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Ac34 and its homologs are highly conserved in all sequenced alphabaculoviruses. In this paper, we show that ac34 transcripts
were detected from 6 to 48 h postinfection (p.i.) in Autographa californica nucleopolyhedrovirus (AcMNPV)-infected Sf9 cells.
Ac34 localized to both the cytoplasm and the nuclei of infected cells but was not a viral structural protein. To determine the
function of ac34 in the viral life cycle, an ac34 knockout AcMNPV (vAc34KO) was constructed. Compared with wild-type and
repair viruses, vAc34KO exhibited an approximately 100-fold reduction in infectious virus production. Further investigations
showed that the ac34 deletion did not affect the replication of viral DNA, polyhedron formation, or nucleocapsid assembly but
delayed the expression of late genes, such as vp39, 38k, and p6.9. Bioassays revealed that vAc34KO was unable to establish a fatal
infection in Trichoplusia ni larvae via per os inoculation. Few infectious progeny viruses were detected in the hemolymph of the
infected larvae, indicating that the replication of vAc34KO was attenuated. These results suggest that Ac34 is an activator protein
that promotes late gene expression and is essential for the pathogenicity of AcMNPV.

Members of the family Baculoviridae have double-stranded
circular supercoiled DNA genomes that vary in size from

approximately 80 to 180 kb (44). Typical alphabaculoviruses have
a biphasic infection process and produce two forms of virions that
are genotypically identical but phenotypically distinct. Budded
viruses (BVs) are required for the spread of infection from cell to
cell, whereas occlusion-derived viruses (ODVs), which are em-
bedded within occlusion bodies (OBs), are responsible for hori-
zontal transmission between insect hosts via oral infection (61).

Gene expression of baculoviruses is mainly regulated at the
transcriptional level and is typically categorized into three classes:
early, late, and very late (17). Early promoters of baculovirus genes
are recognized and regulated by the host RNA polymerase II (17),
while the late promoters are recognized by a virus-encoded RNA
polymerase that is �-amanitin insensitive (40, 44). In general, the
expression of early genes is required for viral DNA replication
and/or late gene expression; in contrast, late genes encode viral
structural proteins.

Based on phylogenetic evidence, baculoviruses are divided into
four genera: Alphabaculovirus (lepidopteran nucleopolyhedrovi-
ruses [NPVs]), Betabaculovirus (lepidopteran granuloviruses
[GVs]), Gammabaculovirus (hymenopteran NPVs), and Delt-
abaculovirus (dipteran NPVs) (25). Two lepidopteran baculovirus
genera, the lepidopteran NPVs and GVs, show major differences
in the morphologies of their occlusion bodies. GVs are normally
packaged as single nucleocapsids per envelope, and NPVs are
packaged either as single nucleocapsids per envelope or multiple
nucleocapsids per envelope. Dozens of virions are occluded in a
polyhedron, while only a single virion is occluded in a granulum
(15). Polyhedra are approximately 800 to 2,000 nm in diameter,
whereas granules are ovoid and are typically 500 nm long and 200
nm wide (1, 49). In addition, the cytopathology of the lepi-
dopteran NPVs also differs from that of the GVs (15). Cells in-
fected with NPVs appear to clump together (20, 66), and their
nuclear membranes remain intact until cell lysis and OB release
(15). However, in GV-infected cells, the nuclear membrane disin-

tegrates completely, and the cytoplasm and nucleoplasm become
intermixed prior to the assembly of ODVs (18). After nuclear lysis,
the infected cells dissociate from each other (15). Lepidopteran
NPV-specific genes could be responsible for the biological differ-
ences between these two baculovirus genera. The determination of
the relationship between the distinct phenotypes and gene con-
tents of GVs and NPVs requires further characterization of genus-
specific genes.

All sequenced lepidopteran NPVs share 5 specific genes: ac9
(pp78/83), ac24 (protein kinase-interacting protein [pkip]), ac34,
ac104 (vp80), and ac131 (pp34) (44). Four of these genes have been
characterized. A temperature-sensitive pkip mutant exhibits a de-
fect in very late transcription and a delay in the shutoff of host
protein synthesis (37). PKIP interacts with and is required for the
essential function of a virus-encoded protein kinase in viral very
late transcription (12). The phosphoprotein PP34 is involved in
the morphogenesis of the polyhedron envelope and the part of the
OB carbohydrate envelope called the calyx (29, 60). PP78/PP83
and VP80 localize to one end of nucleocapsids and are associated
with both BVs and ODVs (19, 36, 45). These proteins interact with
F-actin and are required for the transportation of nucleocapsids
(19, 36, 39, 41). The only lepidopteran NPV-specific gene of un-
known function is ac34. In a microarray assay, ac34 was grouped
in the ac31-to-ac35 cluster of genes with synchronized expression
patterns. Its transcription began in the early phase, and maximum
transcription levels were observed in the late phase of infection
(26).

In this study, an ac34 knockout Autographa californica nucleo-
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polyhedrovirus (AcMNPV) mutant (vAc34KO) was generated to
investigate the role of ac34 in AcMNPV infection in vitro and in
vivo. We found that ac34 was not essential for viral replication, and
its deletion had no negative effect on viral DNA replication. How-
ever, the replication of vAc34KO was impaired in Spodoptera fru-
giperda (Sf9) cells; the virus formed only small plaques on a cell
monolayer, and BV production was reduced approximately 100-
fold. The expression of late genes was delayed in vAc34KO-in-
fected cells. In vivo assays revealed that the deletion mutant was
unable to establish fatal infection in Trichoplusia ni larvae.

MATERIALS AND METHODS
Viruses and cells. Sf9 cells were maintained at 27°C in TNM-FH medium
(Invitrogen) supplemented with 10% fetal bovine serum, penicillin (100
�g/ml), and streptomycin (30 �g/ml). bMON14272 (Invitrogen), which
contained an AcMNPV genome (34), was used to generate recombinant
viruses. The BV titer was determined by 50% tissue culture infective dose
(TCID50) assays in Sf9 cells.

Reverse transcription (RT)-PCR and rapid amplification of cDNA 5=
end (5= RACE) analyses. Sf9 cells (1.0 � 106) were infected with AcMNPV
at a multiplicity of infection (MOI) of 5 TCID50/cell and harvested at the
indicated time points. Total RNA was isolated using the RNeasy Protect
Mini Kit (Qiagen) according to the manufacturer’s protocol. cDNA syn-
thesis was performed using the iScript cDNA Synthesis Kit (Bio-Rad). The
primers 3451 (5=-GACTTTGTTACACGCACGCCGACTG-3=) and 3431
(5=-TTACTCAAAGTCCATCAATTCGTAC-3=) were used to detect the
ac34 transcripts.

5= RACE was carried out to map the transcription start site of ac34.
Total RNA was isolated from AcMNPV-infected cells at 6 and 24 h postin-
fection (p.i.). The 5= RACE reactions were conducted according to the
manufacturer’s protocol using a FirstChoice RLM-RACE Kit (Ambion).
Two ac34-specific primer pairs, 34sp1 (5=-TTGCAGCTTAGATTCCGCG
TTTGAT-3=)/5= outer primer (5=-GCTGATGGCGATGAATGAACACT
G-3=) and 34sp2 (5=-CGTCGTCAGCCTCTATAATCTCGGG-3=)/5= in-
ner primer (5=-CGCGGATCCGAACACTGCGTTTGCTGGCTTTGAT
G-3=), were used to amplify the 5= end of ac34-specific transcripts. The
PCR products were cloned into a pMD18-T vector (TaKaRa) and se-
quenced.

Construction of recombinant viruses. A 501-bp fragment flanking
the 5= end of ac34 (AcMNPV, nucleotides [nt] 28693 to 29193) and a
508-bp fragment flanking the 3= end of ac34 (AcMNPV, nt 27940 to
28447) were amplified from the genome of AcMNPV. The primer pairs
34US1 (5=-AAGCTTAATACCCTCCTCGTAATCG-3= [HindIII site un-
derlined])/34US2 (5=-CTGCAGTATAATCTCGGGCAACAGC-3= [PstI
site underlined]) and 34DS1 (5=-GGATCCTTACTGTCTGTCGTCGTG
TAATT-3= [BamHI site underlined])/34DS2 (5=-GGTACCCTTTCGAT
GCTCATCCTTGT-3= [KpnI site underlined]) were used. The 5= and 3=
PCR fragments were digested with PstI/HindIII and KpnI/BamHI, re-
spectively, and inserted into pUC18-Cm (64) to generate the transfer
vector pac34UCD, in which a chloramphenicol resistance (Cm) gene was
flanked by the 5= and 3= ends of ac34. The replacement of the 245-bp ac34
(AcMNPV, nt 28448 to 28692) gene with Cm via RecE/RecT (ET) recom-
bination was performed as described previously (64) to generate the ac34
knockout recombinant bacmid (bAc34KO).

To facilitate the examination of viral infection, the polyhedrin (polh)
and enhanced green fluorescence protein (egfp) genes were inserted into
the polh locus of bAc34KO by a site-specific transposon (64) to generate
vAcac34KO-PH-GFP (vAc34KO). A wild-type control virus, vAcPH-GFP

(vAcWT), was generated by the insertion of polh and egfp into
bMON14272.

To generate an ac34 repair virus, a donor plasmid (pFB-ac34HA-PG)
was constructed. A simian vacuolating virus 40 (SV40) polyadenylation
signal was amplified from pFastBac1 (Invitrogen) and cloned into the
BamHI and XbaI sites of pUC18 to generate pUC18-SV40. The primers
SV40-F (5=-GGATCCGATCATAATCAGCCATACCACATTTGTAGA

G-3= [BamHI site underlined]) and SV40-R (5=-TCTAGAGATCCAGAC
ATGATAAGATACATTGATGAG-3= [XbaI site underlined]) were used.
The ac34 promoter sequence and ac34 open reading frame (ORF) con-
taining a hemagglutinin (HA) sequence in the N-terminal region were
amplified and inserted into pUC18-SV40 to generate pUC34HA-SV40.
The primer pairs 34p5 (5=-GTCGACTGGTTAGCGATAATACACAAG
A-3= [SacI site underlined])/34p3 (5=-GGTACCTTATAAGTAATAGTG
TAAA-3= [KpnI site underlined]) and 34NHA5 (5=-GGTACCATGTACC
CCTACGACGTGCCCGACTACGCCACAACGGTTGCTGTGAATGC
GC-3= [KpnI site underlined])/343 (5=-GGATCCTTACTCAAAGTCCA
TCAATTCGTAC-3= [BamHI site underlined]), were used. pUC34HA-
SV40 was digested with SacI/XbaI and inserted into pFB1-PH-GFP (64) to
generate the final plasmid pFB1-ac34HA-PG. pFB1-ac34HA-PG was then
transformed into bAc34KO to generate the repair bacmid vAcHA:Ac34-PH-GPF

(vHA:Ac34).
The replacement of ac34 with the Cm gene and the transposon-medi-

ated insertion of genes into the polh locus were confirmed with PCR anal-
ysis. Bacmid DNA was extracted and purified using a Qiagen Large-Con-
struct Kit and quantified with optical density.

Viral growth curve and plaque assays. Sf9 cells (1 � 106) were trans-
fected with 1.0 �g of bacmid DNA or infected with BVs at an MOI of 1
TCID50/cell. Supernatants were harvested at various times to determine
titers. Plaque assays were carried out according to the method of Wu et al.
(64). A total of 1.8 � 106 Sf9 cells in a monolayer were transfected with 0.2
�g of bacmid DNA. At 120 h posttransfection (p.t.), plaques were photo-
graphed and measured.

qPCR. Quantitative PCR (qPCR) was performed to determine viral
DNA replication, as previously described (54) with modifications. Sf9
cells (1 � 106) were transfected with 0.5 �g of vAc34KO or vAcWT bac-
mid DNA and harvested at various time points. Total DNA was isolated
from each sample using a Universal Genomic DNA Extraction Kit (Ta-
KaRa) and resuspended in 100 �l of sterile water. Equal amounts of total
DNA from each time point were digested with 20 U of DpnI (New Eng-
land BioLabs) in a 40-�l reaction volume at 37°C overnight. A 5-�l ali-
quot of the digested DNA was mixed with Super Mix (Invitrogen) and the
PCR primers in a 20-�l reaction volume. The qPCR was performed under
the following conditions using an iQ5 instrument (Bio-Rad): 95°C for 10
s, followed by 40 cycles of 95°C for 15 s and 60°C for 35 s.

Transmission electron microscopy (TEM). Sf9 cells (1.0 � 106) were
transfected with 1.0 �g of vAc34KO or vAcWT bacmid DNA. At 72 h p.t.,
the cells were rinsed in phosphate-buffered saline (PBS) and centrifuged
at 5,000 rpm for 5 min. The cells were then fixed, dehydrated, embedded,
sectioned, and stained as described previously (31). Images were collected
using a JEOL JEM-1400 transmission electron microscope.

Immunofluorescence. Immunofluorescence assays were performed
as described previously (67). Sf9 cells were infected with vHA:Ac34 at an
MOI of 5 TCID50/cell, probed with mouse monoclonal anti-HA antibod-
ies (1:400; Abmart), and subsequently incubated with Alexa 555-conju-
gated goat anti-mouse secondary antibody (1:1,000; Invitrogen). The cell
nuclei were stained with Hoechst 33342 (Sigma) before observation. The
cells were observed and imaged using a Leica TCS SP5 laser scanning
confocal microscope.

Western blot analysis. Western blotting was performed to analyze the
expression and localization of Ac34 in infected cells. Sf9 cells were infected
with vHA:Ac34 at an MOI of 5 TCID50/cell. At various time points, the
cells were harvested and fractionated into cytoplasmic and nuclear frac-
tions using a Nuclear/Cytosol Fractionation Kit (BioVision). BVs and
ODVs were purified from vHA:Ac34-infected Sf9 cells as previously de-
scribed (7).

To evaluate the effects of ac34 on viral protein expression, Sf9 cells
were infected with vAc34KO or vAcWT at an MOI of 1 TCID50/cell. The
cells were collected, lysed in RIPA buffer (Thermo Scientific) for 30 min
on ice, and centrifuged for 10 min at 14,000 � g at 4°C. The supernatants
were collected and subjected to immunoblotting.

Protein samples from the nuclear/cytoplasmic fractions, purified viri-

Deletion of ac34 Impairs Viral Replication

October 2012 Volume 86 Number 19 jvi.asm.org 10433

http://jvi.asm.org


ons, or cell lysates were mixed with 4� NuPAGE LDS sample buffer
(Invitrogen) and incubated at 72°C for 10 min. Samples were separated
with 12% NuPAGE Novex Bis-Tris Gels with MOPS (morpholinepro-
panesulfonic acid) SDS running buffer and transferred onto nitrocellu-
lose membranes (Schleicher and Schuell) according to the NuPAGE
electrophoresis system protocol (Invitrogen). Western blotting was per-
formed as described previously (67). The primary antibodies used were
the following: (i) mouse monoclonal anti-HA antibody (1:4,000), (ii)
mouse monoclonal anti-IE1 antibody (1:4,000), (iii) mouse monoclonal
AcMNPV GP64 antibody (1:4,000; eBioscience), (iv) rabbit polyclonal
AcMNPV VP39 antibody (1:1,000), (v) rabbit polyclonal AcMNPV P6.9
antibody (1:2,000), (vi) rabbit polyclonal AcMNPV 38K antibody (1:
1,000), and (vii) mouse monoclonal actin antibody (1:4,000; Abmart).
The anti-rabbit horseradish peroxidase (HRP) antibody (1:5,000; GE) or
goat anti-mouse HRP secondary antibodies (1:4,000; Amersham Biosci-
ences) were used. The signals were detected using the ECL System (Am-
ersham Biosciences) according to the manufacturer’s instructions.

qRT-PCR. Sf9 cells were infected with vAc34KO or vAcWT at an MOI
of 1 TCID50/cell and harvested at various time points. Total RNA isolation
and cDNA synthesis were performed as described above. The RNA ex-
tracted from uninfected cells was used to determine the background level
of expression of each gene. qPCR was performed with the following
primer pairs: qie1F (5=-TTGTGATAAACAACCCAACGA-3=) and qie1R
(5=-GTTAACGAGTTGACGCTTGC-3=) for ie1, qgp64F (5=-ATCAAAC
GCTCGTCCACC-3=) and qgp64R (5=-GGGAGACACTGCCACCAAA-
3=) for gp64, q38KF (5=-GCCATACGACCACAAGACT-3=) and q38kR
(5=-CATAACCGAAGAGGAGCAA-3=) for 38k, qp6.9F (5=-GGCGACCT
GTCGATGAA-3=) and qp6.9R (5=-CGCAGAAGCTCGGGTTA-3=) for
p6.9, and qvp39F (5=-TTGCGCAACGACTTTATACC-3=) and qvp39R
(5=-TAGACGGCTATTCCTCCACC-3=) for vp39. The ORFs of the
above-mentioned genes were PCR amplified and cloned into the
pMD18-T vector. The number of plasmid copies was calculated based on
the DNA concentration. Standard curves were generated using serial di-
lutions of each plasmid.

Bioassays. OBs were obtained from vAcWT- or vAc34KO-infected
Sf9 cells. Bioassays were conducted with 3rd-instar T. ni larvae. Newly
molted larvae were starved for 6 h and administered doses of 100, 1,000, or
10,000 OBs/larva delivered in the diet as described previously (22). In-
fected larvae were reared individually and monitored daily until all of the
larvae had either pupated or died.

To further investigate viral replication in the hemolymph, 4th-instar
larvae were administered 20,000 OBs/larva or hemocoelically injected
with 250 TCID50/larva. At 48 and 72 h p.i., hemolymph was collected to
determine the viral titer.

RESULTS
Sequence analysis of Ac34 and its homologs. Ac34 and its ho-
mologs are highly conserved in all sequenced alphabaculoviruses.
Amino acid alignments show that the C-terminal region is more
highly conserved than the N-terminal region (Fig. 1A). A con-
served-domain search of the CDD database (35) revealed that
Ac34 homologs constitute a DUF1247 superfamily with unknown
function. HHpred (50) analysis showed that Trp127-Ala195 of Ac34
is similar to Trp55-Lys131 of S-phase kinase-associated protein 1
(SKP1) (Fig. 1B). SKP1 is a component of the SKP1–Cullin–F-box
(SCF) complex and serves as an adapter that links the F-box and
Cullin proteins (2, 48). The SCF complex targets G1 cyclins and
cyclin-dependent kinase inhibitors for ubiquitylation to regulate
G1/S transition (2, 16, 48). Some putative posttranslational mod-
ification sites, including three N-linked glycosylation sites, four
casein kinase II phosphorylation sites, and two protein kinase C
phosphorylation sites, are present in the Ac34 homologs.

Transcription of ac34 is regulated by both early and late
promoters. The temporal transcription pattern of ac34 during

AcMNPV infection of Sf9 cells was investigated with RT-PCR.
ac34 transcripts were detected from 6 to 48 h p.i. (Fig. 2A). This
transcription pattern was similar to that of gp64 (data not
shown). To map the transcription start site of ac34, 5= RACE
was performed. Specific products were amplified from RNA
isolated from AcMNPV-infected Sf9 cells at 6 and 24 h p.i.
Sequencing showed that ac34 transcription began at the second
T of the atypical early promoter motif TTCTG at 6 h p.i. and at
the second A of the typical late promoter motif ATAAG at 24 h
p.i. (Fig. 2B), indicating that ac34 is both an early and a late
gene.

ac34 is required for efficient BV production in Sf9 cells. To
investigate the role of ac34 in the AcMNPV infection cycle, a re-
combinant bacmid with a partial deletion of the ac34 ORF, desig-
nated bAc34KO, was generated via ET recombination. To facili-
tate the examination of viral infection, polh and egfp genes were
inserted into the polh locus of bAc34KO by a transposon to gen-
erate vAc34KO. The repair bacmid vHA:Ac34, in which an HA tag
sequence was fused to the N terminus of ac34, was constructed to
confirm that the observed phenotype was due to the deletion of
ac34 (Fig. 3).

Sf9 cells were transfected with vAc34KO, vHA:Ac34, or
vAcWT and observed with fluorescence microscopy. At 24 h p.t.,
the transfected cells displayed equal proportions of fluorescent
cells (approximately 10%), indicating comparable transfection ef-
ficiencies (Fig. 4A). At 48 h p.t., most of the cells transfected with
vAcWT or vHA:Ac34 were infected. In contrast, the vAc34KO-
transfected cells exhibited only a slight increase in the number of
infected cells from 24 h p.t. to 48 h p.t., suggesting that vAc34KO
was capable of generating infectious BVs from the initial trans-
fected cells, but not as proficiently as vAcWT or the repair virus. At
72 h p.t., all of the vAcWT- or vHA:Ac34-transfected cells were
infected, and the majority exhibited polyhedron formation at 96 h
p.t. (Fig. 4A). In contrast, only about 50% of the cells transfected
with vAc34KO were infected at 72 h p.t., and polyhedra were ob-
served in only some of them at 96 h p.t. (Fig. 4A). Plaque assays
revealed that at 120 h p.t., vAcWT and vHA:Ac34 produced
plaques of equal size (Fig. 4B, i). However, the plaques produced
by vAc34KO were much smaller than those of vAcWT and vHA:
Ac34 (Fig. 4B, i). A relative quantitative analysis of viral plaque
diameters showed that the average diameter of plaques produced
by vAc34KO was reduced by 43% compared with vAcWT plaques
(P � 0.05), and the defect caused by the ac34 deletion was rescued
in cells transfected with vHA:Ac34 (Fig. 4B, ii).

To further investigate the production of infectious BVs, viral
growth curves were generated. Infectious BVs were detected in
vAcWT- and vHA:Ac34-transfected cells at 24 h p.t.; however,
BVs were not detected in vAc34KO-transfected cells until 48 h p.t.,
indicating that the ac34 deletion delayed BV production in virus-
transfected cells. The total number of BVs produced by vAc34KO
was approximately 100-fold lower than for vAcWT and vHA:Ac34
at 96 h p.t. (Fig. 4C, i). A C-terminally HA-tagged repair bacmid
(vAc34:HA) was also constructed, and the titer of vAc34:HA-
transfected cells showed 10-fold reduction at 96 h p.t. (data not
shown). To confirm the results obtained with bacmid DNA trans-
fection, we performed a second time course analysis of BVs pro-
duced from bacmid-transfected cells. The BV titers of vAcWT and
vHA:Ac34 were substantially increased at 24 h p.i. In contrast, the
BV titer of vAc34KO was only slightly increased and was approx-
imately 10-fold lower than for vAcWT at 24 h p.i. (Fig. 4C, ii). The BV
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production in vAc34KO-infected cells at 48 h p.i. was equal to that in
vAcWT- and vHA:Ac34-infected cells at 24 h p.i., suggesting a lag and
reduction of BV production in vAc34KO-infected cells. Similarly, BV
production was reduced by approximately 100-fold in vAc34KO-
infected cells at 96 h p.i. (Fig. 4C, ii). The viral replication kinetics of
the repair virus were similar to those of vAcWT (Fig. 4C, ii), indicat-
ing that the phenotype resulted from the ac34 deletion and was not

due to the effects of the deletion site at that genomic locus and that the
N terminus of Ac34 was able to display a foreign peptide without any
negative effects on viral fitness, at least in cell culture.

Taken together, these results indicated that ac34 was required
for the rapid and efficient production of BVs.

The deletion of ac34 does not affect viral DNA replication or
morphogenesis. To assess whether the deletion of ac34 causes a

FIG 1 Sequence analysis of Ac34 and its homologs. (A) Multiple-sequence alignment of 10 selected Ac34 homologs. (B) Alignment of Ac34 (Trp127-Ala195) and
Homo sapiens SKP1 (Trp55-Lys131) (GenBank accession no. 1FS1_B). The alignment was performed with the AlignX module of Vector NTI Advance 11 and
edited with GeneDoc software. Black, dark gray, and light gray indicate 100%, 80%, and 60% conservation, respectively.
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defect in viral DNA replication, qPCR was performed to compare
the onset and levels of DNA synthesis in vAcWT- and vAc34KO-
transfected cells during a single replication cycle, which is gener-
ally completed within the first 24 h p.t. As shown in Fig. 5, there
was no significant increase in viral DNA content between 6 and 12
h p.t. for vAcWT- or vAc34KO-transfected cells. The levels of
DNA synthesis increased between 12 and 18 h p.t. and were the
same at 24 h p.t. for vAcWT and vAc34KO (Fig. 5). This result

indicated that the deletion of ac34 did not affect the onset or levels
of viral DNA synthesis in infected cells.

To determine whether the deletion of ac34 interferes with the
assembly and egress of nucleocapsids, Sf9 cells transfected with
vAc34KO or vAcWT were examined by transmission electron mi-
croscopy. The results showed that there was no discernible mor-
phological effect on the nucleocapsid for the two bacmids (Fig. 6).
The vAc34KO-transfected cells exhibited cytological changes and

FIG 2 Transcription of ac34 in Sf9 cells infected with AcMNPV. (A) RT-PCR analysis of ac34 transcripts. Total RNA was isolated from AcMNPV-infected Sf9
cells at the time points indicated above the lanes. (B) 5= RACE analysis of the ac34 transcriptional start sites. The early promoter motif TTCTG and the late
promoter motif ATAAG are boxed. The arrows indicate the locations of the ac34 mRNA transcription initiation sites.

FIG 3 Construction of recombinant viruses. A 245-bp fragment of the ac34 ORF was replaced with the Cm gene via ET homologous recombination in E. coli to
generate bAc34KO. The upper portion of the figure is a schematic of vAcWT, which was generated by gene insertion into the polh locus of bMON14272. The
lower portion of the figure shows the genes inserted into the polh locus of bAc34KO to generate vAc34KO and vHA:Ac34. The inserted genes are indicated in each
bacmid.
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viral morphogenesis typical of baculovirus infection, including
enlarged nuclei, electron-dense virogenic stroma containing rod-
shaped nucleocapsids, and intact nuclear envelopes (Fig. 6A). En-
veloped virions containing multiple nucleocapsids prior to occlu-
sion and polyhedra containing ODVs were found within the ring
zone (Fig. 6B and C). Similar characteristics were observed in cells
transfected with vAcWT (Fig. 6D, E, and F), indicating that the
deletion of ac34 did not affect nucleocapsid assembly or occlusion
body morphogenesis.

Expression of Ac34 during infection. vHA:Ac34 and vAcWT
had identical growth kinetics (Fig. 4C), which allowed the use of
the anti-HA antibody to detect the expression of Ac34 during the

infection cycle. Sf9 cells were infected with vHA:Ac34 at an MOI
of 5 TCID50/cell, collected at various time points, and subjected to
Western blot analysis. Ac34 expression was first detected at low
levels at 12 h p.i., increased dramatically at 24 and 48 h p.i., and
decreased at 72 and 96 h p.i. (Fig. 7). ac34 is predicted to encode a
215-amino-acid protein with a molecular mass of 24.9 kDa. The
molecular mass of the N-terminally tagged HA:Ac34 was pre-
dicted to be approximately 26 kDa. The detected protein was ap-
proximately 30 kDa, 4 kDa larger than predicted (Fig. 7). Ac34
might be posttranslationally modified; the protein sequence con-
tains nine potential modification sites, i.e., three N-glycosylation
sites, four casein kinase II phosphorylation sites, and two protein

FIG 4 Analysis of viral replication in Sf9 cells. (A) Fluorescence microscopy images of Sf9 cells transfected with vAcWT, vAc34KO, or vHA:Ac34 at 24, 48, and
72 h p.t. Light microscopy images show the formation of OBs in the transfected cells at 96 h p.t. (B) Plaque assays of vAcWT-, vAc34KO-. and vHA:Ac34-
transfected Sf9 cells. (i) Viral plaques were visualized with fluorescence microscopy at 120 h p.t. (ii) Twenty different viral plaques of each virus were randomly
selected and statistically analyzed. The error bars represent standard deviations. (C) Viral growth curves from TCID50 assays. Viral titers were determined in the
supernatants of cells transfected (i) or infected (ii) with vAcWT, vAc34KO, or vHA:Ac34 at various time points. The values presented for each time point
represent the averages of three independent assays, and the error bars represent the standard deviations.
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kinase C phosphorylation sites. In addition, the HA tag was not
detected in vAc34:HA-infected cells using the anti-HA antibody
(data not shown).

Ac34 is distributed in the cytoplasm and nucleus and is not
packaged into virions. Immunofluorescence was used to investi-
gate the subcellular localization of Ac34. Sf9 cells infected with
vHA:Ac34 were probed with mouse monoclonal anti-HA anti-
body and examined by confocal microscopy. At 12 h p.i., Ac34

localized to both the cytoplasm and nucleus with a low expression
level (Fig. 8A). The amount of Ac34 increased at 24 h p.i., and the
protein was predominantly distributed in the cytoplasm (Fig. 8A).
This localization pattern was maintained at 48 h p.i. Cells infected
with vAcWT (mock) did not show background fluorescence, in-
dicating the specificity of the anti-HA antibody (Fig. 8A).

To further demonstrate subcellular localization of Ac34, cells
infected with vHA:Ac34 were fractionated into cytoplasmic and
nuclear fractions, which were then subjected to Western blot anal-
ysis. As shown in Fig. 8B, Ac34 was detected in both the cytoplas-
mic and nuclear fractions of vHA:Ac34-infected Sf9 cells collected
from 12 to 48 h p.i. The levels of Ac34 appeared to be greater in the
cytoplasm than in the nucleus (Fig. 8B). The nuclear protein IE1
and the cytoplasmic protein GP64 were exclusively detected in the

FIG 5 qPCR analysis of viral DNA replication. Sf9 cells were transfected with
0.5 �g of vAcWT or vAc34KO bacmid DNA. At various time points, total
cellular DNA was extracted, digested with DpnI, and analyzed with qPCR. The
values presented for each time point represent the averages of two independent
replication assays. The error bars represent standard deviations.

FIG 6 Transmission electron microscopy analysis of Sf9 cells transfected with vAc34KO (A, B, and C) or vAcWT (D, E, and F) at 72 h p.t. (B and E)
Higher-magnification images of the regions boxed in panels A and D, respectively. The labels indicate the virogenic stroma (VS), nuclei (Nu), and polyhedra (p).
Scale bar, 500 nm.

FIG 7 Temporal expression analysis of Ac34. Sf9 cells were infected with
vHA:Ac34 at an MOI of 5 TCID50/cell. The cells were harvested at 6, 12, 24, 48,
72, and 96 h p.i., and samples were subjected to immunoblotting. The mem-
brane was probed with anti-HA antibody to detect HA:Ac34. An anti-actin
antibody was used as a loading control.
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nuclear and cytoplasmic fractions, respectively, demonstrating
the efficiency of the cellular fractionation (Fig. 8B). Taken to-
gether, these results suggested that Ac34 was distributed in both
the cytoplasm and the nucleus during infection.

To determine whether Ac34 is a component of virions, BVs,
OBs, and ODVs purified from vHA:Ac34-infected cells were sub-
jected to immunoblotting. Ac34 was not detected in virions but
was discernible in vHA:Ac34-infected cell lysates (Fig. 8C). To
verify the loading samples, the same membrane was reprobed with
anti-VP39 antibody, and VP39 was detected in all of the samples
(Fig. 8C). These results indicated that Ac34 is not a structural
protein.

Late gene expression is affected by the deletion of ac34. As
demonstrated above, Ac34 is not a structural protein; therefore, it
is possible that Ac34 functions as a regulatory protein. To test this
hypothesis, Sf9 cells infected with vAcWT or vAc34KO were sub-
jected to immunoblotting. The results showed that the immedi-
ate-early gene product IE1 and the early-late gene product GP64
were detected beginning at 6 h p.i. in vAc34KO- and vAcWT-
infected cells. However, the late proteins P6.9 and 38K were not

detected until 24 h p.i. in vAc34KO-infected cells, 6 h later than
when they were first detected in vAcWT-infected cells (Fig. 9A).
Another late protein, VP39, exhibited a 12-h delay in expression in
vAc34KO-infected cells (Fig. 9A). These results indicated that the
deletion of ac34 did not affect IE1 or GP64 expression but delayed
the expression of late proteins, including VP39, 38K, and P6.9.

The delay in late gene product expression in vAc34KO-infected
cells could be due to a delay or reduction in the transcription of
viral genes. To determine whether the transcription of viral genes
was affected by the deletion of ac34, qRT-PCR was performed to
analyze the transcript levels of selected genes. The transcripts of
three late genes (38k, p6.9, and vp39) were substantially reduced in
vAc34KO-infected cells (Fig. 9B and C). At 12 h p.i., 38k, p6.9, and
vp39 transcripts in vAc34KO-infected cells were typically reduced
to 5 to 10% of the levels in vAcWT-infected cells (Fig. 9B). How-
ever, the transcript levels of gp64 and ie1 in vAc34KO-infected
cells were not significantly different from those in vAcWT-in-
fected cells at 12 and 24 h p.i. (Fig. 9B and C). These results sug-
gested that Ac34 is an activator protein that promotes late gene
expression.

FIG 8 Localization of Ac34 in vHA:Ac34-infected cells and purified virions. (A) Immunofluorescence analysis of the subcellular localization of Ac34. Sf9 cells
were infected with vAcWT (Mock) or vHA:Ac34 at an MOI of 5 TCID50/cell. At various time points, the cells were fixed, probed with mouse monoclonal anti-HA
antibody to detect HA:Ac34, and visualized using Alexa 555-conjugated goat anti-mouse antibody (violet). Nuclei were stained with Hochest33342 (blue). All of
the images are shown at the same magnification. (B) Western blotting of the subcellular localization of Ac34. Sf9 cells were infected with vHA:Ac34 at an MOI
of 5 TCID50/cell, and cytoplasmic and nuclear fractions were prepared at the indicated time points. The samples were subjected to immunoblotting with anti-HA,
anti-IE1, or anti-GP64 antibodies. (C) Analysis of Ac34 in purified virions. Lysates of vHA:Ac34-infected cells and purified vHA:Ac34 virions (BVs, ODVs, and
OBs) were subjected to immunoblotting using anti-HA and anti-VP39 antibodies.
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vAc34KO lacks virulence in T. ni larvae. Because the deletion
of ac34 impairs viral replication in vitro, the role of ac34 in viral
replication in vivo is also of interest. Therefore, bioassays were
performed on 3rd-instar T. ni larvae. These results showed that
the mortality of larvae infected with vAc34KO was similar to that
of control larvae (Table 1). Larvae infected with vAc34KO failed to
develop NPV disease, indicating that the OB of vAc34KO essen-
tially lost its infectivity in T. ni larvae. In contrast, 100 OBs/larva of
vAcWT were sufficient to generate �70% mortality in virus-in-
fected larvae (Table 1).

We also determined the titer of BVs in the hemolymph of in-
sects infected with vAc34KO or vAcWT. Fourth-instar larvae were
orally infected with a high dose (20,000 OBs/larva) of vAc34KO or
vAcWT. Hemolymph was collected from these larvae at 48 and 72
h p.i. Few infectious BVs were detected in the hemolymph of lar-
vae inoculated with vAc34KO (Fig. 10), whereas the BV titers of

the hemolymph of larvae treated with vAcWT were almost 108

TCID50/ml. Fluorescence microscopy analysis showed that the
majority of hemocytes were infected in vAcWT-infected larvae,
but not in vAc34KO-infected larvae (data not shown). To further
investigate the biological activity of vAc34KO BVs in vivo, fourth-
instar T. ni larvae were injected with BVs from vAc34KO or
vAcWT. At 48 and 72 h p.i., hemolymph was collected and
titrated. We found that the titers in the hemolymph of vAc34KO-
injected larvae approached zero, but the titers in the hemolymph
of vAcWT-injected larvae were �107 TCID50/ml (Fig. 10). These
results suggested that vAc34KO is avirulent in T. ni larvae.

DISCUSSION

The conservation of Ac34 in alphabaculoviruses may imply that
the protein serves an important function in the viral life cycle. To
elucidate its function, we generated an ac34 knockout AcMNPV

FIG 9 Analysis of the effect of ac34 deletion on viral gene expression. (A) Time course analysis of IE1, GP64, 38K, P6.9, and VP39 synthesis. Sf9 cells were infected
with vAcWT or vAc34KO at an MOI of 1 TCID50/cell and harvested at different time points. The cell lysates were subjected to immunoblotting with anti-IE1,
anti-GP64, anti-38K, anti-P6.9, or anti-VP39 antibody. An anti-actin antibody was used as a loading control. (B and C) qRT-PCR analysis of viral gene
transcription. The effects of ac34 deletion on the transcription of several genes were measured with qRT-PCR at 12 (B) and 24 (C) h p.i. The transcript level of
each gene was normalized to the genome copy number. The effect of ac34 deletion on gene transcription is shown for each gene as the percentage of detected
transcripts relative to vAcWT. The error bars represent the standard deviations from the mean.

TABLE 1 Infectivity of vAc34KO and vAcWT in the 3rd instar of T. ni larvae

Virus
Dose (no. of
OBs/larva)

Replication 1 Rep. 2

No. treated No. dead Mortality (%) No. treated No. dead Mortality (%)

vAc34KO 100 24 1 4.2 24 2 8.3
1,000 24 1 4.2 24 1 4.2
10,000 24 0 0.0 24 2 8.3

vAcWT 100 24 17 70.8 24 18 75.0
1,000 24 24 100.0 24 23 95.8
10,000 24 24 100.0 24 24 100.0

Control 24 2 8.3 24 1 4.2
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and found that the deletion mutant showed severely impaired
viral replication and delayed late gene expression in Sf9 cells. In
vivo assays revealed that the deletion mutant could not establish a
fatal infection in T. ni larvae.

Transcriptional analysis of ac34 showed that ac34 transcripts
were detected from 6 to 48 h p.i. and that ac34 transcription was
regulated by both early and late promoters (Fig. 1). This transcrip-
tion profile is consistent with the findings of Jiang et al. (26), who
examined the temporal transcription patterns of AcMNPV
through a microarray. We used a repair virus containing an HA
tag at the Ac34 N terminus to investigate the expression pattern
and localization of Ac34. Ac34 localized to both the cytoplasm and
nucleus during infection (Fig. 8), suggesting that it might function
in both compartments. We also constructed a C-terminally HA-
tagged repair bacmid (vAc34:HA). Interestingly, this tagged pro-
tein could not be detected in vAc34:HA-infected cells with an-
ti-HA immunoblotting. In addition, vAc34:HA caused a 10-fold
reduction of BV production in Sf9 cells (data not shown), suggest-
ing that the C terminus plays a critical role in Ac34 function.
Moreover, the C terminus was highly conserved in Ac34 homologs
(Fig. 1).

The deletion of ac34 resulted in a significant decrease in BV
production but did not negatively affect DNA replication. A sim-
ilar negative effect on BV production was observed in early studies
of ac66 and exon0 (9, 27). The deletion of either exon0 or ac66
resulted in a greater than 100-fold reduction in BV production (9,
14, 27). Neither the exon0 nor the ac66 deletion mutant was essen-
tial for nucleocapsid assembly, but both were required for efficient
nucleocapsid egress (9, 14, 27). Electron microscopy analysis
demonstrated that the ac34 deletion did not affect nucleocapsid
assembly (Fig. 6). However, we did not observe any nucleocapsid
accumulation within the nuclei, which differed from the typical
phenotype of ac66 and exon0 deletion mutant-transfected cells
(14, 27). In addition, unlike Ac66 and EXON0, which were re-
ported to be associated with BVs and ODVs (6, 14, 56), Ac34 was
not detected in virions. There are similarities between the pheno-
types of ac34 and pp31 deletion mutants. Deletion of pp31 also

resulted in a reduction in BV production and slightly downregu-
lated some early and late gene expression levels (65). Ac34 may not
be involved in nucleocapsid egress but could be associated with
the regulation of viral late gene expression or the virus-host inter-
action.

To examine the possibility that viral gene expression is affected
by the deletion of ac34, we compared the expression and tran-
scription of several genes in vAc34KO- and vAcWT-infected cells.
The temporal expression and transcription of the early gene ie1
and the early-late gene gp64 were similar in vAc34KO- and
vAcWT-infected cells. The major effect of ac34 deletion appeared
to be the delay of late gene expression (Fig. 9). VP39, P6.9, and 38K
are essential for nucleocapsid assembly (55, 64), and the delayed
expression of these proteins resulted in a lag in nucleocapsid as-
sembly. This result was consistent with the delay of BV production
observed in Sf9 cells (Fig. 4). In addition, a general reduction in
BV production may have been caused by a decrease in the produc-
tion of viral proteins. These findings suggest that Ac34 plays a role
in viral replication, especially during the late phase of the infection
cycle, which could result in a delay of the infection process.

Interestingly, the transcription level of gp64 was not affected,
even at the late phase of infection (Fig. 9). gp64 has both early and
late promoter elements. It was reported that at 24 h p.i., gp64 was
mainly transcribed from the late promoter (4). Baculoviruses in-
duce a dramatic shutoff of host protein synthesis that parallels late
gene expression (52). It has been demonstrated that the early pro-
moter of gp64 was active at 36 h p.i. (4). vp39, 38k, and p6.9 were
expressed solely from late promoter motifs (3, 62, 64), and it is
possible that they were more severely affected because late tran-
scription is influenced by Ac34, while early transcription is inde-
pendent of Ac34.

The amino acid sequence of Ac34 shares similarity with that of
SKP1. Studies of SKP1 have shown that it is a component of the
SCF complex that catalyzes the ubiquitylation of various proteins
involved in cell cycle control and signal transduction (38, 68).
SKP1 serves as an adapter that links the F-box protein to Cullin
(48) and is essential for both G1/S and G2/M transitions (2). Of
particular interest is the fact that cell cycle arrest has been shown to
be important for the replication of many RNA and DNA viruses
(10). Many viruses could take over the host ubiquitin system to
dysregulate the cell cycle for viral proliferation (24, 46, 59). Bacu-
lovirus was able to produce a “viral S phase,” which is a benefit for
viral replication (44). It has been reported that cells infected with
baculovirus were arrested in the S or G2/M phase (5, 23, 47). It is
therefore possible that Ac34 is required to optimize the cellular
environment and functions as a regulator to help virus induce the
“viral S phase” for increased viral proliferation. For example, Ac34
may interact with the SCF complex to regulate cyclin to promote
the G1/S transition or to inhibit the G2/M transition.

Ac34 is not required for late transcription but is required for
the amplification of late gene expression. In this respect, Ac34 is
similar to some late expression factors, such as LEF6, LEF12, and
PP31 (21, 32, 65). These genes do not appear to play essential roles
in AcMNPV infection in Sf9 cells, but their presence accelerates
the infection cycle and increases viral yields (21, 32, 65). In tran-
sient-expression experiments, Ac34 did not appear to be required
for late gene expression. However, the transient-expression sys-
tem does not perfectly mimic the course of viral infection, and it is
possible that the functional importance of factors that are regu-
lated by other viral components during virus infection could be

FIG 10 BV titers in the hemolymph of larvae infected with vAcWT or
vAc34KO. Fourth-instar T. ni larvae were infected with vAcWT and vAc34KO
per os at 20,000 OBs/larva or hemocoelically injected with 250 TCID50/larva. At
48 and 72 h p.i., the hemolymph was collected to determine the virus titer. The
error bars represent standard deviations.
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overlooked. Studies of gene deletion mutants have provided new
insights into the roles of some genes, particularly regarding their
requirements for DNA replication and/or late transcription in the
context of the infection cycle (13, 21, 30, 33, 37, 42, 51, 63). Our
data demonstrate that Ac34 is required for efficient viral late tran-
scription during the infection cycle. Ac34 could promote viral late
transcription by inactivating virus-encoded factors that reduce
transcription factor activity. Further understanding of the mech-
anism of Ac34 function should help to define its role in the expres-
sion of viral late genes.

Productive infection in insects may require specific viral pro-
teins that are dispensable for viral replication in cell culture; there-
fore, we considered it important to study the contribution of Ac34
to AcMNPV infection in vivo. Our results showed that vAc34KO
cannot establish a fatal infection in T. ni larvae through per os
infection. Further analyses revealed that few infectious BVs were
detected in the hemolymph of vAc34KO-infected larvae (through
both per os and injection infection) (Fig. 10), indicating that the
deletion of ac34 significantly impaired viral replication in T. ni
larvae. Empirical evidence from studies of baculovirus pathogen-
esis in vivo revealed that insects have some defense mechanisms
that could be effective against viral pathogens (8, 28, 53, 57).
Midgut cell sloughing may be one widespread response by lepi-
dopteran larvae to insect viruses in general (11, 15, 28). Previous
studies showed that midgut cells were sloughed at the early phase
of baculovirus infection, and all of the infected cells were cleared
before larval ecdysis (11, 58). In addition, insects were able to
recognize and respond to baculovirus infection via immune-re-
lated mechanisms (53, 57). Hemocytes could remove the virus
from the hemolymph and participate in the encapsulation and
melanization responses to eliminate viral infection, which were
effective in blocking disease progression in baculovirus-infected
larvae (43, 57). The host defense against baculovirus infection was
required for rapid infection in vivo. Our results demonstrated that
the absence of ac34 had a significant effect on viral replication and
infectivity in T. ni larvae. It is possible that the onset of BV pro-
duction is delayed and the rate of BV production is diminished in
vAc34KO-infected larvae, which could account for the loss of vir-
ulence of vAc34KO in vivo.

In this study, we demonstrated that Ac34 was not essential for
viral replication in cell culture but was associated with late gene
expression. In addition, the ac34 deletion mutant failed to estab-
lish an effective infection in vivo. The role of Ac34 in late gene
expression and virulence in vivo will be the topics of future studies.
Five lepidopteran NPV-specific genes have been characterized,
but none of them seem to be directly responsible for the differ-
ences between lepidopteran NPVs and GVs. There are 14 GV-
specific genes in all of the sequenced GVs (44), and these genes
may be the source of the biological differences between lepi-
dopteran NPVs and GVs.
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