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Summary

The major capsid protein (mcp) gene of Spodoptera
exigua ascovirus 5a (SeAV-5a) was confirmed by
aphidicolin viral DNA replication inhibition analy-
sis to be a late gene. The 5" and 3’ ends of mcp gene
transcripts have been mapped. Primer extension
analyses indicated that transcription of the mcp
gene initiates from a cytosine 25 nucleotides (nt)
upstream of the translation start codon. Two in-
dependent approaches by 3’ rapid amplification of
cDNA ends (3’ RACE) and oligo (dT) cellulose
binding assay suggested that SeAV-5a mcp mRNA
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is polyadenylated. Analyses by 3’ RACE also re-
vealed that mcp transcripts terminate at a U, either
at 26 or 38 nt downstream of the translation stop
codon. The putative 5’ transcription control re-
gion of the SeAV-5a mcp gene shares similarities
with other ascoviruses and Chilo iridescent virus
(CIV), containing a conserved TATA-box-like mo-
tif (TAATTAAA) and an ATTTGATCTT motif up-
stream of it. The 3’ downstream regions of the mcp
gene of all the ascoviruses examined and CIV can
form a stem-loop structure, and the ends of the mcp
gene transcripts of SeAV-5a are within the pre-
dicted stem-loop region. This suggests that the
stem-loop structure of the mcp gene might be in-
volved in transcription termination.

Introduction

Among viruses infecting insects, ascoviruses form
a new family, Ascoviridae, which was only recently
recognized by the International Committee on the
Taxonomy of Viruses (ICTV) [17]. At present,
ICTV has accepted four ascovirus species based
on multiple biological features. These species in-
clude Spodoptera frugiperda ascovirus la (StTAV-
la), Trichoplusia ni ascovirus 2a (TnAV-2a),
Heliothis virescens ascovirus 3a (HvAV-3a) and
Diadromus pulchellus ascovirus 4a (DpAV-4a)
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[17]. Four other ascoviruses, including Spodoptera
exigua ascovirus 5a (SeAV-5a), are considered mem-
bers of tentative species [17]. However, SeAV-5a
was recently suggested to be a variant of HvAV-3
because SeAV-5a and HvAV-3 could be cross-hy-
bridized at high-stringency conditions [12].
Ascoviruses have a double-stranded circular ge-
nome with sizes ranging from 116 to 185kb [3, 7,
9, 17]. Three ascovirus genomes have been se-
quenced recently [3, 5, 36]. Within the ascovirus
genome, one open reading frame (ORF) encodes
a virion structural protein, the major capsid protein
(MCP) of about 50kDa that is common to all the
ascoviruses [18]. The mcp gene has been used in
phylogenetic analyses to determine the relation-
ship among different species within the family
Ascoviridae and with other virus families such as
Iridoviridae [12, 30, 40]. The ascoviruses have
been suggested to have evolved from an iridovirus
based on phylogenetic analyses using mcp and oth-
er genes, as well as the fact that many of the pro-
teins share sequence homology between ascovirus
and iridovirus [30]. However, based on the num-
bers of shared homologous proteins among irido-
virus, ascovirus and baculovirus, and molecular
phylogenetic analysis using viral DNA polymerase
as well as biological and morphological character-
istics, a progressive evolutionary lineage of baculo-
virus-ascovirus-iridovirus has been suggested [11].
Iridovirus replicates first in the nucleus, and early
gene transcription also occurs in the nucleus, but
there is a second phase of replication of the ge-
nome and late transcription in the cytoplasm [37].
Ascovirus replication has not been well studied
but it shows similarities to that of iridoviruses
[9, 16, 37]. Iridoviruses are not enclosed by mem-
brane-bound vesicles. They appear as either naked
(i.e., non-enveloped) particles or as enveloped par-
ticles that acquire a membrane by budding from
the plasma membrane. There are two types of
ascovirus virions: one type is enclosed in mem-
brane-bound vesicles within the infected cells; the
other type is budded out of the cells [2, 11, 37].
The membrane-bound vesicles of ascoviruses are
formed by a process of partitioning of the cellular
membrane, which in the case of SfAV-1a has been
shown to be induced by a virus-encoded caspase
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gene [6]. Iridoviruses first use host RNA polymer-
ase II for early gene transcription and later may
use viral-encoded DNA-dependent RNA polymer-
ase to transcribe other genes [19]. There have also
been suggestions that genome replication and
gene transcription strategies are conserved among
closely related virus groups during evolution [32].
Therefore, it becomes interesting to examine if
ascovirus and iridovirus share similar transcription
initiation and termination strategies. This may shed
light on how gene transcription is related to viral
evolution. In this study, the SeAV-5a mcp gene
was analyzed by transcription initiation and termi-
nation site determination.

Materials and methods

Cells and viruses

The insect cell line Sf21 was a culture maintained at 27 °C
in Grace’s medium supplemented with 10% fetal bovine
serum. SeAV-5a was initially collected from haemolymph
of SeAV-5a-infected S. exigua larvae and used to infect
Sf21 cells [9, 12].

Cloning and sequencing

A SeAV-5a BamHI restriction library [10] was sequenced
using forward and reverse vector primers and gene-specific
primers. A clone containing a 5.1-kb BamHI fragment
(pSKBam5.1) was found to contain a MCP homologue to
other ascoviruses by a GenBank search.

Northern analysis

The virus was first titered by the endpoint dilution method.
When cytopathic effect was evident (cells infected by SeAV-
5a) at day 4 postinfection (p.i.), the wells with virus-infected
cells were counted to calculate TCIDsqy [31]. Sf21 cells
(4.4 % 10° cells / 75-cm? flask) were infected with SeAV-5a at
a multiplicity of infection (MOI) of 10 TCIDs, for 1h fol-
lowing the procedure of O’Reilly et al. (1992). Cells were
harvested every 12h up to 72 h. SeAV-5a-infected cells were
processed for total RNA extraction [13]. Total RNA (5 pg)
was analyzed with a RNA size marker (Promega) by elec-
trophoresis on a 1% denaturing agarose gel to estimate the
sizes of transcripts. RNAs thus separated were transferred
onto a nylon membrane. The blot containing total RNA
was hybridized to a SeAV-5a mcp ORF PCR fragment
labeled with *P by the random primer method for 19h.
Following two stringency washings (15 min in 0.1x SSC con-
taining 0.1% SDS at 65 °C), the blot was autoradiographied.
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Table 1. A list of primers used in the transcriptional analyses of the SeAV-5a mcp gene

Primer names

Primer sequences

oligo (dT) 3’ RACE adapter primer™®
3’ RACE outer reverse primer™®
MCP-F

MCP-R1

MCP-R2

MCP-115

pSOERI

polh-F

polh-R1

polh-R6

SfactinF

Sfactin264R

H4CE-F

H4CE-R

5'-GAG CAC AGA ATT AAT ACG ACT CAC TAT AG GT,VN-3’
5'-GCT GAT GGC GAT GAA TGA ACA CTG-3
5'-GCA ACA CCT CCT GAG ATT AC-3'

5'-CAA GTC AAA CGA TTA ATT GAA ATC GC-3’
5'-GTC GCC AAT ACC GTG TAT TAC-3

5'-CGA GGC GTT GAG GAA TTC AGC GGA G-3'
5'-GTC CGG TCC GTA GAT ATA AC-3'

5'-CCC AGA TCT ATG CCG GAT TAT TCA TA-3’
5'-GAT AAC GGC ACC TAA AT-3'

5'-ACG ATC GAT GAA CTG TTC GAA CGA G-3’
5'-ACG ATA TGG AGA AGA TCT GGC ACC-3
5'-CCT CGT AGA TGG GCA CCG TGT GGG-3'
5'-CGT GGA AAG GGA GGA AAA GG-3'

5'-ACG TCC ATG GCG GTA ACG GTC TT-3

* Primers from Ambion Inc.

Viral replication inhibition analysis

To determine the time frame of gene transcription of the mcp
gene (early or late), antibiotic treatment of the cells infected
by SeAV-5a was performed. Sf21 cells were infected as
described above. The inoculum was removed and replaced
with fresh cell growth medium containing aphidicolin (APH)
at 5pg/ml in DMSO to inhibit viral DNA replication [15,
22]. The well-studied baculovirus Autographa californica
multiple nucleopolyhedrovirus (AcMNPV) was used as a
reference. AcMNPV was used to infect Sf21 cells at an
MOI of 10 TCIDs/cell. The treated cells were incubated at
27°C. The controls were cells infected by either SeAV-5a
or AcMNPV without APH but with DMSO. Cells were har-
vested for RNA extraction at 24 h p.i. [13]. RT-PCR was used
to detect the effect of APH on transcription of the mcp gene
by comparing with the effects on the well-defined late poly-
hedrin (polh) gene of AcMNPV. Total RNA (1 pg) from Sf21
cells infected either by SeAV-5a or AcMNPV at 24h p.i.
were first treated with DNase to remove contaminant DNA
following recommended procedures (Promega). The DNA-
free RNA was used as templates to anneal to an oligo (dT) 3’
RACE adapter primer (Table 1) at 25 °C for 10 min, and the
annealed oligo (dT) primer was extended by M-MuLV re-
verse transcriptase (NEB) at 42 °C for 60 min to synthesize
cDNA. Equal amounts of cDNA were used as template for
PCR with primer pairs for the mcp gene transcripts (MCP-
F and MCP-R1) with an anticipated product of 670bp
(Table 1). The primer pairs used for the polh gene transcripts
were polh-F and polh-R6, with an expected product of
600bp (Table 1). A host cellular actin gene (GenBank
Acc. No AF548015) was targeted by a pair of actin primers
for amplification to serve as an internal control. The actin
primer pairs were SfactinF and Sfactin264R, which yield
an expected 264-bp PCR product (Table 1). The RT-PCR

was repeated three times starting from cell infection. RT-
PCR products were resolved by agarose gel electrophoresis.
The densities of RT-PCR products were measured by densi-
tometry (Alphaimager version 5.1). The effects of APH on
transcription of the mcp and polh genes, expressed as differ-
ences in RT-PCR product yields, were statistically analyzed
by the t-test.

5" Primer extension

Sf21 cells were infected with SeAV-5a as described above.
In the mock infection, cells were treated similarly to the viral
infection procedure, but viruses were omitted. Treated cells
were incubated at 27 °C for 24 h. Subsequently, cells in the
viral-infection and mock-infection cultures were harvested
for total RNA extraction [13]. Total RNA (40pg) from
infected cells and mock-infected cells were annealed to a
32p_Jabeled primer (pSOER1, Table 1) specific for the posi-
tions at 89—108 nt counting from the translation start codon
of the mcp gene. Primer extension was carried out on the
primer-template RNA duplex by using AMV in a primer-
extension kit following the recommended procedure from
the kit supplier (Promega). The **P-labeled primer p50ERI
was also used in a manual sequencing reaction with plasmid
DNA (pSKBam5.1) to locate the transcription start site. A
32p_end-labeled ¢pX174 Hinfl DNA was used as a size mark-
er. Primer extension products were analyzed on an 8% dena-
turing acrylamide gel followed by autoradiography.

3" End mapping and polyadenylation analysis

The rapid amplification of ¢cDNA ends (3’ RACE) method
was used to map the 3’ ends of transcripts. Total RNA (1 ug)
from Sf21 cells infected by SeAV-5a at 24h p.i. for the
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Northern analysis was used as template to anneal to an oligo
(dT) 3’ RACE adapter primer as described above for viral
replication inhibition analysis. The cDNA was used as a
template for PCR with mcp-gene-specific forward primer
(MCP-115) and 3’ RACE outer reverse primer (Table 1).
The S. frugiperda cellular actin gene (AF548015) forward
primer (SfactinF and 3’ RACE outer reverse primer, Table 1)
were used to amplify DNA using total cellular cDNA as tem-
plates in a separate tube as a positive control for poly(A)
tail detection. The negative control in the PCR amplification
included everything that was present in the mcp gene am-
plification except cDNA templates. The amplified DNA was
separated on a 0.9% agarose gel by electrophoresis with a
DNA size marker to determine the sizes of the PCR products.
PCR products were cloned into the pGEM-T Easy vector
(Promega). The plasmid DNA was extracted to be used in
sequencing the inserts using M13 primers.

Oligo (dT) cellulose binding analysis

To confirm the presence of poly(A) tails on SeAV-5a mcp
transcripts, an oligo [dT] cellulose binding assay was
performed. Total RNA (5pg) harvested at 24h p.i. from
SeAV-5a-infected Sf21 cells were first treated with DNase
according to the recommended protocol (Promega). The
DNA-free RNA was allowed to bind to oligo (dT) cellulose
(Type 3, Collaborative Research Inc.) in a binding buffer
(1M NaCl, 1 mM EDTA and 20mM Tris, pH 8.0) for 1h
at 4°C and washed with a washing buffer (0.3M NaCl and
20mM Tris, pH 8.0) in a column following the procedure
recommended by the manufacturer (Collaborative Research
Inc.). The RNA was eluted in water. Fractions from binding,
washing and elution were collected and precipitated by cen-
trifugation with the aid of polyacryl carrier (Molecular
Research Center Inc., Ohio, U.S.A.). The precipitated RNA
was dissolved in 10l of nuclease-free water. Since his-
tone gene transcripts of metazoans including Caenorhabiditis
elegans and insects contain the stem-loop structure at the 3’
terminus without a poly(A) tail, S. frugiperda (Sf-21 cells)
H4 transcripts were targeted as a negative control in the RT-
PCR analysis [21].

The affinity of RNA to oligo (dT) cellulose was analyzed
using a Promega Access RT-PCR system. RNA templates
(1 pl) from different fractions (binding, washing and elution)
were used in RT-PCR with primer pairs for mcp and
H4 genes in the same reaction tubes to eliminate potential
pipetting errors. MCP gene primer pairs were MCP-F and
MCP-R1 as mentioned above. The C. elegans H4 gene
(NMO073065) sequence was retrieved from GenBank, and a
pair of primers (H4CE-F/ H4CE-R) was designed to amplify
an expected PCR product of 251 bp (Table 1). Two controls
were used in this analysis. One control contained everything
that was present in the standard RT-PCR but without AMV
and the other control contained everything for RT-PCR but
without RNA templates. The RT-PCR reaction was repeated
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four times and the amplified products were resolved by aga-
rose gel electrophoresis. Densities of the DNA fragments
stained by ethidium bromide were quantified by densitome-
try (Alphaimager version 5.1). Affinities of mRNA to the
oligo (dT) were calculated by dividing the densities of the
eluted RT-PCR products by of the bound products for both
the amplified mcp and H4 gene transcripts. The differences
of mRNA affinities to oligo (dT) were statistically analyzed
by the r-test procedure.

Transcription control region analysis

Sequences 100 bp upstream of the translational start sites of
the SeAV-5a and other ascovirus and iridovirus MCP tran-
scripts were aligned using LASERGENE (DNASTAR). The
alignment files were entered into the GeneDoc program to
perform a manual alignment [25]. Conserved motifs were
identified by the GeneDoc program. The putative 3’ tran-
scription termination regions of the mcp genes from as-
coviruses and iridoviruses as well as a previously studied
immediate-early frog virus 3 (FV3, iridovirus) gene were
first searched for the eukaryotic polyadenylation signal se-
quence AATAAA by LASERGENE and then searched for
transcribed RNA secondary structures such as stem-loop/
hairpins using the computer program Rnall [35].

RT-PCR analysis of transcription termination

To determine if transcription runs through the predicted
stem-loop structure of the mcp mRNA, two reverse primers
were used with the forward primer MCP-F. One reverse
primer, MCP-R1, was located upstream of the hairpin struc-
ture, whereas the reverse primer MCP-R2 was located im-
mediately after the termination site (nt 38 from the stop
codon TAA) on the genomic DNA sequence (Table 1). The
primer pairs (MCP-F/MCP-R1 and MCP-F/MCP-R2) were
used in an RT-PCR containing total RNA from Sf21 cells
infected by SeAV-5a (24h p.i.) with the Access RT-PCR
reagents following conditions recommended by the manu-
facturer (Promega). The positive control for the RT-PCR was
a reaction containing the plasmid pSKBam5.1 as template.
The negative control for the reaction in the RT-PCR con-
tained no template. The amplification products were ana-
lyzed by agarose gel electrophoresis.

Results

Northern analysis

To understand the temporal transcription pattern
of the mcp gene in insect cells, we carried out
northern hybridization studies. When a *?P-labeled
mcp gene probe was used to hybridize to the total
RNA from SeAV-5a-infected Sf21 cells on the blot,
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Fig. 1. Northern analysis of SeAV-5a mcp gene transcrip-
tion in Sf21 cells. Total RNAs from different infection
times were separated in a 1% agarose denaturing gel and
transferred to a nylon membrane, followed by probing with
a >*P-labeled SeAV-5a mcp gene. IRNA was used as a sam-
ple loading control. The arrow points to the 1400-nt mcp
gene transcript

an approximately 1.4-kb mcp gene mRNA tran-
script, which includes the coding sequence or open
reading frame (ORF) of 1368 nts, was first detected
at 12h p.. as a very faint band. The mcp gene
transcription reached its peak at 24h p.i., then ta-
pered off. Smaller RNA fragments (about 500 nts
in length) also hybridized to the probe, but this
might represent degraded mcp transcripts during
sample preparation. No hybridization signal was
detected at time O, which in essence was the nega-
tive control in the Northern analysis (Fig. 1).

Viral replicaton inhibition analysis

RT-PCR using mcp gene primer pairs (MCP-F/
MCP-R1, Fig. 2A) amplified an expected 668-
bp product using RNA from cells infected by
SeAV-5a, either treated with aphidicolin or not trea-
ted. No PCR product was seen when the reverse
transcriptase was omitted. This suggested that the
RT-PCR product was generated from mcp gene
transcripts (Fig. 2B). Similarly, polh primer pairs
amplified an expected 600-bp product from the
RNA template isolated from Sf21 cells infected
by AcMNPV. In both viral infections (SeAV-5a
and AcMNPV) in Sf21 cells after aphidicolin treat-
ment, reduction of mcp gene and polh gene tran-
scripts was observed (Fig. 2B and C). We also
performed real-time quantitative PCR analyses,
and similar significant reductions in transcript lev-
els were detected for mcp and polh genes with
aphidicolin treatment (data not shown). No reduc-
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tion in transcription of the host cellular actin gene
was detected (Fig. 2B and C). This suggested that
the reduction of mcp gene transcription after ap-
plying aphidicolin was due to the effects of the
antibiotics on viral DNA replication and not due
to the difference in the amount of template used
in RT-PCR. In the aphidicolin inhibition studies
on SeAV-5a viral DNA replication in Sf21 cells,
a significant reduction (p=0.011) of mcp gene
transcription (6 fold) at 24 h p.i. was observed by
RT-PCR analysis. The AcMNPV late-phase polh
transcription was reduced significantly by 9 fold
(p=0.004) by aphidicolin inhibition (Fig. 2C).
Therefore, mcp should be designated as a late gene
of SeAV-5a.

Mapping of 5" and 3' ends of mcp transcripts

The transcriptional strategy of ascovirus genes has
not been studied. To understand where the tran-
scripts of mcp gene start, we used a primer exten-
sion procedure to map the 5’ end of the mcp gene
transcript. Using a primer (pSOERI, Fig. 2A) that
anneals to a position 89—108 nt from the translation
start codon ATG, a single primer-extension product
of 133 bp in length was detected by autoradiogra-
phy. No obvious cDNA primer-extension product
was detected when Sf21 total cellular RNA was
used as a template in the primer-extension ex-
periment (Figs. 2A and 3A). This indicated that
the primer-extension product originated from viral
mRNA from SeAV-5a-infected Sf21 cells. The
manual sequence reading of the 5" untranslated re-
gion (UTR) based on radioactive signals, as shown
in Fig. 3A, was CGTAGTAAATAATTAAACGT
ACA. However, multiple sequencing of pSKBam5.1
by automated sequencing indicated that two base
pairs at positions —4 and —8 (Fig. 3B) did not show
radioactive signals. A careful examination of the
manual sequence in Fig. 3A suggested that there
were wider gaps than the normal gaps between oth-
er resolved bases in these two positions. This might
be caused by manual sequence errors. By compar-
ing with the manual DNA sequence obtained using
the same primer (pSOERI1) with pSKBam5.1 as a
template and automated sequencing of pSKBamS5.1,
the mRNA of the mcp gene initiated at nt posi-
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Fig. 2. Aphidicolin inhibition analyses of SeAV-5a mcp gene transcription. (A) A schematic diagram of the mcp gene to
indicate primer positions for transcriptional analyses. The large arrow (=>) represents the mcp orf. The small box (=)
indicates the predicted stem-loop structure. Thick lines (==) represent flanking sequences. Double slash lines ( // ) denote
omitted sequences. The mcp mRNA is represented by a dashed line. (B) RT-PCR analysis of the effects of aphidicolin (APH)
(5pg/ml) on transcription of the mcp gene. Total RNA was extracted from Sf21 cells infected either by SeAV-5a or
AcMNPV at 24 h postinfection. RT-PCR was used to detect reduction in transcription of mcp of SeAV-5a and the late polh
gene of AcMNPV with mcp and polh primers. Host actin gene amplification by RT-PCR was used to normalize the reaction.
M DNA size marker. N negative control. (C) Quantitative analysis of the effects of aphidicolin (APH) on the transcription
of the mcp gene. Densities of RT-PCR products from agarose gel electrophoresis were measured by densitometry and the
differences in densities between the treated (MCP/APH or polh/APH) and untreated (MCP or polh) samples were analyzed
statistically (z-test). Probabilities (p) are shown for mcp and polh, respectively. IDV Integrated density value. Vertical lines
on the bars represent standard error for the mean (n=3)

tion —25 with reference to the A as +1 in the In addition to the 5" end mapping, 3’ RACE was
ATG translation start codon, with a cytosine as  performed to provide some insight into potential
the first nucleotide in the transcript of the mcp gene  termination strategies of ascovirus gene transcrip-
(Fig. 3A and B). tion. Using cDNA synthesized from total RNA
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Fig. 3. Primer extension analysis of the SeAV-5a mcp gene. (A) Denaturing polyacrylamide gel analysis of the primer extension
product and termination of the product size with marker (M) and manual sequencing ladder using a primer extension primer and a
plasmid clone (pSKBam5.1) containing the mcp gene in the sequencing reaction. PEA, primer extension with total RNA from
ascovirus-infected cells. PEC, primer extension with total RNA from cells not infected by ascovirus (negative control). (B) A
schematic representation of the 5’ end of mcp gene deduced from panel A and automated sequencing. Nucleotides in parentheses
indicate sequences resolved by automated sequencing from plasmids but not from manual sequencing in panel A

from SeAV-5a-infected Sf21 cells with an oligo
(dT) adapter primer (Table 1), the 3’ outer reverse
primer and mcp-gene-specific forward primer pro-
duced a major PCR product of about 190 bp in the
PCR reaction. There were no discrete PCR products
in the negative control where no cDNA template
was added to the reaction. A positive control using
S. frugiperda cellular actin gene-specific forward
primer and 3’ outer reverse primer produced a ma-
jor PCR product of about 150bp (Fig. 4). This 3’
RACE experiment suggested that SeAV-5a mcp
gene transcripts were polyadenylated, as the oligo
(dT) 3' RACE adapter primer was able to anneal to
the putative poly(A) tail of the mcp gene for cDNA
synthesis. The SeAV-5a mcp gene 3’ RACE product
was cloned into the pGEM-T Easy vector, and sev-

en clones were sequenced. The sequence results in-
dicated transcripts of the mcp gene more frequently
ended at nt 26 (six clones) and less frequently at nt
38 (one clone) counting from the last nt of the trans-
lation stop codon (TAA) with the last nucleotide as a
U (T in Fig. 6). The sequence results also confirmed
that the sizes of the 3’ RACE products were about
190 bp (146-158 bp from template plus 44 bp from
oligo (dT) 3' RACE adapter). Since there were 25 nts
of UTR sequence at the 5’ end of the mcp ORF and
24 or 38 nts of sequence at the 3’ UTR, the expected
length of the transcripts was 1418 or 1431 nts, which
confirmed the sizes of the transcripts of mcp in the
Northern analysis (Fig. 1).

Further evidence from the oligo (dT) cellulose
binding experiment supported that the SeAV-5a
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Fig. 4. Analysis of the 3’ end termination of mcp gene
transcripts by rapid amplification cDNA ends (3’ RACE).
The mcp-gene-specific forward primer and 3’ RACE outer
primer (reverse) were used to amplify products using cDNA
templates from Sf21 cells infected by SeAV-5a (MCP). S.
frugiperda actin gene-specific primer (forward) and 3’
RACE outer primer (reverse) were used to amplify products
using cDNA templates from Sf21 cells infected by SeAV-5a
(SFactin, positive control). A reaction that contained every-
thing in the MCP reaction except cDNA templates was used
as a negative control. The arrow points to the mcp gene
3'RACE product

mcp gene transcripts contain poly(A) tails. Using
mcp primer pairs, an expected 670-bp product with
similar yields was detected by RT-PCR, and no
PCR product was detected when no AMV or no
template was added to the amplification reactions.
This suggested that the RT-PCR products from the
three fractions (binding, washing and elution) came
from templates of mcp gene mRNA. There was a
steady decrease in RT-PCR yields for the H4 gene
transcripts of Sf21 (Fig. 5A). Quantification of the
PCR products showed that mcp mRNA had a sig-
nificantly higher affinity to the oligo (dT) cellulose
than the Sf21 host H4 mRNA, which contains no
poly(A) tail (p =0.000464) (Fig. 5B). Therefore, it
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Fig. 5. Affinity analysis of the mcp gene mRNA to oligo
(dT) cellulose. (A) Total RNA isolated from Sf21 cells
infected with SeAV-5a was allowed to bind to the oligo
(dT) cellulose, followed by stringency washing and elution
of RNA. RNA in the binding, washing and elution fractions
were precipitated and used to amplify mcp and S. frugiper-
da H4 gene mRNA by RT-PCR. M. DNA size marker. C1,
RT-PCR without AMV. C2, RT-PCR without template. (B)
Quantitative affinity comparison of mcp and H4 mRNA to
the oligo (dT) cellulose. Densities from mcp and H4 RT-
PCR products were measured by densitometry. Affinity
rates were calculated by dividing PCR product densities
from elution by PCR product densities from binding. The
affinity difference between mcp and H4 to oligo (dT) cellu-
lose was statistically tested (t-test). Vertical lines on the
bars represent standard error for the mean (n=4)

is highly likely that the SeAV-5a mcp gene mRNA
has a poly(A) tail that can bind to the oligo (dT)
cellulose.

Transcription control region analysis

To build a consensus of the 5" and 3’ transcription
control regions of mcp gene transcripts, available
mcp genes from other ascoviruses and CIV were
used for alignment. Alignment of the 5 transcrip-
tion control regions of the mcp transcript among
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Fig. 6. Sequence analysis of putative regulatory regions of the mcp gene of ascoviruses and CIV as well as other iridovirus
genes. (A) Identification of conserved motifs in the mcp gene upstream regions. Dashed lines indicate absence of nucleo-
tides. Nucleotides in solid-line boxes indicate transcription start sites for SeAV-5a and CIV mcp genes, respectively. Dashed
boxes indicate conserved motifs in the regulatory regions of the mcp gene between ascovirus and CIV. (B) Gene downstream
sequence analysis. Downstream sequences of the mcp gene of ascoviruses and CIV as well as frog virus 3 (FV3) ICR-169
gene (iridovirus) showing stem-loop structures. Sequences start with the translation stop codon TAA or TAG (underlined).
Arrows point to the last nucleotides in the SeAV-5a mcp transcripts. Numbers in parentheses indicate the number of clones
sequenced. Nucleotides of the FV3 ICR-169 gene in bold indicate the heterogeneous regions of termination [38]. SeAV-5a,
Spodoptera exigua ascovirus 5a (EF034075). HvAV-3c and -3f, Heliothis virescens ascovirus 3c and -3f (AJ312704,
AF419098), DpAV-4a, Diadromus pulchellus ascovirus 4a (AJ312705). SfAV-1la, Spodoptera frugiperda ascovirus la
(AJ312690), TnAV-2a and -2c, Trichoplusia ni ascovirus 2a and 2c (AJ312707, DQ517337), CIV, Chilo iridescent virus
(AF303741), frog virus 3 ICR-169 gene (NC_005946)
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ascoviruses revealed that the eukaryotic class II
promoter consensus sequence TATAAA (TATA
box) was not present in the upstream region of
the SeAV-5a mcp gene. However, a TATA-box-like
motif (TAATTAAA) was found downstream of the
transcription initiation site (Fig. 6A). A downstream
ORF (p27) showed a similar 5’ transcription control
region motif compared with the mcp 5’ transcrip-
tion control regions (data not shown). An alignment
with 5’ transcription control regions of other avail-
able mcp sequences revealed at least two highly
conserved sequence elements in this region within
40 nts upstream of the translation initiation codon
ATG among ascoviruses and CIV. One of the con-
sensus elements, located downstream of the tran-
scription initiation site, was GTAGTAAATAATT
AAA. The other element was upstream of the tran-
scription initiation site (ATTTGATCTT). In both
ascovirus and CIV, the transcriptional start sites
were preceded by AT-rich regions (Fig. 6A). The
SeAV-5a, HvAV-3c, HvAV-3f, SfAV-1a and TnAV-
2a showed more sequence similarity with each
other in the transcription control regions than with
TnAV-2c, DpAV-4a and CIV.

A search for the eukaryotic polyadenylation con-
sensus signal sequence AATAAA near the 3’ end
region of the SeAV-5a mcp ORF revealed no such
sequence between the translation stop codon TAA
and transcription termination site. There is a possi-
ble AATAAA variant GTAAA sequence seven nts
upstream of the transcription termination site, a
TAATA sequence at one nt downstream of the tran-
scription termination site, and a CAAAAA hex-
amer at 21 nts downstream of the transcription site.
To our surprise, a short complete inverted repeat
of 10nts was found, and it formed a stem-loop or
a typical hairpin structure. The stem-loop was
formed from nts 21 to 44 counting from the last
nucleotide of TAA. The stem-loop structure con-
tains 10 complete base pairs in the stem and four
nucleotides in the loop (Fig. 6B). A search of other
mcp gene sequences for this stem-loop structure
revealed that it was present near the 3’ end region
of the mcp genes. However, the length of the stem,
the stem base pairings, loop length and nucleotide
composition among different stem-loop structures
were the same among some but different among
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others. The AT:GC ratio is 50% in the stem-loop
in the mcp 3’ end of SeAV-5a (Fig. 6B). Both
TnAV-2¢c and CIV mcp 3’ stem-loops were also
formed by complete inverted repeats of 14 nucleo-
tides rich in AT, 71% and 86%, respectively; both
had four A nucleotides in the loop (Fig. 6B). SfAV-
la and DpAV-4a mcp genes had incomplete inverted
repeats of about 17 nucleotides, with lower AT con-
tent in the stem, about 50% for both (Fig. 6B).

Transcription termination

A discrete RT-PCR product band of mcp tran-
scripts was resolved by agarose gel electrophoresis
(Fig. 4), but this could not rule out the possibility
that transcription ran through the predicted stem-
loop structure from the DNA sequences. When a
reverse primer (MCP-R2, Fig. 2A) located immedi-
ately downstream of the termination site (nt 38) in
the stem-loop structure was used together with the
forward primer (MCP-F) in a RT-PCR, no am-
plified product was detectable by agarose gel elec-
trophoresis. However, the primer pair MCP-F/
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bp
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Fig. 7. RT-PCR analysis of SeAV-5a mcp gene transcrip-
tion termination. A forward primer (MCP-F) from the mid-
dle region of the mcp gene was paired with either a reverse
primer (MCP-R1) from upstream of the predicted stem-
loop structure (Figs. 2A and 6B) or a reverse primer imme-
diately downstream of the stem-loop structure in a RT-PCR
with RNA isolated from SeAV-5a-infected Sf21 cells
(24h p..). In the positive control, plasmid pSKBamS5.1
DNA was used as a template for the amplification. A Primer
pair MCP-F/MCP-R1. B primer pair MCP-F/MCP-R2. C
Negative control with primer pair MCP-F/MCP-R1 but
without template
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MCP-R1 (Fig. 2A) produced an expected 670-bp
RT-PCR product from a RNA template. The primer
pair MCP-F/MCP-R2 produced a 715-bp DNA
product, which is 45 bp larger than the product by
MCP-F/MCP-R1 primer pairs from DNA template
(pSKBamb5.1) (Fig. 7). This confirmed that the tran-
scription of the mcp gene terminated upstream
of the MCP-R2 sequence, which is immediately
downstream of the predicted stem-loop structure.

Discussion

In this study, we mapped the 5’ and 3’ ends of the
mcp gene transcripts of SeAV-5a. To the best of
our knowledge, this is the first study to map the
transcription initiation site of an ascovirus gene
and the first time to demonstrate that the tran-
scripts of the mcp gene of SeAV-5a are polyade-
nylated when the viral morphogenesis takes place
in the cytoplasm of infected cells. We show for the
first time that the mcp genes of ascoviruses may
use a stem-loop structure for possible transcription
termination.

The mcp gene of CIV is classified as a late gene
which is transcribed after DNA replication [15, 24].
Systematic classification of ascovirus genes based
on temporal transcription after viral infection has
not yet been done. However, the transcription of
mcp genes of SeAV-5a starts at 12 h postinfection
and peaks at 24 h in cell culture, which may suggest
it to be a late gene (Fig. 1). By comparing to the
effects of aphidicolin on late polh gene transcrip-
tion suppression of AcMNPYV, aphidicolin can sig-
nificantly reduce the levels of transcripts of the
mcp gene of SeAV-5a (Fig. 2). Therefore, the mcp
gene of ascovirus is a late gene. The level of re-
duction of SeAV-5a mcp transcripts after aphid-
icolin treatment was slightly lower than that of
AcMNPYV polh (Fig. 2). This could be due to dif-
ferences in sensitivity of the DNA polymerases in
AcMNPYV and SeAV-5a. It could also be due to the
primer pairs used for the two genes (mcp and polh
genes). A similar reduction of the late mcp gene
transcripts of CIV by aphidicolin inhibition has
been observed [15].

The sequences of the coding regions of the mcp
genes from ascoviruses and CIV predicted that
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ascoviruses and iridoviruses are closely related
[11, 30]. It has been suggested that the transcription
strategy is maintained during the viral evolution
process in closely related viruses [32]. Our tran-
scription analyses of SeAV-5a support this sug-
gestion by showing similarities in the 5’ and 3’
transcription regulatory regions of the mcp genes
in the ascovirus and iridovirus (Fig. 6).

The putative 5’ regulatory region of SeAV-5a
mcp gene transcripts does not show high similar-
ity to typical eukaryotic gene promoters with a
CCAAT box and GC box (GGGCGG and CCG
CCC) upstream of a TATA box (consensus se-
quence TATAAA). The putative 5’ regulatory region
of the mcp gene of SeAV-5a showed similarity to
that of CIV. Both contain the conserved motif
TAATTAAA, a TATA box-like motif. However, a
conserved eukaryotic promoter motif, the CAAT
box, is not found within 300 bp upstream of the
transcription start site (Fig. 6A). Another conserved
motif is ATCTT, which is located upstream of the
TAATTAAA motif and shared by the two groups
(Fig. 6A). The transcription initiation site is dif-
ferent between the SeAV-5a mcp gene and CIV
mcp gene. The SeAV-5a mcp gene transcript starts
with a C as the start site, which is 25 nts upstream
of the translation start site, whereas the CIV mcp
gene transcript starts with an A, which is 14 nts up-
stream of the translation start site [24]. The SeAV-
5a mcp gene transcripts start between the two con-
served motifs (Fig. 6A), whereas the transcription
start site of the CIV mcp gene is within the second
motif (25, Fig. 6A). This suggests that the tran-
scription factors that recruit RNA polymerases to
the promoter region of the two viruses may have
differences in the protein structures which inter-
act with the promoter region of the mcp gene.
The transcription start site of the SeAV-5a mcp
gene resembles that of the DNA polymerase gene
of CIV, with the first nucleotide being C, which is
35nts upstream of the translation start site [22].
The exact transcription start site may depend on
the polymerase and the associated transcription ini-
tiation factors.

Host cells use RNA polymerase II to synthesize
mRNA with poly(A) tails. The addition of the
poly(A) tail is catalyzed by poly-A polymerase
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(PAP) which is recruited to the cleaved 3’ end by
other RNA processing factors [23, 28]. Two inde-
pendent approaches, using 3 RACE and oligo (dT)
cellulose binding affinity assay, suggest that the
mcp gene of SeAV-5a is polyadenylated, forming
a poly(A) tail (Figs. 4 and 5). The experiment using
3’ RACE to detect poly(A) tails is sequence specif-
ic, requiring a stretch of As to anneal to the oligo
(dT) primer. Furthermore, the amplified products
can be cloned and sequenced to verify where the
termination occurs. It can, therefore, provide strong
evidence of the presence of poly(A) tails. Oligo
(dT) cellulose may bind to stretches of As that may
be present within the ORF or 5" UTR. Conditions of
stringency washing may also affect the yield of
poly(A)-tailed mRNA in the elution. Therefore,
the oligo (dT) cellulose binding assay requires
quantitative analysis. We did not optimize the wash-
ing conditions for the oligo (dT) cellulose binding
assay, but the conditions we used for both the mcp
gene and H4 gene mRNA were the same, and sig-
nificant differences in affinities for the oligo (dT)
cellulose were detected between the two genes
examined. No PAP gene has been identified in
ascovirus genomes [3, 5, 31]. It is likely SeAV-5a
has no PAP gene in the genome. Therefore, the
ascovirus gene may have been polyadenylated by
the host PAP. No poly(A) tails of late gene tran-
scripts were detected in the cytoplasm of cells
infected by ascovirus-related iridovirus [39]. This
is probably due to the fact that replication of irido-
virus does not break down the nuclear envelope
[37].

Host mRNAs are transcribed by RNA polymer-
ase II, and transcription termination is carried out
by a cleavage/polyadenylation mechanism. This
process is triggered by a well-conserved specific
polyadenylation signal sequence (AATAAA) about
10-30nt upstream of the cleavage site [34]. No
actual polyadenylation signal sequence can be
found between the translation stop codon and tran-
scription termination site in the 3’ UTR of the
SeAV-5a mcp gene. A possible variant polyadeny-
lation signal sequence GTAAA in the 3’ UTR is
not within 11-30nt of where the polyadenylation
starts. Other possible signals downstream of the 3’
termination site are unlikely to be involved in poly-
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adenylation because they are not in the right place.
This suggests that ascovirus late genes are not
terminated by the cleavage/polyadenylation mech-
anism. Other cytoplasmic poxvirus and Africa
swine fever virus (ASFV) may also not use the host
nuclear cleavage/polyadenylation system to pro-
cess the 3’ ends of the transcripts as they replicate
in the cytoplasm with an intact nucleus.

ASFV late mRNA termination is within the con-
served 7U motif [1, 26]. In contrast, the poxvirus
late genes lack defined 3’ ends that specify the ter-
mination, but they can be polyadenylated by the
viral-encoded PAP [8, 14, 20]. Near the 3’ end re-
gion of the mcp OREF, a stem-loop structure can be
formed, and the termination of transcripts occurred
within the predicted stem-loop structure (Fig. 6B).
Dyad symmetry (hairpin structure) at the 3’ termini
of immediate-early and late FV3 (iridovirus) has
been reported [4]. Similar regions with dyad sym-
metry at the 3’ end of the putative integrase gene
have also been mapped and have been suggested
to be involved in transcription termination in FV3
[27]. Immediate-early FV3 ICR-169 gene tran-
scripts were mapped to terminate within a third
AT-rich region about 50 to 60bp downstream of
the translation stop codon [38]. Analyses using the
computer program Rnall [35] predicted that the ter-
mination occurred immediately after a stem-loop
structure (Fig. 6B). The 3’ terminal region of
SeAV-5a mcp gene transcripts from the second ter-
mination site (nt 38) can still form a stem-loop
structure with seven base pairings in the stem por-
tion of the structure (Fig. 6B). If this stem-loop
structure of the mcp transcript is responsible for
the termination, the first and the more frequent ter-
mination site (nt 26) might be produced by nu-
clease cleavage before polyadenylation occurs.
The stem-loop structure and termination position
of the SeAV-5a mcp gene and the FV3 INT gene
as well as the FV3 ICR-169 gene transcript is simi-
lar to the bacterial intrinsic transcription termi-
nation hairpin structure, which counts for about
50% gene transcription termination. However, the
stem-loop structure of mcp transcripts is not fol-
lowed by a stretch of A:U base pairs that exemplify
the bacterial hairpin [33]. Many of the SfAV-la
genes showed inverted repeats, but hairpin struc-
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tures and 3’ ends of transcripts were not analyzed
and mapped [29]. About half of the putative genes
in TnAV-2c contain strong stem-loop structure near
the 3’ end regions of its 165 ORFs [36]. We have
not yet tested if the stem-loop structure is actually
responsible for the termination of the mcp gene
transcripts, which may require mutagenesis of the
stem portion of the structure to verify its function in
termination of mcp gene transcripts. More ascov-
irus genes need to be analyzed using methods such
as 3’ RACE to see if the termination is always in
the stem-loop structure. Based on current knowl-
edge of transcription termination mechanisms in
different organisms, the stem-loop structures in
the mcp gene transcripts may likely be the trigger
for the RNA polymerase to fall off to terminate the
transcripts. Once the transcripts terminate, the host
PAP adds a stretch of adenines to the end of the
transcripts to form poly(A) tails.

There are many proteins that share sequence ho-
mology between ascovirus and iridovirus, and mo-
lecular phylogenetic prediction suggested that the
two groups of viruses are closely related. The sim-
ilarities of conserved motifs in the 5’ transcription
control regions and the stem-loop structure in the 3’
end region of the mcp genes between the ascov-
iruses and iridoviruses further support the assertion
that gene transcription strategies are conserved be-
tween these two closely related groups of viruses
during evolution.
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