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ABSTRACT Bracoviruses (BVs) are endogenized nudiviruses in parasitoid wasps of the
microgastroid complex (order Hymenoptera: Family Braconidae). BVs produce replica-
tion-defective virions that adult female wasps use to transfer DNAs encoding virulence
genes to parasitized hosts. Some BV genes are shared with nudiviruses and baculovi-
ruses with studies of the latter providing insights on function, whereas other genes
are only known from nudiviruses or other BVs which provide no functional insights. A
proteomic analysis of Microplitis demolitor bracovirus (MdBV) virions recently identi-
fied 16 genes encoding nucleocapsid components. In this study, we further character-
ized most of these genes. Some nucleocapsid genes exhibited early or intermediate
expression profiles, while others exhibited late expression profiles. RNA interference
(RNAI) assays together with transmission electron microscopy indicated vp39, HzNVorf9-
like2, HzNVorf93-like, HzNVorf106-like, HzNVorf118-like, and 27b are required to produce
capsids with a normal barrel-shaped morphology. RNAi knockdown of vif-1a, vif-1b-1,
vIf-1b-2, int-1, and p6.9-1 did not alter the formation of barrel-shaped capsids but each
reduced processing of amplified proviral segments and DNA packaging as evidenced
by the formation of electron translucent capsids. All of the genes required for normal
capsid assembly were also required for proviral segment processing and DNA packaging.
Collectively, our results deorphanize several BV genes with previously unknown roles in
virion morphogenesis.

IMPORTANCE Understanding how bracoviruses (BVs) function in wasps is of broad
interest in the study of virus evolution. This study characterizes most of the Micropli-
tis demolitor bracovirus (MdBV) genes whose products are nucleocapsid components.
Results indicate several genes unknown outside of nudiviruses and BVs are essential for
normal capsid assembly. Results also indicate most MdBV tyrosine recombinase family
members and the DNA binding protein p6.9-1 are required for DNA processing and
packaging into nucleocapsids.

KEYWORDS parasitoid, virus, Microplitis demolitor, bracovirus, endogenous virus
element, nucleocapsid

ntegration of all or portions of a viral genome into the germline of multicellular

animals is referred to as endogenization (1, 2). Most endogenous virus elements
decay under neutral evolution, but some persist and a few have been coopted for
new functions (3, 4). Most known examples of cooption involve single genes or short
sequences of viral origin (4). Prominent exceptions to this trend are the domesticated
endogenous viruses (DEVs) in insects called parasitoid wasps (order Hymenoptera),
which lay eggs in other insects that serve as hosts for offspring (5). DEVs from dif-
ferent virus ancestors have been identified in four parasitoid lineages (5, 6). Each
consists of many genes from the virus ancestor, which interact to produce enveloped
nucleocapsids containing DNA or virus-like particles (VLPs) with no nucleic acid (5, 6).
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Through evolutionary convergence, wasps in each DEV-hosting lineage have coopted
these virions or VLPs for a new essential function: transfer of virulence factors to
hosts that enable wasp offspring to develop (5). The largest DEV-associated lineage
evolved ~100 million years ago from a virus in the family Nudiviridae that integrated
into the germline of a parasitoid in the family Braconidae (7-10). Speciation events have
since given rise to a hyperdiverse, monophyletic assemblage (~50,000 spp.) of braconids
named the microgastroid complex with DEVs named bracoviruses (BVs) (11).

Understanding of BV evolution derives from comparative studies of the Nudiviri-
dae, its sister family the Baculoviridae, and microgastroid wasp species like Microplitis
demolitor, Cotesia congregata, Chelonus inanitus, and Chelonus insularis that produce
Microplitis demolitor Bracovirus (MdBV), CcBY, CiBV, and CinsBV respectively (8, 12-17). All
nudiviruses and baculoviruses infect insects or other arthropods (14, 15). Viruses in both
families have large circular, double-stranded (ds) DNA genomes (80-230 kb), usually
replicate in the nuclei of several host cell types, and produce virions comprised of one or
more nucleocapsids that are surrounded by a single envelope (14, 15). Baculoviruses and
nudiviruses also share 21 core genes: dnapol and helicase (DNA replication); lef-4, lef-8,
lef-9, p47 (subunits of the RNA polymerase that transcribes viral genes); lef-5 (initiation
factor), 38K, p33, p6.9, vif-1, vp39 (DNA packaging, virion production and assembly); pif-0
(subsequently referred to as p74)-pif-6, pif-8 (infectivity); and Ac81 (14, 15). BV virions are
morphologically similar to nudiviruses but differ in that they only replicate in the nuclei
of calyx cells, which reside in the ovaries of female wasps (5, 15, 18, 19). Sequencing
and genome assembly of M. demolitor, C. congregata, and C. insularis show that BV
genomes consist of two components: (i) genes with known or hypothesized functions in
producing virions and (ii) covalently closed, double-stranded DNAs encoding virulence
genes that are packaged into capsids (12, 13, 16, 17). The former includes all of the core
genes nudiviruses and baculoviruses share except dnapol and ac81 plus other genes
that are only known from nudiviruses or other BVs (12, 16, 17). Location of these genes
in the genomes of sequenced wasps differ, but all are specifically transcribed in calyx
cells before or during virion morphogenesis (5, 12, 13, 16, 17). Many of these genes are
also single copy, but others have diversified into multimember families (12, 16, 17). The
DNAs that are packaged into capsids derive from domains in the genomes of wasps
called proviral segments. Proviral segments remain integrated but are amplified and
processed in calyx cells during virion morphogenesis into circular (episomal) dsDNAs
before packaging into capsids (5, 12, 16-22). The number of proviral segments and
inventory of virulence genes they encode varies among BVs but flanking domains with
functions in amplification and processing are conserved (5, 12, 16, 17, 21, 22). Female
wasps inject eggs and virions into hosts that are primarily larval-stage moths (19).
Eggs hatch into larvae while virions infect different cells, followed by the expression of
virulence genes that alter growth and protect wasp progeny from host immune defenses
(19). In contrast, BVs cannot replicate in hosts because none of the genes required to
produce them reside on the DNAs that are packaged into virions. Thus, BV genome
components can only be transmitted vertically (5, 19).

We previously developed RNA interference (RNAi) methods that specifically
knockdown the expression of BV genes in wasps 80-95% with a corresponding loss
of protein (18, 20). RNAi coupled with other assays in M. demolitor indicates several
MdBV genes shared with baculoviruses and nudiviruses retain conserved functions
including the subunits of the RNA polymerase and several envelope components
(20, 23). Proteomic analysis of MdBV virions additionally identifies 16 genes encoding
proteins that are exclusively or preferentially detected in nucleocapsids (23). Four of
these are shared among baculoviruses, nudiviruses, and BVs (vp39, vif-1a, vif-1b-1, and
vif-1b-2), eight are shared with nudiviruses and other BVs (int-1, HzNVorf9-like-1 and -2,
HzNVorf93-like, HzNVorf106-like, HzNVorf118-like, HzNVorf128-like, and 27b), and four are
only known from other microgastroid wasps but exhibit features suggesting they derive
from the nudivirus ancestor of BVs (K425_459, 35a-4, 35a-5, and 35a-13) (8, 12, 13, 16,
17). In baculoviruses, VP39 is a structural capsid protein, while VLF-1 is classified as a

November 2023 Volume 97 Issue 11

Journal of Virology

10.1128/jvi.00817-23 2

Downloaded from https://journals.asm.org/journal/jvi on 23 June 2024 by 210.1.206.164.


https://doi.org/10.1128/jvi.00817-23

Full-Length Text

tyrosine site-specific recombinase on the basis of shared homology with family members
from prokaryotes, eukaryotes, and viruses that infect prokaryotes (14). Genes named int,
HzNVorf140, or HzNVorf140-like in nudiviruses and BVs also encode tyrosine site-specific
recombinase family members (8, 10, 12, 15-17). In contrast, the other MdBV genes
encoding nucleocapsid components share no significant homology to guide functional
predictions.

In this study, we further characterized all of the single-copy genes encoding MdBV
nucleocapsid components except HzNVorf128. We also conducted studies on all of the
VLF and INT family members detected in nucleocapsids plus INT-2, which is not detected
in nucleocapsids but is transcribed in calyx cells during virion morphogenesis (23). We
included only one of the 35a (35a-5), and HzNVorf9-like family members (HzNVorf9-like-2)
in the study to manage the total number of genes examined. M. demolitor encodes two
p6.9 paralogs (p6.9-1 and -2), which our previous proteomic studies did not detect in
virions (20, 23) but in baculoviruses is a single-copy core gene encoding a DNA-binding
protein that is required for genome packaging (24-26). Small size and arginine-serine
richness hinders detection of P6.9 in proteomic data sets but reanalysis of earlier data
(23) using other search programs detected P6.9-1 but not P6.9.2 in nucleocapsids. For
each of the genes that were included in the study, we first assessed transcript abundance
in ovaries during the late larval, pupal, and early adult stage relative to the known timing
of other MdBV genes and virion morphogenesis. We then conducted functional assays
by knocking down each gene by RNAI. Transmission electron microscopy (TEM) studies
were used to assess the effects of knockdown on capsid assembly, virion morphogenesis,
and packaging of processed proviral segments into virions. qPCR assays were used to
measure the effects of knockdown on amplification and processing of proviral segments.
Fig. ST summarizes the overall design of the study. We report that some MdBV genes
encoding nucleocapsid components exhibit early gene expression profiles while others
exhibit intermediate or late gene expression profiles. RNAi-based studies indicated vp39
and several other single-copy genes shared with nudiviruses and other BVs are required
for capsid assembly, while all of the tyrosine site-specific recombinase family members
except int-2, and p6.9-1 are required for proviral segment processing and packaging of
resulting DNAs into capsids.

RESULTS
MdBYV nucleocapsid components derive from both early and late genes

M. demolitor emerges from its host, Chrysodeixis includens, as a larva (fourth instar) that
spins a cocoon and pupates 28-30 h post-emergence (stage 1). After a 3-day pupal
period [stage 2, 30-54 h post-emergence (day 1 pupa), stage 3, 54-78 h post-emergence
(day 2 pupa), stage 4, and 78-102 h post-emergence (day 3 pupa)], the adult emerges
and exits the cocoon (27, 28). The transcriptional cascade that regulates formation
of MdBV virions in ovary calyx cells begins with upregulation of genes like the RNA
polymerase subunits (lef-4, lef-8, lef-9, and p47) at the end of stage 1 when the female
larva pupates, which is followed by upregulation of late core genes like previously
studied envelope components [pif-1, p74, MdBVe46 (=HzNVorf64-like)] by stage 3 (day 2
pupa) (20, 23). Thus, MdBV genes are classified as early or late on the basis of when,
post-emergence from the host, transcript abundance significantly increases in ovaries
(20). MdBV virions are also first observed in calyx cells at stage 3, but early and late
genes continue to be transcribed and virions continue to be produced during stage
4 (day 3 pupa) and for several days after females emerge as adults. We thus began
this study by profiling the expression of MdBV genes encoding nucleocapsid compo-
nents. Comparison to known early genes (lef-4 and lef-9) indicated one of the MdBV
tyrosine recombinase family members (vif-1a) exhibited an early gene expression profile
as evidenced by transcript abundance already being elevated in ovaries at the end of
stage 1 (=24 h post-emergence from the host). However, the other tyrosine recombinase
family members whose products are detected in nucleocapsids (vif-1b-1, vif-1b-2, and
int-1) and p6.9-1 exhibited intermediate or late gene expression patterns with transcripts
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FIG 1 Transcript abundance of MdBV genes in ovaries from M. demolitor females. Ovaries collected from stage 1-4 pupae (St 1-4) or day 1 adults were
processed for RT-qPCR assays. (A) lef-4 and lef-9 (controls) that were previously classified as early genes (20). (B) Tyrosine site-specific recombinase family
members identified to encode nucleocapsid components (vif-1a, vif-1b-1, vif-1b-2, and int-1) plus int-2 and p6.9-1 exhibit expression patterns that classify them
as early or intermediate genes. (C) Other genes identified to encode nucleocapsid components (vp39, 27b, 35a-5, HzNVorf9-like2, HzNVorf93-like, HzNVorf106-like,
HzNVorf118-like, and K425_459) exhibit expression patterns that classify them as late genes. For each graph, bars show the mean copy number for each transcript
per ng of total RNA while solid circles show copy number for each biological replicate.

increasing to ~10° copies per ng of total RNA in ovaries at stage 2 (intermediate) or stage
3 (late) (Fig. 1A and B). Int-2, which is not detected in MdBV nucleocapsids (23), also
exhibited an intermediate gene expression profile although transcript abundances were
lower than for the other tyrosine recombinase family members (Fig. 1B). The remaining
genes (vp39, 27b, 35a-5, HzNVorf9-like2, HzNVorf93-like, HzNVorf106-like, HzNVorf118-like,
and K425_459) exhibited late expression profiles with transcript abundances remaining
at low levels until increasing to 10° or more copies per ng of total RNA in stage 3 (Fig. 1C).
Transcript abundances for all of the nucleocapsid-associated genes we profiled remained
elevated in stage 4 (=day 3 pupae) and day 1 adults (=24 h post-eclosion) (Fig. 1).
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Knockdown of most single-copy late genes results in formation of aberrant
capsid-like structures

We expected that several genes encoding nucleocapsid components are required for
normal capsid assembly. We therefore focused first on vp39, which as earlier noted
encodes a nucleocapsid structural protein in baculoviruses, and most of the single-copy
genes encoding nucleocapsid components that are only known from nudiviruses and/or
other BVs. We injected specific dsRNAs corresponding to each of these genes into M.
demolitor larvae after they emerged from the host and spun a cocoon (stage 1) (Fig. S1).
We then assessed knockdown of each gene by isolating total RNA from ovaries of newly
emerged adult females (day 1), which showed that transcript abundance of each gene
was reduced by 90% or more when compared to control females injected with ds-eGFP
(Fig. 52).

The calyx region in M. demolitor ovaries consists of calyx cells that increase in size
proximally to distally with virion formation predominantly occurring in the nuclei of
the largest, distal-most cells that are closest to the calyx lumen (27, 29, 30). Virion
morphogenesis in these calyx cells progresses through four phases: (i) de novo appear-
ance of spherical or comma-shaped envelopes, (ii) de novo appearance of barrel-shaped,
electron-dense nucleocapsids in proximity to envelopes that are individually surroun-
ded by envelopes to form virions, (iii) assembly of virions into parallel arrays, and (iv)
disassembly of these arrays with virions fully filling the nucleus. Calyx cell lysis then
results in release of virions into the calyx lumen (23, 27, 30). As noted above, MdBV
envelopes, nucleocapsids, and virions are first observed in calyx cell nuclei at stage 3 (day
2 pupa) but as distally located calyx cells lyse and release mature virions into the lumen,
morphogenesis begins in neighboring calyx cells which become the distal-most cells by
the time they reach phase 4 and lyse. In this way, virions continue to be produced and
released into the calyx lumen in day 3 pupae (stage 4) and in adults. We assessed the
effects of knocking down different genes on capsid assembly and virion morphogenesis
by using TEM to examine distally located calyx cells in the ovaries of day 1 adult females.
Controls injected with ds-eGFP showed that virion morphogenesis progressed normally
through four phases as presented in intermediate and high magnification TEM images
with cartoons (Fig. 2A through D) and low magnification TEM images that show entire or
near-entire calyx cells in phases 1-4 (Fig. S3A through D). The images shown in Fig. S3
further indicate the events shown in Fig. 2A through D occur over the entire nucleus.

We next compared virion morphogenesis in females treated with ds-vp39, which
showed that knockdown had no effect on envelope formation (phase 1), but irregular-
shaped structures formed de novo in phase 2 that envelopes individually surrounded
suggesting these structures were morphologically abnormal capsids (Fig. 2E and F).
Resulting virions accumulated in random orientation but thereafter did not assemble
into parallel arrays (phase 3) before filling the nucleus and being released by cell lysis into
the calyx lumen (Fig. 2G and H). RNAi knockdown of HzNVorf9-like2, HzNVorf106-like,
or HzNVorf118-like also resulted in the formation of irregularly shaped capsids that
envelopes surrounded to produce virions that were released into the calyx cell lumen
(Fig. S4A through Q).

Knockdown of HzNVorf93-like produced a different phenotype with envelopes
forming normally followed by the de novo appearance of electron dense, granular
aggregations of varying size that are in proximity to envelopes and barrel-shaped
capsids that are electron dense or electron translucent (Fig. 3A and B). Capsids with
no visible envelopes were present in most of the large and intermediate-size aggre-
gations but small aggregations usually had no visible capsids (Fig. 3A and B). Some
capsids in these aggregations were also electron dense suggesting the presence of
packaged DNA while others were electron translucent suggesting an absence of DNA
as occurs with the loss of several genes that disable DNA packaging in baculoviruses
(14). Envelopes surrounded some of the small aggregations with no visible capsids
but larger aggregations remained unenveloped (Fig. 3A through C). Envelopes with or
without small aggregations or barrel-shaped capsids accumulated in calyx cells that also
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FIG 2 Virion morphogenesis (phases 1-4) in calyx cells from newly emerged adult females injected with ds-eGFP (control) (A-D) or ds-vp39 (E-H). Upper panels

show cartoons of a calyx cell nucleus at each phase, while the lower panel shows a corresponding TEM image at intermediate or high (insert) magnification
(calyx cell cytoplasm (Cyt), calyx cell nucleus (N), MdBV envelope (En), MdBV nucleocapsid (Nc), MdBV virion (V), and chromatin (C). Also, see Fig. S3A through
D showing low magnification TEM images of phases 1-4 calyx cells from control females, which correspond to the events illustrated in the cartoons. (A) Phase
1: de novo appearance of envelopes in the nucleus. Arrowheads highlight rounded envelopes in the insert image. (B) Phase 2: de novo appearance of electron
dense, barrel-shaped nucleocapsids in proximity to envelopes. Envelopes in the process of surrounding nucleocapsids or that have surrounded nucleocapsids
to produce virions are also present. Arrowheads in the insert image highlight newly formed virions. Also, note the presence of less electron dense material than
inside capsids, which is present between the envelope and nucleocapsid. (C) Phase 3: virions in parallel arrays. Arrowhead in the insert image highlights a virion
in sagittal orientation. (D) Phase 4: virions with elongated envelopes fill the nucleus, which is followed by calyx cell lysis. Arrowhead in the insert image highlights
the anteriorly positioned nucleocapsid in an elongated envelope in cross section. (E and F) Phases 1-4 calyx cell nuclei from females injected with ds-vp39. Upper
and lower panels with inserts as defined for (A-D). (E) Phase 1: de novo appearance of envelopes in vp39 knockdown wasps. (F) Phase 2: de novo appearance
of irregularly shaped capsids that envelopes surround. (G) Phase 3: envelopes without visible capsids and envelopes surrounding aberrant capsids that do not
assemble into parallel arrays. (H) Phase 4: envelopes with and without aberrant capsids filling the nucleus. Scale bars for the intermediate magnification TEM
images = 400 nm, scale bar for the higher magnification insert TEM images = 100 nm. The insert TEM images for each panel were selected to show envelopes,
capsids, or virions at higher magnification. None come from a location within the TEM image shown at intermediate magnification.

lysed to release their contents into the calyx lumen. Knockdown of 27b also resulted in
envelopes forming normally in calyx cell nuclei, but this was followed by the appearance
of structures with a spheroidal or corkscrew appearance (Fig. 3D and E). Envelopes
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FIG 3 Virion morphogenesis in HzNVorf93-like or 27b knockdown females. M. demolitor larvae were injected with ds-HzNVorf93-like or ds-27b followed by
collection and processing of ovaries for TEM analysis. (A-C) Images from HzNVorf93-like knockdown females. (A) Image showing the presence of envelopes,
capsids, and granular aggregations of varying size in a calyx cell nucleus (phase 2). The larger aggregation (star) contains several capsids in sagittal and
(Continued on next page)
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FIG 3 (Continued)

cross-section that are electron dense or electron translucent with no visible envelope. Several of the intermediate size aggregations also contain capsids but
the small aggregations do not. Insert image at higher magnification shows the larger aggregation with electron dense and electron translucent capsids present.
(B) Image showing another region in the nucleus of a calyx cell (phase 2) with only intermediate and small aggregations present in proximity to envelopes.
The intermediate-size aggregation (star) contains an electron dense capsid while the arrowheads highlight small aggregations with no visible capsids but are in
several instances enveloped. (C) Lower and higher magnification images of a calyx cell nucleus showing envelopes or envelopes surrounding small aggregations
that fully fill the nucleus (phase 4). Arrowheads in the insert image show enveloped small aggregations are anteriorly positioned. (D-F) Images of calyx cell nuclei
from females injected with ds-27b. (D and E) show calyx cell nuclei with electron-dense spheroidal (arrowheads) and cork-screw structures (arrows) in proximity
to envelopes (phase 2). Insert image in (D) shows higher spheroidal and corkscrew structures at higher magnification. (F) Lower and higher magnification
images showing a calyx cell nucleus with empty envelopes or envelopes surrounding the electron-dense spheroidal structures (phase 4). Arrowheads show
these electron-dense spheroidal structures are anteriorly positioned and have an elongate morphology in sagittal orientation. Scale bars for lower magnification
images = 400 nm, scale bar for higher magnification insert images = 100 nm. The lower and higher magnification insert images in (C, D, and F) do not come from
same location in the calyx cell that was photographed.

surrounded some of the spheroidal structures which together with empty envelopes
filled the nucleus before calyx cells lysed (Fig. 3F). We selected only one (35a-5) of the
three MdBV 35a family members that are preferentially detected in nucleocapsids (23)
for knockdown, which resulted in no visible defects in capsid morphology or virion
morphogenesis when compared to control wasps injected with ds-eGFP (Fig. S5A).
Knockdown of K425-459 also had no effects on nucleocapsid morphology or virion
formation when compared to control wasps (Fig. S5B).

Tyrosine site-specific recombinase family members form two clades in BVs
and nudiviruses

Tyrosine site-specific recombinase family members are primarily known from prokar-
yotes, eukaryotes like some yeast, and viruses that infect prokaryotes (31). All share
a ~180 amino acid catalytic domain, divided into two boxes, containing a largely
conserved pentad (R-H-R-H/W-Y) that is required for catalyzing DNA strand breakage
in well-studied family members like Cre and Flp (32). Biological processes regulated
by different family members include integration and excision of DNAs from genomes,
and the resolution of DNA dimers or multimers into monomers (32). Baculoviruses also
encode one tyrosine site-specific recombinase family member, originally named very
late factor 1 (vif-1), which is detected in nucleocapsids (14), while BVs and nudiviruses
encode two or more family members referred to as vif, int, HzNVorf140, or HzNVorf140-like
genes (10, 15, 17, 20). Before conducting any functional assays with the MdBV family
members, we first compared tyrosine site-specific recombinases from nudiviruses, BVs,
and the model baculovirus Autographa californica nucleopolyhedrovirus (AcMNPV) to
one another. This showed that VLF-1 from AcMNPV contained an R-N-R-H-Y pentad
(Fig. S6). Nudviruses in the genus Alphanudivirus and the one known isolate [Tipula
oleracea nudvirus (ToNV)] classified as a Deltanudivirus encode two tyrosine site-specific
recombinases named INT and VLF-1 (10, 15) (Fig. S6). INT in these genera contained an
R-H-R-H-Y pentad while VLF-1 contained an R-N/T/Q/K-R-H-Y pentad. Gammanudiviruses
encode one family member previously named INT with an R-H-R-H-Y pentad plus two
family members named VLF-1 in which one contained an R-H/Q/K-R-H-Y pentad while
the other is truncated (Fig. S6). The Betanudivirus currently consists of two isolates from
the moth Helicoverpa zea (HzZNV1 and HzNV2) which also encode one family member
named INT with a conserved pentad (R-H-R-H-Y), VLF-1 with a largely conserved pentad
(R-Q-R-H-Y) and a third family member HzZNVORF 140 with no recognizable pentad owing
to multiple amino acid replacements (Fig. S6). Among BVs, MdBV encodes one family
member named INT-1 with a conserved pentad (R-H-R-H-Y) and a second family member
named VLF-1a with an R-K-R-H-Y pentad, whereas VLF-1b-1 is truncated, VLF-1b-2 lacks
the essential tyrosine in position 5, and INT-2 has multiple replacements that result in
loss of a recognizable catalytic pentad (Fig. S6). CcBV, CiBV, and CinsBV also encode two
family members named INT (or INT-1) and VLF-1 with similar pentads as MdBV INT-1
and VLF-1, plus two or three other subfamily members named INT-2 or HzZNVORF 140-like
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with truncations or replacements (Fig. S6). Altogether, most genes named INT have an
R-H-R-H-Y pentad as found in tyrosine site-specific recombinases from a number of
other organisms, whereas genes named VLF tend to have an R-X-R-H-Y pentad with X
being H, N, T, Q, or K (Fig. S6). However, the remaining tyrosine site-specific recombinase
family members in nudiviruses and BVs lack intact catalytic domains due to truncation or
multiple amino acid replacements.

We assessed relatedness by using the full protein sequences highlighted in Fig. S6 to
generate a maximum likelihood tree (Fig. 4). Results overall suggest that vif-7 duplicated
in the ancestor of nudiviruses to generate int, which results in nudiviruses and BVs
encoding two clades of tyrosine site-specific recombinases. That all nudiviruses and
some BVs encode one int gene but other BVs (MdBV and CcBV) encode two strongly
suggests the nudivirus ancestor of BVs encoded one int gene that later duplicated in
the common ancestor of M. demolitor and C. congregata. Grouping of VLF-1 and VLF-1b/
HzNVORF140-like sequences in BVs with high support, which are also separate from
Betanudivirus HZNVORF140 family members, indicated each is a BV VLF paralog (Fig. 3).
We further concluded that genes named HzNVorf140 (nudiviruses) or HzNVorf140-like
(BVs) belong to the VLF clade and should henceforth be named as such. The presence
of two vlf paralogs in some nudiviruses raises the possibility that the BV ancestor also
encoded two vIf genes. Alternatively, the most closely related nudivirus to BVs currently
known is ToNV (10), which has only one vif gene (named vif-1) (Fig. S6). Thus, the two
vif genes some BVs encode most likely arose by duplication after endogenization of
the ancestor, which was followed by a second duplication in the common ancestor
of M. demolitor and C. congregata, that produced a third family member also lacking
a conserved pentad (Fig. 3). Finally, since two genera of nudiviruses (Betanudivirus
and Gammanudivirus) and all BVs maintain VLF paralogs that are truncated or have
many amino replacements in the catalytic domain suggests these factors may not be
functional tyrosine site-specific recombinases but have other activities.

Knockdown of most tyrosine site-specific recombinase family members and
p6.9-1 produces electron translucent nucleocapsids

Baculovirus VLF-1 may have roles in genome processing although exact functions
remain unclear (14). However, deletion of vif-1 from AcMNPV also increases DNase
sensitivity of the viral genome while producing electron translucent nucleocapsids which
together suggest this gene is required for packaging of the DNA genome and/or the
structural integrity of nucleocapsids (33, 34). Baculoviruses lacking p6.9 also produce
electron translucent nucleocapsids owing to its role as a DNA binding protein that
condenses the viral genome which is also required for packaging into capsids (26). We
previously reported that RNAi knockdown of MdBV vif-Ta increases DNase sensitivity
of the circularized DNAs that are packaged into capsids after proviral segment process-
ing, which is also associated with producing electron translucent nucleocapsids (20).
However, we did not know at the time of this study that four family members are
detected in nucleocapsids; two of which have conserved catalytic domains (VLF-1a and
INT-1) and two do not (VLF-1b-1 and VLF-1b-2) (23). We also did not know the fifth family
member lacking a catalytic domain (INT-2) is absent from nucleocapsids (23). We thus
assessed the effects of individually knocking down each family member plus p6.9-7 on
packaging of processed DNAs into capsids by TEM (Fig. S1). RT-qPCR assays showed that
gene-specific dsRNAs reduced transcript abundance of the targeted tyrosine site-specific
recombinase family member but had no significant effect on transcript abundances of
other family members indicating knockdown was specific (Fig. S7). RT-gPCR assays also
indicated p6.9.7 was successfully knocked down (Fig. S7). Knockdown of each tyrosine
site-specific recombinase family member detected in capsids and p6.9-1 resulted in
formation of barrel-shaped capsids that did not differ from normal but were electron
translucent which strongly suggested an absence of packaged DNA (Fig. 5A through E).
In contrast, knockdown of int-2 resulted in formation of electron-dense nucleocapsids
and virions with a normal morphology (Fig. 5F).
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FIG 4 Maximum likelihood tree of tyrosine site-specific recombinase proteins from baculoviruses, nudiviruses, and
bracoviruses. Virus types are indicated by color as described in Fig. S6. Proteins shown in bold type have R-X-R-H-Y pentads,
while those in regular type are missing at least one of these residues due to truncation or replacements (see Fig. S6). Numbers
located to the top left of nodes indicate bootstrap support. Taxon labels contain viruses, protein names, and accession
numbers. Grouping overall indicates tyrsosine site-specific recombinases in BVs and nudiviruses form a VLF-1 clade consisting
of proteins named in the literature as VLF-1, VLF-1a, VLF-1b, HZNVORF140, and HzZNVORF140-like and an INT clade consisting

of proteins named INT, INT1, or INT-2.

Knockdown of most tyrosine site-specific recombinases reduces proviral
segment processing

A total of 25 MdBV proviral segments (A-X) reside in the M. demolitor genome in eight
loci (12, 13). Loci plus flanking sequence are amplified as either head-to-tail (loci 3,
4, 6, and 8) or head-to-head/tail-to-tail concatemers (loci 1, 2, and 5) (22). Each intact
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FIG 5 MdBV morphogenesis in vif-1a, vif-1b-1, vif-1b-2, int-1, int-2, or p6.9-1 knockdown females. M. demolitor larvae were injected with each dsRNA followed

by collection and processing of ovaries for TEM analysis. (A-D) Images of cell nuclei from females injected with ds-vif-1a, ds-vif-1b-1, ds-vif-1b-2, and ds-int-1,

respectively. Each image shows virions consisting of a single envelope and a nucleocapsid. Most capsids are electron translucent which strongly suggests

the absence of packaged DNA (arrowheads). Arrowheads in the higher magnification insert images further highlight that capsids are electron translucent but

electron dense material is still present between the envelope and capsid. (E) Lower and higher magnification insert images of a calyx cell nucleus from a female

injected with ds-p6.9-1 showing most virions also contain electron translucent capsids. (F) Lower and higher magnification insert images of a calyx cell nucleus

from a female injected with ds-int-2 showing virions contain electron-dense nucleocapsids that morphologically do not differ from control females injected with

ds-eGFP (see Fig. 2C). Abbreviations in the image are as defined in Fig. 2. Scale bars for lower magnification images = 400 nm, scale bar for higher magnification

insert images = 100 nm. The lower and higher magnification insert images were selected to show the morphology of virions for each treatment and thus do not

come from same location in the calyx cell that was photographed.

proviral segment is then processed by homologous recombination within conserved
direct repeats, producing monomeric, and circularized dsDNAs that are individually
packaged into virions plus rejoined flanking sequences (empty loci) from each replica-
tion unit that remain unpackaged (22, 29). We previously reported that RNAi knockdown
of MdBV vif-Ta and int-1 inhibits processing of proviral segment B which is in locus 1
(20). However, our finding that knockdown of each vif and int family member except
int-2 produces electron translucent nucleocapsids prompted us to ask if each is also
required for proviral segment processing despite only VLF-1 and INT-1 having catalytic
domains. We thus knocked down each family member by RNAi and isolated genomic
DNA from ovaries of newly emerged adult females (Fig. S1). We then used a gPCR assay
that measured copy number of the intact and rejoined forms of two proviral segments
that are amplified as head-to-tail concatemers [S (locus 6), J (locus 3)] and two proviral
segments that are amplified as head-to-head/tail-to-tail concatemers [R (locus 5), V
(locus 2)] (Fig. S8). If a given vif or int family member is required for processing of these
segments, knockdown would be expected to increase copy number of the intact form
relative to control females treated with ds-eGFP, whereas copy number of the rejoined
form would be reduced. Outcomes for each proviral segment were fully consistent with
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this expectation for each family member that is detected in nucleocapsids (Fig. 6).

Knockdown of p6.9-1 also had the same effect (Fig. 6), but knockdown of int-2 had no

effect on intact or rejoined copy number for any of the proviral segments we examined
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FIG 6 RNAi knockdown of MdBV tyrosine recombinase family members and p6.9-1 alters processing of proviral segments S, J, R, or V. M. demolitor larvae were

injected with double stranded RNA targeting vif1-a, vIf1b-1, vif1b-2, int-1, or p6.9-1. Control larvae were injected with ds-eGFP. qPCR was then used to measure

intact and rejoined copy number of each segment in ovaries of day 1 adult females. Intact and rejoined copy number for each segment significantly differed

between treatment and control ovaries (t test; * indicates P < 0.05; **P < 0.01; ***P < 0.001). The y-axis was square root transformed to better visualize the data

presented.
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(Fig. S9). We also measured whether knockdown of any MdBV vif or int family member
altered amplification of proviral segments as this could also influence copy number of
the intact and processed forms of each segment we measured in the preceding assay.
However, knocking down these genes had no significant effect on total copy number
(intact and episomal) of segments S or R (Fig. S10).

Knockdown of most late genes encoding nucleocapsid components also
disables proviral segment processing

Given evidence all of the tyrosine recombinase family members detected in nucleocap-
sids and p6.9-1 were required for proviral segment processing, we also asked whether
normal capsid assembly was also required by knocking down each of the late genes that
adversely affected capsid assembly (vp39, HzNVorf9-like2, HzNVorf93-like, HzNVorf106-like,
HzNVorf118-like, and 27b), followed by conducting the same gPCR assays used to assess
proviral segment processing. Results showed that knockdown of each of these genes
increased copy number of the intact form of each proviral segment while decreasing
the rejoined form (Fig. 7). In contrast, knockdown of 35a-5 and K425_459, which had no
visible effects or nucleocapsid morphology or virion morphogenesis, had no significant
effects on proviral segment processing (Fig. 7). None of these late genes, when knocked
down, affected the amplification of proviral segments S or R, or transcript abundance of
any of the tyrosine recombinase family members (Fig. S11 and S12). We thus concluded
disruption of proviral segment processing was due to abnormal nucleocapsid formation
rather than any of the late genes reducing proviral segment amplification or expression
of any tyrosine recombinase family member.

DISCUSSION

Virion morphogenesis has been studied in a number of baculoviruses [summarized in
references (35, 36)] and a few nudiviruses (37). Several differences in nuclear remodel-
ing, membrane formation and egress have been noted between these families, but
both the occluded form of baculoviruses and nudiviruses are similar in that they: (i)
de novo produce envelopes in the nuclei of host cells, which is followed by (ii) the
de novo assembly of preformed capsids that become nucleocapsids after packaging
DNA, and (iii) envelopment of one or more nucleocapsids that produces virions. BVs
also de novo assemble envelopes and capsids in calyx cells, but produce much higher
densities of virions that unlike baculoviruses and nudiviruses fully fill the nucleus before
cell lysis (27, 38-40). The focus of this study was to further characterize several of
the MdBV genes encoding nucleocapsid components. While some of these genes are
shared with baculoviruses, most are known only from nudiviruses and/or other BVs. We
assumed several of these genes are required for assembly of capsids with a barrel-shaped
morphology that all BVs produce (27, 38-40). However, we also studied several genes
detected in nucleocapsids that we hypothesized are important for processing amplified
proviral segments and packaging processed DNA segments into capsids. Among these,
we were particularly interested in the five MdBV tyrosine site-specific recombinase family
members, because two of these genes have intact catalytic domains but three do not,
and p6.9-1 because of the known requirement for this DNA binding protein in baculovi-
ruses for genome packaging into capsids (14). The overall findings reported in this study
are summarized in Fig. S13.

Like baculoviruses and presumptively nudiviruses, MdBV genes with known or
hypothesized functions in virion morphogenesis are transcribed in temporally ordered
cascades (14, 20, 27). Early products like the RNA polymerase subunits produce a
holoenzyme that specifically transcribes some of the BV genes exhibiting late expression
profiles (20). Most baculovirus genes encoding nucleocapsid components including vif-1
and p6.9 are classified as late genes (14, 41, 42). Most of the MdBV genes encoding
nucleocapsid components that we examined in this study also exhibit intermediate or
late gene expression profiles with the exception of vif-1a whose early gene expression

November 2023 Volume 97 Issue 11

Journal of Virology

10.1128/jvi.00817-23 13

Downloaded from https://journals.asm.org/journal/jvi on 23 June 2024 by 210.1.206.164.


https://doi.org/10.1128/jvi.00817-23

Journal of Virology

d form

rejoine

"¥91°90T 1'01T £q 20T 2unf ¢z uo 1Al[eumol 310 wse sewmol/:sdny woiy papeojumo(]

intact form

Full-Length Text

<
-
m
o
~
-
©
S
=
=
<=
D
N
-
=
S
-
5 X
o o——i% | |%Ss o HfT S | [, Wl R 1 [|%se 655 M.
k> a s K @ 3 jo))
s | ol 4 o A “one, 1 [, 2 S
0 vy (e)]
o Seg uf ® Sese. uf * g, . e, b e
1 [ : o 1 1" T e ¢ <3
>3 o >3 =
—E= | 1 e [ R L. P - 8 2%
o ° 9 L7 . Y9 W2y %% 7 i ©
| S 0550 Koy ° Y00, Hsp ° e °° ] Qk&o.,.vsvxwdb w = U
9, . 1%, . 90, ° 9 = << N
|0 e [ e . o : oy £ z23
3 9s N *| Wos (Hog * oty 70 2 Z n
90V, A RN o o ,eﬂub.fxfo . o «0&4“3%4& s & 4_
o % ot [ : . . 3 ] e AR
*| @ Ly N *| e LN *le ot A, ‘0, ]
e %S0 00, H-5 Moo o5 ey 2 5
° 7 ° 7 o 2., N P c & <
i <z O e — | P O e e 550 5 £ 2
0. s éﬁ‘,nb 0. 5 o «eﬁuvé.vxdv . %05, .,Néwédv m 2
%, . % % ©
Sl o e ¥ o - o > % W
. le.u.uv *| o «.w.wd.b L) Q«.ww,hb o o Q«.vw“b ()] |w :_J
% oy, M o ﬁdﬁa I ° S, N . e, ° 3 Eam
t LN e W05, *le %05, Flee on g 7o° ™
% % S0 s, o <
S = 5 5 5 = 5 = 5 e = = % T £ g
VNGQ [2303 Bu / (;0T) sa1dod YN S B35 VNG [e303 Bu / (,0T) sa1dod yNa € 63s VNG [2103 Bu / (;0T) Se1dod yNG ¥ Bas VNG 12303 Bu / (,0T) S31do> yNQ A B3s % M H
T T —
ERNIRS
S O ©
o S
— e e e e e e e e e e e e e e e e e = = — — — — o L 2
c € =
b N
S gz
c 3
€| . o 3 < %, &) L2 73 )
K onc s, . 050750 © e d 8
C [ — : : g =g
o., s, s, [ NS
% % 23 (&
L =] D | %224, “_ . - - | $~b§ [ i | |22, > m W
OO T — ”, uﬂ E ra— [ — i 3
e ooz, ¥ . NGO ¥ Son My g m 3
! 2210, H 2200, % Zee, S g —
% % ) %
«eo..“w@,@ ° R, ° «eﬁnbffo 9 T X o
Lag =] D | . = e 1 . e © Ry a
o ‘o, : H - o, | e, &= 4 i
Q@P@vﬁwfv QQP»VA«\V.JV k@ﬁae&w.mo :nlv = @
° o « e == ° | e, x|o afie nES — m ~
* . Q«MM@S 1 . H & ak,mw.o\,e.v i o ey, c ° =3 o
/2 - -
S0 Hs, So A o s, 2 £ 2 o [}
e . ® Tw of oo %, » o P 5 5 N ® £
¥ e, X e, -1 <o, - I o
° AN b “ N " © A 2 s c =
o o So o] ~ o
o Sear no-ToTo_ ° e ey, u-...LI_- o | S, o v M M =
* . o P * * . e 0 . Mo e c c = ¢
0., 5.y, N £ 85 ¢ "
2 S e 2 ] 3 ] - H = s - £ & & S
VNGQ [e303 Bu / (;0T) sa1dod YNG S 63s VNG 12303 Bu / (,0T) s21dod YNQ [ 63S VNG [e303 Bu / (;0T) S31dod ¥NQ ¥ B35 VNG [e303 Bu / (;0T) S31dod ¥Na A B3s ANn W W w ~
x o = 3§ o}
— Q
T N C
- , ~EfE E
T T > s <
2 9 © 3
uoneoyijdwe |1} 03} pea uoneoyijdwe jie3 o} e eay 0} ped AN V] (]
Lt : SRet : - D an~N = =z


https://doi.org/10.1128/jvi.00817-23

Full-Length Text

FIG 7 (Continued)

larvae were injected with ds-eGFP. qPCR was then used to measure intact and rejoined copy number
of each segment in ovaries of day 1 adult females. Intact and rejoined copy number for each seg-
ment significantly differed between treatment ovaries from females injected vp39, 27b, HzNVorf9-like2,
HzNVorf93-like, HzNVorf106-like, or HzNVorf118-like, and control ovaries (t test; * indicates P < 0.05; **P
< 0.01; ***P < 0.001). In contrast, no differences were detected between treatment ovaries injected
with 35a-5, or K425_459 and control ovaries (t test; n.s indicates P > 0.05). The y-axis was square root
transformed to better visualize the data presented.

profile suggests it may have functions early in the replication cascade that we did not
examine in this study.

Our RNAi assays coupled with TEM analysis indicate most of the single-copy genes
encoding nucleocapsid components (vp39, HzNVorf9-like2, HzNVorf93-like, HzNVorf106-
like, HzNVorf118-like, and 27b) are required for assembly of capsids with a normal
morphology. We earlier reported that RNAi knockdown of vp39 reduces the number
of MdBV virions in calyx cell nuclei while also increasing the sensitivity of packaged
DNAs to DNase treatment (20). However, we did not note that capsid morphology was
altered, which we focused on in this study. We report that vp39 knockdown produces
aberrantly shaped capsids that envelopes surround. However, we also observed many
envelopes without nucleocapsids in calyx cell nuclei when vp39 was knocked down,
which is consistent with earlier results that also detected fewer nucleocapsid-containing
virions when vp39 was knocked down (20). VP39 is one of the most abundant proteins in
baculovirus nucleocapsids and Tiplua oleracea nudivirus virions (43, 44), but few studies
have characterized defects associated with its loss outside of results showing that it
reduces the production of Bombyx mori nucleopolyhedrovirus (BmNPV) in cultured cells
(45). Mutation of a single essential amino acid in vp39 from BmNPV also reduces virus
growth, while TEM data indicate this mutant results in formation of aberrant nucleocap-
sid-like structures (46, 47). Results from this study indicate that VP39, HzZNVORF{9-like-2,
HzNVORF106-like, HZNVORF118-like, and 27b are all required for assembly of MdBV
capsids, which suggests that they are also likely required by nudiviruses. In contrast, our
results do not identify a requirement for 35a-5 or K425-459 in capsid assembly. As earlier
noted, 35a has diversified into a large, 14-member family in M. demolitor of which three
(35a-4, -5, and -13) encode proteins that are preferentially detected in nucleocapsids,
while seven (35a-2,-7,-8,-10,-11,-12, and -14) are detected in envelopes and nucleocap-
sids (23). That knockdown of 35a-5 has no effect on virion morphogenesis could thus be
due to redundancy, but conducting knockdown studies on all 35a family members either
alone or in combination to assess function and potential redundancies was not feasible
given the large number of other genes we characterized in this study. Thus, disentan-
gling the potential function(s) of the 35a gene family will require a focused effort in a
future investigation. In contrast, the distinct phenotype associated with knockdown of
HzNVorf9-like2 indicates this gene is not redundant with HzNVorf9-like1, while the still
unknown function of K425-459 is likely not involved in capsid assembly given it is a
single-copy gene.

Among all of the single-copy genes we studied, knockdown of HzNVorf93-like
generated the most unusual phenotype: formation of granular aggregations in phase
2 calyx cells that form in proximity to envelopes and nucleocapsids. Although variable
in size, these granular aggregations are much smaller and morphologically distinct from
nuclear chromatin or virogenic stroma as shown in Fig. S2A. BVs produced by wasps in
the genus Cotesia have virions that contain multiple nucleocapsids (16, 38) but these also
share no resemblance to the small aggregations that form after HzNVorf93-like knock-
down, which contain no nucleocapsids but are enveloped, or the large aggregations
that contain electron dense and electron translucent capsids that are not enveloped.
The large aggregations containing capsids do superficially resemble occlusion bodies
(OBs) that baculoviruses and some nudiviruses produce (14, 15, 48-50) but differ in
that: (i) baculovirus/nudivirus OBs form late in the infection cycle, and (ii) BV producing
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wasps like M. demolitor do not encode a polyhedrin/granulin gene which is the primary
component of OBs (13, 14, 50). Alternatively, MdBV virions normally contain material
between the envelope and nucleocapsid that is less electron dense than nucleocapsids
containing DNA. We thus speculate the aggregations that form when we knocked
down HzNVorf93-like is potentially the over-accumulation of this electron dense material.
However, future studies will be needed to characterize the composition of this material
and understand the role of HZNVORF93-like in its formation.

Deletion of vif-1 or p6.9 from baculovirus genomes results in capsids that are both
morphologically aberrant and electron translucent due to the absence of a packaged
viral genome (14, 25, 26, 33, 34, 36). Results from this study do not detect any adverse
effect of knocking down vif-1a, vif-1b-1, vIf-1b-2, int-1, or p6.9-1 on MdBV capsid
morphology, but loss of each does result in formation of electron translucent cap-
sids that strongly suggest the circular DNAs that are normally packaged after process-
ing from amplified proviral segments are absent. Our results indicate knockdown of
each late gene that is required for normal capsid assembly (HzNVorf9-like-2, HzNVorf93-
like, HzNVorf106-like, HzNVorf118-like, 27b, and vp39) also disables proviral segment
processing. Baculovirus P6.9 binds the viral genome after dephosphorylation which is
required for DNA packaging (26, 51). Results from this study in turn suggest binding
of dephosphorylated MdBV P6.9-1 may be required for both proviral segment process-
ing by tyrosine site-specific recombinase family members and packaging of processed
segments into capsids given knockdown of p6.9-1 disabled both processes. Baculovirus
P6.9 also undergoes phosphorylation and dephosphorylation cycles mediated in part
by another core gene product conserved in BVs (38K) (12, 13, 16, 17, 26, 51), while
deletion of baculovirus 38K adversely affects capsid assembly (52). We did not examine
MdBV 38K in this study because we did not detect this protein in nucleocapsids (23),
but we think it is likely also required for function of MdBV P6.9.1. That only two MdBV
tyrosine site-specific recombinase family members have conserved catalytic domains
(VLF-1a and INT-1) indicates VLF-1b-1 and VLF-1b-2 may not be functional recombinases
but are nonetheless required for proviral segment processing. Our finding that VLF
paralogs without conserved catalytic pentads also exist in a number of nudiviruses
further suggest these non-catalytic family members may function as accessory proteins
that interact with family members that have functional catalytic domains to process
proviral segments. Tyrosine site-specific recombinases from other organisms have also
been identified that require accessory proteins for normal function although none
are non-functional family members (53, 54). Finally, our results suggest baculoviruses,
nudiviruses, and BV tyrosine site-specific recombinases likely require normally assembled
capsids for function given knockdown of several MdBV capsid components also disables
proviral segment processing.

Prior studies show that some but not all of the circular dsDNAs BVs packaged into
capsids share a conserved motif that identifies segments that integrate into the genome
of infected host cells (55-57). The tyrosine site-specific recombinase family members
present in BV virions and encoded by the hosts of microgastroid wasps have been
suggested to catalyze the integration of these segments into the host genome (55,
58). However, evidence from this study shows that RNAi knockdown of MdBV tyrosine
site-specific recombinase family members normally present in nucleocapsids inhibits
proviral segment processing and packaging. It is thus possible that reduced integration
into the genome of hosts is potentially due to most virions lacking packaged DNAs
rather than disabling the tyrosine site-specific recombinase family members that are in
nucleocapsids. Thus, additional studies are likely needed to better understand the role of
BV and host-produced tyrosine recombinases in integration of circularized BV segments
in the genomes of infected host cells.

In summary, by concurrently studying most of the genes encoding MdBV nucle-
ocapsid components, we show that multiple products interact to produce capsids,
process proviral segments, and package circular ds DNAs into capsids before being
surrounded by envelopes to produce virions. Most of the genes of previously unknown
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function that we analyzed are only known from nudiviruses or other BVs. Most of the
single-copy genes we studied indicate they are required for normal capsid assembly.
In contrast, most of the tyrosine site-specific recombinase family members and p6.9-1
are required for proviral segment processing and packaging. However, our results also
indicate nucleocapsids with a normal morphology are also required for proviral segment
processing and packaging due presumptively to the tyrosine site-specific recombinases
and P6.9-1 requiring capsids for normal function. We further hypothesize most if not
all of the genes we studied have similar functions in nudiviruses. Our results do not
indicate that tyrosine site-specific recombinases in MdBV nucleocapsids are differentially
involved in processing proviral segments that form different concatemeric intermediates.
All proviral segments are therefore likely processed by a common mechanism that
involves the binding of tyrosine site-specific recombinases to motifs that identify the
excision boundaries present on all the proviral segments (20-22). Finally, Alphanudivirus
genomes that integrated into two other lineages of parasitoids have led to these wasps
producing VLPs that females inject into hosts (5, 59, 60). VLPs contain nudivirus-like
envelopes and capsid proteins but do not package DNA like BVs. The absence of p6.9,
vlf, and int genes in VLP-producing wasps due to loss from the virus ancestor combined
with VLPs morphologically sharing some features with MdBV virions when p6.9-1, int-1,
and all of the v/f family members are knocked down thus also supports the essential role
of these genes in BVs producing virions that transfer virulence gene-encoding DNAs to
hosts.

MATERIALS AND METHODS
Insects

M. demolitor and its host C. includens were reared at 27 + 1°C with a 16-h light:8-h dark
photoperiod as previously described (28). C. includens larvae were fed an artificial diet
while adults were maintained in plastic containers covered with cheese cloth and fed
10% sucrose in water. Female moths laid eggs on the cheese cloth cover and cheese-
cloth strips that were in the containers. M. demolitor was reared by allowing females to
parasitize second-third instar C. includens larvae from which offspring emerged and spun
cocoons 7 days post-parasitism. Adult wasps were maintained in plastic containers and
fed a 10% honey solution diluted in sterile water.

RNAi knockdown and quantification of target gene transcript abundance

RNAi assays were performed as detailed by Burke et al. (20). Briefly, forward and reverse
primers with added T7 promoter adaptors were designed for dsRNA synthesis to the
fourteen MdBV genes examined in the study (Table S1) using cDNA prepared from day
1 adult wasp ovaries with Superscript Il (Invitrogen) as template and the MegaScript
RNAi Kit (Ambion). Resulting 300-400 bp dsRNA products or ds-eGFP (control) were
individually injected into the abdomen of M. demolitor fourth instars after completing
cocoon spinning (=stage 1) at a volume of 0.5-1 pL with dsRNA concentration adjusted
to 400-500 ng per pL. After emerging as adults (day 1), the paired ovaries were explanted
in phosphate-buffered saline (PBS) by dissection. One ovary was removed at the lateral
oviduct for use in TEM and proviral segment analysis (see below), while total RNA was
extracted from the other using the QuickRNA Mini-prep kit (Zymo) to assess knockdown
of the targeted gene. Total RNA was synthesized into cDNA which was used as template
in gRT-PCR assays that used primers corresponding to 100-200 bp regions of each
targeted gene (Table S2). Each PCR product was cloned into pSC-A-amp/kan that was
Sanger sequenced to confirm identity and used to generate an absolute standard curve
by serially diluting the plasmid (10? to 107 copies) using the Rotor-Gene SYBR Green PCR
kit and specific qPCR primers (Table S2). Copy number of each transcript from treatment
samples was determined by fitting the gRT-PCR data to the standard curve. For each
gene, at least three females were examined (i.e., three biological replicate), while each
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gRT-PCR assay was run in quadruplicate (four technical replicates). For statistical analysis,
copy number of each gene was compared between females that were injected with
ds-RNA to the target gene versus females that were injected with eGFP (control) using
a two-tailed unpaired t test. Statistical analyses were performed using R (R-Project.org)
with a P value < 0.05 considered significant.

Transmission electron microscopy

Electron microscopy sample preparation was performed as earlier described (23, 27). For
each RNAi knockdown treatment, the second ovary not used for total RNA isolation (see
above) was fixed in 3% glutaraldehyde in phosphate buffer (pH 7.0) at 4°C. Fixed ovaries
were rinsed with buffer and post-fixed using 1% osmium tetroxide. Ovaries were block
stained using 0.5% uranyl acetate before being dehydrated in graded ethanol solutions,
100% acetone, and 100% propylene oxide, which was then followed by embedding
in Spurr’s resin. Ovaries were thin-sectioned using an ultramicrotome, mounted on
copper grids, and post-stained with uranyl acetate and lead citrate. Samples were then
examined using JEM-1011 Transmission Electron Microscope, equipped with an XR80M
Wide-Angle Multi-Discipline Mid-Mount CCD Camera from AMT (Advanced Microscopy
Techniques).

Sequence analysis of tyrosine site-specific recombinase family members

Tyrosine site-specific recombinase family members encoded by nudivirus and bracovi-
rus genomes were manually curated or identified using PSI-BLAST with representative
nudivirus integrase or VLF-1 sequences. Sequences were aligned using muscle v.3.8.31
and visualized with Jalview (61, 62). After trimming the alignment with TrimAl (-gappy-
out setting), a maximum likelihood phylogenetic tree was constructed with RAXML with
default settings within the CIPRES Science Gateway Portal and viewed with FigTree (63-
65).

DNA extraction from wasp ovaries and qPCR analysis

Wasp ovary DNA was used to quantify copy number of intact or rejoined proviral
segments after RNAi knockdown of different genes was extracted using a phenol:chloro-
form method (20). In brief, one ovary from specific ds-RNA injected wasp larvae was
dissected from the corresponding 1-day-old adult female within PBS (the other ovary
was used for RNA extraction in order to confirm knockdown efficiency, see above). The
ovary was then manually ground using a sterile pestle, followed by RNase A treatment
(33 ng per pL). Ovary samples were then phenol:chloroform extracted, followed by
precipitation of nucleic acids using 0.3 M sodium acetate, 25 pg of glycogen, and 100%
isopropanol. Samples were rinsed with 70% ethanol, centrifuged, and solubilized in 50 pL
of nuclease-free water. qPCR primers were designed to specifically target the proviral
(intact), episomal and rejoined forms of four MdBV proviral segments (S, R, J, and V)
(Table S3; Fig. S8). Standard curves were generated to quantify copy number for the
proviral and rejoined forms of segments S, R, J, and V and the proviral and episomal
forms for segment S and R (Table S3; Fig. S8). qPCR was performed using a Rotor-Gene
Q (Qiagen) from which DNA gene copy numbers were obtained from four technical
replicates. Copy numbers from technical replicates were then averaged to calculate copy
number values for biological samples by fitting the data to standard curves generated
from cloned fragments as earlier described (29). Each biological replicate represents an
individual wasp sample. For statistical analyses, comparison of means between ds-eGFP
(control) and ds-RNA injected female groups was tested using a two-tailed unpaired t
test. Statistical analyses were performed by using R, with a P value < 0.05 considered
significant.
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