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The p10 gene of Spodoptera littoralis nucleopolyhedrovirus:
nucleotide sequence, transcriptional analysis and unique gene

organization in the p10 locus
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The p10 gene of the Spodoptera littoralis (Spli)
multicapsid nucleopolyhedrovirus (MNPV) was iden-
tified. With a coding sequence of 315 nucleotides
(nt), corresponding to a protein of 104 amino acids,
the SpliMNPV p10 gene is the longest p10 gene
known. This gene codes for a putative protein with
an M, of 11 130 and was found to be most closely
related to the Spodoptera exigua (Se) MNPV p10
(49:4% amino acid identity) and most distant from
the Autographa californica (Ac) MNPV p10 (20-0%
amino acid identity). Characterization of the
protein’s secondary structure and a comparison
with other p10 protein species suggested that this
p 10 has an extended alpha-helical domain with high
probability of forming a large coiled-coil structure.
The p10 mRNA was about 1500 nt long, as de-

termined by Northern blot analysis. Primer exten-
sion assay mapped three transcription start sites to
a conserved baculovirus late promoter motif, TAAG.
In the SpliMNPV genome, the p10 gene is not
flanked by genes similar to p26 and p74, as found in
SeMNPV, AcMNPV, Choristoneura fumiferana MNPV
and Orgyia pseudotsugata MNPV. Instead, an open
reading frame (ORF) of 945 bp is located down-
stream from the p10 gene and is followed by
another ORF in opposite orientation, encoding the
p74 protein. Upstream of the p10 sequences, an
ORF of 552 bp was identified that potentially
encodes a 184 amino acid protein of M, 20925,
which showed 52:2% identity with the encoded
product of the SeMNPV xb 187 gene.

Introduction

The nucleopolyhedroviruses (NPVs), a subgroup of the
Baculoviridae (Murphy ef al, 1995), have enveloped, rod-
shaped virions carrying a circular, double-stranded DNA
genome. Many NPV species infect lepidopteran insects and
some are of potential use as biological insecticides (for review,
see Wood, 1991). During the baculovirus replication cycle,
two morphologically distinct forms of progeny virus are
generated. Budded viruses are released from the infected cell
and are responsible for virus spread in tissue culture and among
tissues of the infected insect. At a late stage in the infection
cycle, virions form into clusters and occlude within a
paracrystalline protein matrix or occlusion body. Occlusion
bodies are released from dead insects, remain in the en-
vironment and mediate the spread of infection through the
insect population (Blissard & Rohrmann, 1991).
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The late-infection stage of insect cells by NPVs is
characterized by the synthesis of massive amounts of poly-
hedrin, the major component of the occlusion bodies
(Rohrmann, 1986). A second protein, p10, is produced at high
levels and is associated with the formation of large fibrillar
structures in both the nuclei and cytoplasm of infected cells
(van der Wilk ef al., 1987 ; Quant-Russell ef al., 1987; Vlak ef al.,
1988). Studies with pI10 deletion mutants of Autographa
californica (Ac) MNPV have revealed that intact p10 is also
involved in nuclear disintegration and in polyhedron mor-
phogenesis (Williams ef al, 1989; van Oers et al, 1993).
However, p10 was not essential for virus replication and
infection of insect cells with a p10-deleted virus could produce
occlusion bodies (Williams ef al., 1989). These features suggest
the p10 promoter as a suitable site for cloning and the effective
production of large quantities of heterologous proteins in
insect cells, as demonstrated by expression of the cauliflower
mosaic virus gene I (Vlak et al., 1990), and as described by
Miller (1993) and O'Reilly ef al. (1994). Although p10 was
found to be nonessential for virus replication, its presence in
several baculoviruses was found to be conserved. The p10
gene has been identified and studied in detail in AcMNPV
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Kuzio et al, 1984) and Orgyia pseudotsugata (Op) MNPV
Leisy et al., 1986), and identified in Bombyx mori (Bm) NPV
Yaozhou, 1992; Hu et al., 1994), Perina nuda (Penu) MNPV
GenBank/EMBL accession no. U50411), Spodoptera exigua (Se)
MNPV (Zuidema ef al., 1993) and Choristoneura fumiferana (Cf)
MNPV (Wilson ef al., 1995). Comparative sequence analysis of
the different p10 genes shows considerable divergence in the
primary protein sequences, whereas higher similarity exists in
the secondary protein structure and within specific domains
(van Qers et al., 1994; Wilson et al, 1995). This similarity
suggests a similar role for p10 in different baculoviruses
although specificity for some of the p10 functions was detected
between the p10 of Se MNPV and that of AcCMNPV (van Oers
et al., 1994).

Spodoptera littoralis (Spli) MNPV is a pathogen of several
Spodoptera species, and may be useful as a pest-control agent
(Jones et al., 1994). Distinct SpiMNPV genotypes have been
identified in field isolates (Kislev & Edelman, 1982; Mialhe et
al., 1984; Cherry & Summers, 1985; Maeda et al., 1990) and
found to be genetically distant from the well-characterized
AcMNPV (Kislev & Edelman, 1982; Maeda et al., 1990). To
increase our knowledge of the genomic organization and
speciation of SpliMNPV, and to enable the design of a
genetically improved virus, the p10 gene of this virus was
identified. Here, we report the nucleotide sequence of the
SpliMNPV p10 (the longest known baculoviral p10 gene),
compare the secondary structure of its encoded product to
other p10 proteins, and report the transcriptional analysis and
the unique gene organization in the p10 locus relative to other
baculoviruses, for which the respective genes have been

identified.

o~ o~ o~ —~

Methods

H Virus, cells and insects. SpliMNPV-B isolate E15 was plaque-
purified from field-infected S. litforalis larvae as previously described
(Faktor ef al., 1995). SL-2 cells permissive for SpliMNPV (Chejanovsky &
Gershburg, 1995) were maintained in TNM-FH medium (Sigma),
supplemented with 10% heat-inactivated foetal calf serum, at 27 °C
(Mialhe et al.,, 1984). The SpliMNPV-B isolate E15 was propagated in S.
littoralis larvae. Haemolymph from virus-infected larvae was used as a

source of extracellular virus for infection of cultured cells. SpiMNPV
DNA was extracted from virions liberated by alkali treatment of
polyhedral inclusion bodies, followed by sucrose-gradient centrifugation
as described by O'Reilly et al. (1994).

H Southern blot hybridization, cloning, sequencing and data
analysis. To locate a viral DNA fragment containing the p74 gene,
SpliMNPV DNA was digested with several restriction endonucleases,
fractionated in Tris—borate—EDTA—0-8 % agarose gels and transferred to
Hybond-N membranes (Amersham). These membranes were used in a
Southern hybridization with a 700 nucleotide (nt) 32P-labelled
EcoRI-HindIll DNA fragment of the AcMNPV HindIII-P fragment (Kool
& Vlak, 1993) as a DNA probe, prepared using a commercial kit
(Promega) according to the procedure described by Sambrook ef al.
(1989). This AcCMNPV DNA fragment contained the 3" end of the p74

2120

gene sequence (Kuzio ef al., 1989). SpliMNPV DNA fragments that were
found to hybridize with the ACMNPV probe were isolated from agarose
gels by the freeze—squeeze method (Tautz & Renz, 1983) and cloned into
the appropriately digested pUC19 vector (New England Biolabs).

The viral DNA fragments were sequenced with the Sequenase kit (US
Biochemical) and [«-**S|[dATP (Amersham) using either commercial or
specific primers. Sequence data were analysed using the Wisconsin
UWGCG computer software package, version 8.0 and updated
GenBank/EMBL databases.

Hl RNA isolation and transcription analysis. Total RNA was
isolated from virus-infected SL-2 cells at 5, 24, 48, 72, 96 and 120 h post-
infection (p.i.), essentially as described by Chomczynski (1993), using
commercial Tri Reagent (Molecular Research Center). RNA preparation
from infected larvae, including grinding the larvae in liquid nitrogen prior
to extraction with Tri reagent, was as described previously (Toister-
Achituv & Faktor, 1997). For Northern blot analysis, total RNA was
denatured, separated by electrophoresis on formaldehyde-containing
gels (Sambrook ef al., 1989), and blotted onto Hybond N membranes. To
identify specific transcripts, blots were hybridized for 20 h at 42 °C with
a single-strand, antisense, **P-labelled probe in hybridization buffer
containing 50 % formamide (Sambrook ef al., 1989). After hybridization,
blots were washed for 30 min at room temperature in 2 X SSC, 1% SDS,
and 30 min at 60 °C in 0-1 x SSC, 0-:1% SDS. Membranes were exposed
to Fuji X-ray film using intensifying screens. Primer extension analysis
was performed essentially as previously described (Walker et al., 1983),
using 5 pg of total RNA isolated from mock-infected or virus-infected
cells at 24, 48 and 120 h p.i. A ?*P-labelled 19 base oligonucleotide (5’
GATATCCTGACGGATTACC 3'), complementary to the SpliMNPV
p10 mRNA at nucleotide (nt) position 21-39 relative to the translation
start codon, was annealed to the RNA and elongated by AMV reverse
transcription reaction (Promega) at 42 °C for 1 h. The reaction was
stopped by adding 5 pl of a solution containing 95 % formamide, 0-01%
xylene cyanol and 0:01% bromphenol blue, and loaded onto a 6%
polyacrylamide sequencing gel. To determine the size of the extended
products, a sequencing reaction was run alongside the reverse tran-
scription reactions. The sequencing reaction was generated with a
plasmid containing the pI10 gene and the described 19 base oligo-
nucleotide using a Sequenase kit. Gels were dried and exposed to Fuji
X-ray film using intensifying screens.

Results
Identification of the 3’ end of the SpliMNPV p74 gene

Available information on the nucleotide sequences of
different p10 genes indicated a relatively low percentage of
nucleotide sequence identity (van Oers ef al, 1994). This
prevented the use of a known p10 gene as a DNA probe for the
direct identification of the corresponding gene in the
SpliMNPV genome. Based on the relatively higher sequence
conservation between p74 gene species, and the clustering of
p26, p10 and p74 in several viruses (Zuidema ef al., 1993), we
identified part of a SpliMNPV p74 gene homologue with the
aim of using it as a reference point for subsequent identification
of the p10 gene. To identify the p74 gene, SpliMNPV DNA
was digested with various restriction enzymes. The resultant
DNA fragments were separated by gel electrophoresis and
analysed by Southern hybridization. An AcMNPV-derived
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Fig. 1. Nucleotide sequence of the p10 locus in the SpliMNPV genome. The nucleotide sequence of 2160 nt from the 3-8 kbp
BamHI SpliMNPV DNA fragment containing ORF552, the p10 gene, ORF945 and the 3’ end of the p74 gene is presented with
the predicted amino acid sequences of each ORF in the one-letter code. Presumed initiation methionines are circled and the
direction of translation is shown with arrows at the right end of each line. A putative TATA box and the late promoter initiation
motif (TAAG) are underlined and the functional TAAG site is double underlined. Putative transcription poly(A) signals (AATAAA)
are underlined, or overlined when present on the complementary DNA strand.
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Fig. 2. Location of the ORF552—p10-ORF945-p74 cluster on the SpliMNPV genomic map. Schematic representation of the
SpliMNPV genome in map units showing the position of the polyhedrin gene (polh), protein kinase gene (pk) and ecdysteroid
UDP-glucosyltransferase gene (egt). The restriction fragment Hindlll-E containing the ORF552—p10-ORF945-p74 cluster and a
ribonucleotide reductase subunit 1 gene (RR7) is shown under the genomic map. The line below represents the 3-8 kbp
BamHI DNA fragment with the restriction sites BamHI (B), EcoRI (E), Xbal (X) and EcoRV (Ev). Large arrow-boxes indicate the
size and position of the identified genes. ORFs for which only a partial sequence is available appear as white boxes. Dotted
lines and arrows show the direction of the primer extension reaction (a) and the direction of single-stranded DNA probe

synthesis for the p10 gene (b) and ORF552 (c).

DNA probe, a 700 nt EcoRI-HindIll DNA fragment of the
HindlII-P fragment which contains the 3" portion of the p74
gene (Kool & Vlak, 1993), was used for the Southern
hybridization, under non-stringent conditions. According to
the results of this hybridization (not shown) the p74-like gene
is located on the HindIll-E fragment (Croizier et al, 1989;
Faktor et al,, 1995), and a 3-8 kbp BamHI fragment included
within the HindIII-E fragment was cloned into a commercial
plasmid (pUC19). A physical map of the location of restriction
enzyme sites was generated for this fragment and the exact
location of the 3’ portion of the p74 gene was determined
using the same 700 bp AcMNPV DNA probe. Sequence
determination of 300 nt of this fragment and comparison with
the sequence of the AcMNPV p74 gene (Kuzio et al., 1989)
confirmed that the 3" part of the SpliMNPV p74-like gene had
been identified.

The SpliMNPV p10 gene is separated from the p74
gene by a 945 bp open reading frame

Based on the positioning of p10 genes in the immediate 3’
flanking sequences of the p74 gene in AcMNPV, OpMNPV,
CfMNPV and SeMNPV, we searched for a p10 open reading
frame (ORF) in the SpliMNPV genome by determining the
nucleotide sequence of 2-0 kbp of the region following the p74
termination codon. Sequence analysis of this region revealed
that instead of a p10 gene, the p74-like gene is followed by an
OREF of 945 bp (ORF945), in opposite orientation relative to
the p74 gene (Fig. 1). No TATA box or late transcription
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initiation motif (TAAG) were found in the 5" flanking
sequences of ORF945. A canonical poly(A) signal (AATAAA)
was identified at the ORF translation stop codon TAA (Fig. 1).
A comparison of the ORF945 sequence with available
databases revealed it to be unique. Within ORF945, seven
GAC triplets (Fig. 1, nt 1368—1389) were observed. Similar
repeats were observed in other locations in the SpliMNPV
genome, as well as in the SeMNPV genome in the 5" non-
translated region of the p10 gene (Zuidema ef al., 1993) and in
the intergenic region between the ORF v-ubi and xb187 (van
Strien et al, 1996). The function of these repeats, if any, is
unknown.

Further analysis of sequences upstream of ORF945 revealed
another ORF of 315 bp (Fig. 1). This ORF was found, by a
search of the databases, to resemble the p10 gene and was
therefore designated as the SpliMNPV pl0 gene. The
presumed p10 of SpliMNPV has the potential to encode a 104
amino acid protein of M, 11130. The gene is preceded by a
late promoter motif, TAAG, and a poly(A) signal was identified
nine nucleotides before the ORF termination codon.

Localization of the p10-ORF945—p74 cluster in the
SpliMNPV genome

To localize the p10 gene in the SpliMNPV genome and to
determine its position relative to other, previously identified,
genes such as polyhedrin (polh) (Croizier & Croizier, 1994),
protein kinase (pk) (Faktor ef al., 1996), ribonucleotide reductase
subunit 1 gene (RR1) (O. Faktor, unpublished results) and
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Fig. 3. Transcriptional analysis of the SpliMNPV p10 gene and ORF552. (a) Northern blot analysis of total RNA extracted from
mock-infected cells (M) and SpliMNPV-infected cells at 5, 24, 48, 72, 96 and 120 h p.i. The p10 transcripts were detected
with a single-strand 32P-labelled DNA probe complementary to the p10 transcript. The p10 transcripts are indicated by arrows
with sizes estimated according to RNA size markers. (b) The ORF552 transcripts were detected on a similar Northern blot
membrane with a single-strand 32P-labelled DNA probe complementary to the ORF552 transcript. (c) Primer extension analysis
of the SpliMNPV p10 gene transcripts was performed with a p10-specific, >P-end-labelled, 19 base oligonucleotide
complementary to the p10 mRNA. The oligonucleotide was annealed to total RNA (5 pg) from mock-infected cells (M),
SpliMNPV-infected cells at 24, 48 and 120 h p.i., and RNA prepared from infected larvae at 120 h p.i. (120-L), elongated by
reverse transcription. The size of the extension products was determined by comparison with a sequence ladder (lanes A, C, G,
T) obtained by sequencing a p10-gene-containing plasmid using the same 19 base oligonucleotide as a sequencing primer.
The sequence of the promoter region (MRNA strand) is indicated by the lettering at left and the specific start sites are indicated

by asterisks.

ecdysteroid UDP-glucosyltransferase (egf) (Faktor ef al., 1995),
we performed Southern hybridization analyses with viral
DNA digested with several restriction enzymes, as described
earlier. A p10 gene-containing DNA fragment was used as a
probe for the hybridization. The results shown in Fig. 2
revealed that the p10 gene is located within the HindIII-E
fragment of the virus. The region between the p10 gene and
the polyhedrin gene was mapped using an EcoRI plasmid
library representing the complete viral genome. According to
this physical map, the distance from the p10 gene to the 3’ end
of the polyhedrin gene is about 17-5 kbp. The p10 gene was
found to be in the same orientation as the polyhedrin gene
(Fig. 2).

Transcriptional analysis of the p10 gene

Transcriptional activity of the SpliMNPV pl10 gene was
determined by Northern blot analysis of RNA isolated at

various times p.i. by using a strand-specific probe of the p10
gene (Fig. 2). A major transcript of approximately 1500 nt was
detected at a late stage of infection (Fig. 3a). It was first
detected 48 h p.i. (observed following a longer exposure of the
blot shown in Fig. 34) and its expression level increased with
time. In addition, less intense bands of 550 and 750 nt were
observed from 96 h p.. Since the predicted size of the p10
transcript(s) was about 360 nt plus a poly(A) tail, we further
characterized its 5" end by primer extension analysis. A reverse
transcription assay was carried out with an oligonucleotide
complementary to sequences from nt 21 to 34 with respect to
the translation start site (Fig. 2). Primer extension products
were absent in RNA prepared from mock-infected or virus-
infected cells 48 h p.i., but were observed in samples prepared
120 h p.i,, as well as in total RNA prepared from infected larvae
120 p.i. Three adjacent stops at nt A, A and T located — 54,
— 55, and — 56 nt from the translation start site were detected
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Fig. 4. Sequence comparison between the SpliMNPV p10 gene and other p10 species and the predicted probability of coiled-
coil-structure formation in p10 proteins. Sequence comparison is shown on left. Numbers indicate the percentage nucleotide
(nt) and amino acid (aa) sequence identities. A graphical representation of the predicted probability of coiled-coil-structure
formation is shown on the right. The vertical scale denotes the prediction for coiled-coil probability between O and 1. The
horizontal scale shows the amino acid number. Predictions were made using the COILS program and were based on a 21

residue window as described by Lupas et al. (1991). The virus acronym is indicated within each scheme.
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PenuMNPV 1 [ERESHEIN MYNRNBSH §reEefjoo BGEDSKTEEA BrOBECE... .......... . ...... Ve NEEpEEME 59
ACMNPV 1 MNTETNGY §ESVEHELNG BEESFELERE ErASEEE. .. .......... ........ LM TKES) T OS T L JEE
BmMNPV 1 VEENVERRE RAIAETNGY §RSVEHELNG BEESFErEnE ErARHEE. .. ... ....... ... FN ERIEEHCERE 59
CEMNPV 1 VEEEsEoPH FriNjoriPny VNS TE @DGKVEPENE HSEREHA. .. . ......... ... ERTTHEDEE 59
SpliMNPv 80 [{PEIPDLE.. IENEPEGKKN NGGINKK* 104
SeMNPV 67 NPDWEGN LMQQKKS NKK* 89
OpMNPV 60 svﬁi ARAREPELPE IPDVPGLERS RKQ* 92
PenuMNPV 60 SIE AEAE%E ﬂGL@ RKQ* 92
ACMNPV 60 HMEPIVERLED SLEEKM¥SOA FELDSDAREG KRSSK* 94
BmMNPV 60 DTAﬁD SLEETBRGOA FEFDSDARG KRSSK* 94
CEMNPV 60 GEAEVFVEL PDNPLNTRS RK* 81

Fig. 5. Multiple alignment of p10 amino acid sequences as deduced from the DNA sequence of AcMNPV (Kuzio et al., 1984),
Bombyx mori (Bm) NPV (Yaozhou, 1992), Choristoneura fumiferana (Cf) MNPV (Wilson et al., 1995), Orgyia pseudotsugata
(Op) MNPV (Leisy et al., 1986), Perina nuda (Penu) MNPV (GenBank/EMBL accession no. U504 11), Spodoptera exigua (Se)
MNPV (Zuidema et al., 1993), and SpliMNPV generated by the PILEUP program from the UWGCG computer software package.
Dots denote gaps introduced by the computer program to maximize sequence alignment. Identical amino acid residues are in

dark boxes. Basic amino acid residues are underlined, and conserved proline-rich domains with the consensus

(E/A/N/L/)P(D/E/N) (V/L/I/P)P are underlined with a thick line.

in this assay (Fig. 3¢). These initiation sites are part of the
baculovirus canonical late promoter motif, TAAG.

The initiation of pI0 transcripts within the TAAG
sequences and the size of 1500 nt indicated that the poly(A)
signals located nine nucleotides upstream of the stop codon of
the p10 gene (Fig. 1) and further downstream within ORF945,
1168 nt from the TAAG motif of the p10 gene, are not used.
Two additional poly(A) signals at the end of ORF945, 1308
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and 1387 nt from the TAAG motif, could be used, if we assume
a poly(A) of about 200 nt.

Multiple sequence alignment of p10 species and
structural features of the presumed SpliMNPV p10
protein

The nucleotide and amino acid sequences of pI0 were
compared to those of other p10 species (Fig. 4). The p10 gene



Transcriptional analysis of SpliMNPV p10 gene

Table 1. Sequence comparison between SpliMNPV ORF552 and similar baculovirus

genes
SpliIMNPV SeMNPV* OpMNPV BmNPV AcMNPV
AcMNPV + 46-4%F 483 576 935 -
BmNPV 47-3 503 577 - 97-2/94-9§
OpMNPV 485 479 - 71-3/52°4 71-8/51°9
SeMNPV 585 - 50-8/31:3 59-7/32'8 60'7/34°4
SpliMNPV - 657/52:2 514/35'8 59:7/32-8 50:0/30-3

* The sources of the different sequences are described in the legend to Fig. 6.

1t ORFs corresponding to ORF552 are described in Fig. 6.

# Numbers in bold in the top left of the Table are percentage nucleotide sequence identities generated using

the GAP program from the UNGCG.

§ Numbers in the bottom right of the Table are percentage amino acid sequence similarities and, in bold,

percentage amino acid sequence identities.

of SeMNPV, showing 55-4 % nucleotide sequence identity and
49-4% amino acid sequence identity, was most closely related
to SpliMNPV p10, whereas the AcMNPV p10 gene was the
most distant, showing only 36'5% nucleotide sequence
identity and 20% amino acid sequence identity.

Compared with other p10 proteins with sizes ranging
between 81 and 94 amino acids, the putative SpliMNPV p10
protein is the longest (104 amino acids). Multiple alignment of
these proteins using the GAP program generated a gap of 14
amino acids in the SeMNPV p10 protein starting at amino acid
48, and a gap of 21 amino acids in other p10 proteins starting
at amino acid 48 (Fig. 5). Thus, the alignment suggests that the
additional amino acid residues of SpliMNPV pl0 protein
reside within a defined region, rather than being scattered
throughout. This region has been suggested in other p10
species to form an alpha-helical structure which was shown to
have a high probability of forming a coiled-coil structure. To
evaluate this probability, we employed the COILS program
using a window of 21 amino acids as described by Lupas ef al.
(1991). According to the protein alignment (Fig. 4) and the
prediction of coiled-coil formation (Fig. 5), the SpliMNPV p10
protein was predicted to generate a longer coiled-coil region
relative to other p10 species. This relatively long region of
coiled-coil is disrupted after four heptad repeats by the
presence of a proline residue at position 35 and a shift of three
amino acids in the next heptad repeat. Following the alpha-
helical region, the SpliMNPV p10 contained a variable region
rich in proline residues which fits the consensus
(E/A/V/L/DP(D/E/N)V/L/I/P)P (Fig. 5), followed by a
basic carboxy-terminal end, as described for the pl0 of
CfMNPV by Wilson ef al. (1995), and similar to the structure
of other p10 proteins.

A 552 bp ORF resides upstream of the p10 gene

Unlike a number of baculoviruses such as SeMNPV,
AcMNPV, CfMNPV and OpMNPV, which contain a

p26—p10—p74 gene cluster, analysis of the sequence upstream
of the p10 gene in SpliMNPV revealed an ORF of 552 bp
(ORF552). ORF552 has the potential to encode a 183 amino
acid protein of M, 20925. It is in the same orientation as the
p10 gene and is preceded by a TAAG motif and a TATA box
in the same location. The termination codon (TAA) is located
within the TAAG motif of the pl0 gene, and 45 bp
downstream from this TAA codon there is a poly(A) site
(Fig. 1).

A comparison of the ORF552 nucleotide sequence with the
GenBank and EMBL databases (Table 1) revealed 585%
identity to the xb187 gene of SeMNPV (van Strien ef al., 1996)
and equal or less than 48:5% identity to similar ORFs from
OpMNPV (ORF26; Ahrens ef al, 1997), BmNPV (ORF2;
GenBank/EMBL accession no. L33180) and AcMNPV
(ORF34; Ayres et al., 1993). The presumed encoded protein of
ORF552 was most closely related to SeMNPV xb187 (52:2%
identity) and showed less than 36% identity with the other
ORFs. A search of updated GenBank and EMBL databases did
not show significant homology between these genes and
others.

Northern blot analysis of ORF552 was performed on RNA
prepared from infected cells as described for the p10 gene,
using a single-strand probe (Fig. 2). A 650 nt transcript was
detected at late stages of infection (Fig. 3 b). Longer exposure
of the Northern blot revealed that ORF552 transcript starts to
be expressed as early as 48h p.i. The transcript size
corresponded to the expected size of ORF552 with a presumed
poly(A) tail of about 100 nt.

Discussion

Identification of SpliMNPV p74 using the heterologous
AcMNPV p74 gene as a probe facilitated the subsequent
identification of the SpliMNPV p10 gene. A unique feature of
the presumed p10 protein is its size, 11 130 kDa, resulting from
an extended coiled-coil structure with ten heptad repeats. This
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Fig. 6. Schematic alignment of the genomes of SpliMNPV, SeMNPV, OpMNPV and AcMNPV. The genomic scale is given in map
units. Black arrows indicate the location of the polyhedrin gene (polh) in SpliMNPV (Croizier & Croizier, 1994) and CfMNPV
(Qiu et al., 1996) and as described previously (van Strien et al., 1996); p10 gene (p10) as described in Fig. 4; ORF552 and
its similar ORFs in SeMNPV (xb187), AcMNPV (ORF34; Ayres et al., 1994) and OpMNPV (ORF26) as described previously
(Ahrens et al., 1997) ; ubiquitin gene (v-ubi) as described previously (van Strien et al., 1996); ecdysteroid UDP-
glucosyltransferase gene (egt) in SpliMNPV (Faktor et al., 1995), CfIMNPV (Barrett et al., 1995) and as descried previously
(van Strien et al., 1996); protein kinase gene (pk) in SpliIMNPV (Faktor et al., 1996), SeMNPV (E. A. van Strien & J. G. M.
Heldens, personal communication), AcMNPV (Ayres et al., 1994) and OpMNPV (Ahrens et al., 1997); ribonucleotide
reductase gene (RR71) in SeMNPV (E. A. van Strien, personal communication) and SpliMNPV (O. Faktor, unpublished results) ;
p26 and p74 genes in SeMNPV (Zuidema et al., 1993), AcMNPV (Ayres et al., 1994), OpMNPV (Leisy et al., 1986) and

CfMNPV (Wilson et al., 1995).

region is suggested to play a role in the aggregation of p10
proteins (Wilson et al., 1995), and we expect that variability in
the size of the coiled-coil regions or in the number of heptad
repeats exerts a comparable function. This region is followed
by a proline-rich domain, a variable region, and a basic carboxy
terminus lacking the serine or arginine residues found in the
other proteins (Fig. 4). Variability within the presumed p10
protein domains may determine specificity for some functions
of this protein, as was demonstrated by loss of the nuclear
disintegration function when an AcMNPV pl0 gene was
exchanged with that of SeMNPV (van Oers ef al.,, 1993).
Transcription analysis of the SpliMNPV p10 gene revealed
a major transcript of about 1500 nt and less abundant
transcripts of 700 nt and 550 nt. Poly(A) signals were found
for the 550 nt and 1500 nt transcripts. Alternative uses of the
poly(A) signals resulting in overlapping transcripts with sizes
longer than the p10 gene itself have been detected in ACMNPV
(Rankin ef al., 1986). In OpMNPV (Leisy et al, 1986) and
SeMNPV (Zuidema et al., 1993), the p10 major transcript sizes
were 650 and 450 nt, respectively. The three adjacent
transcripts of the SpliMNPV p10 gene for which the 5" ends
were mapped to the very late motif TAAG are suggested to be
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the major 1500 nt transcript. Moreover, Northern blotting
analysis of ORF552, which is located upstream of the p10
gene, revealed a single, late 650 nt transcript that is suggested
to be polyadenylated at the end of the ORF. The size of this
transcript supports the suggestion that the 1500 nt major
transcript of p10 initiates within the TAAG motif of p10, and
not in upstream sequences, and is polyadenylated at the end of
ORF945. The late expression of the SpliMNPV pl10 gene
(48-120 h) reflects the slow replication of this virus in SL-2
cells. We used Southern hybridization of DNA prepared from
infected-SL-2 cells, at various time-points p.i. to estimate that
viral DNA replication initiates at 30h pi A very late
expression similar to that of the p10 gene has also been found
for the polyhedrin gene of SpliMNPV (Faktor et al., 1996).
This study reports the identification of the SpliMNPV p10
gene using ACMNPV p74 as the DNA probe. However, gene
organization in the p10 locus of SpliMNPV deviates signifi-
cantly from the p26—p10—p74 gene cluster found in AcCMNPV,
BmNPV, OpMNPV, CfMNPV and SeMNPV (Fig. 6). In the
1-5 kbp of sequence upstream of p10, a p26-like gene is not
found and instead ORF552 and a partial ORF resembling the
OpMNPV ODVPGE gene (Theilmann ef al., 1996) are found



(Fig. 2). Downstream of the p10 gene, an ORF (ORF945) with
no known function or similarity to other sequences in the
databases appears to separate the p10 gene from a p74-like
ORF.

The unique clustering of the p10 gene with other genes in
the genome of SpliMNPV is concurrent with a different
orientation of genes relative to the polyhedrin gene. In the
baculoviruses shown in Fig. 6, the p26—p10—p74 gene cluster
is oriented a such a way that the p74 gene is closer to the
polyhedrin gene than the p10 gene, except for SpliMNPV in
which the opposite localization occurs. The position of the v-
ubi—xb187 cluster (van Strien ef al, 1996) also differs in the
SpliMNPV genome relative to its position in other baculo-
viruses. In SpliMNPV, ORF552, which resembles xb187, is
located upstream of the p10 gene and no v-ubi is found, either
next to ORF552 or in the 1000 nt upstream sequences. A
unique gene organization has also been observed for the
polyhedrin—pk gene cluster and egt gene of SpliMNPV (Fig. 6).
The observed differences in gene positioning and clustering
indicate several rearrangement events in the SpliIMNPV
genome, in accordance with a previous suggestion that the
genome organization of baculoviruses has been rearranged
during their evolutionary history (Gombart ef al., 1989).

In addition to the unique gene organization in the
SpliMNPV genome, phylogenetic analyses based on the
polyhedrin and egf genes (Cowan ef al., 1994; Clark ef al., 1996)
have suggested that SpliMNPV belongs to a distinct baculo-
viral group. Further information on SpliMNPV genes and their
genomic localization would be useful in analysing phylogenetic
relationships among baculoviruses and would contribute to an
understanding of the mechanisms involved in their evolution
and genetic diversity.
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Dutch—Israeli Agricultural Research Program.

References

Ahrens, C. H., Russell R. L. Q., Funk, C. J., Evans, J. T., Harwood, S. H.
& Rohrmann, G. F. (1997). The sequence of the Orgyia pseudotsugata
multinucleocapsid nuclear polyhedrosis virus genome. Virology 229 (in
press).

Ayres, M. D., Howard, S. C., Kuzio, J., Lopez-Ferber, M. & Possee,
R. D. (1994). The complete DNA sequence of Autographa californica
nuclear polyhedrosis virus. Virology 202, 586—605.

Barrett, J. W., Krell, P.J. & Arif, B. M. (1995). Characterization,
sequencing and phylogeny of the ecdysteroid UDP-glucosyltransferase
gene from two distinct nuclear polyhedrosis viruses isolated from
Choristoneura fumiferana. Journal of General Virology 76, 2447—2456.
Blissard, G. & Rohrmann, G.F. (1991). Baculovirus diversity and
molecular biology. Annual Review of Entomology 35, 127—155.
Chejanovsky, N. & Gershburg, E. (1995). The wild-type AcMNPV
induces apoptosis of Spodoptera littoralis cells. Virology 209, 519-525.
Cherry, C. L. & Summers, M. D. (1985). Genotypic variation among
wild isolates of two nuclear polyhedrosis viruses isolated from Spodoptera
littoralis. Journal of Invertebrate Pathology 46, 289—295.

Transcriptional analysis of SpliMNPV p10 gene

Chomczynski, P. (1993). A reagent for the single-step simultaneous
isolation of RNA, DNA, and proteins from cell and tissue samples.
BioTechniques 15, 532—537.

Clark, E.E., Trisman, M., Cory, J.S. & O'Reilly, D.R. (1996).
Characterization of the ecdysteroid UDP-glucosyltransferase gene from
Mamestra brassicae nucleopolyhedrovirus. Journal of General Virology 77,
2865—-2871.

Cowan, H., Bulach, D., Goodge, K., Robertson, A. & Tribe, D. E.
(1994). Nucleotide sequence of the polyhedrin gene region of Helicoverpa
zea single nucleocapsid nuclear polyhedrosis virus: placement of the virus
in lepidopteran nuclear polyhedrosis virus group II. Journal of General
Virology 75, 3211-3218.

Croizier, G., Boukhoudmi-Amiri, K. & Croizier, L. (1989). A physical
map of Spodoptera littoralis B-type nuclear polyhedrosis virus genome.
Archives of Virology 104, 145—151.

Croizier, L. & Croizier, G. (1994). Nucleotide sequence of the polyhedrin
gene of Spodoptera littoralis multiple nucleocapsid nuclear polyhedrosis
virus. Biochimica et Biophysica Acta 1218, 457—459.

Faktor, O., Toister-Achituv, M. & Kamensky, B. (1995). Identification
and nucleotide sequence of an ecdysteroid UDP-glucosyltransferase gene
of Spodoptera littoralis multicapsid nuclear polyhedrosis virus. Virus Genes
11, 47-52.

Faktor, O., Nahum, O. & Toister-Achituv, M. (1996). Enhancer element,
repetitive sequences and gene organization in an 8 kbp region containing
the polyhedrin gene of the Spodoptera littoralis nucleopolyhedrovirus.
Archives of Virology 142, 1-15.

Gombart, A. F., Pearson, M. N., Rohrmann, G. F. & Beaudreau, G. S.
(1989). A baculovirus polyhedral envelope-associated protein: genetic
location, nucleotide sequence, and immunocytochemical characterization.
Virology 169, 182—193.

Hu, N.-T., Lu, Y.-F., Hashimoto, Y., Maeda, S. & Hou, R. F. (1994). The
p10 gene of natural isolates of Bombyx mori nuclear polyhedrosis virus
encodes a truncated protein with an M, of 7700. Journal of General
Virology 75, 2085—2088.

Jones, K. A, Irving, N. S., Grzywacz, D., Moawad, G. M., Hussein, A. H.
&Fargahly, A. (1994). Application rate trials with a nuclear polyhedrosis
virus to control Spodoptera littoralis (Boisd.) on cotton in Egypt. Crop
Protection 13, 337-340.

Kislev, N. & Edelman, M. (1982). DNA restriction-pattern differences
from geographic isolates of Spodoptera littoralis nuclear polyhedrosis
virus. Virology 119, 219-222.

Kool, M. & Vlak, J. M. (1993). The structural and functional organization
of the Autographa californica nuclear polyhedrosis virus genome. Archives
of Virology 130, 1-16.

Kuzio, J., Rohel, D. Z., Curry, C.)J., Krebs, A., Carstens, E. H. &
Faulkner, P. (1984). Nucleotide sequence of the p10 polypeptide gene
of Autographa californica nuclear polyhedrosis virus. Virology 139,
414-418.

Kuzio, J., Jaques, R. & Faulkner, P. (1989). Identification of p74, a gene
essential for virulence of baculovirus occlusion bodies. Virology 173,
414-418.

Leisy, D. J.,, Rohrmann, G. F., Nesson, M. & Beaudreau, G. S. (1986).
Nucleotide sequencing and transcriptional mapping of the Orgyia
pseudotsugata multicapsid nuclear polyhedrosis virus p10 gene. Virology
153, 157-167.

Lupas, A., Van Dyke, M. & Stock, J. (1991). Predicting coiled coils from
protein sequences. Science 252, 1162—1164.

Maeda, S., Mukohara, Y. & Kondo, A. (1990). Characteristically distinct
isolates of the nuclear polyhedrosis virus from Spodoptera litura. Journal of
General Virology 71, 2631-2639.

2127



O. Faktor and others

Mialhe, E., Quiot, J. M. & Paradis, S. (1984). Etablissement de deux
lignees cellulaires de Spodoptera littoralis (Lep.: Noctuidae) permissives pour
des virus susceptibles detre utilises en lutte microbiologique.
Entomophaga 29, 347—350.

Miller, L. K. (1993). Baculoviruses: high-level expression in insect cells.
Current Opinion in Genetics and Development 3, 97—101.

Murphy, F. A., Fauquet, C. M., Bishop, D. H. L., Ghabrial, S. A., Jarvis,
A. W., Martelli, G. P., Mayo, M. A. & Summers, M. D. (editors) (1995).
Virus Taxonomy. Sixth Report of the International Committee on Taxonomy of
Viruses. Vienna & New York: Springer-Verlag.

O'Reilly, D.R., Miller, L. K. & Luckow, V.A. (1994). Baculovirus
Expression Vectors. A Laboratory Manual. New York: Oxford University
Press.

Qiu, W., Liu, J.J. & Carstens, E. B. (1996). Studies of Choristoneura
fumiferana nuclear polyhedrosis virus gene expression in insect cells.
Virology 217, 564—572.

Quant-Russell, R. L., Pearson, M. N., Rohrmann, G. F. & Beaudreau,
G.S. (1987). Characterization of baculovirus p10 synthesis using
monoclonal antibodies. Virology 160, 9-19.

Rankin, C., Ladin, B. F. & Weaver, R. F. (1986). Physical mapping of
temporally regulated overlapping transcripts in the region of the 10K
protein of Autographa californica nuclear polyhedrosis virus. Journal of
Virology 57, 18-27.

Rohrmann, G. F. (1986). Polyhedrin structure. Journal of General Virology
67, 1499-1513.

Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989). Molecular Cloning: A
Laboratory Manual, 2nd edn. Cold Spring Harbor, NY: Cold Spring
Harbor Laboratory.

Tautz, D. & Renz, M. (1983). An optimized freeze—squeeze method for
the recovery of DNA fragments from agarose gels. Analytical Biochemistry
132, 14-109.

Theilmann, D. A., Chantler, J. K., Stewart, S., Flipsen, H. T., Vlak, J. M.
& Crook, N.E. (1996). Characterization of a highly conserved
baculovirus structural protein that is specific for occlusion-derived virions.
Virology 218, 148—158.

Toister-Achituv, M. & Faktor, O. (1997). Transcriptional analysis and
promoter activity of the Spodoptera littoralis multicapsid nucleopoly-
hedrovirus ecdysteroid UDP-glucosyltransferase gene. Journal of General
Virology 78, 487—491.

van der Wilk, F., van Lent, J. E. M. & Vlak, J. M. (1987). Immunogold
detection of polyhedrin, p10 and virion antigens in Autographa californica
nuclear polyhedrosis virus-infected Spodoptera frugiperda cells. Journal of
General Virology 68, 2615—2623.

2128

van Oers, M. M., Flipsen, J. T. M., Reusken, C. B. E., Sliwinsky, R. W.,
Goldbach, R. W. & Vlak, J. M. (1993). Functional domains of the p10
protein of Autographa californica nuclear polyhedrosis virus. Journal of
General Virology 74, 563—574.

van Oers, M. M,, Flipsen, J. T. M., Reusken, C.B. E. & Vlak, J. M.
(1994). Specificity of baculovirus p10 functions. Virology 200, 513—523.

van Strien, E. A, Jasen, B. J. H., Mans, R. M. W.; Zuidema, D. & Vlak,
J. M. (1996). Sequence and transcriptional analysis of the ubiquitin gene
cluster in the genome of Spodoptera exigua nucleopolyhedrovirus. Journal
of General Virology 77, 2311-2319.

Viak, J. M., Klinkenberg, F.-A., Zaal, K. J. M., Usmany, M., Kling-
Roode, E. C., Geervliet, J. B. F., Roosien, J. & van Lent, J. W. M.
(1988). Functional studies on the p10 gene of Autographa californica
nuclear polyhedrosis virus using a recombinant expressing a p10—4-
galactosidase fusion gene. Journal of General Virology 69, 765-776.

Vlak, J. M, Schouten, A., Usmany, M., Belsham, G. J., Klinge-Roode, E.
C., Maule, A. J., van Lent, J. W. M. & Zuidema, D. (1990). Expression of
cauliflower mosaic virus gene [ using a baculovirus vector based upon the
p10 gene and a novel selection method. Virology 179, 312-320.

Walker, M. D., Edlund, T., Boulet, A. M. & Rutter, W. J. (1983). Cell-
specific expression controlled by the 5'-flanking region of insulin and
chymotrypsin genes. Nature 306, 557—561.

Williams, G. V., Rohel, D. Z., Kuzio, J. & Faulkner, P. (1989). A
cytopathological investigation of Autographa californica nuclear poly-
hedrosis virus p10 gene function using insertion/deletion mutants.
Journal of Virology 70, 187—202.

Wilson, J. A, Hill, J. E., Kuzio, J. & Faulkner, P. (1995). Characterization
of the baculovirus Choristoneura fumiferana multicapsid nuclear poly-
hedrosis virus p10 gene indicates that the polypeptide contains a coiled-
coil domain. Journal of General Virology 76, 2923—2932.

Wood, A. (1991). Development of genetically enhanced baculovirus
pesticides. In Biotechnology for Biological Control of Pests and Vectors, pp.
69-75. Edited by K. Maramorosch. Boca Raton: CRC Press.

Yaozhou, Z. (1992). Studies on the p10 gene of Bombyx mori nuclear
polyhedrosis virus. Chinese Academy of Agricultural Sciences PhD thesis.
Graduate School of Chinese Academy of Agricultural Sciences, Shanghai
Institute of Biochemistry, Academia Sinica.

Zuidema, D., van Oers, M. M., van Strien, E. A., Caballero, P. C., Klok,
E. J., Goldbach, R. W. & Vlak, J. M. (1993). Nucleotide sequence and
transcriptional analysis of the p10 gene of Spodoptera exigua nuclear
polyhedrosis virus. Journal of General Virology 74, 1017—1024.

Received 8 January 1997; Accepted 14 April 1997



