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Abstract

Polydnaviruses are unique because of their obligatory association with thousands of parasitoid wasp species from the braconid
and ichneumonid families of hymenopterans. PDVs are injected into the parasitized hosts and are essential for parasitism success.
However, polydnaviruses are also unique because of their genome composed of multiple dsDNA segments. Cytological evidence
has recently con�rmed the results of genetic and molecular analyses indicating that PDV segments were integrated in the wasp
genome. Moreover a phylogenetic study performed using the age of available fossils to calibrate the molecular clock indicated that
the polydnaviruses harboured by braconid wasps have resided within the wasp genome for approximately 70 million years. In the
absence of horizontal transmission, the evolution of the PDV genomes has been driven exclusively by the reproductive success
they have offered the wasps. The consequences of this particular selection pressure can be observed in the gene content of certain
PDV genomes from which increasing sequence data are available. Molecular mechanisms already identi�ed could be involved in
the acquisition and loss of genes by the PDV genomes and lead us to speculate on the de�nition of the virus genome.
� 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polydnaviruses form obligatory associations with tens
of thousands of species of parasitoid wasps from the ich-
neumonid and braconid families of hymenopterans.
These parasitoid wasp–polydnavirus interactions are
unique examples where a virus is used by an eukaryotic
organism to manipulate the physiology of another eukar-
yote. Female parasitoid wasps produce mature virions in
the ovaries which are injected into lepidopteran host lar-
vae (or eggs) during oviposition. Once delivered into the
host, viral genes are expressed by the cellular machinery,
causing major physiological alterations comprising in
most cases disruption of the immune defenses and modi-
� cation of the developmental program (Webb, 1998).
Most studies on polydnaviruses are aimed into under-
standing how viral products interfere with host physi-
ology by characterising virus genes expressed during
parasitism.

Polydnaviruses are also unique because of their large
segmented genome composed of multiple double-
stranded DNA circles included in virus particles. Since
these circles contain the genetic information used to
manipulate host physiology, the question of how they are
produced in the wasp ovaries also deserves investigation.

Polydnaviruses have been classi� ed as a virus family,
the polydnaviridae, on the basis of the molecular features
of their genome and of their obligate association with
endoparasitoid wasps (Stoltz et al., 1984). The braco-
viruses harboured by wasps from the Braconidae family
differ in many aspects from the ichnoviruses associated
with the Ichneumonidae family of wasps. They were
thus classi� ed as two different genera (Stoltz et al.,
1995). These differences most probably re� ect different
evolutive histories of the wasp–virus symbiosis in the
two parasitoid families. However, as discussed below,
similar concepts can be used to understand the evolution
of the symbiosis in ichneumonids and braconids.

In this review, we present recent molecular data
regarding organisation, content and replication of polyd-
navirus genomes. We will discuss how these data help
us to understand the role of polydnaviruses in the host–
parasite interaction and in the dynamics of the evolution
of the symbiosis between polydnaviruses and wasps. We
will focus on recent data obtained on bracoviruses har-
boured by two parasitoid wasps of different braconid
subfamilies: CcPDV of Cotesia congregata
(microgastrinae) and CiV of Chelonus inanitus
(cheloninae) and compare them with the data obtained
on the ichnovirus ofCampoletis sonorensis. For clarity
we will � rst revisit some fundamental data on the simi-

� Corresponding author. Tel.:� 1-33-2-47-36-73-57; fax:� 1-33-2-
47-36-69-66.

E-mail address:drezen@univ-tours.fr (J.-M. Drezen).

larities and differences between bracoviruses and ichno-
viruses.

2. PDV particles

Transmission electronic microscopy (TEM) analyses
provided the � rst evidence regarding the differences
between bracoviruses and ichnoviruses. Virus particles
of both genera are produced from cells located in a
specialised region of the ovary, the calyx. Ichnovirus and
bracovirus particle replication occurs within the nuclei,
but the fate of the cells supporting virus replication dif-
fers. Ichnovirus particles are released continuously
through a‘budding’ process that do not damage the cells
(Volkoff et al., 1995). In the cells producing braco-
viruses the nuclei greatly enlarge, occupying most of the
cell volume at the end of virus replication and virus par-
ticles are released most probably through cell lysis (De
Buron and Beckage, 1992). The population of cells
undergoing bracovirus replication is continuously
renewed (Pasquier-Barre et al., 2002, De Buron and
Beckage, 1992).

Another major difference between bracoviruses and
ichnoviruses concerns the virus particles. Bracoviruses
have rod-shaped nucleocapsids with a uniform diameter
(35 nm), but variable lengths (30–150 nm) (Fig. 1). Ich-
noviruses nucleocapsids are much larger, have an ellip-
soid shape and are of uniform size (85� 330 nm). A
unique membrane surrounds bracovirus nucleocapsids
while two membranes surround ichnovirus capsids
(Webb, 1998).

Among bracoviruses, CcPDV has the particularity that
several nucleocapsids are embedded in a protein matrix
and enveloped within the same virus particle. Such virus
particles are found in the Cotesia genus (De Buron and
Beckage, 1992; Hamm et al., 1990) while in other braco-
viruses such as CiV, nucleocapsids are singly enveloped
(Albrecht et al., 1994).

3. PDV genome organisation in the nucleocapsids

The bracovirus genome consists of a collection of
DNA circular molecules (see DNA extracted from
CcPDV particles inFig. 1, panel D). Interestingly, it was
shown in the case of CiV, that each molecule is con-
tained in a different nucleocapsid. Indeed it was
observed using TEM that a single molecule of variable
length was released from each nucleocapsid after an
osmotic choc (Albrecht et al., 1994). The CiV bracovirus
can thus be considered as a heterogeneous population of
virions. We have not performed such a detailed analysis
on CcPDV, but the similar morphology of the nucleo-
capsids and the heterogeneity in their lengths suggest a
similar organisation.
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Fig. 1. Electron microscopy of CcPDV particles and electrophoretic analysis of the virus genome. (A) Bracovirus particles in the nucleus of a
calyx cell of the braconid waspCotesia congregata.Several nucleocapsids (n) were found per envelope (e) (bar, 44 nm). (B, C) Longer nucleocapsids
(ln, diameter 35 nm and length 200 nm) organised in arrays occasionally found in cells undergoing PDV replication resembling baculovirus particles
(B, transversal view, bar, 50 nm; C, longitudinal view, bar, 70 nm). These nucleocapsids present in some calyx cells undergoing PDV replication
are much longer than the more common nucleocapsids (n, shown in A, diameter 35 nm, length 30 nm) and are approximately the size of baculovirus
nucleocapsids. They are different from the long� lamentous particles of the other virus present in the ovaries ofCotesia congregata(De Buron
and Beckage, 1992). (D) Analysis of the CcPDV viral genome. Undigested virus DNA (0.5� g) puri� ed by � ltration from dissected ovaries was
separated by FIGE (� eld inverted gel electrophoresis), 18 different molecules are visible (MW, molecular weight marker).

By contrast, the entire viral genome is thought to be
packaged in a single ichnovirus particle (Webb, 1998).
Virus particles are homogeneous: viral subpopulations
with different DNA electrophoretic patterns are not
detected in density gradient fractions of puri� ed virus
(Krell et al., 1982). Furthermore, the ichnovirus lenticu-
lar nucleocapsids are large enough in theory to encapsid-
ate multiple DNAs (Webb, 1998).

4. Polydnavirus DNA is integrated into the wasp
genome

Viruses are obligate intracellular parasites which vary
considerably in their structure and biology, but exhibit
the following characteristics in common: they attach to
host cells, penetrate into the cells, replicate their nucleic
acid, synthesise virus-speci� c proteins, and release pro-
geny virions (Newton, 1982). Polydnaviruses meet all
these criterions except that their life cycle is split
between two different hosts. In the ovary cells of parasit-
oid wasps, PDVs replicate, synthesise virus-speci� c pro-

teins, and release virions. They attach and penetrate into
lepidopteran cells, where the infection leads to the syn-
thesis of proteins mostly involved in the host–parasite
interaction. However, unlike most viruses the infection
does not lead to the production of progeny virions. There
is neither virus particle replication nor virus DNA repli-
cation in host tissues (Theilman and Summers, 1986).
Thus the question of how these virus-like entities
appeared and were maintained in insects arose very soon
after their discovery. The fact that virus DNA could be
found in all individual wasps, including males (which
do not produce virus particles), suggested a physical
association between virus and wasp genomes (Fleming
and Summers, 1986). This was con� rmed � rst at the
beginning of the 1990s by genetic analyses of ichnovirus
and bracovirus transmission performed using polymor-
phism described for viral DNA circles. Using isogenic
lines of two species a braconid (Cotesia melanoscella)
and an ichneumonid wasp (Hyposoter fugitivus), it was
demonstrated that transmission of the circles follows the
Mendelian rules of heredity, which strongly suggested a
chromosomal transmission (Stoltz, 1990).
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At the same time, the demonstration that PDV gen-
omes are integrated into wasp chromosomes was
obtained using different molecular approaches. In South-
ern blot analysis, using a viral fragment as a probe,
restriction DNA fragments larger than the expected viral
circle (‘off-size’ fragments) were detected in DNA
extracted from male waspsCampoletis sonorensis
(Ichneumonidae) (Fleming and Summers, 1986). The
sequences of the viral circle therefore appeared to be
integrated into a larger molecule. Integration to the wasp
genome was� nally demonstrated with the cloning of a
fragment containing viral DNA� anked by sequences
hybridizing only with wasp genomic DNA (Fleming and
Summers, 1991). In Hyposoter fugitivus
(Ichneumonidae), at least four polydnavirus circles were
strongly suggested to be integrated into wasp high mol-
ecular weight DNA through the detection of the corre-
sponding‘off-size’ fragments (Xu and Stoltz, 1991).

Detailed molecular analyses of bracovirus segments
integration have also been performed. In the braconid
wasp, Cotesia congregata, we have isolated the inte-
grated form of a virus segment. The probes derived from
the DNA located 3’ of the virus sequences hybridised
speci� cally to wasp genomic DNA in Southern blot
analysis (Savary et al., 1997) a condition considered as
suf� cient to demonstrate integration of virus sequence
in the wasp genome. The integrated forms of viral DNA
were also studied in the braconid waspChelonus inan-
itus. The sequence of two virus segments and their
� anking regions were isolated from a genomic library of
male wasps that do not even contain traces of virus
circles in this species (Gruber et al., 1996; Wyder et al.,
2002). However, the physical linkage to wasp chromo-
somal DNA was not formally proven since all the seg-
ments analysed were found to be linked to other virus
segments (Wyder et al., 2002).

In addition to genetic and molecular analyses the inte-
gration of virus sequences was con� rmed very recently
using a third approach. We could visualise directly the
virus sequences on chromosomes ofCotesia congregata
using in situ hybridisation (Belle et al., 2002)(Fig. 2).
The advantage of this approach is that we could obtain
a picture of the overall organisation of the virus genome
within wasp chromosomes, i.e. answer the question
whether proviral sequences are located either on a single
chromosome or scattered in the wasp genome. Further-
more we were also interested in determining whether
polydnavirus integration sites are located in particular
chromosomal structures like centromeres or telomeres,
as demonstrated for many transposons and viruses
(Kidwell and Lynch, 2000).

We used several CcPDV probes to hybridise toCote-
sia congregatametaphase chromosomes (EP1, VP1,
VP2). We obtained good metaphase spreads using
developing gonads and brain dissected from larvae
emerging from parasitized caterpillars (Fig. 2). The C.

congregatahaploid set of chromosomes (n � 10) was
identi� ed using haploid males that constitute the sole
progeny of virgin females in haplodiploid species. The
C. congregatakaryotype is comprised of six metacentric
(1, 2, 3, 4, 6 and 10), three subtelocentric (5, 7 and 8)
and one acrocentric (9) chromosomes. Several chromo-
somes can be clearly distinguished on the basis of their
morphology. In particular chromosome 5 can be readily
distinguished from the other subtelocentric chromo-
somes. Interestingly, we found that all virus segments
analysed were located on the short arm ofCotesia con-
gregatachromosome 5 (Belle et al., 2002) (Fig. 2).

Moreover, we obtained a striking pattern of hybridis-
ation on spermatid nuclei that suggests a telomeric
location of virus sequences. The signals were always
localised at the periphery of the spermatid nucleus (Belle
et al., 2002). Studies on human sperm have yielded a
model of sperm nucleus organisation in which the cen-
tromeres are grouped into a chromocentre centrally
located inside the sperm nucleus, while the telomeres are
associated in doublets at the periphery (Zalensky et al.,
1995). If this model is applicable to insect spermatids,
then the pattern of hybridisation observed indicates a
telomeric location of CcPDV sequences. Interestingly,
this observation can be related to the high A/T content
of bracoviruses sequences (CiV 67–68% (Wyder et al.,
2002) and CcPDV 68%), a characteristic feature of telo-
meric sequences.

In Chelonus inanitusthe � anking sequences of 2 CiV
fragments (CiV12 and CiV14) were identi� ed recently
and shown to correspond to other virus segments indicat-
ing that at least two groups of three segments are clus-
tered in the virus genome (Wyder et al., 2002). The
results of both cytological and molecular studies thus
indicate that provirus sequences of the different CcPDV
and CiV bracovirus segments analysed are clustered in
the wasp genome, suggesting that most if not all the pro-
viral sequences of bracoviruses might be organised as
a unique macrolocus on a wasp chromosome (Belle et
al., 2002).

The demonstration that PDV sequences are integrated
into wasp genomes, and are therefore transmitted
chromosomally, is essential and serves as a basis for the
studies on the origin of the association between parasit-
oid wasps and their viruses.

5. Evolutive origin of polydnaviruses

Bracoviruses and ichnoviruses are not present in all
subfamilies of ichneumonids and braconids, but in separ-
ate lineages within each wasp family. They have been
found in two Ichneumonid subfamilies (Campopleginae,
Banchinae) and in four braconid subfamilies
(Cheloninae, Cardiochilinae, Miracinae and
Microgastrinae) (Whit� eld, personal communication).
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Fig. 2. Visualisation of PDV sequences in a wasp chromosome (a)C. congregatakaryotype. (b) Summary of the results obtained using in situ
hybridisation on wasp chromosomes (Belle et al., 2002). Three different viral probes EP1, VP1, VP2 hybridize to the short arm of chromosome
5. (c) In situ hybridisation onC. congregatachromosomes obtained using developing brain cells, with the CcPDV probe VP2. The inset shows
that the primary constriction of chromosome 5 can be‘elastic’ , so that the dot shaped arm of chromosome 5 appears as separated from the centromere.

The total number of species harbouring PDVs is esti-
mated to be approximately 30 000 (Webb, 1998). Ichno-
virus and bracovirus carrying species are clearly separ-
ated by lineages that lack polydnaviruses. Together with
the differences in particle morphology and ultrastructural
characteristics of calyx cells supporting virus replication,
these phylogenetic data suggest that the association with
polydnaviruses originated at least twice and indepen-
dently among wasps (Webb, 1998).

Analyses of molecular data (16S RNA) and of 21
morphological characters were performed to study the
phylogeny of braconids. Braconids carrying bracoviruses
correspond to a monophyletic lineage, the microgastroid
complex (Whit� eld, 1997), which means that all mem-
bers of the eight subfamilies from the microgastroid
complex contain polydnavirus in contrast to lineages
outside this group. This result has subsequently been
corroborated by independent analyses of 16S RNA
(Dowton et al., 1998) and 28S RNA sequences (Belshaw
et al., 1998; Dowton and Austin, 1998). Using the age
of available fossils to calibrate the molecular clock, it
was recently estimated that the common ancestor of this
lineage lived over 73.7� 10 million years ago
(Whit� eld, 2002). Thus, more than 15 000 species carry-
ing bracoviruses might be derived from a single evol-
utionary event: the integration of the PDV progenitor
into the DNA of an ancestor parasitic wasp species.

Given the common localisation of multiple virus seg-
ments inCotesia congregataandChelonus inanituswe
suggest that the virus genome might be organised as a
macrolocus on a particular chromosome (Belle et al.,
2002; Wyder et al., 2002). Such an organisation would
also support the hypothesis of the unique origin of the
braconid wasp–PDV association. A single integration
event would have been suf� cient to integrate all the virus
sequences in the ancestor wasp genome.

If the evolution of virus DNA is driven exclusively
via the integrated form, the phylogeny established for
virus sequences should be a mirror of that established
for wasps. Until recently, few PDV genes had been
characterised and each gene had been identi� ed in one
wasp species only. Whit� eld has recently begun to build
a bridge between bracoviruses by cloning the homologue
of the CrV1 gene (� rst isolated fromCotesia rubecula)
and of the EP1 gene (cloned initially inCotesia
congregata) in � ve and two species from the Cotesia
genus, respectively (Whit� eld, 2000). The phylogeny
obtained from the comparison of the CrV1 gene between
the six Cotesia species matches the one established from
wasp mtDNA and NADH DNA analyses which is con-
sistent with PDVs being inherited without horizontal
transmission.

By contrast to the situation described for the braco-
viruses, the phylogenetic relationship between ichneu-
monid species bearing ichnoviruses is still poorly
de� ned. In particular, it is not known if one or several
events of association led to the obligatory relations
observed today. However, it is clear that ichneumonid
wasp–virus symbiosis occurred independently from the
virus capture in the braconid lineage. The nature of the
ancestral virus in braconid and ichneumonid is also prob-
ably different. Since the morphology of bracovirus
nucleocapsids has not diverged greatly in a 70 million-
year period of evolution, it seems reasonable to assume
that the different nucleocapsids of ichnoviruses and bra-
coviruses most probably re� ect a different nature of the
ancestral viruses captured in the two parasitoid wasp
families. Given the differences in the morphology, in the
mode of replication, as well as the different history of
their association with parasitoid wasps, we can even
question the pertinence of classifying bracoviruses and
ichnoviruses as a same virus family. In the obligatory
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relations of ichneumonid and braconid wasps with
viruses, we are probably facing a phenomenon of con-
vergent evolution induced by the same environmental
constraint: the necessity to develop within the hemocoel
of an insect host.

6. Evolution of PDV genome once integrated in the
wasp genome

The fact that PDVs do not replicate in host tissues and
that they are integrated into wasp DNA puts the evol-
ution of the PDV genome under speci� c constraints that
are not typical of classical viruses. Genes controlling
host physiology and immunity are under high selection
pressure since the transmission of virus DNA is strictly
dependent upon the success of the parasitoid. Concep-
tually, only sequences involved in encapsidation and in
the expression of virus genes in the lepidopteran host
are required to be located on the DNA circles. Since the
integration of PDVs in the wasp genome is millions of
years old, sequences originating from the ancestral virus
might no longer reside in the virus segments, but might
be present in the wasp genome as has been described
in many other symbiotic interactions. Conversely, genes
originating from the wasp might have been transferred
into the virus sequences and maintained if they prove
useful for parasitism success (Webb, 1998).

We have already obtained the sequence of a signi� -
cant part of the CcPDV genome (175 kb out of approxi-
mately 250 kb) and its content can be compared with
the prediction of the theory on the evolution of PDV
genomes once integrated in the wasp genome.

The overall sequence is A-T rich (68%) a proportion
similar to that found for the sequenced CiV segments
(67–68%) (Wyder et al., 2002). The computer analysis
of the virus genome (using the programs Genescan
(Burge and Karlin, 1997) and AAT (Huang et al., 1997))
indicates that the virus segments contain many putative
genes. Among the potential proteins encoded by these
genes, some contain well-characterised protein domains,
some are homologous to hypothetical proteins identi� ed
in eukaryotic genomes, while others have no homology
at all with sequences in the data banks. Most of the
CcPDV genes analysed contain introns such as the CiV
genes described (Wyder et al., 2002; Johner and Lanzr-
ein, 2002) and belong to multigenic families, a situation
which is characteristic of eukaryotic genomes and not of
virus genomes. Only one segment analysed (the A circle)
does not seem to contain any genes from computer
analysis. However, it is not possible to exclude that this
circle encodes a short peptide. Comparison between A
and EP1 circle sequences suggests that one of the circles
arose through a duplication event. More generally, the
analysis of the circles suggests that many duplication
events have occurred, some of them fairly recently

(except if genetic conversion events regularly homogen-
ise the virus sequences), which have contributed to the
constitution of multigenic families.

We have assessed using Northern analysis the
expression of several potential viral gene families in
parasitised host larvae, and found that they were all
expressed in the host (personal data). This could be an
indication that the genes encode virulence factors
involved in the host–parasite interaction.

By contrast to the seemingly abundance in genes
encoding potential virulence factors very few potential
genes displaying homology with known virus sequences
have been found so far. One gene has a signi� cant hom-
ology with an ascovirus gene (SF AV1), but the function
of the corresponding ascovirus protein is unknown
(Staziak et al., 2000). The only other virus-related
sequences have a signi� cant homology with retrovirus-
type transposons. During the 70 million years of inte-
gration of the bracovirus genome within microgastroid
genomes it is not surprising that mobile elements have
transposed into the integrated form of polydnavirus seg-
ments as into any part of the wasp genome. Bracoviruses
were originally described as unusual baculoviruses
(Krell and Stoltz, 1979) because of their similar particle
morphology (Fig. 1). However, so far we have found
no signi� cant homology between PDV and baculovirus
genes to con� rm that this morphological similarity
re� ects a true phylogenetic relationship. More generally
the analysis of CcPDV sequences has not given to date
any clue concerning the nature of the ancestral virus cap-
tured by the ancestor wasp of the microgastroid lineage.

A possible interpretation is that PDVs did not orig-
inate from a virus and thus that a virus structural gene
set has never existed within PDV particles. More likely
sequences containing virus structural genes might have
‘ lost’ the capacity to be encapsidated after millions of
years of evolution within wasp chromosomes. If this is
the case, genes involved in PDV particle replication
should be searched for within the wasp genome. We will
discuss below how a recent model of PDV replication
could help for the isolation of such genes.

The results obtained on the analysis of ichnovirus
sequences sounds very similar. The sequence analysis of
the Campoletis sonorensisichnovirus (CsIV) was com-
pleted recently (Webb, 2002). The 253 kb genome is
~66% noncoding, containing just over 50 genes (or pre-
dicted open reading frames) that belong to six viral gene
families. The CsIV genome contains multiple variants of
genes expressed during parasitism, but few genes
required for virus replication.

Bruce Webb concludes that the extant viral genome
results from the divergent action of reductive evolution,
genes required for virus replication are lost to the wasp
genome, and proliferative evolution, the acquisition and
diversi� cation of genes disrupting host immunity and
development (Webb, 2002). The loss of viral structural
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genes by the virus genome has now been documented.
Indeed it was reported that a recently identi� ed gene
encoding a structural protein ofCampoletis sonorensis
PDV, the p44 gene, was not encapsidated (Deng et al.,
2000).

Altogether the results on sequence analysis of PDV
genomes are in accord with the hypothesis that virus
sequences have been integrated in parasitoid genomes
for a very long period of time. These viruses have
evolved following the particular constraints linked to the
chromosomal transmission of the virus sequences and
the selection of virus genes ensuring parasitism success.

We will now discuss what we know of the molecular
mechanisms that might be involved in the loss of struc-
tural genes and the acquisition of new virulence genes
by the PDV genome.

7. How can virulence genes be acquired by the
PDV genome: de novo integration of virus
segments and transposition of mobile elements

The properties of some PDV segments to integrate de
novo into DNA might provide clues into understanding
how virulence genes can be acquired by PDVs.

The question of whether PDV segments still have the
capacity to integrate into DNA was raised by the results
of cultured cell experiments. Several PDV infection
experiments ofLymantria disparcultured cells indicated
that viral DNA might persist as an integrated form in
the insect host. Cells surviving to infection byGlypta-
panteles indiensispolydnavirus (GiPDV) were stably
transformed with DNA from at least two segments of
the GiPDV genome: almost an entire 18.7 kb GiPDV
segment (p157) and a smaller part of a second segment
(p384) (McKelvey et al., 1996). Another PDV from
Hyposoter fugitivus(ichnovirus) has also been shown to
integrate intoL. disparscell lines (Kim et al., 1996) and
speci� c persistence of the expression of theHyposoter
dydimatorichnovirus K gene has been reported inSpo-
doptera frugiperdacells (Volkoff et al., 2001).

The p157 DNA maintained intoLymantria dispar
cells has been cloned. It contains virus DNA covalently
linked to lepidopteran cell DNA, which demonstrates its
integration (Gundersen-Rindal and Dougherty, 2000).
The segment can also persist in non-host-infected cell
lines derived from various lepidopteran species and even
from a coleoptera (Gundersen-Rindal et al., 1999). In all
cases, the PDV sequences are most probably integrated,
since a speci� c band corresponding to the circular form
is consistently absent in the transformed cells
(Gundersen-Rindal et al., 1999). The fact that the same
viral DNA fragment is consistently detected in the DNA
of different insect cells suggests that integration of PDV
DNA does not occur by chance, but that a speci� c mech-
anism is involved.

The ability of PDV DNA to integrate in vivo into
parasitised host cells has not been demonstrated yet and
its biological signi� cance would be unclear. Indeed, it
is very unlikely that the stability of PDV DNA within
host tissues might require the integration into host cells.

However, the ability of some virus segments to inte-
grate could be related to integration into wasp DNA and
not host DNA. Bruce Webb has proposed that through
‘ transposition’ within the wasp genome, virus segments
have picked up genes that have revealed to be useful for
parasitism. For instance, such mechanisms might have
enabled the transfer of wasp venom genes to the virus.
This would explain the immunological relatedness and
physical similarities between ichnovirus proteins and
venom proteins of the waspCampoletis sonorensis
(Webb and Summers, 1990).

Some transposable elements, by inserting in the inte-
grated form of the PDV genome, may also be a source
of virulence genes. Accordingly an aspartyl protease
gene of retroviral origin was detected in theToxoneuron
nigricepsPDV genome. This gene is highly expressed in
host larvae parasitised by the braconid waspToxoneuron
nigriceps (Falabella et al., 2003). PDV sequences that
have retained the property to integrate into DNA might
also correspond to transposable elements.

8. How are structural genes lost to the wasp
genome: recognition sequences at the extremities of
the virus segments are required for the
excision/circularisation of the virus segments

The other major consequence of the integration of the
PDV genome over a long period of time in the wasp
genome is the loss of genes required for virus replication
to the wasp genome. To understand how structural genes
might have been lost it is necessary to know how the
virus circles found in PDV particles are produced from
the proviral form of the virus genome.

The dsDNA circles contained in virus particles clearly
originate from the chromosomal forms of the virus
sequences. However, little is known about the mech-
anism that ensures their production.

The relationship between the integrated form of the
virus present in the wasp chromosome and the circular
form injected into the parasitised host was investigated
in two independent studies performed on the braco-
viruses of Chelonus inanitusand Cotesia congregata.
The � anking regions of virus segments were determined
in each species (CiV12 and CiV14 forChelonus inan-
itus, EP1 for Cotesia congregata) after cloning of the
integrated forms from male genomic DNA libraries
(Savary et al., 1997; Gruber et al., 1996; Wyder et al.,
2002). Using PCR analyses with primers� anking the
integration site in the wasp DNA, speci� c products were
obtained corresponding to the excision of the virus
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sequence located between the� anking regions. These
results indicate that virus sequences are excised during
the production of dsDNA circles which will in turn be
enclosed into virions.

In both braconid species, an imperfect direct repeat is
found at both extremities of the integrated virus
sequence. A recombined form of these repeats is found
on the PCR products and on the dsDNA circles. Interest-
ingly, in CcPDV, these repeats contain a potential bind-
ing site for a recombinase of the Hin family, located
in close vicinity to the position where the DNA strand
exchange occurs. This suggests that CcPDV sequences
excise via a site-speci� c recombination mechanism
somewhat similar to that mediated by the Hin family of
recombinases (Savary et al., 1997, 1999).

Chelonus inanitusrepeated sequences have a weak
similarity with a Hin site (Wyder et al., 2002). Since
Cotesia congregataandChelonus inanitusbelong to two
different braconid subfamilies it is not really surprising
that the repeats are different. These differences in the
recognition sequences do not exclude that the general
mechanism of excision have been inherited from the
ancestral bracovirus since it might have signi� cantly
diverged during the evolution of the two wasp subfamil-
ies.

The loss of a direct repeat at one extremity of the
chromosomal form of a virus segment or a mutation pre-
venting the binding of the recombinase ensuring
excision/circularisation could be in theory suf� cient for
the virus sequence to be lost by the virus genome. Such
a loss would have no cost for the parasitoid wasp, as
long as the genes encoded by the segment are not
involved in the host–parasite interaction. Moreover, new
insights in virus replication (see below) suggest that such
segments could still be ampli� ed during virus repli-
cation.

9. In CcPDV several segments are co-ampliÞed
within a larger precursor molecule comprising a
sequence not found in the virus particles. This
Þnding questions the extant of the virus genome

Conceptually, virus sequences have to be both ampli-
� ed and excised/circularised before being encapsidated.
Several working models can be proposed for these two
key steps, (1) virus sequences are circularised� rst by
excision of the virus segments from the wasp chromo-
some and the dsDNA circles produced are ampli� ed
after (see H1,Fig. 3). (2) Alternatively, virus segments
adjacent in the wasp genome are� rst co-ampli� ed in the
same molecule and then excised to give the different
dsDNA molecules found in the virus particles (H2,Fig.
3). We found recently that the CcPDV virus segments
located at the EP1 locus are indeed co-ampli� ed prior
to excision. At least two adjacent segments (and prob-

ably many more) are ampli� ed together (Pasquier-Barre
et al., 2002). The EP1 dsDNA circle is produced by exci-
sion from this ampli� ed molecule.

The ampli� cation of virus sequences does not occur
directly on the chromosome (H2) such as described for
example in drosophila ovary cells for the ampli� cation
of chorion genes (Spradling, 1981). Indeed, the map of
the ampli� ed molecule is different from that of the
chromosomal form at a de� ned position in the down-
stream� anking region of the EP1 segment (Pasquier-
Barre et al., 2002).

Our new model of virus sequence replication thus
involves the excision of a very large molecule from
Cotesia congregatachromosome 5, the ampli� cation of
this molecule, followed by the excision of individual
circles by a site-speci� c recombination mechanism (H3,
Fig. 3). The ampli� ed molecule might correspond to the
whole genome as the virus sequences might be located
on the same chromosomal locus according to in situ
hybridisation experiments (see above).

Strikingly, the ampli� ed molecule contains a DNA
sequence which is not found in the virus particles. This
indicates that virus sequences ampli� ed in the wasp do
not correspond exactly to the virus genome encapsidated
in the particles.

In Chelonus inanitus, it would be of interest to deter-
mine if the clustered CiV segments are also ampli� ed
together before being excised/circularised (Wyder et
al., 2002).

In the Campoletis sonorensisichnovirus, smaller
circles are generated from larger circles through alterna-
tive recombination pathways and produced in different
quantities (Xu and Stoltz, 1993; Cui and Webb, 1997),
a mechanism called nesting. Both smaller and larger seg-
ments are found in the virus particles. Nesting results in
an increase in the relative abundance of some polydna-
virus genes in the virus particles injected into the parasit-
ised host and this gene dosage might have a physiologi-
cal function during parasitism (Webb, 1998). The
possible occurrence of nesting has been described
recently in the case of theChelonus inanitusbracovirus
CiV14 segment (Wyder et al., 2002). In the CcPDV gen-
ome, we did not detect any indication of nesting so far.
However, the co-ampli� cation of virus segments in a
large molecule, such as that found for the EP1 locus is
a concept very similar to that of nesting, except that the
large molecule is not found in the virus particles.

Interestingly, it was reported that the p44 gene enco-
ding a structural protein ofCampoletis sonorensisPDV,
is ampli� ed in females undergoing virus replication
although the gene is not encapsidated within virus par-
ticles and thus considered as non-viral DNA (Deng et
al., 2000). The authors suggest that the corresponding
gene was lost from the virus genome during evolution
to reside permanently in the wasp genome. However, the
fact that it is ampli� ed coincidently with virus repli-
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Fig. 3. Working models on PDV excision/circularisation and replication. H1, individual excision of virus segments followed by replication of the
circular form. H2, chromosomal replication followed by excision of the virus segments. H3, excision of a large molecule containing the sequence
of several virus segments followed by replication and individual excision of virus segments (Pasquier-Barre et al., 2002). In this hypothesis, the
sequences located between virus segments in the integrated form might be ampli� ed, but not encapsidated.

cation is puzzling and questions its non-virus nature.
Based on our� ndings that CcPDV sequences not
included in virus particles are ampli� ed together with
virus segments (Pasquier-Barre et al., 2002) we propose
that the sequence encoding the p44 gene might have lost
the sequences allowing excision/circularisation, but is
still present as a‘ replicating form’ of the virus genome.
This hypothesis has an evolutionary basis. There is no
selective pressure for the conservation of structural
genes within the dsDNA circles injected into the host,
since PDVs do not replicate within host tissues. How-
ever, the structural proteins have to be produced in large
amounts in calyx cells to achieve a high level of virus
particle production. This necessity might have exerted a
selection pressure for the sequences encoding structural
genes to be maintained at least within a replicating form
of the virus genome.

If this hypothesis is con� rmed, the analysis of the con-
tent of the‘ replicative form’ of the polydnavirus genome
will be a major tool to identify PDV structural genes. It
should also prove useful to determine the nature of the
ancestral polydnaviruses captured by the wasp genomes.
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of tri- and tetrapeptides (Table 1, entry 10).
When an excess of the oxidizing agent was
used with phenylalanine thiocarbamate2, LC-
MS established that a 63% yield of dipeptide
was obtained in just 5 min, along with 13%
tripeptide, 3% tetrapeptide, and traces of
penta- and hexapeptide (Table 1, entry 11).

In experiments in which a mixture ofL-
serine (Ser, 50 mM) and the phenylalanine
thiocarbamate2 (25 mM) in CHES (400
mM, pH 9.0) were allowed to react, either in
the presence of CdCl2 (25 mM) or
K3Fe(CN)6 (25 mM), a mixture of peptides
was produced corresponding to Phe-Ser,
Phe-Phe, Phe-Phe-Ser, and Phe-Phe-Phe.
No homopolymers of serine were observed.
In another experiment, a mixture ofL-serine
and L-phenylalanine was exposed to COS
(Table 2, entry 4). In contrast to the previous
reaction, Ser-Ser and Ser-Ser-Ser were pro-
duced, along with polymers of phenylalanine
and mixed peptides (Fig. 1B). These obser-
vations strongly suggest that the activated" -
aminoacyl compound derives from the thio-
carbamate structure and that, once activation
has occurred, peptide formation proceeds via
nucleophilic attack by a second" -amino acid
molecule on the in situ–formed NCA. The
generality of the COS-mediated" -amino
acid condensation reactions in the presence
of Pb2� was established with reaction
mixtures containing equimolar mixtures of
L-phenylalanine and eitherL-tyrosine, L-
leucine, L-alanine, or L-serine (Table 2, fig.
S5). In all reactions, efficient production of
mixed dipeptides and tripeptides was observed.

Present-day levels of COS in volcanic
gases have been reported up to 0.09 mol %
(14). Because the gas hydrolyzes rapidly on
a geological time scale, it is unlikely to have
accumulated to a high concentration in the
atmosphere. Thus, if COS was important in
prebiotic chemistry, it is likely to have func-
tioned in localized regions close to its
volcanic sources. Although it may be un-
likely that a substantial proportion of any
amino acids present would have been con-
verted to thiocarbamates, this would have
been no obstacle to aBpolymerization on the
rocks[ scenario (15, 16) in which peptides
long enough to be irreversibly adsorbed near
the source of the COS were subject to slow
chain elongation. The direct elongation of
peptide chains using COS as a condensing
agent and the condensations catalyzed by
Fe2� or Pb2� ions seem plausible as
prebiotic reactions (17). The very efficient
polymerizations brought about by oxidizing
agents are more problematic as prebiotic
reactions, butEFe(CN)6

3̂� has been dis-
cussed as a potential prebiotic oxidizing
agent (13).

It remains to be determined whether COS
could have participated in prebiotic chemistry
in other ways—for example, as an interme-

diate in the reduction of CO2 (18, 19) and as
a condensing agent in phosphate chemistry
(20, 21).
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Little is known of the fate of viruses involved in long-term obligatory
associations with eukaryotes. For example, many species of parasitoid wasps
have symbiotic viruses to manipulate host defenses and to allow develop-
ment of parasitoid larvae. The complete nucleotide sequence of the DNA
enclosed in the virus particles injected by a parasitoid wasp revealed a com-
plex organization, resembling a eukaryote genomic region more than a viral
genome. Although endocellular symbiont genomes have undergone a dra-
matic loss of genes, the evolution of symbiotic viruses appears to be
characterized by extensive duplication of virulence genes coding for truncated
versions of cellular proteins.

Once regarded as a rare biological event,
symbiosis is now known to be central to the

origin of eukaryotic cellular organelles. The
genomes of mitochondria and plastids are
known to be dramatically reduced compared
with those of their ancestors—free-living
bacteria (1). There are also examples of viral
symbionts, but almost nothing is known
about the genome rearrangements these have
undergone during their evolution.

Polydnaviruses (PDVs) are used by para-
sitoid wasps to facilitate development of their
progeny within the body of immunocompetent
insect hosts, which are typically lepidopteran
larvae (2). Viral particles are produced in the
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wasp ovaries and are injected via the wasp
ovipositor into the insect host along with the
parasitoid eggs (2). Viral gene products act by
manipulating host immune defenses and
development, thereby ensuring the emergence
of adult parasitoid wasps (3). Unlike most
viruses, polydnaviruses are not transmitted by
infection, because no virus replication occurs
in parasitized host tissues. They are exclu-
sively inherited as an endogenousBprovirus[
integrated in the wasp genome (4–6).

The Polydnaviridae are a unique insect
virus family on the basis of the molecular
features of their genome and of their obligate
association with endoparasitoid wasps (7, 8).
They are composed of two genera, braco-
viruses and ichnoviruses, associated with
braconid and ichneumonid wasps, respec-
tively, with distinct evolutionary origins (2).
Bracovirus-bearing species have a common
ancestor (9). The classical hypothesis is that
bracoviruses originate from anBancestor
virus[ initially integrated into the genome
of the ancestor wasp species that lived 73.7T
10 million years ago (10).

Several PDV genes expressed in parasitized
host tissues have been isolated from various
wasp species but the organization and content
of PDV genomes are largely unknown (11).
Here, we present the complete nucleotide
sequence of the bracovirus (CcBV) injected
by the waspCotesia congregatainto its
lepidopteran hostManduca sexta.

With a full length of 567,670 base pairs
(bp), the CcBV genome (Table 1) is one of
the largest viral genomes sequenced so far
(11). The segmented genome is composed of
30 DNA circles ranging from 5 to 40 kb and
contains 156 coding DNA sequences (CDSs)
(Fig. 1). The overall sequence displays a
strong bias toward A-T content (66%), and
more than 70% of the sequence corresponds
to noncoding DNA. The circles encode at
least one gene (with the exception of a single
noncoding circle), and the percentage of
potential coding sequences varies from 7.4
to 53.9% depending on the circle, a gene
density that is markedly different from the
highly compact structure of aBclassical[
virus genome. Unlike most viral genes, many
CcBV genes contain introns (69%), and

42.3% of putative CDSs have no similarity
to previously described genes (Fig. 2).
Another unique feature of the CcBV ge-
nome, compared with classical viruses, is the
abundance of gene families: 66 genes
(42.5%) are organized in nine families
(Table 2). It is noteworthy that the proteins
encoded by four of these gene families
contain highly conserved domains previously
described in virulence factors used by
bacterial pathogens or parasitic nematodes.

The largest CcBV gene family comprises
27 genes encoding protein tyrosine phospha-
tases (CcBV PTP). PTPs are known to play a
key role in the control of signal transduction
pathways by dephosphorylating tyrosine
residues on regulatory proteins (12). We
recently identified PTPs in bracoviruses of
two distantly related braconid subfamilies
(13) (Table 2), which suggests that they
constitute a common component of braco-
virus genomes. Bracovirus PTPs share sig-
nificant similarity with cellular PTPs, but
they are not homologous to baculovirus or
poxviruses PTPs, which counters the hypoth-
esis that bracoviruses originated from baculo-
viruses as initially suspected (14). Note hat
some bacterial pathogens, such asYersinia
pestis, inhibit host macrophage phagocytosis
by injecting PTPs that interfere with the
signal transduction pathways controlling
actin cytoskeleton dynamics (15). In re-
sponse to the injection of a foreign body,
insect hosts enclose it in a cellular sheath of
hemocytes in an encapsulation process that
requires adherence, spreading, and attach-
ment of immune cells. Like pathogenic

bacteria, parasitoid wasps may inhibit the
cytoskeleton dynamics of immune cells
using viral PTPs and thus may prevent
encapsulation of parasitoid eggs.

The second largest CcBV gene family
(CcBV ank) comprises six genes encoding
proteins with ankyrin repeat motifs. These
proteins belong to the I0B family (16),
whose members are inhibitors of nuclear
factor 0B (NF-0B)/Rel transcriptional fac-
tors, implicated in vertebrate andDrosophila
immune responses (17). As reported recently
for other PDVs, CcBV Ank proteins lack the
regulatory elements associated with the basal
degradation of I0B proteins. Normally, prote-
olysis of the inhibitor of nuclear factor0B
(I0B) releases NF-0B/Rel, sequestered in the
cytoplasm by I0B, to translocate to the
nucleus and to initiate transcription of im-
mune response genes (17). A similarly trun-
cated I0B-like protein is used by a poxvirus
(the African swine fever virus) to inhibit the
vertebrate immune response (18). The trun-
cated forms of the six CcBV Ank proteins
may play the same role in lepidopteran hosts.

The third gene family encodes for four
predicted cysteine-rich proteins (CcBVcrp)
containing a particular cysteine knot motif
(19). A similar protein—teratocyte secreted
protein 14 (TSP 14)—is encoded by a
cellular gene of a braconid wasp species
(20). The TSP14 protein is secreted by
teratocytes (i.e., wasp cells circulating within
the host_s hemolymph) and, notably, inhibits
storage protein synthesis. CcBV Crp proteins
may also inhibit translation of storage
proteins, such as arylphorin, the level of

Table 1. Genomic features of CcBV (Cotesia
congregatabracovirus).

Genomic features Complete genome

Length (bp) 567670
A� T ratio (%) 66.05
Percent coding sequence 26.9
tRNA coding genes 7
Predicted genes encoding

proteins
156

Genes with functional
assignments

42

LTR and transposons 10

Fig. 1. Graphical rep-
resentation of the
gene distribution for
each CcBV circle. Each
circle is represented by
a bar. Areas in white
represent the length of
the coding sequence,
with the number of
coding sequences indi-
cated in black. Areas in
gray represent non-
coding sequences. The
total length of each
circle (bp) is indicated
in black.
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which is dramatically decreased in the
hemolymph of parasitizedManduca sexta
(21). Selective disruption of host protein
translation is thought to redirect host metab-
olism to support endoparasite growth and
development.

The fourth gene family encodes three
cysteine protease inhibitors (CcBVcyst) of
the cystatin superfamily. Cystatins have been
described in a variety of organisms (22) but
have apparently not previously been found in
viruses (23). Interestingly, cystatins are also
secreted by parasitic filarial nematodes and
account for a major part of their immuno-
suppressive activity (24).

The products of the five other gene
families do not contain any conserved
domains that would allow prediction of their
function (Fig. 2). Two genes are only known

from Cotesia congregatabracovirus (CcBV
hypothetical1and CcBVhypothetical2fam-
ilies), and the other three families contain
genes described in viruses associated with
other Cotesiaspecies (25) (CcBV EP1-like,
CcBV family1, CcBV family2). Most of these
genes are expressed in the host tissues—the
EP1 protein, for example, can account for
10% of the hemolymph protein content in
parasitized hosts (26)—and presumably are
required for successful parasitism.

The complex genome of CcBV devotes at
least 26% of its CDS to potential virulence
factors. Several genes probably originate from
duplication events, resulting in multiple mul-
tigenic families consisting of up to 27 genes
and constituting almost half the CDS. Such
gene diversification may have facilitated the
radiation of the bracovirus-bearing wasp

complex, which now consists of 17,500
species (9). Strikingly, CcBV ank and CcBV
PTP resemble truncated versions of cellular
genes. Cysteine-knot motif genes have not
only been described in PDV genomes, but
also in the genome of a braconid wasp
(Microplitis croceipes) (20). Finally, some of
the CcBV genes, such as cystatin and histone
H4 genes, have apparently not yet been
described previously in viral genomes, which
suggests that some of the PDV genes have
been acquired from the cellular genome. Gene
transfer may have occurred into the chromo-
somally integrated form of the virus, after
recombination or transposition events.

Apart from the abundance of virulence
factors, the CcBV genome lacks CDS with
significant similarity to other virus genes.
There are remnants of genes from retrovirus-
like elements, but only three genes share
significant similarities with sequences from
free replicating viruses. Two putative pro-
teins have a significant similarity with a
baculovirus protein (48% similarity with
Autographa californica M nuclear poly-
hedrosis virus gp94) nonessential for infec-
tivity (27). A third protein shows significant
similarity(39.9%)toahypotheticalproteinfrom
Spodoptera frugiperdaascovirus 1 (SfAV1), a
member of a family of lepidopteran-infecting
viruses (28).

Unexpectedly, the bracovirus genome
does not contain any set of genes that offers
a hallmark for a known virus family. The
paucity of Bvirus-like[ genes may be partly
explained by the selection pressures acting on
PDVs. The genes involved in the production
of virus particles do not have to be present on
the DNA injected into insect hosts, because
virus particles_ replication is restricted to
wasp ovaries. The demonstration that the
p44 gene encoding a structural protein of the
Campoletis sonorensisichnovirus is ampli-
fied in female wasps undergoing virus

Table 2.Features of the CcBV gene families. The features of each gene family
are detailed with the circle (C) localization of each gene and the number of
related genes on each circle. The average % of similarity of the related
proteins are indicated for each gene family. Other PDVs containing such

families are indicated. GiBV,Glyptapanteles indiensisbracovirus; CsIV,
Campoletis sonorensisichnovirus; MdBV,Microplitis demolitor bracovirus;
HfIV, Hyposoter fugitidusichnovirus; TnBV,Toxoneuron nigricepsbracovirus;
CkBV,Cotesia kariyaibracovirus; CgBV,Cotesia glomeratabracovirus.

Parameter
CcBV families

PTP ank crp cyst EP1-like hp1 hp2 f1 f2

Number of related genes 27 6 4 3 6 2 7 6 5
Circle no.: no. of related genes C1:8 C11:1 C18:2 C19:3 C1:3 C30:1 C3:1 C9:2 C19:3

C4:2 C14:2 C32:1 C5:1 C18:1 C6:1 C23:1 C25:1
C7:1 C15:1 C35:1 C7:1 C9:1 C25:1 C30:1
C10:5 C26:2 C8:1 C20:1 C33:2
C14:3 C23:1
C17:5 C25:1
C26:3 C33:1

Percent similarity G5 19.49 13.79 75 16.34 63.28 33 41.48 75.14
PDVs in which similar gene families are found GiBV CsIV CsIV None CkBV None None CkBV CkBV

TnBV HfIV CgBV GiBV
TnBV MdBV
MdBV

Fig. 2. Classification of the
156 genes identified in the
CcBV genome: 42.3% of the
genes encode proteins show-
ing no similarity to proteins
in databanks (in white);
42.5% of the genes are orga-
nized in nine multigenic fam-
ilies (indicated with different
colors). In blue are shown
genes encoding proteins with
we l l - k nown con se rve d
domains (PTPs, protein tyro-
sine phosphatases; ank,
ankyrin; crp, cysteine-rich
proteins; cyst, cystatins). In
orange are shown gene fam-
ilies specific of CcBV (hp1 and
hp2: hypothetical 1 and 2). In
green are shown gene fami-
lies common to other species
of the Cotesiagenus. Of the
genes, 3.2% are single genes encoding proteins that are homologous to ‘‘bracovirus proteins’’
(hatched green); 1.9% (hatched gray) correspond to the three genes encoding proteins with viral
structural domains and 3.8% to the genes that resemble retrovirus-like elements (hatched pink).
In dotted-line gray are shown 6.4% of the genes encoding proteins that have similarity with
proteins in hypothetical databanks.
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replication, but is not encapsidated, lends
support to this hypothesis (29).

The idea that all the genes involved in
viral DNA replication and virion production
have been transferred to the wasp genome is
nevertheless difficult to sustain. A more
parsimonious hypothesis would be that
bracoviruses do not originate from any of
the large genome viruses characterized to
date (30). They may have been built up from
a simple system producing circular DNA
intermediates, such as mobile elements,
within the wasp genome. The acquisition of
a capsid protein, possibly of viral origin,
around the circular DNA intermediates would
have allowed infection of lepidopteran cells.
Finally, virulence genes could have been
acquired from the wasp genome at different
times during evolution of bracovirus-bearing
wasp lineages, thus explaining why CcBV
genes encoding proteins with a predicted
function resemble cellular genes.

From their genome content, bracoviruses
can be discerned as biological weapons
directed by the wasps against their hosts.
The wasp strategy for delivery of bracovirus
genes could inspire medical applications for
gene therapy, whereas PDV virulence factors
are of interest in agriculture. Currently, a
parasitoid gene is already in use in pest-
control studies: TSP 14–producing transgen-
ic plants significantly reduceManduca sexta
larvae growth and development (31). Cys-
tatins also have pesticide activity, because
when expressed in transgenic plants, they

can reduce the growth of nematodes (32).
Other potential virulence factors encoded by
PDV genomes may also serve as a source of
natural molecules with insecticide activity of
high specificity (33).
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Sequencing strategy: CcBV dsDNA circles were sequenced using a shot gun strategy. Virus 

particles were purified by filtration (spinX Costar) from 6000 female wasp ovaries from the 

laboratory strain of Cotesia congregata. Virus DNA was extracted as previously described (S1) 

and amplified using the rolling circle DNA polymerase TempliPhi (Amersham Biosciences). 

About 40 µg of  DNA was sheared (Genemachines hydroshear)  and the resulting fragments 

were separated on preparative LPM agarose gel (FMC). DNA fragments of about 5 kb were 

eluted using beta-agarase (Biolabs) and ligated to the BstXI- digested pcDNA2.1 vector 

(Invitrogen). The transformation step was performed in  electro-competent bacteria of the 

Escherichia coli strain DH10B (GIBCO-BRL). Sequence reads of 2000 subclone ends were 

performed using dye primer sequencing on a LiCor 4200 or dye terminator sequencing on an 

ABI 3700 (PE-Applied Biosystem).  

The sequences were assembled into contigs using PHRED (*) and PHRAP (P. Green, 

unpubl.) softwares. The gaps between the contigs were filled using primer walking, and poor 

quality sequences were improved using specific primers and dye terminator sequencing on 

automated ABI 3700 and ABI 3730 sequencers (PE-Applied Biosystem). 

Consensus sequences were considered as valid when at least 98% of the nucleotides were 

base-called with a PHRAP score above 40. The consensus sequence was obtained after 

analysis of at least 3 sequence reads on both strands, or using sequencing methods based on 

two different labelling procedures applied on one strand.  

Data analysis: following sequencing, putative protein-coding regions were predicted. The 

predicted Annotation was managed using the Artemis software (www.ac.uk/software) which 

provided a convenient environment to display the gene structure and organization of the PDV 

large segmented genome. For each circle, tRNA and Coding DNA Sequences (CDS) were 



annotated. DNA sequences were compared with repetitive DNA elements and protein data 

sets using the Ricegaas server (S2) and ORNL Genome Analysis Pipeline 

(http://compbio.ornl.gov/GP3/euk.shtml). The CDS annotation was corrected and refined by 

comparison with the CDS prediction obtained with the GENSCAN 

(http://genes.mit.edu/GENSCAN.html) and AAT softwares (http://genome.cs.mtu.edu 

/aat.html). In addition, circles were scanned for CDS or ORF larger than 100 pb, not defined 

previously,using the ORF Finder server (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). Each 

putative protein was analyzed by comparison with databases using BLAST (Basic Local 

Alignment Sequence Tool) (S3)  and MotifScan (http://hits.isb-sib.ch/cgi-bin/PFSCAN). 
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Bracoviruses Contain a Large Multigene Family Coding for Protein
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The relationship between parasitic wasps and bracoviruses constitutes one of the few known mutualisms
between viruses and eukaryotes. The virions produced in the wasp ovaries are injected into host lepidopteran
larvae, where virus genes are expressed, allowing successful development of the parasite by inducing host
immune suppression and developmental arrest. Bracovirus-bearing wasps have a common phylogenetic origin,
and contemporary bracoviruses are hypothesized to have been inherited by chromosomal transmission from a
virus that originally integrated into the genome of the common ancestor wasp living 73.7� 10 million years
ago. However, so far no conserved genes have been described among different braconid wasp subfamilies. Here
we show that a gene family is present in bracoviruses of different braconid wasp subfamilies (Cotesia congregata,
Microgastrinae, and Toxoneuron nigriceps, Cardiochilinae) which likely corresponds to an ancient component
of the bracovirus genome that might have been present in the ancestral virus. The genes encode proteins
belonging to the protein tyrosine phosphatase family, known to play a key role in the control of signal
transduction pathways. Bracovirus protein tyrosine phosphatase genes were shown to be expressed in different
tissues of parasitized hosts, and two protein tyrosine phosphatases were produced with recombinant baculo-
viruses and tested for their biochemical activity. One protein tyrosine phosphatase is a functional phosphatase.
These results strengthen the hypothesis that protein tyrosine phosphatases are involved in virally induced
alterations of host physiology during parasitism.

Hymenoptera is an extremely diversi�ed insect order that
includes, among others, well-known social species such as ants
and bees and hundreds of thousands of wasp species, highly
adapted to parasitic life (49). Wasp larvae that develop within
the tissues of the parasitized hosts must face the challenge such
a habitat presents. In particular, insect hosts have the capacity
to �ght macroscopic intruders with an immune response that
leads to the production of a capsule, a cellular sheath of he-
mocytes that surrounds the foreign body (32, 38). Cytotoxic
radicals are also produced that are proposed to be involved in
killing the invader. To prevent this immune response, parasitic
hymenoptera have evolved different strategies, including an
association with polydnaviruses, unique in the virus world for
their genome, composed of multiple circular double-stranded
DNA segments (37).

The relationship between wasps and polydnaviruses consti-
tutes one of the few known cases of mutualism between viruses
and eukaryotes (15), in addition to retroviruses contributing to
human placenta organogenesis (41). Viral replication is re-

stricted to specialized cells of the wasp ovary, and the virus is
transmitted exclusively by Mendelian inheritance (55) through
a proviral form, chromosomally integrated in the wasp genome
(10, 21, 51). Virus particles are injected during wasp oviposi-
tion in the hemocele of the host, typically a lepidopteran larva.
In the host cells, viral genes are expressed, but there is no viral
replication (58, 70). Polydnavirus gene products are responsi-
ble for several alterations of host physiology induced by para-
sitism, comprising suppression of immunity and control of the
caterpillar developmental program (61).

Polydnaviruses harbored by wasps from the Braconidae fam-
ily belong to the genus bracovirus and are associated with wasp
species forming a monophyletic group, the microgastroid com-
plex (which comprises seven braconid subfamilies: Cheloninae,
Dirrhopinae, Mendesellinae, Khoikhoiinae, Cardiochilinae,
Miracinae, and Microgastrinae) (69). All wasp-bracovirus as-
sociations might thus have originated from a unique event, the
integration of an ancestral bracovirus in the chromosome of
the ancestor of the microgastroid complex living 73.7� 10
million years ago (66). Since this integration event, the braco-
virus is likely to have contributed to the tremendous diversi�-
cation of the microgastroid lineage, comprising 17,500 de-
scribed species (37). Some genes inherited from the putative
ancestral virus are expected to be common to all bracoviruses.
However, while numerous bracovirus genes have been charac-
terized in the last few years (12, 13, 31, 63), conserved genes
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have been identi�ed so far only in closely related species of the
Cotesiagenus (39, 67).

In this paper, we present the characterization of a gene
family shared by two subfamilies of bracovirus-bearing wasps,
Microgastrinaeand Cardiochilinae, that diverged more than 40
million years ago (66). Twenty-seven members of this gene
family were identi�ed in the genomes of CcBV, the symbiotic
virus of Cotesia congregata(Microgastrinae), and 13 members in
TnBV, the bracovirus associated withToxoneuron nigriceps
(Cardiochilinae). These genes encode proteins belonging to the
protein tyrosine phosphatase family which, together with pro-
tein tyrosine kinases, are known to play a key role in the
control of signal transduction pathways in vertebrates (3).

The protein tyrosine phosphatase family is divided into three
groups of enzymes: classical, dual-speci�city, and low-molecu-
lar-weight protein tyrosine phosphatases. The bracovirus pro-
tein tyrosine phosphatases identi�ed belong to the classical
protein tyrosine phosphatases, characterized by the domain
composed of 10 conserved motifs whose functions are well
known from structural and functional analyses in vertebrates
(3). Although it has been proposed that the ancestral bracovi-
rus was a baculovirus (15, 19), the bracovirus protein tyrosine
phosphatases are not related to baculovirus or poxvirus protein
tyrosine phosphatases, which belong to the dual-speci�city pro-
tein tyrosine phosphatases.

To initiate functional characterization of protein tyrosine
phosphatases and to assess the role they might play in host-
parasite interactions, their expression pro�le was analyzed.
Furthermore, two CcBV protein tyrosine phosphatase proteins
were produced, with recombinant baculoviruses, in order to
determine whether they display tyrosine phosphatase activity.

MATERIALS AND METHODS

Insect rearing. C. congregata(Hymenoptera, Braconidae, Microgastrinae) and
T. nigriceps(Hymenoptera, Braconidae, Cardiochilinae) were reared under lab-
oratory conditions on their host larvae, Manduca sexta(Lepidoptera, Sphingi-
dae) and Heliothis virescens(Lepidoptera, Noctuidae), respectively, which were
maintained on an arti�cial diet (27, 47) at 27 and 29°C for M. sextaand H.
virescens, respectively, under a 16-h light/8-h dark photoperiod and 70� 5%
relative humidity. Both host life cycles, normally composed of �ve larval instars
followed by a pupal stage and an adult stage, are interrupted in the �fth larval
instar by parasitism.

Viral DNA puriÞcation and sequencing.Wasp ovaries were dissected and viral
DNA was extracted from virus particles puri�ed by �ltration or sucrose gradient
as previously described (8, 18). CcBV DNA segments were sequenced with a shot
gun strategy (17a). Sequencing of TnBV DNA was carried out at the TIGEM-
IGB sequencing core service, Naples, Italy.

The coding DNA sequences were identi�ed, and the potential genes were
designated CcBV PTP for protein tyrosine phosphatase followed by a letter (A
to Z and � to � ) and TnBV PTP followed by a number (1 to 13).

RNA isolation. RNA isolation was performed on different M. sextatissues,
which were dissected from 10 �fth-instar larvae and separately rinsed several
times in Ringer solution before their use. For parasitized host larvae, dissections
were carried out 12 and/or 24 h postoviposition. Parasitization was checked
visually, and only host larvae stung twice byC. congregatafemales were pro-
cessed. Synchronous nonparasitized host larvae served as controls. Hemocytes
were collected by hemolymph centrifugation at 800� gfor 10 min. All the tissues
were crushed for 1 min at 4°C with an Ultraturrax T8 (Ika-Verke-Staufen)
homogenizer. RNA extractions were carried out with the RNeasy plant kit
(Qiagen) according to the manufacturer’s instructions. The quality of samples
was checked by electrophoresis on an ethidium bromide-stained 1% agarose gel.
To eliminate trace amounts of viral DNA present in total RNA, polyadenylated
RNAs were puri�ed with the Oligotex kit (Qiagen). H. virescensRNA extraction
from parasitized and nonparasitized host tissues and polyadenylated RNA pu-
ri�cation were carried out as previously described (18).

Preparation and screening of genomic and cDNA libraries.Viral genomic
libraries and cDNA libraries from parasitized host tissues, such as hemocytes and
the head and thorax region ofH. virescens�nal-instar larvae 48 h postoviposition,
were prepared and screened according to protocols reported in detail in previous
papers (18, 63).

A cDNA library was constructed from total RNA isolated from M. sexta
�fth-instar larvae fat body 24 h postoviposition, with a SMART cDNA library
construction kit (Clontech) according to the manufacturer’s instructions. The
library was screened with the CcBV PTPI and PTPM probes with standard
methods (50). Individual positive plaques from the secondary screening were
isolated in agar plugs, eluted in SM buffer, and then converted into a plasmid
(pTriplEx2) in Escherichia coli(BM25.8) by in vivo excision and circularization.
DNA sequencing reactions of selected clones were carried out according to the
manufacturer’s instructions on an ABI Prism 3100 Avant sequencer (Applied
Biosystems). The DNA and protein sequences were subjected to computer
BLAST analysis (2).

PTPA and PTPN cDNAs were isolated by reverse transcription-PCR from
mRNA extracted from the fat body and hemocytes ofM. sexta�fth-instar larvae
24 h postoviposition, with Omniscript reverse transcriptase (Qiagen) and high-
�delity ExTaq (Takara). The primers were designed from the annotated genomic
sequence to amplify the whole predicted coding DNA sequences (PTPIatg,
TGACGTAGATGTCAAATAAGTG; PTPIstop, CGGAGTCTGATCGATTA
AACTC; PTPMatg, GCGGACGTCCACATATTGTCTA; and PTPMstop,
TGAGTCCCTAGCCGTAAAATGA)

Field inversion gel electrophoresis and Southern blot mapping.Undigested
CcBV or TnBV DNA (250 ng) was separated by electrophoresis (with 1% pulse
�eld certi�ed agarose gels; Bio-Rad) on a �eld inversion gel electrophoresis
apparatus (Bio-Rad), delivering alternative 120-V forward and 180-V reverse
pulses for 20 h. The duration of the pulses ranged from 0.4 s at the beginning to
0.7 s at the end of the run. After migration, the DNA was transferred to a nylon
membrane (50) and hybridized to 32P-labeled protein tyrosine phosphatase-
speci�c probes. The probes were PCR ampli�cation products obtained with
CcBV virus DNA and the primers indicated in Table 1, puri�ed with the Qiaquik
kit puri�cation (Qiagen), or TnBV protein tyrosine phosphatase cDNAs.

For Southern blot analysis, 300 ng of viral DNA was digested with restriction
enzymes (Promega) and separated on 0.5% agarose gels. After transfer onto a
nylon membrane, the DNA was hybridized with speci�c probes prepared as
indicated above.

Membranes were prehybridized in Church buffer (46) at 65°C for 3 h and
washed in 2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–0.1%
sodium dodecyl sulfate (SDS) twice for 15 min and in 0.2� SSC–0.1% SDS twice
for 15 min at 65°C.

Reverse transcription multiplex PCR. Polyadenylated mRNA puri�ed from
M. sextalarvae was reverse transcribed (Omniscript reverse transcriptase; Qia-
gen) and reverse transcription multiplex PCRs (Qiagen) were performed follow-
ing the manufacturer’s instructions. The 22 CcBV protein tyrosine phosphatase
products were ampli�ed in four different reactions with the primers listed in
Table 1, and single-stranded cDNAs were obtained from 15 ng of polyadenylated
mRNA. PCRs were also performed on 15 ng of mRNA (without reverse tran-
scription) to exclude viral DNA contamination. The multiplex PCR program
included a denaturation step (95°C for 15 min), followed by 30 ampli�cation
cycles (denaturation at 94°C for 30 s, annealing at 57°C for 90 s, and extension
at 72°C for 90 s) and a �nal extension step (72°C for 10 min).

Northern blot analysis. Northern blot analyses were performed with polyad-
enylated RNA with standard techniques (50) and separated on a formaldehyde
gel. The RNA samples used in the experiments were extracted from hemocytes
of H. virescens�fth-instar larvae at different times after T. nigricepsparasitization
and from synchronous nonparasitized controls.

Phylogenetic analysis.Alignments of bracovirus protein tyrosine phosphatases
with human and insect protein tyrosine phosphatase domains were performed
with ClustalX (59). The alignment optimization was guided by the localization of
the motifs described in vertebrate protein tyrosine phosphatase domains (3).
Distance and parsimony analyses were performed with the PAUP4 program (56).
The trees were checked by bootstrap analysis (20). Maximum-likelihood analysis
was performed with Tree-puzzle 5.1 (52).

Construction of recombinant baculoviruses expressing CcBV protein tyrosine
phosphatases.Recombinant baculoviruses were generated from a novelAuto-
grapha californicanucleopolyhedrovirus engineered genome, maintained as a
bacterial arti�cial chromosome, which facilitates the rapid creation of recombi-
nant baculovirus expression vectors (30). We used a second generation of the
reported engineered genome, a polyhedrin-positive variant of bAcGOZA called
bApGOZA, in which the polyhedrin gene is expressed from the p10 locus (Y. H.
Je et al., unpublished data). Brie�y, bApGOZA DNA puri�ed from bacteria was
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cotransfected into Spodoptera frugiperdaIPLB-SF21 (Sf 21) cells (64) with the
polyhedrin-based transfer vector pBacPAK8 (Clontech), in which the PTPA or
PTPM gene from CcBV was cloned (pBacPAK8-PTPA or pBacPAK8-PTPM).
The transfection was performed with DOTAP liposomal transfection reagent
(Roche), according to the manufacturer�s protocol. After 6 days, the culture
medium containing the resulting viral progeny was collected. Recombinants were
subjected to one round of plaque puri�cation as previously described (45).
Viruses were propagated to passage number 3 in monolayers of Sf21 cells, grown
at 28°C in TC-100 (Gibco-BRL) containing 10% fetal bovine serum (M. B.
Meldrum).

Analysis of recombinant baculovirus mRNA expression.Sf21 cells seeded in
60-mm dishes (2� 106 cells per dish) were infected at a multiplicity of infection
of 10 PFU/cell with wild-type or recombinant baculoviruses expressing CcBV
PTPA (Rec-PTPA) or CcBV PTPM (Rec-PTPM). Three days postinfection,
cells were harvested (45) and resuspended in RLT buffer (Qiagen) as per the
manufacturer’s instructions. The samples were homogenized by loading them

into a QIAshredder column (Qiagen) and spinning for 2 min at 14,000 rpm. Total
RNA extraction was performed from these lysates with RNeasy (Qiagen) ac-
cording to the manufacturer�s protocol.

For reverse transcription-PCR, contaminant DNA was removed by digestion
of eluted RNA wit h 1 U of RNase-free DNase RQ1 (Promega) for 10 min at
37°C. Reverse transcription was carried out according to the manufacturer’s
instructions (Promega), and ampli�cation was done with primer pairs ARTF
(5�-ACTGGCCCGACAACAGTATC-3 �) and ARTR (5 �-CTTGACAGATTTT
TGGCTTC-3 �) to detect PTPA transcripts and RTMF (5�-TGTTGTACATGG
CAATGCTGG-3 �) and RTMR (5 �-TGAGTCCCTAG CCGTAAAATG-3 �) to
detect PTPM transcripts. PCR conditions were 2 min at 94°C, followed by 35
cycles of 15 s at 94°C, 15 s at 45°C, and 45 s at 72°C.

Characterization of recombinant gene expression by SDS-PAGE.Sf21 cells
seeded in 60-mm dishes (2� 106) were infected with the viral stocks with an
multiplicity of infection of 10 PFU/cell. Samples were collected at 24, 48, and
72 h postinfection. Cell monolayers were harvested by resuspension in the su-
pernatant medium and recovered by low-speed centrifugation. The pellet was
rinsed with phosphate-buffered saline twice and resuspended in 50� l of NP-40
lysis buffer (45). Following incubation on ice for 30 min, one volume of 1�
SDS-polyacrylamide gel electrophoresis (PAGE) loading buffer was added to the
samples, and 7.5� l of each sample was separated by SDS-PAGE (12% poly-
acrylamide gel) and stained with Coomassie brilliant blue. For metabolic labeling
of proteins, cultures were methionine starved for 1 h, pulse labeled for 1 h with
25 � Ci of Trans35S label (ICN Biomedicals, Inc.), and resuspended in 500� l of
medium without methionine. Samples were collected, resolved by SDS-PAGE
(12% polyacrylamide gel), and stained with Coomassie brilliant blue. The dried
gels were exposed to X-ray �lm.

Protein tyrosine phosphatase assay.We infected 5 � 106 Sf21 cells with the
viral stocks with a multiplicity of infection of 10. They were harvested at 5 days
postinfection by scraping into the culture medium and recovered by centrifuga-
tion. The pellets were lysed with 150� l of Tris-buffered saline (50) supplemented
with 1% NP-40, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl �uoride, and
protease inhibitor cocktail (BD Biosciences Pharmingen). The samples were
incubated for 30 min on ice and homogenized by loading them into QIAshredder
columns. The lysates were brought to 2.5 ml with Tris-buffered saline supple-
mented with 1 mM dithiothreitol and 1 mM phenylmethylsulfonyl �uoride,
precleared to remove endogenous free phosphates by loading them into PD-10
desalting columns containing Sephadex G-25 (Amersham Biosciences).

The measurement of protein tyrosine phosphatase activity was performed with
the tyrosine phosphatase assay system (Promega), according to the manufactur-
er�s instructions, in 96-well plates with a �at bottom. Brie�y, 85 � l of the cleared
lysates was incubated with Tyr phosphopeptide 1, END(pY)INASL (0.13 mM),
in the presence and absence of 1 mM sodium vanadate. The reaction buffer used
was Tris-buffered saline supplemented with 1 mM dithiothreitol and 1 mM
phenylmethylsulfonyl �uoride. After 30 min at 30°C, the enzymatic reaction was
stopped with 115� l of a molybdate dye-additive mixture, which was used for
visualization of liberated phosphate by the formation of a colored complex. The
optical density of the samples was read at 600 to 650 nm range with a Metertech
� 960 plate reader; background absorbance due to the reaction mix was sub-
tracted from the reported values and converted to a concentration. Two to �ve
independent phosphatase assays (from independent infections) for each infected
cell lysate were analyzed statistically by a paired Studentt test (Microsoft), and
data were graphed with the standard error of the mean with Microsoft Excel.

Accession numbers.The CcBV and TnBV protein tyrosine phosphatase se-
quences have been deposited in GenBank under accession numbers AJ634653 to
AJ634660 and AJ640087 to AJ640113, respectively.

RESULTS

IdentiÞcation of protein tyrosine phosphatase genes in
CcBV and TnBV genomes.Protein tyrosine phosphatase genes
were identi�ed through sequencing of the complete genome of
CcBV (17a) and of multiple fragments of the TnBV genome.
From the analysis of the potential coding DNA sequences of
the virus genomes, 23 CcBV and eight TnBV sequences were
found to encode putative proteins containing a full protein
tyrosine phosphatase conserved domain, while four CcBV and
�ve TnBV sequences encoded partial domains. BlastP results
demonstrated highly signi�cant homologies with a wide range
of proteins belonging to the classical protein tyrosine phospha-

TABLE 1. Primersa

PCR Gene Forward and reverse
primer sequences (5�3 3�)

Expected PCR
product size

(bp)

1 PTPA AGTTCTGCAGACTCGTCCTT 902
AGTTCTGCAGACTCGTCCTT

PTPY TGTGAAGAGCACCACAAAAT 800
CAAAGCAAAACTGCATAACAA

PTPR AGCCGAAAAAGCTAACAGAA 699
AAACTCTGGAACCTTGCTTG

PTP� GAACAGGGGGAGCTACATAA 599
TTTCCCGAATACTGGACACT

PTPB CACAATGCTAAGGGAAGGTT 513
GCTAATCGTTGCTCTCTCGT

PTPQ ACATCAACGCGAGCTACATA 420
TCACTGTCGTGTAGCGGTAT

PTPP CCCCTACTAACGCAAGCTAC 306
CCCCTACTAACGCAAGCTAC

PTPL GCTCCTGGAACAGATGAACT 187
GTTGTTCCCAGACCATTTTC

2 PTPI GTTCAGCTTTTCAAGGCTTC 903
CGGGCTTTTGTTCTCTTATC

PTPN GATGCTTTGCTGAAGTTTCC 796
CGCACATTAAAAACCACTTG

PTPZ ATGGCAGTAAACTCCGCTGT 581
TCCGGCTTGTGAGAAAAGTT

PTPX ATCCATGCGAACTATGTTGA 480
ACAGAGATCCACAGCACAAA

PTP0 GGGTTCGATATGTTCTCCAC 391
TCACCATCTCCAAGAAGGAT

PTP� CATTGCACCGATAGTAGCAG 179
TGAATGGCTTGATAGCAGAA

3 PTPE TTTTGAGCAAGTAGCCGAAT 867
TCACCTAAGCGATGACAGAA

PTPH TAGGGTGGTCCTTAAATCCA 727
ATGTGAGCGTAATTCCAGGT

PTPS TATGGCAACAACTTTCGATG 619
AAATTCGAGGAAAATTGCAG

PTPM ACGGAACTTACGAAAACTGG 475
TCTTCTTCATGGGGAAATGT

PTPK GAAGAAAAGAAGTCCCACGA 317
TACAAGGAGCCTCCATCTTC

PTPC CCTCGATTTTTGTGTTACCC 174
TTTTTGACTGAGCCCTTTTC

4 PTPV TGGGCAGAACATATTTGGAT 743
AACGTGATCACACTGGAATG

PTPW CTGCCTATGAATCTGCATCA 651
GTAGCACCACACGGTAACAA

a Boldface indicates primers used to synthesize CcBV protein tyrosine phos-
phatase probes for Southern blot analysis.
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tases, including receptor-like protein tyrosine phosphatases
(data not shown). The highest similarity (higher than 50%) was
observed between viral genes and vertebrate and invertebrate
protein tyrosine phosphatases of the Meg2 subtype. The ex-
pected values for obtaining such similarities by chance were as
low as 1 e	 39 with nrprot sequences. The similarity was ob-
served over the whole protein tyrosine phosphatase domain
constituting most of the bracovirus protein tyrosine phospha-
tases with the exception of a short stretch in the N-terminal
part.

Protein tyrosine phosphatase genes were found on seven
segments of the CcBV genome (17a) and on 38 out of 194
genomic overlapping TnBV clones. They constituted the major
gene family of the CcBV genome in terms of number of genes
(17a). Unlike many CcBV and TnBV genes, protein tyrosine
phosphatase genes are not predicted to contain introns. This
was con�rmed by the isolation of four cDNAs from CcBV
(PTPA, PTPI, PTPM, and PTPN) and 2 cDNAs from TnBV
(PTP5 and PTP7). The organization of the different putative
proteins was similar and resembled that of vertebrate PTP1B
(3) with a single domain not associated with other conserved
protein domains. In the coding DNA sequences encoding a
truncated product (CcBV PTP
 , CcBV PTPD, TnBV PTP12,
and TnBV PTP13), the premature interruption was due to a
frameshift or to the presence of a stop codon. The missing part
of the protein tyrosine phosphatase domain was found down-
stream of the stop codon, suggesting that a single mutation
occurred recently. In contrast, two CcBV genes displayed more
complex rearrangements, suggesting that they constitute pseu-
dogenes (CcBV PTPT and CcBV PTP� ).

Comparison and relationships between bracovirus, inverte-
brate, and vertebrate protein tyrosine phosphatases.The
amino acid sequences of bracovirus protein tyrosine phospha-
tases were deduced from the gene sequences by assuming that
the cDNAs and the genes have the same sequence as predicted
by Genscan analysis (http://genes.mit.edu/GENSCAN.html),
as is the case for the six protein tyrosine phosphatase genes for
which the cDNA was isolated. Bracovirus sequences were
aligned to the pro�le of the protein tyrosine phosphatase do-
main of vertebrates (http:/science.novonordisk.com/ptp) and
to several insect protein tyrosine phosphatase domains with
the ClustalX program.

The 10 conserved motifs that de�ne the protein tyrosine
phosphatase family (3) were identi�ed in bracovirus protein
tyrosine phosphatases (Fig. 1). Among these motifs, the pro-
tein tyrosine phosphatase loop, which has a cysteine residue in
a conserved position, has been shown by mutational analysis to
be critical for protein tyrosine phosphatase activity (22, 62).
Interestingly, some of the bracovirus protein tyrosine phospha-
tases lack this cysteine residue. Moreover, several bracovirus
protein tyrosine phosphatases lack other less conserved motifs
(see Fig. 1).

In cellular protein tyrosine phosphatases, the protein ty-
rosine phosphatase domain is generally combined with other
conserved protein domains involved in modulating the func-
tion of the protein (3). As a general rule, the bracovirus protein
tyrosine phosphatases are characterized by a very high diver-
gence in their amino acid sequences (even if some of them
show strong similarity, including CcBV PTPC and PTP� ,
CcBV PTPE and PTPX, and TnBV PTP5 and PTP7, showing

96%, 94%, and 84% amino acid similarity, respectively). Bra-
covirus protein tyrosine phosphatases are more divergent than
vertebrate protein tyrosine phosphatase domains (http://www
.univ-tours.fr/irbi/ptp) having different subcellular localizations
and biological functions (3). Bracoviruses were originally de-
scribed as unusual baculoviruses because of similarities in their
particle morphology (36).

In order to study the relationship between bracovirus and
baculovirus protein tyrosine phosphatases, comparisons were
also performed between protein tyrosine phosphatases from
bracovirus and other viruses (data not shown). Poxvirus and
baculovirus protein tyrosine phosphatases are much shorter
and belong to the dual-speci�city protein tyrosine phospha-
tases. As generally observed when comparing classical and
dual-speci�city protein tyrosine phosphatases, some homology
was detected only in the phosphatase catalytic sites (protein
tyrosine phosphatase loop).

The phylogenetic relationship between bracovirus, verte-
brate, and invertebrate protein tyrosine phosphatases was an-
alyzed with the methods of distance, parsimony, and maximum
likelihood. Due to the high divergence of the bracovirus se-
quences, it was not possible to reconstruct a complete history
of their phylogeny (the trees were not completely resolved) or
to demonstrate that bracovirus proteins originated from a par-
ticular type of invertebrate or vertebrate protein tyrosine phos-
phatase (data not shown). However, several clades of protein
tyrosine phosphatase genes were consistently obtained with the
different methods with signi�cant bootstrap values (Fig. 2),
indicating that the corresponding genes originated from a com-
mon ancestor, probably through several rounds of gene dupli-
cation.

Localization of the protein tyrosine phosphatase genes in
the virus genome.To map the protein tyrosine phosphatase
genes in the CcBV and TnBV genomes, CcBV and TnBV
segments were separated by �eld inversion gel electrophoresis
(13, 71). UV visualization of ethidium bromide-stained gels
allowed us to conclude that the TnBV genome is much smaller
than that of CcBV, as corroborated by sequence data and �ne
mapping of different TnBV segments (F. Pennacchio et al.,
unpublished data). After transfer onto a membrane, the viral
DNA was hybridized with a series of probes speci�c for seven
CcBV protein tyrosine phosphatase genes (see Materials and
Methods) and a TnBV protein tyrosine phosphatase probe
(TnBV PTP7). An intense hybridization signal, corresponding
to a molecule of the expected size from the assembly of the
virus genome, was obtained with each CcBV probe, indicating
that seven CcBV double-stranded DNA virus segments actu-
ally contain a protein tyrosine phosphatase gene (Fig. 3). Two
signals were obtained for TnBV protein tyrosine phosphatases
corresponding to the hybridization of the probe to two closely
related genes (TnBV PTP5 and TnBV PTP7, 84% homolo-
gous) located on different segments.

The precise localization of several genes (CcBV PTPI and
PTPN and TnBV PTP5 and PTP7) within the corresponding
segments was veri�ed by Southern blot analysis with restriction
digestion-puri�ed viral DNA (data not shown).

Protein tyrosine phosphatase gene expression in parasitized
host tissues. The occurrence of pseudogenes in bracovirus
protein tyrosine phosphatase gene families and of potential
proteins lacking the catalytic cysteine residue in the protein
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FIG. 1. Sequence comparison of bracovirus protein tyrosine phosphatases with human and insect protein tyrosine phosphatase domains. The
localization of alpha-helices and beta-strands based on the X-ray crystal structure of PTP1B are shown above the alignment (4). The 22 invariant
residues (underscored) and the 42 highly conserved residues (� 80% identity) of vertebrate protein tyrosine phosphatase D1 domains are indicated
at the top of the alignment with a brief description of the function of the motif (3). Proteins: human HsMEG2, HsPTP1B, HsPTPgD1 and
HsPTPgD2 (for the gamma D1 and D2 domains, respectively) (GenBank accession numbers M83738, M33689, and L09247, respectively); AmPTP,
Apis melliferaprotein tyrosine phosphatase domain (sequence 2044722913BCM from theApis melliferagenome sequence); DmPTP and AgPTP,
protein tyrosine phosphatase domains fromDrosophila melanogasterand Anopheles gambiaeprotein tyrosine phosphatases, respectively (EMBL
AE003447 and GenBank XM322055, respectively). Bracovirus protein tyrosine phosphatases: CcPTPs, TnPTPs, CgPTP, and GiPTP, bracovirus
proteins from C. congregata, T. nigriceps, Cotesia glomerata(GenBank AY466396), andGlyptapanteles indiensis(GenBank AAP37630), respectively.
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tyrosine phosphatase loop suggests that only a subset of pro-
tein tyrosine phosphatases might be involved in the regulation
of host-parasite interactions. Detecting the expression of dif-
ferent protein tyrosine phosphatase genes during parasitism
could constitute a �rst indication of their involvement in bra-
covirus-induced alterations of host physiology. To obtain a
large picture of CcBV protein tyrosine phosphatase gene ex-
pression during parasitism, a multiplex PCR approach was
chosen (72) with primers designed to amplify speci�c regions
of the cDNAs of 22 protein tyrosine phosphatase genes. To
validate the technique, reverse transcription multiplex PCR
analysis was �rst performed with puri�ed viral DNA; PCR
products of the expected sizes were obtained for the 22 genes
tested (Fig. 4).

Protein tyrosine phosphatase gene expression was then as-
sessed with mRNA extracted from �ve tissues of the parasit-
ized host: nervous system, fat body, midgut, Malpighian tu-
bules, and hemocytes dissected 12 or 24 h postoviposition. No
ampli�cation signal was obtained from mRNA samples with-
out reverse transcription, indicating that samples were not
contaminated with viral DNA.

For each gene analyzed, a product of the expected size was
obtained with mRNAs extracted from one or several tissues
(Fig. 4). The number of protein tyrosine phosphatase mRNAs
detected ranged from nine, in mRNA extracted from Mal-
pighian tubules, to 20, in the nervous system (Table 2). Several
genes displayed a ubiquitous expression pro�le (CcBV PTPA,
PTPK, PTPI, PTPL, PTPM, PTPP, PTPR, PTPS, and PTPX),
while expression of the other genes was restricted to different
subsets of the tissues analyzed (Table 2).

To analyze the expression pro�le of TnBV protein tyrosine

TABLE 2. Protein tyrosine phosphatase mRNA expression in
parasitized M. sextalarvae and in the parasitoid wasC. congregata

PCR Gene

Expression in parasitizedManduca sextatissues

CcBV
DNA

Nervous
system Midgut Malpighian

tubules
Fat

body
Hemo-
cytes

1 PTPA � � � � � �
PTPY � � � 	 � �
PTPR � � � � � �
PTP� � � 	 	 	 �
PTPB � � 	 	 	 	
PTPQ � � 	 	 � �
PTPP � � � � � �
PTPL � � � � � �

2 PTPI � � � � 	 �
PTPN � � � 	 	 	
PTPZ � � 	 � � 	
PTPX � � � � � �
PTPO � 	 	 	 � 	
PTP� � 	 	 	 � �

3 PTPE � � 	 	 � �
PTPH � � 	 	 � 	
PTPS � � 	 � � �
PTPM � � � � � �
PTPK � � � � 	 �
PTPC � 	 	 	 � �

4 PTPV � � � 	 	 	
PTPW � � 	 	 � 	

FIG. 1—Continued.
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phosphatase genes, the TnBV PTP7 and PTP5 cDNAs were
used as probes in Northern blot analysis of mRNAs extracted
from hemocytes of parasitized larvae isolated at different times
postoviposition. Due to their homology, the two probes gave
the same hybridization pattern. The results obtained with
PTP7 cDNA as a probe are shown in Fig. 5. With mRNAs
extracted from hemocytes, a hybridization signal correspond-
ing to a molecule of approximately 1 kb (consistent with the
size of the cDNAs cloned) was faint but detectable 6 h pos-
toviposition and intense at 24 and 48 h postoviposition. A
low-intensity signal corresponding to a larger molecule (ap-
proximately 3 kb) was also detected, which might correspond
to a splicing variant or to cross-hybridization of the probe with
another protein tyrosine phosphatase gene. Overall, the results
indicate that at least one of the TnBV protein tyrosine phos-
phatase genes studied is highly expressed in parasitized host
hemocytes.

Thus, the protein tyrosine phosphatase genes of both para-
sitoid species are expressed in the tissues of parasitized hosts,
suggesting that they contribute to bracovirus-induced alter-
ations in the physiology of the parasitized host.

Expression of CcBV PTPA and PTPM in baculovirus-in-
fected insect cells.To evaluate the potential role of bracovirus
protein tyrosine phosphatases in parasitism, we had to deter-
mine if they displayed protein tyrosine phosphatase activity. To
assess the biochemical activity of bracovirus protein tyrosine

phosphatases, a baculovirus expression system was used to
generate two different CcBV protein tyrosine phosphatases,
one with a regular protein tyrosine phosphatase loop (CcBV
PTPA) and the other without the cysteine in the loop (CcBV
PTPM). Recombinant baculoviruses Rec-PTPA and Rec-
PTPM were produced, with the genes expressed under the
control of the very late baculovirus polh promoter. After in-
fection of Sf21 cells, expression of each protein tyrosine phos-
phatase was checked by reverse transcription-PCR. Speci�c
bands were obtained for PTPA (380 bp) and PTPM (259 bp)
after Rec-PTPA and Rec-PTPM infections, but not with wild-
type infections (Fig. 6A and C). Metabolic labeling of proteins
produced during baculovirus infection of Sf21 cells and subse-
quent SDS-PAGE analysis demonstrated the production of a
novel protein following Rec-PTPA and Rec-PTPM infections
at very late times (Fig. 6B and D). The migrations of the
baculovirus-expressed PTPA and PTPM were consistent with
their predicted sizes (37.3 and 34.5 kDa, respectively).

Assessment of protein tyrosine phosphatase activity.In or-
der to test the ability of CcBV PTPA and CcBV PTPM to
dephosphorylate substrates containing tyrosine residues, we
assessed the protein tyrosine phosphatase activity of cell lysates
from Rec-PTPA, Rec-PTPM, and wild-type baculovirus infec-
tions of Sf21 cells (Fig. 6E). Infected cell lysates, precleared of
free phosphate, were incubated with a chemically synthesized
phosphopeptide, and the amount of free phosphate generated

FIG. 2. Phylogenetic analysis of bracovirus protein tyrosine phosphatases. The neighbor-joining tree and one of the most parsimonious trees
(parsimony) were generated with PAUP4 from the alignment shown in Fig. 1. (The more divergent sequences [TnBV PTP2, PTP 4, and PTP 6]
were not included in the analysis.) The trees were rooted with human and insect protein tyrosine phosphatases of the MEG2 subtype (Hs,Homo
sapiens; Dm, Drosophila melanogaster; Ag, Aedes aegypti) as outgroups. Bootstrap values of� 50% are indicated. The circles designate the most
internal nodes supported by bootstrap values of� 75% which de�ne six monophyletic groups of bracovirus protein tyrosine phosphatases
consistently found with different phylogenetic methods. On the parsimony tree for the CcBV protein tyrosine phosphatases, the PDV segments
containing the corresponding genes are indicated in brackets (C1 to C26).
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was measured by recording the absorbance of a colored com-
plex of phosphomolybdate and malachite green.

As shown in Fig. 6E, wild-type virus-infected cell extracts
showed some protein tyrosine phosphatase activity, as previ-
ously reported (26, 34, 53) and as expected from the presence
of dual-speci�city protein tyrosine phosphatases in the bacu-
lovirus. However, the Rec-PTPA virus-infected cell lysates re-
leased signi�cantly more free phosphate than wild-type virus-
infected cell lysates (P � 0.02). In contrast, the Rec-PTPM
virus-infected cell lysates generated the same amount of free
phosphate as wild-type-infected cells, indicating that PTPM
overexpression does not lead to additional protein tyrosine
phosphatase activity in baculovirus-infected cells. Incubation
of either type of infected cell lysate with the general tyrosine
phosphatase inhibitor sodium vanadate resulted in a decrease
in the amount of free phosphate generated. Overall, our results
indicate that CcBV PTPA is a functional tyrosine phosphatase,
while CcBV PTPM might have a different activity.

DISCUSSION

Protein tyrosine phosphatase occurrence in different bra-
conid subfamilies. A major prediction of the current theory of
the common origin of wasp-bracovirus associations is that
some bracovirus genes should be conserved within the different
braconid wasp lineages harboring viruses that constitute the

microgastroid complex. However, the bracovirus genes char-
acterized to date are conserved only in closely related species
(25, 39, 68). The genes coding for protein tyrosine phospha-
tases are the �rst bracovirus genes analyzed so far that are
present in viruses of two different braconid subfamilies,Micro-
gastrinaeand Cardiochilinae.

It would be of great interest to determine if protein tyrosine
phosphatase genes are also encoded by bracoviruses from
other braconid subfamilies of the monophyletic microgastroid
complex (66). Conceivably, some protein tyrosine phosphatase
genes might have been present in the gene set of the noninte-
grated ancestor of the bracoviruses, and indeed viruses are
known to pick up cellular genes, including protein tyrosine
phosphatases, that are bene�cial for their life cycle in infected
hosts (29). The structure of the bracovirus protein tyrosine
phosphatases, with 10 motifs conserved in classical protein
tyrosine phosphatases, strongly suggests that they are indeed of
cellular origin.

Based on morphological similarities between bracovirus and
baculovirus particles, it was proposed that the ancestral braco-
virus was a baculovirus (15, 19). However, bracovirus and bac-
ulovirus protein tyrosine phosphatases are unrelated; baculo-
viruses contain genes for dual-speci�city protein tyrosine
phosphatases (dephosphorylating tyrosine and serine residues)
(26). Thus, the identi�cation of the bracovirus protein tyrosine

FIG. 3. Hybridization of CcBV and TnBV protein tyrosine phosphatase probes to DNAs (250 ng) extracted from viral particles separated by �eld
inversion gel electrophoresis (exposure time, 16 h). Ethidium bromide-stained CcBV and TnBV DNA segments are visualized in lanes Cc and Tn,
respectively (the average size of TnBV segments is much smaller than that of CcBV segments). The sizes of a set of double-stranded DNA segments
determined from genome assembly and identi�ed by hybridization of non-protein tyrosine phosphatase probes are indicated on the left (circular DNA
sizes), and a linear size marker (2.5 kb ladder from Bio-Rad) is shown (lane MW). Seven probes were used to hybridize to CcBV DNA (lanes A, N, X,
O, R, I, and W hybridized with the CcBV PTPA, PTPN, PTPX, PTPO, PTPR, PTPI, and PTPW probes, respectively), and one probe was used to
hybridize to TnBV DNA (lane 7, TnBV PTP7). A major signal was obtained with each CcBV protein tyrosine phosphatase probe, corresponding to a
molecule of the expected size (indicated below each lane in base pairs with the name of the corresponding CcBV segment); the intensity of the signal
varied according to the relative abundance of the different segments in the viral DNA and the speci�c activity of the probe. The upper signals visualized
in lanes N and I correspond to the linear sizes of segments C10 and C1, suggesting that a small fraction of the molecules were damaged during viral DNA
extraction, as previously observed for the EP1 segment (46). Two signals were obtained with the TnBV probe, one corresponding to hybridization with
the segment containing PTP7, and the other corresponding to hybridization with another segment harboring the homologous PTP5.
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phosphatases does not support the hypothesis of a baculovirus
origin of bracoviruses.

The considerable divergence of bracovirus protein tyrosine
phosphatase sequences might be explained by the fact that the

two subfamilies to which the wasp species examined here be-
long have been separated for tens of millions of years (66) and
that these genes, like other polydnavirus (PDV) genes involved
in the host-parasitoid interaction, may have undergone fast

FIG. 4. Analysis of CcBV protein tyrosine phosphatase gene expression in tissues of parasitizedM. sextalarvae with reverse transcription
multiplex PCR (see Table 2 for a summary of the results). For CcBV, the ethidium bromide-stained electrophoresis gel of PCR products obtained
with puri�ed viral DNA ampli�ed in four separate reactions (1 to 4) (the primers used are listed in Table 1) is shown. On the right are shown the
positions of the products corresponding to the different genes analyzed. For the nervous system, midgut, Malpighian tubules, fat body, and
hemocytes, the ethidium bromide-stained gel electrophoresis of PCR products obtained with cDNA extracted from the tissues of parasitizedM.
sextalarvae dissected either 24 h postoviposition (hemocytes and fat body) or 12 h postoviposition (other tissues) is shown. Lanes C, ampli�cation
performed to assess viral DNA contamination in the mRNA sample (without reverse transcription).
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evolutionary changes (16). However, the hypothesis that pro-
tein tyrosine phosphatases were acquired independently in the
two lineages through a convergent evolution process cannot be
rejected. Independent acquisitions from wasp chromosomes
might have occurred through recombination or transposition
events, resulting in the integration of wasp genes in the chro-
mosomal form of the virus genome.

Bracovirus protein tyrosine phosphatase organization in a
large gene family. A characteristic feature common to the
bracovirus protein tyrosine phosphatases is their organization
into large gene families. Such an organization provides an
ef�cient mechanism for generating genetic diversity (44). For
example, animal toxins are often encoded by gene families (35)
and appear to have diversi�ed by gene duplication and adap-
tive evolution. However, gene families are rare among free-
replicating viruses compared to cellular genomes. This paucity
has been attributed to the limitation in size of the genome to
one that can be ef�ciently encapsidated in virus particles (29).
Accordingly, in viruses that have large genomes, some genes,
such as thebro genes of baculoviruses, are organized in gene
families (29).

Polydnaviruses have some of the largest virus genomes (568
kb for CcBV) (17a), and gene families are common in both
ichnoviruses (9, 23, 37, 65) and bracoviruses (18, 37, 57, 60).
The organization of bracovirus genomes in large double-
stranded DNA segments encapsidated in distinct nucleocap-
sids (1) and the fact that they are exclusively chromosomally
transmitted (in the absence of virus replication within the host
tissues) probably relieved constraints on viral genome size,
allowing the formation of gene families. It is noteworthy that
closely related genes are not necessarily encoded by the same
virus segment (Fig. 3), suggesting the occurrence of duplica-
tions, likely by unequal crossing-over events, of the chromo-
some regions where the integrated forms of the virus se-
quences are clustered (10, 71). The high sequence similarity
(see Results) of some protein tyrosine phosphatase genes iso-
lated from the bracovirus suggests that they originated from
recent duplication events.

The expansion of the protein tyrosine phosphatase gene
family is particularly striking. Indeed, the CcBV genome con-
tains 27 protein tyrosine phosphatase genes, while other CcBV
gene families contains at most half a dozen (17a). Protein
tyrosine phosphatases genes are also numerous in the TnBV
genome, which contains more than 13. This suggests either that
duplication of protein tyrosine phosphatase sequences is a
particularly frequent phenomenon or that duplicated protein
tyrosine phosphatase genes have been selectively conserved
during the evolution of the bracovirus genome, probably be-
cause of the strong selection pressures associated with their
role in successful parasitism.

DiversiÞcation of bracovirus protein tyrosine phosphatases.
Protein tyrosine phosphatases are almost as abundant in CcBV
DNA as in eukaryotic genomes (the human genome contains
37 protein tyrosine phosphatase genes), but their organization
is comparatively rudimentary. Bracovirus protein tyrosine
phosphatases consist essentially of a protein tyrosine phospha-
tase catalytic domain, while in cellular protein tyrosine phos-
phatases, the protein tyrosine phosphatase domain is generally
associated with other conserved protein domains involved in
modulating the function of the protein (3). Interestingly, dual-
speci�city protein tyrosine phosphatases from poxviruses and
baculoviruses, including VH1 from vaccinia virus, which inhib-
its the interferon signaling pathway by dephosphorylating tran-
scription factor Stat1 (42), are also composed of a single pro-
tein tyrosine phosphatase domain that might be suf�cient for
viral products to act as inhibitors.

In contrast to their homogeneous organization, bracovirus
protein tyrosine phosphatases show considerable diversity in
their amino acid sequences; they are much more divergent
than the protein tyrosine phosphatase domains of vertebrate
proteins with different biological functions. Protein tyrosine
phosphatases are a key group of signal transduction enzymes
that, together with protein tyrosine kinase, control the levels of
cellular protein phosphorylation (43), playing a pivotal role in
cellular signaling. Each protein tyrosine phosphatase dephos-
phorylate phosphotyrosine residues on a speci�c substrate.
Since the protein tyrosine phosphatase domain itself confers
the target speci�city of protein tyrosine phosphatases (3), the
bracovirus protein tyrosine phosphatases might interact with
distinct host target proteins to interfere with different signaling
processes of the host. Furthermore, as some wasps parasitize
several host species (28), the diversity of bracovirus protein
tyrosine phosphatases might also mirror the diversity of mo-
lecular targets in different hosts. Bracovirus protein tyrosine
phosphatase diversi�cation might have thus contributed to
wasp adaptive radiation, allowing the colonization of new eco-
logical niches. It might have also helped parasitoids to deal
with new resistance genes arising from the evolutionary arms
race between host and parasites, as suggested for other PDV
genes (16).

Potential role of bracovirus protein tyrosine phosphatases
during parasitism. The analysis of protein tyrosine phospha-
tase gene expression in parasitized hosts suggests that most
protein tyrosine phosphatases have a function in contemporary
host-parasitoid interactions. Indeed, the mRNAs of the 22
CcBV protein tyrosine phosphatase genes tested were detected
in tissues of the parasitized host larvae with reverse transcrip-
tion multiplex PCR. Similarly, a protein tyrosine phosphatase

FIG. 5. Northern blot analysis of TnBV protein tyrosine phospha-
tase mRNA expression in parasitizedH. virescenslarvae. Upper panel:
hybridization of PTP7 cDNA to RNA extracted from H. virescens
hemocytes collected at different times (from 3 to 48 h) followingT.
nigricepsparasitization and from nonparasitized control larvae (NP).
Lower panel: control of the amount and quality of the RNA samples
by hybridization of a cDNA of H. virescens, coding for a putative
protein showing high similarity with M. sextaribosomal protein S3 (63),
as a probe.
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FIG. 6. Expression of CcBV PTPA and PTPM from baculovirus infections and screen for protein tyrosine phosphatase activity. Sf21 insect cells
were infected with wild-type A. californica nucleopolyhedrovirus (lane WT) or recombinant baculovirus Rec-PTPA or Rec-PTPM. Infected cell
RNA was collected and subjected to reverse transcription-PCR, and the products were analyzed by electrophoresis on 1.5% agarose gels (A and
C). PTPA- and PTPM-speci�c bands (A and C, respectively) are indicated with arrows. DNA markers (lane M), template-free reaction (lane	 ),
and reaction lacking reverse transcriptase (lane no RT) are indicated. Panel B shows protein metabolic labeling and SDS-PAGE of proteins from
Rec-PTPA-infected cells, and panel D shows SDS-PAGE and Coomassie brilliant blue staining of proteins from Rec-PTPM-infected cells at
various times postinfection (hours). Pol,A. californicanucleopolyhedrovirus very late structural protein. Infected cell lysates (E), precleared of free
phosphate, were exposed to a synthetic tyrosine phosphopeptide (Promega), and liberated phosphate was measured spectrophotometrically at 600
nm. � I indicates the presence of a protein tyrosine phosphatase inhibitor. The asterisk denotes signi�cantly more protein tyrosine phosphatase
activity (P � 0.02) compared to wild-type-infected extracts.
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gene characterized recently from another wasp of the Micro-
gastrinae subfamily (a gene fromGlyptatanteles indiensisre-
sembling CcBV PTPQ) is ubiquitously expressed in parasitized
hosts (12, 13). TnBV protein tyrosine phosphatase expression
was also detected during the host-parasite interaction, the ex-
pression of TnBV PTP5 and/or PTP7 being observed by North-
ern blot analysis in the hemocytes and thorax of the parasitized
host. Preliminary experiments suggest that some protein ty-
rosine phosphatases are also expressed in adult wasps, and
more analyses are currently being performed to determine if
expression is restricted to particular tissues, such as ovaries,
where virus particles are produced.

Surprisingly, the protein tyrosine phosphatase genes do not
necessarily encode a product with protein phosphatase activity.
Indeed, several CcBV protein tyrosine phosphatases (CcBV
PTPM, PTPS, PTPH, PTPD, PTPU, PTPO, PTPE, and PTPX)
are mutated in the protein tyrosine phosphatase loop at a site
critical for activity (the catalytic center cysteine residue). Only
15 out of 27 CcBV protein tyrosine phosphatases have a reg-
ular catalytic site. To determine if bracovirus protein tyrosine
phosphatases actually comprised both functional and inactive
phosphatases, a protein of each type (with a regular or mutated
protein tyrosine phosphatase loop) was produced with the bac-
ulovirus expression system. Interestingly, protein tyrosine
phosphatase activity was characterized from baculoviruses pro-
ducing PTPA (with a regular protein tyrosine phosphatase
loop) and not from those producing PTPM (mutated in the
protein tyrosine phosphatase loop). The fact that CcBV PTPA
is active as a protein tyrosine phosphatase strongly suggests
that bracovirus protein tyrosine phosphatases have a biological
function during host-parasite interactions. A protein tyrosine
phosphatase without phosphatase activity might have a differ-
ent biochemical function, such as trapping phosphorylated ty-
rosine proteins, as suggested by the example of the D2 domain
of the human protein tyrosine phosphatase CD45, which is
similarly altered in the protein tyrosine phosphatase loop and
involved in CD45 substrate (T-cell receptor  ) recruitment
(33).

The diversity of the bracovirus protein tyrosine phospha-
tases, together with the exquisite speci�city of characterized
protein tyrosine phosphatases for their substrates conferred by
the protein tyrosine phosphatase domain, theoretically pro-
vides the parasitoid with the opportunity to interfere with
multiple pathways, in particular with those controlling host
development and immunity.

The prothoracic glands of matureH. virescenslarvae show a
dramatic reduction in biosynthetic activity when parasitized by
T. nigriceps, and this alteration is reproduced by TnBV infec-
tion (40, 48). The reduced ecdysone biosynthesis is associated
to the underphosphorylation of key regulatory proteins of the
prothoracicotropic hormone signal transduction pathway,
which culminates with a translational block of host protein
synthesis (48). The possibility that this alteration is induced by
TnBV-encoded protein tyrosine phosphatases remains to be
experimentally tested. Because prothoracicotropic hormone
stimulates a number of rapid protein phosphorylations in the
prothoracic glands via protein kinase A, mitogen-activated
protein kinases, and other uncharacterized kinases (24), it is
reasonable to speculate that these pathways could be targeted
by virulence factors such as protein tyrosine phosphatases. This

might also prove to be true in other host-parasitoid systems,
such asM. sextaparasitized byC. congregata(54), that become
refractory to prothoracicotropic hormone stimulation (6, 7)
even though prothoracic gland degeneration is not observed
(5).

Bracovirus protein tyrosine phosphatases might also be able
to disrupt the host signal transduction pathways controlling
hemocyte cytoskeleton dynamics during encapsulation and
phagocytosis, mimicking bacterial strategies of phagocytosis
inhibition (17). Indeed, certain bacterial pathogens use protein
tyrosine phosphatases as virulence factors to interfere directly
with the host signal transduction pathway, mediated by� 1-
integrin receptors, which control actin rearrangements. In par-
ticular, the protein tyrosine phosphatase virulence factor
YopH and the cytotoxin YopE of Yersinia pestis(the agent that
causes bubonic plague), which are injected by the type III
secretion system into human macrophages, have dramatic ef-
fects on actin rearrangements (14), resulting in inhibition of
phagocytosis (11).� -Integrin subunits were recently character-
ized in Pseudoplusia includens, strongly suggesting that this
signaling pathway leading to actin rearrangements is conserved
in lepidopteran hosts and might thus constitute a target for
bracovirus protein tyrosine phosphatases (38).

Future work will be directed toward characterization of the
molecular targets of the different bracovirus protein tyrosine
phosphatases to identify which host signaling pathways they
effectively alter and thus to determine how they are involved in
the alteration of host immunity and development.
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