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Autographa californica multiple nucleopolyhedrovirus (AcMNPV) ac96 is a core gene, but its role in virus
replication is still unknown. To determine its role in the baculovirus life cycle, we used the AcMNPV bacmid
system to generate an ac96-null virus (vAc96null). Our analyses showed that the absence of ac96 does not affect
budded virus (BV) production or viral DNA replication in infected Sf9 cells. Western blotting and confocal
immunofluorescence analysis showed that AC96 is expressed in both the cytoplasm and the nucleus throughout
infection. In addition, AC96 was detected in the envelope fractions of both BV and occlusion-derived virus.
Injection of vAc96null BV into the hemocoel killed Trichoplusia ni larvae as efficiently as repaired and control
viruses; however, vAc96null was unable to infect the midgut tissue of Trichoplusia ni larvae when inoculated per
os. Therefore, the results of this study show that ac96 encodes a new per os infectivity factor (PIF-4).

The Baculoviridae comprise a large and diverse group of
viruses that are pathogens of insects, mainly from the Lepi-
doptera, Hymenoptera, and Diptera. During the typical bipha-
sic infection cycle, two structurally and functionally distinct
enveloped virion phenotypes are produced: occlusion-derived
virus (ODV) and budded virus (BV) (35). The primary infec-
tion cycle in animals begins in the midgut cell after occlusion
bodies (OBs) are ingested. Upon ingestion, the OBs dissolve in
the alkaline environment of the midgut, and the ODVs are
released into the lumen of midgut (15, 16, 20). Virions pass
through a disrupted peritrophic membrane, a process often
facilitated by enhancins, a group of virus-encoded metallopro-
teases (38). Subsequently, ODVs bind to and fuse directly with
the microvilli of midgut columnar epithelial cells. A protein
receptor is proposed to mediate the process, since binding is
proteinase sensitive and saturable (15, 16, 20). After the nu-
cleocapsids are transported to the nuclei of the midgut cells,
viral DNA is released, followed by gene expression, DNA
replication, and assembly of progeny nucleocapsids. In the late
phase of infection, newly formed nucleocapsids are trans-
ported to the cell membrane, bud from the cell, and acquire a
new envelope from the basal membrane. The BVs spread via
the hemolymph (16) and the tracheal system (8) into the other
tissues of the insect, causing the secondary infection.

Baculoviruses encode per os infectivity factors (PIFs) on the
envelope surface of ODV to initiate the efficient primary in-
fection in midgut. So far, four highly conserved core genes, p74

(pif-0), pif-1, pif-2, and pif-3, have been identified. The deletion
of the Autographa californica multiple nucleopolyhedrovirus
(AcMNPV) p74 gene results in the complete elimination of the
per os infectivity of OBs, while virions purified from mutant
OBs were infectious when injected into the hemocoels of
Trichoplusia ni or Heliothis virescens larvae (13, 17, 22). P74 is
proposed to function as an ODV attachment protein that binds
to a specific 30-kDa receptor protein on the primary target
cells within the midgut (17, 39). PIF-1 was originally identified
in Spodoptera littoralis NPV, where the deletion of pif-1 (spli7)
resulted in viruses that were unable to infect S. littoralis larvae
per os (21). PIF-2 was first identified in Spodoptera exigua
MNPV, and the disruption of pif-2 resulted in the complete
loss of per os infectivity for the host (11, 31). PIF-1 and PIF-2
have also been shown to participate in the binding of ODV to
target cells in the midgut (28). PIF-3 (ac115) is also an essen-
tial factor for oral infection of AcMNPV. Although PIF-3 is
not required for ODV attachment and fusion, it may mediate
a critical downstream event, such as the translocation of ODV
along microvilli during primary infection (28).

AcMNPV, the archetype Alphabaculovirus of the Baculov-
iridae, has a double-stranded DNA genome of approximately
134 kbp that contains 154 predicted open reading frames
(ORFs) (1). Comparative analysis of the 49 completely se-
quenced baculovirus genomes reveals 31 core genes that are
conserved in all baculovirus genomes and are therefore likely
to serve important roles in baculovirus life cycles (14, 26, 32,
37). Most core genes are related either to DNA replication,
gene expression, packaging and assembly, or per os infection
(37). Four core genes, ac68, p33 (ac92), ac96, and ac109, still
have no known function or sequence similarities to proteins of
known functions.

In this study, an ac96-null mutant was constructed utilizing
an AcMNPV bacmid, and the results showed that in tissue
culture, ac96 was nonessential and was not required for viral
DNA replication, ODV production, or BV production. How-
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ever, in vivo assays demonstrated that the ac96-null virus was
unable to infect midgut tissue when T. ni larvae were inocu-
lated per os. The core gene ac96 therefore encodes a new per
os infectivity factor, PIF-4.

MATERIALS AND METHODS

Viruses and cells. Spodoptera frugiperda Sf9 cells were maintained in 10% fetal
bovine serum-supplemented TC100 medium at 27°C. AcMNPV recombinant
bacmids were derived from bacmid bMON14272 (Invitrogen Life Technologies)
and propagated in Escherichia coli strain DH10B.

5�-RACE. To map the transcription start and stop sites for ac96, RNA was
extracted from Sf9 cells infected with AcMNPV-E2 virus and collected at 4 h
postinfection (4 hpi) and 24 hpi using a Qiagen RNeasy kit. Rapid amplification
of 5� cDNA ends (5�-RACE) was conducted by following the GeneRacer kit
manufacturer’s protocol (Invitrogen). Gene-specific primer 1 (GSP1) 1739 (5�-
TTGAAATCTTGTATTAGCGTTTC-3�) and GSP2 1740 (5�-CCAACATGAT
TGACAACATT-3�) were paired with the GeneRacer 5� nested primers to am-
plify the 5� end of the ac96-specific transcript. The ac96-specific PCR fragments

were cloned into the pDrive vector (Qiagen) and sequenced with the M13
forward primer.

Construction of bMON14272 ac96-null and repaired bacmids. The ac96
knockout was generated using the method described by Datsenko and Wanner
(7). Briefly, a zeocin resistance gene was amplified using primers 1709 (5�-ATA
TGCCACCGCATGCACGCCGGTCAGCAGCTTGACGCTAATTGAACAT
TCGGATCTCTGCAGCAC-3�) and 1571 (5�-CACATCGAGAACGAGCGTG
TGATCGGGCACGTTATTTTTTAATGTTGCAATCGAGGTCGACCCCCC
TG-3�) with p2ZeoKS as the template. The primers contain 48 bp and 50 bp
homologous to the C terminus of ac96, respectively. The PCR fragment of the
zeocin resistance gene was gel purified and electroporated into Escherichia coli
BW25113-pKD46 cells, which contained AcMNPV bacmid bMON14272 DNA.
Electroporated cells were incubated at 37°C for 4 h in 3 ml of SOC medium (2%
Bacto tryptone, 0.5% Bacto yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM
MgCl2, 10 mM MgSO4, 20 mM glucose) and were placed on an agar medium
containing zeocin (30 �g/ml) and kanamycin (50 �g/ml). Plates were incubated
at 37°C overnight, and colonies resistant to zeocin and kanamycin were selected
for further confirmation by PCR.

Two different pairs of primers from the ac96 locus of the AcMNPV bacmid
genome were used to confirm that ac96 had been inactivated by the correct

FIG. 1. Protein alignment of AC96 homologues and transcription start site of ac96. (A) Amino acid alignment of AC96 and selected baculovirus
homologues. The predicted N-terminal transmembrane-signal peptide domain of AC96 (identified using the SignalP and TMPRED programs) and
its homologues is labeled above the sequence. The alignment was generated using the AlignX program of Vector NTI (Invitrogen, Inc.). The
GenBank accession numbers of the protein sequences used are as follows: NP_054126.1 for AC96, NP_046253.1 for OP97, NP_037829.1 for SE69,
NP_059245.1 for XC97, YP_025257.1 for NELE57, NP_203393.1 for CUNI90, and NP_690522.1 for Hz1V103. Amino acids with a black
background show identical or similar amino acids in all sequences, those with white letters and a gray background show identical or similar amino
acids in six or seven sequences, and those with black letters and a gray background show identical or similar amino acids in five or fewer sequences.
(B) 5�-RACE analysis of the ac96 transcriptional start site. The late promoter (TTAAG) and the AC96 codons are shown in boldface. The arrow
indicates the location of the transcription initiation site for ac96 mRNA. Two minicistrons located in the 5� UTR region are shown, one in bold
italics and one with a dotted underline. The predicted amino acid sequence is given below the nucleotide sequence.
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insertion of the zeocin cassette into the AcMNPV bacmid genome (see Fig. 2).
Primers 1572 (5�-CTGTTCGCGTGTTTCT-3�) and 1014 (5�-CCGATATACTA
TGCCGATGAT T-3�) and primers 1573 (5�-ACAATGAAATAATACAAAA
C-3�) and 1239 (5�-CTGACCGACGCCGACCAA-3�) were used to detect the
correct insertion of the zeocin gene cassette at the two junctions of ac96 locus.
Fragments of 536 bp and 407 bp, which were amplified with primers 1572 and
1014 and primers 1573 and 1239 from the ac96-null bacmid, confirmed the
correct insertion of zeocin in the ac96 locus. One of the recombinant bacmids
confirmed by PCR was selected and named bMON14272-ac96null. The
bMON14272-ac96null bacmid was repaired with pFAcT-GFP (6), which contains
polyhedrin and gfp as a marker, by Tn7-mediated transposition (25). This virus
was named Ac96null.

To tag AC96 with the influenza hemagglutinin (HA) epitope (CYPYDVPD
YASL) at the C terminus, ac96 was amplified from bMON14272 with primers
1591 (5�-TGTTTCTCTGCAGGTTCTTC-3�) and 1592 (5�-GCGTCTA
GATTAGGCGTAGTCGGGCACGTCGTAGGGGTATTCGGCCAACAAA
TCCACGTA-3�). The ac96HA PCR fragments, which contain their native pro-
moters and ORFs, were first digested with PstI and XbaI and then cloned into
the same sites of pFAcT-GFP-Tnie1p(A) (27). The resulting plasmid, pFAct-
ac96HA, contains ac96HA with the Trichoplusia ni SNPV ie1 poly(A) signal
downstream, polyhedrin, and gfp as a marker. This plasmid was confirmed by
restriction enzyme digestion and sequencing. Ac96HA, polyhedrin, and gfp were
introduced back into bMON14272-ac96null as described above, and the resulting
virus was named vAc96null-AC96HA. The control virus, AcBac, consisted of the
bacmid bMON14272 repaired with polhedrin and gfp.

Time course analysis of BV production and DNA replication. Sf9 cells (1.0 �
106/35-mm-diameter six-well plate) were transfected using liposomes (4) with 1.0
�g of each bacmid (vAc96null, vAc96null-AC96HA, and the control virus vAcBac).
At various times posttransfection, the supernatant containing BV was harvested,
and cell debris was removed by centrifugation (at 8,000 � g for 5 min). Infected
cells were washed once with phosphate-buffered saline (PBS, consisting of 137
mM NaCl, 10 mM phosphate, and 2.7 mM KCl [pH 7.4]), scraped off with rubber
policemen, and pelleted by centrifugation at 800 � g for 5 min; the supernatant
was removed; and the pellets were stored at �80°C until analysis. BV production

and viral DNA replication analyses were performed by quantitative PCR (qPCR)
as described previously (27). BV titers at 6 and 72 h posttransfection (hpt) were
also titrated in duplicate by endpoint dilution in Sf9 cells with 96-well microtiter
plates.

Purification of BV and ODV. Sf9 cells were infected with vAv96null-AC96HA at
a multiplicity of infection (MOI) of 0.1 in two 50-ml spinner tissue culture flasks.
Six days postinfection (p.i.), 80 ml of infected cells was harvested. BV and ODV
were purified, and the envelope and nucleocapsids of BV and ODV were frac-
tionated, as previously described (10).

Western blot assay. Protein samples from Sf9 cell pellets and purified virions
were subjected to Western blotting as described in a previous study (10). The
antibodies used were (i) a mouse monoclonal anti-HA antibody (HA.11; Co-
vance) (1:1,000), (ii) a mouse monoclonal antibody against Orgyia pseudotsugata
MNPV (OpMNPV) VP39 (1:3,000) (29), (iii) mouse monoclonal antibody 4B7
against AcMNPV IE1 (1:5,000) (33), and (iv) a mouse monoclonal anti-AcV5
antibody recognizing GP64 (1:200) (18).

Immunofluorescence. Sf9 cells were infected with vAc96null-AC96HA at an MOI
of 5. At 24, 36, and 48 hpi, the supernatant was removed, and the cells were
washed once in PBS, followed by fixation in 3.5% paraformaldehyde in PBS for
10 min. The fixed cells were washed three times in PBS for 15 min, followed by
permeabilization in 0.15% Triton X-100 in PBS for 15 min. The cells were then
blocked for 60 min in blocking buffer (2% bovine serum albumin in PBS),
followed by a 1-h incubation with the anti-HA antibody (1:200). Cells were
washed three times, for 10 min each time, in blocking buffer, followed by a 1-h
incubation with an Alexa 635-conjugated goat anti-mouse antibody (1:500; Mo-
lecular Probes). Cells were subsequently washed three times for 10 min in PBS,
stained with 200 ng/ml 4�,6-diamidino-2-phenylindole (DAPI) (Sigma), and ex-
amined using a Leica confocal microscope.

In vivo infectivity assays. The infectivity of BV was examined by injecting
1,000, 30, or 3 TCID50 (50% tissue culture infective dosage) units of BV of
vAc96null, vAc96null-AC96HA, or the control virus vAcBac into 4th-instar T. ni
larvae. Grace’s medium was used as a negative control. For the oral-infectivity
assay, OBs of vAcBac, vAc96null, and vAc96null-AC96HA were purified from Sf9
cells and diseased larvae as described previously by Li et al. (23) and Erlandson

FIG. 2. Schematic of the construction of the vAc96null and vAc96null-AC96HA bacmids. The ac96 ORF was inactivated by insertion of the zeocin
resistance gene cassette (amplified with primers 1709 and 1571) between bp 84733 and 84734 of the AcMNPV genome (NC_001623.1) via homologous
recombination in E. coli to generate the ac96-null bacmid. The correct insertion of the zeocin resistance cassette was confirmed using primers 1572 and
1014 and primers 1239 and 1573; their relative positions are indicated. The lower part of the figure shows the genes inserted into the polyhedrin (polh)
locus of the ac96-null bacmid by Tn7-mediated transposition to generate vAc96null and vAc96null-AC96HA. WT, wild type; KO, knockout.
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et al. (9), respectively. Oral infection assays were conducted with 4th-instar T. ni
using a leaf disc bioassay method (9) to administer doses of 5, 50, or 500 OBs per
larva. Infected larvae were reared individually in 24-well plates and monitored
daily until all larvae had either pupated or died. Tissue samples from all larval
cadavers were examined by phase-contrast microscopy to determine viral infec-
tion status (the presence or absence of OBs). A separate experiment was con-
ducted to assay for midgut infection; 4th-instar larvae were fed 50,000 OBs, and
midgut epithelium preparations were isolated, using the technique of Braun and
Keddie (2), at 48 hpi. The preparations were then observed with UV fluores-
cence microscopy to determine green fluorescent protein (GFP) expression.

RESULTS

Sequence analysis of ac96 and its homologues. ac96 is a core
gene, and its homologues are found in all baculoviruses whose
genomic sequences have been published. In addition, a homo-
logue of ac96 is also found in the distantly related Hz-1 virus
(32). Figure 1A shows an alignment of a selection of AC96
homologues from each baculovirus genus, as well as a Nudivi-
rus homologue. The proteins shown include OP97 (from OpM-
NPV, a group I alphabaculovirus), SE69 (from Spodoptera
exigua MNPV, a group II alphabaculovirus), XC97 (from Xe-
stia c-nigrum granulovirus, a betabaculovirus), NELE57 (from
Neodiprion lecontei NPV, a gammabaculovirus), CUNI90 (from
Culex nigripalpus NPV, a deltabaculovirus), and the unclassi-
fied Hz-1V103 protein of Hz-1 virus. It can be seen that AC96
has conserved features, including a highly hydrophobic trans-
membrane-signal peptide predicted at the N terminus, with a
potential cleavage site between Ser21 and Ile22. In addition, a
second transmembrane domain is weakly predicted between

Thr119 and Leu133. These analyses therefore strongly sug-
gested that AC96 is a membrane or envelope protein and
potentially a structural protein.

Mapping of the transcription start site of ac96. The 5� and
3� ends of the ac96 ORF overlap with the 5� end of helicase and
the 5� end of ac97, respectively (Fig. 2). Analysis of the pro-
moter sequence of ac96 shows that a late gene transcriptional
start site motif, TTAAG, is found 141 nucleotides upstream of
the predicted start codon of ac96, within the helicase ORF. A
polyadenylation signal motif, AATAAA, is found 159 nucleo-
tides downstream of the ac96 stop codon. To map the tran-
scription start, 5�-RACE was performed (Fig. 1B) and specif-
ically amplified a product from RNA isolated from infected Sf9
cells at 24 hpi, but not from RNA isolated at 4 hpi and not
from mock-infected cells. Sequencing of the 5�-RACE product
showed that the ac96 transcript initiated at the predicted
TTAAG motif, indicating that ac96 is a late gene.

These results show that ac96 mRNA has a surprisingly long
untranslated leader sequence. Analysis of the untranslated re-
gion (UTR) revealed the presence of two minicistrons of 12 bp
and 72 bp (Fig. 1B). These minicistrons are conserved in Bom-
byx mori NPV but not in the more distantly related viruses,
such as OpMNPV. Previous studies have shown that minicis-
trons in the 5� UTR can impact the translation of the main
ORF of a baculovirus mRNA (5, 36).

Construction of ac96-null and repaired viruses. To deter-
mine the function of ac96, an ac96-null virus was constructed
based on homologous recombination in E. coli using the

FIG. 3. Analysis of viral replication in Sf9 cells. (A) Fluorescence microscopy showing the progression of infection in Sf9 cells transfected with
vAc96null, vAc96null-AC96HA, or vAcBac. WT, wild type. (B) Light microscopy showing OB production in Sf9 cells transfected with vAc96null,
vAc96null-AC96HA, or vAcBac at 96 hpt.
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AcMNPV bMON14272 bacmid (Fig. 2). The ac96 gene has an
ORF of 522 nucleotides that, as indicated above, overlaps
helicase and ac97 at the 5� and 3� ends by 14 and 29 nucleo-
tides, respectively. The early promoter motif CGTGC and the
late promoter motif TTAAG for helicase are located 163 and
83 nucleotides inside the ac96 ORF, respectively. At the 3�
end, there are no identifiable promoter elements, such as
TATAA-CAGT or DTAAG, to identify either an early or a
late promoter of ac97 within the ac96 ORF. To preserve the
promoter of helicase and the potential promoter of ac97, prim-
ers 1570 and 1571 were initially used to construct an ac96-null
virus (data not shown). This construct was nonviable in trans-
fected cells, and attempts to rescue the primer 1570–primer
1571 knockout by reinsertion of ac96 at the polyhedrin locus
were unsuccessful. This suggested that expression of helicase or
ac97 was also interrupted and that the observed phenotype was
not due to ac96 (data not shown). Therefore, a second ac96
knockout virus was designed using primers 1709 and 1571. In
the second construct, the ac96 knockout bacmid was generated
by insertion of the zeocin resistance cassette between the 386th
and 387th nucleotides of the ac96 ORF. To confirm the correct

insertion of the zeocin cassette, the ac96-null bacmid was ex-
amined by PCR (data not shown). Two pairs of primers, prim-
ers 1572 and 1014 and primers 1573 and 1239, were used to
examine the recombination junctions of upstream and down-
stream flanking regions. The PCR results confirmed that the
zeocin gene was inserted into ac96 as expected (data not
shown). This construct could be rescued by ac96 and was used
for further studies.

To monitor the effect of the ac96 mutation on virus infection
and OB morphogenesis, the polyhedrin and gfp genes were
inserted into the polyhedrin locus of the ac96-null virus by
transposition, and this virus was named vAc96null (Fig. 2). To

FIG. 4. BV production from Sf9 cells transfected with vAc96null,
vAc96null-AC96HA, or vAcBac. (A) BV growth curves assayed by quan-
tifying the number of viral genomes using qPCR. Titers were deter-
mined from supernatants of Sf9 cells transfected with vAc96null,
vAc96null-AC96HA, or vAcBac at the designated time points. (B) Infec-
tious virus titers at 6 and 72 hpt, determined by a TCID50 endpoint
dilution assay. Each titer is derived from two independent TCID50
assays.

FIG. 5. Quantitative real-time PCR analysis of viral DNA replication.
Sf9 cells were transfected with 1.0 �g of vAc96null, vAc96null-AC96HA, or
vAcBac DNA. At various times posttransfection, total DNA was extracted
and analyzed by qPCR. Each time point represents the average for two
independent replication assays.

FIG. 6. Cellular localization of AC96HA as determined by Western
blot analysis of cytoplasmic and nuclear fractions of vAc96null-AC96HA-
infected cells. Sf9 cells were infected with vAc96null-AC96HA at an MOI of
2. Cells were harvested and separated into the nuclear (N) and cytoplas-
mic (C) fractions. Fractions were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and probed with anti-HA, anti-IE1,
and anti-GP64 monoclonal antibodies to detect HA-tagged AC96, IE1, or
GP64, respectively.
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rescue the ac96-null virus, vAc96null-AC96HA was generated; in
addition to polyhedrin and gfp, this virus contains the ac96 ORF
driven by its native late promoter with sequences encoding an
HA epitope at the 3� terminus. vAcBac, which serves as the
wild-type control virus, was constructed by transposing the
polyhedrin and gfp genes into the polyhedrin locus of AcMNPV
bacmid bMON14272 (Fig. 2).

Analysis of ac96-null and repaired viruses in transfected Sf9
cells. To determine the effect of ac96 inactivation on virus
replication, vAc96null, vAc96null-AC96HA, and vAcBac bacmid
DNAs were transfected into Sf9 cells. The expression of gfp in
all the constructs driven by the OpMNPV ie1 promoter enables
the monitoring of transfection by fluorescence microscopy
(Fig. 3A). At 24 hpt, similar numbers of cells with GFP fluo-
rescence were observed for all three viruses, indicating equal
transfection efficiencies. By 96 hpt, every cell showed GFP
fluorescence for all three viruses, indicating that infectious BV
was produced from the initially transfected cells.

At 96 hpt, light microscopy analysis showed that vAc96null,
vAc96null-AC96HA, and vAcBac produced OBs of normal ap-
pearance (Fig. 3B). In addition, equivalent numbers of OBs
were observed in most cells. Western blot analysis of OBs to
detect capsid protein confirmed the presence of ODV for all
three viruses (data not shown). These results, therefore, sug-
gest that AC96 does not affect OB formation.

Virus growth curves. To determine if inactivation of ac96
quantitatively affects infectious BV production or replication

kinetics, qPCR and TCID50 assays were used to estimate BV
production at various times posttransfection. Figure 4A shows
the replication kinetics of BV production from Sf9 cells trans-
fected with vAc96null, vAc96null-AC96HA, or vAcBac as deter-
mined by qPCR, which detects viral genomes regardless of
infectivity. No significant difference was observed in the BV
titers assayed by qPCR from vAc96null-, vAc96null-AC96HA-, and
vAcBac-transfected cells from 6 to 96 hpt.

To confirm that equivalent amounts of infectious BV were
produced, the virus titers at 6 and 72 hpt were analyzed by
TCID50 endpoint dilution (Fig. 4B). No infectious BV was
detected from any construct at 6 hpt. At 72 hpt, the average
titers of vAc96null, vAc96null-AC96HA, and vAcBac were equiva-
lent, results similar to those obtained using qPCR. The titra-
tion assays demonstrated that ac96 is not required for the
production of infectious BV.

DNA replication assay of ac96-null and repaired viruses in
Sf9 cells. To quantitatively analyze the effect of ac96 on viral
DNA replication, Sf9 cells transfected with bacmid vAc96null,
vAc96null-AC96HA, or vAcBac were harvested at various times
posttransfection, and total DNA was extracted and analyzed by
qPCR (Fig. 5). The onset of DNA replication occurred be-
tween 12 and 24 hpt for all constructs, and DNA synthesis
continued to increase to 48 hpt for vAc96null, vAc96null-AC96HA,
and vAcBac. The DNA levels of all three viruses showed no
difference throughout the infection process. These results show

FIG. 7. Localization of AC96HA by immunofluorescence. Sf9 cells were infected with vAc96null-AC96HA at an MOI of 5. At different times p.i.,
cells were fixed, probed with a mouse monoclonal anti-HA antibody to detect AC96HA, and visualized by Alexa 635-conjugated goat anti-mouse
immunoglobulin G (red). Additionally, cells were stained with DAPI to directly visualize nuclear DNA (blue).
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that the inactivation of ac96 does not affect the onset or level
of DNA replication.

Subcellular localization of AC96 during infection. To fur-
ther understand the function of AC96 in the viral life cycle, it
is necessary to establish its temporal expression and cellular
localization. An initial time course analysis of AC96 expression
was performed using vAc96null-AC96HA. Infected Sf9 cells were
collected at various time points p.i., and the nuclear and cyto-
plasmic fractions were separated. Western blot analysis
showed that AC96 was translated from 12 to 72 hpi and was
distributed in both the nucleus and the cytoplasm, but to a
significantly greater extent in the cytoplasm (Fig. 6). The pro-
tein was detected at the predicted size of 19 kDa, suggesting
that no major posttranslational modification occurs. As a con-
trol to test the efficiency of the fractionation process, the same
samples were probed with an anti-IE1 antibody and an anti-
GP64 antibody. The presence of IE1 and GP64 exclusively in
the nuclear and cytoplasmic fractions, respectively, confirmed
efficient cell fractionation.

The cellular localization of AC96 was also analyzed by im-
munofluorescence and confocal microscopy. Uninfected Sf9
cells show no background fluorescence, demonstrating the
specificity of the anti-HA antibody (Fig. 7). At 36 hpi, AC96
could be detected mainly in the cytoplasm and at low levels in
the nucleus, where it was unevenly distributed at the periphery
of the virogenic stroma. By 48 hpi, the AC96 fluorescence
signal showed greater intensity in the cytoplasm, and the nu-
clear AC96 was more apparent as part of the virogenic stroma.
The AC96 localization pattern from immunofluorescence was
consistent with the results obtained from the fractionation and
Western blot analyses.

Western blot analysis of AC96 in purified BV and ODV.
Previous reports have shown by mass spectrometry that
CUNI69, an AC96 homologue, is associated with Culex nigri-
palpus NPV ODV. However, AC96 was not detected in
AcMNPV ODV by similar analytical methods (3, 30). To de-
termine if AC96 is a structural protein and to investigate the
localization of AC96 in virions, BV and ODV were purified
and analyzed by Western blotting for the presence of AC96.
The results showed that AC96 could be detected in both BV

and ODV (Fig. 8, lanes BV and ODV). The BV and ODV
particles were also biochemically fractionated into nucleocap-
sid and envelope fractions (Fig. 8, lanes NC and ENV), and
Western blot analysis indicated that AC96 was localized spe-
cifically in envelope fractions. As a control to confirm the
efficiency of the fractionation, the known nucleocapsid protein
VP39 and the BV envelope-specific protein GP64 were ana-
lyzed by Western blotting. Both VP39 and GP64 were observed
in the expected fractions. These results showed that AC96 is
associated with both BV and ODV virions and that it localizes
in the envelopes of BV and ODV, consistent with the predic-
tion that AC96 contains an N-terminal transmembrane-signal
domain.

Bioassays. To examine the effect of ac96 inactivation on viral
infection in vivo, BV and OBs of vAc96null, vAc96null-AC96HA, and
vAcBac from transfected Sf9 cells were assayed in 4th-instar T. ni
larvae. Injection of the BV supernatant (1,000 TCID50 units/
larva) of vAc96null into the hemocoels of larvae resulted in levels
of mortality similar (100%) to those with vAc96null-AC96HA and
vAcBac (Table 1). Similar results were obtained by injection of 30
or 3 TCID50 units/larva. These results, therefore, suggest that
there was no difference in BV virulence when the midgut was
bypassed by direct hemocoel injection. However, ingestion of
OBs of vAc96null produced either no death or 2 deaths out of 24

FIG. 8. Analysis of AC96HA in purified and fractionated virions.
BV and ODV were purified, fractionated, and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot-
ting. Duplicate blots were probed with an anti-HA antibody to detect
AC96HA, with an anti-AcV5 monoclonal antibody to detect the BV
envelope protein GP64, and with anti-VP39 to detect the nucleocapsid
protein VP39. NC, nucleocapsid fraction; ENV, envelope fraction.

TABLE 1. Infectivities of ac96 null and repaired viruses in
4th-instar T. ni larvae

Dosage and virus Inoculation
method

Total no.
of larvae

No. of larvae dead
by day 8 p.i.

Expt 1 Expt 2

No virus 24 0 0

1,000 TCID50
vAcBac Injection 24 24 24
vAc96null Injection 24 24 24
vAc96null-AC96HA Injection 24 24 24

30 TCID50
vAcBac Injection 12 12 NDa

vAc96null Injection 12 12 ND
vAc96null-AC96HA Injection 12 12 ND

3 TCID50
vAcBac Injection 12 12 ND
vAc96null Injection 12 11 ND
vAc96null-AC96HA Injection 12 11 ND

5 OBs
vAcBac Per os 24 3 1
vAc96null Per os 24 1b 0
vAc96null-AC96HA Per os 24 6 4

50 OBs Per os
vAcBac Per os 24 12 7
vAc96null Per os 24 0 1
vAc96null-AC96HA Per os 24 19 18

500 OBs Per os
vAcBac Per os 24 24 20
vAc96null Per os 24 0 2 (1b)
vAc96null-AC96HA Per os 24 24 23

a ND, not done.
b Larval death not due to virus infection (microscopy and PCR analysis).
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larvae at the highest dose rate (500 OBs/larva). In contrast,
vAc96null-AC96HA and vAcBac produced 24 or 20/23 deaths (Table
1). Similarly, at the lower doses, vAc96null was unable to infect
larvae. These assays indicate that AC96 is required for per os
infection of AcMNPV.

To test if the occlusions of vAc96null fail to initiate infection
in vivo, 4th-instar T. ni larvae were fed 50,000 OBs of vAc96null,
vAc96null-AC96HA, or vAcBac, and midgut epithelium prepara-
tions were examined at 48 hpi. Fluorescence microscopy anal-
ysis showed significant levels of infection (GFP expression) in
midgut cells from vAc96null-AC96HA- and vAcBac-infected lar-
vae but not in larvae infected with vAc96null (Fig. 9). These
results demonstrate that vAc96null was unable to infect T. ni
midgut epithelial cells, and AC96 appears to be required for
the attachment and/or fusion of ODV to midgut epithelial
cells.

DISCUSSION

In this study, the baculovirus core gene ac96 is identified as
a new per os infectivity factor, pif-4. The inactivation of ac96 in
vAc96null abolished the infectivity of OBs (Table 1), and ODVs
were unable to initiate an infection of the midgut (Fig. 9).
However in tissue culture, loss of ac96 had no impact on virus

replication or BV production; this is the same phenotype ob-
served with other pif genes (21, 22, 28, 31). Three PIFs have
previously been determined to play a role in the specific bind-
ing of ODV to midgut cells. P74 has been shown to function as
an attachment protein and to bind to a 30-kDa host receptor
protein on primary target cells within the midgut (17, 40).
PIF-1 and PIF-2 also mediate the specific binding of ODV to
midgut target cells (28). Although PIF-3 is not required for
ODV binding, it is involved in another downstream event in
primary infection (28). It is possible that AC96 (PIF-4), P74,
PIF-1, and PIF-2 may form complexes to bind host receptors or
may act sequentially to mediate ODV entry to initiate primary
infection. This possibility is supported by a recent study by
Song et al. (34), which showed that the PIF genes had to be
present in the same virion in order to permit virus infection of
the midgut.

A transmembrane signal peptide is predicted at the hydro-
phobic N terminus of AC96; it is conserved in the homologues
from all baculoviruses and the distantly related insect virus
Hz-1. This suggests that membrane association is a highly con-
served function and is in agreement with our results using
purified ODV, which showed that AC96 specifically localized
to the ODV envelope (Fig. 8). Similarly, all the other known
PIFs—P74, PIF-1, PIF-2, and PIF-3—also locate to the ODV

FIG. 9. Infection of midgut epithelia of T. ni larvae at 48 hpi. The midguts of 4th-instar larvae ingesting 50,000 OBs of vAc96null,
vAc96null-AC96HA, or vAcBac were isolated and observed under a bright-field (left) or a UV fluorescence (right) microscope. As indicated by GFP
expression, infection with vAc96null-AC96HA or vAcBac, but not with vAc96null, was observed.
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envelope (12, 21, 34). The hydrophobic N terminus of PIF1,
PIF-2, PIF-3, and the ODV envelope proteins ODV-E25 and
ODV-E66 (11, 31) can act as a sorting motif, which is sufficient
to direct reporter proteins to the nuclear envelope, intranu-
clear microvesicles, and ODV envelope within baculovirus-
infected cells. The N-terminal transmembrane-signal sequence
of AC96 has two features of a sorting motif, namely, a hydro-
phobic sequence and associated charged amino acids oriented
on the cytoplasmic or nucleoplasmic face (3, 19). The vAc96null

mutant in this study may express the N-terminal 128 amino
acids of AC96 (Fig. 2), due to the location of the zeocin
cassette, which inserts between Glu128 and His129. This ef-
fectively deletes the C-terminal half of AC96, indicating that
the N-terminal region that contains the transmembrane do-
main is not sufficient for AC96 function. However, it is possible
that the remaining amino acids, if expressed and stable, may
maintain the infectivity of BV in tissue culture or in intrahemo-
coelically injected larvae.

AC96 was also detected in the envelope fraction of purified
BV; to our knowledge, this is the first PIF that is also associ-
ated with BV. Immunofluorescence analysis using confocal
microscopy showed that AC96 localized to a greater extent in
cytoplasm but was also present to a lesser degree in the nucleus
(Fig. 7). AC96 in the cytoplasm is most likely associated with
the endoplasmic reticulum and is then transported into the
inner nuclear membrane, ultimately to become part of the
ODV envelope. It is also possible that AC96 could be delivered
to the plasma membrane, like GP64 (24), and form part of the
BV membrane. Analysis of vAc96null BV in tissue culture and
by in vivo intrahemocoelic injections (Fig. 4; Table 1) did not
reveal any phenotypic differences from the control virus with
regard to replication or infectivity. This suggests that AC96
does not have a function in BV, but future studies may reveal
that it plays a role or possibly is inadvertently packaged into
BV. However, analysis of PIF-4 homologues in other baculo-
virus species may reveal additional or alternate functions.

All the PIF genes, including PIF-4, are core baculovirus
proteins, indicating that the midgut infection process is an
ancient and highly conserved process. Determining the func-
tion of the PIF genes and how they interact with each other
and the insect midgut will be critical for the understanding of
baculovirus virulence.
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