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Many hemipteran insects that can transmit plant viruses in a persistent and
transovarial manner are generally associated with a common obligate bac-
terial symbiont Sulcia and its B-proteobacterial partner. Rice dwarf virus
(RDV), a plant reovirus, can bind to the envelope of Sulcia through direct
interaction of the viral minor outer capsid protein P2 with the bacterial
outer membrane protein, allowing the virus to exploit the ancient oocyte
entry path of Sulcia in rice leafhopper vectors. Here, we show that RDV
can hitchhike with both Sulcia and its B-proteobacterial partner Nasuia to
ensure their simultaneous transovarial transmission. Interestingly, RDV
can move through the outer envelope of Nasuia and reside in the periplasmic
space, which is mediated by the specific interaction of the viral major outer
capsid protein P8 and the porin channel on the bacterial outer envelope.
Nasuia porin-specific antibody efficiently interferes with the binding
between RDV and the Nasuia envelope, thus strongly preventing viral trans-
mission to insect offspring. Thus, RDV has evolved different strategies to
exploit the ancient oocyte entry paths used by two obligate bacterial sym-
bionts in rice leafhoppers. Our results thus reveal that RDV has formed
complex, cooperative interactions with both Sulcia and Nasuia during their
joint transovarial transmission.

This article is part of the theme issue ‘Biotic signalling sheds light on
smart pest management’.

1. Introduction

At least 10% of all insect species harbour obligate symbionts that supply essen-
tial nutrients and other benefits to their hosts [1,2]. Obligate bacterial symbionts
generally reside intracellularly within specialized organs and cells (bacteriomes
and bacteriocytes, respectively) that regulate symbiont functions and ensure
vertical transmission to subsequent generations [3]. Sap-sucking insects in the
hemipteran suborder Auchenorrhyncha, including treehoppers, leafhoppers,
and planthoppers, are global pests and generally associated with the obligate
bacterium ‘Candidatus Sulcia muelleri’ (hereafter Sulcia) and one B-proteobacter-
ial partner, which is usually replaced by other bacterial symbionts or yeast-like
microorganisms [4-6]. The gram-negative bacteria Sulcia and B-proteobacteria
each comprise two envelopes with an outer and an inner membrane and the
periplasmic space [7]. Various protein channels on the bacterial outer mem-
brane (OM) are involved in the transport, uptake or efflux of diverse
compounds including nutrients and toxins [8]. Porins, a class of outer
membrane proteins (OMPs) of gram-negative bacteria, are essentially trimeric
B-barrels that form channels, possibly facilitating metabolic exchanges between

© 2019 The Author(s) Published by the Royal Society. Al rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2018.0320&domain=pdf&date_stamp=2019-01-14
http://dx.doi.org/10.1098/rstb/374/1767
http://dx.doi.org/10.1098/rstb/374/1767
http://dx.doi.org/10.1098/rstb/374/1767
mailto:weitaiyun@fafu.edu.cn
https://dx.doi.org/10.6084/m9.figshare.c.4325834
https://dx.doi.org/10.6084/m9.figshare.c.4325834
http://orcid.org/
http://orcid.org/0000-0002-0732-9752

the symbiont and the host cell [9]. Although the structural
features and functions of porins in bacteria—host interactions
have been well studied [10,11], their roles in the interactions
of bacterial symbionts with other microorganisms are still
poorly understood. Previous investigations showed that
some bacterial symbionts can pass through the outer envel-
opes of other bacterial symbionts in insects. For example, in
leathopper Cicadella viridis, the secondary +y-proteobacterium
symbiont Sodalis, as well as Arsenophonus in the leathopper
Macrosteles laevis, can pass through the envelope of the obli-
gate symbiont Sulcia [12,13]. In consequence, Sodalis and
Arsenophonus can directly enter the cytoplasm of the primary
bacteria to ensure their simultaneous transmission through
insect generations [12,13]. These two bacterial symbionts pre-
sumably must rely on the porin channels on the outer
envelopes for transport into Sulcia. Thus, understanding
how the outer envelopes of insect bacterial symbionts
respond to other microorganisms would offer important
evolutionary insights into numerous interactions among
microorganisms in nature.

Most obligate bacterial symbionts are transovarially trans-
mitted by female insects through eggs [14]. Similarly, many
plant viruses can be transovarially transmitted by female
hemipteran insects to their offspring via infection to ovaries
for sustaining virus populations in nature [15]. We hypoth-
esized that the long-term coexistence of bacterial symbionts
and plant viruses on their pathway into the oocyte may
lead to specific evolutionary outcomes for cross-kingdom
interaction between a virus and a bacterium in nature. In
general, bacterial symbionts can indirectly affect viral trans-
mission by enhancing immunity and resistance to viruses in
insects [16]. In the haemolymph, the GroEL homologue
proteins encoded by bacterial symbionts of vector aphids or
whiteflies have been reported to interact with the capsid
proteins of luteoviruses or begomoviruses and thus ensure
their entry into the salivary glands [17,18]; however, the evi-
dence is contradictory. Rice leafhoppers, the hosts of obligate
bacteria Sulcia and a B-proteobacterium ‘Ca. Nasuia deltoce-
phalinicola” (hereafter Nasuia), can vertically transmit rice
dwarf virus (RDV, plant reovirus) to offspring [19]. RDV
causes disease outbreaks and extensive rice yield losses in
Asian rice-growing countries and is the first recorded plant
virus to be transovarially transmitted by an insect vector
[19,20]. RDV, belonging to the genus Phytoreovirus in the
family Reoviridae [21], is an icosahedral, double-layered
particle 70 nm in diameter with one minor outer capsid
protein P2 and one major outer capsid protein P8 [22,23].
We previously reported that RDV virions can attach to
the outer envelope of Sulcia and induce the formation of
virus-containing invaginations or vesicles, allowing RDV to
hitchhike on the transovarial transmission route used by obli-
gate symbionts in the rice green leathopper Nephotettix
cincticeps [24]. The specific interaction of the viral minor
outer capsid protein P2 and the conserved bacterial surface
antigen (BSA) domain of Sulcin OMP mediates this
virus—bacterium attachment [24]. However, RDV cannot
pass through the Sulcia envelope and enter the cytoplasm
[24]. Alternatively, RDV exploits only the Sulcia envelope as
a transfer vehicle into insect offspring [24]. Here, we report
evidence for a new model for the direct interaction of a
plant virus with its vector’s bacterial symbionts, wherein
RDV particles directly pass through the porin channels on
the outer envelopes of Nasuia and accumulate in the

periplasmic space, enabling their joint vertical transmission
to insect generations. The specific interaction of the viral
major outer capsid protein P8 and Nasuia porin mediates
this novel virus—bacterium association. Our results suggest
that RDV, Sulcia and Nasuia form complex tripartite inter-
actions during their joint transovarial transmission to the
next insect generation.

2. Material and methods

(@) Insects, virus and antibodies

The rice green leathopper N. cincticeps was reared on rice plants
in insect-proof cages. The RDV isolate was collected from
infected field rice in Sanming, Fujian, China, and its identity
was confirmed by reverse-transcription polymerase chain reac-
tion (RT-PCR). The virus was transmitted to TN-1 rice plants
using N. cincticeps and methods described previously [25]. IgGs
isolated from polyclonal antibodies against major outer capsid
P8 of RDV were conjugated to fluorescein isothiocyanate
(FITC) according to the manufacturer’s instructions, as described
previously [24].

(b) Electron microscopy

For observing the subcellular localization of RDV, Sulcia and
Nasuia within insect ovaries, 50 ovaries from leafhoppers inocu-
lated with RDV at different days (6 and 8 d) post-emergence were
excised, fixed, dehydrated and embedded as described pre-
viously [24]. Thin sections were examined with an H-7650
Hitachi transmission electron microscope.

() Immunofluorescence microscopy and fluorescence
in situ hybridization

The distributions of RDV, Sulcia or Nasuia in excised ovaries of
N. cincticeps were observed by using short oligonucleotide DNA
probes  Sulcia-cy5 (5-CTGAATTACAACGTACAAAACCC-3')
and  Nasuia-cy3  (5-GTACTAATTCTTTTACAAGCACTT-3)
(Sangon Biotech) and RDV P8-specific antibody directly conju-
gated to fluorescein isothiocyanate (P8-FITC). Two hundred
second-instar nymphs of N. cincticeps were allowed a 2-day acqui-
sition access period on rice plants infected with RDV, then allowed
to feed on rice seedlings. At different days post-emergence, 30
insect ovaries were excised and fixed in 4% v/v paraformalde-
hyde and immunolabelled with P8-FITC. The ovaries were then
fixed again for 20min, pretreated in hybridization buffer
(20 mM Tris—HCI, 180 mM NaCl, 10% v/v SDS, 30% v /v forma-
mide) for 15min, and incubated in hybridization buffer
containing 10 nM oligonucleotide DNA probes targeting the 165
rRNA sequence of Sulcia and Nasuia, as described previously
with slight modifications [24]. After 4 h incubation at 50°C, the
samples were thoroughly washed in washing buffer (0.15 M
NaCl, 0.015 M sodium citrate) and then observed with a Leica
TCS SP5 confocal microscope. As controls, excised ovaries or sali-
vary glands from rice leafhoppers that fed on healthy plants were
prepared in the same way.

(d) Yeast two-hybrid assay

A yeast two-hybrid assay was performed to test the interaction
between Nasuia porin and outer capsid proteins P2 or P8 of
RDV, using the Matchmaker Gal4 Two-Hybrid System 3 (Clon-
tech). Based on the sequence of the Nasuia porin gene from
treehopper Entylia carinata (GenBank accession no. CP021173.1),
the fragment of Nasuia porin gene from leafhopper N. cincticeps
had been obtained by RT-PCR process. Nasuia porin and Sulcia
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OMP were constructed in the prey plasmid pGADT? (electronic
supplementary material, table S1). The full segment of RDV P8
gene and N-terminal segment of RDV P2 gene were constructed
in the bait plasmid pGBKT?7. The bait and prey plasmids were
used to co-transform yeast strain AH109, and transformants
were plated on DDO mediums to test protein interactions. Trans-
formants were also streaked on QDO medium supplemented
with 40 ug ml~! 5-bromo-4-chloro-3-indoxyl-a-d-galactopyrano-
side (X-a-Gal) to further confirm interaction of different
co-transformants. The positive control pGBKT7-53/pGADT7-T
and negative control pGBKT7-Lam/pGADT7-T were transformed
in the same way.

(e) Glutathione S-transferase pull-down assay

Nasuia porin ¢cDNA fragment was cloned into pGEX-3X for
fusion with glutathione S-transferase (GST) (electronic sup-
plementary material, table S1). RDV P8 ¢cDNA fragment was
cloned into pDEST17 for fusion with His-tag. All recombinant
proteins were expressed in Escherichia coli strain Rosetta and pur-
ified. The GST-tag fused protein, GST-Nasuia porin, was first
bound to GST-Sepharose 4B beads (GE) for 3 h at 4°C, then the
mixture was centrifuged for 5 min at 500g, and the supernatant
was discarded. His-RDV P8 was added to the beads and incu-
bated for 2 h at 4°C. After being centrifuged and washed five
times with washing buffer (300 mM NaCl, 10 mM Na,HPO;,
27mM KCl and 1.7 M KH,PO,), the bead-bound proteins
were separated by SDS-PAGE and detected by western blot
with His-tag antibody and GST-tag antibody (Sigma).

(f) Nasuia porin-specific antibody preparation and
interference with Rice dwarf virus—Nasuia binding

Mouse polyclonal antibody against Nasuia porin was prepared as
described previously [26]. Briefly, the Nasuia porin gene was
amplified and inserted into plasmid pH4 (electronic supplemen-
tary material, table S1). The recombinant plasmid was used to
transform E. coli strain Rosetta to express the targeted protein,
which was then injected into mice to produce antibodies. To
test the specificity of antibody against Nasuia porin, we extracted
total proteins separately from female adult bacteriomes, abdo-
men I (segments 1 and 2), abdomen II (segments 3-5), and
thorax and head, separated them by SDS-PAGE, and probed a
western blot assay with porin-specific antibody.

To determine whether the antibody against Nasuia porin
neutralized the direct interaction between RDV P8 and Nasuia
porin, the abdomens of 30 adult female leafthoppers at 1 day
after emergence were microinjected with 64 nl of a mixture of
purified viruses (0.01 g wl™') and Nasuia porin-specific anti-
body (0.5 pg wl™Y), and the insects were then allowed to feed
on healthy rice seedlings. At 5 and 7 days post microinjection,
the ovaries were immunolabelled with P8-FITC and hybridized
with the probes Sulcia-cy5 and Nasuia-cy3, and then processed
for immunofluorescence microscopy as described earlier [24].
As controls, adult female leafhoppers were microinjected with
purified virions (0.01 pg wl™h  and pre-immune serum
0.5 pg wl™Y) and treated in the same way. To further detect the
effects of porin-specific antibody on transovarial transmission,
we microinjected female leafthoppers with a mixture of RDV vir-
ions and porin-specific antibody and maintained them on rice
seedlings. At 15 days post-emergence, 100 eggs were collected
from rice seedlings and tested for RDV P8 transcript level by
RT-qPCR assay. As controls, the female leafhoppers were micro-
injected with RDV virions and pre-immune serum and treated in
the same way. In addition, the levels of RDV, Nasuia and Sulcia
were detected by RT-PCR and western blot assays, respectively,
after being treated with porin-specific antibody or pre-immune
serum.

3. Results

(a) Rice dwarf virus virions move with Sulcia and
Nasuia from the haemolymph into the oocytes of

female N. cincticeps

As the main vector of RDV, the green rice leathopper N. cincti-
ceps is associated with two types of obligate bacterial
symbionts, the electron-dense Sulcia and electron-translucent
Nasuia (electronic supplementary material, figure S1), which
follow a common path to enter the ovaries of female leathop-
pers [24]. In female insects, the ovary consists of several
ovarioles, each of which contains a germarium, vitellarium
and pedicel, from apex to base [27]. Oocytes produced by the
germarium are linearly arranged within the vitellarium, and
surrounded by a layer of follicular cells [27]. Electron
microscopy showed that the two obligate bacterial symbionts
simultaneously entered the same follicular epithelial cells sur-
rounding the posterior pole of the oocyte, i.e. the epithelial
plug, and then accumulated in the oocytes to form a character-
istic ‘symbiont ball’ in the female adults of N. cincticeps
(electronic supplementary material, figure S1) [28]. RT-qPCR
assay revealed that the two obligate bacterial symbionts started
to multiply at the vitellogenesis stage in the female adults of
N. cincticeps (electronic supplementary material, figure S2).
Their abundance in male insects was extremely low, and the
copy number of Sulcia in the female adults was almost twice
that of Nasuia (electronic supplementary material, figure
S2a,b), suggesting that these two symbionts are essential for
female reproduction. To observe the distribution of RDV virions
and the two types of symbionts during oocyte invasion, the ovar-
ies excised from viruliferous female adults of N. cincticeps were
labelled with P8-FITC using immunofluorescence and specific
oligonucleotide probes targeting the 16S rRNA of Sulcia or
Nasuia (Sulcia-cy5 and Nasuia-cy3) using fluorescence in situ
hybridization (FISH). At 6 days after emergence of adult females
of N. cincticeps, RDV virions accompanied Sulcia and Nasuia into
the epithelial plug (figure 1a—c). At 8 days after emergence of
N. cincticeps, RDV accompanied Sulcia and Nasuia into the
oocyte (figure 1d—f). We examined at least 50 virus-infected ovar-
ies and found that RDV always colocalized with both symbionts.
Electron microscopy confirmed that viral particles were distribu-
ted along the envelopes of Sulcia or Nasuia in the same follicular
epithelial cells at the epithelial plug (figure 1g—1). Thus, RDV vir-
ions accompany both Sulcia and Nasuia to be transported from the
haemolymph into the epithelial plug, and finally into the oocytes
of N. cincticeps (figure 1n).

(b) Distinct binding strategies for RDV virions with the
envelopes of Sulcia and Nasuia

We then used electron microscopy to further observe how
RDV virions were associated with Sulcia and Nasuia during
their entry into the oocyte. As described previously [24],
RDV virions attached to the outer envelopes of Sulcia,
which finally formed virus-containing invaginations or ves-
icles (figure 2a—d). The envelope of Nasuia is surrounded
by two layers of membrane structures with a few big invagi-
nations (figure 2). Frequently, RDV particles can be seen on
the outer envelopes of Nasuia, in the invagination or between
the neighbouring symbionts (figure 2e—h). Interestingly, RDV
virions were also found within the periplasmic space
between the outer and inner membranes (IMs) of Nasuia
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Figure 1. RDV virions moved with the obligate bacterial symbionts Sulcia and Nasuia into the oocyte of female N. cincticeps. (a—c) Confocal micrographs show the
colocalization of RDV with Sulcia or Nasuia in the epithelial plug of female insects at 6 days post-emergence. Panel b is an enlargement of boxed area in a. Panels in
¢ are enlargements of boxed area in b. (d—f) Colocalization of RDV and Sulcia or Nasuia in the symbiont ball in the oocyte of female insects at 8 days post-
emergence. Panel e is an enlargement of boxed area in d. Panels in f are enlargements of boxed area in e. Scale bars in g, b, d and e: 100 pm; ¢ and f: 25 pm.
(g—m) Transmission electron micrographs showing RDV particles distributed along the envelopes of Nasuia or Sulcia at the same follicular epithelial cells in the
epithelial plug. Panel h is an enlargement of boxed area in g. Panels i and j are enlargements of boxed areas in h. Panels / and m are enlargements of boxed areas
in k. Scale bars in g: 10 m; h and k: 2 m; i, j, [ and m: 500 nm. (n) Model for the exploitation of bacterial symbionts Sulcia and Nasuia by RDV to enter the
oocyte. RDV virions directly attach to the envelopes of Nasuia or Sulcia and then enter the oocyte from the epithelial plug along with Nasuia or Sulcia. Ep, epithelial
plug; Fc, follicular cell; N, Nasuia, 0, oocyte; Pd, pedicel; S, Sulcia; Sb, symbiont ball. Black arrows mark the entry route of virus-associated bacterial symbionts. Red
arrows indicate RDV virions. All electron micrographs and immunofluorescence figures are representative of at least three replications.

(figure 2i-k). Among at least 40 virus-associated Nasuia
samples, we calculated that about 20% had viruses in the
periplasmic space (electronic supplementary material, figure
S3). It appears that RDV virions may directly pass through
the protein channels on the outer envelope of Nasuia and
accumulate in the periplasmic space, which enables their
joint vertical transmission to the next insect generation.

(c) Distinct interaction strategies for Rice dwarf virus

virions with the envelopes of Sulcia and Nasuia
The above observations indicate that RDV can pass through
the protein channels in the OM of Nasuia into the periplasmic
space. Because porins are abundant OMPs in bacterial OM
and form channels [9], we assume that porins are involved
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Figure 2. Electron micrographs showing distinct interaction strategies for RDV virions with the envelopes of Sulcia or Nasuia. (a—d) RDV virions in the invaginations
formed by Sulcia envelopes. Panels b and d are enlargements of boxed areas in panels a and ¢, respectively. Scale bars in a and ¢: 2 um; b and d¢: 500 nm. (e—h)
RDV virions attached to the envelope of Nasuia close to the epithelial plug. Panels f and h are enlargements of boxed areas in panels e and g, respectively. Scale bar:
500 nm. (i—k) RDV virions embedded in the periplasmic space between outer and IMs of Nasuia in the epithelial plug. Panels j and k are enlargements of boxed
areas of panels i and j, respectively. Scale bars: 500 nm. IM, inner membranes; N, Nasuia; OM, outer membranes; PS, periplasmic space; S, Sulcia. Red arrowheads
indicate RDV virions. All micrographs are representative of at least three replications.

in the entry of RDV into the periplasmic space of Nasuia.
Based on the sequence of the Nasuia porin gene from the tree-
hopper E. carinata (GenBank accession no. CP021173.1),
the fragment of Nasuia porin gene from the leathopper
N. cincticeps had been obtained by RT-PCR process. The com-
plete porin gene of Nasuia from N. cincticeps contained an
open reading frame of 1065bp (GenBank accession no.
MH724815) encoding 354 amino acids (aa) with 93% or
86% similarity with that of Nasuia from the treehopper
E. carinata or Burkholderia ambifaria, but only 30% or 28% simi-
larity with that of E. coli or Salmonella enterica (electronic
supplementary material, figure S4). Secondary structure pre-
diction showed that Nasuia porin consists of 18 B-strands, six
transmembrane regions and a 332-aa OM channel domain
(figure 3a). The intact RDV virion consists of one minor
outer capsid protein P2 and one major outer protein P8
(figure 3b). The minor outer capsid protein P2, which pro-
trudes from the surface of the outer shell of virions,
is responsible for initial contact with vector receptors [23].
The yeast two-hybrid assay confirmed that RDV P8 but
not P2 specifically interacted with the MS-channel domain
of the Nasuia porin (figure 3c). A GST pull-down assay
also confirmed that the GST-fused MS-channel domain of
Nasuia porin specifically bound to the His-fused RDV P8
(figure 3d). Moreover, we generated a Nasuia porin-specific
antibody to localize porin (electronic supplementary

material, figure S5a, b), and we found that RDV P8 and
Nasuia porin colocalized with each other in ovary (electronic
supplementary material, figure S5a—c). Thus, the association
of RDV virions with the Nasuia envelope was mediated by
the specific interaction between RDV P8 and Nasuia porin.
Previously, we have shown that the 15-nm domain of RDV
P2 (P2 N) rather than P8 directly interacts with the BSA
domain of Sulcia OMP, inducing the formation of virus-con-
taining invaginations or vesicles of the outer envelope of
Sulcia [24]. Therefore, it is clear that RDV has evolved to
form different interaction strategies with the envelopes of
Sulcia and Nasuia (figure 3e).

(d) Inhibition of interaction between Rice dwarf virus
P8 and Nasuia porin reduces viral vertical

transmission to next insect generation
Our results implied that both Sucia and Nasuia can mediate
vertical virus transmission to the next insect generation. To
further determine the role of Nasuia porin in the transovarial
transmission of RDV, we microinjected Nasuia porin antibody
into abdomens of leafhoppers to block the adsorption of RDV
virions with the envelopes of Nasuia. At 1 day after insect
emergence, adult N. cincticeps females were microinjected
with the purified RDV virions and either the porin-specific
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Figure 3. RDV virion entry into Nasuia periplasmic space was mediated by specific interaction between RDV P8 and Nasuia porin. (a) Secondary structure prediction
showed that Nasuia porin consisted of 18 [3-strands and six transmembrane regions. (b) RDV virion consists of one minor outer capsid protein P2 and one major
outer protein P8. Scale bar; 50 nm. (c) Yeast two-hybrid assay to detect interactions between P2N (15 nm domain, 1—688 aa) or RDV P8 and Sulcia OMP (BSA
domain, 706—985 aa) or Nasuia porin. (d) GST pull-down assay to detect interactions between RDV P8 and Nasuia porin. Nasuia porin-GST acted as a hait protein
with GST as a control. Pull-down samples were probed with GST antibody in a western blot. (e) Proposed model for the different binding strategies for RDV virions
with the envelopes of Sulcia and Nasuia. IM, inner membranes; OM, outer membranes; OMP, outer membrane protein; PS, periplasmic space.

antibody or pre-immune serum to trace the distributions of
RDV, Sulcia and Nasuia in the ovaries using immunofluores-
cence and FISH. At 5 and 7 days after microinjection, confocal
microscopy showed that the treatment with the Nasuia porin-
specific antibody strongly inhibited the association of RDV
with Nasuia, but not with Sucia in the ovaries (figure 4a—h).
Moreover, we found that Nasuia porin-specific antibody did
not affect the invasion efficiency of Sulcia and Nasuia into

the epithelial plug or oocytes, but caused an approximately
30-40% reduction of viruses into the epithelial plug or
oocytes among 50 ovaries tested (table 1). RT-qPCR assay
indicated that the transcript levels of 165 rRNA from either
Sulcia or Nasuia in the ovaries and other parts of the insect
bodies were not significantly affected after treatment with
the porin-specific antibody (figure 4i—j). However, the
porin-specific antibody caused a significant reduction of the
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Figure 4. Microinjection of Nasuia porin-specific antibody reduced RDV vertical transmission to the next insect generation. Newly emerged adult insects were
injected with the purified RDV virions together with porin-specific antibody or pre-immune serum, and ovaries were dissected to detect RDV, Nasuia and
Sulcia in 5 days. (a—d) At 5 days after microinjection, confocal micrographs showed the porin-specific antibody treatment inhibited the association of RDV
with Nasuia, but not with Sulcia, in the epithelial plug. Scale bars: 100 m. (e—h) At 7 days after microinjection, confocal microscopy showed that the
Nasuia porin-specific antibody treatment strongly inhibited the association of RDV with Nasuia, but not with Sucia, in the ovaries. (i—k) Transcript levels of
Nasuia 16S rRNA, Sulcia 16S rRNA and RDV P8 in ovaries or other parts of insects treated with porin-specific antibody or pre-immune serum, as determined
by RT-gP(R assay in three independent experiments. (/) Accumulation levels of Nasuia, Sulcia and RDV P8 in ovaries or other parts of insects treated with
porin-specific antibody or pre-immune serum, as determined by western blot using Nasuia porin-, Sulcia OMP- or RDV P8-specific IgGs, respectively. Insect
actin was detected with actin-specific 1gG as a control. (m) Vertical transmission rates of Nasuia, Sulcia and RDV after treatment with porin-specific antibody
or pre-immune serum. Ep, epithelial plug; Fc, follicular cell; 0, oocyte; Pd, pedicel. All images are representative of at least three replications. (i, j, k and m)
Data are means =+ s.e. from three independent experiments (independent-sample t-test at 0.05 level).



Table 1. Distribution of RDV, Sulcia and Nasuia in epithelial plug, symbiont ball and oocyte of viruliferous leathoppers, as revealed by confocal microscopy.
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>Data for the same tissue in the same row that are followed by different letters are significantly different (P < 0.05, one-way ANOVA, Tukey’s HSD test).

%For each treatment, 50 samples were collected, and three replicates were performed.



infection [35]. Some bacteriophages also exploit both porins
and lipopolysaccharides in the outer leaflet of the outer mem-
brane of the bacterial cell for their adsorption [36-38].
Herein, we reveal for the first time that a viral pathogen
has evolved to pass through the porin channels on the OMs
of a symbiotic bacterium into the periplasmic space for
viral vertical transmission. However, it remains unknown
whether this phenomenon also occurs in other insect
symbiont—virus systems. Further investigations are warranted
to study diverse systems to understand the differences and
similarities between the roles and mechanisms of symbionts
in viral transmission.

Mutualistic intracellular symbiosis between obligate
bacterial symbionts and insects is a widespread phenomenon
that has contributed to the global success of insects [39]. The
obligate bacterial symbionts, by provisioning nutrients lack-
ing in plant sap, allow the hemipteran species to occupy or
dominate new ecological niches [40]. Sulcia and its partner
Nasuia in the female adults of N. cincticeps can also be
expected to interact cooperatively during their cotransmission
to the subsequent insect generations. As revealed by its geno-
mic sequence, Sulcia synthesizes homoserine, which is then
used by Nasuia to synthesize the essential amino acid meth-
ionine for the host [41]. The two symbionts appear to show
functional complementarity and form a symbiotic relation-
ship, which can also be seen from their simultaneous entry
into the same follicular epithelial cells at the epithelial plug
and transport into the oocytes to form the characteristic sym-
biont ball (electronic supplementary material, figure S1).
RDV has evolved a unique strategy for transovarial trans-
mission by hitchhiking on Sulcia and its partner Nasuia,
but the evolution of such multiple interactions among
microorganisms in nature is poorly understood. Obligate
endosymbionts are generally maternally inherited by their
insect hosts and require their host to survive and have a
high reproductive output to ensure the endosymbiont per-
sists within the host species over generations [3]. By
contrast, vector-borne viral pathogens require immediate
access to host resources to complete their life cycle, which
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