering technology provides a use-
ful means. A number of attempts have been
made to produce the baculoviruses which are
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improved in killing speed, by introducing vari-
ous foreign genes into the baculoviruses. Such
foreign genes include those encoding for the
insect-specific toxins, hormones or other gene
products [5,7,17,19].

There were noticeable studies on the impro-
vement of viral insecticidal activity by expres-
sing the Bacillus thuringiensis (Bt) 8-endotoxin
protein in baculoviruses [11-13,15]. However,
there was observed no enhancement in patho-
genicity of the recombinant baculoviruses al-
though they produce a large amount of the Bt
d-endotoxin proteins in the hemolymph and fat
body of the insects. This results from no con-
sideration for the insecticidal mechanism of Bt
d-endotoxin which is fulfilled in the presence
of the proteases and the epithelial cells in the
midgut. That is, the single Bt 8-endotoxin pro-
tein which is expressed under the control of the
p10 or polyhedrin promoter in the hemolymph
and fat body, is not activated as in the midgut.

In this study, therefore, we have now con-
structed a novel recombinant baculovirus Au-
tographa californica nuclear polyhedrosis virus
(AcNPV) producing polyhedra with Bt CrylAc
crystal protein. The recombinant polyhedra pro-
duced by the recombinant baculovirus in insect
cells was characterized.

MATERIALS AND METHODS
Cell lines and viruses

Spodoptera frugiperda (Sf9) cells used in
this study were maintained at 27°C in TC-100
medium (Gibco, USA) supplemented with 10%
heat-inactivated (56°C, 30 min) fetal bovine
serum (FBS) (Gibco, USA). Wild-type AcNPV
and recombinant virus were propagated in Sf9
cells. The titer of viruses was determined by
plaque assay in Sf9 cells as described previou-
sly {9,14,18].

Construction of baculovirus transfer vector

The synthetic primers were prepared to 5'-
ATGCCGGATTATTCATACCGTCCC-3' for the

translational start sequence region of AcCNPV
polyhedrin gene and 5-CTCGAGATACGCC-
GGACCAGTGAAC-3' for the 3' coding region
of AcNPV polyhedrin gene which added Xho 1
site for the cloning, and removed termination
codon TAA. Two primers specific for regions
within the polyhedrin gene were used to am-
plify a 741 bp polyhedrin gene region from
AcNPV (All PCR reactions comprised 35 cy-
cles of 94 for 1 min, 55°C for 1 min, 72C
for 1 min.). The amplified polyhedrin gene pro-
duct was treated with Klenow fragment, and
inserted into pAcUW31 (Clontech, USA) dig-
ested with BamH 1 and blunt ended with
Klenow fragment to yield pAcUW-P. In the
second step, ACNPV polyhedrin gene was am-
plified from AcNPV by two synthetic primers,
5'-AAAGATCTAATATGCCGGATTATTCA-
TACC-3' for the translational start sequence re-
gion of polyhedrin gene containing the Bgl II
sitt and 5'-ATGAATTCTTAATACGCCGGA-
CCAGTG-3' for the 3' coding region of po-
lyhedrin gene which added EcoR 1 site for the
cloning. The amplified AcNPV polyhedrin gene
was digested with Bgl II and EcoR 1, and in-
troduced into the Bgl II and EcoR 1 sites of
PACUW-P to yield pAcUW-PP. Finally, the N-
terminal fragment of crylAc crystal protein gene
was amplified from Bt subsp. kurstaki HD-73
crylAc crystal protein gene of pN 6.6 [1] by
two synthetic primers, 5'-AACTCGAGATGG-
ATAACAATCCGAAC-3' for the translational
start sequence region of crylAc crystal protein
gene containing the Xho I site and 5'-TCAGC-
CTCGAGTGTTGCAGTAAC-3' for the N-ter-
minal specific region of crylAc crystal protein
gene. The amplified cryJAc N-terminal frag-
ment was digested with Xho I, and inserted
into Xho I sites of pACUW-PP to yield pBtrus.

Polymersae chain reaction (PCR)

The introduction of fusion gene under the
control of polyhedrin gene promoter and po-
lyhedrin gene under the control of p10 gene
promoter was analyzed by PCR from pBtrus
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plasmid DNA using primers (PF: 5-ATGCCG-
GATTATTCAT-3%; PR: 5-ATACGCCGGACC-
AGTG-3'; CF: 5-ATGGATAACAATCCGAAC-
35 CR: 5-TGTTGCAGTAACTGGAAT-3"; BF:
5'-ACGGGCAGACATGGCCTG-3"; BR: 5-AA-
TACGTACAACAATTG-3"). After a 35-cycle
amplification (94°C for 1 min; 55°C for 1 min;
72°C for 1 min), PCR products were ethanol
precipitated, centrifuged at 10,000 x g for 30
min, and rinsed with 70% ethanol. These DNAs
were analyzed by agarose gel electrophoresis.

Construction of recombinant A¢NPV

The cell culture dish (35-mm diameter) se-
eded with 1.0 X 10° Sf9 cells was incubated at
277 for 1 hr to allow the cells to attach. One
microgram of BacPAK6 viral DNA (Clontech,
USA), 5 pg of pBtrus plasmid DNA in 20 mM
HEPES buffer and sterile water to make a total
volume of 50 ul were mixed in a polystyrene
tube. Fifty pl of 100 pug/ml Lipofectin™ (Gibco,
USA) were gently mixed the DNA solution,
and the mixture was incubated at room tem-
perature for 30 min. The cells were washed
twice with 2 ml serum-free TC-100 medium
(Gibco, USA). Serum-free TC-100 (1.5 ml) was
added to each dish. The Lipofectin-DNA com-
plexes were added dropwise to the medium
covering the cells while the dish was gently
swirled. After incubating at 27°C for 5 hr, 1.5
ml TC-100 containing antibiotics and 10% FBS
was added to each dish and the incubation at
277 continued. At 5 days postinfection (p.i.),
the supernatant was harvested, clarified by cen-
trifugation at 2,000 rpm for 5 min, and stored
at 4°C before plaquing on Sf9 cells. To plaque
purify recombinant AcNPV, 1.5x10° Sf9 cells
were seeded per well on a 6-well plate and the
supernatant was added to each well. Recombi-
nant AcNPV was plaque purified in Sf9 cells.

SDS-polyacrylamide gel electrophoresis
(PAGE) and Western blot

Sf9 cells were mock infected or infected with
wild-type AcNPV and recombinant AcNPV in

a 35-mm diameter dish (1.0 10° cells) at a
MOI of 5 plaque forming unit (PFU) per cell.
After incubation at 27C, cells were harvested
at 1, 2, and 3 days p.i. For SDS-PAGE of cell
lysates, uninfected Sf9 cells and cells infected
with virus were washed twice with phosphate-
buffered saline (PBS; 140 mM NaCl, 27 mM
KCl, 8 mM Na,HPO,, 1.5 mM KH,PO,, pH 7.3)
and mixed with an equal amount of 2 X sam-
ple buffer (5% SDS, 10% p-mercaptoethanol,
0.02% bromophenol blue, 20% glycerol). Sam-
ples were boiled for 5 min and clarified by
centrifugation (10,000 X g for 1 min). The to-
tal cellular lysates were subjected to 10% SDS-
PAGE ([8], electroblotted and incubated with
AcNPV polyhedrin or crystal protein antibody
[20]. SDS-PAGE molecular weight standards
were used as size marker (Sigma, St. louis,
USA).

Microscopy

Microscopy of Sf9 cells infected with recom-
binant virus were performed using inverted
phase contrast microscope (Hund, Wilovert S,
Germany).

Immunogold staining

Samples were fixed for 3 hr in a mixture of
4% formaldehyde and 1% glutaraldehyde in
0.1 M sodium phosphate buffer (pH 7.5) con-
taining 0.15 mM CaCl, and 0.45 M sucrose
(FM). Fixation was completed by incubating
overnight in FM (pH 10.4) without glutaral-
dehyde. The samples were rinsed in 0.1 M so-
dium phosphate buffer (pH 7.5) and then dehy-
drated in a graded ethanol series (up to 95%)
and embedded in Lowicryl K4M (Polysciences,
Warrington, PA). Ultrathin sections mounted
on formvar-coated nickel grids were treated for
10 min with Tris-buffered saline (TBS; 0.02 M
Tris-HCI, pH 7.5 containing 0.5 M NaCl). The
sections were etched with 3% H;O, in double
distilled H,O for 5 min and then blocked with
3% BSA in TBS for 30 min. Double immuno-
gold staining was performed as described [2].
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The sections were incubated with primary an-
tiserum against Bt toxin at a dilution of 1:200,
in TBS/Tween 3 times for 15 min with gentle
agitation, and the sections were exposed to
gold-goat anti-mouse IgG (30 nm: BioCell, car-
diff, UK) diluted 1:10 in TBS/Tween for 60
min. After washing with 0.3% BSA in TBS,
the grids were dried and the reverse of the
grid incubated with antiserum against polyhe-
drin (1:300) and gold-goat anti-mouse IgG (10
nm: Zymed, CA, USA) diluted 1:30 in TBS/
Tween. After the double immunostaining, the
sections were post stained with 2% uranyl ace-
tate followed by 0.2% lead citrate. The sections
were observed with a Hitachi M-600 transmis-
sion electron microscope operating at 75 KV.

Bioassay against Hyphantria cunea larvae

Refusing diet assay [13] of the recombinant
baculovirus Btrus was performed with H. cunea.
Fifty second-instar H. cunea larvaec were fed
on dilutions (6000, 1500 and 375 polyhedra
per larva) of each virus stock on a small plug
of artificial diet for 24 hr. The insects that con-
sumed the plugs were then given fresh diet
and monitored until death or pupation.

RESULTS
Construction of recombinant AcNPV

To generate the recombinant baculovirus pro-
ducing recombinant polyhedra with AcNPV

pBtrus GCGTATCTCGAGATGGAT

A —1AcNPV Pol AcNPV Pol CrylA(c) }—
=5 <3 = <A </ <=
BF2 PR PF PR CF CR BR

12M34567

Figure 1. The baculovirus transfer vector map used to generate recombinant virus (A) and PCR analysis of
transfer vector pBtrus plasmid DNA (B). The pBtrus has two independent transcription units in opposite orien-
tations. The introduction of polyhedrin or fusion gene under the control of p10 or polyhedrin gene promoter was
analyzed by PCR using wild-type AcNPV (lanes 1 and 2) and transfer vector pBtrus (lanes 3, 4, 5, 6 and 7).
Lanes 1 and 3, primers PF and PR; Lanes 2 and 4, primers CF and CR; Lane 5, primers PF and CR; Lane 6,
primers PF and BR; Lane 7, primers PF and BF. Solid arrow indicates baculovirus p10 or polyhedrin gene pro-
moter and orientation. Open arrows indicate primer positions of PCR.
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polyhedrin and Bt Cry1lAc crystal protein, dou-
ble expression vector was constructed as shown
in Figure 1A. The N-terminal domain of crylAc
gene of Bt subsp. kurstaki HD-73 was fused
at the back of polyhedrin gene. The transfer
vector pBtrus was constructed with two pro-
moters, p10 or polyhedrin gene promoter, each
initiating transcription of either native polyhe-
drin or fusion protein with polyhedrin and Bt
CrylAc crystal protein. The transfer vector
pBtrus has two independent transcription units
in opposite orientations. The recombinant virus
by pBtrus was named as Btrus.

To confirm the introduction of polyhedrin or
fusion gene under the control of p10 or poly-
hedrin gene promoter, respectively, the transfer
vector pBtrus was analyzed by PCR using spec-
ific primers (Figure 1B). Bands expected for
the polyhedrin or fusion genes were detected in
the transfer vector pBtrus.

Expression of the fusion gene in insect
cells

In order to examine the expression of po-
lyhedrin and fusion protein by recombinant
virus in Sf9 cells, the protein synthesis in Sf9
cells infected with Btrus was initially analyzed
by SDS-PAGE and Western blot (Figure 2).
Wild-type AcNPV-infected cells showed a pat-
tern of protein synthesis typical of AcNPV-in-
fected cells. Fusion protein band was not de-
tected in cells infected with wild-type AcNPV
or from mock-infected cells. The fusion pro-
tein expressed by the fusion gene was present
as a band of about 98 kDa in cells infected
with recombinant virus, Btrus, which was ab-
sent in cells infected with wild-type AcNPV.
The cells infected with Btrus also produced 33
kDa polyhedrin as expected. Immunoblotting
with polyhedrin or CrylAc crystal protein an-
tibody was used to confirm that the 98 kDa
band was fusion protein with a polyhedrin and
Bt Cry1Ac crystal protein.

In the light microscopy of Sf9 cells infected
with Btrus at 4 days p.i., Sf9 cells produced re-

p.i(day)

~<— POL+CP

-+— POL

CP Ab

12345

Figure 2. SDS-PAGE and Western blot analysis
of the fusion protein expression of recombinant
virus Btrus in Sf9 cells. Sf9 cells were mock-infected
(lane 1) or infected with wild-type ACNPV (lanes 2
and 3) and Btrus (lanes 4 and 5) at MOI of 5 PFU
per cell. Cells were collected at 1 (lanes 2 and 4)
and 2 (lanes 3 and 5) days p.i. Total cellular lysates
were subjected to 10% SDS-PAGE (panel A), elec-
troblotted and incubated with polyhedrin (panel B)
or crystal protein (panel C) antibody. Fusion pro-
tein and polyhedrin bands are indicated on the right
of each panel. Molecular weight standards were
used as size marker (lane M).
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Figure 3. Microscopy of polyhedra produced in
SfY cells infected with recombinant virus Btrus. Cells
infected with wild-type AcNPV (A) or recombinant
virus, Btrus (B) were observed by light microscope
(X 1,000).

combinant polyhedra, which were nearly sim-
ilar to those of wild-type ACNPV (Figure 3).
To determine the fusion with polyhedrin and
foreign gene products, therefore, recombinant
polyhedra of Btrus were examined by immuno-
gold staining (Figure 4). Gold particles with
polyhedrin and Bt CrylAc crystal protein an-
tibodies were concurrently obsetved in the re-
combinant polyhedra, whereas gold particles
with Bt CrylAc crystal protein antibody were
not detected in wild-type polyhedra. This result
revealed that recombinant polyhedra by Btrus
were assembled with polyhedrin and Bt Cry
1Ac crystal protein, and virus particles were
contained in the recombinant polyhedra.

Bioassay against H. cunea larvae

Insecticidal toxicity of the recombinant po-

Figure 4. Immunogold staining of recombinant
polyhedra produced by recombinant virus Btrus. Po-
lyhedra sections of wild-type AcNPV (A) and Btrus
(B) were incubated with antiserum to the polyhedrin
or Bt CrylAc crystal protein, and then incubated with
goat anti-rabbit colloidal gold conjugates. Gold parti-
cles with polyhedrin (P) or Bt CrylAc crystal protein
(C) were observed by transmission electron micro-
scope. Virions (V) are indicated. Size bars represent
1 ym.

lyhedra of Btrus was evaluated against second-
instar larvae of H. cunea and compared with
wild-type AcNPV (Table 1). H. cunea larvae
fed the equivalent of 6,000 recombinant po-
lyhedra of Btrus refused to consume the con-
taminated diets. When this dose was reduced
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Table 1. Biological activity of Btrus and AcCNPV
against H. cunea larvae

Larvae® refusing diet (%)

Virus

60007 1500 375
Mock 0 0 0
wt AcNPV 11.9 10.4 51
Btrus 100 97.6 48.2

*Second instar H. cunea larvae; approximately 50
insects per dose

"Number of polyhedra equivalents per larva (50 ul
per diet plug)

to 1,500 recombinant polyhedra, 97.6% of the
H. cunea larvae refused to feed, and when 375
recombinant polyhedra were used, 48.3% dec-
lined the diets. The result showed that such fe-
eding inhibition in the very low doses was due
to the crystal protein of recombinant polyhedra.

DISCUSSION

We have tried to construct a novel AcNPV
recombinant that produces polyhedra which
display foreign gene product. The strategy was
to create the recombinant virus Btrus described
in Figure 1A. The Btrus was constructed with
two promoters, pl0 or polyhedrin gene pro-
moter, each initiating transcription of either na-
tive polyhedrin or fusion protein with poly-
hedrin and Bt CrylAc crystal protein. Thus, all
of the cells infected with Btrus produced stably
recombinant polyhedra which were similar in
morphology and size to wild-type AcNPV po-
lyhedra. Consistent with the immunogold labe-
ling of purified Btrus polyhedra, the recombi-
nant polyhedra consisted of the 98 kDa po-
lyhedrin-Bt CrylAc fusion protein, the 33 kDa
native polyhedrin, and virions. On the basis of
our current knowledge this Btrus system, the
most likely mechanism for the assembly of re-
combinant polyhedra is that the polyhedra are
formed by coassembly of both the fusion pro-
tein and the native polyhedrin expressed in
every infected cell.

The most striking result in this study is that
crystal protein within the recombinant po-
lyhedra of Btrus is functional in bioassay. We
found that the insects fed on the recombinant
polyhedra of Btrus refused to consume the diet,
indicating that such feeding inhibition was due
to the crystal protein of the recombinant po-
Iyhedra [6,16]. The result suggests that enhanc-
ed speed to kill might alleviate the speed prob-
lem in the baculovirus insecticides, and thus
the recombinant polyhedra would be more ef-
fective in reducing crop damage. Several pre-
vious reports have described the generation of
recombinant baculoviruses expressing Bt toxin,
but the insecticidal toxicities of these recombi-
nant baculoviruses were not significantly im-
proved [11-13,15]. It seems likely that our ap-
proach has been successful because the Bt tox-
in is delivered to the gut of the insect, its nor-
mal action site. With previous Bt-toxin expres-
sing recombinant baculoviruses, the toxin would
have been produced in infected cells within
the insect.

The use of the recombinant polyhedra of
Btrus for baculovirus insecticide offers many
advantages over the wild-type AcCNPV. A ba-
culovirus insecticide of the recombinant po-
Iyhedra of Btrus employed both the mode of
action of Bt crystal protein and viral replication
of AcNPV in insects, improving its pathogeni-
city and host range. Thus, it should provide a
powerful means for the pest management.

SUMMARY

A novel recombinant baculovirus producing
polyhedra with Bt CrylAc crystal protein was
constructed. The recombinant baculovirus, Btrus,
has two independent transcription units in op-
posite orientations with two promoters, p10 or
polyhedrin gene promoter each initiating tran-
scription of either native polyhedrin or fusion
protein with polyhedrin and Bt CrylAc crystal
protein. The recombinant polyhedra of Btrus
were assembled with polyhedrin and Bt CrylAc
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crystal protein, and contained virus particles.
Insecticidal toxicity of recombinant polyhedra
of Btrus in fall webworm, H. cunea, was strik-
ingly improved in comparison with the wild-
type AcNPYV. In conclusion, our results suggest
that the novel baculovirus producing the re-
combinant polyhedra may be useful as a pow-
erful baculovirus insecticide in the control of
insect pests.
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