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Abstract
Autographa californica multiple nucleopolyhedrovirus (AcMNPV) orf13 (ac13) is a conserved gene in all sequenced

alphabaculoviruses. However, its function in the viral life cycle remains unknown. In this study, we found that ac13 was a

late gene and that the encoded protein, bearing a putative nuclear localization signal motif, colocalized with the nuclear

lamina. Deletion of ac13 did not affect viral genome replication, nucleocapsid assembly or occlusion body (OB) formation,

but reduced virion budding from infected cells by approximately 400-fold compared with the wild-type virus. Deletion of

ac13 substantially impaired the egress of nucleocapsids from the nucleus to the cytoplasm, while the OB morphogenesis

was unaffected. Taken together, our results indicated that ac13 was required for efficient nuclear egress of nucleocapsids

during virion budding, but was dispensable for OB formation.

Keywords Autographa californica multiple nucleopolyhedrovirus (AcMNPV) � orf13 � Nucleocapsid egress �
OB morphogenesis

Introduction

The Baculoviridae are a large family of insect-specific

viruses with circular, covalently closed, double-stranded

DNA genomes of 80–180 kb in size and encoding of

89–183 genes (Rohrmann 2019). Based on their genome

sequences, baculoviruses can be divided into four genera:

Alphabaculovirus, Betabaculovirus, Gammabaculovirus,

and Deltabaculovirus (Jehle et al. 2006). Alphabac-

uloviruses can be further subdivided into Group I and

Group II viruses (Herniou et al. 2001). The most

notable differences between these two groups are that

Group I nucleopolyhedroviruses (NPVs) use GP64 as their

budded virus (BV) fusion protein, whereas Group II NPVs

lack GP64 and use the F protein (Pearson and Rohrmann

2002). Autographa californica multiple nucleopolyhe-

drovirus (AcMNPV) is the archetype species of

Alphabaculovirus.

Baculovirus infection produces two distinct viral phe-

notypes: BVs and occlusion-derived viruses (ODVs)

(Rohrmann 2019). BVs are responsible for spreading

infection within susceptible insect cells and tissues,

whereas ODVs initiate primary infection in the midgut

epithelia of infected insects and are transmitted among

insects (Slack and Arif 2006). Transcription and replication

of viral DNA and assembly of nucleocapsids occur in a

structure called the virogenic stroma (VS) (Fraser 1986;

Young et al. 1993). Synthesized nucleocapsids are trans-

ported from the VS to the ring zone and then egress from

the nucleus to the cytoplasm, and bud from the plasma

membrane to form BVs. Subsequently, nucleocapsids

retained in the ring zone of the nucleus are enveloped by

intranuclear microvesicles to form ODVs, which are then

embedded within the polyhedrin to form OBs (Rohrmann

2019).
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Most DNA viruses, including herpesviruses and bac-

uloviruses, replicate and assemble their nucleocapsids in

the nucleus (Johnson and Baines 2011; Rohrmann 2019).

Egress of nucleocapsids is indispensable for the formation

of mature virions and viral pathogenicity. This process also

represents a good target for disrupting viral infection. The

mechanism through which herpesvirus nucleocapsids

egress has been well characterized (Johnson and Baines

2011; Hellberg et al. 2016). By contrast, the mechanism of

baculovirus nucleocapsid egress remains unclear. Accord-

ing to previous reports, host proteins including the actin

cytoskeleton, N-ethylmaleimide-sensitive fusions proteins

and endosomal sorting complex are required for transport-

III (ESCRT-III) (Guo et al. 2017a; b; Ohkawa and Welch

2018; Yue et al. 2018), while viral proteins including

AC11, AC51, AC66, AC75, AC78, GP41, AC93, P48,

EXON0 and AC142 are required for nucleocapsid egress

(Olszewski and Miller 1997; Fang et al. 2007; Ke et al.

2008; McCarthy et al. 2008; Yuan et al. 2008; Yuan et al.

2011; Tao et al. 2013; Tao et al. 2015; Guo et al. 2017a, b;

Shi et al. 2017; Li et al. 2018; Qiu et al. 2019). Deletion of

ac11, ac75, ac78, gp41, ac93, p48 or ac142 abrogated

egress of nucleocapsids from the nucleus. By contrast, loss

of ac51, ac66 or exon0 reduced the efficiency of nucleo-

capsid egress. A recent study showed that the nucleocap-

sids of BVs were ubiquitinated at much higher levels than

those of ODVs, indicating that nucleocapsid ubiquitination

(potentially catalyzed by the viral E3 ubiquitin ligase

EXON0) may play a key role in nucleocapsid egress

(Biswas et al. 2017). Exploring genes associated with

nucleocapsid egress is important to elucidate the mecha-

nism of nucleocapsid egress in baculoviruses.

ac13 (Genebank accession number KM667940.1),

encoding a protein of 327 amino acids with a putative

molecular mass of 38.7 kDa (Rohrmann 2019), is a con-

served gene in all sequenced alphabaculoviruses. However,

the function of ac13 in the viral life cycle remains

unknown. To date, only a few studies have examined ac13

and its orthologs. Transcriptomic sequencing showed that

ac13 was regulated by an early promoter and a late pro-

moter (Chen et al. 2013). InterProScan (Jones et al. 2014)

and NCBI Conserved Domain Search (Marchler-Bauer

et al. 2017) analyses revealed that AC13 contained a

DUF3627 protein domain of unknown function, which was

conserved in all alphabaculovirus but not betabaculovirus

orthologs. bm5, a homolog of ac13 in Bombyx mori NPV

(BmNPV), was seemingly nonessential because the viral

life cycle appeared normal when it was deleted (Ono et al.

2012). However, a recent study showed that although

deletion of bm5 did not affect viral DNA replication, it

decreased BV and OB production (Kokusho et al. 2016). In

this study, we investigated the function of ac13 in the

baculovirus life cycle. Temporal transcription and

transcription initiation sites (TSSs) analyses showed that

ac13, with an early promoter and a late promoter, was

transcribed during the early and late stages of infection.

However, the AC13 protein was only detected at the late

infection and colocalized with the nuclear lamina. In

addition, we determined the roles of ac13 in BV production

and OB morphogenesis. Our results indicated that ac13

was not essential for viral genome replication, gene tran-

scription, nucleocapsid assembly or OB formation. How-

ever, ac13 deletion reduced the efficiency of nucleocapsid

egress and decreased the production of BVs. Thus, ac13

was essential for efficient nucleocapsid egress from the

nucleus to the cytoplasm during BV production, but not for

OB formation.

Materials and Methods

Cells, Viruses, Insects and Antibodies

Sf9 cells (Invitrogen, Carlsbad, CA, USA) were cultured at

27 �C in Grace’s medium (Invitrogen) supplemented with

10% (v/v) fetal bovine serum (Gibco, Grand Island, NY,

USA). AcMNPV recombinant bacmids were constructed

with the bacmid bMON14272 (Invitrogen) and maintained

in E. coli strain DH10B (Invitrogen). Spodoptera exigua

(S. exigua) larvae (Core Facility and Technical Support of

Wuhan Institute of Virology, CAS, Wuhan, China) were

reared on an artificial diet at 28 �C.
The anti-AC13 polyclonal antiserum was prepared in

rabbits according to previously published methods (Li et al.

2018). The polyclonal anti-GP64 and anti-VP39 antibodies

were gifts from Prof. Zhihong Hu (Wuhan Institute of

Virology, CAS, Wuhan, China). Mouse monoclonal anti-

actin and rabbit polyclonal anti-FLAG antibodies were

purchased from Proteintech (Wuhan, China) and mouse

monoclonal anti-lamin Dm0 antibody was purchased from

the Developmental Studies Hybridoma Bank (DSHB, Iowa

City, IA, USA).

Transcription and Expression Analysis

Sf9 cells (1.0 9 106 cells/well) were infected with

AcMNPV at a multiplicity of infection (MOI) of 5

TCID50/cell and collected at 0, 3, 6, 12, 24, 36 and 48 h

post-infection (h p.i.). Total RNA was extracted using

RNAiso Plus (Takara, Toyoko, Japan) according to the

manufacturer’s instructions and quantitated using a Nan-

odrop-2000 spectrophotometer (Thermo Fisher Scientific,

Waltham, MA, USA). Subsequently, cDNA was synthe-

sized using an iScript cDNA synthesis kit (Bio-Rad, Her-

cules, CA, USA). Finally, transcripts were detected by PCR
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using gene-specific primer pairs (sequences were shown in

Table S1) and the cDNA as a template.

For the time course analysis of AC13 expression, Sf9

cells (1.0 9 106 cells/well) were infected with AcMNPV at

an MOI of 10 and harvested at 6, 12, 18, 24 and 48 h p.i.

Subsequently, Western blotting was performed with anti-

AC13 (1:1000) as primary antibody and horseradish per-

oxidase-conjugated goat anti-rabbit (1:3000; Proteintech)

as the secondary antibody. A protein ladder (Thermo Fisher

Scientific) was used to judge protein sizes.

Transcription Initiation Sites Analysis

Sf9 cells (1.0 9 106 cells/well) were infected with

AcMNPV at an MOI of 5 and collected at 4 and 24 h p.i.

Total RNA was isolated using RNAiso Plus (Takara). The

rapid amplification of 50 cDNA ends (50 RACE) reaction
was performed with an ac13-specific primer (ac13-GSP1,

sequence was shown in Supplementary Table S1) using a

SMARTer� RACE 50/30 Kit (Takara) according to the

manufacturer’s protocol. The PCR products were cloned

into the pRACE vector and sequenced.

Construction of ac13 Knockout and Repaired
Bacmids

An ac13 knockout bacmid was constructed as previously

described (Datsenko and Wanner 2000; Li et al. 2015).

First, a 618-bp sequence upstream and a 686-bp sequence

downstream of the ac13 open reading frame (ORF) were

amplified by PCR using the primer pairs ac13-US-F/R and

ac13-DS-F/R (sequences were shown in Supplemen-

tary Table S1), respectively, and the AcMNPV bacmid as a

template. A 1,137-bp fragment was amplified using the

primer pairs CmR-F/R (sequences were shown in Supple-

mentary Table S1) using the plasmid pUC18-CmR as the

template. Subsequently, the 618-bp upstream fragment, the

686-bp downstream fragment and the 1137-bp fragment

were double-digested with SacI/BamHI, HindIII/XhoI and

BamHI/HindIII, respectively. The three restriction diges-

tion fragments were gel purified and consecutively ligated

into the pBlueScript II SK (?) vector to generate pSK-

ac13US-CmR-ac13DS. A fragment, amplified using the

primer pair ac13-US-F/ac13-DS-R and template pSK-

ac13US-CmR-ac13DS, was used to electroporate E. coli

BW25113 cells (containing bMON14727 and pKD46) to

replace the N-terminal 146-bp (10,298 to 10,443 nt of the

AcMNPV genome) of ac13 with the CmR cassette via k
Red homologous recombination. The resulting ac13-null

bacmid, confirmed by PCR and DNA sequencing, was

named bAcac13KO.

Subsequently, the polh and egfp genes were separately

cloned into the pFastBacDual vector (Invitrogen) under the

control of the polh and p10 gene promoters via restriction

digestion and ligation to generate pFBD-ph-egfp. DH10B

competent cells, containing a helper plasmid pMON7124

and the bacmid bAcac13KO, were transformed with the

plasmid pFBD-ph-egfp to generate an ac13-null bacmid

(bAcac13KO-ph) by Tn7-mediated transposition. Similarly,

a wild-type control bacmid (bAc-ph) was generated by

inserting the polh and egfp genes into the polh locus of

bMON1427. To construct an ac13 rescue bacmid, a

1458-bp fragment containing the ac13 native promoter and

ORF was amplified by PCR with the primer pair Dual-

ac13-F1/R1 (sequences were shown in Supplementary

Table S1) from the bMON1427 template. The 1458-bp

fragment was inserted in the plasmid pFBD-ph-egfp to

produce pFBD-ph-ac13-egfp via homologous recombina-

tion. This vector was then used to transform DH10B

competent cells (containing bAcac13KO and pMON7124) to

generate an ac13-rescue bacmid (bAcac13REP-ph). Mean-

while, another ac13 rescue bacmid bAcac13FlagREP-ph

(Supplementary Fig. S1), encoding a FLAG tag at its 30-
end, was constructed using the same method. All recom-

binant bacmids were confirmed by PCR.

Construction of ac13 Subcellular Localization
Plasmids

The transient expression plasmid pIB-egfp was constructed

using FastCloning (Li et al. 2011). Briefly, the pIB/V5-His

vector (Invitrogen) and insert egfp fragment were amplified

by PCR (prime sequences were shown in Supplemen-

tary Table S1). The egfp fragment 16 bp sequence was

homologous with the vector. The PCR products were

digested with DpnI (Takara) at 37 �C for 1 h, and then used

to transform E. coli DH5a competent cells. Subsequently,

the ac13 ORF was amplified from the AcMNPV genome

and subcloned into pIB-egfp in-frame with the egfp frag-

ment to generate pIB-ac13egfp via the same method. Based

on the pIB-ac13egfp vector, the pIB-ac134NLSegfp vector

bearing a truncated ac13 gene with an NLS deletion (aa

260–270) was also constructed by FastCloning.

Transfection and Infection Assays

Sf9 cells were seeded in the six-well plate (1.0 9 106 cells/

well) and allowed to attach for 2 h at 27 �C. The cells were
transfected in triplicate with 10 lg of each bacmid DNA

(bAcac13KO-ph, bAcac13REP-ph and bAc-ph) using 8 lL of

Cellfectin II (Invitrogen) according to the manufacturer’s

instructions. The transfection buffer was then replaced with

fresh Grace’s medium after incubation for 5 h. The BVs

contained in the supernatant were called vAcac13KO-ph,

vAcac13REP-ph or vAc-ph. The supernatants were harvested

at 24, 48, 72, 96 and 120 h p.t. and viral titers were
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determined using the endpoint dilution assay (Lei et al.

2020). Cells were infected in triplicate with each virus at an

MOI of 0.002. After viral absorption for 1 h at 27 �C, the
infection mixture was replaced with fresh Grace’s medium,

and the time point was designated 0 h p.i. The supernatants

were harvested at 12, 24, 48, 72, 96 and 120 h p.i., and

viral titers were determined using the endpoint dilution

assay (Lei et al. 2020). Statistical analysis was performed

using one-way analysis of variance (ANOVA).

Quantitative Analysis of Viral Genome
Replication and Viral Gene Transcription

The qPCR analysis was performed as previously described

(Vanarsdall et al. 2005) with some modifications. Briefly,

Sf9 cells (1.0 9 106 cells/well) were transfected with

bAcac13KO-ph or bAc-ph in triplicate and harvested at 0, 12

and 24 h p.t., respectively. Total DNA was extracted using

a Universal Genomic DNA extraction kit version 5.0

(Takara) and digested with DpnI (Takara) at 37 �C over-

night. Finally, qPCR was performed with the gp41-specific

primer pairs (sequences were shown in Table S1) by a

CFX96 real-time system (Bio-Rad). The reverse tran-

scription RT-qPCR analysis was performed as previously

described (Peng et al. 2012) with some modifications. Sf9

cells (1.0 9 106 cells/well) were transfected with

bAcac13KO-ph or bAc-ph in triplicate and collected at 24 h

p.t. Total RNA was isolated using RNAiso Plus (Takara),

and total cDNA was obtained via reverse transcription

using an iScript cDNA synthesis kit (Bio-Rad). Subse-

quently, qPCR was performed with five primer pairs of

selected viral genes (sequences were shown in Supple-

mentary Table S1) using a CFX96 real-time system (Bio-

Rad). The 18S rRNA was selected as the endogenous

reference.

Fluorescence Confocal Microscopy Analysis

Confocal immunofluorescence microscopy was performed

as previously described (Xu et al. 2019). Sf9 cells were

seeded (4 9 105 cells/dish) in a glass dish and allowed to

attach for 2 h, then infected with vAcac13FlagREP-ph at an

MOI of 5. The cells were fixed with 4% paraformaldehyde

for 10 min at the designated time points. After washing

with phosphate-buffered saline (PBS), the fixed cells were

treated with 0.2% (v/v) Triton X-100 for 10 min and then

blocked with PBS containing 5% (w/v) bovine serum

albumin and 0.1% (v/v) Tween-20 for 30 min. Subse-

quently, the cells were incubated with rabbit anti-FLAG

polyclonal antibody (1:500) and mouse anti-lamin Dm0

monoclonal antibody (1:500) for 1 h followed by Alexa

Fluor 594 goat anti-rabbit IgG (1:1000, Invitrogen) and

Alexa Fluor 647 goat anti-mouse IgG (1:1000, Invitrogen)

for 1 h in dark. Finally, the cell nuclei were stained with

Hoechst 33,258 (Beyotime, Shanghai, China) for 7 min in

the dark and examined using the PerkinElmer UltraView

VOX system with a 60 9 oil-immersion.

Electron Microscopy Analyses

Transmission electron microscopy (TEM) analysis was

performed as previously described (Qin et al. 2019). Sf9

cells were seeded (1 9 106 cells/well) and allowed to

adhere for 2 h, then infected with vAcac13KO-ph,

vAcac13REP-ph or vAc-ph. At 48 h p.i., the cells were fixed

with 2.5% (v/v) glutaraldehyde for 2 h. Ultrathin sections

were visualized using FEI Tecnai G2 20 TWIN transmis-

sion electron microscope. Twenty intact cells infected with

vAcac13KO-ph, vAcac13REP-ph or vAc-ph were randomly

chosen to analyze nucleocapsid egress. The numbers of

intranuclear and egressed nucleocapsids in each cell sec-

tion were counted using ImageJ software (https://imagej.

nih.gov/ij/) and compared using the Kruskal–Wallis test

followed by Dunn’s multiple comparison test. For immu-

noelectron microscopy (IEM) analysis, Sf9 cells were

infected with vAcac13FlagREP-ph at an MOI of 10. At 48 h

p.i., the cells were fixed with 1% paraformaldehyde-0.5%

glutaraldehyde for 10 min at 4 �C and refixed with 2%

paraformaldehyde 2.5% glutaraldehyde for 1 h at 4 �C, and
then were dehydrated and embedded according to previ-

ously methods (Xu et al. 2019). Ultrathin sections were

immunostained with anti-FLAG pAb (1:50) as the primary

antibody. Goat anti-rabbit IgG coated with gold particles

(10 nm; Sigma, Darmstadt, Germany) was used as the

secondary antibody (1:50). The Ultrathin sections also

were visualized by an FEI Tecnai G2 20 TWIN transmis-

sion electron microscope.

Scanning Electron Microscopy (SEM), TEM
and Negative Staining Analyses

OBs were purified from larvae by differential centrifuga-

tion according to the method described by Gross et al.

(Gross et al. 1994) and observed by SEM (Hitachi

SU8010) and TEM (FEI Tecnai G2 20 TWIN) as described

previously (Kuang et al. 2017). To observe ODVs

embedded within OBs, 10 lL of OB suspension (108 OBs/mL)

were loaded onto a copper grid for 10 min. Filter paper

was used to remove the remaining solution from the grid.

Then, 10 lL of dissolution buffer [0.1 mol/L Na2CO3,

0.17 mol/L NaCl, 0.01 mol/L EDTA (pH 10.5)] was added to

dissolve the OBs for 1 min. After removing the dissolution

buffer, the grid was stained with 2% (w/v) phosphotungstic

acid (pH 5.7) for 1 min. The grids were kept at room tem-

perature overnight and observed by TEM. The ODVs in each

OB were counted using ImageJ software and their numbers
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were compared using the Kruskal–Wallis test followed by

Dunn’s multiple comparison test.

Results

ac13 Is a Late Viral Gene

Transcriptomic analysis showed that two different TSSs

were located upstream of the ac13 translation initiation

codon (Chen et al. 2013). Temporal transcription patterns

showed that the product of ac13 was detected as early as

3 h p.i. and persisted up to 48 h p.i. (Fig. 1A). The 50

RACE analysis revealed that the TSSs mapped to the first

G of the atypical baculovirus early promoter motif

GCAGT, located 217 nt upstream of the ac13 ORF start

codon, and the first A of the typical late promoter motif

TAAG, located 56 nt upstream of the ac13 ORF start codon

(Fig. 1B). These results indicated that ac13 gene was

regulated by an early promoter and a late promoter, and it

was transcribed during the early and late stages of

infection.

The temporal expression profile of AC13 was deter-

mined by Western blotting of AcMNPV-infected cells at

designated time points. A band of approximately 39 kDa,

close to the predicted molecular mass of AC13, was

detected from 18 to 48 h p.i. (Fig. 1C). To further

determine whether AC13 was expressed during the late

infection, AC13 was detected in AcMNPV-infected cells

via the presence of aphidicolin, which inhibits viral DNA

replication and thus prevents viral late gene expression. No

AC13 expression was observed in aphidicolin-treated cells,

while AC13 was detected in control cells treated with

dimethyl sulfoxide (DMSO) at 24 h p.i. (Fig. 1D).

Expression of VP39 was only detected in DMSO-treated

cells, while expression of GP64 was detected both in

aphidicolin-treated and DMSO-treated cells (Fig. 1D).

These data showed that despite the transcription of ac13

could be detected during the early and late stages of

infection, AC13 protein was only detected at the late stage.

Thus, ac13 can be designated as a late viral gene.

AC13 Is Predominantly Localized to the Nuclear
Lamina

To investigate the function of AC13 in the viral life cycle,

its subcellular localization was analyzed by confocal

microscopy. Sf9 cells, infected with vAcac13FlagREP-ph at

an MOI of 5, were fixed at 12, 18, 24, 36, 48 and 72 h p.i.

AC13 was detected by immunofluorescence using confocal

microscopy. As shown in Fig. 2A, AC13 fluorescence was

predominantly localized to the nuclear ring zone and

mainly colocalized with the nuclear lamina from 12 until

72 h p.i. Immunoelectron microscopy was also used to

A
h p.i.

ac13

ie1

vp39

0 3 6 12 24 36 48

B

CAGCCGGGCAGTTTTGCG TTATAAGGGA ATGCTATCCT AATGGCACGGTGACGTTTCCGCGCGACATCAC
+1

Early transcription start site (-217)  Late transcription start site (-56)

AcMNPV5' 3'

GCAGTTTTGCG TTATAAGGGA ATGCTATCCT AATGGCACGGTGACGTTTCCGCGCGACATCAC
CG AC AAA GTGGGCGCGCTGTA3'

4 h p.i.
5'RACE

5'

ac13-GSP1
TGCC TGC

3'
5'

ATGCTATCCT AATGGCACGGTGACGTTTCCGCGCGACATCAC
CG AC AAA GTGGGCGCGCTGTA3'

24 h p.i.
5'RACE

ac13-GSP1
TGCC TGC

3'
5'

5' TAAGGGA

C

AC13
45

35

CK 6 12 18 24 48kDa h p.i.

D

AC13

VP39

GP64

β-actin

+ −
Aphidicolin

Fig. 1 Transcription and expression analyses of ac13. A RT-PCR

analysis of ac13 transcription. Total RNA was extracted from

AcMNPV-infected cells at the indicated time points. The transcripts

were amplified with ac13-, ie1- or vp39-specific primes, respectively.

B 50 RACE analysis of ac13 TSS. Total RNA was extracted from

AcMNPV-infected cells at 4 and 24 h p.i. and subjected to 50 RACE
analysis. The late promoter (TAAG) and the early promoter

(GCAGT) were denoted in box and the two TSSs were shown with

arrowhead. C Western blot analysis the temporal expression of AC13.

Sf9 cells, infected with AcMNPV at an MOI of 10, were harvested at

the indicated time points and detected with anti-AC13 antibody.

D Western blot analysis of the expression of AC13 with aphidicolin.

The AcMNPV-infected cells were treated with 5 lg/mL aphidicolin

( ?) or DMSO control ( -) at 0 h p.i. and then processed at 24 h p.i.

and detected with anti-AC13. The VP39, GP64 and b-actin were used

as controls.
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assess the localization of AC13 in cells infected with

vAcac13FlagREP-ph. At 48 h p.i., colloidal-gold-labeled

AC13 was predominantly localized to the perinuclear and

nuclear membranes (Fig. 2B). This result agreed with the

immunofluorescence data.

Further bioinformatic analysis indicated that there was a

putative nuclear localization signal (NLS) motif in the

DUF3627 domain of AC13 (Fig. 2C-a). To examine the

localization of AC13 in the absence of viral infection or the

NLS motif, Sf9 cells were transfected with the pIB-

ac13egfp, pIB-ac134NLSegfp or pIB-egfp plasmids. As

shown in Fig. 2C-b, pIB-ac13egfp fluorescence was

detected at the nuclear lamina, whereas pIB-ac134NLSegfp,

encoding a disrupted NLS, fluorescence was observed only

in the cytoplasm. As a control, pIB-egfp showed

homogenous fluorescence throughout the cytoplasm and

nucleus. These results indicated that AC13 was located to

the nuclear lamina independently of viral infection, but

nuclear import required the NLS motif.

ac13 Is Essential for BV Production but Not
for OB Formation

To investigate the function of ac13 in the AcMNPV life

cycle, an ac13-null bacmid, bAcac13KO-ph, an ac13-rescue

bacmid, bAcac13REP-ph, and a pseudo-wild-type bacmid,

bAc-ph (Fig. 3), were constructed. All bacmids were con-

firmed by PCR (primer sequences were shown in Supple-

mentary Table S1).

To determine the effects of the absence of ac13 on viral

proliferation and OB morphogenesis, Sf9 cells were

transfected with the bAcac13KO-ph, bAcac13REP-ph or bAc-

ph bacmids and monitored under a fluorescent microscope.

No obvious differences were found in the numbers of flu-

orescent cells among the three bacmids at 24 h p.t.
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Fig. 2 Subcellular localization analysis of AC13. A Immunofluores-

cence analysis. Sf9 cells, infected with vAcac13FlagREP-ph at an MOI

of 5, were fixed with paraformaldehyde at the indicated time points

and immunostained with an anti-FLAG antibody to detect AC13

(red), an anti-lamin Dm0 antibody to detect Lamin B1 (purple). EGFP

was an indicator of cells infected with virus (green). The nuclei were

stained with Hoechst33258 (blue). B Immunoelectron microscopy

analysis. Sf9 cells were infected with vAcac13FlagREP-ph at an MOI of

10 and harvested at 48 h p.i. The ultrathin sections were probed with

anti-FLAG antibody as the primary antibody and goat anti-rabbit IgG

coated with gold particles (10 nm) as the secondary antibody. C-a
Schematic representation of the NLS of AC13. The NLS of AC13 was

predicted in the DUF3627. C-b Fluorescence microscope analysis.

Sf9 cell, transfected with the plasmids pIB-ac13egfp, pIB-ac134NLS-

egfp or pIB-egfp, were analyzed by immunofluorescence microscopy

at 24 h p.t. EGFP was an indicator of AC13 (green), and an anti-lamin

Dm0 antibody was used to detect the Lamin B1 in cells (red). The

nuclei were stained with Hoechst 33,258 (blue).
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locus of bAcac13KO via Tn7-mediated transposition to generate

bAcac13KO-ph. The ac13 together with the egfp and polh genes were

inserted into the polh locus of bAcac13KO to generate bAcac13REP-ph.
bAc-ph was constructed by inserting the egfp and polh genes into the

polh locus of bMON14272.
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Fig. 4 Analyses of viral replication and OB formation in the

transfected/infected cells. A Fluorescence microscopy of cells

transfected with the bacmids of bAc-ph, bAcac13KO-ph or bAcac13REP-

ph at 24 or 96 h p.t. (upper and middle panels). Light microscopy of

cells transfected with each bacmid at 96 h p.t. (lower panel). B One-

step growth curve generated from bAc-ph-, bAcac13KO-ph- or

bAcac13REP-ph-transfected cells. The supernatants of Sf9 cells,

transfected with bAc-ph, bAcac13KO-ph or bAcac13REP-ph, were

harvested at the designated time points and quantified by the endpoint

dilution assay. Each data points represent average titers from three

separate transfections. Error bars represent standard deviations (SD).

C OB production in each cell. The number of envisaged-visible OBs

was under phase contrast microscope counted at 96 h p.t., and more

than 50 cells were counted for each condition. n.s. indicates no

significance, P[ 0.05. D Fluorescence microscopy images of Sf9

cells infected with vAc-ph, vAcac13KO-ph or vAcac13REP-ph at an MOI

of 0.002 at 96 h p.i. E One-step growth curve generated from vAc-ph-
, vAcac13KO-ph- or vAcac13REP-ph-infected cells. Sf9 cells were

infected with vAc-ph, vAcac13KO-ph or vAcac13REP-ph at an MOI of

0.002. The supernatants were collected at the indicated time points

and determined by the endpoint dilution assay. Each data points

represent average titers from three separate infections. Error bars

represent SD.
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(Fig. 4A, upper panel), indicating that the three bacmids

had comparable transfection efficiencies. However, the

number of fluorescent bAcac13KO-ph-transfected cells

increased much less than those of bAcac13REP-ph and bAc-

ph from 24 to 96 h p.t. (Fig. 4A, upper and middle panels).

To further examine the effects of ac13 deletion on viral

proliferation, we collected BV supernatants from cells

transfected with each bacmid at the indicated time points.

Virus titers were determined using the endpoint dilution

assay, and performed one-step growth curve analysis.

Viruses produced from the bAcac13REP-ph and bAc-ph

bacmids showed similar growth kinetics, reaching

7.0 9 108 and 4.0 9 108 TCID50/ml at 96 h p.t., respec-

tively. However, the viral titer of bAcac13KO-ph was

reduced by 400-fold compared with bAcac13REP-ph or bAc-

ph at 120 h p.t. (P\ 0.001) (Fig. 4B). These results indi-

cated that although bAcac13KO-ph-transfected cells were

able to produce infectious BVs, the efficiency of BV pro-

duction was impaired. Light microscopy analysis revealed

that a large proportion of cells transfected with bAc-ph or

bAcac13REP-ph contained OBs at 96 h p.t., whereas only a

small proportion of bAcac13KO-ph-transfected cells con-

tained OBs (Fig. 4A, lower panel). However, no obvious

differences were found in the average numbers of OBs

produced by each cell transfected with bAcac13KO-ph,

bAcac13REP-ph or bAc-ph at 96 h p.t. (Fig. 4A, lower panel

and Fig. 4C), indicating that ac13 deletion had no effect on

OB formation.

To confirm the results obtained following bacmid

transfection, Sf9 cells were infected with vAcac13KO-ph,

vAcac13REP-ph or vAc-ph at an MOI of 0.002. The super-

natants were collected and BV titles were determined by

the endpoint dilution assay at the designated time points,

and performed one-step growth curve analysis. As shown

in Fig. 4D and 4E, vAcac13REP-ph showed similar growth

kinetics to vAc-ph. However, BV production in vAcac13KO-

ph-infected cells was significantly reduced compared with

that in cells infected with vAc-ph and vAcac13REP-ph.

Taken together, these data suggested that ac13 deletion

significantly decreased infectious BV production, but did

not affect OB formation in cells.

ac13 Is Not Required for Replication of Viral
Genome or Transcription of Viral Genes

The BV life cycle includes replication of viral genome,

assembly of progeny nucleocapsids, egress from the

nucleus, transport through the cytoplasm, and budding

from the plasma membrane where the BV gains its enve-

lope. To determine whether reduced BV production in

vAcac13KO-ph-infected cells resulted from a defect in viral

genome replication, viral genome replication was com-

pared between bAcac13KO-ph- and bAc-ph-transfected cells

by quantitative PCR (qPCR) within 24 h p.t., before sec-

ondary infection by BVs could occur (Qiu et al. 2019). Sf9

cells were transfected with equal amounts of bAcac13KO-ph

or bAc-ph bacmid DNA and collected at 0, 12 and 24 h p.t.

Total intracellular DNA was extracted and treated with

DpnI to eliminate input bacmid DNA. The viral genome

copy number was measured by qPCR using gp41-specific

primers (sequences were shown in Table S1) as previously

reported (Vanarsdall et al. 2005). As shown in Fig. 5A, the

viral DNA content in bAcac13KO-ph and bAc-ph-trans-

fected cells both increased with similar rates from 0 to 24 h

p.t. (P[ 0.05), indicating that ac13 deletion did not affect

viral genome replication. Subsequently, the transcription of

five viral genes, including two early genes (ie1 and pe38),

one early-late gene (gp64) and two late genes (vp39 and

polh), was analyzed by RT-qPCR. There were not signifi-

cant differences in the transcript levels of any genes
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Fig. 5 Analyses of viral genome replication and viral genes

transcription. A qPCR analysis of viral DNA replication. Total

cellular DNA was extracted at the indicated time points from cells,

transfected with the bacmids of bAcac13KO-ph or bAc-ph, and digested
with restriction enzyme DpnI to eliminate input bacmid DNA. The

genomes copies were analyzed with qPCR using the gp41-specific
primer pairs. The values represent the averages from three indepen-

dent assays. Error bars indicate SD. B RT-qPCR analysis of viral

genes transcription at 24 h p.t. Total cellular RNA was extracted at

24 h p.t. from cells which were transfected with bAcac13KO-ph or

bAc-ph. The transcription of selected viral genes was measured with

RT-qPCR. The transcript level of each gene was normalized to that of

the cell 18S rRNA. The values represent the averages from three

independent assays, and error bars represent SD.

X. Chen et al.: Ac13 Is Required for Efficient Nuclear Egress of Nucleocapsids 975

123



between bAcac13KO-ph- and bAc-ph-transfected cells

(P[ 0.05) (Fig. 5B), suggesting that ac13 deletion did not

affect early or late viral gene transcription. These data

revealed that ac13 deletion did not impair viral genome

replication or gene transcription.

ac13 Is Required for Efficient Nuclear Egress
of Nucleocapsids

To further explore the impediments to BV production in

the absence of ac13, TEM was used to examine thin sec-

tions generated from cells infected with vAcac13KO-ph,

vAcac13REP-ph or vAc-ph at an MOI of 10 at 48 h p.i. As

shown in Fig. 6A, the typical symptoms of baculovirus

infection appeared both in vAcac13KO-ph- and vAc-ph-

infected cells. These included an enlarged nucleus with a

net-shaped virogenic stroma, a large number of rod-shaped

electron-dense nucleocapsids within the virogenic stroma,

and mature ODVs with multiple nucleocapsids and ODV-

containing OBs around the ring zone. As expected,

vAcac13REP-ph-infected cells exhibited similar characteris-

tics to those of cells infected with vAc-ph. According to the

results, ac13 deletion did not affect either nucleocapsid

assembly or OB formation.

AC13 is localized to the nuclear lamina, and therefore it

might play a role in egress of nucleocapsids from the

nucleus. The TEM analysis was used to assess whether

ac13 deletion had any effect on nuclear egress. According

to methods previously reported (Fang et al. 2007; Ke et al.

2008; Qiu et al. 2019), we counted and compared the

numbers of intranuclear and egressed nucleocapsids in 20

randomly chosen cells infected with vAcac13KO-ph,

vAcac13REP-ph or vAc-ph. The egressed nucleocapsids

included nucleocapsids exiting the nuclear membrane, in

transport through the cytoplasm and budding from the

cytoplasmic membrane (Fig. 6A-d, 6A-h and 6A-i).

Intranuclear nucleocapsids of vAcac13KO-ph-infected cells

were comparable to those of vAcac13REP-ph- and vAc-ph-

infected cells (Fig. 6B-a). By contrast, the numbers of

egressed nucleocapsids in vAcac13KO-ph-infected cells

were reduced by 3.0 folds compared with those of

vAcac13REP-ph- or vAc-ph-infected cells (P\ 0.001)

(Fig. 6B-b). Taken above results together, ac13 deletion
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Fig. 6 Transmission electron microscopy analyses of cells infected

with vAc-ph, vAcac13KO-ph or vAcac13REP-ph. A Sf9 cells, infected

with vAc-ph, vAcac13KO-ph or vAcac13REP-ph at an MOI of 10, were

fixed at 48 h p.i. and prepared for TEM. (A-a to A-d) Cells infected
with vAc-ph. (A-e to A-h) Cells infected with vAcac13KO-ph. (A-i to
A-l) Cells infected with vAcac13REP-ph. (A-a, A-e and A-i) Enlarged
nucleus (Nuc) and virogenic stroma (VS) in cells infected with vAc-

ph, vAcac13KO-ph or vAcac13REP-ph. (A-b, A-f and A-j) Normal

electron-dense nucleocapsids (NC) in cells infected with vAc-ph,
vAcac13KO-ph or vAcac13REP-ph. (A-c, A-g and A-k) ODVs contain-
ing multiple nucleocapsids and OBs embeding normal ODVs in cells

infected with vAc-ph, vAcac13KO-ph or vAcac13REP-ph. (A-d, A-h and
A-l) Nucleocapsids residing in the cytoplasm or budding from the

nuclear or cytoplasmic membranes were indicated with red arrows,

while nucleocapsids residing in the nucleus were indicated with white

arrows in cells. The nuclear membrane was shown with white dotted

line. Cyt, cytoplasm; NM, nuclear membrane; CM, cytoplasmic

membrane. B The numbers of intranuclear nucleocapsids (n.s.

indicates no significance, P[ 0.05) (B-a) and egressed nucleocapsids

(*** indicates P\ 0.001, n.s. indicates no significance, P[ 0.05) (B-
b) were determined. Numbers were calculated from 20 cells.
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impaired the efficiency of nucleocapsid egress from the

nucleus to the cytoplasm.

ac13 Is Not Required for OB Morphogenesis
in Larvae

According to the above results, ac13 deletion did not affect

the number of OBs formed within each cell. To further

investigate whether ac13 deletion had an effect on OB

morphogenesis in larvae, SEM, TEM and negative staining

analyses were performed on OBs purified from S. exigua

cadavers infected with vAc-ph, vAcac13KO-ph or

vAcac13REP-ph. As shown in Fig. 7A, the OBs formed

within vAcac13KO-ph-infected larvae had smooth surfaces

and sharp edges and contained normal ODVs, similar to

those from vAc-ph- or vAcac13REP-ph-infected larvae.

Subsequently, we dissolved, negatively stained and imaged

the OBs of vAc-ph, vAcac13KO-ph or vAcac13REP-ph by

TEM. And we counted the numbers of ODVs within OBs

of the three viruses using ImageJ software. The average

number of ODVs per OB of vAcac13KO-ph was comparable

to those of vAc-ph or vAcac13REP-ph (P[ 0.05) (Fig. 7B).

Taken together, these results showed that ac13 deletion did

not affect OB morphogenesis in S. exigua larvae.

Discussion

The ac13 gene is conserved in all sequenced alphabac-

uloviruses, implying that it may play an important role in

the viral life cycle. In this study, we investigated the role of

ac13 in AcMNPV by constructing an ac13-null bacmid

(bAcac13KO-ph). We determined that ac13 was required for

efficient egress of nucleocapsids from the nucleus to the

cytoplasm, but not for OB formation.

The 50 RACE analysis indicated that ac13 was regulated

by an atypical early promoter (GCAGT) and a canonical

late promoter (TAAG) in AcMNPV-infected Sf9 cells. The

TSS of the late promoter was consistent with previous

studies. However, the TSS of the early promoter differed

by 2 nt from previous data generated from AcMNPV-

infected T. ni cells. A potential explanation for this dis-

crepancy might be that different hosts impact the TSS

usage of AcMNPV. Temporal transcription analysis

revealed that ac13 was transcribed from 3 h p.i. and per-

sistent up to 48 h p.i. Thus, ac13 might play a role at the

early and late stages of infection, although the AC13 pro-

tein was only detected during the late stage. However, we

cannot rule out the possibility that the levels of AC13

expression during the early stage were too low to be

detected. It is also possible that ac13 may play a role in

early infection not through an encoded protein but other

types of gene products (i.e., peptides or non-coding RNAs),

or may participate as a DNA element. For example, ac83 is

involved in nucleocapsid envelopment via an internal cis-

acting element (Huang et al. 2017).

Subcellular localization analysis showed that AC13

localized at the nuclear lamina independent of viral

infection. Protein nuclear import typically requires an NLS,

which assists transport through the nuclear pore complex

into the nucleus. Previous studies identified several pro-

teins with NLSs in AcMNPV including LEF-3, DNApol,

IE1 and BV/ODV-C42 (Olson et al. 2002; Victoria et al.

2009; Feng and Krell 2014). Bioinformatic and confocal

microscopy analyses indicated the presence of an NLS

motif in AC13, which played an essential role in its nuclear

import (Fig. 2C). However, the bioinformatic analysis

suggested that AC13 is not an integral membrane protein.

Yet-unknown proteins may facilitate the nuclear membrane

accumulation of AC13.
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It was reported that bm5 encoded a multifunctional

protein that regulates viral transcription and OB formation

and contributed to BV production (Kokusho et al. 2016).

However, in our study, observation of cells transfected with

bAcac13KO-ph or bAc-ph demonstrated that ac13 deletion

reduced BV production by 99.7%, but did not affect OB

formation. The CmR cassette was reversibly inserted in the

ac13 ORF, completely disrupting ac13 expression without

affecting transcription or expression of the neighbor genes

lef1 and ac12. The phenotype of the ac13 knockout could

be rescued by a repair virus. This discrepancy may result

from different measurement methods use. In Kokusho et al.

(2016) study, OB formation was confirmed by counting the

number of OBs in the whole dish. As bm5 deletion reduced

BV production and decreased the number of cells under-

going secondary infection, the number of bm5-null-in-

fected cells may have been lower than the number of cells

infected with wild-type virus. In our study, we assessed OB

formation by counting the number of OBs per cell and

observed the shape and inner structure of OBs via SEM and

TEM. In addition, the differences may also have resulted

from different viruses. Several genes have been reported to

show discrepancies in knockout phenotypes between

AcMNPV and BmNPV. For instance, gp41 is essential for

AcMNPV replication (Li et al. 2018) but not for BmNPV

replication (Ono et al. 2012). Additionally, ac51 is required

for BV production but not for OB morphogenesis in

AcMNPV (Qiu et al. 2019), while bm40, an orthologous

gene of ac51 in BmNPV, is essential for BV and OB

morphogenesis (Shen et al. 2018).

The nuclear membrane accumulation of AC13 sug-

gested that it may be involved in nucleocapsid egress from

the nucleus. In the alphaherpesviruses, pUL31 and pUL34,

which are required for egress of nucleocapsids from the

nucleus to the cytoplasm, are co-dependently localized to

the nuclear rim (Klupp et al. 2007). Largely based on the

results of TEM analysis, nucleocapsid egress from the

nucleus is thought to occur through a process of budding

from the nuclear membrane (Blissard and Theilmann

2018), and a recent study demonstrated that baculovirus

nucleocapsid egress from the nucleus by disrupting the

nuclear membrane (Ohkawa and Welch 2018). We used

TEM to examine and compare cells infected with

vAcac13KO-ph, vAcac13REP-ph or vAc-ph. The results

showed that ac13 deletion did not affect nucleocapsid

assembly or progression of viral infection into very late

phases to form OBs, but impaired efficient egress of

nucleocapsids from the nucleus to the cytoplasm. Several

AcMNPV genes have been reported to be involved in

nuclear egress of nucleocapsids including ac11, ac51,

ac66, ac75, ac78, gp41, ac93, p48, exon0 and ac142. The

first to be identified, exon0, is not strictly essential for the

production of BVs because a few nucleocapsids in cells

infected with an exon0-null virus did pass through the

nuclear membrane. Recently, Qiu et al. demonstrated that

the ac51 deletion affected the efficiency of nucleocapsid

egress, but did not affect nucleocapsid assembly and ODV

envelopment (Qiu et al. 2019). In this study, the genes

required for the nuclear egress of nucleocapsids and pro-

duction of BVs seemed to be divided into two categories

(Qiu et al. 2019): (1) genes whose deletion did not affect

nucleocapsid assembly but prevented nuclear egress of

nucleocapsids, thus abrogating BV production and also

interrupting ODV formation, and (2) genes whose deletion

did not affect nucleocapsid assembly but decreased the

efficiency of nuclear egress of nucleocapsids, thus

decreasing BV production. According to previous reports,

exon0, ac66 and ac51 belong to the second category. Our

results confirm that ac13 is a fourth gene belonging to the

second category.

Egress of baculovirus nucleocapsids from the nucleus is

an essential process for morphogenesis of mature BVs,

which is required to spread infection within susceptible

cells and tissues. In this study, we firstly found that ac13

was required for efficient nuclear egress of nucleocapsids

during BV production. The results may contribute to a

better understanding of nucleocapsid egress in

baculoviruses.

Acknowledgements This work was supported by the National Key

Research and Development Program of China (2017YFD0201206)

and the WIV ‘‘One-Three-Five’’ strategic program (Y602111SA1 to

XS). The funders had no role in study design, data collection and

interpretation, or the decision to submit the work for publication.

Additionally, we thank Prof. Zhihong Hu from Wuhan Institute of

Virology, CAS, for polyclonal antibodies (anti-GP64 and anti-VP39).

We also thank Youling Zhu from the Core Facility and Technique

Support, Wuhan Institute of Virology, for assistance with anti-AC13

antibody preparation. We thank the Core Facility and Technical

Support of Wuhan Institute of Virology, CAS, for their technical

assistance in fluorescence microscopy (Ding Gao and Juan Min) and

electron microscope (Pei Zhang, Anna Du and Bichao Xu).

Author Contributions XC, XS and JH designed the experiments.

XC, XY and CL carried out the experiments and analyzed the data.

XC, XS and JH wrote the manuscript. XC, FQ, XS and JH checked

and finalized the manuscript. All authors read and approved the final

manuscript.

Compliance with Ethical Standards

Conflict of interest The authors declare that there are no conflicts of

interest.

Animal and Human Rights Statement The animal experiment was

approved by Institutional Review Board, Wuhan Institute of Virology,

Chinese Academy of Sciences (Approval Number WIVA13201401).

978 Virologica Sinica

123



References

Biswas S, Willis LG, Fang M, Nie Y, Theilmann DA (2017)

Autographa californica nucleopolyhedrovirus ac141 (exon0), a

potential e3 ubiquitin ligase, interacts with viral ubiquitin and

ac66 to facilitate nucleocapsid egress. J Virol 92:e01713-01717

Blissard GW, Theilmann DA (2018) Baculovirus entry and egress

from insect cells. Annu Rev Virol 5:113–139

Chen YR, Zhong S, Fei Z, Hashimoto Y, Xiang JZ, Zhang S, Blissard

GW (2013) The transcriptome of the baculovirus autographa

californica multiple nucleopolyhedrovirus in trichoplusia ni

cells. J Virol 87:6391–6405

Datsenko KA, Wanner BL (2000) One-step inactivation of chromo-

somal genes in escherichia coli k-12 using pcr products. Proc

Natl Acad Sci U S A 97:6640–6645

Fang M, Dai D, Theilmann DA (2007) Autographa californica

multiple nucleopolyhedrovirus exon0 (orf141) is required for

efficient egress of nucleocapsids from the nucleus. J Virol

81:9859–9869

Feng G, Krell PJ (2014) Autographa californica multiple nucleopoly-

hedrovirus DNA polymerase c terminus is required for nuclear

localization and viral DNA replication. J Virol 88:10918–10933

Fraser MJ (1986) Ultrastructural observations of virion maturation in

autographa californica nuclear polyhedrosis virus infected

spodoptera frugiperda cell cultures. J Ultrastruct Mol Struct

Res 95:189–195

Gross CH, Russell RL, Rohrmann GF (1994) Orgyia pseudotsugata

baculovirus p10 and polyhedron envelope protein genes: Anal-

ysis of their relative expression levels and role in polyhedron

structure. J Gen Virol 75:1115–1123

Guo Y, Yue Q, Gao J, Wang Z, Chen Y, Blissard GW, Liu T, Li Z

(2017a) Roles of cellular nsf protein in entry and nuclear egress

of budded virions of autographa californica multiple nucle-

opolyhedrovirus. J Virol 91:e01111-01117

Guo YJ, Fu SH, Li LL (2017b) Autographa californica multiple

nucleopolyhedrovirus ac75 is required for egress of nucleocap-

sids from the nucleus and formation of de novo intranuclear

membrane microvesicles. PLoS ONE 12:e0185630

Hellberg T, Passvogel L, Schulz KS, Klupp BG, Mettenleiter TC

(2016) Nuclear egress of herpesviruses: The prototypic vesicular

nucleocytoplasmic transport. Adv Virus Res 94:81–140

Herniou EA, Luque T, Chen X, Vlak JM, Winstanley D, Cory JS,

O’Reilly DR (2001) Use of whole genome sequence data to infer

baculovirus phylogeny. J Virol 75:8117–8126

Huang Z, Pan M, Zhu S, Zhang H, Wu W, Yuan M, Yang K (2017)

The autographa californica multiple nucleopolyhedrovirus ac83
gene contains a cis-acting element that is essential for nucleo-

capsid assembly. J Virol 91:e02110-02116

Jehle JA, Blissard GW, Bonning BC, Cory JS, Herniou EA,

Rohrmann GF, Theilmann DA, Thiem SM, Vlak JM (2006)

On the classification and nomenclature of baculoviruses: a

proposal for revision. Arch Virol 151:1257–1266

Johnson DC, Baines JD (2011) Herpesviruses remodel host mem-

branes for virus egress. Nat Rev Microbiol 9:382–394

Jones P, Binns D, Chang HY, Fraser M, Li W, McAnulla C,

McWilliam H, Maslen J, Mitchell A, Nuka G, Pesseat S, Quinn

AF, Sangrador-Vegas A, Scheremetjew M, Yong SY, Lopez R,

Hunter S (2014) Interproscan 5: genome-scale protein function

classification. Bioinformatics 30:1236–1240

Ke J, Wang J, Deng R, Wang X (2008) Autographa californica

multiple nucleopolyhedrovirus ac66 is required for the efficient

egress of nucleocapsids from the nucleus, general synthesis of

preoccluded virions and occlusion body formation. Virology

374:421–431

Klupp BG, Granzow H, Fuchs W, Keil GM, Finke S, Mettenleiter TC

(2007) Vesicle formation from the nuclear membrane is induced

by coexpression of two conserved herpesvirus proteins. Proc

Natl Acad Sci U S A 104:7241–7246

Kokusho R, Koh Y, Fujimoto M, Shimada T, Katsuma S (2016)

Bombyx mori nucleopolyhedrovirus bm5 protein regulates

progeny virus production and viral gene expression. Virology

498:240–249

Kuang W, Zhang H, Wang M, Zhou NY, Deng F, Wang H, Gong P,

Hu Z (2017) Three conserved regions in baculovirus sulfhydryl

oxidase p33 are critical for enzymatic activity and function.

J Virol 91:e01158-e11117

Lei C, Yang J, Hu J, Sun X (2020) On the calculation of tcid50 for

quantitation of virus infectivity. Virol Sin. https://doi.org/10.

1007/s12250-020-00230-5.

Li C, Wen A, Shen B, Lu J, Huang Y, Chang Y (2011) Fastcloning: a

highly simplified, purification-free, sequence- and ligation-

independent pcr cloning method. BMC Biotechnol 11:92

Li J, Zhou Y, Lei C, Fang W, Sun X (2015) Improvement in the UV

resistance of baculoviruses by displaying nano-zinc oxide-

binding peptides on the surfaces of their occlusion bodies. Appl

Microbiol Biotechnol 99:6841–6853

Li Y, Shen S, Hu L, Deng F, Vlak JM, Hu Z, Wang H, Wang M

(2018) The functional oligomeric state of tegument protein gp41

is essential for baculovirus bv and odv assembly. J Virol

92:e02083-e12017

Marchler-Bauer A, Bo Y, Han L, He J, Lanczycki CJ, Lu S, Chitsaz F,

Derbyshire MK, Geer RC, Gonzales NR, Gwadz M, Hurwitz DI,

Lu F, Marchler GH, Song JS, Thanki N, Wang Z, Yamashita RA,

Zhang D, Zheng C, Geer LY, Bryant SH (2017) Cdd/sparcle:

functional classification of proteins via subfamily domain

architectures. Nucl Acids Res 45:D200–D203

McCarthy CB, Dai X, Donly C, Theilmann DA (2008) Autographa

californica multiple nucleopolyhedrovirus ac142, a core gene

that is essential for bv production and odv envelopment.

Virology 372:325–339

Ohkawa T, Welch MD (2018) Baculovirus actin-based motility drives

nuclear envelope disruption and nuclear egress. Curr Biol

28:2153–2159

Olson VA, Wetter JA, Friesen PD (2002) Baculovirus transregulator

ie1 requires a dimeric nuclear localization element for nuclear

import and promoter activation. J Virol 76:9505–9515

Olszewski J, Miller LK (1997) A role for baculovirus gp41 in budded

virus production. Virology 233:292–301

Ono C, Kamagata T, Taka H, Sahara K, Asano S, Bando H (2012)

Phenotypic grouping of 141 bmnpvs lacking viral gene

sequences. Virus Res 165:197–206

Pearson MN, Rohrmann GF (2002) Transfer, incorporation, and

substitution of envelope fusion proteins among members of the

baculoviridae, orthomyxoviridae, and metaviridae (insect retro-

virus) families. J Virol 76:5301–5304

Peng Y, Li K, Pei RJ, Wu CC, Liang CY, Wang Y, Chen XW (2012)

The protamine-like DNA-binding protein p6.9 epigenetically up-
regulates autographa californica multiple nucleopolyhedrovirus

gene transcription in the late infection phase. Virol Sin 27:57–68

Qin F, Xu C, Hu J, Lei C, Zheng Z, Peng K, Wang H, Sun X (2019)

Dissecting the cell entry pathway of baculovirus by single-

particle tracking and quantitative electron microscopic analysis.

J Virol 93:e00033-e119

Qiu J, Tang Z, Cai Y, Wu W, Yuan M, Yang K (2019) The

autographa californica multiple nucleopolyhedrovirus ac51 gene

is required for efficient nuclear egress of nucleocapsids and is

essential for in vivo virulence. J Virol 93:e01923-e11918

Rohrmann GF (2019) Baculovirus molecular biology, 4th edn.

National Center for Biotechnology Information, Bethesda

X. Chen et al.: Ac13 Is Required for Efficient Nuclear Egress of Nucleocapsids 979

123

https://doi.org/10.1007/s12250-020-00230-5
https://doi.org/10.1007/s12250-020-00230-5


Shen YW, Feng M, Wu XF (2018) Bombyx mori nucleopolyhe-

drovirus orf40 is essential for budded virus production and

occlusion-derived virus envelopment. J Gen Virol 99:837–850

Shi A, Hu Z, Zuo Y, Wang Y, Wu W, Yuan M, Yang K (2017)

Autographa californica multiple nucleopolyhedrovirus ac75 is

required for the nuclear egress of nucleocapsids and intranuclear

microvesicle formation. J Virol 92:e01509-01517

Slack J, Arif BM (2006) The baculoviruses occlusion-derived virus:

virion structure and function. Adv Virus Res 69:99–165

Tao XY, Choi JY, Kim WJ, Lee JH, Liu Q, Kim SE, An SB, Lee SH,

Woo SD, Jin BR, Je YH (2013) The autographa californica

multiple nucleopolyhedrovirus orf78 is essential for budded

virus production and general occlusion body formation. J Virol

87:8441–8450

Tao XY, Choi JY, Kim WJ, An SB, Liu Q, Kim SE, Lee SH, Kim JH,

Woo SD, Jin BR, Je YH (2015) Autographa californica multiple

nucleopolyhedrovirus orf11 is essential for budded-virus pro-

duction and occlusion-derived-virus envelopment. J Virol

89:373–383

Vanarsdall AL, Okano K, Rohrmann GF (2005) Characterization of

the replication of a baculovirus mutant lacking the DNA

polymerase gene. Virology 331:175–180

Victoria A, Mei Y, Carstens EB (2009) Characterization of a

baculovirus nuclear localization signal domain in the late

expression factor 3 protein. Virology 385:209–217

Xu C, Wang J, Yang J, Lei C, Hu J, Sun X (2019) Nsp2 forms

viroplasms during dendrolimus punctatus cypovirus infection.

Virology 533:68–76

Young JC, MacKinnon EA, Faulkner P (1993) The architecture of the

virogenic stroma in isolated nuclei of spodoptera frugiperda cells

in vitro infected by autographa californica nuclear polyhedrosis

virus. J Struct Biol 110:141–153

Yuan M, Huang Z, Wei D, Hu Z, Yang K, Pang Y (2011)

Identification of autographa californica nucleopolyhedrovirus

ac93 as a core gene and its requirement for intranuclear

microvesicle formation and nuclear egress of nucleocapsids.

J Virol 85:11664–11674

Yuan M, Wu W, Liu C, Wang Y, Hu Z, Yang K, Pang Y (2008) A

highly conserved baculovirus gene p48 (ac103) is essential for

bv production and odv envelopment. Virology 379:87–96

Yue Q, Yu Q, Yang Q, Xu Y, Guo Y, Blissard GW, Li Z (2018)

Distinct roles of cellular escrt-i and escrt-iii proteins in efficient

entry and egress of budded virions of autographa californica

multiple nucleopolyhedrovirus. J Virol 92:e01636-e11617

980 Virologica Sinica

123


	Autographa Californica Multiple Nucleopolyhedrovirus orf13 Is Required for Efficient Nuclear Egress of Nucleocapsids
	Abstract
	Introduction
	Materials and Methods
	Cells, Viruses, Insects and Antibodies
	Transcription and Expression Analysis
	Transcription Initiation Sites Analysis
	Construction of ac13 Knockout and Repaired Bacmids
	Construction of ac13 Subcellular Localization Plasmids
	Transfection and Infection Assays
	Quantitative Analysis of Viral Genome Replication and Viral Gene Transcription
	Fluorescence Confocal Microscopy Analysis
	Electron Microscopy Analyses
	Scanning Electron Microscopy (SEM), TEM and Negative Staining Analyses

	Results
	ac13 Is a Late Viral Gene
	AC13 Is Predominantly Localized to the Nuclear Lamina
	ac13 Is Essential for BV Production but Not for OB Formation
	ac13 Is Not Required for Replication of Viral Genome or Transcription of Viral Genes
	ac13 Is Required for Efficient Nuclear Egress of Nucleocapsids
	ac13 Is Not Required for OB Morphogenesis in Larvae

	Discussion
	Acknowledgements
	Author Contributions
	References




