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ARTICLE INFO ABSTRACT

Keywords: The Autographa californica multiple nucleopolyhedrovirus (AcMNPV) acl2 gene, which is conserved in ten
AcMNPV other baculovirus, codes a predicted 217 amino acid protein of unknown function. In this study, we investigated
Baculovirus the role of ac12 during baculovirus infection, by generating an acl12 knockout virus. The transfection of the
:Cblozx recombinant genome in insect cells resulted in unaltered viral dispersion and occlusion body production when

compared to the control bacmid. This finding demonstrates that ac12 is a non-essential gene. Transmission and
scanning electron microscopy (SEM) analyses showed that acl2 knockout virus produced occlusion bodies
morphologically similar to those obtained with the control and capable to occlude virions. However, a slight but
significant size difference was detected by SEM observation of purified occlusion bodies. This difference suggests
that ac12 may be involved in regulatory pathways of polyhedrin production or occlusion body assembly without
affecting either viral occlusion or oral infectivity in Rachiplusia nu larvae. This was evidenced by bioassays that
showed no significant differences in the conditions tested. A qPCR analysis of viral gene expression during
infection evidenced regulatory effects of ac12 over some representative genes of different stages of the viral
cycle. In this study, we also showed that ac12 is transcribed at early times after infection and remains detectable
up to 72 hours post-infection. The mRNA is translated during the infection and results in a protein that encodes
an F-box domain that interacts in vivo and in vitro with S phase kinase associated protein 1 (SKP1) adaptor
protein, which is potentially involved in protein ubiquitination pathways.

1. Introduction

Baculovirus are pathogens of insects, mainly lepidopterans, with
numerous biotechnological applications. They are employed as bio-in-
secticides based on their ability to eliminate insect pests with high
specificity and their lethality can be increased through the production
of recombinant viruses (Beas-Catena et al., 2014). The baculovirus-in-
sect cell system is also used for protein production allows post-trans-
lational modifications and reaches high levels of protein expression
(Kost et al., 2005; Lopez et al., 2018). Furthermore, because of their
diverse tropism and their biosafety, they have been used as tools for
vaccine development and transgene expression vectors in mammalian
cells (Lykhova et al., 2015; Shoji et al., 1997; Wu et al., 2014).

Baculoviruses are a very diverse group of viruses with a supercoiled,
circular double-stranded DNA genome, which ranges from about 80 to
over 180 Kbp and contains between 90 and 180 genes (Rohrmann,
2013). Viruses belonging to the genus Alphabaculovirus (nucleopoly-
hedrovirus), whose type species is Autographa californica multiple nu-
cleopolyhedrovirus, contain approximately 150 predicted ORFs, many of
which have unknown functions. During replication of Autographa ca-
lifornica multiple nucleopolyhedrovirus (AcMNPV) two distinct virion
phenotypes with different biological roles are produced, budded virus
(BV) and occlusion derived virus (ODV) (Braunagel and Summers,
1994). ODVs are formed by one or many nucleocapsids wrapped in
membranes derived from the nuclear envelope and with viral integral
membrane proteins. These ODVs finally occlude in a protein matrix of
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Table 1
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Primer sequences used in this study. Restriction enzyme sites are underlined. The 50 nt homologous to the 5’ and 3’ ends of the coding region of ac12 are in italics.

Primer name Sequence

AcMNPV nt position

pacl2ForBam 5" TAGGATCCCTGTGCACATAAGTTAC 3’
acl12RevXho 5’ CGCTCGAGTATGTATTTATTTCG 3’
HisRev 5’ CGTCAATGGTGATGGTGATG 3’
Cnl2F

Cnl2R

ac12RTR 5" TTATGTATTTATTTCGTATA 3’
CnfCheckF 5" GATGCCATTGGGATATATCAACG 3’
acl12RTF 5’ CATCAACTGTATTTGCAACG 3’

iE1F 5’ TTAACGCGTCGTACACCAGCG 3’

iE1IR 5’ TTATAATAACTTAAATAGTCGTTGGG 3’
GP64F 5’ ACTGCAACGCGCAAATGAAG 3’
GP64R 5" CGATGGTGATTTCCACGTCC 3’
POLHF 5’ CGCTAAGCGCAAGAAGCACT 3’
POLHR 5’ GCTTCATCGTGTCGGGTTTA 3’

28SF 5’ CTGGCTTGATCCAGATGTTCAG 3’
28SR 5’ GGATCGATAGGCCGTGCTT 3’

acl2F 5’ AAGCGTCGTCATTGTAAATTA 3’
SfSkp1F 5’ CCTAACATAAAACTACAGTCTTCGG 3’
SfSkplR 5’ GTTACTTCTCCTCACACCATTC 3’
acl2FSac 5’ GGAGCTCGATGAAGCGTCGTCA 3’

5’ CAATAATACTGATGTACAGGCACGCGTGCTATTTATATATAATTTCGCAATTTAAGGGCACCAATAACTG 3’
5’ TGAATTACGAGGACATTGGTTTTTTTGTTTGCATATTAAACAATCGCGCGTTCCTGTGCGACGGTTAC 3’

8,374 to 8,390
9,610 to 9,596

8,947 to 8,996
9,478 to 9,527
9,592 to 9,611

9,284 to 9,304
127,214 to 127,234
127,294 to 127,319
109,631 to 109,650
109,552 to 109,571
4,609 to 4,628
4,753 to 4,762

9,075 to 9,095

9,072 to 9,083

polyhedrin and form structures called occlusion bodies, which initiate
the primary infection in the larvae. The BVs obtain their envelope from
the plasma membrane, in which viral proteins are inserted, and spread
the infection towards the insect tissues.

Baculoviral genes are sequentially transcribed in the viral cycle and
they are classified according to the time in which they are transcribed
as immediate early, early, late and very late genes. The immediate early
and early genes prepare the cell for viral replication and are involved in
evasion of antiviral response (Friesen and Miller, 1986). Late tran-
scription requires viral DNA replication and the transcribed genes allow
the beginning of the condensation and encapsidation of viral DNA to
form the nucleocapsids (Vanarsdall et al., 2006). In very late stages of
infection, the nucleocapsids remaining in the nuclei begin to be
wrapped in inner membranes and become occluded in large amounts of
polyhedrin, thus giving rise to polyhedra.

The AcMNPV genome contains 38 genes that have orthologs in all
genera and that are known as "core genes" (Garavaglia et al., 2012;
Javed et al., 2017). These genes encode primarily structural proteins
and factors necessary for DNA replication and late transcription. In
addition, each group of viruses has its own baculovirus genes related to
specific pathogenicity (van Oers and Vlak, 2007). The study of the
characteristics and functions of viral genes is crucial to understand in
detail all the steps of the replication cycle and to optimize the bio-
technological applications of baculovirus.

Very little is known about the ORF12 of AcMNPV. Rohrmann in
2013, mentioned that it is conserved in three additional lepidopteran
nucleopolyhedrovirus: Plutella xylostella multiple nucleopolyhe-
drovirus (PlxyMNPV), Rachiplusia ou multiple nucleopolyhedrovirus
(ROMNPV) and Lymantria dispar multiple nucleopolyhedrovirus
(LAMNPV) (Rohrmann, 2013). Transcriptomic studies of AcMNPV-in-
fected cells showed that despite not having typical patterns of very late
gene sequences upstream of the ORF, ac12 transcripts increase in the
last stages of the infection (Chen et al., 2013). However, whether
ORF12 is essential to the viral infection cycle remains unknown, as well
as at which specific stage it is involved.

The objective of this research was to determine the possible role of
ORF12 in the infection of AcMNPV both in cell culture and insect
larvae, and to study the presence of the predicted protein during the
viral cycle. In this work, we demonstrated for the first time the ex-
istence of an Acl2 polypeptide and that this polypeptide is an F-box-
like protein that interacts with cellular S phase kinase associated pro-
tein 1 component (SKP1) of the E3 ubiquitin ligase complex. Finally,
although slight effects on polyhedron size and on the transcription of
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some viral genes were evident in ac12 knockout mutant viruses, ac12
resulted non-essential for virus replication and infectious-polyhedra
morphogenesis.

2. Material and methods
2.1. Cell lines and viruses

The Sf9 insect cell line was purchased from Invitrogen and main-
tained at 27 °C in TNM-FH insect medium (Sigma) supplemented with
10% fetal bovine serum (FBS). Wild type (wt) AcMNPV was obtained
from Pharmingen (BD Biosciences). Wt and recombinant baculoviruses
were propagated in Sf9 cells.

Bacmid transfections were performed with 1 ug of DNA per 1 x 10°
Sf9 cells using Cellfectin II® transfection reagent (Life Technologies)
according to the manufacturer’s instructions. Viruses were amplified in
Sf9 cells and tittered by end-point dilution (O’Reilly et al., 1994).

2.2. Generation of recombinant plasmids and bacmids

The pFBD-PHGFP transfer vector was previously constructed in our
laboratory (Alfonso et al., 2012). pFBD-p12-12V5 and pFBD-PHGFP-
p12-12V5 were obtained from pFastBac™ Dual plasmid (Invitrogen) or
pFBD-PHGFP by inserting ac12 fused to a V5 tag and the 584 nt se-
quence upstream the ATG codon that contains its native promoter.
Briefly, the ac12 gene and its promoter region without the complete
STOP codon (AcMNPV NC_001623 nt 8,374 to 9,610) were obtained by
PCR amplification using DNA extracted from cells infected with wt
AcMNPV as a template and the primers pacl2ForBam and ac12RevXho
(Table 1). The amplified region was cloned into pGEM®-T Easy Vector
(Promega) to produce pGEMTp12-12, which was subsequently digested
with BamHI and Xhol enzymes. The insert was subcloned into the pIB/
V5-His plasmid (Invitrogen) and the p12-12 fragment fused to V5 tag
(p12-12-V5) was amplified by PCR with the primers pacl2ForBam and
HisRev (Table 1) and then cloned into the pGEM®-T Easy Vector. Then,
the p12-12-V5 fragment was cloned into pFastBac™ Dual using Ncol
and Pstl restriction enzymes, with the consequent elimination of the
p10 and polh promoters, or into pFBD-PHGFP using Ncol and SpHI re-
striction enzymes.

Bac-ac12KO bacmid was obtained by homologous recombination in
E. coli BJ5183, as previously described (Alfonso et al., 2012). The re-
sistance cassette was amplified using primers Cnl2F and Cnl2R
(Table 1). These primers contain 50 nt homologous to the 5’ and 3’ ends
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of the coding region of ac12 and were designed taking into account not
to affect the transcription start site (TSS) of ac11 (AcMNPV NC_001623
nt 8,953) and polyadenylation site (PAS) of ac13 (AcMNPV NC_001623
nt 9,516) according to Chen et al. (2013) Resistant colonies were se-
lected in Lysogeny broth (LB) agar containing 50pg/ml chlor-
amphenicol and 50 pg/ml kanamycin and the presence of the bacmid
ac12KO was confirmed by PCR. Primers CnfCheckF and acl2RTR
(Table 1) were used to verify the correct insertion of the chlor-
amphenicol cassette in the ac12 locus; primers ac12RTF and ac12RTR
(Table 1) amplified a fragment of ac12 from wild type genomes. The
bMON1472.12KO bacmid and pMON7124 plasmid were co-electro-
porated into E. coli DH10 strain and transformants were selected in LB
agar medium containing 50 pg/ml chloramphenicol, 50 pg/ml kana-
mycin and 10 pg/ml tetracycline. Finally, Bac-ac12KO and Bac-ac12Rep
were obtained by  Tn7-mediated transposition  between
bMON1472.12KO and pFBD-PHGFP or pFBD-PHGFP-p12-12V5, re-
spectively, as previously described (Alfonso et al., 2012). Bac-ac12V5
was obtained using Bac-to-Bac system (Invitrogen) with pFBD-p12-
12V5 as the transfer vector, according to the manufacturer’s instruc-
tions.

The bacmids were purified from bacteria using Large-Construct
purification kit (QIAGEN) following the manufacturer’s instructions.

All transfer and intermediate vectors were sequenced to confirm
their identity.

2.3. RT-PCR

Sf9 cells were infected with wt AcMNPV at a multiplicity of infec-
tion (MOI) of 5 at 4 °C for 1 h and then washed twice with PBS. Fresh
TNM-FH medium was added and after 0, 6, 18, 24, 30, 42, 54, 66 and
72h post-infection (hpi) at 27°C, total RNA was extracted using
TRIZOL Reagent (Life Technologies). Reverse transcription reaction
was performed, after DNase I Amplification grade (Invitrogen) treat-
ment, with ac12RTR primer and SuperScript II Reverse Transcriptase
(Invitrogen) enzyme. PCR was performed with the same reverse primer
and ac12RTF to amplify a 328 bp fragment of the gene.

2.4. RT-qgPCR

Sf9 cells were infected with each viral stock, as previously described
for RT-PCR, and total RNA was extracted 6, 24, 42 and 66 hpi. A reverse
transcription reaction was performed with random hexamers and
MMLV enzyme (Promega) after DNase I treatment. For qPCR reactions
the primers iE1F, iE1R, GP64 F, GP64R, POLHF, POLHR, 28SF, 28SR
(Table 1) were used. Transcription expression levels were normalized
using the 28S rRNA gene (Salem et al., 2014). All reactions were per-
formed in triplicates. Oligonucleotide efficiencies were analyzed in
each reaction using LinReg (Ramakers et al., 2003), with values higher
than 1.8 for all cases. FG Statistics software (Di Rienzo et al., 2000) was
used for ratio calculation between each viral gene versus the cellular
gene and the results were expressed calculating the relationship be-
tween the ratios obtained from Ac12KO or Acl2Rep and AcPHGFP
viruses.

2.5. 5’ and 3’ RACE

Cells were infected with wt AcMNPV at a MOI of 5 and, 48 hpi rapid
amplification of cDNA 5’ and 3’ ends were performed. This procedure
was carried out using 5 RACE System for Rapid Amplification of cDNA
Ends, Version 2.0 and 3’ RACE System for Rapid Amplification of cDNA
Ends, Version E (Life Technologies) following the manufacturer’s in-
structions. As recommended by the manufacturer, an alternative pro-
tocol for first strand cDNA synthesis of transcripts with high GC content
was assayed to avoid problems because of secondary structure of the
target mRNA. Sequences were obtained after cloning in pGEM®-T Easy
Vector.
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2.6. Western blot

Infected cells were boiled for 5min in disruption buffer (120 mM
Tris—-HCl pH 6.8, 4% SDS, 0.02% bromophenol blue, 1.4 M B3-mercap-
toethanol, 20% glycerol) and proteins were resolved in 15% acryla-
mide-bisacrylamide (30:0.8) SDS-PAGE minigels (Bio-Rad). The pro-
teins were blotted onto nitrocellulose membranes and the blots were
probed with a mouse monoclonal anti-V5 antibody (1:500)
(Invitrogen), followed by an HRP-conjugated anti-mouse antibody
(1:1000) (Santa Cruz Biotechnology). Antibody binding was visualized
using the reactive SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific) and G:Box Chemi-XX6 (Syngene).

2.7. Quantification of infectious BVs

Sf9 cells (1 x 10°) were seeded in 35 mm-diameter dishes and in-
fected at a MOI of 10 with AcPHGFP, or Ac12KO in triplicates. At 0, 18,
24, 48, 72 and 96 hpi the supernatants were collected, clarified and
titered in Sf9 cells by the end-point dilution method.

2.8. Electron microscopy

For transmission electron microscopy (TEM) observations, cells in-
fected with AcPHGFP or Ac12KO were fixed with 2.5% glutaraldehyde,
post-fixed in 2% osmium tetroxide and packaged in agar. Samples were
dehydrated using ethanol at ascending concentrations (50%, 70%, 96%,
and 100%) and acetone (100%). The pre-inclusion in resin was made
using one volume of acetone and one volume of Spurr resin. The blocks
were then carved and sliced with an ultramicrotome to obtain section
pieces (60-90 nm thick) that were collected on copper grids. The
samples were contrasted with heavy salts (uranyl; Reynold’s method)
and visualized in a TEM Zeiss EM 109 T microscope equipped with a
Gatan ES1000W digital camera (Instituto de Biologia Celular y
Neurociencias “Prof. E. De Robertis”, IBCyN, Buenos Aires, Argentina).

For scanning electron microscopy (SEM) observations, polyhedra
samples were purified from infected cells with AcPHGFP or Ac12KO as
previously described (O'Reilly et al., 1994). The polyhedron samples
were dehydrated using acetone at increasing concentrations (50% to
100%) and centrifuging in each step. Then they were attached to poly-1-
lysine-coated glass coverslips, covered with gold/palladium and ob-
served in a Philips XL30 TMP New Look microscope at the Museo Ar-
gentino de Ciencias Naturales Bernardino Rivadavia, Buenos Aires,
Argentina. The occlusion bodies were photographed and measured
using ImageJ software (Schneider et al., 2012).

2.9. Bioassays

Laboratory-reared, initially healthy third instar Rachiplusia nu
larvae were orally infected with 100 occlusion bodies of either
AcPHGFP or Acl12KO using the droplet-feeding method. The suspen-
sions consisted of the appropriate occlusion body concentration, 2%
sucrose as a phagostimulant and Coomassie brilliant blue dye to vi-
sualize the ingestion in the larval guts. The mean intake was previously
assessed by weight difference, at 0.16 pl/larva. The healthy controls
were fed with water with 2% sucrose and blue dye. Thirty six larvae per
treatment were used. Once they ingested the suspensions, the larvae
were individually transferred to plastic cups containing artificial diet
and their survival was monitored twice a day for 10 days. Times to
death and symptom development were recorded. Larval cadavers were
observed under a light microscope to corroborate the presence of
polyhedra.

2.10. Sequence and phylogenetic analysis

Nucleotide, amino acid alignments and identities percentages were
calculated by using Geneious version 11.0.3 (Kearse et al., 2012). A
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Fig. 1. Transcriptional and translational characterization of ac12 in infected Sf9 cells. (a) Total RNA from Sf9 infected cells was extracted at indicated hours post
infection and RT-PCR reactions were performed for each template. (b) The ac12 promoter organization showing two transcription start sites (indicated by arrows)
obtained by 5 RACE and their corresponding putative start codons and the ac12 transcription end site obtained by 3’ RACE are shown. (¢) Schematic diagram of the
ac12V5 bacmid construct and western blot of total lysates of Sf9 cells infected with virus containing V5 tagged Acl12. The ac12V5 bacmid contains a second copy of

ac12, with its own promoter, fused to a V5 tag.

phylogenetic tree of Acl2 and its homologous amino acid sequences
were inferred by using the Maximum Likelihood method based on the
JTT matrix-based model (Jones et al., 1992). Initial trees for the
heuristic search were obtained automatically by applying Neighbor-
Join and BioNJ algorithms to a matrix of pairwise distances estimated
using a JTT model, and then by selecting the topology with superior log
likelihood value. The analysis involved 10 amino acid sequences. All
positions containing gaps and missing data were eliminated. The final
dataset contained 148 positions. Evolutionary analyses were conducted
in MEGA7 (Kumar et al., 2016).

2.11. Yeast two-hybrid assays

The Y2H assays were performed using the Matchmaker TM Gold
Yeast Two-Hybrid System (Clontech, Japan) according to the manu-
facturer’s protocol. The Ac12 coding sequence was amplified with the
acl2F and ac12RTR primers (Table 1) from AcMNPV infected cells. The
skpl sequence was obtained from Sf9 cells by PCR with the specific
primers SfSkplF and SfSkplR (Table 1). The amplicons were cloned
first into the pCR®8/GW/TOPO® vector (Invitrogen) and then into both
PLAW11 and pLAW10, which express Gal4 DNA activation domain and
Gal4 DNA-binding domain, respectively, by using Gateway technology
(Invitrogen). Prof. Dr. Richard Michelmore from UC-Davis kindly pro-
vided the Y2H vectors. Yeasts carrying each construct were mated and
the mating mixtures were plated on SD-Leu-Trp at 30 °C for 6 days. The
protein interaction was selected on SD-Leu-Trp-His. SV40 large T-an-
tigen in the prey vector pGADT7-T (AD:T) and murine p53 in the bait
vector pGBKT7-53 (BD:p53), which are provided in the Matchmaker
kit, were used as a positive control, whereas the AD:T and pLAW10
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empty vector (BD) were used as a negative control. Yeast cells expres-
sing each fusion protein of interest were co-transformed with the cor-
responding AD or BD empty vectors to rule out false positives.

2.12. Polyhistidine pull-down assays

For in vitro and in vivo polyhistidine pull downs, the Ac12 coding
sequence was amplified without the complete STOP codon by using the
primers ac12FSac and ac12RevXho (Table 1), and cloned into pIB/V5-
His plasmid digested with SacI and Xhol upstream and in frame with
V5-His tags. The skp1 sequence with its STOP codon was digested from
PCR/GW/TOPO-SKP1 with EcoRI and cloned into the pGADT7 vector
in frame with HA tag. Then pGADSKP-1 was digested with BglII and
BamHI restriction enzymes and cloned under the OpIE2 promoter of the
pIB/V5-His plasmid. Sf9 cells (1 x 107) were transfected with 10 ug of
pIB-Ac12-V5-His, pIB-HA-SKP1 or co-transfected with both plasmids
and 48 hpt were washed with ice-cold PBS and resuspended in 2 ml of
lysis buffer (50 mM NaH,PO,, 300 mM NaCl, 20 mM imidazole, 1%
NP40, 1pug/ml Aprotinin, 1pg/ml Pepstatin). The lysates were cen-
trifuged 10,000 x g for 10 min at 4 °C. In the case of the in vitro assay,
the lysate containing the bait protein (Acl12-V5-His) was mixed gently
with 20 pl of Ni-NTA slurry (QIAGEN) by shaking on a rotary shaker at
4°C for 2h. The mix was flowed through a Thermo Scientific Pierce
Spin Column (Thermo Scientific) and washed twice with 1 ml of wash
buffer (50 mM NaH2PO4, 300 mM NaCl, 30 mM imidazole, 1% NP40,
1 pg/ml Aprotinin, 1pg/ml Pepstatin). Then, 700 ul of the prepared
prey protein sample (HA-SKP1) was added in the bottom capped
column containing the immobilized Ac12-V5-His and mixed at 4 °C for
1 h. The sample was flowed through the column and the process was
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repeated with the remaining HA-SKP1 lysate. For the in vivo pull down,
the lysate from co-transfected cells (Ac12-V5-His/HA-SKP1) was mixed
gently with 20 pl of Ni-NTA slurry by shaking on a rotary shaker at 4 °C
for 2h. The mix was flowed through a Thermo Scientific Pierce Spin
Column. In both assays the resin was washed three times with 1 ml of
wash buffer and finally the proteins were eluted from the resin with
pre-heated disruption buffer. The samples were loaded in SDS-PAGE
gels and immunoblotted with anti-HA (1:5000) (Sigma-Aldrich) anti-
body. The same process was performed replacing Ac12-V5His sample
by a lysate of non-transfected Sf9 cells.

3. Results
3.1. Transcriptional analysis, 5’ and 3’ RACE of ac12

As a first approach to study ac12, we assessed temporal expression
of ac12 transcripts in Sf9 infected cells by RT-PCR. A specific amplicon
was detectable from 6 until 72 hpi (Fig. 1a), thus showing that ac12 is
transcribed from early time points of the infection. The analysis of the
ac12 sequence showed that the early promoter sequence CAGT (Fig. 1b)
and the TATA-like elements (not shown) are located 31 nt, 55nt and
69 nt upstream of the putative ATG codon (AcMNPV NC_001623 nt
8,958), respectively. Then, we assessed the presence of TSS and PAS by
5’ and 3’ RACE (Fig. 1b). Two different TSSs were found in this assay.
Whereas only one clone presented a start position at nt 8,945 (13 nt
upstream of the predicted ATG), most of the clones started at different
positions comprised of an ATCACA motif (AcMNPV nt 9,048 to 9,053),
upstream of another ATG codon (AcMNPV nt 9,072) and in frame with
the first ATG. On the other hand, the PAS was located 11 nt downstream
of the STOP codon TAA. These results suggested the presence of two
different-sized ac12 transcripts, with the shorter being most abundantly
represented. To avoid secondary structures of RNA messengers that
could prevent efficient reverse transcription, we performed many var-
iants of the 5> RACE protocol and in all cases, the downstream TSS at
nucleotides 9,048-9,053 remained to be the most frequent.

3.2. Analysis of Ac12 protein

To study the presence of Acl2 protein in the infection event, we
constructed a recombinant baculovirus carrying a second copy of ac12
fused with the V5 epitope sequence and driven by its own promoter
region (Fig. 1c). The presence of a specific band was evident in im-
munoblot assays of insect cells infected with Ac12V5, by using an anti-
V5 antibody (Fig. 1c). The molecular weight of the tagged polypeptide
coincided with the expected protein translated from the most abundant
and smallest detectable transcript (24.9 kDa) (Fig. 1b). Thus, the results
indicate that acl2 transcripts are translated in the infected cells. In
accordance with reported proteomic studies, no signal was detected in
samples of purified BVs and ODVs (data not shown). This finding
confirms that Acl2 is not a structural protein.

3.3. Construction of an ac12 knockout virus

The function of Acl2 was assessed constructing an acl12 knockout
bacmid (Bac-ac12KO) by homologous recombination (Material and
methods). The expected insertion of the antibiotic resistance cassette
was confirmed by PCRs (data not shown). Subsequently, polyhedrin and
egfp were inserted in the genome in order to achieve a complete viral
cycle and to follow the infectious process. An identical bacmid without
the deletion (Bac-PHGFP) served as control in all the assays (Fig. 2a).

3.4. Replication of ac12 knockout in Sf9 cells
To study the role of ac12 during baculoviral infection in Sf9 cells,

we separately transfected Bac-ac12KO and Bac-PHGFP in these cells
and measured the viral dispersion by registering eGFP fluorescence
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signal from O to 72 h post-transfection (hpt). Sf9 cells transfected with
Bac-ac12KO showed a fluorescence pattern similar to those transfected
with the control bacmid (Fig. 2b). This result indicates that the deleted
genome was able to complete the viral cycle and that the viral progeny
infected neighboring cells thus spreading the infection. Besides, all in-
fected monolayers presented occlusion bodies with similar appearance
and quantity (Fig. 2c). In addition, we quantified the viral production
from synchronized infections in Sf9 cells. For this purpose, culture su-
pernatants obtained at different time points were titrated by end-point
dilution. The viruses replicated with the same efficiency and with no
apparent differences between the kinetics of both curves (Fig. 2d).

3.5. Occlusion body analysis

By SEM, we studied and compared the polyhedra produced in cells
infected with the knockout and control viruses. Indeed, both samples
presented occlusion bodies with normal aspect (Fig. 3a). Nevertheless, a
slight significant difference in polyhedron size was detectable between
the samples when we analyzed the diameter of 1500 occlusion bodies
from each sample. This record showed that ac12KO polyhedra were
significantly smaller than those of the control virus (1.61um vs
1.83um; p < 0.0001; Fig. 3c). In order to discard effects produced by
the alteration of other genes due to genetic manipulation, we con-
structed an acl2-repair virus (Fig. 3b) and proved that the size of
ac12Rep polyhedra did not show significant differences compared with
those from AcPHGFP virus (1.81 um vs 1.83 um; p = 0.3939; Fig. 3c).

TEM images of cells infected with ac12KO and control viruses de-
monstrated that the lack of ac12 did not produce any alteration in the
typical infection signs. Moreover, a virogenic stroma and newly formed
nucleocapsids getting their envelope were evident in nuclei. Normally
shaped polyhedra with virions inside were also present (Fig. 4a). These
results showed that ac12 was not responsible for any of these processes
and that in its absence the different stages of viral infection proceed
normally in these cells.

Bioassays were performed using third instar Rachiplusia nu larvae to
assess the oral infectivity of the ac12KO polyhedra. Tissue liquefaction,
typical of most baculovirus infections, occurred in diseased specimens
inoculated with both viruses and occlusion bodies were present in the
dead larvae, as evidenced by light microscopic examinations (data not
shown). The mortality curves of larvae fed with the different inocula
were similar (Fig. 4b). This suggests that ac12 is not necessary for the
primary infection of the midgut cells or for the viral infection spread
throughout the insect. The reduced size of the ac12KO occlusion bodies
seemed not to alter their infectivity in the assayed conditions.

3.6. Effect of ac12 deletion on viral genes transcription

To characterize whether the transcription of some viral genes is
affected by ac12 deletion, we performed RT-qPCR. The transcripts se-
lected as representatives of genes expressed in different stages of viral
infection (iel, gp64 and polyhedrin) in Sf9 cells were normalized to the
cellular 28S rRNA transcript. The data obtained evidenced significant
differences between Ac12KO and AcPHGFP. The absence of acl2
caused a deregulation of these genes, with a downregulation at early
time points and an upregulation at late time points after infection
(Fig. 5a). The expression of the studied genes was similar between
Acl2Rep and AcPHGFP (Fig. 5b). These results suggest that acl2 is
involved in the regulation of transcription of viral genes in cultured
cells.

3.7. Analysis of ac12 homologous sequences

We analyzed nucleotide and amino-acid ac12 sequences and iden-
tified homologous genes not only in PIxyMNPV, RoMNPV and LAMNPV
(Rohrmann, 2013), but also in other six nucleopolyhedroviruses:
Bombyx mori nucleopolyhedrovirus (BmNPV), Thysanoplusia
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Fig. 2. Deletion of ac12 does not affect AcMNPV replication in Sf9 cells. (a) Schematic diagrams of the ac12KO and PHGFP bacmid constructs. (b) Transfection of
either Bac-PHGFP or Bac-ac12KO in Sf9 cells. Virus replication and dispersion can be observed by the intracellular fluorescence of eGFP. (c) Capacity of polyhedra
production as seen in bright field microscopy. (d) One-step curves obtained by infection with AcPHGFP and Ac12KO at high MOI in Sf9 cells.

orichalcea nucleopolyhedrovirus (ThorNPV), Dendrolimus kikuchii
nucleopolyhedrovirus (DekiNPV), Cyclophragma undans nucleopoly-
hedrovirus (CyunNPV), Dasychira pudibunda nucleopolyhedrovirus
(DapuNPV), Lymantria xylina multiple nucleopolyhedrovirus (Lyx-
yMNPV) and in one granulovirus, Erinnyis ello granulovirus (ErelGV).
Except for BmNPV sequence, which lacks an internal fragment of
364 nt, the nucleotide alignment showed identities from 50 to 99%. The
comparison of the predicted amino acid sequences showed identities
ranging from 30%, with distant viruses such as ErelGV, DapuNPV,
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LdMNPV and LyxyMNPV, to 40%-50%, with ThorNPV, DekiNPV and
CyunNPV, and higher than 90%, with the more related baculoviruses
PlxyMNPV and RoMNPV. BmNPV sequence was discarded from the
analysis because it was not possible to find ORFs of at least 50 amino
acids in the sequence. Remarkably, a highly conserved F-box domain
(Kipreos and Pagano, 2000) was predicted in all sequences (Fig. 6a).
The identity percentage in this region compared with AcMNPV ranged
from 40 (for LAMNPV and LyxyNPV) to 100% (for PlxyMNPV). In
AcMNPV, the beginning of the F-box motif coincides with the
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translation start site of the detected putatively functional protein. A
maximum likelihood tree based on the homologous nucleotide se-
quences of ac12 (Fig. 6b) allowed us to infer an evolutionary history
based on this gene.

3.8. Interaction of Ac12 with Sf9-SKP1

In host cells, the SKP1-cullin 1-F-box protein (SCF) type of E3 ubi-
quitin ligase complex binds and transfers ubiquitin to its substrates,
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thus leading to degradation by the proteasome. The SCF complex
consists of a scaffold protein, an Rbx1 protein that recruits the E2 en-
zyme, and SKP1 as the adaptor protein to bridge F-box proteins. F-box
proteins target certain regulatory proteins such as ubiquitin substrates
that are critically involved in cell cycle regulation (Hershko and
Ciechanover, 1998; Hoeller and Dikic, 2009; Komander and Rape,
2012). In order to establish if Ac12 F-box domain can interact with the
cellular ubiquitination complex through SKP1 protein, we first per-
formed yeast two-hybrid (Y2H) assays. Ac12-SKP1 interaction was
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clearly evidenced by yeast growing in SD-Leu-Trp without-histidine
(Fig. 6¢).

Furthermore, in vitro and in vivo polyhistidine pull-down assays
were performed to confirm the interaction. Sf9 cells expressing either,
Acl12-V5-His, HA-SKP1 or co-expressing Acl2-V5His and HA-SKP1
were lysated. In vitro pull-down results showed the capturing of HA-
SKP1 by immobilized Ac12-V5-His using a Ni-NTA resin. In the in vivo
pull down the interacting proteins were bound to Ni-NTA resin. A
specific band corresponding to HA-SKP1 was detected in the elution
fraction only when Ac12-V5-His was present (Fig. 6d).

Altogether, the results strongly support the existence of a functional
F-box motif in Ac12 protein that interacts with cellular SKP1.

4. Discussion

In this work we studied ac12 for the first time. The existence of a
gene cluster (ORF1-ORF12) that could be transcriptionally co-regulated
with synchronized expression has been previously suggested (Jiang
et al., 2006). Nevertheless, transcriptomic studies of infected Tricho-
plusia ni cells have demonstrated differential temporal expression of the
genes included in this part of the genome (Chen et al., 2013). We were
able to detect ac12 transcription in early steps of the infection, from 6
hpi, and through all the viral cycle. Chen et al. (2013) classified ac12 as
an early gene because they did not find canonical late or early motifs
upstream of its sequence. In that study, however, they also mentioned
that its transcription profile is similar to that of the very late gene
polyhedrin. Our analysis of the ac12 sequence evidenced an early pro-
moter element upstream of the putative ORF start and nearby the TATA
box sequences. This finding supports the observed kinetics of the
transcription and suggests that RNA polymerase II participates in this
process. Through 5’ RACE analysis, we also studied its transcription
start site but did not find a single start nucleotide position. Our results
are in agreement with those of Chen et al. (2013), who found more than
one TSS by using different approaches. One TSS, beginning upstream of
the putative ATG codon, was detectable in a very low amount, whereas
the other one, more abundant, did not encompass that start codon. By
contrast, a single nucleotide position was identified as the 3’ end of this
mRNA, 3 nucleotides downstream of the polyadenylation site obtained
for the transcriptome of AcMNPV (Chen et al., 2013). Thus, the smaller
transcript would result in a protein 38 amino acids shorter and in frame
with the first one. Even though a variety of modifications were made in
the 5’RACE protocol to avoid technical artifacts owing to stable sec-
ondary structures of the RNA, methodological impediments cannot be
ruled out. Alternative starts in baculoviral genes have been already
described. In some cases there are late promoters with nested early
promoters that are switched on or off depending on the state of the
infection cycle (Chang and Blissard, 1997; Chisholm and Henner,
1988). For example, the p34 gene in OpMNPV is a viral transactivator
and its amino-terminal truncated version acts as an inhibitor of the
complete form (Wu et al., 1993). Besides, a protein isoform without a
functional domain could allow a negative regulation mechanism. In the
case of ac12, our results suggest the co-existence of transcripts with
differential beginnings at 48 hpi. Further studies are needed to eluci-
date the participation of both transcripts to define their biologic roles
and their representation into the course of the infection.

The sequence analyses showed that ORF12 is conserved in seven
other alphabaculoviruses of group I (PlxyMNPV, RoMNPV, BmNPV,
ThorNPV, DekiNPV, CyunNPV and DapuNPV), in two of group II
(LAMNPV, LyxyMNPV) and in one betabaculovirus (ErelGV). Indeed,
according to these analyses, LAMNPV, LyxyMNPV and DekiNPV contain
ac12 homologues at different genome localization and in opposite or-
ientations. Except for the BmNPV sequence, in which the central region
of the gene is missing, the amino acid alignment of Acl2 and its
homologous showed different start sites of the predicted ORFs and a
highly conserved F-box motif. Phylogeny studies of the complete gen-
omes have classified ac12 as an independently gained gene in AcMNPV
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and LAMNPV linages (Herniou et al., 2003); which suggests that the
gene could be beneficial for the development of some viral functions
that we have not covered in this study.

The study of baculoviral genes by using a knockout bacmid obtained
in a bacterial system is a widely used strategy. In this work we replaced
acl2 with a resistance bacterial cassette by homologous recombination
and compared its performance vs a control bacmid. Transfection of the
recombinant genome in insect cells (Sf9) evidenced that ac12 is a non-
essential gene. The replication curve of the ac12-deleted virus suggests
that this gene is not involved in the dispersion ability and in the amount
of budded viruses produced. Indeed, there are no differences in the
ability and temporality of the production of occlusion bodies. The ap-
pearance of infected cells presenting a virogenic stroma with rod
shaped nucleocapsids and virions acquiring nuclear envelopes allowed
us to conclude that the ac12 deletion does not affect cellular mod-
ifications through infection. Many examples in the literature have re-
ported deletion of certain baculoviral genes without an evident effect in
cell cultures, some of them involved in regulatory processes or in vivo
infectivity. For example, the deletion of ac130 does not affect viral
production, viral DNA replication or viral gene transcription but causes
a delayed mortality in Spodoptera exigua larvae (Yang et al., 2014).
Liang et al. (2015) and Li et al. (2008) observed similar effects with an
ac124 deletion and an ac68 deletion, respectively, in Trichoplusia ni.
Also, Liu et al. (2016) detected more genes (i.e. ac110) whose deletions
did not alter the infection ability in larvae by the haemocoelic route but
affected it by the oral route. The TEM and SEM observations of this
study showed that the ac12KO viruses are able to produce occlusion
bodies, with enveloped virions inside them, morphologically similar to
those obtained with the control virus. These results show that ac12 is
not involved in the most relevant process of ODV morphogenesis and
their subsequent inclusion in the polyhedrin matrix. Nevertheless,
through SEM observations of the purified polyhedra, we could detect a
minor but significant decrease in size of the ac12KO compared with
control polyhedra. These results suggest that ac12 is involved in reg-
ulatory pathways of polyhedrin production or in its assemble into
polyhedra, with no consequences in viral occlusion. Polyhedrin point
mutations that alter OB size have been described (Lin et al., 2000;
Lopez et al., 2011; Ribeiro et al., 2009). Except for ac43, whose deletion
results in significantly larger OBs (Tao et al., 2013), to our knowledge,
however, no other baculoviral gene influencing the polyhedron size has
been reported yet. In our work, bioassays performed by infecting R. nu
larvae by the oral route demonstrated that the effect of ac12 deletion is
restricted to a mild morphogenesis alteration but does not alter the
lethality of polyhedra in the larval species under the conditions tested.

Some baculoviral genes have no obvious roles in the infectious cycle
or have regulatory functions with slight viral replication effects. Bm59
from BmNPV is nonessential for viral replication and dispensable for
occlusion body morphogenesis in culture cells (Hu et al., 2016). An
ac43 deletion resulted in an altered polyhedrin expression, which
yielded lower polyhedron production without affecting the in vivo
mortality curves (Tao et al., 2013). On the other hand, a pp31 knockout
derived in small differences in viral replication and a slight decrease in
transcription of many early and late genes (Yamagishi et al., 2007). Our
quantitative RT-PCR results evidenced regulatory effects of ac12 on, at
least, some representative genes of immediate early, early, late and very
late stages of the viral cycle that seemed not to affect budded virus
production in the studied cells. This was evidenced by a viral growth
curves that remained unaltered. The observed delay in reaching the
required levels of polyhedrin transcription may produce the alteration of
the polyhedron size.

Until now, no Acl2 protein product has been detected. In infected
cells, we detected a tagged Acl2 peptide regulated from its own pro-
moter. In accordance with proteomic results previously obtained in
both viral phenotypes, we were unable to detect Acl2 in an im-
munoblot assay of purified budded- and occlusion- derived Acl2V5
viruses. This result suggests Acl2 is not a virion structural protein
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(Braunagel et al., 2003; Wang et al., 2010). The molecular weight of the
observed fusion protein in infected cells coincided with a transcript
with the downstream TSS detected by 5’RACE. Noticeably, this alter-
native initiation codon would give rise to a protein with the same open
reading frame as the peptide postulated from the genome analysis
(Ayres et al., 1994) and beginning in the predicted F-box domain. The
latter belongs to the F-box family of proteins that act as mediators of
protein-protein interactions in some biologic processes as ubiquitina-
tion, transcriptional elongation and translation repression. F-box pro-
teins bind SKP1, which is a component of SCF complexes that mediate
ubiquitination of target proteins that are degraded via the ubiquitin
proteasome system (UPS), and provide specificity to the E3 ligase
complex since they interact with the substrate to be ubiquitinated. F-
box domains are also present in viral proteins from vertebrate viruses
and their presence is a common strategy in the interference of inter-
feron pathways (Correa et al.,, 2013). Polerovirus and enamovirus,
viruses that infect plants, have PO F-box like protein acting as an RNA
silencing suppressor through its direct or indirect interaction with
AGO1 protein from RISC complexes (Fusaro et al., 2012; Pazhouhandeh
et al., 2006). In view of the existence of this conserved sequence in
Acl2 protein, we hypothesized that Ac12 could interact with cellular
protein SKP1. F-box proteins act binding SKP1 and the substrate that
will be ubiquitinated. Yeast two-hybrid, in vitro and in vivo pull down
results revealed this positive interaction. Thus, Acl2 may act as a
regulator factor for cellular responses to viral infection. AcMNPV could
also hijack the UPS machinery to degrade viral proteins when they are
not necessary or even interfere with infection. In this way, Ac12 could
interact with cellular or viral proteins to be ubiquitinated and de-
graded. In AcMNPV, two genes codify F-box like proteins: ac12 and lef-
7. The protein product from lef-7 also interacts with SKP1 from insect
cells and regulates the DNA damage response thus diminishing its an-
tiviral effects (Mitchell et al., 2013). This effect might be achieved by
inhibiting histone H2AX phosphorylation (Mitchell et al., 2013). Lef-7
showed differential infection phenotypes, depending on the cell system
used. In Tn368, viral replication of Lef7KO virus remains unaltered,
whereas in Sf21 and Selc, viral titers were reduced by 90% (Chen and
Thiem, 1997). The authors concluded that lef-7 is a regulatory gene
with a host dependent function. Even though ac12 does not play a re-
levant role in Spodoptera frugiperda cells, the study of its function in
other cell systems could provide evidence of other roles. Alternatively,
the ac12 function could be rescued by lef-7; which would imply that
both proteins play a complementary role.

In sum, this work suggests that ac12 codifies a polypeptide, with a
conserved F-box motif, that is implicated in the regulation of the viral
cycle, possibly through the interaction with cellular SKP1, which is a
component of UPS machinery. Ac12 is a non-essential protein with a
slight effect on the morphogenesis of the occlusion bodies. Further
studies could help us to elucidate the precise role of acl12 in the viral
cycle.
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