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Abstract
The pp31 gene of Autographa californica Multicapsid Nucleopolyhedrovirus (AcMNPV) encodes
a phosphorylated DNA binding protein that associates with virogenic stroma in the nuclei of infected
cells. Prior studies of pp31 by transient late expression assays suggested that pp31 may play an
important role in transcription of AcMNPV late genes (Todd et al., 1995. J. Virol. 69, 968–974)
although genetic studies of the closely related BmNPV pp31 gene suggested that pp31 may be
dispensable (Gomi et al., 1997. Virology 230, 35–47). In the current study, we examined the role of
the pp31 gene in the context of the AcMNPV genome during infection. We used a BACmid-based
system to generate a pp31 knockout in the AcMNPV genome. The pp31 knockout was subsequently
rescued by reinserting the pp31 gene into the polyhedrin locus of the same virus genome. We found
that pp31 was not essential for viral replication although the absence of pp31 resulted in a lower viral
titer. Analysis of viral DNA replication in the absence of pp31 showed that the kinetics of viral DNA
replication were unaffected. An AcMNPV oligonucleotide microarray was used to compare gene
expression from all AcMNPV genes in the presence or absence of pp31. In the absence of pp31 a
modest reduction in transcripts was detected for many viral genes (99 genes) while no substantial
increase or decrease was observed for 43 genes. Transcripts from 6 genes (p6.9, ORF 97, ORF 60,
ORF 98, ORF 102 and chitinase) were reduced by 66% or more compared to the levels detected from
the control virus. Microarray results were further examined by qPCR analysis of selected genes. In
combination, these data show that deletion of the pp31 gene was not lethal and did not appear to
affect viral DNA replication, but resulted in an apparent modest down-regulation of a subset of
AcMNPV genes that included both early and late genes.

Introduction
The baculovirus Autographa californica Multicapsid Nucleopolyhedrovirus (AcMNPV) is a
large double-stranded DNA virus that is highly pathogenic to a number of insect species in the
order Lepidoptera. Gene regulation at the transcriptional level can be subdivided into early and
late phases. Early genes are recognized and transcribed by host RNA polymerase II whereas
late genes are transcribed by a viral-encoded late RNA polymerase (Friesen and Miller,
2001; Guarino et al., 1998). Prior studies of early and late phase transcription revealed that late
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genes are transcribed from a promoter that contains the core sequence a/g/tTAAG plus
approximately 6-20 nucleotides of flanking sequence (Garrity et al., 1997; Morris and Miller,
1994). Transcription from late promoters typically initiates within the core a/g/tTAAG
sequence. Unlike early gene transcription, the late RNA polymerase activity is alpha amanitin
sensitive, suggesting a polymerase activity distinct from the host RNA polymerase II (Fuchs
et al., 1983; Lu and Miller, 1997). To identify AcMNPV genes necessary for late transcription,
a transient late expression assay was used to identify 19 early genes that are necessary and
sufficient for efficient late transcription from a model AcMNPV late promoter, the vp39
promoter (Lu and Miller, 1995; Passarelli and Miller, 1993; Rapp et al., 1998). The genes
identified in the transient late expression assay are referred to as “late expression
factor” (lef) genes. The 19 lef genes can be subdivided into two groups: those associated with
viral DNA replication, and those more directly related to late transcription. Using a transient
origin-dependent DNA replication assay, several laboratories identified lef genes (ie-1, lef-1,
lef-2, lef-3, p143, p35, ie-2, lef-7, DNA polymerase, and pe38) that are required for or stimulate
DNA replication from a baculovirus origin of replication (Kool et al., 1994; Lu and Miller,
1995). Because viral DNA replication appears to be a necessary prerequisite for late gene
transcription in the infection cycle, the role of the above lef genes in late transcription is likely
to be indirect and related to their roles in mediating DNA replication. However, direct roles in
late transcription cannot be ruled out. Biochemical studies revealed that accurate late
transcription can be reconstituted in vitro by four virus-encoded gene products (lef-4, lef-8,
lef-9, and p47) (Guarino et al., 1998). Thus, these four viral proteins are believed to comprise
the core of the viral RNA polymerase. In addition to these four core proteins of the viral RNA
polymerase, expression of six additional gene products are necessary for, or stimulate late
transcription in transient late transcription assays. These include AcMNPV genes lef-5, lef-6,
lef-10, lef-11, lef-12, and pp31.

pp31 (previously referred to as 39K) was initially studied as a prototype ‘delayed early gene’
that was expressed at high levels in AcMNPV infected cells (Guarino and Smith, 1990; Guarino
and Summers, 1986). Delayed early genes are defined as early genes that are dramatically
activated by baculovirus early gene products such as IE-1. In transient expression assays
performed with plasmid-borne promoters (in the absence of the viral genome), the pp31 early
promoter is activated or stimulated by ie-1, ie-2, orf121, and p35 (Gong and Guarino, 1994;
Gong et al., 1998). In addition to its early promoter, the pp31 gene is also transcribed from a
late promoter (Guarino and Smith, 1992).

The PP31 protein is a phosphorylated DNA binding protein that is localized in the nuclei of
infected cells in both early and late phases. PP31 associates with chromatin in the so-called
virogenic stroma of infected cells (Guarino et al., 1992) and biochemical studies suggest that
PP31 binds to DNA non-specifically, and to both double and single stranded DNA with similar
affinities (Guarino et al., 2002). In transient late expression assays using 18 lef genes to
reconstitute late transcription, removal of the pp31 gene resulted in an approximately 90–98%
reduction in late transcription from the capsid gene (vp39) promoter (Lu and Miller, 1995;
Todd et al., 1995). Those data suggested that PP31 plays an important role in late transcription
during infection. However, in transient expression assays lef gene products may not be present
at physiological levels. Also, because the promoter-reporter construct is supplied on a plasmid
in transient assays, and the late promoter is not in the context of the AcMNPV genome, data
from such experiments may not precisely reflect the activity of such promoters in a viral
infection. Therefore, in the current study we asked whether pp31 was important or essential
for late gene transcription in the context of the AcMNPV genome during infection. In a prior
study of a related virus, BmNPV, a recombinant BmNPV containing an insertional knockout
of pp31 was viable, but showed reduced production of infectious BV. However, in that study
the observed phenotype was not rescued to confirm the role of pp31 (Gomi et al., 1997). For
the current study of AcMNPV pp31, we used a BACmid-based system to generate a pp31
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knockout in the AcMNPV genome. The pp31 knockout was subsequently rescued by
reinserting the pp31 gene into the polyhedrin locus of the same virus genome. We then
examined the viability of the resulting viruses and used an oligonucleotide microarray
representing the AcMNPV genome in combination with quantitative PCR analysis to examine
global and specific effects of the pp31 knockout on viral DNA replication and viral gene
transcription. We found that pp31 was not essential for AcMNPV replication in Sf9 cells. The
absence of pp31 resulted in a decreased viral titer but the kinetics of viral DNA replication
were unaffected. In addition, microarray analysis showed that the absence of pp31 resulted in
modestly decreased viral transcripts for many viral genes. Microarray results were confirmed
by qPCR analysis of selected genes. In combination, these data show that deletion of the
pp31 gene was not lethal and resulted in an apparent modest down-regulation of a subset of
viral transcripts.

Materials and Methods
Cells and recombinant viruses

Spodoptera frugiperda Sf9 cells were cultured at 27° C in TNMFH medium (Hink, 1970)
supplemented with 10% Fetal Bovine Serum. To examine the role of pp31 in the context of an
AcMNPV infection, we constructed an AcMNPV BACmid with a deletion of pp31, by
homologous recombination in E. coli. To accomplish this, a chloramphenicol resistance gene
(chloramphenicol acetyl transferase or cat) flanked by FRT (FLP recognition target) sites was
amplified from plasmid pKD3 (Datsenko and Wanner, 2000) using a PCR primer pair in which
each primer contained a 5′ terminal addition of a 40 base-pair sequence homologous to the 5′
or 3′ proximal region of the pp31 ORF (5-′
acgggttgtttcaaaggtttacaagaagcaaacatggtaacatatgaatatcctccttag-3′ and 5′-
taaaaaccattaaatatacataaaagttttttatttaatcgtgtaggctggagctgcttc-3′). The resulting PCR fragment,
which contained a cat gene flanked by FLP recognition target sites and AcMNPV sequences,
was treated with Dpn I to eliminate the template plasmid. The PCR product was then
transformed into DH10B/bMON14272/pKD46 E. coli cells (containing Bacmid bMON14272)
which had been prepared in the following manner. Lambda RED recombinase was induced in
DH10B/bMON14272/pKD46 E. coli cells at 30°C by the addition of 1 mM arabinose
approximately 4 h prior to preparation of electrocompetent cells. Transformed cells were
incubated at 37°C for 4 h in SOC medium and recombinants were selected as resistant colonies
on medium containing kanamycin and chloramphenicol as described previously (Lung et al.,
2003).

To minimize foreign DNA in the pp31 locus, the cat gene was subsequently removed by FLP
recombinase mediated excision. To accomplish this, recombinant BACmid DNA containing
the cat gene (described above) was transformed into E. coli EL250 cells which carry a FLP
recombinase gene under an arabinose inducible promoter (Lee et al., 2001). Cells were cultured
overnight, diluted 50 fold, induced for one hour in the presence of 0.1% arabinose at 30°, then
selected at 30° on kanamycin-containing media. The resulting colonies were tested for
chloramphenicol sensitivity and cat gene excision was verified by PCR. The resulting BACmid
(bMON14272 pp31KO-cat) was used in combination with helper plasmid (pMON7124) to
transform DH10B cells to generate DH10Bac-pp31KO cells. Marker genes were inserted into
the pp31 knockout BACmid using transposition and a modified pFastBac1 construct that
contained two marker genes (lacZ and GUS) and a promoter cassette. For modification of the
pFastBac plasmid, the polyhedrin promoter was removed from pFastBac1 and replaced by an
expression cassette containing a lacZ gene under the OpMNPV ie-1 promoter, a gus gene under
the AcMNPV p6.9 promoter, and an AcMNPV ie-1 promoter (Fig. 1). The resulting pp31
transfer vector containing marker genes and promoter cassette was named pFastBac1-lacZ/gus
AcIE-1 Pro. To confirm the phenotype resulting from the pp31 knockout, transfer vectors for
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genelation of control BACmids were constructed by inserting the pp31 ORF into pFastBac1-
lacZ/gus AcIE-1 Pro under either a) the AcMNPV ie1 promoter (pFastBac1-lacZ/gus AcIE-1
pp31) or b) the wild type pp31 promoter (pFastBac1-lacZ/gus pp31 REP) (Fig. 1). DH10Bac-
pp31KO cells were transformed with pFastBac1-lacZ/gus AcIE-1 Pro, pFastBac1-lacZ/gus
AcIE-1 pp31 and pFastBac1-lacZ/gus pp31 REP for generation of BACmids,
bMON14272 pp31KO, bMON14272 pp31KO-REP-ie1P and bMON14272 pp31KO-REP-P,
respectively. These BACmids were subsequently used to transfect Sf9 cells to generate
recombinant viruses, vAc pp31KO, vAc pp31KO-REP-ie1P and vAc pp31KO-REP-P, respectively, as
described previously (Lung et al., 2002). For transfections, each BACmid DNA preparation
(approximately 1 μg) was added to 9 × 105 Sf9 cells in a 6-well plate by the calcium phosphate
precipitation method (Blissard and Rohrmann, 1991; Graham and Van Der Eb, 1973; Summers
and Smith, 1987). At 72 h post transfection, the supernatant was clarified by centrifugation for
10 min at 2,200 × g then used to infect 9 × 105 Sf9 cells for 48 h. Both transfected and infected
cells were stained for GUS activity (according to the BAC-to-BAC manual; Invitrogen) to
monitor transfection efficiency and to detect infection by virions generated from transfected
cells.

PCR confirmation of recombinant viruses
To confirm the pp31 knockout, each BACmid was analyzed by PCR with a set of primers,
Ac29095 (A: 5′-ttgcgggcaaacaactgg-3′) and Ac30753 (B: 5′-aaagatgacggcgtcacc-3′) that
flanked the pp31 ORF (Fig. 1A). To confirm the reinsertion of the pp31 gene into the
polyhedrin locus, each BACmid was analyzed by PCR with two pairs of primers. The first
primer pair consisted of p6.9 promoter (C: 5′-atccgactgagcgggtacgg-3′) and M13 reverse (E:
5′-ttcacacaggaaacag-3′) corresponding to sequence in the p6.9 promoter and sequence flanking
the Tn7-att site, respectively (Fig. 1C). The second primer pair consisted of #689 (D: 5′-
ttaatgtttaaatatatcgatgtctttgtgatg-3′, corresponding to ’ sequence in the ie-1 promoter) and an
M13 reverse primer which flanks the Tn7-att site (Fig. 1C).

Viral growth curves
To generate viral growth curves, Sf9 cells (1.0 × 106) cultured in 1 ml of TNMFH medium
were infected in triplicate with each virus (vAc pp31KO, vAc pp31KO-REP-ie1P,
vAc pp31KO-REP-P and wt AcMNPV E2 strain) in six well plates, at a multiplicity of infection
(MOI) of 5. After a 1 hour incubation, the inoculum was removed and exchanged with TNMFH.
Time zero represents the time point when inoculum was removed after a 1 h incubation.
Supernatants were collected at the indicated times post infection and the titers of all
supernatants were determined by TCID50 on Sf9 cells (O’Reilly et al., 1992).

Quantitative PCR analysis of viral DNA replication
To analyze viral DNA replication, viral DNAs purified from infected cells were quantified at
various times post infection using quantitative real time PCR (qRT-PCR). Sf9 cells (1.0 ×
106) were infected in triplicate with each virus (vAc pp31KO, vAc pp31KO-REP-P and
vAc pp31KO-REP-ie1P and wt AcMNPV E2 strain) at an MOI of 5 and infected cells were
collected at various times post infection. Total DNA was purified from each sample with
DNAzol (Invitrogen) according to the manufacturer’s protocol and resuspended in 8 mM
NaOH. For qRT-PCR, two primers (AcIE1-84: 5′-ttgtgataaacaacccaacga-3′ and AcIE1-212:
5′-gttaacgagttgacgcttgc-3′) and a 5′ FAM-3′ TAMRA labeled taqman-probe (AcIE1-135-
taqmanP: 5′-tcaccgtgtcggctccatcc-3′) were designed within the ie-1 ORF and qRT-PCR
reactions were performed using an ABI Prism 7900 and the following conditions: 50 °C for 2
min, 95 °C for 2 min, and 40 cycles of 95 °C for 30 sec and 60° for 30 sec. Each reaction was
performed with 500 nM of each flanking primer and 250 nM of the taqman-probe in 1x PCR
buffer (Sigma; 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl2, 0.001% gelatin) and
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125 μM dNTPs and 0.25 units Taq DNA polymerase (Sigma). As a standard, we used a plasmid
(pGEMte-ie1) containing the entire ie-1 ORF in plasmid vector pGEMt-easy. The number of
viral DNA genome copies within each sample were calculated using a standard curve generated
from a dilution series of the pGEMte-ie1 plasmid.

RNA isolation
For viral transcription analysis using microarray and quantitative reverse transcription PCR
analysis, poly(A)+ RNAs were isolated from Sf9 cells (1.5 × 107 cells) infected at an MOI of
5. At each selected time point, cells were lysed in 6 ml of lysis buffer (100 mM Tris-HCl pH
7.5, 500 mM LiCl, 10 mM EDTA, 1% LiDS and 5 mM dithiothreitol) and the lysates were
mixed with oligo (dT) cellulose, incubated for 30 min, washed with wash buffer A (10 mM
Tris-HCl, pH 7.5, 150 mM LiCl, 1 mM EDTA and 0.1% LiDS), rinsed with wash buffer B (10
mM Tris-HCl, pH 7.5, 150 mM LiCl and 1 mM EDTA) and eluted with 10 mM Tris-HCl pH
7.5. All steps were performed at room temperature and purified mRNAs were quantified by
absorbance at 260 nm.

Microarray analysis
For construction of original microarrays designated as BTI-Ac-ver2.1, oligonucleotides of 50
nt were synthesized by MWG-Biotech Inc. Oligonucleotide positions were selected with
BioGIST software (MWG-Biotech) in combination with prior results from pilot array
experiments. Positioning of the 50mer oligonucleotides representing the AcMNPV genome
were biased toward the 3′ end of each ORF, and sequences that contained known overlapping
5′ or 3′ UTRs from adjacent genes were avoided where possible. Oligonucleotides were spotted
on UltraGAPSTM Coated Slides (Corning) by the Center for Gene Expression Profiling at the
Boyce Thompson Institute. Each array contained 12 replicate spots of each of the
oligonucleotides which in total corresponded to: all 155 predicted AcMNPV ORFs (Ayres et
al., 1994), 30 cellular genes from Spodoptera frugiperda and Trichoplusia ni, and 10
oligonucleotides corresponding to ‘spike’ RNAs (Table 1). For preparation of each fluorescent
labeled probe, 2 μg of poly(A)+ RNA purified from vAc pp31KO or vAc pp31KO-REP-P infected
cells was reverse transcribed to generate an aminoallyl-dUTP (aa-dUTP) incorporated cDNA.
Reverse transcription reactions were performed under the following conditions: 50 mM Tris-
HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 33.3 μM of random hexamer (pd(N)6) primer, 500
μM each of dATP, dCTP, and dGTP, 300 μM of dTTP, 200 μM aa-dUTP, 0.01 M DTT, 10
spike mRNAs at (100 pg each) (Stratagene #252610), 20 units RNase OUT (invitrogen), and
100 units of Super Script II reverse transcriptase (Invitrogen) in a volume of 30 μl. After
incubation for 90 min at 42 °, reactions were stopped by the addition of 1 μl of 0.5 M EDTA
and 5 μl of 1 N NaOH, followed by incubation for 10 min at 65°. To neutralize each reaction,
25 μl of 1 M HEPES pH 7.0 was added. Unincorporated dNTP and pd(N)6 were removed by
filter centrifugation with a Microcon 30 (Millipore) filter unit. cDNA labeled with aa-dUTP
was reacted with cy3 or cy5 Mono-Reactive dye (Amersham) in 0.05 M carbonate buffer (pH
9.0) to covalently link incorporated aa-dUTP with cy3 or 5 dye. After a 1 hour incubation,
reaction mixtures were stabilized by adding hydroxylamine to a final concentration of 1.5 M.
The reaction mixtures were purified with QIAquick PCR Purification kits (Qiagen) and used
for hybridization. Parallel hybridizations were carried out using reciprocal dye labelings. The
hybridization buffer was comprised of 0.25 M phosphate buffer (pH 7.0), 0.5% SDS, 1 mM
EDTA, 1x SSC, and 2x Denhardt’s solution. After overnight incubation at 55 °C, slides were
washed in prewarmed 2x SSC and 0.2% SDS at 42 °C for 15 min, 2x SSC at room temperature
for 15 min, and 0.2x SSC at room temperature for 15 min.

Image acquisition was performed using a ScanArray 5000 (Packard BioScience, Meriden, CT,
USA) optical scanner. Typically, each slide was scanned twice using high and low gain for the
CCD camera. Low gain scans were performed in order to avoid exceeding the dynamic range
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of the CCD camera for high intensity signals. Signal intensities of the scanned images were
quantified with ImaGene software (BioDiscovery, Los Angeles, CA, USA). Fluorescence
values with a median signal less than the sum of the local background mean plus two standard
deviations were judged indistinguishable from background. Data normalization for differential
dye sensitivities was carried out by using the dye signal ratios determined from the spike RNAs
to normalize data from each AcMNPV gene after local background subtraction. Infection and
synthesis of probes with reciprocal dye labeling were duplicated, resulting 4 hybridization data
sets for each gene. The average hybridization ratio and standard deviation were calculated from
the data sets (n=4) and a t-test was performed to determine the level of significance for ratios
between knockout and repair viruses for each gene. Known early and late genes (viral genes
transcribed from TAAG sequence and confirmed by S1 nuclease, primer extention or 5′ RACE
assay) are indicated (Table 2 and 3).

Quantitative reverse transcription PCR analysis of viral transcripts
To confirm the trends identified by microarray analysis, we used quantitative reverse
transcription PCR to analyze transcripts of several viral genes. As target genes, we selected
ie-1 and me53 as representative early genes; p6.9, vp39, p78/83, odv-e18 and odv-e56 as
representative late genes; and chitinase which showed a dramatic difference in the microarray
analysis. Sf9 cells were infected with the pp31 knockout (vAc pp31KO), repaired viruses
(vAc pp31KO-REP-P and vAc pp31KO-REP-ie1P), or wild type AcMNPV at an MOI of 5. Poly
(A)+ RNAs were isolated from infected cells at 12, 18, 24 and 36 hours post infection as
described above. To generate cDNA, 1 μg of each purified poly(A)+ RNA preparation was
used for reverse transcription under the following conditions: 50 mM Tris-HCl (pH 8.3), 75
mM KCl, 3 mM MgCl2, 5 μM of oligo dT, 500 μM of each dNTP, 0.01 M DTT, 10 units of
RNase OUT (Invitrogen) and 50 units of super script II reverse transcriptase (Invitrogen).
Reactions were incubated at 42 °C for 90 min and terminated by heating at 70 °C for 10 min.

For qPCR analysis of transcripts from each of the genes below, each cDNA template (described
above) was used with the indicated primer sets and Taqman-probes: ie-1 gene (AcIE1-84: 5′-
ttgtgataaacaacccaacga-3′, AcIE1-212: 5′-gttaacgagttgacgcttgc-3′ and AcIE1-135-taqmanP: 5′-
tcaccgtgtcggctccatcc-3′, 5′ FAM-3′ TAMRA labeled), me53 gene (AcME53-263: 5′-
ccgagtttgggaacaagttt-3′, AcME53-379: 5′-ctttcatgatgtcgcgttct-3′ and AcME53-285-taqmqnP:
5′-cgctgtacgcgggcaaacct-3′, 5′ FAM-3′ TAMRA labeled), p6.9 gene (p6.9-37: 5′-
accacatatggttcgacacg-3′, p6.9-154: 5′-ttctgtaacttcggcgacct-3′ and p6.9-57 taqmanP: 5′-
aacccgagcttctgcgcctg-3′, 5′ FAM-3′ TAMRA labeled), vp39 gene (vp39_75647: 5′-
ttgcgcaacgactttatacc-3′, vp39_75535: 5′-tagacggctattcctccacc-3′ and vp39_75566 taqmanP: 5′-
caacaccaggcgcaggacct-3′, 5′ FAM-3′ TAMRA labeled), p78/83 gene (p78-1070: 5′-
tgatcgcggacgtgttagcc-3′, p78-1197: 5′-cgtgttagctttattaggcc-3′ and p78-1103 taqman-p: 5′-
tgccatagccacacgacgcc-3′, 5′ FAM-3′ TAMRA labeled), odv-e18 gene (odvE18-26: 5′-
gcgctacgactagcacagac -3′, odvE18-84: 5′- ccgagctgtttccattactg-3′ and odvE18-81 taqmanP: 5′-
ccaaacatgttcttgaccatcttggc-3′, 5′ FAM-3′ TAMRA labeled), odv-e56 gene (odvE56-36: 5′-
attgtatcctaatcaggccag-3′, odvE56-143: 5′-ccaatgttgcgtacactggg-3′ and odvE56-88: 5′-
agcactcccgccggtttcac-3′, 5′ FAM-3′ TAMRA labeled), and chitinase gene (chiti_105422: 5′-
agcgtcgactctgtgttagg-3′, chiti_105316: 5′-atcgcgttgagcaagtcgcc-3′, and chiti_105351
taqmanP: 5′-ctcccaagcaaacaggccgc-3′, 5′ FAM-3′ TAMRA labeled). In each case, the
amplified sequences were designed so that they were included within each ORF. As a standard
for qPCR analysis of each gene transcript, we also performed qPCR analysis using a dilution
series of a template plasmid that contained the target ORF sequence. For the standard plasmids,
we cloned a PCR amplified fragment from the ORF of each target gene into a pGEMt-easy
vector. The copy numbers of standard plasmids used for qPCR analysis were calculated from
DNA concentrations of purified plasmids. Poly(A)+ RNA was isolated from 3 independent
infections for each time point as described above and qPCR was performed with 1 μg of the
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each poly(A)+ RNA resulting in 3 data sets for calculations of average, standard deviation and
significance (t-test).

Results and Discussion
Generation of pp31 knockout and the repair viruses

In the current study, we examined the role of AcMNPV PP31 in the context of the infection
cycle. The pp31 gene was deleted from an AcMNPV genome propagated in E. coli
(bMON14272), using a long-primer PCR, RED recombinase system that was described
previously (Lung et al., 2003). Rescued or repaired viruses were subsequently generated by
reinserting the pp31 gene into the polyhedrin locus, and the phenotypes of knockout and
rescued viruses were directly compared.

To generate an AcMNPV virus with a pp31 gene knockout, the pp31 gene was first replaced
with an antibiotic resistance gene (cat) cassette by inserting the cat cassette between AcMNPV
nt 29,238 and 30,071 in AcMNPV BACmid (bMON14272 pp31KO+cat) (Fig. 1A). After
confirming the replacement of the pp31 ORF by the cat gene, the cat gene was subsequently
excised by recombination with FLP recombinase (Datsenko and Wanner, 2000) resulting in
BACmid bMON14272 pp31KO-cat. Because the pp31 ORF overlaps the lef-11 ORF, a small
portion of the 5′ end of the pp31 ORF (7 nt) was retained in the final pp31 null construct in
order to preserve the intact lef-11 ORF. The majority of the pp31 gene was replaced with a 84
nt “scar” sequence (Fig. 1A and 1B). Next, a repaired viral genome was generated by reinserting
the pp31 gene into the polyhedrin locus of BACmid bMON14272 pp31KO-cat by transposition
(Fig. 1C). Two ‘repair’ BACmids were generated: one in which the pp31 gene was under the
control of the native pp31 promoter (bMON14272 pp31KO-REP-P), and another in which the
pp31 gene was under the transcriptional control of the AcMNPV ie-1 promoter
(bMON14272 pp31KO-REP-ie1P). As a control, the ie-1 promoter alone was also inserted into
the polyhedrin locus (bMON14272 pp31KO) (Fig. 1C).

To generate recombinant viruses, the resulting bacmids were transfected into Sf9 cells. The
pp31 knockout (vAc pp31KO) and the rescued viruses (vAc pp31KO-REP-P and
vAc pp31KO-REP-ie1P) were examined to determine if they were able to replicate in Sf9 cells.
To accomplish this, we performed a transfection-infection assay, as described previously (Lung
et al., 2002). Sf9 cells were first transfected with each bacmid and incubated for 72 hours, then
supernatants were removed from the transfected cells and transferred to a second culture of
Sf9 cells to monitor the infectivity of the supernatant. Transfections and infections were
confirmed by GUS activity screening as all constructs also carried a GUS marker gene under
the control of the AcMNPV p6.9 promoter. For both pp31 knockout (vAc pp31KO) and rescued
viruses (vAc pp31KO-REP-P and vAc pp31KO-REP-ie1P), replication in Sf9 cells was detected (data
not shown).

The pp31 locus of the knockout viruses was confirmed by PCR with a primer set that flanks
the pp31 ORF (Fig. 1A, primers A and B). In the pp31 knockout and repaired viruses (Fig. 1C;
vAc pp31KO, vAc pp31KO-REP-P and vAc pp31KO-REP-ie1P), the replacement of the pp31 gene by
the “scar” sequence resulted in a 1.0 kb PCR product, whereas a 1.7 kb PCR product resulted
from a similar amplification of the wild type pp31 locus in wt AcMNPV (Fig. 1D, A+B).
Rescue or repair of the virus by insertion of the pp31 gene into the polyhedrin locus of the
BACmid was also confirmed by PCR but with 2 different primer pairs as indicated in Figure
1D (primers C+E). The expected amplification products of 1.6, 2.0 and 2.4 kb were detected
from the viruses, vAc pp31KO, vAc pp31KO-REP-P and vAc pp31KO-REP-ie1P, respectively. In
addition, constructs with the ie-1 promoter were also confirmed by PCR with an ie-1 specific
primer and primer E (Fig. 1D, D+E). Using primers D and E, we detected amplification
products of 1.5 and 2.3 kb from constructs vAc pp31KO and vAc pp31KO-REP-ie1P.
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Virus replication
To measure the effect of the pp31 knockout on viral replication, a one-step growth curve
analysis was performed (Fig. 2A). By 24 h pi, the titers of the repair (vAc pp31KO-REP-P and
vAc pp31KO-REP-ie1P) and wild type viruses were substantially higher than that from the pp31
knockout virus (vAc pp31KO) and the difference (approximately 10–100 fold) was observed
throughout the remainder of the timecourse (24 – 96 h pi) of the infection.

Viral DNA replication
To determine whether viral DNA replication in AcMNPV infected Sf9 cells was affected by
the pp31 knockout, we used quantitative PCR to measure the accumulation of viral genomic
DNA in infected cells (Fig. 2B). Cells were infected at an MOI of 5 with either pp31 knockout
(vAc pp31KO), rescued (vAc pp31KO-REP-P and vAc pp31KO-REP-ie1P), or wild type AcMNPV
virus and viral genomic DNA was quantified by qPCR at 0, 6, 12, 18, 24, 48, 72, and 96 h pi,
using a taqman probe (see Materials and Methods). At 0 and 6 h pi, we detected app. 3 – 20
viral genomes per cell, consistent with the detection of infectious DNA prior to DNA
replication. By 12 h pi, we detected the initiation of viral genome replication in all viruses,
with approximately 1,000 – 3,000 genomes/cell detected in all cases. By 48 h pi, intracellular
viral genome numbers reached approximately 150,000–300,000 genomes/cell and the
accumulation of viral genomic DNA appears to have plateaued in all viruses. Thus, the pattern
of accumulation of viral genomic DNA in infected cells appears to be similar and the pp31
knockout did not appear to affect viral DNA replication in infected cells. Although these
estimates of genomes per cell appear high, they are consistent with prior measurements (Lin
and Blissard, 2002;Gomi et al., 1997;Rosinski et al., 2002).

Analysis of global AcMNPV transcription
To determine the effect of PP31 on transcriptional regulation in the AcMNPV infection cycle,
and to identify specific genes that may be regulated by pp31, an AcMNPV oligonucleotide
microarray was used to examine infected cells for effects of the pp31 knockout on accumulation
of specific mRNAs. An oligonucleotide microarray consisting of 50mer oligonucleotides and
representing 154 described genes of the AcMNPV genome plus a series of control genes (see
Materials and Methods) was spotted (Table 1). Each oligonucleotide was spotted 12 times and
hybridized using reciprocal labeling of cDNA samples. For analysis at 24 h pi, the study
represents 2 technical replicates and 2 biological replicates (see Materials and Methods). The
results of the comparison of infected cell mRNAs from vAc pp31KO (pp31 knockout) and
vAc pp31KO-REP-P (rescued) virus infected cells are shown in Table 2 and Figure 3. The effects
of the pp31 knockout on accumulation of viral mRNAs in general, appeared to be subtle. There
was no viral gene in which expression in the pp31 knockout (vAc pp31KO) was increased more
than 2 times that in cells infected with the control virus (vAc pp31KO-REP-P). We detected a
small (between 1–2x) increase in mRNA in the absence of pp31 for only 6 of the 154 AcMNPV
genes (Table 2 and Fig. 3). In contrast, we detected a modest decrease in transcription from
many genes when pp31 was deleted (Fig. 3). For 76 AcMNPV genes, we detected a very modest
decrease, with mRNAs from the pp31 knockout present at levels between 50 and 100% of that
from cells infected with the control virus (vAc pp31KO-REP-P). For 60 AcMNPV genes, mRNA
levels were reduced to 33–50 % of the level from the repaired virus. Six genes (p6.9, ORF 97,
ORF 60, ORF 98, ORF 102 and chitinase) showed the most dramatic effects with mRNA levels
reduced to 20 -33 % of that from the control virus. Of all genes for which expression was
detected in control virus infections (vAc pp31KO-REP-P), none appeared to be completely shut
down in cells infected with the pp31 knockout virus (vAc pp31KO). A very low level signal was
detected from the pp31 gene in the pp31 knockout virus, presumably resulting from non-
specific background hybridization to the pp31 oligo. mRNAs for 5 AcMNPV genes (ORF 11,
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ORF 63, p15, ORF 146 and ORF 149) were not detected in either the pp31 knockout or the
repaired virus.

Analysis of AcMNPV transcription by quantitative RT-PCR
Microarrays are not well suited for measuring small quantitative differences, and large
differences were not detected in the microarray analysis of the pp31 knockout. Therefore, to
further examine the effects of the pp31 knockout, we examined mRNA accumulation from
several well-characterized genes (p6.9, vp39, odv-e56, oed-e18, p78/83, me53, chitinase, and
ie1) by quantitative RT-PCR (qRT-PCR). The microarray analysis suggested a general low
level decrease in transcription from most AcMNPV genes. Because the chitinase and p6.9 gene
transcripts were among those genes from which transcription appeared more severely reduced
in the absence of pp31, those genes were included in the analysis of mRNAs by qRT-PCR.
Analysis by qRT-PCR showed that p6.9 and chitinase transcripts were substantially reduced
when pp31 was absent (Fig. 4A and F, vAcpp31KO vs. pp31repair or control wt AcMNPV). For
genes vp39, odv-e18, odv-e56, and p78/83, transcripts were also decreased in the absence of
pp31 (Fig. 4). In the later cases, transcription was typically reduced to approximately 20–50%
of that from the pp31 repair virus. In the case of two early genes, ie1 and me53, transcripts
were either unaffected (ie-1) or even perhaps somewhat increased (me53) in the absence of
pp31. These results differed slightly from microarray data since ie-1 showed a very modest
decrease (50%) and me53 levels were not substantially different in the absence of pp31. Thus,
overall we could not detect any substantial change in the expression of the early genes (ie-1
and me53) in absence of pp31.

In several previous studies, the AcMNPV pp31 gene was identified as important for
transcription from a late promoter in transient late expression factor assays (Berretta and
Passarelli, 2006; Lu and Miller, 1995; Todd et al., 1995). However, in another study (Gomi et
al., 1997) the BmNPV pp31 gene was inactivated by insertional mutagenesis and the resulting
BmNPV virus was viable. The BmNPV pp31 knockout virus was characterized as having
reduced production of infectious BV while not apparently affecting viral DNA replication.
However, in that study the pp31 knockout virus was not rescued by reinserting the pp31 gene
into the BmNPV genome. Thus, it was unclear whether the observed effects resulted from
inactivation of pp31 or whether unapparent mutations may have contributed to the presumed
pp31 knockout phenotype. Indeed, the dramatic results from transient late expression assays
with AcMNPV lef genes appeared inconsistent with the minor phenotype observed in the
BmNPV pp31 knockout virus. In the current study, we generated a pp31 knockout in an
AcMNPV BACmid genome and examined the effects of that knockout in detail. Similar to the
results of Gomi and colleagues in studies of BmNPV pp31 (Gomi et al., 1997), the AcMNPV
pp31 gene knockout was not lethal and resulted in a reduction in the production of infectious
virus (Fig. 2A). This reduction in infectious virus production was rescued by reinserting the
pp31 gene into the knockout background, confirming the phenotype of the AcMNPV pp31
knockout. Analysis of DNA replication by the AcMNPV pp31 knockout virus indicated no
substantial effect of pp31 on AcMNPV DNA replication. In addition, genomic analysis of viral
transcripts using an AcMNPV oligonucleotide microarray suggested a general but very modest
down regulation of viral transcripts in the absence of pp31.

Of the 154 AcMNPV genes examined by microarray analysis in this study, we detected 149
positive signals indicating that potential changes could be measured for these genes.
Comparisons of the signal ratio (pp31knockout vs control virus) for each gene and statistical
analysis of the data revealed that for the149 genes, we could not detect significan differences
in the expression of 43 genes when pp31 was absent (for these, p values were less than 0.01).
In contrast, 99 genes showed modest but statistically significant decreases in transcript levels.
The remaining 6 genes (p6.9, ORF 97, ORF 60, ORF 98, ORF 102 and chitinase) showed
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relatively dramatic and statistically significant reductions in transcript levels (less than 33%
of that from control viruses expressing PP31). The most dramatic effects observed from the
AcMNPV pp31 knockout was the reduction of transcripts from two genes (orf97 and p6.9) to
approximately 22% of their levels in the control (repair) virus.

PP31 is a phosphorylated DNA binding protein that is associated with the virogenic stroma
late in infection and prior studies indicate that pp31 is abundantly expressed both early and
late in infection. The observation that this highly abundant DNA binding protein was an
important component of transient late transcription assays was therefore not surprising.
However, the report that the very closely related BmNPV pp31 appeared to be dispensable
(Gomi et al., 1997) appeared to conflict with data suggesting a critically important function
for PP31 in the AcMNPV infection cycle. In the current study, we found that pp31 was also
dispensable in the AcMNPV genome and the absence of PP31 resulted in reduced viral titers,
a general but modest down regulation of viral transcripts, but no apparent effect on viral DNA
replication. Perhaps most surprising was the observation that the effect of the pp31 knockout
on viral transcripts was not limited to or more pronounced in late gene transcripts, but rather
included both early and late genes. Because only a fraction of the AcMNPV genes have been
transcriptionally mapped and classified (as early, late, or very late, see Table 2 and 3), it is not
yet possible to fully understand the implications of the current data. However, when more
detailed transcriptional data become available it will be interesting to further examine pp31
knockout data with regard to transcriptional classification.

Because most effects of the pp31 knockout on transcript levels represented either low level or
undetectable changes, caution must be exercised in interpreting these data. The combination
of biochemical data indicating that pp31 non-specifically binds to DNA (Guarino et al.,
2002), and data showing that pp31 is important in transient late promoter assays (Todd et al.,
1995), suggests the hypothesis that PP31 may stabilize viral transcription units or otherwise
enhance efficiency of viral transcription. The observation that inactivation of pp31 is not lethal
in either AcMNPV or BmNPV viruses suggests that either a) PP31 plays a dispensable
accessory role in the context of the viral infection, or b) PP31 may play a critical role but its
function is redundant with that of another viral or cellular protein.

In this study, we examined the effect of a pp31 knockout on infectious virus production, DNA
replication, and global transcription in AcMNPV. We observed a modest reduction or defect
in production of infectious budded virus, and data on viral DNA replication suggests that the
defect was not related to production of viral genomic DNA. Growth curve data also suggest
that the reduction in infectious virus did not result simply from a delay in the infection cycle,
but rather an overall limit in production of infectious progeny BV. Combined, these data
suggest that the general reduction in budded virion production may have resulted from either
reduced production of a limiting protein factor (due to generally reduced transcript levels) or
perhaps from a defect in DNA packaging or virus assembly. More detailed biochemical and
genetic analyses will be necessary to understand the precise function of the abundant PP31
protein in the baculovirus infection cycle. The pp31 knockout system developed for the current
study should be of value in examining PP31 mutants and testing hypotheses regarding the
function of PP31.
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Figure 1.
Construction and analysis of AcMNPV viruses containing a pp31 knockout, and rescue by
reinsertion of the pp31 gene.
(A) The strategy for construction of a pp31-null BACmid containing a deletion of the AcMNPV
pp31 gene is shown in the diagram. The structure of the pp31 locus is shown in the top line
and subsequent modifications are shown below. To eliminate the pp31 ORF, a DNA fragment
containing a cat gene flanked by FRT (FLP recognition target) sites and a 40 base-pair sequence
homologous to the 5′ or 3′ proximal region of the pp31 ORF, was amplified by PCR and used
for homologous recombination with BACmid bMON14272 in KD46 E. coli cells. The structure
of the resulting pp31 locus in BACmid (bMON14272 pp31KO+cat) is shown in the second row
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of the diagram. To minimize foreign DNA in the pp31 locus, the cat gene was subsequently
removed by FLP recombinase mediated excision. The structure of the resulting pp31 locus in
BACmid bMON14272 pp31KO-cat is shown in the third row of the diagram.
(B) The sequence of the pp31 locus of bMON14272 pp31KO-cat is shown along with the positions
of the remaining pp31 ORF sequences and lef-11 ORF sequences. Capital letters indicate wild
type AcMNPV sequence and lower case letters represent the location of the pp31 deletion and
inserted sequence. Nucleotide position numbers correspond to those reported from the
AcMNPV genome sequence (Ayres et al., 1994)(Genbank Accession No. NC_001623).
(C) The strategy for rescue of the pp31 knockout by reinsertion of the pp31 gene is shown.
Construction of pp31-repair BACmids by inserting the pp31 gene into the polyhedrin locus is
shown in the diagram. One control construct and two pp31 gene constructs were inserted into
the polyhedrin locus of the pp31-null BACmid (bMON14272 pp31KO-cat) to generate repair
BACmids bMON14272 pp31KO, bMON14272 pp31KO-REP-P and
bMON14272 pp31KO-REP-ie1P. The structures of the inserted pp31 constructs are shown and
the promoter (wild-type pp31 or wild-type ie-1) used to drive pp31 expression is indicated.
Each construct also contains a gentamicin resistance gene (GmR), an OpMNPV ie1 promoter
driven OpIE1-LacZ fusion, an AcMNPV p6.9 promoter driven gus gene, and transposon Tn7
attachment sites (Tn7 att).
(D) The results of PCR analysis of the pp31 locus of the pp31 knockout (vAc pp31KO) and the
repair (vAc pp31KO-REP-ie1P and vAc pp31KO-REP-P) viruses and wild type AcMNPV are shown
on an ethidium bromide-stained agarose gel. Viral DNAs as a template were purified from
vAc pp31KO, vAc pp31KO-REP-ie1P, vAc pp31KO-REP-P, and wt AcMNPV infected Sf9 cells.
Primer pairs for pp31 knockout locus (A and B) are shown in panel A. Primer pairs for repair
locus (C, D and E) are shown in panel C. The sizes of PCR amplification products (in kilobase
pairs) are indicated on the right of each gel image.
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Figure 2.
Analysis of the effects of a pp31 knockout on infectious AcMNPV budded virion production
and viral DNA replication in Sf9 cells.
(A) Virus one-step growth curves were generated from Sf9 cells infected with either the
pp31 knockout virus (vAc pp31KO), the repair viruses (vAc pp31KO-REP-ie1P and
vAc pp31KO-REP-P), or wild-type AcMNPV. Infections were performed in triplicate at an MOI
of 5, and supernatants were collected and assayed for production of infectious virus by
TCID50. Error bars represent the standard deviation from the mean.
(B) To analyze AcMNPV viral DNA replication, Sf9 cells were infected with either the
pp31 knockout virus (vAc pp31KO), the repair viruses (vAc pp31KO-REP-ie1P and
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vAc pp31KO-REP-P), or wild-type AcMNPV at an MOI of 5, and the accumulation of viral DNA
in infected Sf9 cells was monitored by qRT-PCR at various time points post infection.
Infections were performed in triplicate. The vertical axis represents average viral genome
copies per Sf9 cell. Error bars represent the standard deviation from the mean.
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Figure 3.
Effects of an AcMNPV pp31 knockout on transcript levels from AcMNPV genes as determined
by AcMNPV microarray analysis. Sf9 cells were infected with either pp31 knockout or repair
viruses (vAc pp31KO or vAc pp31KO-REP-P). Cells were infected at an MOI of 5 and mRNAs
were isolated at 24 h pi and used to synthesize fluorescent probes for hybridization to an
AcMNPV oligonucleotide microarray (see Materials and Methods section). Experiments were
performed in duplicate (biological replicates). Reciprocal labeling and hybridizations were
performed for each data set and each array contained 12 replica spots of each oligonucleotide.
Data points for each gene were averaged from 48 hybridization data points (spots). The
horizontal axis represents the average transcript levels of genes from the pp31 knockout virus
(vAc pp31KO) infection expressed as a percentage of that from the control or repair virus
(vAc pp31KO-REP-P). The vertical axis represents number of viral genes that correspond to each
expression percentage. For reference, the dashed line shows genes from which expression was
equal (100%) to that of the control or repaired virus.
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Figure 4.
Quantification of transcripts from selected viral genes [p6.9 (A), vp39 (B), odv-e18 (C), odv-
e56 (D), p78 (E), chitinase (F), ie1 (G) and me53 (H)] by qRT-PCR. For each graph, the vertical
axis indicates the number of transcripts estimated from 1 μg poly(A)+RNA purified from
infected Sf9 cells. Infections were performed in triplicate at an MOI of 5 and poly(A)+RNAs
were purified and assayed in triplicate. Average qRT-PCR data was derived from 9 data points
for each time point post infection (n=9). Error bars represent the standard deviation from the
mean. Statistically significant differences between the pp31 knock out and control viruses are
indicated by asterisks (* P <0.05).
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Table 3
References for phase of transcription

(a) Early Genes

gene reference gene reference

lef-1 Passarelli and Miller, 1993 lef-4 Durantel et al., 1998a

egt O’Reilly and Miller, 1990 helicase Lu and Carstens, 1992b

iap1 Passarelli and Miller, 1994 he65 Becker and Knebel-Morsdorf, 1993;
Kremer and Knebel-Morsdorf, 1998

lef-6 Passarelli and Miller, 1994 pk2 Li and Miller, 1995

vfgf Detvisitsakun et al., 2005 gp64 Hoopes and Rohrmann, 1991

pp31 Glocker et al., 1993 94K Friesen and Miller, 1987

lef-11 Lin et al., 2001 p35 Friesen and Miller, 1987

ets Crawford and Miller, 1988 p26 Huh and Weaver, 1990a; Huh and Weaver,
1990b

pcna-etl Crawford and Miller, 1988 me53 Knebel-Morsdorf et al., 1993

DNApol Tomalski et al., 1988 ie-0 Kovacs et al., 1991b; Chisholm and Henner,
1988

lef-3 Li et al., 1993 ie-1 Guarino and Summers, 1986; Guarino and
Summers, 1987

pnk Durantel et al., 1998b pe38 Mans and Knebel-Morsdorf, 1998

cg30 Thiem and Miller, 1989a ie-2 Carson et al., 1991; Krappa and Knebel-
Morsdorf 1991

(b) Late Genes

gene reference gene Reference

PTPase kim and Weaver, 1993 helicase Lu and Carstens, 1992b

ph Howard et al., 1986 38k Lu and Carstens, 1992b

p78/83 Possee et al.,1991 p6.9 Wilson et al., 1987

pk1 Reilly and Guarino, 1994 c42 Braunagel et al., 2001

da18 O’Reilly et al., 1990 p48 Lu and Carstens, 1992a

ORF 26 Passarelli and Miller, 1994 vp80 Lu and Carstens, 1992a

iap1 Passarelli and Miller, 1994 gp64 Garrity et al., 1997

sod Tomalski et al., 1991 p24 Oellig et al., 1987

v-ubi Guarino, 1990 p35 Nissen and Friesen, 1989

pp31 Guarino and Summers, 1986; Guarino and
Smith, 1990

p10 Kuzio et al., 1989; Rankin et al., 1986

odv-e66 Hong et al., 1994 ie-0 Kovacs et al., 1991a

gp37 Wu and Miller, 1989 exon 0 Dai et al., 2004; Kovacs et al., 1991a

MTase1 Wu and Guarino, 2003 odv-e18 Braunagel et al., 1996b

vlf-1 Yang and Miller, 1998 odv-ec27 Braunagel et al., 1996b

gp41 Whitford and Faulkner, 1992 odv-e56 Braunagel et al., 1996a; Guarino and
Summers, 1987

vp39 Thiem and Miller, 1989b ORF 154 Kim and Weaver, 1993
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