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A B S T R A C T

The Autographa californica multiple nucleopolyhedrovirus (AcMNPV) ac124 gene has been previously characterized
as a viral pathogenicity factor. In this study, an ac124-knockout virus (vAc124KO) was generated to examine the
role of the ac124 gene in the context of the AcMNPV genome during infection. Our results showed that the
absence of ac124 does not affect the production of budded virus (BV) and occlusion bodies (OBs) in infected Sf9
cells. Western blotting analysis showed that the deletion of ac124 does not affect the temporal expression and the
relative levels of GP64, VP39, P6.9, and polyhedrin. qRT-PCR analysis showed that the transcription level of
chitinase but not the adjacent cathepsin in vAc124KO infected cells was significantly lower than that of the
vAcWT infected cells from 24 to 96 h p.i. Luciferase assays showed that the overexpression of Ac124 could
significantly improve the ability of chitinase promoter to initiate reporter genes. Based on the above data, we
hypothesize that Ac124 binds to the promoter of chitinase to regulate the expression of chitinase gene.

1. Introduction

Baculoviruses are rod-shaped enveloped viruses that have circular
double-stranded DNA genomes (Rohrmann, 2013). Autographa cali-
fornica multiple nucleopolyhedrovirus (AcMNPV) is the type species of
Baculoviridae and has a genome of approximately 134 kbp that encodes
156 putative open reading frames (ORFs) (Ayres et al., 1994). During
typical baculovirus replication, two genotypically identical but pheno-
typically distinct progeny virion forms are produced, the budded virion
(BV) and the occlusion-derived virion (ODV). BVs are produced during
the early phase of infection. Nucleocapsids assemble within a sub-
nuclear structure called the virogenic stroma (VS), leave the cell nu-
cleus, and budd through the plasma membrane modified by a number
of virus-encoded proteins to form BVs. Since BVs are responsible for
transmitting infection between susceptible insect tissues and between
cells in cell culture, they are essential for establishing systemic infection
in an infected insect. During the late phase of infection, nucleocapsids
are retained in the nucleus and acquire viral induced intranuclear
membrane-derived microvesicles to form ODVs. ODVs are subsequently
embedded within a crystalline matrix composed mainly of the protein
polyhedrin to form occlusion bodies (OBs). When a dead host releases

OBs into the environment, OBs are ingested by another host and initiate
a new round of infection (van Oers and Vlak, 2007).

Baculoviruses are specifically pathogenic to insects infecting insects
of mainly the orders Lepidoptera, Hymenoptera, and Diptera (Herniou
et al., 2003). The Baculoviridae can be divided into four genera: Al-
phabaculovirus (lepidopteran nucleopolyhedroviruses [NPVs]), Betaba-
culovirus (lepidopteran granuloviruses [GVs]), Gammabaculovirus (hy-
menopteran NPVs), and Deltabaculovirus (dipteran NPVs) (Jehle et al.,
2006). The members of the Alphabaculovirus genus can be further sub-
divided into Group I and Group II (Jehle et al., 2006), which differ
significantly in gene content. The viruses of Group II show more var-
iation than Group I viruses, suggesting that Group I is a more recent
lineage than Group II (Lange et al., 2004). There are 12 genes that are
found in only Group I NPVs: ac1 (ptp), ac5, ac16 (bv/odv-e26), ac27 (iap-
1), ac30, ac72, ac73, ac114, ac124, ac128 (gp64), ac132, and ac151
(ie2) (Rohrmann, 2013). Some of these genes have been characterized.
ac1 encodes a RNA 5′-triphosphatase (Gross and Shuman, 1998; Takagi
et al., 1998), which has been predicted to be involved in preparing RNA
for cap formation (Changela et al., 2005). ac5 is likely to be non-
essential because when it was interrupted by insertional/deletion mu-
tagenesis in BmNPV (Bm134), the virus appeared to be viable
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(Rohrmann, 2013). Ac16 is an envelope protein of BV and ODV, and it
interacts with FP25 K to form a complex with cellular actin (Beniya
et al., 1998). The deletion of Ac16 does not affect viral DNA synthesis or
BV production, but the relative level of IE0 to IE1 is significantly in-
creased (Nie et al., 2009). Transient-expression experiments indicated
that IAP-1 (Ac27) suppresses apoptosis of Trichoplusia ni cells during
Helicoverpa armigera NPV (HearNPV) infection (Zeng et al., 2009).
Moreover, a recombinant HearNPV expressing IAP-1 also suppresses
apoptosis, but the production of BV is not rescued (Zeng et al., 2009).
Ac30 is likely to be nonessential because when the ortholog (Bm21) was
interrupted by insertional/deletion mutagenesis in BmNPV, the virus
appeared to be normal, but the deletion of Bm21 extends the median
survival time of infected larvae (Huang et al., 2008; Rohrmann, 2013).
IE2 (Ac151) is a transcriptional regulator (Yoo and Guarino, 1994), and
it may be involved in cell cycle regulation (Prikhod’ko and Miller,
1998). ac72 was not characterized. Ac73 is BV associated in AcMNPV
(Wang et al., 2010). It may be essential because insertion/deletion
mutants of this gene in BmNPV (Bm59) could not be isolated
(Rohrmann, 2013). In AcMNPV Ac114 appears to be an ODV and BV
associated protein (Braunagel et al., 2003; Wang et al., 2010). It is
likely to be nonessential, as an insertion/deletion mutation of this gene
in BmNPV (Bm94) had no apparent effect on infectivity (Rohrmann,
2013). ac128 encodes a low pH activated envelope fusion protein GP64
for the entry of BV into cells (Monsma et al., 1996; Roberts and
Faulkner, 1989; Volkman, 1986; Whitford et al., 1989). Ac132 plays a
role in nuclear entry (Fang et al., 2016). Most notably, Group I NPVs
use GP64 as their BV fusion protein, whereas Group II NPVs lack GP64
and utilize a protein called F protein (Pearson and Rohrmann, 2002).
The genomic sequence of ac124, the last of the 12 Group I specific genes
described above, predicts a gene product of 248 amino acids (aa) with a
putative molecular mass of 28.5 kDa (Ayres et al., 1994). Previous
proteomic studies determining the protein composition of BV and ODV
of AcMNPV showed that Ac124 is associated with BV, but was not
detected in ODVs (Braunagel et al., 2003; Wang et al., 2010). The ac124
deletion mutant had no striking phenotype in Sf9 cells, including BV
production and viral morphogenesis. However, the larval bioassays
showed that the mutant virus took approximately 20 h longer to kill S.
exigua larvae than wild-type virus (Liang et al., 2014). Nevertheless, the
exact role of Ac124 in viral replication remains obscure.

In this study, an ac124-knockout virus (vAc124KO) was generated
to investigate the role of ac124 in the AcMNPV life cycle. We found that
ac124 is not essential for infectious BV and OB production. Further
investigations showed that the ac124 deletion did not affect the ex-
pression of the early genes, late genes, and very late genes. However,
our results showed that the deletion of the AcMNPV ac124 gene re-
sulted in a decrease in chitinase transcription.

2. Materials and methods

2.1. Cell lines and viruses

The Sf9 cell strain, which was derived from Spodoptera frugiperda
(Vaughn et al., 1977), was cultured at 27 °C in TNM-FH medium (In-
vitrogen) supplemented with 10% fetal bovine serum, 100 μg/ml pe-
nicillin, and 30 μg/ml streptomycin. The bacmid bMON14272 (In-
vitrogen), containing an AcMNPV genome, was propagated in the E. coli
strain DH10B as previously described (Luckow et al., 1993). BV titers
were determined with a 50% tissue culture infective dose (TCID50)
endpoint dilution assay in Sf9 cells (O’Reilly et al., 1992). Time zero
was defined as the time when the viral inoculum was added during
infection or replaced with fresh medium during transfection.

2.2. Construction of an ac124-knockout bacmid

An ac124-knockout AcMNPV bacmid was generated via ET homo-
logous recombination as previously described (Wu et al., 2006) in

which the ac124 locus region was replaced with the chloramphenicol
resistance gene (Cm) for antibiotic selection in the E. coli. A 1,182-bp
PCR fragment was amplified using pUC18-ac132UCD (Fang et al.,
2016) as the template and primers Ac124D1 (5′-AAAAATGAAGTTTC
CCTATGTTGCGTTGTCGTACATCAACGTGACGCTGTCCCTTTCGTCTTC
GAATAAATA-3′) and Ac124D2 (5′-CAATTAGTTTCGTTTT CAAACACT
CTAAACCCATAACAATAGTAACACTCTAAACCAGCAATAGACATA
AGC-3′). This fragment contains the 1,038-bp Cm cassette and 72 bp of
ac124 flanking regions at each end. Purified PCR fragments were
transformed into electrocompetent DH10Bac cells, and the recombinant
ac124-knockout bacmid was selected and PCR analyzed as previously
described (Yuan et al., 2011). The resulting ac124-knockout bacmid
was designated as bAc124KO.

2.3. Construction of an ac124-knockout virus

To facilitate the examination of viral infection, the enhanced green
fluorescence protein gene (egfp, referred to as gfp in this study) and the
AcMNPV polyhedrin gene (polh) were transposed into bAc124KO to
generate an ac124-knockout virus (vAc124KO) as previously described
(Yuan et al., 2011). Using the same method above, the polh and gfp
genes were transposed into bMON14272 to generate a wild-type control
virus (vAcWT).

To generate an ac124-repaired virus tagged with FLAG, a donor
plasmid (pFB1-Ac124:Flag-PG) was constructed as follows. Using pri-
mers ac124RU (5′-CGAGCTCAATAGTCGCTCAACATGTACTC-3′ [the
SacI site is underlined]) and ac124RFlag (5′-CGGGATCCTTACTTATC
GTCGTCATCCTTGTAATCTTTT TTATTTTTTATGTCATCCA-3′ [the
BamHI site is underlined]), a DNA fragment containing the ac124 na-
tive promoter and the ac124 ORF tagged with a FLAG epitope was PCR
amplified from bMON14272. The PCR products were cloned into the
pUC18-SV40 plasmid (Cai et al., 2012) to generate pUC18-Ac124:Flag-
SV40. pUC18-Ac124:Flag-SV40 was digested with SacI and XbaI, and
the resulting fragment was inserted into pFB1-PH-GFP (Wu et al., 2006)
to generate the donor plasmid pFB1-Ac124:Flag-PG. pFB1-Ac124:Flag-
PG was then transformed into electrocompetent DH10B cells containing
the helper plasmid pMON7124 and bAc124KO to generate the ac124-
repaired virus (vAc124:Flag).

2.4. Western blot analysis

To analyze the expression of Ac124 in infected cells, Sf9 cells
(1.0× 106) were infected with vAc124:Flag at a multiplicity of infec-
tion (MOI) of 10 TCID50/cell. At different time points p.i., cells were
collected by centrifugation at 3000 × g for 10min. Western blotting
was performed using a mouse monoclonal anti-FLAG antibody (1:1000;
Abmart) as the primary antibody. A goat anti-mouse horseradish per-
oxidase (HRP)-conjugated antibody (1:3000; Pierce) was used as the
secondary antibody. Proteins were visualized using an enhanced che-
miluminescence system (ECL; Amersham Biosciences) according to the
manufacturer’s instructions.

To evaluate the effects of ac124 deletion on viral protein expression,
Sf9 cells were infected with vAc124KO or vAcWT at an MOI of 10
TCID50/cell. The cells were collected, lysed in RIPA buffer (Thermo
Scientific) for 30min on ice, and centrifuged for 10min at 14,000 × g
at 4 °C. The supernatants were collected and subjected to im-
munoblotting. Western blotting was performed as described previously
(Yuan et al., 2011). The primary antibodies used were the following: (i)
mouse monoclonal AcMNPV GP64 antibody (1:1000; eBioscience), (ii)
rabbit polyclonal AcMNPV P6.9 antibody (1:1000), (iii) rabbit poly-
clonal AcMNPV VP39 antibody (1:1000), (iv) rabbit polyclonal
AcMNPV POLH antibody (1:1000), and (v) mouse monoclonal GADPH
antibody (1:1000; Abmart). The anti-rabbit horseradish peroxidase
(HRP) antibody (1:5000; GE) or goat anti-mouse HRP secondary anti-
bodies (1:3000; Amersham Biosciences) were used. The signals were
detected using the ECL System (Amersham Biosciences) according to
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the manufacturer’s instructions.

2.5. Analysis of viral growth

Sf9 cells (1.0× 106) were transfected with 1.0 μg of the constructed
bacmid (vAcWT, vAc124KO, or vAc124:Flag) using the Cellfectin li-
posome reagent (Invitrogen) in triplicate. At the indicated time points
posttransfection (p.t.), cells were monitored by fluorescence micro-
scopy, and supernatants were harvested to determine titers.

2.6. Assays for OB production

Sf9 cells (1.0× 106) were grown to confluence in a 35mm dish and
then infected with vAcWT or vAc124KO. For quantification of total
produced polyhedra, 1% (w/v) SDS was added to the cell pellets at the
indicated time points p.i., and the cell pellets were incubated at 37℃ for
30min to release polyhedra. The numbers of polyhedra were counted
using a hemocytometer.

2.7. RNA extraction and qRT-PCR

Sf9 cells (1.0× 106) were grown to confluence in a 35mm dish and
then infected with vAcWT or vAc124KO. At different time points p.i.,
cells were collected by centrifugation at 3000 × g for 10min. Total
RNA isolation and cDNA synthesis were performed as previously de-
scribed (Cai et al., 2012). Quantitative reverse transcription-PCR (qRT-
PCR) was performed using TransStart Green qPCR SuperMix (TransGen
Biotech) according to the manufacturer’s protocol. Six genes associated
with viral proliferation or larval death (vp39, gp64, polh, fgf, p10, and
chitinase) were chosen to investigate the transcriptional levels. The
qPCR data of viral genes were normalized to host 18S rRNA (Li et al.,
2015), and the relative expression of genes was calculated using the
2△△CT method (Schmittgen and Livak, 2008).

2.8. Plasmid constructions

A 600-bp fragment containing the promoter of chitinase was PCR
amplified from bMON14272 (nt 112,414 to 113,013) using the primers
ChitinasePU (5′-CTCGAGGGCTTCGAACGCTG TGTGCA-3′ [the XhoI
site is underlined]) and ChitinasePD (5′-AAGCTTTTTAATT TATCTTA
ATTTTAA-3′ [the HindⅢ site is underlined]). The PCR products were
ligated into a luciferase reporter plasmid pGL3-Basic (Wei et al., 2013)
to generate a plasmid pGL3-Chitinase-Pro. The fragment containing the
ac124 ORF was PCR amplified from bMON14272 (nt 109,269 to
110,012) using the primers Ac124PU (5′-GGATCCATGGGTTTGTTTGC
GTGTTG-3′ [the BamHI site is underlined]) and Ac124PD (5′-GAATT
CTTATTTTTTATTTTTTATGTCATCCA-3′ [the EcoRI site is under-
lined]). The PCR fragment was inserted downstream of the immediate
early 2 promoter on plasmid pIBV5-His to a transient expression
plasmid named pIB-Ac124.

2.9. Luciferase assays

Sf9 cells (4× 104) were transfected with 0.1 μg of the DNA

indicated below using Cellfectin (Invitrogen) as the transfection reagent
following the manufacturer’s protocol. Cell extracts were prepared 48 h
after transfection using a passive lysis buffer. Luciferase activities were
evaluated with a Dual-Luciferase Assay System (Promega, Madison, WI)
according to the manufacturer’s recommendations using Varioskan LUX
plate reader (Thermo Fisher Scientific, Waltham, MA). Background
luminescence was determined using untransfected cells and the back-
ground readings were then subtracted from the resulting luminescence
readings before being normalized to Renilla luminescence and pre-
sented as relative luminescence unit. The luciferase activity data
(average ± standard deviation) were collected from triplicate assays of
three independent transfections and are presented as the number of
relative light units (RLUs) per microgram protein.

3. Results

3.1. ac124 is an early gene

To analyze the temporal expression of Ac124, Sf9 cells were infected
or mock-infected with vAc124:Flag at an MOI of 10. At designated time
points p.i., vAc124:Flag-infected cells were collected and were analyzed
by Western blotting using an anti-FLAG antibody. As shown in Fig. 1A,
a major FLAG-immunoreactive band of approximately 30 kDa was first
detected at 12 h p.i., and it could still be detected at 96 h p.i. To assess
whether Ac124 synthesis required prior DNA replication, the DNA
synthesis inhibitor aphidicolin was added to vAc124:Flag-infected cells.
As shown in Fig. 1B, Ac124 was detected in aphidicolin-treated cells. As
a control to test the efficiency of the drug treatment, the same mem-
brane was stripped from antibodies and reprobed with an anti-VP39
antibody to detect the late viral protein VP39. As expected, the synth-
esis of VP39 was not detected in aphidicolin-treated cells (Fig. 1B).
Taken together, these results indicated that ac124 is an early gene.

3.2. Construction of an ac124-knockout bacmid and confirmation of its
construction by PCR

bAc124KO was constructed by deleting the central portion of ac124
and retaining 100 nt from the 5′ end and 244 nt from the 3′ end of the
ac124 coding region to ensure the expression of the neighboring genes
ac123 and ac125 (Fig. 2A). The 400-bp fragment of the ac124 ORF was
replaced with a 1,038-bp Cm cassette between nt 109,369 and nt
109,768 of the AcMNPV genome to generate the ac124-knockout
bacmid (Fig. 2A).

The deletion of ac124 from the ac124 locus of bMON14272 and the
insertion of the Cm cassette were confirmed by PCR (Fig. 2B). Primer
pair CmU/CmD (Fig. 2A) was used to confirm the insertion of the Cm
cassette. Primers Ac124US1 and Ac124DS2 (Fig. 2A) were used to
confirm the deletion of 400 bp within the ac124 coding region and its
replacement with the 1,038-bp Cm cassette. Primer pair Ac124US1/
CmD and CmU/Ac124DS2 (Fig. 2A) were used to confirm the re-
combination junctions upstream and downstream of ac124, respec-
tively. The sizes of the PCR-amplified products obtained were as pre-
dicted following successful recombination (Fig. 2B).

Fig. 1. ac124 is an early gene. (A) Temporal expression analysis of
Ac124. Cells were mock-infected (Mi) or infected with vAc124:Flag
at an MOI of 10 TCID50/cell. At the indicated time points p.i., cells
were harvested, and total cellular proteins were detected using
Western blotting with an anti-FLAG antibody. An anti-tubulin an-
tibody was used as a loading control. (B) Cells were infected with
vAc124:Flag in the presence (+) or absence (-) of the DNA
synthesis inhibitor aphidicolin. Total cellular proteins were de-
tected using Western blotting with anti-FLAG, anti-VP39, and anti-
tubulin antibodies to detect FLAG-tagged Ac124, VP39, and
Tubulin, respectively.
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3.3. Construction of AcBAC recombinants containing the polh and egfp
genes, vAcWT, vAc124KO, and vAc124:Flag

To determine whether the deletion of ac124 had any effect on OB
morphogenesis and to facilitate the examination of viral infection, the
polh gene of AcMNPV and egfp were inserted into the polh locus of
bAc124KO via Tn7-mediated transposition as described previously
(Fang et al., 2016). Thus, an ac124-knockout AcMNPV, which we de-
signated vAc124KO, was constructed (Fig. 2D). The repair bacmid was
constructed to rescue and confirm the phenotype resulting from the
deletion of ac124, vAc124:Flag, carrying the polh gene, egfp, and ac124
with a FLAG tag at the C terminus (Fig. 2D). vAcWT, bMON14272
carrying the polh and egfp genes, was used as a positive control
(Fig. 2C). All constructs were confirmed by PCR, the expression of egfp,
and the formation of occlusion bodies.

3.4. ac124 is not essential for infectious BV production

To determine the effect of ac124 deletion on viral replication,
vAcWT, vAc124KO, or vAc124:Flag was transfected into Sf9 cells. Cells
were monitored by fluorescence microscopy at the indicated time
points p.t. At 24 h p.t., no obvious differences in the number of fluor-
escent cells were observed among these three viruses, indicating that
the transfection efficiencies were comparable (Fig. 3A). Furthermore, at
48 h p.t., a significant increase in the number of fluorescent cells was
observed for all three viruses (Fig. 3A). At 72 h p.t., fluorescence was
observed in almost all cells transfected with vAcWT, vAc124KO, or
vAc124:Flag (Fig. 3A). Light microscopy analysis showed that OBs
could be detected in cells transfected with vAcWT, vAc124KO, or
vAc124:Flag at 96 h p.t. (Fig. 3A). These results suggested that the
deletion of ac124 does not affect the generation of infectious BV and the
production of OBs.

To further assess the effect of ac124 deletion on virus replication, a

virus growth curve experiment was performed. Sf9 cells were trans-
fected with each bacmid DNA, individually. Supernatants were har-
vested at the designated time point p.t., BV titers were determined
using a TCID50 endpoint dilution assay. As expected, the levels of BV
production from vAc124KO, vAc124:Flag, and vAcWT were similar,
indicating that infectious BVs were produced in all three transfected
cells (Fig. 3B). In conclusion, these findings indicated that ac124 is not
essential for infectious BV production.

3.5. The deletion of ac124 does not affect OB production

In order to determine whether the deletion of ac124 affects the
production and numbers of OBs, Sf9 cells were infected with vAc124KO
or vAcWT, and monitored by fluorescence microscopy at the indicated
time points p.i. No difference was observed between the two viruses at
24 h p.i., and the infection efficiencies were comparable (approximately
100%) (Fig. 4A). Light microscopy showed that OBs with a normal
appearance formed in cells transfected individually with the two viruses
and that the number of cells containing OBs did not differ between the
two viruses at 72 h p.i. (Fig. 4A). At 120 h p.i., most of the cells infected
with vAc124KO or vAcWT contained OBs (Fig. 4A). In order to in-
vestigate whether the numbers of OBs in the cells infected by the two
viruses is comparable, OBs were collected from vAcWT- or vAc124KO-
infected cells and counted using a hemocytometer. As shown in Fig. 4B,
from 72 to 120 h p.i., there was no significant difference in the numbers
of OBs produced by the two viruses. These results suggested that the
deletion of ac124 does not affect OB production.

3.6. The deletion of ac124 reduces the transcription level of chitinase

As demonstrated above, ac124 is an early gene; therefore, it is
possible that Ac124 functions as a regulatory protein. To test this hy-
pothesis, Sf9 cells infected with vAcWT or vAc124KO were subjected to

Fig. 2. Construction of recombinant bacmids used in this study. (A) Strategy for construction of bAc124KO. The 400-bp fragment of the ac124 ORF was replaced with
a 1,038-bp Cm cassette between nt 109,369 and nt 109,768 of the AcMNPV genome to generate the ac124-knockout bacmid (bAc124KO). (B) PCR confirmation of
bAc124KO. The table below the agarose gel shows the templates, primers, and expected product sizes. NA, no amplified product expected. (C) Schematic diagram of
the wild-type control virus (vAcWT). The vAcWT was generated by inserting the polh and gfp genes inserted into the polh locus by Tn7-mediated transposition. (D)
Schematic diagram of vAc124KO and vAc124:Flag, showing polh and gfp inserted into the polh locus of bAc124KO by Tn7-mediated transposition.
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immunoblotting. The results showed that the early-late gene product
GP64 was detected beginning at 6 h p.i. in vAc124KO- and vAcWT-in-
fected cells (Fig. 5). In addition, the late proteins P6.9 and VP39 were
detected at 18 h p.i. in vAc124KO- or vAcWT-infected cells (Fig. 5). As
shown in Fig. 5, there were no obvious differences in either the amount
or onset of the expression of POLH proteins between vAcWT- and
vAc124KO-infected cells. These results indicated that the deletion of
ac124 did not affect the GP64, VP39, P6.9, and POLH expression.

To further determine whether the deletion of ac124 affected the
transcription of chitinase, qRT-PCR was performed to analyze the
transcription kinetics of AcMNPV genes in chitinase. As shown in
Fig. 6A, the transcription level of chitinase gene in cells infected with
vAc124KO or vAcWT were low but comparable at 12 and 18 h p.i.
However, the transcription level of chitinase gene in vAc124KO infected
cells was 3.52 fold lower than that of the vAcWT infected cells at 24 h
p.i. (Fig. 6A). This lower level of transcription continues until 96 h p.i.
(Fig. 6A). Since the chitinase gene and the cathepsin gene are adjacent
genes, and the two have a 45 bp overlapping region upstream of their
respective initiation codons we also measured cathepsin gene expres-
sion. As shown in Fig. 6B, the transcription level of cathepsin in cells
infected with vAc124KO or vAcWT were comparable from 12 to 96 h
p.i. These results suggested that the deletion of ac124 does not affect
the transcription level of cathepsin. In order to investigate the me-
chanism by which Ac124 reduces the transcription level of chitinase,
luciferase assays were performed. Sf9 cells were cotransfected with pIB-
Ac124 expressing Ac124, pGL3-Chitinase-Pro with the chitinase pro-
moter driving firefly luciferase, and pRL-TK expression Renilla luci-
ferase or cotransfected with pIBV5-His, pGL3-Chitinase-Pro, and pRL-
TK. At 48 h p.t., Cell extracts were prepared and luciferase activities
were evaluated with a Dual-Luciferase Assay System. As shown in
Fig. 7, the overexpression of Ac124 could significantly improve the
ability of the chitinase promoter to initiate expression of reporter genes.
Taken together, these observations indicated that Ac124 can bind to the
promoter region of the chitinase gene and enhance the transcription
level of the chitinase gene. When the ac124 gene is absent in the vector
control, the transcription level of the chitinase is significantly decreased.

4. Discussion

In this report, we studied the function of AcMNPV ac124, one of the
Group I NPV-specific 12 genes that are found only in Group I NPV

genomes sequenced to date. To enable this, we generated an ac124-
knockout virus via ET homologous recombination. Following transfec-
tion with vAc124KO, viral replication was not restricted to the initially
transfected cells, indicating that the production of infectious BVs was
not affected (Fig. 3). These results were consistent with previous find-
ings where the deletion of ac124 also did not affected the production of
infectious BVs (Liang et al., 2014). Previous studies have demonstrated
that ac124 is not required for viral replication, but it accelerates the
killing of infected larvae (Liang et al., 2014). Baculovirus infection is
initiated after the ingestion of food contaminated with OBs containing
the infectious enveloped virions. OBs dissolve in the insect midgut and
release the embedded virions (Granados and Lawler, 1981). Due to the
important role of OBs in the infection of larvae, assays were performed
to investigate whether the deletion of ac124 affects OB production. In
this study, we found that the deletion of ac124 does not affect the
production and numbers of OBs. These results suggest that the delay in
larval death time is not due to a decrease in OB production.

Baculovirus gene expression involves sequential and coordinated
expression of immediate-early, early, late, and very late genes.
Following viral entry and translocation of the viral DNA to the nucleus,
immediate-early gene expression is followed by early gene expression.
After the initiation of viral DNA replication, late genes are expressed. In
this study, we found that the expression of Ac124 was detected from 18
to 96 h p.i. (Fig. 1A) implying that ac124 is an early gene. To assess if
Ac124 synthesis required prior DNA replication, the DNA synthesis
inhibitor aphidicolin was added to vAc124:Flag infected cells. As shown
in Fig. 1B, the expression of Ac124 is not blocked by aphidicolin. To-
gether, these results suggested that ac124 is an early gene. The products
of the early genes function to both accelerate viral DNA replication and
to prepare the host cell for viral multiplication (Friesen, 1997). The late
phase of gene expression requires a number of early gene products and
viral DNA replication (Lu et al., 1997; Passarelli and Miller, 1993). In
order to investigate whether the deletion of the early gene ac124 af-
fected the transcription or expression of the early, late, and very late
genes, four representative viral genes, gp64, p6.9, vp39, and polh, were
selected. gp64 is an early gene that is transcribed by the host RNA
polymerase II. vp39 and p6.9 are late genes, and polh is the very late
genes; these three genes are transcribed by a viral RNA polymerase. The
results showed that the deletion of ac124 did not affect GP64, VP39,
P6.9, and POLH expression (Fig. 5). Surprisingly, the deletion of ac124
reduces the transcription level of chitinase, which was approximately

Fig. 3. The deletion of ac124 does not affect infectious BV production. (A) Microscopy of Sf9 cells transfected with bacmid DNA. Fluorescence microscopy of Sf9 cells
transfected with vAcWT, vAc124KO, or vAc124:Flag from 24 to 72 h p.t. showed the progression of viral infection. Light microscopy showed the formation of OBs in
Sf9 cells transfected with vAcWT, vAc124KO, or vAc124:Flag at 96 h p.t. (B) Virus growth curves of vAcWT, vAc124KO, and vAc124:Flag in Sf9 cells as determined
with TCID50 endpoint dilution assays. Error bars represent standard deviations.
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3.52 times lower lower in its absence.
Chitinase is a late expressed gene and its product is localized to the

endoplasmic reticulum in infected cells by KDEL, an endoplasmic re-
ticulum retention motif (Hodgson et al., 2011; Saville, 2004; Thomas
et al., 1998) and also is BV associated (Wang et al., 2010). Homologs of
chitinase are present in genomes of all Group I (except AgMNPV), all
Group II (except AdhoNPV) and four GVs (Agse, Cp-, Ha-, and XecnGV)

and is phylogenetically clustered with a number of lepidopteran chit-
inases, e.g. it shows 63% aa sequence identity to B. mori chitinase
(Rohrmann, 2013). In conjunction with cathepsin, chitinase partici-
pates in the liquefaction of insects late in infection (Rohrmann, 2013).
When it is deleted along with cathepsin, insects remained intact for
several days after death (Hawtin et al., 1997). Combine with the pre-
vious report by Liang et al (Liang et al., 2014) with the results of this

Fig. 4. The deletion of ac124 does not affect OB production. (A) Light microscopy showed the formation of OBs in Sf9 cells transfected with vAcWT or vAc124KO
from 72 to 120 h p.i. (B) Sf9 cells were infected with vAcWT or vAc124KO. At the indicated time points p.i., the OBs were collected and quantified using a
hemocytometer.

Z. Fang et al. Virus Research 263 (2019) 151–158

156



study, we hypothesize that Ac124 could bind to the promoter region of
the chitinase gene to accelerate the transcription and expression of
chitinase. When it is deleted, the transcription level of the chitinase gene
is also reduced, thereby delaying the killing speed in the larvae. The
baculovirus late promoter initiation is highly precise, initiating at the
second position of the conserved TAAG motif (Chen et al., 2013;
Rohrmann, 2013). Although the chitinase and cathepsin are adjacent, the
transcription direction of the two is opposite, and both contain the
baculovirus late promoter motif (TAAG). The promoter of the chitinase
gene is located 14 nt upstream of the ATG, and the promoter of the
cathepsin is located 27 nt upstream of the ATG (Chen et al., 2013). In
other words, the promoter regions of the two genes do not overlap.
Therefore, we speculate that this is why the putative Ac124 binding
affects only the chitinase promoter but not the cathepsin promoter ac-
tivity.

In summary, this study has shown that ac124, an early gene, is not
required for the production of BV and OB. However, the deletion of
ac124 resulted in a significant decrease in the transcription of chitinase.
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