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A B S T R A C T

Fatty acid synthase (FASN) catalyzes the synthesis of palmitate, which is required for formation of complex fatty
acids and phospholipids that are involved in energy production, membrane remodeling and modification of host
and viral proteins. Presently, the roles of cellular fatty acid synthesis pathway in Autographa californica multiple
nucleopolyhedrovirus (AcMNPV) infection is not clear. In this study, we found that the transcripts level of fasn
was significantly up-regulated at the early stage of AcMNPV infection. Treatment of AcMNPV-infected
Spodoptera frugiperda Sf9 cells with C75, a specific inhibitor of FASN, did not affect the internalization of budded
virions into cells, but dramatically reduced the infectious AcMNPV production. Further analysis revealed that the
presence of C75 significantly decreased the expression level for two reporter genes, beta-galactosidase and beta-
glucuronidase, that were separately directed by the early and late promoter of AcMNPV. Similarly, Western blot
analysis showed that, in C75-treated cells, the expression of viral gp64 was delayed and decreased. Additionally,
treatment with C75 also resulted in a significant reduction in the accumulation of viral genomic DNA. Together,
these results demonstrate that the fatty acid synthesis pathway is required for efficient replication of AcMNPV,
but it might not be necessary for AcMNPV entry into insect cells.

1. Introduction

In cellular homeostasis, fatty acids serve as the critical substrates of
energy metabolism, lipid synthesis and membrane structure re-
modeling, signal transduction, and protein modification (Jones and
Infante, 2015). The de novo fatty acid synthesis pathway initiates the
conversion of glucose to pyruvate through glycolysis in the cytoplasm.
Pyruvate is then transported to the mitochondria and decarboxylated
by the enzyme pyruvate dehydrogenase to generate acetyl coenzyme A
(acetyl-CoA), which is the starting component in the Krebs cycle to form
citrate. After returning back to the cytoplasm, citrate is converted into
acetyl-CoA, which is further catalyzed by acetyl-CoA carboxylase to
produce malonyl-CoA. At a final step, Acetyl-CoA and malonyl-CoA are
catalyzed by fatty acid synthase (FASN) to produce the 16-carbon sa-
turated fatty acid palmitate. Plamitate is subsequently used to form
complex fatty acids and lipids and plays critical roles in energy pro-
duction, phospholipid synthesis, and protein palmitoylation (Liu et al.,
2010).

In the complex interaction between host and viruses, de novo fatty
acid synthesis pathway contributes to efficient replication of certain

mammalian viruses. In hepatitis C virus (HCV) infected cells, the ex-
pression of fasn was significantly up-regulated and the localization of
FASN in HCV infected cells was redirected to the site of viral replication
(Nasheri et al., 2013; Yang et al., 2008). Similarly, the dengue virus
nonstructural protein NS3 was found to localize FASN to the virus re-
plication site in the cytoplasm (Heaton et al., 2010), and the virus in-
fection dramatically increased the rate of fatty acid synthesis and per-
turbs intracellular lipid homeostasis (Perera et al., 2012). Increasing the
activity of FASN was also found in human cytomegalovirus (HCMV)
infected cells. It has demonstrated that HCMV increased the activity of
FASN to up-regulate the synthesis of phospholipids that promote ma-
ture virions assembly (Spencer et al., 2011). Recently, potential roles of
fatty acid synthesis in virus assembly were also found in human im-
munodeficiency virus type 1 (HIV-1) and hepatitis B virus infected cells.
Inactivation of FASN in cells infected by these two viruses did not
disrupt the expression of HIV-1 Gag protein or hepatitis B virus genome
replication, however, the progeny virus particles production of both
viruses was significantly reduced (Kulkarni et al., 2017; Okamura et al.,
2016). Additionally, a number of studies showed that inhibition of
FASN significantly reduced viral genomic RNA replication and virus
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infectivity of rotavirus, respiratory syncytial virus (RSV), and West Nile
virus (WNV) (Gaunt et al., 2013; Martin-Acebes et al., 2011; Ohol et al.,
2015).

Baculoviruses comprise a large family of invertebrate double-
stranded DNA viruses. These enveloped viruses are isolated from in-
fected insects from mainly the Orders Lepidoptera, Diptera, and
Hymenoptera (Rohrmann, 2013). Baculoviruses are widely used as
biological insecticides and as vectors in protein expression, surface
display, and mammalian cells transduction (Haase et al., 2015; Sun,
2015; van Oers et al., 2015). In an infection cycle, baculoviruses usually
produce two distinct types of virions: occlusion-derived virions (ODV)
and budded virions (BV). ODV and BV share identical genetic DNA
content and nucleocapsid structure. However, they differ in their en-
velopes that are obtained from plasma membrane (BV) or intranuclear
microvesicles (ODV). In addition, ODV initiate the virus infection of the
midgut epithelial cells, whereas BV is responsible for spreading the viral
infection from cell to cell within the infected tissues or within cultured
cells in vitro (Rohrmann, 2013). Autographa californica multiple nu-
cleopolyhedrovirus is the type species of the genus Alphabaculovirus of
the Baculoviridae family (Rohrmann, 2013). The entry of AcMNPV BV is
dependent on receptor-mediated endocytosis (Hefferon et al., 1999;
Long et al., 2006). During entry, the viral envelope glycoprotein GP64
is necessary for cell surface receptor binding and low-pH triggered fu-
sion of the viral envelope and endosomal membranes (Blissard and
Wenz, 1992; Hefferon et al., 1999; Kadlec et al., 2008; Li and Blissard,
2011). After being released into the cytosol, the nucleocapsids are
transported to the nucleus via actin filaments (Au and Pante, 2012;
Ohkawa et al., 2010). In the nucleus, viral genes transcription and DNA
replication occur subsequently (Rohrmann, 2013). Following progeny
nucleocapsids assembly, some nucleocapsids bud through the nuclear
envelope and are released into the cytoplasm through unknown me-
chanisms that might involve the function of the endosomal sorting
complex required for protein sorting (ESCRT) and the soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE)
systems (Fraser, 1986; Guo et al., 2017; Yue et al., 2018). The nu-
cleocapsids are then transported to and bud at the plasma membrane to
form BV (Rohrmann, 2013).

Prior studies revealed that cellular fatty acid synthesis pathway is
closely related with AcMNPV infection. It was found that phosphati-
dylserine is the major phospholipid of AcMNPV BV, whereas the major
phospholipids in ODV are phosphatidylcholine and phosphatidyletha-
nolamine (Braunagel and Summers, 1994). In AcMNPV-infected Spo-
doptera frugiperda or Trichoplusia ni cells, the amount of phosphati-
dylcholine is increased (Marheineke et al., 1998). Additionally,
AcMNPV GP64 was shown to be palmitoylated and the palmitoylation
site of GP64 has been mapped to C503 (Roberts and Faulkner, 1989;
Zhang et al., 2003). Also, lipids and fatty acids were found to play
important roles in GP64-mediated membrane fusion. Addition of lyso-
lipids in AcMNPV-infected cells significantly inhibited cell-cell fusion
and virus infectivity, whereas the addition of oleic and arachidonic
acids, or monoolein promoted virus-cell fusion and infectious virus
production (Chernomordik et al., 1995).

In this study, we examined whether the host cellular fatty acid
synthesis pathway is required for AcMNPV infection. We found that the
transcript level of cellular fasn was significantly up-regulated in
AcMNPV-infected insect cells. Inactivation of FASN with a specific in-
hibitor, C75 (4-methylene-2-octyl-5-oxotetrahydrofuran-3-carboxylic
acid) (Rendina and Cheng, 2005), dramatically decreased infectious BV
production, the expression of viral early and late genes, and viral DNA
synthesis. Our findings demonstrate that FASN is involved in efficient
AcMNPV replication.

2. Materials and methods

2.1. Cells, viruses, and reagents

Spodoptera frugiperda Sf9 cells were maintained at 27°C in TNMFH
medium (Sigma-Aldrich) containing 10% fetal bovine serum (FBS,
Gibco). Wild-type AcMNPV and the recombinant virus AcMNPV-
LacZGUS that contains two reporter genes: LacZ and GUS, which are
controlled by the AcMNPV ie1 early/late promoter and p6.9 late pro-
moter, respectively (Li and Blissard, 2012), and AcMNPV-3mC that
contains mCherry-labeled VP39 (Ohkawa et al., 2010) were propagated
in Sf9 cells. Virus infections were performed in 12-well plates (2×105

cells per well) and virus inoculum was added to cells and incubated for
1 h. The cells were washed once with TNMFH medium. Times post
infection (p.i.) were calculated from the time the viral inoculum was
added. The fatty acid synthase inhibitor C75 was purchased from Sigma
Aldrich and dissolved in DMSO (Sigma Aldrich).

2.2. Construction of FASN-spMD18 plasmid

Total RNA was isolated from Sf9 cells by using an RNAiso plus kit
(TaKaRa). The first-strand DNA complementary to the mRNA (cDNA)
was synthesized by using AMV reverse transcriptase and a random
primer according to the manufacturer’s instructions (TaKaRa). Gene-
specific primers FASN-F: 5′-GAGTGCGCCGAAGTAGAGAGC-3′ and
FASN-R: 5′- ATGGACACGAAGGAGTTGACGAT-3′ were designed based
on the EST sequences at SPODOBASE database (http://bioweb.ensam.
inra.fr/spodobase) (Negre et al., 2006). A 209 bp fragment of FASN
product was PCR-amplified and cloned into pMD18-T vector (TaKaRa)
and sequenced with M13-47 primer. The pMD18-T vector containing
the small fragment of fasn was designated as FASN-spMD18.

2.3. Analysis of the transcription of fasn

Sf9 cells were infected with wild-type AcMNPV at an MOI of 5. At 1,
3, 6, 12, 18, 24, 36, and 48 h p.i., the infected and mock-infected cells
were collected. Total RNA was isolated by using an RNAiso plus kit
(TaKaRa). Potential genomic DNA elimination and first-strand DNA
complementary to mRNA (cDNA) synthesis were performed with
PrimeScriptTM RT reagent kit with gDNA eraser and an oligo-dT primer
(TaKaRa). The fasn transcript was quantified by real-time PCR (CFX96
TouchTM Real-Time PCR Detection System, Bio-Rad). Each PCR mixture
contained 10 μl SYBR® Premix ExTaq II (TaKaRa), 5 μM of each primer
(FASN-F and FASN-R as described above), and 500 pg of the cDNA
template. Thermal cycling conditions were one cycle of 95°C for 3 min,
followed by 40 cycles of 95°C for 10 s, and 55°C for 45 s. A standard
curve was generated by a serial dilution of FASN-spMD18. The tran-
script levels of fasn were expressed as numbers of transcript copies per
cell.

2.4. Cell viability assay

Sf9 cells were seeded in 12-well plates overnight. After removing
the medium, the cells were cultured in TNMFH medium containing
varying concentrations of C75 (5–50 μM). After 24, 48, 72, and 96 h
treatment with C75, the cell viability was assessed using the
CellTiter96@ AQueous One Solution Cell Proliferation Assay (MTS,
Promega) according to the manufacturer’s recommendations.

2.5. FASN inhibition assay

The FASN inhibition assay was performed as described previously
(Perera et al., 2012) with modifications. Sf9 cells in 12-well plates were
infected with wide-type AcMNPV or AcMNPV-3mC at an MOI of 5.
After adsorption, virus was removed and the cells were washed once
with TNMFH medium and cultured in fresh medium containing varying
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concentrations (5–25 μM) or 20 μM of C75. At 24 h or at different times
post-infection, the virus supernatants were collected and the virus titers
were measured by 50% tissue culture infectious dose (TCID50) assays on
Sf9 cells. At different times of addition of C75 assays, three sets of Sf9
cells in 12-well plates were treated with C75 and infected with wild-
type AcMNPV (MOI=5): a) Sf9 cells were treated with 20 μM C75 for 1,
3, or 6 h. After removing the drug and washing the cells once with
TNMFH medium, the cells were infected with AcMNPV. b) Sf9 cells
were incubated with TNMFH medium containing AcMNPV and 20 μM
C75 for 1 h. After washing out the virus and C75 with TNMFH medium,
the cells were cultured in fresh TNMFH medium. c) Sf9 cells were in-
fected with AcMNPV. At 1, 3, or 6 h p.i., the cultured medium was
replaced with fresh TNMFH medium containing 20 μM C75. The drug
was present for the duration of infection. At 24 h p.i., the infectious
virus production for all of the treated cells was determined by TCID50

assay on Sf9 cells.

2.6. Analysis of virus entry

The virus entry assay was performed as described previously (Yue
et al., 2018). Briefly, Sf9 cells in 12-well plates were pre-chilled at 4°C
for 0.5 h and then were incubated with the medium containing wild-
type AcMNPV (MOI=5) at 4°C for 1 h. After removing the virus in-
oculums, cells were washed twice with cold TNMFH medium and
changed to warm medium (27°C) containing 20 μM C75 and continue to
be cultured at 27°C for 0.5, 1, and 1.5 h. Total DNA was extracted using
a DNeasy blood tissue kit (Qiagen). Viral genomic DNA was measured
by quantitative real-time PCR (CFX96 TouchTM Real-Time PCR De-
tection System, Bio-Rad). Each PCR mixture contained 10 μl SYBR®
Premix ExTaq II (TaKaRa), 5 μM of each primer, and 500 pg of the DNA
template. The primers, ODV-e56F: 5′-GATCTTCCTGCGGGCCAAAC
ACT-3′ and ODV-e56R: 5′-AACAAGACCGCGCCTATCAACAAA-3′, were
used to amplify a fragment of 183 bp of the AcMNPV ODV-e56 gene as
described previously (Li and Blissard, 2012). Thermal cycling condi-
tions were one cycle of 95°C for 3 min, followed by 40 cycles of 95°C for
10 s, and 60°C for 45 s. A standard curve was generated by a serial
dilution of ODV-e56pGEM, which contains the ODV-e56 open reading
frame (ORF) (Li and Blissard, 2012). AcMNPV genomic DNA was ex-
pressed as numbers of viral DNA copies per cell.

2.7. Analysis of viral gene expression and DNA replication

To evaluate the effects of inhibition of FASN on viral gene expres-
sion, Sf9 cells in 12-well plates were infected with the virus AcMNPV-
LacZGUS at an MOI of 5. Following adsorption, the cells were washed
once with medium and then overlayed with TNMFH medium con-
taining 20 μM C75. At different times post infection (3–24 h p.i.), the
infected cells were collected. Two sets of the cells were lysed with 1%
Triton-X 100 in PBS (pH7.4) and the β-galactosidase or β-glucuronidase
activities were measured using the substrate chlorophenol red-β-D-ga-
lactopyranoside (CPRG, Roche Diagnostics GmbH) or 4-Nitrophenyl β-
D-glucuronide (PNPG, Sigma-Aldrich) by absorbance at 570 nm (CPRG)
or 405 nm (PNPG). The other set of infected cells were analyzed for the
expression of GP64 by Western blotting.

To determine the effects of inhibition of FASN activity on viral DNA
replication, Sf9 cells were infected with AcMNPV-LacZGUS as described
above. After removing the virus inoculums, the cells were washed once
and cultured in TNMFH medium containing 20 μM C75. At 18 and 24 h
p.i., total DNA was extracted from infected cells and viral genomic DNA
was quantified by real-time PCR as described above.

2.8. Western blot analysis

Infected Sf9 cells were lysed in NET buffer [20 mM Tris (pH7.5),
150 mM NaCl, 0.5% sodium deoxycholate, 1.0% Nonidet P-40, 1mM
EDTA] containing the complete protease inhibitor cocktail (Roche

Applied Science). Cell lysates were separated on 10% reducing poly-
acrylamide gels and transferred to PVDF membrane (Millipore) as de-
scribed previously (Li and Blissard, 2008). AcMNPV GP64 and actin
were separately detected with anti-GP64 (AcV5, Santa Cruz) and anti-β-
actin (Abbkine) monoclonal antibodies. Immunoreactive proteins were
visualized using alkaline phosphatase-conjugated anti-mouse IgG anti-
body and nitroblue tetrazolium/5-bromo-4-chloro-3-indolylphosphate
(NBT/BCIP, Promega).

3. Results

3.1. Up-regulation of the transcription of fasn upon AcMNPV infection

In a recent transcriptome analysis of AcMNPV-infected Trichoplusia
ni cells (Tnms42), expression profiles were generated for host genes
throughout the AcMNPV infection cycle (Chen et al., 2014). As a first
step, we performed an analysis of the expression profile of host fatty
acid synthase (Fig. 1A) in uninfected and AcMNPV-infected Tnms42
cells. Upon AcMNPV infection, the expression level of fasn was in-
creased (> 2-fold change in transcript abundance upon AcMNPV in-
fection) at 1 h p.i. and slightly decreased by 6 h p.i. (Fig. 1A).

To determine the transcript levels of fasn in AcMNPV-infected Sf9
cells, we first identified the EST sequences of Sf9 fasn (from SPODOB-
ASE) and used quantitative real-time PCR to measure fasn transcript

Fig. 1. Transcript profiles of fasn in AcMNPV-infected cells. (A)
Transcription data for fasn (RPKM, reads per kilobase per million reads) was
retrieved from a transcriptome analysis of control (C, uninfected) or AcMNPV-
infected Tnms42 cells at various time points post infection (1–48 h). Error bars
represent standard deviations from the mean of three replicates. (B) Transcript
levels of fasn in uninfected (C, control) or AcMNPV-infected Sf9 cells at various
time points post infection (1–48 h) were measured by quantitative real-time
PCR. The control or uninfected cells were collected at the same time as other
cells were infected. Error bars represent standard deviations from the mean of
three replicates.
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levels from uninfected and infected Sf9 at various times post infection.
As shown in Fig. 1B, AcMNPV infection significantly up-regulated the
transcript levels of fasn at 1–3 h p.i. Similar to observations in AcMNPV-
infected Tnms42 cells, the transcript levels of fasn were slightly de-
creased at 6 h p.i. Combined, these transcript data suggest that the
cellular FASN may play important roles in AcMNPV infection.

3.2. Effects of C75 on infectious AcMNPV production

To determine whether the activity of FASN is required for AcMNPV
propagation, we examined the effects of C75, an irreversible inhibitor
of FASN (Rendina and Cheng, 2005), on infectious AcMNPV produc-
tion. First, to assess the potential general effects of C75 on the pro-
liferation of Sf9 cells, the viability of cells treated with 5–50 μM C75
was measured. As shown in Fig. S1, the viability of Sf9 cells treated
with 5–25 μM C75 at different time points was similar to that of the
control (DMSO-treated cells). However, treatment of Sf9 cells with 50
μM C75 significantly reduced the viability of cells about 40–60%. These
data suggest that C75 treatment at a lower concentration (≤25 μM) did
not result in a measurable negative effect on the viability of Sf9 cells.

To identify the requirement of FASN for productive AcMNPV in-
fection, we infected Sf9 cells with AcMNPV-3mC virus, which expresses
mCherry-tagged VP39, and then treated the cells with 5–25 μM C75. At
24 h p.i., the number of infected cells were slightly decreased in
treatment with 5 and 10 μM C75 (Fig. 2A), and the infectious virus
production in these two treatments was reduced about 4–5 fold
(Fig. 2B). However, dramatically fewer cells showed evidence of in-
fection with increasing concentrations of C75 (15–25 μM) (Fig. 2A). The
infectious virus titers were reduced 13, 104, and 113 fold when the cells
were treated with 15, 20, and 25 μM C75, respectively (Fig. 2B), sug-
gesting a dose-dependent effect of C75 on BV production. One step
growth curve analysis showed that the production of infectious
AcMNPV budded virions was significantly decreased at different time
points (24–96 h p.i.) in the presence of 20 μM C75 (Fig. 3). It is worth to
note that the decrease of virus infectivity was less at later in infection
with only a 10 fold difference in virus yield at 96 h p.i., compared to
that of about 100 fold at 24 h p.i. (Fig. 3). Together, these results
suggest that functional FASN appears to be important for the efficient
replication of AcMNPV.

3.3. Is FASN required for efficient entry of AcMNPV?

Since budded virions of AcMNPV enter host cells via clathrin-
mediated endocytosis (Long et al., 2006), the inhibitory effects of C75
on infectious AcMNPV production could result from interfering with the
entry step of virions. To address this possibility, we detected the effi-
ciency of AcMNPV entry in the presence of 20 μM C75. Sf9 cells were
incubated with AcMNPV virions (AcMNPV-3mC) at 4°C for 1 h to
permit virus adsorption at the cell surface. After removing the viral
inoculum and washing the cells twice with cold medium, the tem-
perature was raised to 27°C and cells incubated with fresh TNMFH
medium containing 20 μM C75 for 0.5, 1, and 1.5 h. The amount of
virus that entered cells was quantified by real-time PCR measurements
of viral genomic DNA. As showed in Fig. 4, treatment with C75 at
different times during virions entry did not significantly reduce inter-
nalized viral genomic DNA as compared with that of cells treated with
DMSO only. To extend our observations, we determined infectious virus
production in the presence of C75 at different times of infection: a) Sf9
cells were pre-treated with C75 for 1, 3, or 6 h, the drug was removed
prior to infection. b) Sf9 cells were treated with C75 during the virus
inoculation. After inoculation of the virus for 1 h, the virus and drug
were both removed. c) Sf9 cells were infected with AcMNPV. At 1, 3, or
6 h p.i., the infected cells were treated with C75 for the rest time of
infection. As shown in Fig. 5, pre-treatment of Sf9 cells or treatment of
cells during virus adsorption with 20 μM C75 did not inhibit production
of infectious budded virions. In contrast, when C75 was added to the

Fig. 2. Dose-dependent effect of C75 on AcMNPV production. Sf9 cells were
infected with AcMNPV-3mC at an MOI of 5. Following inoculation of the virus,
the indicated concentrations of C75 (5–25 μM) were added to the cells. A
control of DMSO only was also included. At 24 h post infection, the infected
cells indicated by mCherry-tagged viral VP39 protein were visualized by epi-
fluorescence microscopy (A) and the infectious virus production was measured
by TCID50 assay (B). Error bars represent standard deviations from the mean of
three replicates. **, P<0.005 (by unpaired t test).

Fig. 3. One-step growth curves of AcMNPV in the presence of C75. Sf9 cells
were infected with wild-type AcMNPV at an MOI of 5. Following inoculation of
the virus, the cells were treated with 20 μM C75 or DMSO only. At different
time points post infection, the infectious virus production was determined by
TCID50 assay. Error bars represent standard deviations from the mean of three
replicates.
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medium at 1, 3, or 6 h post infection, a significant reduction of in-
fectious BV production (more than 100 fold) was observed (Fig. 5).
Combined together, these data suggest that FASN is not required for
efficient entry of budded virions of AcMNPV.

3.4. Effects of inhibition of FASN on viral gene expression and viral DNA
synthesis

In a life cycle, the expression of AcMNPV genes during the life cycle
can be divided to three distinct stages: early, late, and very late phases.
The early genes are usually transcribed before viral DNA replication
and rely on host RNA polymerase, whereas late and very late genes are
transcribed by viral RNA polymerase and are dependent on viral
genomic DNA replication (Rohrmann, 2013). To further identify the
roles of FASN in AcMNPV infection, we examined the effects of C75 on
viral gene expression and viral DNA replication. Sf9 cells were infected
with a recombinant virus (AcMNPV-LacZGUS) that contains two re-
porter genes: LacZ and GUS, which are controlled by the AcMNPV ie1
early/late promoter and p6.9 late promoter, respectively (Li and
Blissard, 2012). After removing the viral inoculum, the infected cells
were treated with 20 μM C75. At various times post infection (3–24 h
p.i.), the infected cells were lysed and relative β-Gal and GUS activities
were measured. As shown in Fig. 6A, no significant difference of the
activity of β-Gal was detected in C75-treated cells compared with that

of cells treated with DMSO at 3 h p.i. However, at 6–24 h p.i., 2∼6-fold
reduction of the activity of β-Gal was observed in C75-treated cells. In
contrast, in the presence of C75, the activity of GUS was reduced about
2 fold at 3–12 h p.i., whereas it was reduced more than 100 fold at 18
and 24 h p.i. when compared with the controls (Fig. 6B). Western blot
analysis showed that the expression of GP64, which is directed by its
early/late promoter, was delayed and was significantly decreased
(Fig. 6C). To determine whether viral DNA replication is dependent on
FASN, the infected Sf9 cells were treated with 20 μM C75 at 1 h p.i and
the amount of viral genomic DNA was measured by quantitative real-
time PCR. As shown in Fig. 6D, AcMNPV propagated in C75-treated Sf9
cells showed about 100-fold and 25-fold reduction of viral DNA pro-
duction at 18 and 24 h p.i., respectively. Taken together, these results
suggest that the activity of cellular FASN is required for viral genes
expression and viral DNA synthesis.

4. Discussion

In the infection cycle of AcMNPV, modification of viral proteins by
palmitoylation (Roberts and Faulkner, 1989; Zhang et al., 2003), for-
mation of large amounts of intranuclear microvesicles induced by viral
core proteins (Hu et al., 2010; Shi et al., 2018; Yuan et al., 2011), and
the remodeling of plasma and nuclear membranes to envelope progeny
nucleocapsids (Fraser, 1986; Shi et al., 2015) are closely related with
the cellular fatty acid synthesis pathway. Prior studies revealed that
many host genes including those of ESCRT and SNARE systems are up-
regulated immediately following virus inoculation (Chen et al., 2014;
Guo et al., 2017). In AcMNPV-infected Trichoplusia ni Tmns42 cells
(Chen et al., 2014) and S. frugiperda Sf9 cells, fasn transcripts were
significantly increased at the early stage of infection (Fig. 1). In de novo
fatty acid synthesis pathway, FASN is responsible for catalyzing the
formation of palmitate, which is the key component for energy pro-
duction, and formation of long-chain fatty acids and phospholipids
formation (Jones and Infante, 2015). Because of the critical roles of
FASN in cellular metabolism, we asked whether FASN may also be
necessary for productive AcMNPV infection. We found that inhibition
of the activity of FASN in S. frugiperda Sf9 cells by using C75 (an irre-
versible inhibitor of FASN) (Rendina and Cheng, 2005) resulted in a
dramatic reduction of infectious AcMNPV BV production. To under-
stand how viral replication was constrained, we examined the roles of
FASN in virus entry, viral genes expression, and viral genomic DNA
replication.

The entry of budded virions of AcMNPV is dependent on clathrin-
mediated endocytosis (Long et al., 2006). The acidification of endo-
somes during trafficking triggers the conformational change of the
major viral envelope glycoprotein GP64 which mediates the fusion of
the endosomal membrane and viral envelope to release the nucleo-
capsid into the cytosol (Blissard and Wenz, 1992; Kadlec et al., 2008; Li

Fig. 4. Effects of C75 on AcMNPV entry. Sf9 cells were infected with wild-
type AcMNPV (MOI=5) at 4°C for 1 h. After the attachment of the virus, the
cells were incubated with fresh TNMFH medium containing 20μM C75 and the
culture temperature was raised to 27°C for 0.5, 1 or 1.5 h. The internalization of
entering virions was analyzed by quantitative real-time PCR analysis of viral
DNA from cell lysates. Error bars represent standard deviations from the mean
of three replicates.

Fig. 5. Effects of different time treatment with
C75 on production of infectious budded vir-
ions. Sf9 cells were infected with wild-type
AcMNPV at an MOI of 5. Three set of Sf9 cells
were treated with 20 μM C75: a) Sf9 cells were
treated with C75 at 1, 3, or 6 h prior to infec-
tion, then the drug was removed and the cells
were infected. b) Sf9 cells were treated with
C75 during the virus adsorption. After 1 h of
adsorption, the virus and drug were both re-
moved. c) At 1, 3, or 6 h post infection, Sf9 cells
were treated with C75 and the drug was pre-
sent during the rest time of infection. At 24 h
p.i., the infectious virus production for all of
the treated cells was determined by TCID50

assay. Error bars represent the standard devia-
tions from the mean of three replicates. **,
P<0.005 (by unpaired t test).
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and Blissard, 2011). Prior studies indicated that AcMNPV virions in-
ternalization and transit within the endosome, and transport of nu-
cleocapsids to the nucleus usually occur within 1 h after virus uptake
(Hefferon et al., 1999; Ohkawa et al., 2010). Treatment of Sf9 cells with
C75 during virus entry or prior to infection have no effect on virus
internalization and infectious virus production (Figs. 4 and 5), sug-
gesting that FASN is not necessary for efficient entry of AcMNPV BV
into Sf9 cells. The transcript level changes of fasn in AcMNPV-infected
cells may be related to virus-induced host resistance response or re-
quirement for FASN at later stages in the infection cycle.

In AcMNPV-infected cells, the viral genes expression and viral DNA
synthesis are temporally regulated. The proteins encoded by viral early
genes serve mainly in transcriptional regulation. Viral DNA synthesis is
dependent on early genes expression, whereas the expression of late
and very late genes rely on viral DNA synthesis (Rohrmann, 2013). We
observed that, at the early stage of infection (3–12 h p.i.), inhibition of
FASN with C75 resulted in a moderate reduction or delayed expression
of viral genes. However, at late stage of infection (18–24 h p.i.), dra-
matic reductions of viral gene expression and accumulation of viral
DNA were observed. These results suggest that the late stage of
AcMNPV infection, especially viral genomic DNA synthesis and late
gene expression, is relatively more sensitive to FASN activity. The in-
volvement of cellular FASN in efficient virus replication has been de-
monstrated for certain mammalian viruses, including vaccinia virus
(Greseth and Traktman, 2014). Inactivation of FASN in vaccinia virus-
infected cells moderately suppressed viral DNA replication and viral
protein synthesis. However, the virus assembly efficiency was drama-
tically reduced in the presence of the inhibitors of FASN. It was found
that palmitate, the primary product of the de novo fatty acid bio-
synthesis pathway, contributes to mainly ATP production that is re-
quired for viral protein and DNA synthesis, and the assembly of progeny
virions (Greseth and Traktman, 2014). The energy requirement for
AcMNPV infection is not yet clear. However, replication and

incorporation of newly synthesized viral genomic DNA into nucleo-
capsids are both energy requirement processes (Rohrmann, 2013). In-
activation of FASN with C75 might directly reduce the efficiency of
viral DNA generation and/or packaging, which in turn leads to the
decrease of viral gene expression at the late stage of infection. In-
triguingly, the viral core proteins, such as Ac75, Ac76, and Ac93, in-
duced large amounts of intranuclear microvesicles formation and re-
modeling of the nuclear membrane (Hu et al., 2010; Shi et al., 2018;
Yuan et al., 2011) should require elevated fatty acid synthesis to pro-
vide additional phospholipids. Suppression of FASN activity might also
result in the lack of intracellular phospholipids and disturb progeny
nucleocapsids egress from the nuclear membrane and/or plasma
membrane. Additionally, even though the palmitoylation of GP64 was
found not to be required for GP64 synthesis, cell surface localization,
and fusion activity (Zhang et al., 2003), modification of other viral
proteins by palmitoylation has not been precisely characterized.
Overall, the necessity of FASN in AcMNPV infection promotes us to
propose that the de novo fatty acid biosynthesis pathway may be re-
quired for one or up to all of these processes related with AcMNPV
infection. Further studies will address these possibilities and such stu-
dies should shed light on the complex interaction of baculoviruses and
host cells.
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Fig. 6. Effects of C75 on viral gene expres-
sion and viral DNA replication. Sf9 cells were
infected with AcMNPV-LacZGUS at an MOI of
5. After inoculation of virus, the cells were
treated with 20 μM C75 or DMSO. At different
time points post infection, viral gene expression
and viral DNA replication were evaluated. (A,
B) Viral early and late gene expression was
separately monitored indirectly by analyzing
AcMNPV ie1 early/late promoter driven β-Gal
activity (A) and p6.9 late promoter driven GUS
activity (B). Values represent the means from
triplicate treatments and are normalized to that
of cells treated with DMSO at 24 h p.i. Error
bars represent the standard deviations from the
means. (C) Western blotting analysis of the
expression of GP64. The anti-β-actin blot
served as a loading control. C, control (unin-
fected cells). (D) Accumulation of viral DNA
was measured by real-time PCR analysis of
viral genomic DNA extracted from infected
cells at 18 and 24 h p.i. Error bars represent
standard deviations from the mean of three
replicates. *, P<0.05; **, P<0.005 (by un-
paired t test).
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.virusres.2018.05.007.
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