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ABSTRACT Nudiviruses are large double-stranded DNA viruses related to baculoviruses
known to be endogenized in the genomes of certain parasitic wasp species. These wasp-vi-
rus associations allow the production of viral particles or virus-like particles that ensure
wasp parasitism success within lepidopteran hosts. Venturia canescens is an ichneumonid
wasp belonging to the Campopleginae subfamily that has endogenized nudivirus genes
belonging to the Alphanudivirus genus to produce “virus-like particles” (Venturia canescens
virus-like particles [VcVLPs]), which package proteic virulence factors. The main aim of this
study was to determine whether alphanudivirus gene functions have been conserved fol-
lowing endogenization. The expression dynamics of alphanudivirus genes was monitored
by a high throughput transcriptional approach, and the functional role of lef-4 and lef-8
genes predicted to encode viral RNA polymerase components was investigated by RNA in-
terference. As described for baculovirus infections and for endogenized nudivirus genes in
braconid wasp species producing bracoviruses, a transcriptional cascade involving early and
late expressed alphanudivirus genes could be observed. The expression of lef-4 and lef-8
was also shown to be required for the expression of alphanudivirus late genes allow-
ing correct particle formation. Together with previous literature, the results show that
endogenization of nudiviruses in parasitoid wasps has repeatedly led to the conserva-
tion of the viral RNA polymerase function, allowing the production of viruses or viral-
like particles that differ in composition but enable wasp parasitic success.

IMPORTANCE This study shows that endogenization of a nudivirus genome in a
Campopleginae parasitoid wasp has led to the conservation, as for endogenized nudivi-
ruses in braconid parasitoid wasps, of the viral RNA polymerase function, required for the
transcription of genes encoding viral particles involved in wasp parasitism success. We
also showed for the first time that RNA interference (RNAI) can be successfully used to
downregulate gene expression in this species, a model in behavioral ecology. This opens
the opportunity to investigate the function of genes involved in other traits important for
parasitism success, such as reproductive strategies and host choice. Fundamental data
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viral elements (EVEs) are now fragmented and nonfunctional, having evolved under
neutral selection (4, 5). However, in some cases, endogenized viral genes can confer
selective advantages to the host organism by providing new functions that are adapta-
tive (6-10). For example, at least 5 independent domestication events involving almost
complete viral genomes have been described in five lineages of Ichneumonoidea para-
sitoid wasps (11, 12). These integrated viruses have retained dozens of genes allowing
the wasps to produce virus-derived particles to ensure the parasitism success of their
offspring injected as eggs into an insect host, commonly belonging to Lepidoptera
(13-21).

Among the domestication events, ichnoviruses (IV) identified in the genomes of some
Ichneumonidae Campopleginae and Banchinae wasps are thought to originate from
closely related virus ancestors corresponding to an uncharacterized or extinct viral taxon
(19, 22, 23). Bracoviruses (BV) are integrated in the genomes of Braconidae parasitoid
wasps belonging to a monophyletic taxonomic group called the microgastroid complex,
estimated to comprise over 46,000 species (24). This association originated about 100 mil-
lion years ago (MYA) following the integration of a nudivirus from the Betanudivirus genus
into the genome of the microgastroid wasp ancestor (14, 25-27). Infecting insects and
crustaceans, exogenous nudiviruses have circular double-stranded DNA (dsDNA)
genomes and are a sister group of the well-known baculoviruses (26, 28-30). Integrated
nudivirus sequences have been described in several arthropods (31-37); however, the
functional consequences of such viral genomic elements are only evident in parasitoid
wasps (11, 13, 20, 27, 38). Despite the fact that IV and BV are of completely different viral
origin, these viruses have historically been grouped in the same Polydnaviridae (PDV) fam-
ily, and they illustrate a remarkable case of convergent evolution. Both IV and BV
genomes lead to the production of enveloped viral particles that contain multiple dsDNA
molecules that harbor virulence genes (27, 39-41). The expression of virulence genes in
the lepidopteran host leads to host immune suppression, enabling wasp parasitism suc-
cess (42-44).

Interestingly, more recent viral integration events in Ichneumonoidea parasitoid wasps
have been described, which involve integrations of nudiviruses from the Alphanudivirus
genus (20, 45, 46). The braconid wasp Fopius arisanus, which is distantly related to species
from the microgastroid complex, was recently shown to have integrated an alphanudivi-
rus, allowing the production of virus-like particles (VLPs), which consist of enveloped cap-
sids that lack DNA (46). Venturia canescens, an ichneumonid campoplegine wasp, was also
known to produce VLPs (47) supposedly from the endogenous IV present in related spe-
cies, which could have lost the ability to produce nucleocapsids (48). However, surprisingly,
it was instead shown to have relatively recently integrated an alphanudivirus (Venturia can-
escens endogenous nudivirus [VCENV]), which allows the production of immune suppres-
sive V. canescens virus-like particles (VcVLPs) consisting of an envelope but lacking a capsid
(20). Similar to bracovirus and ichnovirus particles, VcVLPs are produced in the calyx of
ovaries and released in the ovary lumen. VcVLPs, however, do not contain nucleic acids
but instead package virulence proteins of wasp origin that protect eggs from the lepidop-
teran host immune system after oviposition (20, 48-52).

The Nudiviridae consists of a family of large circular dsDNA arthropod viruses, which
diverged over 220 MYA. They share 32 core genes between them (26, 29, 32, 34, 53) and
21 core genes with baculoviruses (11, 21, 26, 29, 34, 54). They include genes involved in
essential viral functions, such as DNA replication, viral gene transcription, capsid assembly,
and host cell entry. None of the characterized parasitoid wasp-endogenized nudiviruses
have retained a functional viral DNA polymerase gene, this gene being either pseudogen-
ized in VCENV or totally missing in BV genomes (13, 20, 45, 55, 56), suggesting that BV
DNA replication must rely on polymerases of wasp origin (13, 17). However, parasitoid
wasp-endogenized nudiviruses have retained most (BV) or many (VcENV) of the other bac-
ulovirus or nudivirus core genes (11, 13, 14, 20, 45). Indeed, the endogenized virus in
V. canescens, for which a total of 51 nudivirus genes could be identified, has conserved
21 nudivirus core genes, 16 of which are core genes shared with baculoviruses (11, 20, 45).
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V. canescens is, to date, the only wasp in its lineage to have endogenized a nudivirus; this
domestication event is thought to be more recent (probably a few MYA) than the betanu-
divirus integration within the microgastroid wasp ancestor (100 MYA) (20, 25). In accord-
ance, nudiviral genes have been shown to be less dispersed in the V. canescens genome
than in wasps associated with BVs (20, 38, 56). Interestingly, the integrated alphanudivirus
(VCENV) did not take the same evolutionary trajectory as its betanudivirus counterpart in
braconid wasps: the genes encoding the structural components of the nucleocapsid have
been specifically lost by pseudogenization (20, 45), resulting in the production of VcVLPs
that consist of liposome-like particles delivering virulence proteins within the lepidopteran
host (20), whereas BVs deliver virulence genes.

In baculoviruses, genes are classified as “early,” “late,” and “very late” genes accord-
ing to the timing of their expression during cell infection. The cellular RNA polymerase
transcribes the early genes that comprise p47 and lef-5 genes and the viral RNA poly-
merase subunit encoding genes (lef-4, lef-8, and lef-9). Then, the viral RNA polymerase
ensures the transcription of the late or the very late genes that are involved in capsid
assembly (such as vp917, also known as pif-8, and p33) and production of envelope com-
ponents of the virion, which can play a role in host cell entry (pif genes for per os infec-
tivity factor) (57-59). Remarkably, several lines of evidence show that nudivirus genes
endogenized by braconid wasps have also retained core viral functions after domesti-
cation. Indeed, nudivirus gene expression analyses during wasp pupal development
revealed early expression of nudivirus genes whose products are required for transcrip-
tion of other viral late genes involved in particle formation (46, 56, 60). Furthermore,
knockdown of the bracovirus lef-4 and lef-9 in Microplitis demolitor by RNA interference
resulted in lowered transcription of some BV genes of nudiviral origin, as expected if
BV lef genes have retained RNA polymerase function (17). RNA interference (RNAI)
experiments also supported a conserved role of VP39, VLF-1, P74 (alias PIF-0), and PIF-1
as structural components of Microplitis demolitor BV (MdBV) virions (17).

In this study, we investigated for the first time in the Campopleginae wasp V. canes-
cens whether the endogenized alphanudivirus also retained viral core functions. Indeed,
proteins potentially involved in viral gene transcription and several PIF proteins in VCENV
showed a higher-than-average sequence conservation compared with that of other ex-
ogenous alphanudiviruses, suggesting that functional constraints are operating in the
context of domestication to maintain viral functions (45). More specifically, to determine
whether core viral functions have been retained in V. canescens, we first investigated the
expression dynamics of alphanudivirus genes in ovaries during wasp pupal development
with a high throughput transcriptional approach and compared promoter regions with
known baculovirus promoters. Second, we investigated whether the nudivirus genes
required to produce the RNA polymerase are essential for the expression of late genes
and VLP morphogenesis by developing, for the first time in V. canescens, an RNAi
approach. The results allowed us to demonstrate that lef-4 and lef-8 are involved in nudi-
virus gene transcription of late genes, showing that the essential RNA polymerase viral
function has been retained. Furthermore, electron microscopy analyses of knockdown
lef-4 and lef-8 wasps revealed strong impacts on virion production. These results, to-
gether with previous literature, show experimentally that the nudivirus RNA polymerase
is essential in both BV and VLP morphogenesis (17, 20, 45).

RESULTS

Dynamics of endogenized alphanudivirus (VcENV) gene expression throughout
wasp development. To determine whether alphanudivirus genes in V. canescens are
regulated in a temporally coordinated manner as has been observed for nudivirus
genes in Braconidae wasps (56, 60), we first investigated the development of ovaries
and calyx during wasp pupal development in order to relate the developmental stages
of these organs with VcVLP production. A previous study divided the V. canescens
pupal period into five pupal stages (called P1 to P5) based on pigmentation of pupal
cuticle (Fig. 1) (61). Here, we show that the calyx gains in length, measuring
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FIG 1 Schematic representation of each V. canescens pupal developmental stage associated with
pictures of ovaries and an indication of VcVLP production intensity. Pictures of wasp ovaries at different
pupal developmental stages were obtained using a stereo microscope; the scale bar represents 0.1 cm.
Calyx position is specified with a circle in one of the adult ovaries. VLP production was reported from
TEM observations from Pichon and collaborators (20), in which P4 and P5 stages described in Reineke
et al. (61) were merged (—, no production; +, very low production; ++, intermediate production;
+++, strong production). Development times postpupation (in days) are indicated here for wasps
reared in our conditions at 25°C.

approximatively 100 wm in P1 and 200 wm in adult wasps (Fig. 1), as the production of
VcVLPs determined by transmission electron microscopy (TEM) increases (20).

Second, in order to study VCENV gene transcription kinetics throughout ovarian devel-
opment, transcriptome sequencing (RNA-seq) analyses were performed on wasp ovaries
of P1 to P5 pupal stages and the adult stage (Fig. 1 and 2). As a negative control, VCENV
gene expression was also monitored in adult venom glands and anterior body parts (head
and thorax).

The expression of three reference control genes was monitored to assess the quality
of the samples. VenA3 encodes a venom protein conserved among Campopleginae
wasps (62) and is expected to be specifically expressed in venom glands of the V. canes-
cens wasp. The kynurenine 3-monooxygenase (kmo) gene is involved in eye pigmentation
in insects (63-65) and is expected to be specifically expressed in the head-thorax (Fig. 2).
Finally, the ovarian tumor (otu) gene is an ovarian gene required for the development of
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FIG 2 VCENV and VcVLP gene expression in V. canescens tissues. A heatmap (left) and the associated hierarchical clustering analysis (right) of endogenized
alphanudivirus genes (VCENV) and VcVLP virulence gene expression in V. canescens ovaries (P1 to P5 and adults) or adult head-thorax and venom glands
are presented. The heatmap displays Z scores calculated from normalized TPM (transcript per million reads). VenA3, kynurenine 3-monooxygenase, and
ovarian tumor are cellular wasp genes specifically expressed, respectively, in venom gland, head, and ovaries. Data were obtained from two pools of 15
individuals in each condition, except for head-thorax for which only five individuals were used per pool. Genes were annotated according to their
functional class as follows: o, reference genes (three cellular wasp genes); X, transcription and DNA amplification (six VCENV genes); #, envelope
components and morphogenesis (15 VCENV genes); +, unknown (30 VCENV genes); $, VcVLP virulence proteins (3 cellular wasp genes). The dendrogram
(right) represents the result of a hierarchical clustering analysis performed on Z score values of VCENV and VcVLP virulence gene expression (the tree was
cut with k = 4; the four groups are represented with bold vertical bars). Z scores are summarized in Table S2 in the supplemental material.
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the female germ line in Drosophila and is expected to be specifically expressed in ovaries
(66). As expected, VenA3, kmo, and otu were specifically expressed in the venom gland,
head-thorax, and ovaries of V. canescens wasps (Fig. 2), respectively.

Concerning the 51 VCENV genes, their expression is specific to ovarian tissue (Fig. 2),
which is consistent with the fact that VcVLPs are only produced in the calyx (50). Four
gene clusters could be obtained by a hierarchical clustering analysis. Genes within the
first two clusters were classified as “early expressed,” whereas those in the last two clus-
ters were classified as “late expressed” (Fig. 2). The genes supposedly involved in DNA
amplification and in virus transcription, such as helicase, lef-8, p47, and lef-5, were clus-
tered among early expressed genes (transcripts per million [TPM] are summarized in
Table S1 in the supplemental material). lef-9 and lef-4 tended to have an early expression,
as their expression started at P2 pupae but reached a maximum later in P4 pupae before
decreasing (Fig. 2; see also Table S1). For most of the genes potentially involved in
VcVLP morphogenesis and coding for envelope products, their expression followed a
late pattern. For these late genes, two subpatterns in expression could be detected: the
first one contains genes expressed earlier than other late genes and contains all pif
genes (except one copy of pif-5), Ac81, p33, and vp97 (Fig. 2; see also Table S1). The sec-
ond one contains genes such as OrNVorf136-like, OrNVorf23-like, and OrNVorf44-like,
which have a very late expression pattern (Fig. 2). For VCENV genes of unknown function,
both early and late expression patterns could be observed. Regarding the wasp genes
encoding the virulence proteins contained within the VcVLPs (vip1, vip2, and vip3), they
exhibit a late expression pattern, which is consistent with VcVLP proteins being pack-
aged at the late stages of VcVLP production (Fig. 2; see also Table S1). These genes
encode, respectively, a glutathione peroxidase (PHGPx), a Rho GTPase-activating protein
(RhoGAP), and a metalloprotease (neprylisin), which could in theory be transcribed by
the cellular RNA polymerase II, as they are cellular wasp genes and do not have a nudivi-
ral origin.

Taken together, the expression dynamics of these VCENV genes throughout wasp
ovarian development are consistent with their proposed functions and consistent with
expression dynamics observed for baculovirus genes during infection and for endo-
genized nudiviruses in Braconidae wasps during BV production (46, 56-58, 60). Indeed,
VCENV lef-4, lef-8, lef-9, and p47 are expressed earlier than genes involved in VcVLP
morphogenesis and envelope component production, as expected for genes that
would encode the viral RNA polymerase regulating such downstream processes.

Analysis of VCENV gene promoter regions. To identify potential promoter motifs
involved in early or late expression of endogenized nudivirus genes in V. canescens, we first
searched for promoter motifs already described in exogenous nudiviruses or in baculovi-
ruses (67-70). In nudiviruses, only one late promoter sequence TTATAGTAT was described
in HzNV-1 (Heliothis zea nudivirus 1) (67). In VCENV, this motif could only be found in the
upstream region of OrNVorf44-like. In baculoviruses, early genes that are transcribed by the
cellular RNA polymerase Il possess a TATA box promoter, followed by CA[G/T]T or CGTGC
motifs placed among 40 nucleotides downstream of the TATA box. In contrast, late genes
that are transcribed by the viral RNA polymerase harbor a [A/T/GITAAG motif. The results
of promoter motif search in VCENV genes are summarized in Table 1. VCENV gene
upstream sequences are shown in Fig. S1 in the supplemental material.

According to the RNA-seq analyses (Fig. 2 and previous paragraph), 14 VCENV genes
were classified as “early expressed” and 37 as “late expressed” (see third column of Table
1). Baculovirus motifs were found in 37 out of the 51 VCENV genes. For some VCENV genes
(such as lef-4, lef-8, p47, and pif-4 for example), the motif type found was coherent with the
expression kinetic pattern described above (Fig. 2; last column of Table 1). In some cases,
such as OrNVorf90-like, the motif search gave ambiguous results as both motif types (early
and late) were found. In contrast, for other VCENV genes, such as lef-5, helicase, or pif-6, for
example, the baculovirus motif type found did not match the transcriptomic results.
Surprisingly, no motif was detected for a few VCENV genes (p47 and OrNVorf59-like, for
example). Taken together, baculovirus promoter motifs were found in 73% of all of the
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TABLE 1 Promoter motif detection in VCENV gene upstream sequences

Journal of Virology

Function predicted from

Expression kinetic pattern

Type of baculovirus

“Late” motif found

baculoviruses VcENV gene of VCENV gene promoter(s) detected? by MEME®
DNA replication helicase Expressed early Late
Transcription p47 Expressed early X
lef-5 Expressed early Late
lef-4 Expressed early Early Late
lef-8 Expressed early Early
lef-9 Expressed early Late Late
Unknown OrNVorf73-like Expressed early Late
OrNVorf120-like Expressed early X
OrNVorf90-like Expressed early Early/late Late
OrNVorf46-like Expressed early Early Late
OrNVorf19-like Expressed early X
OrNVorf27-like Expressed early Late
OrNVorf54-like Expressed early Late Late
OrNVorf122-like Expressed early Late Late
Morphogenesis and envelope p33 Expressed late Late Late
components pif-6 Expressed late Early Late
ac81-1 Expressed late X Late
ac81-2 Expressed late Early Late
ac81-3 Expressed late X Late
p74 (pif-0) Expressed late Late
pif-1 Expressed late Early Late
pif-2 Expressed late X Late
pif-3 Expressed late Late Late
pif-4 Expressed late Late
pif-5-1 Expressed late Late Late
pif-5-2 Expressed late Early/late Late
pif-5-3 Expressed late Late Late
pif-5-4 Expressed late Late Late
vp91 (pif-8) Expressed late Late Late
Unknown OrNVorf41-like-1 Expressed late Early Late
OrNVorf41-like-2 Expressed late Late Late
OrNVorf41-like-3 Expressed late Early Late
OrNVorf41-like-4 Expressed late X Late
OrNVorf41-like-5 Expressed late Late Late
OrNVorf47-like-1 Expressed late Early/late Late
OrNVorf47-like-2 Expressed late Early/late Late
OrNVorf47-like-3 Expressed late X Late
OrNVorf138-like Expressed late Late
OrNVorf18-like Expressed late Late Late
OrNVorf25-like Expressed late X Late
OrNVorf61-like Expressed late X Late
OrNVorf59-like Expressed late X
OrNVorf119-like Expressed late X Late
OrNVorf63-like Expressed late Late Late
OrNVorf118-like Expressed late X Late
OrNVorf123-like Expressed late Late Late
OrNVorf76-like Expressed late Early Late
OrNVorf23-like Expressed late Late Late
OrNVorf136-like Expressed late X Late
OrNVorf79-like Expressed late Late Late
OrNVorf44-like Expressed late Late/HzNV late Late

aX, absence of baculovirus promoter sequences; HzNV late, gene for which the HzNV-1 late promoter motif was found.

bEmpty frames indicate that no motif was found for the respective gene.

VCENV genes. Globally, even if most of the motif search results were congruent with the
expression kinetic analysis, it seems hard to predict the expression kinetic pattern of
VCcENV genes by scanning for baculovirus promoters, as some results seem to be ambigu-
ous and are not congruent with the RNA-seq analyses (Table 1). Similar conclusions had
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FIG 3 Sequence logo identified upstream of VCENV genes using MEME software and br gene sequence logo. (A) Significant
motif identified from an enriched alignment of late expressed VCENV gene upstream sequences using MEME software. The
E value was calculated by MEME software, and the P value was calculated using AME software to determine if the motif was
significantly more enriched in upstream sequences of late expressed genes. The percentages above indicate the proportion
of early and late sequences displaying this motif. (B) Binding site motif of the Broad-Complex protein encoded by the br
gene (isoform 2) described in Drosophila melanogaster (NCBI txid7227) (72).

been drawn following the analysis of upstream sequences of MdBV nudivirus genes com-
bined with expression data (38). We therefore investigated for the presence of other motifs
in order to find potential regulatory sequences that could better explain the expression ki-
netic patterns of endogenized alphanudivirus genes in V. canescens.

To this end, a search for new motifs without a priori, was performed using MEME
software (see Table S3 in the supplemental material). Only one motif was found to
have an acceptable E value inferior to 1 (Fig. 3A, E value = 8.4e~7, consensus sequence =
[G/TIA/TI[A/GIA[A/TIATAGIT/A]). This motif was identified by using the upstream
sequences of late expressed genes in which it was shown to be significantly enriched by
AME software (adjusted P value = 5.14e72): 33 out of the 37 late expressed genes have
this motif in their upstream sequences, whereas only 6 out of the 14 early expressed
genes have it (fifth column of Table 1; see also Fig S1). Using Tomtom software and the
Jaspar 2018 core database (71), this new motif (Fig. 3A) was shown to align significantly
(P value = 3.04e™*) to a binding site motif for a Broad-Complex protein encoded by the
Drosophila melanogaster br gene (isoform 2) (72) (Fig. 3B).

RNA interference of lef-4 and lef-8 early genes has an impact on late VcENV
gene expression levels. In order to determine whether lef-4 and lef-8 could encode viral
RNA polymerase subunits, thereby regulating the expression of late genes, RNAi technol-
ogy was applied against them. By interfering with lef-4 and lef-8 genes, we expected to
reduce the viral RNA polymerase activity and to observe a decrease in late gene expression
together with the reduction of VcVLP production. lef-4 and lef-8 double-stranded RNA
(dsRNA) were synthesized and then injected into hyaline pupae (P1 stage). Controls con-
sisted of injection of gfp dsRNA (dsgfp) into P1 pupae. To check interference effectiveness,
the amount of remaining lef-4 and lef-8 RNA and the consequences on late gene expres-
sion were measured by reverse transcriptase quantitative PCR (RT-qPCR) on P4 pupae.

First, RNA interference of lef-4 and lef-8 was shown to be effective (Fig. 4). Results
displayed a reduction of lef-4 and lef-8 RNA by one-half and one-third, respectively,
compared to the RNA amount measured in control wasps (results are summarized in
Table S4 in the supplemental material). In addition, interference of lef-4 or lef-8 caused
an alteration in the expression of late genes in P4 pupae, with an observable downreg-
ulation of p74, pif-4, and OrNVorf59-like expression compared to the dsgfp control
treatment (Fig. 5A and B; see also Table S4). The expression of pif-4 was, in particular,
drastically altered with, respectively, a 30- to 50-fold reduction (fold change [FC] of
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FIG 4 lef-4 and lef-8 gene log, fold changes in expression in response to dslef-4 (lef-4 interference)
and dslef-8 (lef-8 interference). (Left) lef-4 interference, log, fold change in expression of lef-4 in P4
pupae after lef-4 dsRNA injection (n dsgfp = 14; n dslef-4 = 14). (Right) lef-8 interference, log, fold
change in expression of lef-8 in P4 pupae after lef-8 dsRNA injection (n dsgfp = 29; n dslef-8 = 26). FC
were obtained using AAC, from gPCR analysis as FC = 20742°D_ Statistically significant results are
displayed with asterisks (¥, P < 0.05; **, P < 0.01). Error bars represent standard error from the mean.

0.03 and 0.02) in lef-4- and lef-8-interfered wasps. Concerning vp91, neither lef-4 nor
lef-8 seemed to influence its expression.

These results show, on the one hand, the effectiveness of the interference on the
targeted genes and, on the other hand, the presence of a transcriptional cascade in
which late genes (here p74, pif-4, and OrNVorf59-like) clearly require the expression of
early expressed genes (lef-4 and lef-8) in order to be transcribed.

RNA interference of lef-4 and lef-8 early genes affects PIF-4 protein production.
lef-4 and lef-8 silencing efficiency to alter the downstream processes involving late
expressed genes was then assessed at the protein level by Western blotting analysis.
Based on previous quantitative PCR (qPCR) results, an alteration or inhibition of P74, PIF-
4, and ORF59 protein synthesis could be expected in wasps injected with lef dsRNA. As
pif-4 expression was the most impacted following lef-4 and lef-8 RNA polymerase gene
interference, the PIF-4 protein was chosen as a candidate to investigate RNAi impact at
the protein level by Western blotting analysis in control and silenced wasps.

For this purpose, P1 pupae were injected with either gfp (control), lef-4, or lef-8 dsRNA.
Once wasps reached the adult stage (corresponding to the stage with the highest VcVLP
production), the ovaries where dissected and pooled by four individuals. Negative and posi-
tive controls corresponding respectively to protein extract from adult head-thorax (with no
VLP proteins) and protein extract from purified VLPs of adults were also prepared. Figure 6
shows the results obtained for PIF-4 after the RNAI treatment. In V. canescens, pif-4 is sup-
posed to produce a 236-amino-acid protein with a molecular weight of approximatively
27 kDa. In Fig. 6, two bands are visible in the control treatment (dsgfp), one displaying a
molecular weight of approximately 25 kDa as expected and the other one of approximately
20 kDa, which we interpret as a PIF-4-cleaved product (although bioinformatic analysis did
not detect a specific cleavage site in the protein sequence). The two bands observed in the
control treatment (dsgfp) appear to be specific to PIF-4 protein, since we could observe the
same two bands in the positive control (Fig. 6, “VLP” on the right), while no band was
observable in the negative control (Fig. 6, “H-T” on the right). We could clearly show that
the PIF-4 protein is no longer or barely detectable in pools of lef-4 and lef-8 dsRNA-injected
wasps. These results show that interference of lef-4 and lef-8 not only resulted in downregu-
lation of pif-4 expression but also in a clear decrease of PIF-4 protein production.

The RNA interference of lef-4 and lef-8 genes has an impact on VcVLP
morphogenesis. As RNAi against lef-4 and lef-8 has an impact on PIF-4 production,
and as PIF-4 is hypothesized to be a VcVLP component, we investigated by electron
microscopy the influence of lef-4 and lef-8 RNAi on VcVLP production. The observations
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FIG 5 VCENV gene log, fold changes in expression after dsRNA injections of lef-4 and lef-8. (A) lef-4
interference, log, fold changes in gene expression of OrNVorf59-like, p74, pif-4, and vp91 genes in
response to lef-4 interference in P4 pupae. (B) lef-8 interference, log, fold changes in gene expression
of OrNVorf59-like, p74, pif-4, and vp91 in response to lef-8 interference in P4 pupae. Numbers of
dsRNA injected P4 wasps are n dsgfp = 14 (control), n dslef-4 = 14, and n dslef-8 = 13. FC was
obtained using AAC, from gPCR analysis as FC = 2744<D, Captions are displayed as indicated in Fig.
4; *** P < 0.001.

were carried out on the ovaries of adult individuals 9 days post dsRNA (gfp, lef-4, and
lef-8) injection. In all conditions, eggs were visible in ovarioles (data not shown).
Control gfp-interfered wasps displayed the same calyx phenotype as noninterfered
wasps, i.e., the injection did not alter VcVLP production (see Fig S2 in the supplemental
material). In the dsgfp control treatment (Fig. 7), VcVLPs were produced in calyx cell
nuclei (white arrow in Fig. 7, Ba and Ca) by the virogenic stroma (VS) (a “viral factory,”
containing VcVLP components and recruited envelopes, where VcVLP assembly takes
place) and transited through the nuclear and plasma membranes by budding to end in
the calyx lumen where they accumulated (Fig. 7, Ca). In the nucleus, VcVLP empty
envelopes required for VcVLP formation can be observed (white circle in Fig. 7, Ba).
Strikingly, in lef-4-interfered wasps, there was no production (or a scarce production) of
VcVLPs (Fig. 8) despite the presence of VS. Surprisingly, we also observed reproducibly
that the calyx lumen was closed compared to that in gfp-interfered wasps at the same
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FIG 6 lef-4 and lef-8 silencing impact on PIF-4 production. Western blotting analysis of PIF-4 production (shown with
arrows) in ovaries after dsRNA injections (left). Western blotting analysis of PIF-4 production in positive control (VLP)
and negative control (H-T) (right). L refers to the protein molecular size ladder (in kDa). dsgfp, dslef-4, and dslef-8 refer
to gfp dsRNA, lef-4 dsRNA, and lef-8 dsRNA injection treatments, respectively. VLP and H-T refer to the purified VLPs
and the protein extract from head-thorax, respectively.

developmental stage (compare Fig. 7 with Fig. 8 and Fig. 7, C with Fig. 8, Ca). Furthermore,
we were not able to distinguish envelopes around the few VcVLPs found in calyx cells (white
arrowhead in Fig. 8, Ba), and no empty envelopes were visible in the cell nucleus, suggesting
that envelope components are no longer produced in lef-4-interfered wasps. In the dslef-8
treatment (Fig. 9), fewer VLPs were produced by the VS than in the control treatment;
indeed, fewer VLPs were visible both in the cells and in the calyx lumen. Both empty enve-
lopes (white circles, Fig. 9, Ba) and empty VcVLPs could be observed in the cell nuclei (black
arrows, Fig. 9, Ba and C) of lef-8-interfered wasps. Empty VcVLPs are similar in size to normal
VcVLPs, but they seem to be devoid of VcVLP content. All together, these results demon-
strate the primordial role of lef-4 and lef-8 expression in the downstream process involving
VcVLP component production and consequently VcVLP morphogenesis and synthesis.

DISCUSSION

Independent endogenization events of large dsDNA viruses have been observed in
several lineages of Ichneumonoidea parasitoid wasps. Key questions regarding these
events concern the impact of the wasp genomic environment on viral functions. Our results
suggest that the process of viral domestication in the ichneumonid Campopleginae wasp V.
canescens has allowed the endogenized alphanudivirus to retain essential viral functions.
We have shown that VCENV genes have conserved an expression kinetic resembling that of
baculovirus homologues during infection and of endogenized nudivirus homologues during
particle production in Braconid parasitoid wasps (46, 56, 60). Furthermore, genes involved in
viral RNA polymerase synthesis were shown to be required for the expression of pif genes
involved in VcVLP production and for the correct production of the particles. In accordance
with results obtained for MdBV (17), we have shown that VcVLP production is impacted
when interfering with lef-4 and lef-8 expression. Our results also highlight, as for endogen-
ized betanudivirus genes in M. demolitor, that baculovirus promoter motifs have been con-
served to some extent, but other regulatory sequences of nudiviral or of wasp origin could
be involved. Our results, together with previous literature, show experimentally that the
nudivirus RNA polymerase is essential in both BV and VLP morphogenesis, but resulting par-
ticles differ because some nudivirus genes retained in BV-producing wasps have been pseu-
dogenized or lost in V. canescens (17, 20, 45).

Expression dynamics of VCENV genes throughout wasp ovarian development were
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FIG 7 V. canescens adult wasp calyx observed by electron microscopy after green fluorescent protein (GFP) dsRNA injection. (A) Semithin
section picture. (B and C) Electron transmission microscopy pictures of calyx portions specified on panel A. (Ba and Ca) Magnified sections
(white frame) of panels B and C, respectively. VcVLPs (white arrows) are produced by the virogenic stroma (VS) recruiting VcVLP empty
envelopes (white circles) localized in the calyx cell nucleus (N). VLPs pass through the nuclear membrane, the cytoplasm (C), and cytoplasmic
membrane microvilli (MV) to end in the calyx lumen (L).

consistent with expression dynamics observed for baculovirus genes during infection
and for endogenized nudiviruses in Braconidae wasps (46, 56-58, 60). Indeed, VCENV
lef-4, lef-8, lef-9, and p47 are expressed earlier than genes involved in VcVLP morpho-
genesis and envelope component production (pif), as expected for genes that would
encode the viral RNA polymerase regulating such downstream processes. Analysis at
all five pupal stages combined with a hierarchical clustering analysis allowed us to
refine and observe subtle differences in expression dynamics in V. canescens. Indeed,
among early expressed genes, helicase, lef-8, lef-5, and p47 were shown here to be
expressed earlier than lef-9 and lef-4. The helicase is a key DNA replication protein in
baculoviruses (57) and may contribute to VCENV gene cluster amplification as sug-
gested by Leobold and collaborators (45). Cluster amplification may occur early in ova-
ries to allow the expression of late genes and massive VcVLP production. In the same
vein, in baculoviruses, lef-5 encodes an initiation factor (31, 68, 73) and lef-8 the cata-
lytic site of the RNA polymerase (74, 75), which could explain their very early expres-
sion in V. canescens. These differences in expression concerning “early” genes were not
observed for the endogenized betanudiviruses in M. demolitor and Cotesia congregata,
either because less stages were tested and/or because expression dynamics may
slightly differ between species (56, 60). Our results show that the V. canescens pif genes
are, as for baculoviruses and BVs, expressed in the late pupal and adult stages, suggest-
ing that they may similarly encode VcVLP envelope proteins (13, 38, 57, 58, 60). The
late expression of V. canescens VP91, which in baculoviruses is involved in occlusion
body morphogenesis (76), is suggestive that a similar function could be extrapolated
for V. canescens VP91. Finally, VCENV genes appear to be specifically expressed in
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FIG 8 V. canescens adult wasp calyx observed by electron microscopy after lef-4 dsRNA injection. (A) Semithin section picture; (B and C)
Electron transmission microscopy pictures of calyx parts specified in panel A; (Ba and Ca) Magnified sections (white frame) of panels B and C,
respectively. Practically no VcVLPs were observable in the nucleus (N) and the cytoplasm (c). A rare VcVLP lacking a visible envelope is
indicated by a white arrowhead (Ba), near a virogenic stroma (SV). Only cytoplasmic membrane microvilli (MV) were visible in the calyx
lumen (L) location (C and Ca).

ovarian tissues, indicating that host regulation mechanisms that have yet to be uncov-
ered are acting to allow control of viral gene expression in calyx cells.

Baculovirus promoter motifs were found in the upstream sequences of some VCENV
genes, but their involvement in gene regulation remains unclear since the presence of
these motifs was not always congruent with VCENV gene expression profiles (Table 1
and Fig. 2). Indeed, 27 VCENV genes out of 51 do not possess a baculovirus promoter
type that matches with their expression kinetics. This lack of correlation is not totally
surprising since similar observations were reported for some baculovirus genes (69)
and also for endogenized nudivirus genes in M. demolitor (38). The production of poly-
cistronic mRNAs, as recently described in baculoviruses (77), could explain some
expression patterns. For example, no baculovirus motif was found in the upstream
sequence of OrNVorf59-like, but it displays a late expression pattern. The pif-4 gene,
which is located upstream of OrNVorf59-like, possesses a late baculovirus promoter; the
late expression pattern of these genes could, therefore, be explained by the produc-
tion of a polycistronic mRNA including these two genes. It is important to note that
baculovirus promoters and noncanonical TATA boxes are difficult to predict, especially
in the context of an insect genome, as these sequences are small (10-bp maximum). It
is also important to bear in mind that the exogenous baculovirus and endogenized
alphanudivirus regulatory systems are difficult to compare, as (i) nudivirus regulatory
sequences may have diverged from regulatory sequences described in baculoviruses,
and (ii) these sequences are not evolving within the same genetic background (the
endogenized virus evolving within the wasp genome). Some of the viral regulatory
sequences could, thus, be altered and not conserved in the eukaryotic genome. In
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FIG 9 V. canescens adult wasp calyx observed by electron microscopy after lef-8 dsRNA injection. (A) Semithin section picture; (B and C)
Electron transmission microscopy pictures of calyx parts specified in panel A; (Ba and Ca) Magnified sections (white frame) of panels B and C,
respectively. VcVLPs and empty envelopes are indicated by white arrows (Ca) and a white circle (Ba), respectively. VcVLPs were visible in the
nucleus (N), the cytoplasm (c) and the lumen (L) surrounded by cytoplasmic membrane microvilli (MV). Empty VcVLPs were visible in the
nucleus (Ba and C) and are indicated by black arrows.

consequence, given the discrepancy between observed baculovirus promoter types
and expression kinetics of alpha and betanudivirus genes (38), we searched for new
motifs in VCENV promoter sequences. We discovered a motif enriched in upstream
sequences of late expressed genes, which aligned with a binding site of a Broad-
Complex protein encoded by the br gene of Drosophila melanogaster. This gene enco-
des a C2H2 zinc finger transcriptional regulator protein involved in transcription of late
genes required for pupal development (78, 79) for microRNA (miRNA) regulation (80)
and for metamorphosis (72, 78, 79). Some VcENV genes may, therefore, have acquired
binding sites of a cellular transcription factor, which might enhance viral RNA polymer-
ase activity in order to match the developmental processes of the host parasitoid
wasp. However, a functional validation should be performed in order to validate this
hypothesis. Taken together, our results and previous work by Burke et al. (38) suggest
that some baculovirus promoter sequences were retained during the evolution and
the domestication of alphanudiviruses. Furthermore, the expression of some endogen-
ized nudivirus genes probably rely also on wasp regulatory sequences. Since other reg-
ulatory mechanisms have yet to be described in both baculoviruses and nudiviruses,
further studies would be needed to better describe regulatory sequences in VCENV.
Globally, it will be interesting to characterize regulatory motifs of pathogenic nudivi-
ruses, which probably reflect those of the ancestral virus captured by a V. canescens
ancestor. Another approach would be to investigate transcription factor binding sites
involved in VCENV regulation by using chromatin immunoprecipitation sequencing
(ChIP-Seq) analysis targeting LEF-5 protein (a transcription initiation factor in baculovi-
rus [81]) and the homologue of the Broad-Complex protein in V. canescens.

Since the expression kinetics of alphanudivirus genes supposedly involved in the
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production of the viral RNA polymerase are in accordance with the expression kinetics
described in baculoviruses and certain bracoviruses, we tested the function of two lef
genes by RNAI, expecting that the knockdown of the viral RNA polymerase will both al-
ter expression of late VCENV genes and VcVLP production. Indeed, by interfering lef-4
and lef-8, we decreased the available amount of lef-4 and lef-8 transcripts that are,
respectively, supposed to code for the viral RNA capping enzyme subunit (Fig. 4A) (82—
84) and the catalytic site subunit of the viral RNA polymerase (Fig. 4B) (74, 75).
Subsequently, we investigated the effect of the knockdown of these early expressed
genes on expression of late VCENV genes: lef-4 and lef-8 RNAI lead also to the downreg-
ulation of p74, pif-4, and OrNVorf59-like expression in P4 pupae, where their expression
was lowered approximatively 15 times, 40 times, and 5 times, respectively (Fig. 5). We
could also confirm that lef-4 and lef-8 interference impacted the production of the PIF-
4 protein. These results are concordant with RNA interference experiments conducted
in the Microplitis demolitor braconid wasp, in which knockdown of lef-4 and lef-9 also
led to the downregulation of late genes encoding BV structural proteins (17). In con-
trast, vp91 expression was not affected by lef-4 or lef-8 interference (Fig. 5; see also
Table S3 in the supplemental material). This could suggest that the expression of this
gene is either not entirely dependent on the viral RNA polymerase or that the RNAi ef-
ficiency is not sufficient to see a significant decrease in vp91 expression in P4 pupae.
Indeed, Vp91 is expressed relatively early, from the P3 pupal stage (Fig. 2), whereas
p74, pif-4, and OrNVorf59-like are expressed later from the P4 pupal stage. Regarding
OrNVorf59-like, the promoter of this gene did not harbor any baculovirus motif, but its
expression was nonetheless affected by lef gene interference. Therefore, either the
expression of this gene relies on another type of promoter not described to date in
baculoviruses, or simply not present in baculoviruses, that may correspond to a specific
promoter sequence of alphanudiviruses or a wasp promoter as discussed above.

The importance of lef-4 and lef-8 expression for VcVLP production was confirmed by
electron microscopy. In lef-4-interfered individuals, VcVLP production was abolished,
the rare particles that were produced seemed to lack an envelope, and no empty enve-
lopes were visible in the nucleus. Previously, Pichon and collaborators (20) described
that VS recruit empty envelopes and fill them with their content to form VcVLPs.
Despite the fact that lef-4-interfered individuals lacked VcVLPs, VS were still observable.
This could be explained either by the fact that VS are composed essentially of proteins
encoded by genes transcribed by the cellular RNA polymerase Il (such as the three viru-
lence proteins [20]) that retain their ability to aggregate within the nucleus or that the
effect of RNA interference is partial or decreasing through time, allowing VS formation.
In contrast, in lef-8-interfered wasps, VcVLP production and release in the calyx lumen
were observable but in much smaller amounts compared to control individuals. Also,
many empty VcVLPs were observable in the nucleus of lef-8-interfered individuals. The
observed differences in VcVLP production and phenotype in wasps interfered with lef-
4 or lef-8 dsRNA could be explained by either their impact on late VCENV gene expres-
sion or by the interference efficiency on each target. As no empty envelope was seen
in wasps subjected to the lef-4 dsRNA treatment, it could also mean that the expres-
sion of lef-4 (RNA capping enzyme supposedly involved in RNA stability) is important
for the expression of envelope proteins or for envelope recruitment. As we have shown
that RNA interference is a suitable approach to silence genes and that lefs have con-
served their viral RNA polymerase function in V. canescens, we could investigate the
impact of viral RNA polymerase subunit genes on all nudivirus genes using RNA-seq
analyses. Combined with electron microscopy observations, this approach used on
other viral RNA polymerase subunit genes might also give better insights on how the
viral machinery is functioning in the parasitoid wasp.

Regarding calyx morphology, it was possible to observe in the lef-4 dsRNA treat-
ment that, in the absence of VcVLPs in the calyx lumen, cell microvilli seem to join to
each other and close the calyx lumen. In /lef-8 dsRNA treatment, the calyx lumen was
still observable but not as wide as the calyx lumen seen in the control treatment. All of
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these observations suggest that the calyx morphology in this species is impacted by
VcVLP production, which could by consequence affect egg transit through the ovarian
track.

These results point out the practicality of RNA interference experiments for gene
function prediction testing in V. canescens: for the first time, RNAi was performed in
V. canescens and allowed to investigate the function of lef-4 and lef-8. In the same way
as for Microplitis demolitor BV and Hyposoter didymator IV, for which RNAi allowed
researchers to uncover endogenized viral gene functions (17, 85, 86), RNAi in V. canes-
cens will allow us to test alphanudivirus gene predicted functions based on what is
known for baculoviruses and bracoviruses and also to investigate the role of alphanu-
divirus genes with unknown functions. This research also opens the avenue for the
investigation of cellular gene function in V. canescens. For example, by using RNAI, the
function of vip1, vip2, and vip3 genes coding for proteins that are contained in VLPs
and that have been proposed to play essential roles in host immunity alteration and in
VcVLP formation (48, 61, 87-89) could be accurately tested. Our results regarding the
evolution of an endogenized alphanudivirus, together with previous data obtained on
endogenized betanudiviruses in Braconidae (13, 17, 56, 60), reveal that endogenization
of nudiviruses in parasitoid wasps has repeatedly led to conservation of the viral RNA
polymerase function, allowing the production of viruses or virus-like particles that dif-
fer in composition but enable wasp parasitic success. We extend to virus-like particles
the finding that, like bracovirus-associated wasps, viral transcription still plays a key
role in particle production, suggesting that conservation of this function could be cru-
cial in maintaining a viral entity after nudivirus endogenization. This is suggestive that
strict control and expression of the nudivirus genes together with the loss of the DNA
polymerase gene are important steps leading to mutualist association between nudivi-
ruses and host wasps.

Finally, discovering other endogenized nudiviruses in Campopleginae parasitoid
wasps phylogenetically related to V. canescens will allow us to better understand the
evolution of nudiviruses under viral domestication and to investigate the function of
alphanudivirus genes together with viral domestication mechanisms.

MATERIALS AND METHODS

Parasitoid model. (i) Parasitoid rearing. The thelytokous strain (i.e., composed only of females) of
V. canescens (Ichneumonidae, Campopleginae) used for this study originated from a natural population
of wasps collected in Valence (France) (20). This strain was bred on Ephestia kuehniella (Lepidoptera,
Pyralidae), a natural host of V. canescens, on organic whole wheat flour in a climatic chamber at 25°C
under a 16-h light/8-h dark photoperiod. Wasp pupae were collected using precut cardboard that traps
host larvae. For all experiments, first pupal stage wasps (P1) were kept and maintained in petri dishes
(25°C, 16h light/8h dark photoperiod) with a piece of moist tissue until they reached the stage of
interest.

(ii) Development stage determination. Wasp pupae were sorted based on their observed melani-
zation pattern using a binocular magnifier according to Reineke and collaborators (2002) (61) (Fig. 1).
Pictures of dissected wasp ovaries were taken with a camera (Leica IC80 HD) using a binocular magnifier
for each developmental stage.

RNA-seq analysis. (i) RNA extraction and sequencing. Wasps were dissected in order to obtain
ovaries (15 pairs per replicate) of all developmental stages (the 5 pupal stages and adult; the age post-
pupation for each stage is described in Fig. 1). Venom glands (15 pairs per replicate) and head-thorax (5
per replicate) of adults were also conserved in order to check for absence of ectopic expression of
VCENV genes. Two replicates per kind of dissected tissues were analyzed using RNA-seq approaches.
Total RNA was first extracted from all samples (16 in total) using TRIzol reagent (Invitrogen) according to
the manufacturer’s instructions. Only the isopropanol step was replaced by cold absolute ethanol (3 vol-
umes per sample instead of 1), and total RNA were finally resuspended in 30 L RNase-free water. Total
RNA was quantified using the Qubit RNA HS assay kit (Invitrogen) designed for the Qubit 2.0 fluorome-
ter. Samples of extracted RNA were then stored at —80°C until their use.

The sequencing of library preparations and the generation of paired-end reads were performed on
an lllumina platform by the Novogene company (UK). Raw data are available in NCBI (BioProject acces-
sion number PRINA739064).

(ii) Alignment and statistical analyses. Paired-end reads of each pool were mapped to the reference
genome of V. canescens (genome assembly, Venturia canescens genome v1.0, downloaded from BIPAA
database, available at https://bipaa.genouest.org/sp/venturia_canescens/download/genome/v1.0/) using
HISAT2 alignment software (90) with default parameters. The featureCounts program (91) with default
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parameters from the Rsubread R package (v2.2.6) (92) was then used to access the number of reads
mapped to each gene, named as “counts,” of the annotated reference genome.

The generated counts were used to perform gene expression analysis on VCENV genes according to
the developmental stage and the studied tissue. First of all, these generated counts were converted into
transcripts per million (TPM) by dividing the reads per million (RPK) (i.e., the number of counts/length of
the gene) for each gene by a per million scaling factor (total number of RPK x 1/106).

Genes with a raw count lower than 15 in all libraries and genes for which the total raw count (the
sum of count of all libraries) was less than 120 were discarded from the analysis (see Fig. S3 in the sup-
plemental material). TPMs were then normalized by a normalization factor using the edgeR TMM
(trimmed means of M values [93]) method (see Fig. S4 in the supplemental material). The reproducibility
of the two replicates for each condition was then assessed by a Spearman correlation using the filtered
and normalized TPMs (see Fig. S5 in the supplemental material).

To examine the differential gene expression between each condition (developmental stages and
organs) and then assess the VCENV gene kinetics, a quasi-likelihood negative binomial generalized log-
linear model was fitted to the data after estimation of the common dispersion using edgeR (94, 95).
Empirical Bayes quasi-likelihood F-tests were performed to identify differentially expressed genes where
each condition was compared to each other and the F-test P-values were then adjusted using false dis-
covery rate (FDR) method (95).

For data visualization, Z scores were calculated for each gene. The Z score corresponds to the num-
ber of standard deviations separating the result value from the mean value (96). Z scores for each gene
were calculated by dividing the difference between the TPM value obtained for a condition and the TPM
mean of all conditions by the standard deviation. A hierarchical clustering analysis was then performed
on these Z score values using the stats R package (v4.0.3).

(iii) Promoter analysis. In Baculovirus, early genes that are transcribed by the cellular RNA polymer-
ase Il have a TATA box promoter followed by a CA[G/TIT or a CGTGC motif placed among 40 nucleotides
downstream of the TATA box. In contrast, late genes that are transcribed by the viral RNA polymerase
harbor a [A/T/GITAAG motif (68-70). Early and late promoter motifs were searched for in the 300-bp
upstream sequences of VCENV genes; for early promoters, we looked for TATA boxes (TATA[A/TIT[A/T],
allowing two errors in the last 3 nucleotides) with one of the two early motifs (CA[G/TIT and CGTGC)
placed among 40 nucleotides downstream of the TATA box. For late promoters, we looked for the [A/T/
GITAAG baculovirus motif and also for the TTATAGTAT motif supposed to regulate late genes in
Heliothis zea nudivirus-1 (67). These results were compared with VCENV gene expression obtained by
RNA-seq.

In parallel, a de novo motif search was performed within the 300-bp sequence located upstream of nudi-
viral genes using MEME (Multiple EM for Motif Elicitation [97]). AME (Analysis of Motif Enrichment [98]) and
Tomtom (motif comparison tool [99]) software are available in MEME Suite 5.4.1 (https://meme-suite.org/).
To search for motifs, two databases were analyzed independently. One of the databases included the
300 bp upstream of 14 early expressed genes, and the other one included the 300 bp upstream of 37 genes
detected as late expressed (Fig. 2 and Table 1; see also Fig. S1 in the supplemental material). The first step
consisted of searching within the two databases for motifs spanning between 4 and 20 nucleotides that
were present in at least 70% of the analyzed sequences. To this effect, the MEME software (97) was used in
command line with the following parameters: -dna (DNA alphabet), -zoops (zero or one occurrence per
sequence), -minw 4, -maxw 20 (size of the motifs between 4 and 20 bp), -nmotifs 20 (search for 20 different
motifs), and either -minsites 10 (present in at least 10 sequences) for the “early database” or -minsites 26
(present in at least 26 sequences) for the “late database” in accordance with the previously established
thresholds. The second step of the analysis consisted in checking if the motifs were well enriched in their re-
spective database. To that purpose, we checked if the early motifs found are enriched in the early database
compared to the late database and, conversely, in the case of motifs found in the late expressed sequences.
This analysis was performed with the AME software (98) with the default parameters (one-tailed Fisher's
exact test). Finally, motifs found enriched according to AME were compared using Tomtom software (99)
against the nonredundant JASPAR 2018 core DNA database (71) to find a potential homology with known
transcription factor binding site profiles.

RNA interference approach. (i) Double-stranded RNA synthesis. In order to silence the VCENV Jef-
4 and lef-8, RNAi was performed using corresponding dsRNA synthesized from wasp total RNA (100).
Individuals were first individually disrupted using a pellet pestle. Total RNA was extracted from entire
wasps (4th pupal stage, P4, at 6 days postpupation) using the NucleoSpin RNA kit (Macherey-Nagel) and
quantified with a Qubit 2.0 (Invitrogen) using the Qubit RNA HS assay kit (Invitrogen). Entire cDNAs were
obtained by retrotranscription of the total RNA (1 wg of RNA per sample) with oligo(dT) primer using
the QuantiTech reverse transcription kit (Qiagen) according to the manufacturers’ instructions.

lef-4 and lef-8 cDNAs were specifically amplified by two consecutive PCR, the first one designed to
amplify lef-4 and lef-8 cDNA (starting at 95°C for 5 min followed by 25 cycles [95°C for 1 min, 58°C for
30 s, and 72°C for 30 s] and ending at 72°C for 10 min) and the second one to add T7 sequences
(TAATACGACTCACTATAGGGAGA) on each generated fragment for the transcription (starting at 95°C for
10 min followed by 30 cycles [95°C for 30 s, 58°C for 45 s, and 72°C for 1 min] and ending at 72°C for
10 min). Fifty nanograms of template in the Eppendorf Mastercycler Nexus GX2 thermal cycler was used
for each PCR. Transcription was performed using the T7 RNA polymerase enzyme included in the
Invitrogen MEGAscript T7 transcription kit (Invitrogen) with the manufacturer’s protocol in order to
obtain dsRNA of lef-4 and lef-8. For each gene, 150 ng of T7 template (each PCR product added in an
equal amount) was used in total to perform the transcription. The transcription was performed in the
Eppendorf ThermoMixer C for 16 h at 37°C, and 1 uL of Turbo DNase (Invitrogen) was added for a further
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15 min at 37°C to degrade the DNA template. One-twentieth volume of NaOAc (3M) and two volumes
of ethanol (100%) were then added to precipitate the dsRNA, which was then stored at —80°C for at
least 2 h. Thawed dsRNA solutions were centrifuged 15 min at 11,000 rpm. RNA pellets were washed
with 70% ethanol and air dried after centrifugation to remove all ethanol. The dsRNA pellets were
finally resuspended in 15 uL RNase-free water. In parallel, a third dsRNA dedicated to the experimental
control was obtained by producing gfp dsRNA with the same methods from the pmaxGFP plasmid
(LONZA). All primer sequences used for this experiment are summarized in Table S6 in the supplemen-
tal material.

Produced dsRNAs were quantified using the Qubit RNA HS assay kit (Invitrogen) and the Qubit
2.0 fluorometer. The dsRNA fragment size was checked by electrophoresis before each injection
experiment.

(ii) dsRNA injection procedures. Newly synthetized dsRNAs were individually injected into wasps at
the 1st pupal stage (hyaline pupae, P1) using the Nanoject Ill (Drummond) microinjector in order to
silence targeted genes and to test their functions in downstream processes such as VCENV gene expres-
sion and VcVLP production. Each wasp received 50 nL of dsRNA solution containing 400 ng/ulL of either
lef-4, lef-8, or gfp (experimental control) dsRNAs. Wasps in the 4th pupal stage (P4 pupae) were then col-
lected for RNA extraction in order to perform qPCR analysis.

For Western blotting and electron microscopy experiments, wasps were collected at emergence
(adult stage), as it corresponds to the stage where the VLP production is at its maximum.

(iii) RT-qPCR analyses. The impact of lef-4 and lef-8 gene silencing was evaluated postinjection at
the transcription level by RT-qPCR. For this purpose, wasps at the 4th pupal stage were collected and
treated individually. All wasps were injected at the first pupal stage (P1 pupae). Total RNA extraction
was performed as previously described for the dsRNA production to the exception that the DNA diges-
tion step was performed twice and total RNA was eluted in 60 uL RNase-free water. All of the samples
were quantified using the Qubit RNA HS assay kit with the Qubit 2.0 fluorometer. Fifty picograms of
kanamycin RNA (Promega) were added to each sample as an external retrotranscriptional control.
Reverse transcription was then performed from 1 wg RNA per sample using the QuantiTech reverse tran-
scription kit (Qiagen) according to the manufacturers’ instructions. Newly synthetized total cDNAs were
finally stored at —20°C until their use.

Gene expression study was performed using the QuantStudio 6 real-time PCR system (Thermo
Fisher Scientific). The gPCR experiments were run in triplicate (technical replicates) using the standard
mode, and reaction mixtures included 3 uL ¢cDNA (1 ng), 6.5 L MESA blue gPCR mastermix plus (2x)
for Sybr assay reagent for SYBR green (Eurogentec), 2.45 uL mixed F/R primers (20 uM each), and
1.05 uL molecular grade water. The expressions of the following different nudiviral genes were eval-
uated: lef-4, lef-8, vp91, OrNVorf59-like, p74, and pif-4. The following internal control genes were also
quantified to normalize gene expression and to check transcription efficiency: actine, gapdh, and ef1
as well as kanamycin as an external control. Used primers are presented in Table S7 in the supplemen-
tal material.

The following analyses were performed based on the obtained cycle threshold (C;) values using R
(version 3.5.3). Data from 14 P4 pupae injected with gfp dsRNA (dsgfp), 14 with lef-4 dsRNA (dslef-4), and
13 with lef-8 dsRNA (dslef-8) were analyzed to access the expression of lef-4 and late expressed genes.
To verify lef-8 inactivation, data were generated from 29 (dsgfp) and 26 (dslef-8) P4 pupae. Targeted
gene C; values were first normalized with the kanamycin RNA C; value (the external control) and then
with the reference gene C; values (actine, gapdh, and efT). To this end, an “artificial” reference gene was
built from the geometrical mean of the three reference genes (actine, gapdh, and ef1). Normalized C; val-
ues, named as AC; (=C. = Crgtudied gene)» Were then analyzed by a linear regression model (R
Stats package, v4.0.3) with the interference conditions as factor. For lef-4 and lef-8 expression, compari-
son between the tested treatments (dslef-4 and dslef-8) and the control treatment (dsgfp) was per-
formed using a Welch's heteroscedastic F-test. For late expressed gene expression, each interference
condition (dsgfp, dslef-4, and dslef-8) was compared to the others with a multiple comparison test based
on least-squares means of the linear regression model, and P values were then adjusted using the
Bonferroni method (Ismeans R package, v2.30-0). The equation AAC; (=ACrygcontron ~ ACrdstera or dsier-s)
was calculated and used to finally assess the fold change expression (FC = 2(724¢T),

(iv) Protein isolation, SDS-PAGE, and Western blotting. Proteins were extracted from the dis-
sected ovaries of a pool of four emerging injected wasps using TRIzol reagent (Invitrogen) according to
the manufacturer’s instructions. This adult stage was chosen for Western blotting but also for electron
microscopy experiments, as it corresponds to the stage where VLP production is maximal (20). Proteins
forming the head and thorax of noninterfered wasps were also extracted from 4 adults following the
same protocol. VLPs were purified from 100 dissected adult calices. Calices were first disrupted using a
1-mL syringe and a 25G (x5/8") needle in 20 uL Dulbecco’s phosphate-buffered saline (DPBS) 1x con-
taining 1/100 of protease inhibitor (Sigma, reference P2714). Disrupted calices were centrifuged for
10 min at 770 g at 4°C. The resulting supernatant containing VLPs and calix fluid was submitted to
another centrifugation for 10 min, at 15,400 x g at 4°C allowing us to pellet the VLPs. Proteins were
resuspended in 10 ulL of 0.1% SDS in water and quantified using the Qubit protein assay kit (Invitrogen)
designed for the Qubit 2.0 fluorometer.

Before SDS-PAGE electrophoresis, 5 ug of purified proteins were mixed with Laemmli buffer
(225 mM Tris, 50% glycerol, 12% SDS, 0.5% bromophenol blue, 5% B-mercaptoethanol) and then heated
10 min for VLPs and 5 min for all other samples at 95°C. Denatured proteins were submitted to SDS-
PAGE (stacking gel at 5% of acrylamide/bisacrylamide, running gel at 12.5% of acrylamide/bisacryla-
mide) in running buffer (192 mM glycine, 25 mM Tris, 20% SDS). Proteins were transferred onto a

Treference gene
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Immun-Blot polyvinylidene difluoride (PVDF) membrane (Bio-Rad) previously equilibrated for 10 min
with absolute ethanol and Towbin buffer (25 mM Tris, 192 mM glycine, 20% ethanol [vol/vol], pH 8.3)
using the Trans-Blot Turbo blotting system (Bio-Rad) according to the Standard SD protocol (25 V, up to
1 A, for 30 min) with extra thick blot filter paper 7 x 8.4 cm (Bio-Rad) equilibrated with Towbin buffer for
10 min as ion reservoir stacks. After the transfer, the PVDF membrane was incubated with blocking solu-
tion (TNT blocking buffer, 48 mM Tris, 140 mM NaCl, 0.05% Tween 20, pH 7.4; with the addition of 5%
dehydrated fat-free milk) over night at 4°C. The PVDF membrane was then washed with TNT blocking
buffer for 10 min. After the blocking step, the membrane was incubated with primary antibody against
PIF-4 (purified polyclonal antibody from guinea pig, used at 1:2,000 dilution) mixed with blocking solu-
tion (containing 1% dehydrated milk) for 90 min at room temperature. PIF-4 polyclonal antibody was
custom manufactured by Eurogentec using the peptide sequence Nterm-CPAGKRIPPEELIKIT-Cterm. The
membrane was then washed three times with TNT blocking buffer for 10 min and incubated with sec-
ondary alkaline phosphatase (AP) conjugated rabbit anti-guinea pig antibodies (dilution = 1:10,000)
mixed with blocking solution and 1% of dehydrated milk for 90 min at room temperature. After three
new washing steps with TNT blocking buffer, immunodetection was performed using nitroblue tetrazolium/5-
bromo-4-chloro-3-indolylphosphate (NBT/BCIP) substrate (Bio-Rad) mixed with alkaline phosphatase buffer
(100 mM Tris-HCl, pH 9.0, 150 mM NaCl, 1 mM MgCl,) according to the manufacturer’s protocol. The mem-
branes were finally washed in H,0 to stop the immunodetection reaction and observed using the Gel Doc
XR+ Molecular Imager system (Bio-Rad) with the Image Lab software.

(v) Electron microscopy. Injected wasps were dissected 1 day after adult emergence to collect their
ovaries. A pair of ovaries from a noninjected wasp was also dissected at the same time to ensure
observed phenotypes on VLP production and calyx formation were not due to the injection procedure.
Four wasps of the same age were dissected per treatment in order to check the reproducibility of the
observations.

Samples were fixed in mixture of 2% paraformaldehyde (Merck), 2% glutaraldehyde (Agar Scientific),
and 0.1% sucrose in 0.1 M cacodylate buffer (pH 7.4) for 24 h, washed 3 times for 30 min in 0.1 M caco-
dylate buffer, and postfixed for 90 min with 2% osmium tetroxide (Electron Microscopy Science) in 0.1 M
cacodylate buffer. After washing in 0.1 M cacodylate buffer for 20 min and 2 times for 20 min in distil-
lated H,O, samples were dehydrated in a graded series of ethanol solutions (50% ethanol 2 times for
15 min; 70% ethanol 2 times for 15 min and a third portion of 70% ethanol for 14 h; 90% ethanol 2 times
for 20 min; and 100% ethanol 3 times for 20 min). Final dehydration was performed by 100% propylene
oxide (PrOx) (VWR Int) 3 times for 20 min. Then, samples were incubated in PrOx/Epon epoxy resin
(Fluka) mixture in a 2:1 ratio for 2 h with closed caps, in PrOx/Epon epoxy resin mixture in a 1:2 ratio for
2 h with closed caps and 90 min with open caps, and in 100% Epon for 16 h at room temperature.
Samples were replaced in new 100% Epon and incubated at 37°C for 24 h and at 60°C for 48 h for
polymerization.

Semithin cross sections (thickness, 0.8 um) of ovaries were cut with a Leica Ultracut UCT ultramicro-
tome (Leica Microsystems GmbH), placed on glass, stained with toluidine blue (Electron Microscopy
Science) and embedded in Epon resin (Fluka), which was allowed to polymerize for 48 h at 60°C. The sec-
tions were then observed with a Nikon Eclipse 80i microscope (Nikon) connected to DS-Vi1 camera
driven by Nis-Element D 4.4 imaging software (Nikon).

Ultrathin sections (thickness, 70 nm) were cut with a Leica Ultracut UCT ultramicrotome (Leica
Microsystems GmbH), placed on transmission electron microscope (TEM) one-slot grids (Agar
Scientific) coated with Formvar film, and stained 20 min with 5% uranyl acetate (Electron Microscopy
Science) and 5 min with Reynolds lead citrate. The sections were then observed at 100 kV with a JEM-
1011 TEM (JEOL) connected to a CMOS Rio 9 digital camera driven by Digital Micrograph software
(Gatan).

Data availability. Raw RNA-seq data are available in NCBI (BioProject accession number
PRINA739064). All other data required to evaluate the findings are present in the paper and in the
supplemental data.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.1 MB.
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