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Cotesia vestalis is an endoparasitoid of Plutella xylostella lar-
vae and injects a polydnavirus (CvBV) into its host during ovi-
position. In this report we characterize the gene, CvBV3307, 
and its products. CvBV3307 is located on segment S33 of the 
CvBV genome, is 517 bp, and encodes a putative protein of 
122 amino acids, including a serine-rich region. The ex-
pression pattern of CvBV3307 in parasitized larvae and the 
subcellular localization of CvBV3307 only in granulocytes in-
dicated that it might be involved in early protection of para-
sitoid eggs from host cellular encapsulation and in manipulat-
ing the hormone titer and developmental rhythm of host 
larvae. Western blot analysis showed that the size of the im-
munoreactive protein (about 55 kDa) in parasitized hosts at 48 
hours post parasitization (h p.p.) is much larger than the pre-
dicted molecular weight of 13.6 kDa, which suggests that 
CvBV3307 undergoes extensive post-translational modification 
in hosts.  [BMB reports 2008; 41(8): 587-592]

INTRODUCTION

Polydnavirus (PDV) is a dsDNA virus with a poly-disperse ge-
nome containing a series of different circular DNAs (1). The 
PDV family contains two genera: the bracoviruses (BVs) asso-
ciated with braconid wasps, and the ichnoviruses (IVs) asso-
ciated with ichneumonid wasps (2). PDV DNA is integrated in-
to the wasp's chromosomal DNA and vertically transmitted 
among parasitoids in Mendelian fashion (3-5). PDV replication 
is restricted to the wasp's ovary and does not occur in the par-
asitized host (6). During oviposition, PDVs are injected along 
with eggs and ovarian proteins into their secondary hosts, 
where they exert their immune-suppressive and pathogenic 
effects. Three classes of PDV genes are classified according to 
the hosts in which they are expressed: class I genes are ex-

pressed only in the parasitoid, class II genes are expressed only 
in the parasitized lepidopteran host, and class III genes are ex-
pressed in both hosts (7).
    The endoparasitoid, Cotesia vestalis Haliday, commonly 
called C. plutellae (Kurdjumov) (Hymenoptera: Braconidae) in 
the literature but now referred to as C. vestalis (Haliday) (8), 
employs PDV, venom, and teratocytes to overcome the de-
fenses of its host, Plutella xylostella (L.) (Lepidoptera: Plutelli-
dae), a cosmopolitan pest of cruciferous crops. Recently, most 
of the CvBV genome was sequenced using a Plasmid Capture 
System (PCS), although segments over 30 kb may not be am-
plified due to systemic restrictions (9). CvBV shares some ge-
netic similarity with the Cotesia congregata bracovirus (CcBV), 
the first BV genome to be fully sequenced (10).
    Previously, we demonstrated that calyx fluid from C. vesta-
lis plays a major role in the suppression of the host immune 
system, whereas venom from C. vestalis has a limited effect on 
hemocytes and probably synergizes the effect of calyx fluid on 
C. vestalis polydnavirus (CvBV) (11). We also isolated two 
genes, CvBV1 and CvBV2, which might be involved in early 
protection of parasitoid eggs from host cellular encapsulation 
(12). Here we characterize a new CvBV gene, CvBV3307. The 
expression and subcellular localization of CvBV3307 suggest 
that it might be involved in regulating the developmental 
rhythm of parasitized larvae and early protection of parasitoid 
eggs from host cellular encapsulation.

RESULTS

Molecular characterization of CvBV3307 gene
A cDNA library was constructed from CvBV-specific mRNA ex-
pressed 6 hours post parasitization (h p.p.). Screening this li-
brary allowed identification of one unique cDNA clone, 
CvBV3307 (GenBank accession number EU127911). BLAST 
searches of this sequence indicated that CvBV3307 was lo-
cated on segment S33 (23,697 bp) of the CvBV genome, from 
17162 to 17530 bp.
    CvBV3307 is 517 bp long, with a 122 amino acid open 
reading frame encoding a protein with a predicted molecular 
weight of 13.6 kDa (Fig. 1A). A potential polyadenylation sig-
nal (AATATA) was found 58 nt downstream of the translation 
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Fig. 1. Characteristics of CvBV3307. 
A: Nucleotide and deduced amino 
acid sequences. The cDNA is 517 bp 
long, including a 41 bp 5‘ UTR and 
107 bp 3‘ UTR sequence before the 
polyA+ tail. The potential polyadeny-
lation signal and N-glycosylation site 
are underlined. B: Sequence compar-
ison of CvBV3307 with homologous 
hypothetical proteins found in CcBV 
and MdBV. GenBank accession num-
bers of CcBV_s32 and MdBV_sMgp1 
are YP_184888 and YP_239393, re-
spectively. GeneDoc software was 
used for homology shading. Identical 
amino acids are shown with capital-
ization on the bottom and three lev-
els are set: black for 100% similarity 
groups, deep grey for 80% similarity 
groups, and light grey for 60% sim-
ilarity groups.

Fig. 2. Temporal and tissue-specific expression of CvBV3307 in P. xylos-
tella larvae parasitized by C. vestalis assessed by quantitative real-time
PCR (2-DDCT method). Each detect point was assessed by three in-
dependent replications. β-tubulin of P. xylostella was used as a control.

stop codon, TAG, and a serine-rich region was found at aa 
38-77. Other putative functional sites were predicted, includ-
ing two cAMP- and cGMP-dependent protein kinase phosphor-
ylation sites at aa 4-7 and aa 10-13, five protein kinase C phos-
phorylation sites at aa 8-10, aa 13-15, aa 70-72, aa 90-92, and 
aa107-109, four casein kinase II phosphorylation sites at aa 
13-16, aa 38-41, aa 90-93, and aa 110-113, and an N-glyco-
sylation site at aa 55-58.
    CvBV3307 has two homologs in CcBV and one homolog in 
MdBV according to BLAST searches (Fig. 1B). One CcBV ho-
molog was located on segment circle 18 (32,108 bp) from 
6724 to 7204 nt, and the other was located on segment circle 
32 (41,573 bp) from 3330 to 3807 nt, with high identities of 
90% and 89%, respectively.

Comparison of mRNA expression in parasitized larvae
Temporal expression patterns of CvBV3307 in different tissues 
of parasitized larvae were examined using quantitative re-
al-time PCR (qRT-PCR) with gene-specific primers (Fig. 2). The 
transcripts of CvBV3307 could be detected in all analyzed tis-
sues of parasitized host larvae, but were different in the brains, 
hemocytes, and midguts. The transcripts of CvBV3307 in the 
brain of parasitized larvae were abundant, and the tran-
scription level increased leading up to 48 h p.p. CvBV3307 
transcripts were less abundant in the hemocytes of parasitized 
larvae, and the transcription peak appeared at 12 h p.p. The 
transcription level of CvBV3307 in the midguts of parasitized 
larvae was quite low, and the transcription peak appeared at 
24 h p.p.. The expression patterns of CvBV3307 in the brains 
and hemocytes of parasitized larvae exhibited a "sustained pat-
tern," while that in the midgut exhibited a "short-period-like 
pattern."

Immunodetection of CvBV3307
To determine whether CvBV3307 was expressed in the para-
sitized larvae, brains, midguts, and hemocytes extracted from 
host larvae at 48 h p.p. were subjected to western blot analysis 
(Fig. 3). The protein was recognized by a polyclonal antibody 
against His-CvBV3307 (Fig. 3), but no protein was detected in 
the sample extracted from non-parasitized larvae. To de-
termine whether CvBV3307 was expressed in Tn-5B1-4 cells, 
cells infected with a recombinant Bacmid were harvested and 
subjected to western blot analysis. The protein was recognized 
by a polyclonal antibody against His-CvBV3307, but no pro-
tein was detected in the non-infected cells (Fig. 3).
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Fig. 3. Western blot analyses of CvBV3307 in host larvae. Hemocyte,
brain, and midgut were collected at 48 h p.p., and samples were sub-
jected to western blot analysis using anti-His- CvBV3307 serum. Lane
1: pET28-CvBV3307, Lane 2-4: hemocytes, brain, and midgut of P. 
xylostella larvae parasitized by C. vestalis, respectively, Lane 5: 
non-parasitized P. xylostella larvae, lane 6-7: Tn-5B1-4 cells infected 
by rBac-eGFP-CvBV3307 and non- infected cells, respectively, lane 
8: pET28-CvBV3307 identified by a monoclonal mouse antibody 
against the six histidine tag. Binding was developed with DAB as a
chromogenic substrate. Protein markers are indicated on the left.

Fig. 4. Subcellular localization of 
CvBV3307 in hemocytes of parasitized 
P. xylostella larvae. Upper: cells were 
collected at 48 h p.p., washed with 1x 
PBS and reacted with anti-His-CvBV3307
serum. Fluorescence was developed by 
incubation with protein G fused with 
FITC (green). Lower: for control, pre-im-
mune rabbit serum was used as the pri-
mary antibody. The nuclei were stained 
with DAPI (red). Bar = 5 μm. Abbrevia-
tions: BF for bright field, CK for control.

Subcellular localization of CvBV3307
The subcellular localization of CvBV3307 in the hemocytes of 
parasitized larvae was investigated using confocal laser scan-
ning microscopy. At 48 h p.p., high levels of CvBV3307 were 
observed within the nucleus and cytoplasm of granulocytes, 
but no fluorescence was detected in plasmatocytes (Fig. 4).

DISCUSSION

Cotesia vestalis mainly depends on three regulatory factors, pol-

ydnavirus, venom, and teratocytes, to manipulate its host physi-
ology and biochemistry, and polydnavirus plays a key role in 
suppression of the host immune system. We previously demon-
strated that the calyx fluid/PDV could cause extensive damage to 
hemocytes, with large amounts of cell debris appearing in the 
culture medium, including disintegration, damaged plasma mem-
branes, and formation of multivesicular bodies and intracellular 
vacuoles (11). But how CvBV is involved in a diverse set of host 
immunosuppressive functions is still largely unknown (12).
    In other parasitoid-host systems, polydnavirus genes play a 
role in host immunosuppression, such as the IκB-like gene of 
MdBV (13), glc 1.8 of MdBV (14), and CrV1 of CsBV (15). Here 
we isolated and characterized a new CvBV transcript expressed 
in P. xylostella. It is located on segment 33 of the CvBV ge-
nome, equivalent to ORF3307, and has only three homologs in 
CcBV and MdBV by BLAST searches. Originally, there was no 
gene coding sequence annotated on CcBV Circle 18 (32,108 
bp) from 6724 to 7204 nt (10), but by using FGENESH (16) we 
found a gene encoding a putative protein of 88 aa with a mo-
lecular weight of 9.6 kDa and named it CcBV_18_9.6.
    CvBV3307 and its homologs contain a serine-rich domain 
flanked by consensus motifs for phosphorylation by cyclic 
AMP (cAMP)-dependent protein kinase A (PKA) and casein 
kinase II at the N-terminal end and by casein kinase II at the 
C-terminal end. The serine-rich domain itself contained a po-
tential PKA phosphorylation site. Because Xia et al. (17) found 
that serine-rich regions are functional targets of cellular PKA, 
we thought that CvBV3307 might be phosphorylated in the 
host cell. Xia et al. (17) confirmed that a phosphorylated ser-
ine-rich region played a key role in virus growth in host cells, 
but Paterson and Everett (18) demonstrated that a transcrip-
tional regulator protein containing a serine-rich region was not 
essential for viral growth in tissue culture. The search for con-
served domains of CvBV3307 using ProtFun and Blocks (19) 
indicated that CvBV3307 might be a transcriptional regulator 
protein, which plays a role in CvBV virulent function in host 
cells and is involved in carbohydrate-binding activity.
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    The qrt-PCR analysis showed that the expression patterns of 
CvBV3307 in the brains and hemocytes were quite similar, but 
different than in the midgut. The high level of transcripts in host 
brain indicated that CvBV3307 might function in modulating 
hormone titer and the growth rhythm of host larvae, correspond-
ing to the phenomenon that the larval developmental stage of P. 
xylostella parasitized by C. vestalis was distinctly prolonged (20). 
Gilbert et al. (21) suggested that the potential target of PDV is the 
ecdysone biosynthetic pathway, and hosts parasitized by many 
BV-carrying parasitoids exhibited reduced ecdysteroid titers that 
inhibit molting and metamorphosis (22, 23). The transcription 
peak of CvBV3307 in the hemocytes appeared at 12 h p.p. indica-
ting that CvBV3307 might be involved in the early protection of 
parasitoid eggs from host cellular encapsulation. In addition, the 
"short-period-like" transcript pattern of CvBV3307 in the midgut 
of host larvae suggested that CvBV3307 might only be involved 
in nutrition metabolism of parasitized larvae at a specific time.
    The size of the immunoreactive protein (about 55 kDa) is 
much larger than the predicted molecular weight of 13.6 kDa, 
suggesting that the protein is extensively post-translationally 
modified in the host, corresponding with the presence of many 
putative post-translational modification sites. The size of the 
immunoreactive protein (about 55 kDa) in Tn-5B1-4 cells in-
fected by rBac-eGFP-CvBV3307 was slightly larger than the 
predicted protein and eGFP combination, indicating only limit-
ing post-translational modifications in Tn-5B1-4 cells. Harwood 
et al. (24) isolated a polydnavirus gene product that was glyco-
sylated and abundantly expressed in the hemolymph of newly 
parasitized Manduca sexta larvae. The glycosylation state of 
CvBV3307 requires further research to obtain purified native 
proteins and determining its mode of action.
    Laser confocal microscopy clearly visualized the presence 
of CvBV3307 in both nuclear and cytoplasmic regions of the 
granulocytes, but not in plasmatocytes. The distribution of 
granulocytes and plasmatocytes in capsules formed by some 
lepidopterans appears highly organized, with granular cells be-
ing the first cells to bind to the target and plasmatocytes attach-
ing thereafter (25-29). The phenomenon of CvBV3307 only ap-
pearing in granulocytes of parasitized larvae and the peak of 
CvBV3307 expression appearing at 12 h p.p. in the hemocytes 
of parasitized larvae implies that CvBV3307 plays an im-
portant role in the beginning stage of encapsulation.

MATERIALS AND METHODS

Insect collection and rearing
Pupae and parasitized larvae of P. xylostella were initially col-
lected from cabbage fields in the suburbs of Hangzhou, 
Zhejiang Province, China. The rearing methods of P. xylostella 
and its endoparasitoid, C. vestalis, followed Chen et al. (12).

cDNA library screening
The cDNA library was prepared by Dr Ya-Feng Chen (Zhejiang 
University), and cDNA library screening followed Chen et al. (12).

Computer analysis
CvBV3307 and the deduced amino acid sequence were ana-
lyzed using DNASTAR programs (Version 5.02) (DNASTAR, 
USA). The functional domains, motifs, and post-translational 
modifications of CvBV3307 were predicted by ScanProsite, 
Motifscan, SignaIP, and Net-Phos (http://www.ca.expasy.org) 
and ProtFun (http://www.cbs.dtu.dk/services/ProtFun/). Com-
parisons of homologous DNA or protein sequences with en-
tries in the updated GenBank/EMBL, SWISS-PROT, and PIR da-
tabases were performed with PSI-BLAST. Sequence alignment 
was performed with Clustal X version 1.81 (30) and edited by 
GeneDoc (Version 2.04) (Free Software Foundation, USA).

RNA isolation
For analysis of gene transcripts in different tissues, third instar 
P. xylostella larvae (20 h post-ecdysis) were singly parasitized 
by C. vestelis. Starting at 2 h post-parasitism, groups of CO2- 
anaesthetized larvae were processed at different times (2, 6, 
12, 24, 48, and 144 h). Three tissues, brain (or central nerve 
system), hemocyte, and midgut, which are frequently exam-
ined in the studies of gene transcript patterns of parasitized 
lepidopteran larvae, were selected. Hemocytes were first col-
lected by bleeding larvae from a cut proleg into saline and pel-
leting the cells by gentle centrifugation (400 g for 5 min). Then 
host larvae were dissected in Pringle's saline after removing 
the parasitoid egg or larva. Midguts and brains were collected 
separately. All collected samples were immediately used for 
the isolation of total RNA. Total RNA was extracted using the 
RNeasy Mini Kit (QIAGEN) according to the manufacturer's 
instructions. RNA samples were eluted in DEPC (diethypyro-
carbonate)-treated water. The quality of RNA samples was con-
firmed by formaldehyde gel electrophoresis.

Reverse transcription and quantitative real-time PCR
Reverse transcription PCR was performed using a Revert-
AidTM First Strand cDNA Synthesis Kit (Fermentas) with 1 μg 
purified RNA as the template. For analysis of gene transcripts 
in parasitized P. xylostella larvae at different times, PCR re-
actions were run on an iCycler Thermal Cycler (Biorad) in 20 
μL reactions. Each 20 μL reaction contained 4 μL template 
cDNA, 10 μL iQ SYBR Green Supermix (BioRad) and 0.5 μM 
each of the corresponding forward and reverse primers. Gene 
specific Primer A (5'-TGGCTGACCGCAAGCAAAC-3') and pri-
mer B (5'-TTGTCTCCTTGTTCTTCATCCCAG-3') used for re-
al-time PCR experiments were designed from mid-open read-
ing frame (ORF) of CvBV3307. To normalize differences in to-
tal RNA amounts that were reverse transcribed and added to 
each reaction, β-tubulin from P. xylostella (GenBank accession 
No. EU127912) was used as an active endogenous control. 
Cycling conditions were: 3 min initial denaturation step at 
95oC, 40 cycles of 20 s denaturation at 95oC, 20 s annealing at 
55oC, and 20 s extension at 72oC. Data were acquired during 
the extension step and analyzed with the iCycler iQ Real-Time 
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PCR Detection System. For every amplification, reactions were 
performed in three replicates, from which mean threshold cy-
cle (CT) values plus standard deviations were calculated. 
Relative amounts of CvBV3307 were calculated applying the 
2-DDCT method (31).

Generation of anti-CvBV3307 antiserum and immunodetection
The complete coding sequence of CvBV3307 was amplified 
by PCR using an upstream primer C (5'-AGGATCCATGATGG-
CTGACCGCAAGCAAAC-3') incorporating a BamHI site 
(underlined) and a downstream primer D (5'-GCTCGAGT-
TACTTCTTACGGTTACGGATAGCAACG-3') with an XhoI site 
(underlined). The CvBV3307 amplified fragment was subcl-
oned into the expression vector pET-28(a) with a His-tag at the 
C-terminus. The fusion protein His-CvBV3307 was expressed 
in Escherichia coli BL21 and incubated with 1 mM IPTG at 
28oC. The fusion protein was purified using a His TrapTM HP 
kit (Amersham) and identified with a mouse monoclonal anti-
body against the six-histidine tag (Calbiochem, Germany). 
Then His-CvBV3307 was used as an immunogen to raise 
CvBV3307-specific antiserum in New Zealand white rabbits. 
Five injections, each with 200 μg of purified His-CvBV3307 
fusion protein, were applied to each rabbit. For the first and 
second injection, complete Freund's adjuvant (Sigma, USA) 
and incomplete adjuvant (Sigma, USA) were added, respec-
tively. The polyclonal rabbit antibody against His-CvBV3307 
was used for immunoassay.
    For immunodetection, hemocytes, brains, and midguts of 
parasitized larvae were collected at 48 h p.p., and protein 
samples were separated by SDS-PAGE and transferred onto a 
PVDF membrane (Bio-Rad, USA) by semi-dry electrophoresis 
transfer (Bio-Rad, USA). More sample was loaded for samples 
from the hemocytes and midguts to produce stronger im-
muno-signals in western analyses. The membranes were in-
cubated overnight in 5% skim milk powder in PBST at 4oC and 
reacted with the anti-CvBV3307 polyclonal antiserum, fol-
lowed by incubation with a goat anti-rabbit IgG conjugated to 
horseradish peroxidase (HRP) (Sigma, USA). The signal was 
detected with a diaminobenzidine (DAB) substrate.

CvBV3307 expressed in insect cells by Bac-to-Bac expression 
system
CvBV3307 fused with enhanced green fluorescence protein 
(eGFP) was expressed in the Trichopolusia ni cell line, Tn- 5B1-4. 
The recombinant donor vector pFastBacHTb (Invitrogen) was re-
constructed to contain eGFP and CvBV3307, designated pBacHT- 
eGFP-CvBV3307. The plasmid pBacHT-eGFP- CvBV3307 was 
transformed into DH10 Bac E. coli (Invitrogen) to generate re-
combinant Bacmid DNA. The recombinant baculovirus Bacmid- 
eGFP-CvBV3307 DNA, designated rBac-eGFP- CvBV3307, ex-
tracted from the cells was checked by PCR using CvBV3307 pri-
mers and PUC/M13 primers. For eGFP- CvBV3307 expression, a 
monolayer of Tn-5B1-4 cells was transfected with rBac-eGFP- 
CvBV3307. Cells infected with the recombinant Bacmid were 

harvested for SDS-PAGE and western blots analysis. Cells unin-
fected with virus were used as controls.

Immunofluorescence staining and confocal laser scanning 
microscopy
Hemocytes of P. xylostella larvae were extracted from a proleg 
cut at 48 h p.p. using the method of Xu et al. (32). Briefly, he-
mocytes were incubated with rabbit antiserum (1：1,000) that 
recognizes the recombinant CvBV3307 after being fixed for 15 
min in formaldehyde on ice. After washing three times in 
phosphate buffered saline (PBS), cells were incubated with 
Fluorescein Isothiocyanate (FITC)-conjugated goat anti-rabbit 
(1:2000) secondary antibodies. Incubation of cells with pre-im-
mune rabbit serum and secondary antibodies served as the 
negative control. The nuclear region was stained by 4',6-dia-
midino-2-phenylindole (DAPI). Samples were examined on a 
Leica TCS confocal scanning microscope, and images were 
processed with Leica and Adobe Photoshop software.
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