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Expression of Campoletis sonorensis Virus in the Parasitized
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Polyadenylated mRNA transcripts of the virus of Campoletis sonior-euisis were
detected in Heliothis viies(uens host larvae 2 h after the larvae had been
parasitized by C. son?orenisis females and continued to be present in host larvae
through 9 days postparasitization while C. somior-emisis developed endoparasitical-
ly. cDNAs of viral transcripts present in H. vires(/ens hybridized with only certain
C. sonoretisis viral DNAs.

Female Campoletis sonor-etnsis [Hymenop-
tera: Ichneumonidae] wasps contain a DNA
virus in the calyx region of their reproductive
tracts and inject this virus into their habitual
host, Heliothis liirescens [Lepidoptera: Noctui-
dae], during oviposition (10). Within 24 h after
parasitization two major effects are observed
(10). First, the host cellular immune response is
altered such that the parasitoid egg is not encap-
sulated by hemocytes. Second, host metabolism
is significantly reduced, resulting in a pro-
nounced decrease in weight gain. Biological
studies indicate that the C. soniorenisis virus
(CsV) may play a significant role in the abroga-
tion of host cellular immunity and the protection
of the parasitoid egg from encapsulation (3, 11).
Electron microscopic studies show that CsV
nucleocapsids are present in nuclei of host he-
mocytes and fat body and muscle cells at 2.25 h
postparasitization (p.p.) (9). However, no bio-
chemical studies demonstrating the expression
or replication of CsV in the parasitized host have
been reported.
CsV is a unique virus with a complex double-

stranded DNA genome (molecular weight. 135 x
106 to 170 x 106) composed of at least 25
different covalently closed circular molecules
(molecular weight range, 4.0 x 106 to 13.6 x
106), which are present in nonequimolar ratios
(5). The initial characterization studies also dem-
onstrated that most of the covalently closed
circular DNA molecules are largely composed of
nonhomologous sequences, suggesting that the
genome is multipartite (5).

In the present study, we demonstrated that
CsV-specific transcripts were present in H.
i'rescens larvae by 2 h after parasitization and
continued to be present for 9 days while C.
sonorensis larvae developed endoparasitically.
Only part of the CsV genome was expressed in

H. vires(cens since cDNAs of viral transcripts
hybridized with only certain CsV superhelical
DNAs.

MATERIALS AND METHODS

Insects. C. sonorenvsis (Cameron) and H. virescens
(Fab.) were reared essentially as described previously
(5). Third instar H. irc(ens larvae were parasitized
for 4 h by 7-day-old C. sonorensis females that had
mated 6 days previously. Because most oviposition
occurs within the first 30 min p.p., times indicate
periods after the commencement of parasitization.

Virus purification and isolation of viral DNA. Virus
was purified from excised calyces by centrifugation on
sucrose gradients by previously described methods
(5). DNA was isolated from purified virions by diges-
tion with proteinase K and sodium dodecyl sulfate
disruption according to the method of Krell et al. (5).
The viral DNA was extracted twice with buffer-satu-
rated phenol-chloroform-isoamyl alcohol (25:24:1) and
twice with chloroform-isoamyl alcohol (24:1l) and etha-
nol precipitated in the presence of 2)0( mM sodium
acetate (pH 5.0).

Isolation of mRNA. Total nucleic acids were isolated
from 500 adult C. sonorensis males or females, 600 C.
sonior-en1sis pupae, or 200 parasitized H. lirescens
larvae (per sampling time) by a modification of previ-
ously described methods (2. 4). Insects were homoge-
nized in 20 volumes (vol/fresh weight) of cold (-20°C)
6.6 M guanidine hydrochloride-99 mM potassium ace-
tate-142 mM 2-mercaptoethanol with a Polytron ho-
mogenizer (Brinkmann Instruments, Inc.) After the
removal of cellular debris by two centrifugations at
1,700 x g for 5 min at 4°C, the total nucleic acids were
precipitated with ½/2 volume of ethanol. The pellets
were twice resuspended in 10 to 20 volumes of cold
(-20°C) 6.6 M guanidine hydrochloride-25 mM
EDTA-142 mM 2-mercaptoethanol and precipitated
with '/2 volume of ethanol after adding potassium
acetate (pH 5.9) to a final concentration of 200 mM.
The final pellets were suspended in 10 volumes of 20
mM Tris-hydrochloride (pH 7.4)-10 mM EDTA-100
mM KCI and digested with proteinase K (200 ,g/ml) at
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37°C for 30 min. The samples were adjusted to 200 mM
potassium acetate and extracted once with I volume of
buffer-saturated phenol, once with 1 volume of phenol-
chloroform-isoamyl alcohol (25:24:1). and once with I
volume of chloroform-isoamyl alcohol (24:1). Nucleic
acids were precipitated with 2 volumes of ethanol.
Polyadenylated (polyA+) mRNAs were isolated by
oligodeoxythymidilic acid-cellulose chromatography
essentially as described previously by Aviv and Leder
(1) and stored at -80XC.

Isolation of Heliothis DNA. DNA was extracted from
nonparasitized H. i-irescens larvae by the guanidine
hydrochlor-ide procedure described above, but 2 vol-
umes of ethanol were used for all precipitations. The
phenol-extracted total nucleic acids were digested
twice with heat-treated RNase A (10 ,ug/ml) and
RNase T (10 [kg/ml) in the presence of 10 mM EDTA.
reextracted with phenol-chloroform-isoamyl alcohol
(25:24:1). and ethanol precipitated. Larval DNA was
suspended in water and stored at -80°C.
cDNA systhesis. PolyA- mRNA (5 V-g) was mixed

with 25 nmol each of dATP. dGTP. and dTTP. 12.5
nmol of dCTP, and 31.25 pmol of [a-32P]dCTP (3,200
Ci/mmol; New England Nuclear Corp.) and lyophi-
lized. cDNAs were synthesized in 25-pu reactions
containing 100 mM Tris-hydrochloride (pH 8.3), 10
mM MgCI2, 10 mM dithiothreitol, 50 mM KCI, 0.5 pug
of oligodeoxythymidilatel2 18, 1.25 pug of actinomycin
D, and 100 U of avian myeloblastosis virus reverse
transcriptase (Bethesda Research Laboratories) at
37°C for 60 min. The reactions were terminated by
cooling to 0°C and adding EDTA to a final concentra-
tion of 10 mM. After the addition of 100 ,ug of E. coli
tRNA (Boehringer Mannheim), cDNAs were twice
precipitated from reactions with 2 volumes of ethanol.
The final pellet was washed with cold 67 mM NaCl-
70% ethanol and suspended in 300 p.1 of water. cDNAs
(specific activity, 1.50 x 107 cpm/pug) were heat dena-
tured before addition to hybridization buffer to a final
concentration of 20 ng/ml.

Radioactively labeled DNA. CsV DNA was labeled
by nick-repair synthesis with [a-32P]dCTP to high
specific activity (I x 108 to 4 x 10" cpm/p.g) by the
method of Rigby et al. (7). CsV DNA probes were heat
denatured and diluted to 20 ng/ml with hybridization
buffer.

Gel electrophoresis and blot hvbridization. CsV DNA
was digested with Sall or Hintdlll under conditions
specified by the manufacturer (Bethesda Research
Laboratories). Undigested or digested viral DNA was
electrophoresed in 0.8% agarose gels and was unidi-
rectionally transferred to nitrocellulose as described
previously (8). Denatured cDNA probes were diluted
to 20 ng/ml in hybridization buffer composed of 50%
formamide. 5x SSC (Ix SSC is 0.15 M NaCI plus
0.015 M sodium citrate). 5 x Denhardt reagent. 20 mM
sodium phosphate (pH 6.5). and 100 ,ug of sonicated
calf thymus DNA per ml and were hybridized to
prehybridized blots at 43°C for 48 h (8).

RESULTS

Presence of CsV transcripts in parasitized lar-
vae. To determine whether CsV is expressed in
the parasitized host, we isolated polyA+ mRNA
from H. vires ens larvae at various times. (1, 2,

4. 6. 12. 24. 36. and 48 h and 6 and 9 days) after
the larvae had been parasitized by C. sonorensis
females. I2PIcDNAs were synthesized with avi-
an myeloblastosis virus reverse transcriptaise
and hybridized to Southern transfers to CsV
DNA. Because of the difficulty of resolving the
25 superhelical CsV DNAs. cDNAs also were
hybridized to CsV DNA digested with Saill or
Hiid III .
Low levels of hybridization between CsV

DNA and cDNA probes synthesized from
polyA mRNA isolated from H. virescens lar-
vae at 2 h p.p. were detected in autoradiograms
exposed for 96 h or longer (Fig. 1, lane B, and
Fig. 2. lanes B and H). In contrast, no hybridiza-
tion between CsV DNA and cDNA synthesized
from I h p.p. mRNA fractions was detected in
autoradiograms exposed for 4 weeks (data not
shown). The level of expression of CsV ap-
peared to increase significantly by 4 h p.p. (Fig.
1, lane C, and Fig. 2. lanes C and I) and
remained readily detectable through 9 days p.p.
(Fig. 1. lane E, and Fig. 2, lanes E and K). Both
the number and the intensity of DNA bands
which hybridized with cDNAs from -4 h p.p.
samples increased, even though the concentra-
tions (19.4 ± 1.2 ng/ml) and specific activities
(1.46 x 107 00.22 X 107 cpm/Rg) of all cDNA
probes (1 h to 9 days p.p.) did not differ signifi-
cantly. cDNAs synthesized from polyA'
mRNA isolated from nonparasitized control H.
v'irescens larvae did not hybridize with CsV
DNA (data not shown). In other preliminary
control experiments, no hybridization of 32P-
labeled CsV DNA with Southern transfers of
undigested or HinzdIII-digested H. virescens
DNA was detected (data not shown). The tran-
scripts detected with cDNAs synthesized from
mRNAs of parasitized larvae, therefore, were
virus specific.
Only certain supercoiled or relaxed circular

CsV DNA bands hybridized with cDNAs syn-
thesized from mRNAs of parasitized larvae (Fig.
1, lanes B through E). DNA bands migrating
faster than the 9.6-kilobase-pair (kbp) lambda
HindlIl fragment are mostly superhelical DNAs
(Fig. 1, SH [superhelical] region; [5]), whereas
the more slowly migrating bands are either re-
laxed circular or linear forms of the DNAs (Fig.
1. RC [relaxed circular] region, [5]). Most of the
cDNA-positive bands in the RC (upper) region
therefore represent relaxed circular forms of
corresponding cDNA-positive superhelical
DNAs in the SH (lower) region. Approximate
sizes of cDNA-positive superhelical bands were
extrapolated from the published sizes of the six
major CsV superhelical DNAs (5). Only 3 (15.3,
12.3, and 9.5 kbp) of the 23 superhelical CsV
DNAs in the SH region of the gel hybridized
with 2 h p.p. cDNAs (Fig. 1, lane B). Seven
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FIG. 1. Hybridization of cDNAs of pl
from parasitized H. lvirescns larvae and
pupae to CsV DNA. CsV DNA was elect
0.8% agarose gels, transferred to nitro(
hybridized to [32P]cDNAs synthesized
mRNA isolated from H. iirescens larva(
4 h (lane C), 48 h (lane D), and 9 days
parasitization by C. sonocrensis or from
pupae (lane F). Autoradiograms wern
-80°C with Dupont Cronex Lighting-Plh
screens for 4 days for the 4-h, 48-h, an

ments, for 14 days for the 2-h treatmei
days for the C. sonorensis pupae treatr
containing mostly relaxed circular (RC) c
(SH) forms of CsV DNAs are indicated
lane A. Superhelical CsV DNAs in ethic
stained gels (lane A) and the sizes in kb
superhelical CsV DNAs are indicated to
A. The migration and sizes in kbp of Hinm
of lambda DNA are indicated to the rig]

superhelical DNAs hybridized M
cDNA made with 4 or 48 h p.p.
template (Fig. 1, lanes C and D, r

Labeled cDNA synthesized from
mRNA hybridized to two additions
(10.4 and 10.9 kbp), which were
autoradiograms exposed for a lo
(data not shown). By 9 days p.p., th
positive SH bands detected decre,
(Fig. 1, lane E). Except for a weakly

7.0-kbp SH band observed between 4 and 48 h
p.p., SH bands which hybridized with cDNAs
ranged in size from 9.5 to 15.3 kbp. A 15.3-kbp
band was the most strongly hybridizing band at
all time periods.
The observed hybridization of the probes with

CsV HindIlI or Sall fragments (Fig. 2) more
clearly showed that the CsV DNA sequences

- 23.5 were unequally represented in the cDNAs syn-
thesized from mRNA of parasitized larvae. Only

9.6 about 25% of the CsV Hindlll or Sall fragments
hybridized with 4 or 48 h p.p. cDNAs (Fig. 2,

6.6 lanes C, I, and D, J, respectively) and a slightly
smaller proportion hybridized with 2 h or 9 day

44 p.p. cDNAs (lanes B, H, and E, K, respective-
ly). Positive bands observed at 4 or 48 h p.p.
ranged in size from approximately 1.6 to 24.5
kbp for HindIII fragments and 0.6 to 11.5 kbp for
SalI fragments. The 6.2-, 5.3-, and 3.2-kbp

-2.3 strongly hybridizing HindlIl fragments (Fig. 2,
1.9 lanes C through E) appeared to correspond to

the HindlIl M, 0, and Z fragments, respective-
ly, which contain sequences found on approxi-
mately two to four of the superhelical molecules
(5).

Superhelical CsV DNA molecules or CsV
restriction fragments were not present in equi-
molar ratios (Fig. 1, lane A; Fig. 2, lanes A and

olyA+ mnRNA G; [51). Fragments of both major and minor
C. sonorensis intensity hybridized with cDNA probes (for ex-
trophoresed in ample, Fig. 2, lane A versus lane D).
cellulose, and Presence of CsV mRNA in wasps. cDNA
from polyA' probes synthesized from polyA+ mRNA from
(2 h (lane B). adult male or female C. son1orenisis wasps did not
C. soEnrensis hybridize with CsV to detectable levels (data not

e exposed at shown). Probes synthesized from polyA+
is intensifying mRNA isolated from developing C. sonorensis
d 9-day treat- pupae when their heads, thoraces, and abdo-
nt, and for 48 mens were pigmented hybridized to the 13.3-
nent. Regions and 15.3-kbp superhelical CsV DNAs, as well as
)r superhelical to several relaxed circular or linear forms or
to the left of both (Fig. 1, lane F). The probe hybridized with

Jium bromide- several HindIII fragments (1.8 to 9.1 kbp) (Fig.
the left ofr 2, lane F) or Sall fragments (1.2 to 8.9 kbp) (Fig.
dIll fragments 2, lane L). Most of the restriction fragments
ht of lane F. which hybridized with cDNA prepared from

wasp pupae mRNA also hybridized with cDNA
probes synthesized from mRNA of parasitized
larvae. However, the 1.8-kbp HindIlI and the
1.2- and 3.6-kbp Sall fragments hybridized only

vith labeled with cDNA of C. sonorensis pupae mRNA.
mRNA as a DISCUSSION
espectively).
48 h p.p. These data are the first evidence that genes of

al SH bands CsV, or any parasitoid virus, are expressed in
detected in the parasitized host. Virus-specific transcripts
nger period were detectable in H. virescens larvae by 2 h
e number of after parasitization and reached readily detect-
ased to five able levels by 4 h p.p. Biological studies have
Z hybridizing shown that C. sonorensis eggs are encapsulated
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FIG. 2. Hybridization of cDNAs of polyA+ mRNA from parasitized H. virescens larvae and C. sonor-enisis
pupae to CsV DNA digested with Hindlil or Sall. CsV DNA was digested with Hitndlil (lanes A-F) or Sail
(lanes G-L), electrophoresed in 0.8% agarose gels, and transferred to nitrocellulose. Digested CsV DNA was
hybridized to [32P]cDNAs of polyA+ mRNA isolated from H. virescens larvae at 2 h (lanes B and H). 4 h (lanes C
and 1), 48 h (lanes D and J), or 9 days (lanes E and K) after parasitization by C. sonor-ensis or from C. sonior-en sis
pupae (lanes F and L). Autoradiograms were exposed for the periods indicated in the legend to Fig. 1. Migrations
and sizes in kbp of Hindlll fragments of lambda DNA are indicated to the left of ethidium bromide-stained gels
(lanes A and G). CsV DNAs that appeared to hybridize only to C. sonorensis pupae cDNA are indicated by
arrowheads to the right of lanes F and L.

by host hemocytes within 24 h if CsV is absent
but are not encapsulated if CsV is present (3).
Our results suggest that CsV is expressed in the
parasitized host early enough to possibly play a

significant role in the abrogation of host cellular
immune mechanisms. The continued presence
of CsV mRNA through 9 days p.p., when fifth
instar C. sonoren?sis larvae emerge from their
hosts, suggests that CsV gene expression also
may be important in the protection of the devel-
oping endoparasite. Most of the CsV mRNA
sequences detected in parasitized larvae were
not present at detectable levels in C. sonorensis
pupae, although some of the viral mRNAs were
present in both species. It is tempting to specu-
late that some CsV genes may be expressed only
in the parasitized host and be involved in the

alteration of host physiology after parasitization.
Hybridization of cDNAs with CsV restriction

fragments indicated that a relatively small por-
tion of the CsV genome was represented to
detectable levels in the virus-specific mRNAs in
parasitized H. i'rescens and that the most abun-
dant CsV mRNAs sequences were similar at all
times examined at -4 h p.p. The observed
hybridization of cDNAs with only certain CsV
superhelical DNAs is consistent with the hy-
pothesis that the genome is multipartite (5). The
hybridization of cDNAs with some of the super-
helices may have resulted from the transcription
of some of the cross-hybridizing sequences
(e.g., the 6.2-, 5.3-, and 3.2-kbp HindlII frag-
ments) present in the CsV genome. In vitro
translation of selected viral transcripts and
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northern gel analysis are being conducted to
map the CsV genes expressed at various times
P.P.
CsV mRNA was not detected in male or

female C. sonorensis adults. The absence of
detectable levels of CsV-specific transcripts in
adult males is consistent with findings of elec-
tron microscopic studies that indicate that CsV
is found only in female wasps (10). The lack of
detectable levels of CsV-specific transcripts in
adult females was unexpected since nucleocap-
sids and electron-dense material thought to be
virogenic stroma are observed in nuclei of calyx
cells in adult females (6). Rates of virus replica-
tion in the females extracted may have declined
since approximately 50% of the females used
were more than 2 weeks old owing to the diffi-
culty of rearing the required large numbers of
the obligate endoparasite. However, CsV-spe-
cific transcripts were detected in C. sonoirensis
pupae extracted when the heads, thoraces, and
abdomens of the wasps were pigmented, and a

high level of CsV replication has been shown to
occur (W. N. Norton and S. B. Vinson, Cell
Tissue Res., in press). CsV replication is re-

stricted to a limited number of reproductive tract
cells in the pupating female (6; Norton and
Vinson, in press). Under our rearing conditions
only about 35% of the wasps in any generation
are female. The low level of hybridization de-
tected probably results from dilution of virus-
specific transcripts in mRNA extracted from a

population of intact C. sonorensis pupae, since
the specific activity and concentration of the
cDNA probe were comparable to those of
cDNAs synthesized from mRNAs of parasitized
larvae. Most of the CsV mRNA sequences de-
tected in wasp pupae were similar to some of the
viral transcripts detected in parasitized H. sires-

cens larvae, but a few minor differences were
noted. It is not known whether CsV replicates in
the parasitized host.
Our demonstration that CsV is expressed in

H. virescens larvae soon after parasitization by
C. sonorensis is consistent with the hypothe-

sized role of CsV in protecting endoparasitoid
eggs in the parasitized host and permits us to
examine certain novel aspects of insect parasit-
ism and invertebrate immunity more critically.
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