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Polydnaviruses are symbiotic viruses associated with some parasitic Hymenoptera that are vertically transmitted as
proviruses within wasp genomes. To study this symbiotic association a gene encoding an abundant Campoletis sonorensis
polydnavirus virion protein was characterized. This gene is not encapsidated but resides in the wasp genome where it is
expressed only during virus replication. Immunolocalization studies detected the encoded 44-kDa protein only in oviduct
tissue with ultrastructural studies detecting epitopes between or on virion envelopes. Expression and localization of the
44-kDa protein are consistent with its being a viral structural protein but localization of the gene only within the wasp genome
is atypical, raising the possibility that this protein is adventitiously packaged during virion assembly. To address this
possibility, quantitative dot blot and genomic Southern blot hybridizations were performed to determine whether the copy
number of the p44 gene increased disproportionately during replication, as would be expected for a gene encoding a virion
protein. The copy number of the p44 gene increases in tissues supporting virus replication but is unchanged in other tissues,

suggesting that this gene is amplified in replicative cells. The data indicate that genes encoding polydnavirus virion proteins
may be distributed between wasp and encapsidated viral genomes. © 2000 Academic Press
INTRODUCTION

The polydnavirus systems provide unusual examples
of obligate mutualistic associations between viruses and
parasitic wasps that function to the detriment of the
parasites’ lepidopteran hosts. Polydnaviruses replicate
asymptomatically from integrated proviral DNA (Fleming
and Summers, 1986, 1991; Stoltz et al., 1986) only in
specialized “calyx” cells of the female reproductive tract
of some parasitic wasps (Stoltz, 1993; Stoltz et al., 1995).
Viral particles are detected only in the reproductive tract
of female wasps, although small amounts of free viral
DNA and proviral DNA are present in adult males and in
nonreproductive adult female tissues (Fleming and Sum-
mers, 1986). Campoletis sonorensis polydnavirus (CsIV)
is an ichnovirus with at least 28 superhelical DNA seg-
ments ranging in size from 6 to 21 kb (Krell et al., 1982).
The genome contains partially homologous “nested” seg-
ments and nonhomologous, or “unique” segments (Theil-
mann and Summers, 1988; Blissard et al., 1988; Cui and

ebb, 1997, Webb and Cui, 1997). Estimates of the CsIV
enome size from electrophoretic resolution of viral DNA
egments do not account for considerable sequence
edundancy that results from the nesting of viral DNA
egments (Theilmann and Summers, 1987; Webb and
ummers, 1990; Dib-Hajj et al., 1993; Webb and Cui,
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1997). As a result estimates of polydnavirus genome size
may be highly unreliable. It is clear that the CsIV genome
and genomes of other polydnaviruses are among the
most structurally complex viral genomes.

CsIV replication begins during the pupal stage in de-
veloping females (Norton and Vinson, 1983; Theilmann
and Summers, 1986) and is linked to changes in host
hormone levels that trigger adult wasp development
(Webb and Summers, 1992). That virus replication is
restricted to ovarian tissue suggests that replication is
regulated by developmental stage and tissue-specific
factors. PCR and sequence analysis of the viral integra-
tion sites of a polydnavirus from the braconid parasitoid
Chelonus inanitus suggest that replication is accompa-
nied by excision of the proviral cognate in replicative
cells (Gruber et al., 1996). Sequence analysis of template
and nested segments in the CsIV genome indicates that
nested segments are produced by intramolecular recom-
bination following excision and replication of the tem-
plate segment (Cui and Webb, 1997).

CsIV is structurally similar to other ichnoviruses in
having an ovocylindrical shape and a large electron-
dense nucleocapsid measuring 330 3 85 nm (Stoltz and
Vinson, 1979; Webb, 1998). The nucleocapsid is sur-
rounded by two concentric unit membranes, the inner
acquired within the nucleus and the outer derived from
the plasma membrane of calyx cells located at the junc-
tion of the ovary and oviduct. The virion is assembled in

the nuclei of calyx cells, where viral DNA is loaded into
the nucleocapsid. The nucleocapsid then buds through
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nuclear and cellular membranes into the oviduct lumen.
Viral replication is asymptomatic at both the organismal
and tissue levels, with replicative cells producing a
steady stream of virions. Polydnaviruses are introduced
into host caterpillars during oviposition and infect lepi-
dopteran cells by membrane fusion, with nucleocapsids
migrating to cell nuclei where viral DNA is released
(Stoltz and Vinson, 1979). Although viral DNA expression
is readily detected and required for functional activity,
polydnavirus replication has not been detected in para-
sitized insects (Theilmann and Summers, 1986; Stoltz et
al., 1986; Stoltz, 1990).

Characterization of polydnavirus virions has been lim-
ited to electron microscopy studies, Southern blot hybrid-
izations, description of virion protein profiles on SDS–
PAGE gels, and development of antisera to whole virions
(Krell and Stoltz, 1980; Krell et al., 1982; Webb and Sum-
mers, 1990). Analysis of the CsIV virion on Coomassie
blue-stained SDS–polyacrylamide gels reveals a com-
plex protein profile with about 24 proteins, 6 to 7 of which
are abundant (p85, p71, p44, p42, p34, Gp25, and p12)
(Krell et al., 1982). Polydnavirus structural proteins have
not been studied in detail with only one gene encoding a
viral structural protein previously described (Deng and
Webb, 1999). Isolation and characterization of abundant
viral structural proteins represent a new approach to the
study of the unique interrelationships between polydna-
viruses and their insect hosts.

In this report, we describe the isolation and charac-
terization of a gene encoding the p44 polydnavirus struc-
tural protein. Unexpectedly, the gene encoding this abun-
dant viral structural protein does not reside in the pack-
aged viral genome but rather in the genome of its
associated wasp host. This novel finding provides new
insights into the evolution of polydnaviruses and their
obligate mutualistic relationships with parasitic wasps.

RESULTS

The CsIV virion is structurally complex, having a nu-
cleocapsid, two envelopes, and an ill-defined matrix re-
gion between the two unit membranes. Structural
polypeptide composition is also complex (Fig. 1A). To
develop molecular reagents required for analyses of
virion morphogenesis we have begun to clone genes
encoding virion proteins. To isolate genes from internal
virion structures, gradient-purified CsIV was treated with
NP-40 to remove the outer envelope (Tweeten et al.,
1980; Webb and Summers, 1990). Electron microscopy
studies showed that this treatment quantitatively re-
moves outer membrane proteins (Webb and Summers,
1990). After NP-40 treatment insoluble virion proteins
were electrophoresed on a 10% SDS–PAGE and trans-
ferred to Immobilon-P membrane for N-terminal peptide

sequence determination of selected abundant proteins.
The N-terminal 15-amino-acid sequence of an abundant
protein with an apparent molecular weight of approxi-
mately 50 kDa was determined to be Pro-Leu-Val-Thr-
Phe-Gln-Arg-Pro-Asn-Ala-Gln-Ile-Gln(or Ser)-Gly-Asp. At
position 10 in this amino acid sequence the lag corrected
picomolar concentrations show an increase in threonine
that suggests heterogeneity in the protein at this posi-
tion.

To isolate a cDNA encoding this protein, D1, a 192-fold
degenerate PCR primer, was designed to the underlined
portion of this amino acid sequence. The D1 primer was
used in conjunction with lF1, a lgt10 flanking primer, to

mplify a 1.0-kb fragment from a lgt10 C. sonorensis
ovary cDNA library, which was then used as a probe to
select several 1.1-kb cDNA clones from the library for
sequencing. The 1.1-kb cDNA clones encoded a common
predicted protein of 44 kDa with a putative initiation
methionine at the 59 end of the ORF (Fig. 2). The pre-
dicted N-terminal amino acid sequence does not encode
a hydrophobic signal peptide, suggesting that the protein
is not secreted. Four continuous positively charged
amino acids (LKKK, Fig. 2) have some similarity to known
nuclear localization signals, suggestive of transport to
the nucleus for virion assembly. The predicted protein
sequence encoded 14 of the 15 amino acids known from
the p44 N-terminal amino acid sequence (Fig. 2). Con-

FIG. 1. Expression and immunological analysis of the p44 protein. (A)
Coomassie blue-stained SDS–polyacrylamide gel (12%) electrophore-
sis of CsIV polypeptides. Previously reported CsIV structural proteins
(Krell et al., 1982) are shown: p85, p71, p62, p44, p42, p34, Gp25, and
p12. Gp, glycosylated protein. (B) Expression and purification of the
6XHis–44-kDa protein in a bacterial expression system on 10% SDS–
PAGE. The 1.1-kb ORF cDNA was cloned into QIAexpress pQE32 and
synthesis of the 6XHis–44-kDa protein was induced in M15 bacteria
using IPTG. Lane 1: uninduced control; lane 2: the expression product
(1 h after IPTG induction); lane 3: the 6XHis–44-kDa protein after
purification on a Ni-NTA resin column. The positions of MW markers
are shown. (C) Western blot of the 44-kDa antiserum against CsIV
structural proteins. Sucrose gradient-purified CsIV was separated by
10% SDS–PAGE and electrophoretically transferred to Immobilon-P
membrane for immunoblot analysis. The 44-kDa antiserum reacted
specifically to the 44-kDa protein of CsIV (1/3000 dilution). The posi-
tions of MW markers (in kDa) are shown.
sistent with the possibility of heterogeneity, the cDNA
encodes a threonine at position 10 rather than the ala-
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nine residue predicted from peptide sequence determi-
nation. Although this difference in determined and pre-
dicted amino acid sequence lies within the sequence
selected for synthesis of the degenerate oligonucleotide,
it is in the middle of the oligonucleotide and results in
only one nucleotide mismatch in the degenerate primer
(GCX 5 alanine; ACX 5 threonine). The 1.1-kb cDNA is
predicted to encode a 44-kDa protein while the protein’s
apparent mobility is over 50 kDa. The discrepancy be-
tween predicted and apparent molecular weight may
result from posttranslational modifications or aberrant
migration of this protein. Although the p44 cDNA se-
quence encodes two potential glycosylation sites, the
mobility of the protein in bacterial expression systems
remains high, suggesting that the encoded protein has
other features that contribute to its anomolous apparent
mobility (Fig. 1B). This cDNA sequence did not have
significant similarities with sequences deposited in Gen-
Bank or Swissprot databases by BLAST and GCG FASTA

FIG. 2. Nucleotide sequence and predicted amino acid sequence
consistent with the 14 of 15 amino acids identified by peptide sequenc
italics) may represent a putative nuclear localization signal and two p
amino acid sequence homologies were detected in GenBank and Sw
searches.
To confirm that the isolated cDNA encodes the 44-kDa
viral protein, the 1.1-kb ORF was cloned into the QIAex-
press bacterial expression vector pQE-32. Synthesis of
the 44-kDa protein with an N-terminal 6XHis tag was
induced with IPTG and the protein was purified from
bacterial lysates on Ni-NTA resin (Fig. 1B). Polyclonal
antiserum against the 44-kDa protein was generated
from the purified recombinant protein, which reacted
specifically with the 44-kDa CsIV protein in Western blots
(Fig. 1C). These results demonstrate that the 1.1-kb cDNA
encodes the 44-kDa virion protein.

The ultrastructural localization of the p44 polypeptide
within CsIV virions was studied by immunoelectron mi-
croscopy. Intact virions did not label (not shown), sug-
gesting that p44 is not associated with the exposed
surface of the outer viral membrane. Virions were par-
tially disrupted with digitonin treatment prior to immuno-
electron microscopy (Fig. 3A). Digitonin-treated virus
bound the antiserum with the label localized to the sur-
face of the virion inner membrane (Fig. 3B); neither sur-

p44 gene. The predicted N-terminal 14 amino acids (underlined) are
4-kDa protein. Four continuous positively charged amino acids (LKKK,
l glycosylation sites are indicated (bold). No significant nucleotide or
in database searches.
of the
ing of 4
face of the outer membrane was labeled. Nucleocapsids,
while not common in these preparations, also remained
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unlabeled. These observations suggest that p44 may be
associated with the virion inner membrane. Alternatively,
p44 could localize between the two viral membranes and
become associated with the inner membrane during
specimen processing.

To further confirm the association of p44 with the CsIV
virion, virions were digested with trypsin and subjected
to Western blot analysis in either the absence or the
presence of digitonin (Fig. 4). Previous studies (Baldick
and Shenk, 1996; Yao and Courtney, 1992) showed that
external glycoproteins of Herpes virus envelope and
HCMV were sensitive to proteases, while internal capsid
and tegument proteins were protected in intact virions. If
p44 is nonspecifically associated with CsIV virions, it
would be digested by trypsin treatment. If p44 localizes
between the outer and the inner envelopes, digitonin

FIG. 3. Immunoelectron microscopy analyses of CsIV. (A) Micrograph
f CsIV after digitonin treatment, illustrating disruption of the outer
nvelope and release of nucleocapsids surrounded by the inner enve-

ope. (B) After digitonin treatment, binding of p44 antiserum to CsIV
irions label is evident by detection of immunogold-labeled complexes
pecifically bound to antigens between the two viral envelopes or on

he surface of the inner membrane. Nucleocapsids do not label in these
reparations. I, inner membrane (enclosing nucleocapsid); O, outer
embrane.
treatment of virions will expose p44 and other tegument
proteins and internal CsIV envelope proteins to trypsin
digestion. Incubation of CsIV at 37°C in a nonphysiologi-
cal saline was associated with the appearance of two
immunoreactive bands (Fig. 4, undigested CsIV). How-
ever, p44 was resistant to trypsinization, suggesting that
virions remained largely intact under these conditions.
As predicted from EM studies, p44 was protected from
digestion in intact virions, but susceptible to proteolysis
after digitonin treatment (Fig. 4). Therefore, both bio-
chemical and ultrastructural data indicate that p44 either
is associated with the CsIV inner membrane or lies
between the outer and the inner membranes.

To evaluate expression of p44 in wasps, gradient-
purified CsIV and proteins collected from male and ovari-
ectomized female wasps were separated on a 10% SDS–
PAGE gel for Western blot analysis (Fig. 5). The p44
protein was detected only in the CsIV virion, indicating
that p44 is present only in the C. sonorensis ovary. To
evaluate transcription of the gene encoding the 44-kDa
protein, RNA was isolated from female heads, thoraces,
abdomens (without ovaries), ovaries, and male wasps
then Northern blots were probed with the p44 cDNA. A
transcript was readily detected from ovarian RNA (1-h
exposure) but was not detected in other tissues, even
upon prolonged exposure (Fig. 6). The size of the tran-
script on Northern blots (1.4 kb) was consistent with the
size of the cloned cDNAs (1.1 kb).

FIG. 4. Trypsin treatment of gradient-purified CsIV virion. Purified
virions were treated as indicated with trypsin, in either the absence
[Tr(2)] or the presence [Tr(1)] of 5% digitonin. The reactions were
analyzed on a 10% SDS–PAGE and immunoblotted with p44 antibody
(1:3000 dilution). Undigested (und.) CsIV is included as a control.

FIG. 5. Tissue-specific expression of the 44-kDa protein. Sucrose
gradient-purified CsIV and proteins collected from ovariectomized fe-
male and male wasps were separated on a 10% SDS–PAGE gel and
transferred to PVDF membrane for Western blot analysis. p44 anti-
serum reacts only with the 44-kDa protein in the virions (V1, V2), with
protein homogenates from ovariectomized females F(2) and males (M)

having no specific reaction to the antiserum. Positions of MW markers
(in kDa) are shown.
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444 DENG, STOLTZ, AND WEBB
To evaluate p44 transcription relative to virus replica-
tion, RT-PCR assays were performed from selected pupal
developmental stages (Fig. 7). p44 transcripts were de-
tected in stage 2, 3, and 4 pupae (Webb and Summers,
1992). The p44 RT-PCR signal increased dramatically in
later developmental stages, presumably reflecting a dra-
matic increase in p44 mRNA. The p44 signal was most
abundant just prior to emergence of adult wasps, the
stage in which virions are most abundant prior to adult
eclosion. Initiation of p44 transcription was correlated
with the initiation of viral DNA replication in Stage 2
pupae (Webb and Summers, 1992), suggesting that these
are coupled events.

To characterize the gene encoding the p44 protein,
CsIV DNA and male C. sonorensis genomic DNA were

nalyzed by Southern blot hybridization to the p44 cDNA
robe. Unexpectedly, the p44 cDNA hybridized to wasp
enomic DNA but not to DNA extracted from virions,

ndicating that the 44-kDa CsIV structural protein was
ncoded by the wasp genome rather than packaged into
irions (Figs. 8A and 8B). To confirm the origin of the p44
ene, a lGEM-11 male wasp genomic library was

FIG. 6. Northern blot analysis of the p44 gene transcription. Total
RNA (10 mg/lane) was extracted from ovaries (OV), ovariectomized
female wasps f(OV2), female heads (f-H), female thoraces (f-Th), fe-
male abdomens without ovaries (f-Abd), and male wasps (male). RNAs
were electrophoresed on a 2.2 M formaldehyde/1.1% agarose gel and
transferred to nylon membrane for blot hybridization and probed with
the 32P-labeled p44 cDNA clone. This probe hybridized only to a 1.4-kb

RNA in wasp ovaries. Molecular weights of RNA standards are
hown (kb).

FIG. 7. RT-PCR analysis of p44 transcription. To detect transcription
of the p44 gene, RNA was extracted from selected developmental
stages of female C. sonorensis pupae for RT-PCR. The p44 RT-PCR
product (10 ml) from the various developmental stages was separated
on a 0.7% agarose gel, blotted, and probed with [32P]dATP-labeled p44

DNA. The pupal developmental stages were determined as described
y Webb and Summers (1992). Stage 1, 0–60 h postpupal ecdysis (1);

tage 2, 60–66 h postecdysis (2); Stage 3, 66–72 h postecdysis (3);
tage 4, 72–96 h postecdysis (4).
screened with the p44 cDNA as probe. A positive phage
clone was isolated, allowing a 9-kb SacI fragment en-
coding the p44 ORF to be subcloned into pBluescript. A
4.3-kb SacI–XhoI fragment containing the p44 gene was
subsequently isolated and mapped with restriction en-
zymes (Fig. 8B). The restriction map and sequence of the
chromosomal homolog were identical to the p44 cDNA
sequence and showed that the wasp chromosomal cog-
nate does not contain an intron (Fig. 8C). Sequences
flanking the p44 gene did not have homology to known
polydnavirus sequences or hybridize to viral DNA. Con-
versely, the flanking sequences did not hybridize, even at
reduced stringencies, to probes of viral DNA repeated
sequences (i.e., rep sequences and Cys-motif genes)
(Theilmann and Summers, 1987; Webb and Summers,
1990; Dib-Hajj et al., 1993). Taken together, the blot hy-

FIG. 8. Localization of the p44 gene. (A) The p44 cDNA probe was
hybridized to DNA extracted from adult female calyx cells (20 mg, calyx
issue) and from purified virions (3 mg, virus). The p44 cDNA probe
ybridized to calyx cell chromosomal DNA. (B) Genomic Southern blots
ere probed with the 1.1-kb p44 cDNA as probe. Male C. sonorensis
NA samples (35 mg each) digested with XhoI–EcoRV (lane Xh/RV),
coRI (lane ErI), EcoRI–PstI (lane ErI/Ps); uncut CsIV genomic DNA

800 ng) was separated on a 0.7% agarose gel and blotted. The
32P-labeled p44 cDNA probe hybridized readily to wasp genomic DNA

ut not to viral genomic DNA. Selected markers from the1-kb ladder are
ndicated. (C) Map of the wasp chromosomal cognate for the p44 gene.
he filled box indicates the position of the genomic homolog of the p44
ene. A phage clone with a 13-kb insert was isolated from a lGEM-11

male wasp genomic library using the p44 cDNA probe. A 4.3-kb SacI–
XhoI fragment containing the 1.1-kb ORF within the 13-kb insert was
identified by Southern blot hybridizations and mapped by restriction
enzymes. EV 5 EcoRV, Sp 5 SphI, EI 5 EcoRI. TAA represents the stop

ignal of the p44 ORF.
bridization and sequence analyses clearly indicate that
the gene encoding the 44-kDa CsIV structural protein is
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encoded by a DNA sequence residing within the wasp
genome that is not encapsidated into virions.

Viral structural proteins must be synthesized in large
amounts in tissues that support high levels of virus
replication and will not normally be synthesized in non-
replicative tissues. Cellular proteins that are adventi-
tiously packaged into virions are typically abundant,
ubiquitously expressed proteins (e.g., actin) (Naito and
Matsumoto, 1978). p44 is abundantly expressed only in
replicative tissues (as expected for a virion structural
protein) but is not encapsidated in the viral genome.
Therefore it has characteristics of a “viral” structural
protein and few characteristics expected of an adventi-
tiously packaged cellular protein. If the ancestral p44
gene was a viral structural protein whose gene is no
longer encapsidated, one might expect that the p44 gene
would be amplified to support its required functions
during virus replication. To evaluate this hypothesis we
performed comparative Southern and dot blot hybridiza-
tions using DNA isolated from replicative tissue (calyx)
with DNA isolated from nonreplicative tissues (male
wasp DNA; female nonreproductive tissue). We com-
pared the hybridization of p44 with that of a virally en-
coded structural protein, p12 (Deng, 1999), and with that
of an ovarian-specific host gene, sp20 (Deng, unpub-
lished observations). The common characteristic of
these three genes is that they are transcribed only in
female ovaries. Equal amounts of genomic DNA from
female calyx tissue, female nonreproductive tissue, and
male tissue were probed with the p44, p12, and sp20
cDNAs. If the p44 gene encodes an ancestral viral struc-
tural protein, the copy number of the p44 gene (hybrid-
ization signal) may increase similarly to the viral struc-

TABLE 1

Phosphor Image Analyses of Tissue-Specific Genomic
DNA Dot Blotsa

Probe Male Female (-ov) Calyx DNAb Calyx/malec

p12 cDNA 4394.06d 1941.66 141976.98 73
sp20 cDNA 1601.70 1045.94 2425.57 2
p44 cDNA 1636.44 1080.83 67383.62 62

a Genomic DNA (3 mg) isolated from calyx tissue, ovariectomized
female tissue, or male tissue was blotted to Hybond-N membrane
(Amersham) and probed with [32P]dATP-labeled p44 cDNA, p12 cDNA,

nd sp20 cDNA probes. Dot blot hybridization signal was quantified
sing a Molecular Dynamics phosphorimager.

b Genomic DNA from female calyx tissue. Calyx fluid was removed
before the DNA isolation, which removed the majority of excised viral
DNA from the calyx tissue.

c Signal from dot blot hybridization to calyx DNA divided by hybrid-
ization signal to male DNA. This ratio gives an indication of tissue-
specific gene amplification.

d Numbers given are counts per minute as quantified on a phosphor-
imager.
tural gene (p12). Conversely, if p44 is derived from a
cellular gene, its replication and hybridization signal
should be similar to that of the sp20 wasp ovarian-
specific gene (Table 1). Quantification of Southern blot
and dot blot hybridizations with a phosphorimager indi-
cates that p44 hybridization signal increases dispropor-
tionately in cells that support virus replication (Table 1).
In this regard p44 is similar to the viral structural protein
p12 in that the hybridization signal increases dramati-
cally during virus replication, a characteristic that is ex-
pected of a viral structural protein.

The absence of p44 in the virion could be easily
explained if the DNA segment encoding p44 lost nucleic
acid sequences required for virion packaging. If packag-
ing signals are lost, then the segment encoding p44
should be excised and replicate during virion morpho-
genesis. The presence of these segments should be
observed in Southern blots of undigested calyx DNA as
lower molecular weight DNA bands and would show
three bands representing superhelical, relaxed, and lin-
ear viral DNA. However, Southern blot analysis shows
that p44 remains a single band within the wasp genome,
albeit greatly overrepresented in replicative tissues (Fig.
9). These data confirm that p44 resides in the genome of
the wasp and is amplified in replicative tissues, and
suggest that p44 DNA is not excised from the wasp
genome during virus replication as are packaged viral
DNA segments.

DISCUSSION

In the present study we have shown by Western blot-
ting and ultrastructural studies that the p44 protein is a
CsIV virion component. Immunoelectron microscopy and
biochemical data indicate that p44 either localizes to the
inner virion envelope or lies between the inner and outer

FIG. 9. Amplification of the genomic locus of p44. Genomic Southern
blots of DNA isolated from adult female calyx tissue (10 mg/lane), and
ovariectomized female tissue (10 mg/lane) were probed with [32P]dATP-
labeled p44 cDNA. The blots were exposed to X-ray film for either 4 h
(calyx tissue) or overnight (ovariectomized female DNA) at 280°C with

an intensifying screen. DNAs were digested with EcoRI (ErI) or with
combination of PstI–EcoRI (Ps/ErI) or XhoI–EcoRI (Xh/ErI).
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envelopes. The gene encoding the p44 polypeptide was
then isolated. Interestingly, our data reveal that the p44
gene is not encapsidated and by this definition is not a
part of the viral genome. However, the p44 gene is
expressed only in tissues that support virus replication,
with expression correlated both temporally and quanti-
tatively with virus replication. Moreover, the copy number
of the p44 gene itself, based on quantitative dot blot and
Southern blot experiments, increases during virus repli-
cation in a manner indistinguishable from the virus-en-
coded structural protein gene p12. The characteristics of
the p44 gene would be expected only of a gene encoding
a viral structural protein. Because techniques for muta-
tional analysis of polydnaviruses are unavailable, it is not
possible to directly determine the effect of deletion of the
p44 gene on virion morphogenesis. However, our data
suggest that p44 is a viral structural protein that is
encoded by the genome of its obligate eukaryotic host.

If p44 is ancestrally a viral structural protein that now
resides permanently in the host cell genome, this would
indicate that the CsIV genome has fragmented with
some genes normally required for virus replication no
longer represented in the encapsidated viral genome.
The segmentation of polydnavirus genomes is a distin-
guishing characteristic of this group of viruses as is their
obligate association with parasitic wasps. Because of
this obligate association between polydnaviruses and
parasitic wasps there may be no compelling reason for
viral structural proteins to be packaged in the virion.
Transfer of a viral structural protein gene to the wasp
genome would have no deleterious effect on virus repli-
cation, as long as structural proteins were synthesized in
appropriate amounts in replicative calyx cells during
virion morphogenesis. In this regard polydnavirus ge-
nomes may be conceptually similar to mitochondrial ge-
nomes, in that many mitochondrial genes appear to have
moved from the ancestral mitochondrial genome to the
host cell nucleus where they retain functions required
only in mitochondria (Andersson and Kurland, 1998).
Polydnavirus replication is limited to the wasp ovary and
occurs only from vertically transmitted, proviral DNA.
Polydnavirus structural protein genes could reside in the
wasp genome (Webb and Cui, 1998), since assembled
particles are delivered to host larvae in which viral mor-
phogenesis does not occur. Virus replication is restricted
to wasp cells that carry the provirus, possibly as a result
of transfer of genes required for virus replication to the
wasp genome.

The data suggest that the p44 gene is amplified during
virus replication, but this amplification does not change
the genomic organization of the p44 locus as evaluated
by Southern blot hybridizations. Clearly, the mechanism
of p44 gene amplification is of considerable interest for
future research. There is precedent for a similar ampli-

fication of chorion genes in the reproductive tract of
some insects. In these systems amplification of chorion

f
s

genes is achieved by repeated initiations of DNA repli-
cation in the chorion gene family that do not proceed
beyond the chorion locus. The effect of the repeated
initiations of DNA replication is to amplify the chorion
genes to support embryogenesis (Calvi and Spradling,
1999). Although the mechanism of p44 amplification is
unknown, our data suggest that it does not involve exci-
sion of the p44 locus and amplification in an extrachro-
mosomal form, as these should be evident on Southern
blots as the appearance of segments that hybridize to
p44 probes in calyx cells.

It might be argued that p44 is a cellular polypeptide,
acquired during viral morphogenesis, and as such is not
encoded by a proviral gene. In this regard, it may be
noted that ichnovirus particles bud through the apical
plasmalemma of calyx epithelial cells, thus affording
opportunity for virions to acquire a membrane-associ-
ated protein, or perhaps a cytosleletal protein involved in
the budding process itself. For example, actin has been
detected in a variety of enveloped viruses, including both
rhabdo- and retroviruses (Naito and Matsumoto, 1978;
Damsky et al., 1977). While actin is typically present in
relatively minor amounts in some viruses, a novel iso-
form is readily detected in Coomassie blue-stained gels
of human cytomegalovirus polypeptides (Baldick and
Shenk, 1996). The cytoskeletal proteins actin, ezrin, and
moesin were identified inside human immunodeficiency
virus type 1 (HIV-1) virions as well (Ott et al., 1996).

nother cellular protein, Hsp70, has been found to be
ssociated with rabies virus, vesicular stomatitis virus,
ewcastle disease virus, and influenza A virus (Sagara
nd Kawai, 1992). Thus far, however, virion-associated
olypeptides have in all cases been readily identified as
dventitiously packaged cellular proteins. By contrast,
e have identified a CsIV-specific polypeptide for which
o counterpart exists in current computer databases.
urthermore, expression of this protein is tissue-specific
nd closely associated with virion morphogenesis. Fi-
ally, p44 seems most likely to be associated with the
irion inner membrane, a structure which appears to
rise de novo within the nucleus (Stoltz and Vinson,
979). Taken together, our data do not suggest that p44

s an adventitiously packaged host cell protein, leading
s to favor the hypothesis that p44 is a CsIV structural
rotein.

Polydnavirus genomes are notable for their complexity,
aving a large, complex, segmented genome (Krell et al.,
982); multiple viral gene families (Blissard et al., 1989;
heilmann and Summers, 1988; Cui and Webb, 1996);

ntron-containing genes (Blissard et al., 1987); non-
quimolar segment ratios (Krell et al., 1982); and seg-
ents that are produced by intramolecular recombina-

ion (segment nesting) (Xu and Stoltz, 1993; Cui and
ebb, 1997). Polydnaviruses are also unusual in that the
unction of the virus in the lepidopteran host is not to
ponsor further rounds of virus replication but rather to
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support the development of a mutualistic wasp, making
the composition of the encapsidated polydnavirus ge-
nome particularly important. There is no evidence for
conventional virus regulatory cascades which increase
expression of particular viral genes, making viral gene
copy number a major determinant of the level of viral
gene expression. Nonequimolar viral segments and
nesting of viral segments affect viral gene copy number
and CsIV evolution might be driven by a requirement for
high copy number of functionally active genes, which are
essential for successful endoparasite development
(Webb and Cui, 1997). As polydnaviruses infect but do
not replicate in parasitized insects, gene copy number
may directly determine the level of viral gene expression.
If expression level affects virus success, then regulation
of gene copy number becomes critical for virus function.
On the assumption that the preceding argument is valid,
it may be useful to speculate about the possible adaptive
value of a “mosaic” polydnavirus genome (Stoltz, 1993),
i.e., one in which some ancestral viral genes are no
longer deliverable to the parasitized host animals. Re-
moval of genes that are required only for virus replication
from the encapsidated viral genome could allow an in-
crease in the representation of genes that have biologi-
cal activity in the lepidopteran host. This could provide
an evolutionary advantage to viruses modified in this
manner. We argue here that likely candidate genes
would be those encoding virion structural polypeptides.
The significance of the failure to encapsidate the p44
gene may be subject to interpretation but it seems clear
that the obligate association of parasitic Hymenoptera
with polydnaviruses has provided unusual evolutionary
opportunities for virus evolution that blur conventional
distinctions between virus and host genomes.

MATERIALS AND METHODS

Insect rearing and nucleic acid isolation

C. sonorensis and H. virescens were reared as de-
scribed by Krell et al. (1982). Developmentally staged
pupae (Webb and Summers, 1992) and adult females
were dissected for sucrose-gradient CsIV purification
from wasp oviducts (Krell et al., 1982). Viral and wasp

enomic DNA was extracted from gradient-purified virus
nd male wasps, respectively (Fleming and Summers,
986). RNA was isolated from parasitized larvae and
ale and female wasp tissues using the method of
homczynski and Sacchi (1987). Phage DNA from a

lgt10 C. sonorensis ovary cDNA library (Blissard et al.,
989) was isolated as described (Sambrook et al., 1989)

Isolation of 44-kDa cDNA and genomic clones

CsIV proteins were separated by 10% SDS–PAGE and

transferred to Immobilon-P membrane (Millipore, Bed-
ford, MA) for peptide sequence analysis. After Coomas-
sie blue staining, the 44-kDa protein band was excised
and N-terminally sequenced on an Applied Biosystems
475A protein sequencer. A degenerate primer (D1) was
designed from the 44-kDa amino acid sequence PNA-
QIQ/S (59 to 39: CCN,AAT/C,GCN,CAA/G,ATT/C/A,CA)
and used to amplify a cDNA from a lgt10 C. sonorensis

vary library using a flanking lgt10 primer (lF1; 59CTTT-
GAGCAAGTTCAGCCTGGTTAAG39). Standard amplifi-
ation reactions contained 100 ml of 13 PCR buffer [10

mM Tris–HCl (pH 9.0), 50 mM KCl], 1.25 mM MgCl2, 200
mM dNTP, 0.5 mg lF1, 2 mg of D1, and 2.5 units Taq
polymerase (Promega, Madison, WI) with phage DNA as
template (2.5–80 ng). Reactions were denatured (94°C, 2
min) and cycled (30 cycles of 94°C for 1.5 min, 47°C for
4 min, 72°C for 4 min) in a Perkin–Elmer DNA thermal
cycler 480. The 1.0-kb cDNA amplimer was random
primer labeled (Promega) with [32P]dATP and hybridized
to cDNAs from the ovary library. Inserts of positive phage
clones were amplified in standard reactions with 1 mg of
lgt10 flanking primers (lF1 and lR1; 59GAGGTGGCT-

ATGAGTATTTCTTCCAGGGTA39) containing 5 ml of ter-
iary phage lysates (30 cycles: 94°C for 1.5 min, 60°C for

min, 72°C for 5 min). The amplified DNA fragments
ere Klenow treated (Promega) and cloned into the
Bluescript KS(1) SmaI site (Stratagene, La Jolla, CA). A
.1-kb cDNA amplimer predominated and was cloned
nd sequenced (p44 cDNA).

Genomic clones encoding the p44 gene were isolated
rom a lGEM-11 (Promega) C. sonorensis genomic li-

brary using the p44 cDNA probe. A positive 13-kb insert
was isolated and subcloned into pBluescript for se-
quence analysis. DNA sequencing used the USB Seque-
nase Version 2.0 DNA Sequencing Kit. Data were ana-
lyzed with the University of Wisconsin Genetics Com-
puter Group DNA analysis package for the VAX (release
7.2). Nucleotide and peptide sequence searches and
alignments utilized BLAST and GCG fasta programs
(Altschul et al., 1990).

Blots and hybridizations

Plaque lifts and colony hybridizations were as de-
scribed (Sambrook et al., 1989). Nitrocellulose mem-
brane (MSI, Westborough, MA) lifts were crosslinked
with a UV Stratalinker (Stratagene) for colony hybridiza-
tions to [32P]dATP-labeled p44 cDNA. Hybridizations
were in 53 SSC, 53 Denhardt’s (0.1% Ficoll, 0.1% poly-
vinylpyrrolidone, 0.1% bovine serum albumin), 50 mM
Na3PO4 (pH 7.0), 0.1% SDS, and 43% formamide at 42°C
overnight. Filters were washed as described by Sam-
brook et al. (1989). After tertiary screening, positive
phage clones were suspended in 1 ml SM [50 mM
Tris–HCl (pH 7.5), 100 mM NaCl, 8 mM MgSO4, 0.01%
gelatin] with 1 drop of chloroform. For Southern blots,

undigested CsIV DNA (800 ng) and male C. sonorensis
DNA (35 mg) were digested with XhoI/EcoRV, EcoRI, or
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EcoRI/PstI and electrophoresed on a 0.7% agarose gel in
13 TBE (0.09 M Tris–borate, 0.002 M EDTA) at 45 V
overnight. The DNA was then blotted onto nylon mem-
brane (MSI) in 103 SSC (Sambrook et al., 1989). After
crosslinking, the Southern blot was hybridized to labeled
p44 cDNA. RNA blot hybridization was performed by
separating 10 mg total RNA on a 1.1% agarose gel con-
aining 2.2 M formaldehyde in 13 MOPs buffer [20 mM
-(N-morpholino)propanesulfonic acid (pH 7.0), 5 mM
aOAc, 1 mM EDTA]. RNA was transferred to nylon
embranes in 203 SSC using a Turboblotter (Schleicher
Schuell, Keene, NH), UV-crosslinked to the blot, hybrid-

zed, and washed as described (Sambrook et al., 1989)
efore exposure to X-ray film at 280°C.

ranscriptional analysis

Total RNA was isolated from each developmental
tage of C. sonorensis pupae and reverse-transcribed
sing an oligo(dT) primer/adaptor (59GCGACGTCAAT-
G(T)1739) in a 20-ml reaction including 1.0 mg of total

RNA, 50 mM Tris–HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2,
0 mM DTT, 1.0 mM dNTP, 0.2 mg of oligo(dT) primer, 10
nits of RNasin ribonuclease inhibitor (Promega), and
00 units of MMLV reverse transcriptase (Promega). Re-
ction mixtures were incubated at 43°C for 1 h and

nactivated at 65°C for 15 min. The reactions were
reated with 1.5 units of RNase H at 55°C for 10 min, and
hen 0.5 ml of each reverse-transcription reaction was

added to PCR reactions containing the oligo(dT) and p44
cDNA primers (59ACAAGCGCAACGACTGGTGA39) in 50
ml of 13 PCR buffer. A 10-ml sample of each reaction was
electrophoresed in 0.7% agarose in 13 TBE for blot
hybridization to the p44 cDNA probe. To confirm the 59
end of the p44 cDNA, 1 mg of total C. sonorensis ovarian
RNA was reverse-transcribed using a p44 cDNA-specific
primer (59TCACCAGTCGTTGCGCT39) and amplified by 59
rapid amplification of cDNA ends (RACE, GIBCO BRL,
Gaithersburg, MD). The 59RACE product was cloned in
pZErO-2.1 (Invitrogen, San Diego, CA) and sequenced.

Protein expression and analysis

To express the 44-kDa protein, the 1.1-kb cDNA ORF
was amplified using forward (CGCGGATCCCGTTAGT-
CACGTTCCAAAGA) and reverse primers (CGCGGTAC-
CCCCGCCGATAGTGCACA) and cloned into BamHI,

pnI-digested bacterial expression plasmid pQE-32
Qiagene, Chatsworth, CA). Synthesis of the N-terminal
Xhistidine-tagged 44-kDa protein was induced with 2
M IPTG in Escherichia coli strain M15. The cells were

arvested 3 h after induction for purification of the 6XHis-
4-kDa protein from bacterial lysates by Ni-NTA resin
ffinity column chromotography. Polyclonal rabbit anti-
erum to the 44-kDa protein was raised as described by

i and Webb (1994).

Ovariectomized female and male wasps were rinsed
n 13 PBS and homogenized in 2 volumes of 23 disrup-
ion buffer [50 mM Tris–HCl (pH 6.8), 6% SDS, 20% glyc-
rol and 10% b-mercaptoethanol] for SDS–PAGE analy-

sis. CsIV and wasp proteins were separated on 10%
SDS–PAGE gels and electrophoretically transferred to
Immobilon-P membrane in transfer buffer (25 mM Tris–
HCl, 192 mM glycine, 20% methanol, pH 8.3) for immu-
noblot analysis (Shelby and Webb, 1994). Blots were
blocked overnight at 25°C with 5% nonfat milk in TBS (20
mM Tris–HCl, 500 mM NaCl, pH 7.5) and then incubated
with polyclonal anti-p44 antibody (1:3000) in TTBS (0.05%
Tween-20 in TBS) for 2 h at room temperature (RT). Blots
were rinsed with TTBS (3 3 10 min), incubated with

lkaline phosphate-conjugated anti-rabbit IgG (1:1000 in
TBS; Sigma, St. Louis, MO) for 1 h, rinsed with TBS to

emove Tween-20 (3 3 5 min), and washed with AP
uffer (1 3 5 min, 0.1 M Tris–HCl, 0.5 mM MgCl2, pH 9.5),

with secondary antibody binding detected using BCIP/
NBT (Sigma).

CsIV immunogold labeling

Intact or disrupted (see below) virions were adsorbed
onto carbon-coated Formvar films on standard copper
grids. Particles were exposed to a fixative (4% parafor-
maldehyde, 0.5% glutaraldehyde in 0.1 M sodium caco-
dylate buffer, pH 7.0) for 3 min and then rinsed with PBS
(4 3 5 min). Grids were blocked for 15 min in PBS
containing 1% ovalbumin, followed by rinses in PBS con-
taining 0.1% ovalbumin (2 3 5 min). Anti-p44 serum or
preimmune serum was bound at 1:500 dilution for 1 h at
RT then rinsed in PBS (3 3 5 min). Gold-conjugated
anti-rabbit IgG (10 nm; Sigma), diluted 1:100 in PBS, was
then applied for 1 h at RT followed by rinses of PBS (3 3
5 min) and distilled water (2 3 5 min). Grids were lightly
stained with 0.1% aqueous uranyl acetate and examined
under a Philips EM300. To expose internal CsIV struc-
tures, virions were disrupted using a saturated aqueous
digitonin solution at a 5% (v/v) concentration. This proto-
col breaks the outer membrane, exposing its inner and
outer surfaces and the outer surface of the inner virion
membrane (Stoltz, unpublished observations). A few nu-
cleocapsids are also present in such preparations.

CsIV trypsinization

Gradient-purified virions were treated with sequenc-
ing-grade trypsin (1.5 h at 37°C; Promega) in TN buffer
[50 mM Tris (pH 7.4), 100 mM NaCl] in the presence or
absence of 5% digitonin (v/v) containing 1 mM CaCl2 at a
1:20 ratio of trypsin to virion protein. Trypsinization was
terminated with soybean trypsin inhibitor (0.5 mg/ml) and
phenylmethylsulfonyl fluoride (0.5 mM) (Baldick and
Shenk, 1996; Yao and Courtney, 1992). After trypsinization

intact and digitonin-treated virion proteins were analyzed
on Western blots for the p44 protein.
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Analyses of p44 genomic DNA

Genomic DNA (3 mg each) from calyx tissue (13 PBS
rinsed) and ovariectomized female and male wasps was
loaded onto Hybond-N membrane (Amersham, Arlington
Heights, IL) using a HYBRIDOT MANIFOLD apparatus
(BRL Life Technologies, Gaithersburg, MD). Genomic
DNAs were sequentially hybridized to [32P]dATP-labeled

44 cDNA, p12 cDNA (Deng and Webb, 1999), and sp20
DNA (Deng, unpublished observations) probes. The
lots were exposed to film or analyzed on a Molecular
ynamics phosphorimager (Sunnyvale, CA). For evaluat-

ng relative p44 gene copy number, 5, 10, and 20 mg of
enomic DNA from calyx tissue and 3 mg viral DNA were

separated on a 0.6% agarose gel, transferred to Hy-
bond-N membrane (Amersham), blotted, and probed with
a [32P]dATP-labeled p44 cDNA.
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