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Abstract Polydnavirus-encoded IxB-like proteins are
similar to insect and mammalian IxB, and an immuno-
suppressive function in the host cells has been inferred to
these proteins. Here we show that the expression of one of
these IxB-like viral genes, the TnBVankl, in the Dro-
sophila germline affects the localization of gurken, bicoid,
and oskar mRNAs whose gene products are relevant for
proper embryonic patterning. The altered localization of
these mRNAs is suggestive of general defects in the
intracellular, microtubule-based, trafficking routes. Analy-
sis of microtubule motor proteins components such as the
dynein heavy chain and the kinesin heavy chain revealed
defects in the polarized microtubule network. Interestingly,
the TnBVANKI1 viral protein is uniformly distributed over
the entire oocyte cortex, and appears to be anchored to the
microtubule ends. Our data open up a very interesting issue
on novel function(s) played by the ank gene family by
interfering with cytoskeleton organization.
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Introduction

During oviposition, parasitic wasps (parasitoids) inject fac-
tors that disrupt the host immune reaction and endocrine
balance in order to create a suitable environment for the
development of their progeny [1]. These host-regulation
factors include venom and ovarian secretions, which, in
many parasitoid species of lepidopteran larvae, contain
viruses of the family Polydnaviridae (PDV) [2]. These
viruses are associated with a large number of species of
ichneumonid and braconid wasps and are classified in the
genera Ichnovirus and Bracovirus, based on morphological
and genomic differences [3]. The PDVs are integrated as
proviruses and replicate only in the ovary to form free viral
particles, which contain viral genes encoding virulence fac-
tors, while those genes controlling the viral machinery
producing the nucleocapsids are not encapsidated [4, 5]. The
free PDV particles delivered in the host body at the ovipo-
sition, along with the parasitoid egg and venom, infect a
number of tissues and express virulence factors that trigger
host immune suppression and developmental regulation
[1, 2]. To date, the sequences of eight PDV genomes have
been completed, and several partial data sets are available for
other PDV genomes [6]. Convergent evolution has shaped
the genomic features shared by different PDV genera, such as
a low density of coding sequences that show homology with
eukaryotic genes and often organized in gene families [7].
One of these gene families, present both in bracoviruses
and ichnoviruses, encodes viral ankyrin (vankyrin) pro-
teins, showing significant sequence similarity (approx.
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50%) with members of the IxB protein family, inhibitors of
NF-kB signaling pathways in insects and vertebrates [8].
Because of the lack of the N- and C-terminal regulatory
domains controlling their signal-induced and basal degra-
dation, these vankyrin proteins appear to irreversibly
bind and inhibit host NF-kB transcription factors [9-14].
Activation of the NF-xB transcription factors has been
reported as being influenced by changes in the microtubule
cytoskeleton network [15]. A molecular link between
cytoskeletal dynamics and NF-xB-dependent gene regula-
tion is also suggested by the finding that dynein/dynactin
complex plays a role in the nuclear accumulation of neu-
ronal NF-xB [16]. Furthermore, Shrum et al. [17] have
recently reported that nuclear translocation and activation
of NF-xB-dependent gene expression depends on endoge-
nous dynein, in a variety of cell types and in response to
diverse activating stimuli, suggesting that dynein-depen-
dent transport of NF-«kB may be a conserved mechanism in
the NF-kB activation pathway.

In light of these findings, and considering that the
cytoskeleton dynamics plays a key role in the cellular
immune response and is very often targeted by parasitoid-,
VLP (virus like-particles)- and PDV-encoded virulence
factors [2, 18, 19], we wanted to explore if vankyrin pro-
teins might interfere with cytoskeleton stability and
dynamics.

To address this issue, we decided to express the
Toxoneuron  nigriceps  bracovirus ANKI  protein
(TnBVANKY1) in Drosophila melanogaster. We generated
Drosophila transgenic lines carrying the TnBVankl gene
and analyzed the effects produced by 7nBVANKI
expression on oocyte development. Drosophila oogenesis
is a well-characterized model system for studying basic
questions in developmental and cell biology. The Dro-
sophila ovary consists of repeated units, the ovarioles,
each containing a chronologically ordered string of egg
chambers developing into mature eggs during oogenesis.
Each egg chamber, composed by one oocyte and 15 nurse
cells (germline derived cells) surrounded by a monolayer
of somatic follicle cells, develops through 14 stages [20].
A stage 1 egg chamber arises from a specialized region,
located at the tip of each ovariole and called germarium.
During oogenesis, through the connecting ring canals, the
nurse cells transfer to the oocyte mRNAs, proteins,
organelles, and lipidic droplets. Maternal cues required
for embryonic development are specifically placed in the
oocyte by microtubule-dependent transport [21, 22].
During oogenesis the microtubule cytoskeleton undergoes
stage-specific remodeling [21]. In the early stages of egg-
chamber development, up to stage 6, the minus-ends of
the germline microtubules are organized in the oocyte by
a microtubule organizing center (MTOC) positioned at the
posterior pole and their plus-ends extend through the ring

canals into the nurse cells. After stage 6, the germline
microtubules rearrange and new microtubules nucleate
from both the anterior and lateral cortex and extend in all
directions [23, 24]. More recently, in vivo analysis of the
plus end directed osk mRNA movements, further indicates
that in the oocyte at mid-oogenesis the microtubule
cytoskeleton is only slightly polarized, with about a 20%
excess of microtubules with their plus ends pointing
posteriorly [25].

In this study we report that the expression of the TnB-
Vankl gene in the Drosophila germline cells disrupts the
localization of gurken, bicoid and oskar mRNAs, whose
correct positioning within the oocyte depends on microtu-
bules cytoskeleton. Our results indicate that this viral
protein interferes with proper microtubule and microtu-
bule-motor protein functions.

Materials and methods
Fly strains

Stocks were raised on standard cornmeal/yeast/agar
medium at 25°C, and crosses were made at 18°C. The
nanos Gal4 stock was obtained from the Bloomington
Stock Center (stock #4937) and has the genotype
wl !l S;P{ GAILA:VP16-nos.UTR}MVDI. The following stocks
were also used: yw® “?/ywb7“?; KHC-lacZ insertion line
KZ503 [26]; and Nod-lacZ insertion line NZI143.2 [27],
kindly provided by Daniel St. Johnston.

Production of transgenic Drosophila

The TnBVankl cDNA [11] was inserted into UASp trans-
formation vector specifically designed to allow GAL4
inducible expression in somatic and germline cells [28, 29],
which was kindly provided by Pernille Rgrth. Transgenic
flies were generated as previously described using a yw®”“%’
strain as a recipient stock [30]. Several transgenic lines
were isolated and the appropriate crosses performed to
obtain homozygous lines carrying two copies of the
transgene.

Gal4-driven expression in germline cells

GALA4-driven expression was induced by crossing females
of the genotype w''’%;  4+/+  P{GAL4:VPI6-
nos.UTR}MVDI to males TnBVankl/Y; TnBVankl/TnB-
Vankl; +/+, and to males yw67623 as control. The crosses
were performed at 18°C and freshly eclosed females of the
genotype TnBVankl/w'''®; TnBVankl/+; P{GALA4:VP16-
nos.UTR})MVD1/+ and w'"'84yw®%, 4/+. P{GALA:

VP16-nos. UTR}JMVDI/+ as a control were collected,
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crossed with yw®”“** males and the crosses were transferred

daily to fresh yeasted food and kept at 29°C for 8 days
before dissection.

Immunofluorescence microscopy

Ovaries were dissected in phosphate buffer saline (PBS
1x) pH 7.5, fixed for 20 min at room temperature in 4%
paraformaldehyde in PBS1x pH 7.5 freshly prepared and
the ovaries were then kept at room temperature to ensure
that the microtubules did not depolymerize. After three 5-
min washes in PBS 4 0.1% Triton X-100 (PBT), egg
chambers were dissected with needles and were perme-
abilized overnight at 4°C in PBS + 1% Triton X-100.
The next day the egg chambers were washed three times
for 5min each in PBT and one time 15 min in
PBT + 3% BSA. Egg chambers were then incubated for
4 h at room temperature on a rotating wheel with primary
antibody diluted in PBT 4+ 3% BSA. After incubation
with primary antibody, the egg chambers were washed
three times for 15 min each in PBT and one time 15 min
in PBT + 3% BSA, and then were incubated 2 h at room
temperature on a rotating wheel with secondary antibody
diluted in PBT + 3% BSA. After several washes in PBT,
egg chambers were mounted in Fluoromount G (Electron
Microscopy Sciences) and subsequently were analyzed
with conventional epifluorescence on a Nikon Eclipse
90i microscope and with a TCS SL Leica confocal
system.

Primary antibodies were used at the following con-
centrations: mouse monoclonal anti-Gurken, 1:50
(Developmental Studies Hybridoma Bank); mouse mono-
clonal PIH4 anti-dynein heavy chain, 1:500 (kindly
provided by Tom Hays); mouse monoclonal anti-f-gal,
1:25 (Developmental Studies Hybridoma Bank); rabbit
polyclonal anti-oskar, 1:200 (kindly provided by Trudi
Schiipbach); mouse monoclonal anti-f-tubulin, 1:25
(Developmental Studies Hybridoma Bank). The rabbit
polyclonal antibody anti-TnBVANKI1 was raised against
two TnBVANKI peptides, one located at the N-terminal
domain (LLGERNELGNNFFHE) and the other at the
C-terminal domain (NDKKMMEILKKNGAK). This anti-
body was used 1:500 for immunohistochemistry and
1:5,000 for Western blot. Secondary antibodies used were
FITC-conjugated anti-mouse (1:250, Invitrogen); Cy3-
conjugated anti-rabbit (1:1,000, Sigma); Alexa Fluor 546-
conjugated anti-mouse (1:200, Molecular Probes). Nuclear
staining was carried out after immunodetection by incu-
bating for 2 h the egg chambers with To-Pro-3 (Molecular
Probes) at Ipg/ml in PBT 1x pH 7.5 and, after several
washes with PBT, the egg chambers were mounted as

indicated above. TRITC-Phalloidin staining was carried
out after immunodetection by incubating the egg chambers
for 20 min at room temperature with TRITC-Phalloidin
(40 pg/ml in PBS, Sigma) and after several washes with
PBT, the egg chambers were mounted as indicated above.

In situ hybridization

Whole-mount RNA in situ hybridization procedure was a
modification of the protocol of Tautz and Pfeifle [31], using
65°C as the hybridization temperature. Digoxigenin-
labeled (Roche) antisense RNA probes were synthesized
using as a template the full-length of the gurken cDNA
(provided by Trudi Schiipbach), the bicoid DNA region
(—40/4-230), and the full-length of the oskar cDNA (kindly
provided by Anne Ephrussi). Digoxygenin-labeled sense
RNA probe was also used as control (data not shown). The
egg chambers were mounted in Fluoromount-G and ana-
lyzed with a Nikon Eclipse 90i microscope.

Collection of eggs

Eggs laid by transgenic females obtained from the crosses
described above were collected on standard apple juice
agar plate and the hatching larvae were monitored for
3 days after oviposition. Lethality was measured by the
ratio between the number of unhatched eggs and the total
number of eggs laid in each plate.

Protein extracts and Western-blot analysis

The ovaries from ten TnBVanklmw''! 8; TnBVankl/+;
P{GAILA4:VP16-nos. UTR)MVDI/+ females and from
ten control w'!’ g/yw67623 i +/+; P{GAL4:VPI6-nos.
UTR}MVDI/+ females were collected and quickly frozen
in liquid nitrogen and stored at —80°C. The ovaries were
transferred in 75 pl cold 2x Laemmli sample buffer [32],
homogenized by sonication and boiled for 5 min. After
centrifugation for 10 min at 14,000 rpm at 4°C, the
supernatant material was collected. Fifteen microliters of
this soluble material was used and mixed with an equal
volume of 1x Laemmli sample buffer previously boiled for
5 min. The soluble proteins were then loaded on 12%
polyacrylamide gel. Protein transfer to membranes and
Western blotting were performed as previously described
[33]. The TnBVANKI protein was detected by using the
rabbit anti-TnBVANKI1 antibody diluted 1:5,000. The
primary antibody was detected by using goat anti-rabbit
secondary antibody, conjugate with horseradish peroxidase
(Santa Cruz Biotechnology) at the dilution of 1:7,000 and
ECL detection kit (GE Healthcare).
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Drug treatment

Ovaries were dissected in PBS 1x pH 7.5 and transferred
into 24-well dishes with 1 ml per well of Schneider’s
complete media supplemented with 15% Fetal Bovine
Serum and 0.6 x penicillin/streptomycin. Drugs were added
at the following concentration: paclitaxel 3.2 pM (Sigma),
nocodazole 2 uM (Sigma). A total of 17.7 ul of DMSO per
well was used as a control since stock solutions of the three
drugs were prepared in DMSO and kept frozen until use.
The egg chambers were then incubated for 5 h at 25°C with
drugs. After incubation, the egg chambers were fixed for
20 min at room temperature in 4% paraformaldehyde in
PBS 1x pH 7.5 freshly prepared and then processed fol-
lowing the standard immunostaining procedures. This
protocol is an adaptation of Prasad et al. [34].

Results

Expression of TnBVanklI induces a maternal effect
lethal phenotype

The TnBVankl gene of T. nigriceps codes for a protein
showing an average 30% identity with Cactus, the Dro-
sophila homologue of mammalian IxB, and with other IxkB
proteins from several species [11]. ThBVANKI is 155 aa
long, is made of three ankyrin repeats and does not contain
the N-terminal IKK target motif that mediates the signal-
induced degradation of Cactus or the C-terminal PEST
domain, which is involved in rapid protein turnover and is
present in all Cactus/IxB proteins [11]. To test the effect of
the viral TnBVANKI protein on the Drosophila oocyte
development, we used the GAL4/UAS binary system that
allows conditional and tissue-specific expression of genes
of interest in Drosophila [28]. We produced Drosophila

17 kDa —
10 kDa —

Fig. 1 Expression of TnBVankl transgene during Drosophila mela-
nogaster oogenesis. a Western blot of whole cell lysate using anti-
TnBVANKI1 antibody shows a single band in the size range of
17 kDa, corresponding to the predicted ThBVANKI1 protein. No
signal was instead revealed from control ovaries (we refer at these as
wild-type) carrying the nanos-Gal4:VPI16 transcriptional activator
gene, without the heterologous gene TnBVankl. b Expression of

transgenic lines carrying TnBVankl under the control
of the UASp sequences [29], and the expression of
the transgene was induced in germline cells using the
nanos-GAILA4:VP16 Drosophila stock [35]. To detect
the TnBVANKI protein, a polyclonal antibody (anti-
TnBVANKI1) was raised against two synthetic peptides
of TnBVANKI1 (see Materials and methods). The presence
of TnBVANKI1 in the ovaries of TnBVankl, nanos-
GALA4:VP16 transgenic flies was assessed through regular
Western blot on whole cell lysate. A single band in the
expected size range of 17 kDa, corresponding to the pre-
dicted TnBVANKI1 protein, was detected (Fig. la). No
signal was instead revealed in ovarian extracts from
females carrying only the nanosGal4:VP16 transcriptional
activator gene, hereafter denoted as wild-type females and
used as control. We also analyzed the TnBVANKI protein
distribution during oogenesis by immunostaining. As
shown in Fig. 1b, the ThBVANKI protein was detected in
the germline cells throughout oogenesis, starting from the
germarium and up to late egg chamber developmental
stages.

We found that the germline expression of TnBVankl
interferes with embryonic development. The expression of
one copy of the TnBVankl gene induced a maternal effect
semi-lethal phenotype. Lethality of 56.3 and 42.0%, was
observed with two different transgenic lines, where the
transgene was inserted on the X or on the II chromosome,
respectively. This lethality was neither observed in
embryos from control females carrying the heterologous
gene without the Gal4 transcriptional activator gene, nor in
the strain carrying only the Gal4 gene. This indicates that
the lethality is indeed caused by the expression of the
transgene. We also tested the effect of gene dosage by
producing transgenic females that carry the Gal4 gene and
two copies of TnBVankl. In this genetic condition we
observed 99.2% lethality, which indicates that the

SH0B

TnBVANKI protein (in green) during different stages of oogenesis in
egg chambers extracted from females expressing TnBVankl. Imm-
munostaining was performed using anti-7nBVANKI antibody. The
expression of TnBVANKI protein is detected in the germline cells
from the germarium until late stages egg chambers. Anterior is to the
left. St stage
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Fig. 2 Ventralized eggshell phenotypes produced by germline
expression of two copies of the TnBVankl transgene. a Wild-type
egg showing two dorsal appendages anteriorly. b—d Eggs produced by
transgenic females carrying two copies of the TnBVankl gene and the
nanos-Gal4:VP16 transactivator. Eggs are short, rounded, and have

TnBVankl gene dosage is critical. Thus, all the experi-
ments hereafter described in the paper were carried out by
co-expressing the two copies of TnBVankl transgene, one
on the X and the other on the II chromosome.

Interestingly, the expression of two copies of the TnB-
vankl gene causes ventralization of the eggshell (Fig. 2).
The Drosophila wild-type eggshell has a clear dorsoventral
polarity, marked by a pair of dorsal appendages at a
dorsoanterior position (Fig. 2a). As a consequence of the
TnBVANKI activity, the eggs showed defects in dorsal
appendages. In some eggs the dorsal appendages were
fused at the base (Fig. 2b), which is a characteristic of
weakly ventralized eggs. More severely ventralized eggs
were found, distinguished by complete fusion of the dorsal
appendages resulting in a single appendage on the dorsal
midline (Fig. 2c¢). Furthermore, the majority of the eggs
(65%, n = 100) showed the most extreme ventralized
phenotype with the loss of any appendages material
(Fig. 2d).

Expression of TnBVankl affects gurken mRNA
localization and protein accumulation

The ventralized phenotype caused by TnBVankl expres-
sion indicates an altered Gurken-Egfr signaling [36-38].
During oogenesis, this signaling pathway regulates the
fate of dorsal follicle cells, and leads to the definition of
two separate cell populations that will guide the produc-
tion of the two dorsal appendages [39, 40]. Proper gurken
(grk) mRNA localization during Drosophila oogenesis is
necessary for the activation of Egfr signaling. grk mRNA
is transported from the nurse cells into the oocyte, where
it is properly localized by the minus-end-directed dynein
motor protein along the polarized microtubule network

defects in dorsal appendages. b The dorsal appendages are closed
together and fused at the base. ¢ The appendages are completely
fused. d The egg with the most extreme ventralized phenotype does
not show any appendages. Anterior is up in all the panels

[21, 24]. Therefore, we examined the effect of TnBVankl
expression on the grk mRNA localization. In early
oogenesis of wild-type egg chambers, grk mRNA is
localized to the posterior pole of the oocyte (Fig. 3a)
where Grk instructs follicle cells to adopt a posterior cell
fate [41, 42]. During mid-oogenesis, grk mRNA is
localized to a dorsoanterior domain in the cytoplasm
directly overlying the oocyte nucleus (stages 9 and 10
Fig. 3¢, e) [36]. In ovaries expressing TnBVankl, the
proper localization of grk mRNA is affected. In early egg
chambers this mRNA was not completely localized in the
oocyte, and in all the egg chambers analyzed the grk
mRNA signal was still detected in the nurse cells
(Fig. 3b). In mid-oogenesis, at stage 9 grk mRNA was
found mostly as a diffuse signal throughout the oocyte
cytoplasm, rather than concentrated above the oocyte
nucleus, in 84% (n = 100) of the egg chambers (Fig. 3d).
Furthermore, in 86% (n = 100) of stage 10B egg cham-
bers grk mRNA was not detected, suggesting that in the
absence of a correct localization grk mRNA may be
dispersed in the whole oocyte cytoplasm (Fig. 3f). It has
been demonstrated that grk mRNA is specifically trans-
lated, while mislocalized grk mRNA is transcriptionally
repressed [43—-45]. In wild-type egg chambers at mid-
oogenesis, Grk protein distribution mirrors that of the
mRNA, which is translated adjacent to the oocyte nucleus
(Fig. 3g), at the dorsoanterior corner of the oocyte
(Fig. 3g, 1) [37]. In the ovaries expressing TnBVankl, Grk
was restricted to the oocyte at earlier stages (Fig. 3h).
However, the levels of Grk were variably reduced
throughout oogenesis, and in 87% (n = 100) of the stage
10B egg chambers Grk protein was undetectable (Fig. 3j).
The reduced level of Grk explains the ventralized egg-
shell phenotype produced by the expression of TnBVankl.
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Fig. 3 Defects in gurken mRNA localization and Gurken protein
expression during oogenesis caused by expression of TnBVankl. In
situ hybridization showing grk mRNA localization in wild-type
ovaries (a, ¢, e) and in ovaries expressing TnBVankl (b, d, f). a At
early stages, grk mRNA is localized in the oocyte. At stage 6 it is
localized within the oocyte in an anterior-cortical ring and then from
early stage 9 (c) until stage 10B (e) to a dorsoanterior domain. b In
early egg chambers the transport of grk mRNA into the oocyte is
partly affected, and the grk mRNA signal is still detected in the nurse
cells. At stage 9 grk mRNA (d) is found as a diffuse signal throughout
the oocyte cytoplasm. f At stage 10B grk mRNA is not detected. In
situ hybridizations were performed in parallel with wild-type controls,

v B

TnBVank1

TnBVank1 i

TnBVank1

TnBVank1

and all samples were stained for equal lengths of time. Imunolocal-
ization of Grk protein as assayed by using anti-Grk antibody in wild-
type ovaries (g, i) and in ovaries expressing TnBVankI(h, j). g From
the germarium until stage 8 Grk is localized in an anterior cortical
ring around the oocyte nucleus. From early stage 9 Grk is localized to
the dorsoanterior corner of the oocyte. i In stage 10B egg chamber
Grk is localized to the dorsoanterior corner of the oocyte, directly
above the oocyte nucleus. h From germarium until early stage 8 Grk
is restricted to the oocyte but its levels are reduced. j Stage 10B egg
chamber in which Grk protein is absent. In all panels, the egg
chambers are oriented with the anterior region toward the left. In
panels e, f, i, j, the dorsal side is at the top. Scale bars 20 pm. St stage
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Furthermore, our findings suggest that the TnBVANKI1
protein may interfere with the microtubules-dependent
transport of grk mRNA.

Localization of bicoid and oskar mRNAs
are also affected by TnBVankl expression

The spatial information essential for the development of
the future embryo is encoded also by other determinants
such as bicoid and oskar that respectively define the
anterior and posterior regions of the embryo [46]. These
determinants are directed to the correct subcellular sites
by a microtubule-dependent localization of their mRNAs
in the oocyte [36, 47, 48]. Therefore, we investigated
whether also bicoid (bcd) and oskar (osk) mRNA posi-
tioning was affected by the TnBVANKI protein. bcd
mRNA is produced during early stages of oogenesis in the
nurse cells, assembled into large particles and transported
to the oocyte. At stage 9 bcd mRNA is mostly localized
at the anterior corners of the oocyte (Fig. 4a). During
stage 10B it is redistributed into a disc-like pattern in the
anterior cortex of the oocyte and intense labeling is also
observed around the nurse cell nuclei (Fig. 4c). In 85%
(n = 100) of stage 9 egg chambers expressing TnBVankl,
bcd mRNA was not localized to the anterior corners of
the oocyte but appeared diffuse throughout the cytoplasm
(Fig. 4b). Then, at stage 10B, in 86% (n = 100) of the
egg chambers bcd mRNA was not found at the anterior
margin of the oocyte and remained concentrated within
the germline cells (Fig. 4d).

We next tested the distribution of oskar mRNA in egg
chambers expressing the TnBVankl gene. In wild-type
ovaries, osk mRNA is produced by the nurse cells
and accumulates in the oocyte during early stages
of oogenesis (stage 7, Fig. 4e). During stages 8-10 of
oogenesis, osk mRNA moves to the posterior pole of the
oocyte (Fig. 4e, g) where it is translated (Fig. 4i). In
ovaries expressing TnBVankl, osk mRNA was localized
to the oocyte in early stages, but appeared more con-
centrated within the nurse cells (Fig. 4f). During mid-
oogenesis, in 75% (n = 100) of stage 9 egg chambers
osk mRNA was found as a diffuse signal throughout the
oocyte cytoplasm and was less accumulated at the pos-
terior pole (stage 9, Fig. 4f). At stage 10B osk transcript
was not detected at the posterior pole of the oocyte in
78% (n = 100) of the egg chambers (Fig. 4h). In addi-
tion to the effect on osk mRNA localization, the
accumulation of Osk protein is also affected. In 77%
(n = 100) egg chambers expressing TnBVankl its dis-
tribution was affected, ranging from a very weak
posterior signal (Fig. 4j) to localization over the oocyte
cortex (Fig. 4k).

Collectively, the effects on the localization of grk, bcd,
and osk mRNAs indicate that 7nBVANKI1 interferes with
the microtubule cytoskeleton.

Effects of the expression of TnBVankl
on microtubule-based transport in the oocyte

We evaluated the organization of the microtubule cyto-
skeleton in ovaries expressing TnBVankl by analyzing
the microtubule motors. Proper localization of grk
and bcd mRNAs is directed by the minus-end-directed
microtubule motor dynein [21]. We analyzed the distri-
bution of dynein by using the mouse anti-dynein heavy-
chain P1H4 monoclonal antibody [49]. In the early stages
of oogenesis, dynein heavy chain (DHC) localizes around
the oocyte nucleus (Fig. 5a), while at mid-oogenesis it
gradually becomes concentrated to the oocyte posterior
end (stage 9, Fig. 5¢) [50], where it is presumably stored
to allow repeated rounds of minus end-directed transport.
In egg chambers expressing the TnBVankl gene, DHC
appeared properly localized during early stages (Fig. 5b).
However, the levels of DHC were variably reduced
throughout oogenesis and in 88% (n = 100) of stage 9
egg chambers DHC was not or barely detectable at the
posterior end of the oocyte (Fig. 5d). This result indicates
that transport to minus end of the microtubules is in
some way altered in the egg chambers expressing
TnBVankl.

We next analyzed the distribution of Nod-f3-gal, a fusion
protein of the motor-like domain of Nod, a kinesin-related
protein, and f-galactosidase [27]. Differently from Nod,
which preferentially binds microtubule plus-ends in vivo
[51, 52], Nod-f-gal localizes to the oocyte microtubule
minus-ends, for which it has been reliably used as a marker
[27, 53, 54]. By stage 9, the Nod-f-gal protein becomes
concentrated around the oocyte nucleus (stage 9, Fig. Se).
We found that in ovaries expressing TnBVankl Nod-f-gal
was either absent or only weakly detectable around the
oocyte nucleus in 83% (n = 100) of stage 9 egg chambers
(Fig. 5f). This result suggests that microtubule minus-ends
are not properly distributed when 7nBVANKI protein is
present.

Microtubules and the plus-end-directed microtubule
motor kinesin are required for the selective accumulation
of osk mRNA at the posterior cortex of the Drosophila
oocyte. We investigated the distribution of kinesin by
following the expression of a Kinesin Heavy Chain-[5-
galactosidase fusion (KHC-f-lacZ) transgene. In wild-type
stage 9 egg chambers, the KHC-f-gal is localized to the
posterior pole of the oocyte (Fig. 5g) [26]. In 79%
(n =100) of stage 9 egg chambers expressing
TnBVANKI, the KHC-f-gal was not properly accumulated
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at the posterior pole of the oocyte and it appeared also
mislocalized in the oocyte (Fig. Sh).

Since osk mRNA particle movement is kinesin depen-
dent, in the ovaries expressing the 7nBVankl gene,
as expected the penetrance of the kinesin localization
defects concords with the one observed for osk mRNA
localization.

Microtubules are essential for TnBVANKI1 cortical
localization

The experimental data presented above strongly indicate
the occurrence of a disrupting effect exerted by TnBVank!
gene on the oocyte microtubule network. To assess any
direct interaction between TnBVANK1 and microtubules,
we analyzed by confocal microscopy the immunolocali-
zation of TnBVANKI and the dependence of its profile on
microtubule stability.

As shown in Fig. 6a—f, at mid-oogenesis the
TnBVANKI1 protein, detected by wusing the anti-
TnBVANKI antibody, was localized around the oocyte
cortex, outlining the cortical layer of actin distribution
but not colocalizing with it and displaying granular
appearance (see Fig. S1 in Electronic Supplementary
Material, ESM). Similarly, 7nBVANKI1 showed cortical
distribution in the nurse cells (Fig. 6g—i). Furthermore,
the TnBVANKI protein did not appear to affect the
cortical actin cytoskeleton, as compared with wild type
egg chambers (data not shown). These results indicate
that TnBVANKI may be anchored to the oocyte cortex
by contacting the microtubules ends. To test this
hypothesis, we examined the effect of microtubule
depolymerization on the localization of 7nBVANKI in
the oocyte. Egg chambers expressing the TnBVankl gene
were dissected and cultured in the presence of the
microtubule inhibitor nocodazole. After drug treatment,
microtubules, detected by using an anti-f-tubulin anti-
body, appeared strongly affected (Fig. 7b), and the
TnBVANKI1 protein lost its cortical localization and
showed a punctuated distribution in the cytoplasm
(Fig. 7a, ¢, ¢). This result corroborates the hypothesis
that this protein interacts with microtubules ends.
Accordingly, the egg chambers treated with paclitaxel,
which stabilizes the microtubules, showed a stronger
p-tubulin staining (Fig. 7e) and an increase of the
TnBVANKI cortical signal (Fig. 7d, f, '), as compared
with control egg chambers treated only with DMSO, the
solvent for both nocodazole and paclitaxel drugs (Fig. 7g,
i, i’). The DMSO treatment did not affect the cortical
distribution of 7nBVANKI, as also shown in Fig. 7j, k
where stage 9 and 10B egg chambers were carefully
analyzed by taking confocal optical cross sections
through the center of the egg chambers.

Fig. 4 Defects in bicoid and oskar mRNA localization during p

oogenesis caused by expression of TnBVankl. In situ hybridization
showing bcd mRNA localization in wild-type ovaries (a, ¢) and in
ovaries expressing TnBVankl (b, d). a Stage 9 egg chamber showing
that bcd mRNA is mostly localized at the anterior corners of the
oocyte. ¢ Stage 10B egg chamber showing that bcd transcript is
distributed into the anterior cortex of the oocyte. b Stage 9 egg
chamber showing that bcd mRNA appears diffuse throughout the
oocyte. d Stage 10B egg chamber in which bcd mRNA is not properly
localized along the anterior cortical region of the oocyte. In situ
hybridization showing oskar mRNA localization in wild-type ovaries
(e, g) and in ovaries expressing TnBVankl (f, h). e-f osk mRNA
distribution from the germarium until mid-oogenesis. e At stage 9 osk
mRNA transitorily accumulates in the oocyte and then becomes
localized at the posterior pole of the oocyte. g Stage 10B egg chamber
showing osk mRNA accumulation at the posterior pole of the oocyte.
f In stage 7 and 9 egg chambers osk mRNA is more concentrated
within the nurse cells and in the oocyte cytoplasm, instead of being
associated with the posterior cortex of the oocyte. h At stage 10B osk
transcript is not found at the posterior pole of the oocyte. In situ
hybridizations were performed in parallel with wild-type controls, and
all samples were stained for equal lengths of time. Immunolocaliza-
tion of Oskar protein as assayed by using anti-osk antibody in wild-
type ovaries (i) and in ovaries expressing TnBVankI(j, k). i Stage 10B
egg chamber showing Osk accumulation at the posterior pole of the
oocyte. j and k Stage 10B egg chambers showing, respectively, a very
weak posterior Osk signal and a cortical localization of this protein. In
all panels, the egg chambers are oriented with the anterior region
toward the left. Scale bars 20 pm. St stage

Discussion

The increasing number of studies addressing the mech-
anisms of host regulation mediated by PDVs clearly
indicate the occurrence of immunosuppressive strategies
based on virulence factors hitting multiple host targets, in
order to insure a more effective immune disguise [1, 2].
The complexity of the molecular network finely tuning
the host regulation process is further reinforced by the
presence of gene families, which show members char-
acterized by tissue/temporal specific profiles of
expression, likely influencing different host physiological
pathways [9-11, 55]. These multiple effects are well
documented by recent studies on vankyrin proteins,
encoded by both bracoviruses and ichnoviruses, for
which a role in preventing apoptosis [56] and in immune
suppression [10, 11] has been demonstrated. The pleio-
tropic effects of vankyrin proteins could be in part
explained by the large number of pathways controlled by
NF-kB transcription factors and by the conserved struc-
tural features of its interacting molecules, which may
account also for the observed biological activity of these
IxB-like proteins in evolutionary unrelated organisms
[11].

Here we shed some light on this issue, by analyzing the
impact of a TnBV-encoded vankyrin on cytoskeleton
dynamics, which is a key aspect of cellular immune
response. We used Drosophila oogenesis as model system
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to investigate the impact of TnBVankl expression in a well-  proper mRNAs localization driven by the minus- and plus-
characterized cell biology context. Our data clearly show  end-directed microtubule motors. Remarkably, the defects
that the expression of the TnBVankl gene interferes with  of grk mRNA positioning on the dorsoanterior corner of
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Nod-p-gal

KHC-p-gal

Fig. 5 Effects of TnBVankl expression on microtubule-motor pro-
teins in the oocyte. Localization of dynein heavy chain (DHC) in
wild-type ovaries (a, ¢) and in ovaries expressing TnBVankl! (b, d).
a From germarium until stage 8 DHC is localized within the oocyte
around the oocyte nucleus. ¢ Stage 9 egg chamber showing that DHC
accumulates at the posterior end of the oocyte. b DHC is localized to
the oocyte in early stages until stage 8. d At stage 9 DHC is not
localized at the posterior end of the oocyte. Nod-f-gal distribution as
assayed with antibodies against f-gal in wild-type ovaries (e) and
ovaries expressing TnBVankl (f). e Stage 9 egg chamber showing that

the oocyte cause altered Grk/Egfr signaling and generate
ventralized eggs.

Our analysis of the distribution of 7nBVANKI protein
within the oocyte reveals that this protein is localized at the
oocyte cortex, just underneath the actin cytoskeleton. We
found that treatment of ovaries with nocodazole, a micro-
tubules depolymerizing drug, abolishes 7nBVANKI

Nod-p-gal

KHC-p-gal

TnBVank1i

TnBVank1

TnBVank1

TnBVank1i

Nod-f-gal is enriched around the oocyte nucleus. f Stage 9 egg
chamber in which Nod-f-gal signal is only faintly detected at the
dorsoanterior corner adjacent to oocyte nucleus. Localization of
KHC-f5-gal, as assayed by antibodies against f-gal, in wild-type (g)
and TnBVankl egg chambers (h). g Stage 9 egg chamber showing that
KHC-f-gal accumulates at the posterior pole of the oocyte. h Stage 9
egg chamber showing that KHC-f-gal is mislocalized in the oocyte
and does not concentrate at the posterior pole. In all panels, the egg
chambers are oriented with the anterior region toward the left. In
panels from c¢ to h the dorsal side is up. Scale bars 20 pm. St stage

cortical localization. Therefore, TnBVANKI1 could affect
the polarized microtubule network by anchoring to
microtubules ends.

This finding suggests that in the host cells the
TnBVANKI protein could play a double function in sup-
pressing the NF-xB activity. On one hand, it may bind
irreversibly NF-xB repressing the nuclear import of this
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50 um

20 um

50 um

Fig. 6 Intracellular localization of 7nBVANKI protein. Confocal
cross section of a stage 10B egg chamber stained with anti-
TnBVANKI antibody (green a) and TRITC-conjugate phalloidin
(red b). Within the oocyte the TnBVANKI protein is distributed on
the surface just underneath the oocyte cortical actin cytoskeleton.
¢ Merged image of TnBVANKI (green), TRITC-conjugate phalloidin

protein. On the other hand, it may also affect NF-«xB
nuclear translocation by altering the microtubule network.
However, we must take into account that the altered
microtubule network, as we have shown for the localization
of maternal cues in the Drosophila oocyte, might also
impair other cellular processes. Among these, of remark-
able importance is the microtubule-induced cortical Racl
activation and lamellipodium formation during polarized
cell migration [57], a process largely studied in leukocyte
chemotaxis and highly conserved in eukaryotic cells [58,
59]. Basically, the microtubules plus ends deliver GEFs
(Guanine nucleotide Exchange Factors) at the leading edge
cortex, stimulating Racl activation and subsequent actin
polymerization [57]. Thus, a disruption of microtubules
architecture may well result in a failure of actin-mediated
cell behaviors, which are essential in cellular immunity.

(red) and To-Pro-3 (cyan) signals is shown in ¢. d-f Higher
magnification of the dotted area in a—c. g—i Confocal surface section
of the same stage 10B egg chamber shown in a—f. TnBVANKI
displays a cortical localization in nurse cells and appears also
distributed as bundles in the nurse cells cytoplasm. In all panels, the
egg chamber is oriented with the anterior region toward the left

The complex interplay among different components of
the cytoskeleton in cellular immune responses is a relevant
issue that deserves further research effort. Other biological
roles for ankyrin proteins disrupting microtubules func-
tioning have been described in the literature. In this regard,
it is interesting to note that some intracellular bacterial
pathogens disrupt the function of eukaryotic factors by
introducing ankyrin proteins into the host cells [60]. This
study has shown that the intracellular pathogens Legionella
pneumophila and Coxiella burnetii deliver into eukaryotic
cells a large number of different bacterial proteins con-
taining ankyrin repeat homology domains. Particularly, the
L. pneumophila AnkX interferes with minus end-directed
transport of vesicles on microtubules.

In conclusion, the major outcome of our study is the
finding that the TnBVANKI1, a IxB-like protein, disrupts
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Fig. 7 Ex vivo analysis of TnBVANKI1 distribution in ovaries treated
with drugs affecting the microtubule polymerization. Confocal
sections of stage 9 egg chambers treated with nocodazole (a—c'),
paclitaxel (d—f') and DMSO (g-i'). These egg chambers have been
stained with anti-7TnBVANKI antibody (green in a, d, g) and with
anti-f-tubulin antibody (red in b, e, h). ¢, f, i Merged images of
TnBVANKI, f-tubulin and To-Pro-3 (blue) nuclear staining signals,
and the higher magnification views of the boxed regions are
respectively shown in ¢/, f, i'. Nocodazole treated stage 9 egg
chamber showing that microtubules are dramatically altered (b), and
the localization on the oocyte cortex of the 7TnBVANKI protein is lost

the microtubule network. This proposes a novel function
for vankyrin proteins and sets the stage for more specific in
vivo studies on the suppressive mechanisms of the host
immune response against eukaryotic parasites of insects.
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