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ABSTRACT

Current baculovirus expression systems
typically produce soluble proteins that accu-
mulate within the infected insect cell or are
secreted into the growth medium. A system
has now been developed for the incorpora-
tion of foreign proteins, along with the ma-
trix protein, polyhedrin, into baculovirus oc-
clusion bodies. Initial studies showed that a
recombinant virus expressing a translation-
al fusion between polyhedrin and GFP did
not form occlusion bodies. However, a bac-
ulovirus coexpressing native polyhedrin and

the polyhedrin-GFP fusion protein formed
occlusion bodies that fluoresced under UV
light, demonstrating that they included the
polyhedrin-GFP fusion protein. This was
confirmed by immunoblot analysis. Thus, in-
corporation of a foreign protein into occlu-
sion bodies depends on an interaction be-
tween native polyhedrin and the polyhedrin
fusion protein. Electron microscopy demon-
strated that the occlusion bodies containing
GFP also incorporated virions as expected.
These ColorPol occlusion bodies were as in-
fectious to insect larvae as occlusion bodies
produced by wild-type virus. This new sys-
tem expands the capabilities for foreign
gene expression by baculoviruses, which has
implications for biopesticide design, novel
vaccine delivery systems, and fusion protein
purification applications.

INTRODUCTION

Baculoviruses are a large family of

viruses that mostly infect lepidopteran
insects. A characteristic feature of bac-
uloviruses is the formation of large pro-
teinaceous occlusion bodies, called
polyhedra, in which the virions are em-
bedded. Polyhedra protect the virus in
the environment and are required for
horizontal spread between hosts. They
can be up to 15 µm in diameter. The
matrix of these bodies is composed
largely of the protein polyhedrin. This
is highly abundant, comprising up to
50% of the protein in an infected cell
(8,13,14). Several studies have exam-
ined factors affecting polyhedra mor-
phogenesis (2–5,7,17). However, many
aspects of occlusion body assembly re-
main unclear.

Baculoviruses are of considerable in-
terest because of their potential as bio-
logical insecticides and their use as eu-
karyotic gene expression vectors (12).
Their development as an expression
vector system was prompted by the fact



that the polyhedrin gene is both highly
expressed and nonessential for viral
replication in cell culture. Thus, early
expression vector systems typically in-
volved the replacement of the poly-
hedrin gene with the gene of interest
placed under the control of the poly-
hedrin promoter. This gave rise to re-
combinant viruses that overproduced
the foreign protein in cell culture but
that could not produce occlusion bodies.
More recently, expression vector sys-
tems have been developed that generate
recombinant viruses that are able to pro-
duce occlusion bodies (13). Such virus-
es are particularly useful for producing
the foreign protein in infected insects.

A wide variety of variants of these
basic systems has been developed that
allows the use of different promoters or
provide more rapid screening systems
for the identification of the recombi-
nant viruses. Typically, the foreign pro-
tein is produced in a soluble form and is
directed to its appropriate subcellular or
extracellular location. Where the virus
is capable of producing occlusion bod-
ies, these are normal viral polyhedra
and do not contain the foreign protein.
However, there are circumstances
where it could be advantageous to in-
corporate a foreign protein directly
within the polyhedrin matrix to pro-
duce recombinant polyhedra. For ex-
ample, it could be useful to engineer
polyhedra to carry an insect toxin for
improved biopesticidal activity or to
display foreign proteins as a vaccine
delivery tool for vertebrates (6). An
early study by McLinden et al. (11)
demonstrated that the polyhedrin pro-
tein could be manipulated to encode
small epitopes of foreign proteins.
However, the number and the location
of these additional amino acids affected
whether successful assembly of recom-
binant polyhedra occurred.

Here we describe the production of
a recombinant baculovirus in which a
foreign protein, GFP, is actually incor-
porated into viral polyhedra. Polyhedra
that incorporate this full-length protein
retain the ability to occlude virions.
These occlusion bodies are infectious
to insects and fluoresce under UV light,
demonstrating that GFP remains func-
tional. This technology expands the
range of applications of the baculovirus
expression system.

MATERIALS AND METHODS

Cell Lines and Viruses

Spodoptera frugiperda IPLB Sf21-
AE (16) clone 9 (Sf9) cells were main-
tained at 27°C in TC100 medium sup-
plemented with 10% heat-inactivated
FBS. All viruses were propagated and
titered in Sf9 cells (13,14). Polyhedra
and viral DNA were obtained from Sf9
cells by standard methods (13,14).

Recombinant Transfer Vectors

The 730-bp GFP gene from pGFP
(BD Biosciences Clontech, Palo Alto,
CA, USA) was inserted into the BamHI
and PstI sites of pBacPAK8 (BD Bio-
sciences Clontech) to yield pAcG (Fig-
ure 1A). A 903-bp region from AcMN-
PV polyhedrin was amplified using the
primers 5′-GCCATTGTAATGAGACG-
CAC-3′ and 5′-AACTCGAGATACGC-
CGGACCAGTGAAC-3′. The latter re-
places the termination codon TAA with
an XhoI site (underlined). All PCRs
comprised 35 cycles of 94°C for 1 min,
55°C for 1 min, and 72°C for 1 min. The
product was digested with EcoRV and
XhoI and inserted into pBacPAK8 to
yield pBacPAK-AcPOL. GFP was
amplified from pGFP using the primers

5′-AACTCGAGATGAGTAAAGGAG-
AAGAAC-3′ and 5′-CTATTTGTAT-
AGTTCATCCATGCC-3′. The ampli-
fied product was blunt-ended with
Klenow, digested with XhoI site (under-
lined), and inserted into XhoI- and SmaI-
cut pBacPAK-AcPOL to yield pAcPG
(Figure 1B). To construct pColorPol, a
1605-bp fragment of the polyhedrin-
GFP fusion from pAcPG was amplified
with 5′-AAAAAAAAGATCTACCAT-
GCCGGATTATTC-3′ and 5′-CGCTC-
TAACATACCACCC-3′ corresponding
to the translational start and 3′ untrans-
lated regions of polyhedrin. The ampli-
fied fragment was digested with BglII
(underlined) and SnaBI and inserted into
BamHI- and SnaBI-cut pAcUW31 (BD
Biosciences Clontech), giving pAcUW-
PG. AcMNPV polyhedrin was ampli-
fied with 5′-AAAAAAAAGATCTAC-
CATGCCGGATTATTC-3′ and 5′-GT-
AGAATTCATTAATACGCCGGACC-
AG-3′. These include BglII and EcoRI
sites (underlined). The amplified gene
was cloned into pAcUW-PG to give
pColorPol (Figure 1C).

Construction of Recombinant
Viruses

One microgram of BacPAK6 viral
DNA (BD Biosciences Clontech) and 5
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Figure 1. Transfer vectors for the production of recombinant baculoviruses. (A) The transfer vector
pAcG was constructed by insertion of the GFP gene (GFP) into pBacPAK8, under the control of the
polyhedrin promoter (PPH). (B) The transfer vector pAcPG was constructed by insertion of the GFP gene
as a translational fusion at the 3′ end of the AcMNPV polyhedrin gene (PH), under the control of the
polyhedrin promoter (PPH). The transfer vector pAcUW31 was used for the construction of the transfer
vector pColorPol (C). The AcMNPV polyhedrin gene and the fusion gene polyhedrin-GFP were intro-
duced under the control of p10 (Pp10) or polyhedrin (PPH) promoters, respectively. The arrows show the
direction of transcription.



µg transfer vector DNA were cotrans-
fected into Sf9 cells by lipofection as
described (13). The virus-containing
supernatant was harvested five days lat-
er, and recombinant AcMNPV was iso-
lated by plaque purification (13,14).
The genome structures of the recombi-
nant viruses were confirmed by PCR,
restriction endonuclease analysis, and
Southern blotting (data not shown).

SDS-PAGE and Immunoblot
Analysis

Sf9 cells were mock-infected or in-
fected with wild-type or recombinant
AcMNPV at an MOI of 5 pfu/cell, and
harvested three days post-infection. To-
tal cellular lysates were subjected to
10% SDS-PAGE (9), electroblotted,
and incubated with anti-GFP (BD Bio-

sciences Clontech) or anti-AcMNPV
polyhedrin antibody. The anti-AcMN-
PV polyhedrin antibody was generated
in mice by injection of purified AcMN-
PV polyhedrin protein. Bound antibod-
ies were visualized by incubation with
goat anti-mouse IgG conjugated with
alkaline phosphatase [1:1000 (v/v);
Sigma, St. Louis, MO, USA) as de-
scribed previously (15).

Immunogold Staining

Samples were fixed for 3 h in 4%
formaldehyde, 1% glutaraldehyde in
0.1 M sodium phosphate (pH 7.5) con-
taining 0.15 mM CaCl2 and 0.45 M su-
crose (FM), and incubated overnight in
FM, pH 10.4, without glutaraldehyde.
The samples were rinsed in 0.1 M
sodium phosphate (pH 7.5), dehydrat-
ed in a graded ethanol series (up to
95%), and embedded in Lowicryl
K4M (Polysciences, Warrington, PA,
USA). Ultra-thin sections mounted on
formvar-coated nickel grids were treat-
ed for 10 min with TBS (0.02 M Tris-
HCl, pH 7.5, containing 0.5 M NaCl).
The sections were etched with 3%
H2O2 in double-distilled water for 5
min and blocked with 3% BSA in TBS
for 30 min. Double immunogold stain-
ing was performed as described previ-
ously (1). The sections were incubated
with primary antiserum against GFP
(diluted 1:200), washed in TBST three
times for 15 min with gentle agitation,
and exposed to gold-conjugated goat
anti-mouse IgG (30 nm; BioCell,
Cardiff, UK) diluted 1:10 in TBST for
60 min. After washing with 0.3% BSA
in TBS, the grids were dried, and the
reverse of the grid was incubated with
antiserum against polyhedrin (1:300)
and gold-conjugated goat anti-mouse
IgG (10 nm; Zymed, CA, USA) dilut-
ed 1:30 in TBST.

Bioassays

The infectivity and virulence of Col-
orPol were compared to wild-type
AcMNPV in the Diamondback moth,
Plutella xylostella. P. xylostella larvae
were obtained from a laboratory colony
and reared at 25°C on Chinese cabbage
under a 16 h:8 h light dark cycle. To de-
termine the median lethal dose (LD50),
128 third-instar larvae were fed six dos-
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Figure 2. Polyhedra formation by AcMNPV recombinants. Sf9 cells infected with wild-type AcMN-
PV (A, ×1000), AcG (B, ×1000), AcPG (C, ×1000), both wild-type AcMNPV and AcPG (D, ×200), or
ColorPol (E, ×1000) were observed four days post-infection by light (LM) and fluorescent (FM) mi-
croscopy. Arrows in panel D indicate non-fluorescent polyhedra.



es (20 480, 10 240, 5120, 1280, and 640
polyhedra/larva) of AcMNPV or
ColorPol on a small plug of Chinese
cabbage leaves. Larvae that consumed
the dose in 24 h were transferred to
fresh Chinese cabbage leaves and ex-
amined twice daily. Cadavers were re-
moved, and the cause of death was con-
firmed. The data were analyzed by
probit analysis. To determine the medi-
an survival time (ST50), 128 third-in-
star larvae were fed 10 240 polyhedra/
larva of wild-type AcMNPV or Color-
Pol (approximately equivalent to an
LD90 dose) on a small plug of Chinese
cabbage leaves. After feeding, the lar-
vae were transferred to fresh diet and
observed as before. ST calculations
were made using the vistat program
(Boyce Thompson Institute, Ithaca,
NY, USA). The 95% confidence inter-
vals (CI) were also calculated for the
LD50 and ST50 values.

RESULTS

Formation of Polyhedra
Incorporating GFP

The structures of the transfer plas-
mids used to generate the recombinant
viruses employed in this study are sum-
marized in Figure 1. The virus AcG
was generated by cotransfection of
parental Autographa californica nucle-
opolyhedrovirus (AcMNPV) with the
transfer plasmid pAcG (Figure 1A) and
therefore expresses GFP in place of
polyhedrin under the control of the
polyhedrin promoter. This represents
the classical approach to the generation
of a baculovirus expression vector. As
expected, AcG did not form polyhedra,
but GFP was detected in a soluble form
in the nucleus and cytoplasm of infect-
ed cells (Figure 2B). The first approach
we attempted to generate a virus that

produces occlusion bodies incorporat-
ing GFP was to express a polyhedrin-
GFP fusion protein. The transfer plas-
mid pAcPG includes the GFP gene
fused in frame to the 3′ end of the poly-
hedrin gene (Figure 1B). The fusion
protein is under the control of the poly-
hedrin promoter. However, the recom-
binant virus generated, AcPG, still did
not form polyhedra, unlike wild-type
viral infection (Figure 2A). GFP was
now detected exclusively in the nucle-
us, apparently in a particulate form, but
these particles were distinct from poly-
hedra (Figure 2C).

We reasoned that the formation of
normal occlusion bodies might require
the presence of unfused polyhedrin pro-
tein. Thus, we tried coinfecting cells
with both wild-type AcMNPV and
AcPG. In this case, occlusion body for-
mation was observed (Figure 2D). In
most cells, the polyhedra were fluores-
cent under UV light, indicating incorpo-
ration of GFP. A small proportion of
cells contained non-fluorescent polyhe-
dra. Cells coinfected with wild-type
AcMNPV and AcG produced non-fluo-
rescent polyhedra (data not shown). We
suspected that in the AcMNPV-AcPG
coinfection (Figure 2D) a few cells had
been infected with wild-type AcMNPV
only, producing non-fluorescent poly-
hedra, whereas most cells had been in-
fected with both viruses and produced
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LD50 ST50

Polyhedra/
Virus n* Larva 95% CI n* Hours 95% CI

AcMNPV 768 2798 1483–4884 128 92.8 88.0–98.0

ColorPol 768 4907 3143–8366 128 108.7 105.5–112.3

*Number of insects

Table 1. LD50 and ST50 Values of ColorPol and Wild-Type AcMNPV against P. xylostella Larvae

Figure 3. Immunoblot analysis of Sf9 cells in-
fected with ColorPol. At three days post-infec-
tion, total cellular lysates were separated by 10%
SDS-PAGE and immunoblotted with anti-GFP
(A) or anti-polyhedrin (B) antibody. Wild-type
AcMNPV and AcPG served as controls. The po-
sitions of polyhedrin (PH) and the polyhedrin-
GFP fusion protein (PH + GFP) are indicated.

Figure 4. Immunogold labeling of recombinant polyhedra. Purified polyhedra formed by wild-type
AcMNPV or ColorPol (left and right panels, respectively) were analyzed by immunogold labeling with a
mixture of antisera against polyhedrin and GFP. Gold particles attached to the anti-polyhedrin (P, 10 nm)
and anti-GFP (G, 30 nm) antibodies were observed by transmission electron microscopy. Virions (V) are
indicated. The bars represent 1 µm.



fluorescent polyhedra. This suggested
that some native polyhedrin protein is
required for occlusion body formation.
Therefore, we constructed the virus
ColorPol which coexpresses native
polyhedrin and the polyhedrin-GFP fu-
sion (Figure 1C). In this virus, the poly-
hedrin-GFP fusion protein is expressed
under the control of the polyhedrin pro-
moter, whereas the p10 promoter drives
the polyhedrin expression. P10 is anoth-
er abundantly produced baculovirus
protein that is expressed with very simi-
lar kinetics to the polyhedrin gene (13).
All ColorPol-infected cells produced
fluorescent polyhedra (Figure 2E).

Characterization of Polyhedra
Displaying GFP

Protein synthesis in wild-type AcM-
NPV-, ColorPol-, and AcPG-infected
Sf9 cells was analyzed by immunoblot-
ting (Figure 3). Both polyhedrin and

GFP antisera detected the polyhedrin-
GFP fusion as a 60-kDa protein in Col-
orPol- and AcPG-infected cell lysates.
The polyhedrin antibody detected poly-
hedrin in ColorPol- and wild-type
AcMNPV-infected cells. Purified Col-
orPol polyhedra also comprised the fu-
sion protein and native polyhedrin (data
not shown). To verify the presence of
GFP in ColorPol polyhedra, occlusion
bodies were examined by immunogold
labeling (Figure 4). Labeling due to
polyhedrin and GFP was homoge-
neously distributed throughout the oc-
clusion bodies. These data also showed
that the occlusion bodies are morpho-
logically normal and contained virions,
suggesting that they might be infec-
tious. This was confirmed by bioassay
of ColorPol occlusion bodies fed to P.
xylostella larvae. The infectivity of the
ColorPol virus was not significantly
different from that of wild-type AcMN-
PV, but insects infected by ColorPol

displayed a 17% increase in survival
time (Table 1). PCR analysis of Color-
Pol virus recovered from infected in-
sects confirmed the recombinant locus
is stable (data not shown).

DISCUSSION

Our initial attempt to produce occlu-
sion bodies displaying GFP entailed the
generation of a recombinant virus ex-
pressing a polyhedrin-GFP fusion pro-
tein. The fusion protein was detected
exclusively in the nucleus, whereas
GFP alone was present throughout the
cell. Thus, sequences in polyhedrin are
responsible for the retention of the fu-
sion protein in the nucleus. Nuclear lo-
calization signals in polyhedrin have
been described previously (7). The
polyhedrin-GFP fusion protein did not
form occlusion bodies but was detected
in a particulate form, suggesting that
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some assembly had occurred. McLin-
den et al. (11) reported that polyhedrin
proteins with short insertions in the
central part of the protein either failed
to form occlusion bodies or gave rise to
abnormal occlusion bodies. Insertion of
the foreign amino acids at the N-termi-
nus gave rise to morphologically nor-
mal occlusion bodies that did not oc-
clude virus efficiently.

We chose a different strategy of co-
expressing native polyhedrin with the
fusion protein. This virus, ColorPol,
coexpresses native polyhedrin and a
polyhedrin fusion protein. ColorPol oc-
clusion bodies are as infectious to in-
sects as their wild-type counterparts,
indicating that the incorporation of
GFP does not affect dissolution of the
occlusion bodies in the gut of the in-
sect. Surprisingly, the speed of kill of
the virus seemed to be somewhat slow-
er than that of wild-type virus (Table 1).
It is not clear whether this is due to al-
terations in the viral polyhedra or to the
presence of GFP in the infected cells. 

A major application of recombinant
baculovirus technology has been to
produce viruses with improved insecti-
cidal properties. The technology we
have described facilitates the develop-
ment of recombinant baculoviruses that
can deliver insecticidal proteins that are
active in the gut of the insect. We have
recently exemplified this approach by
the generation of a recombinant virus
that produces occlusion bodies contain-
ing an insecticidal Bacillus thuringien-
sis crystal protein toxin (ColorBtrus).
This was based on the construction of a
polyhedrin-Bt toxin-GFP fusion poly-
peptide (8). Both the infectivity and
speed of action of ColorBtrus occlusion
bodies are dramatically enhanced com-
pared to wild-type virus (Je et al., sub-
mitted).

This technology should also facili-
tate other novel applications of
baculovirus expression vectors. For ex-
ample, it should represent an advanta-
geous approach to the expression of
proteins to be used as subunit vaccines.
The delivery of immunogens in a par-
ticulate form should result in the devel-
opment of a robust inflammatory (TH1-
mediated) response in vertebrates. The
presence of other viral proteins in the
occlusion body will also facilitate this.
The ability to incorporate simultane-

ously more than one protein into the
polyhedra, as we have done for Col-
orBtrus, raises the possibility of using
this approach for the delivery of multi-
valent subunit vaccines or for the deliv-
ery of immune regulatory proteins
along with the immunogen. Another
possible application of this technology
is the production of insoluble bait pro-
tein for the capture of interacting pro-
teins by panning. We are currently ex-
ploring these and other applications of
the technology.
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