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Abstract:

Vector transmission plays a primary role in the life cycle of viruses and insects are the most common
vectors. An important mode of vector transmission, reported only for plant viruses, is the circulative non-
propagative transmission where the virus cycles within the body of its insect vector, from gut to salivary
glands and saliva, without replicating. This mode of transmission has been extensively studied in the viral
families Luteoviridae and Geminiviridae and is also reported for Nanoviridae. The biology of viruses
within these three families is different and whether they have evolved similar molecular/cellular virus-
vector interactions is unclear. In particular, nanoviruses have a multipartite genome organization and
how the distinct genome segments encapsidated individually transit through the insect body is unknown.
Here, using a combination of fluorescent in situ hybridization and immuno-fluorescence, we monitor
distinct proteins and genome segments of the nanovirus Faba bean necrotic stunt virus (FBNSV) during
transcytosis through the gut and salivary gland cells of its aphid vector Acyrthosiphon pisum. FBNSV
specifically transits through cells of the anterior midgut and principal salivary gland cells, a route similar
to geminiviruses but distinct from luteoviruses. Our results further demonstrate that a large number of
virus particles enter every single susceptible cells, so that distinct genome segments always remain
together. Finally, contrasting with the two other viral families mentioned here, we confirm that the
success of nanovirus-vector interaction depends on a non-structural helper component, the viral protein

NSP, which is shown to be mandatory for viral accumulation within gut cells.
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Importance

An intriguing mode of vector-transmission described only for plant viruses is the circulative non-
propagative transmission, where the virus passes through the gut and salivary glands of the insect vector
without replicating. Three plant virus families are transmitted this way, but details of the
molecular/cellular mechanisms of the virus-vector interaction are missing. This is striking for nanoviruses
that are believed to interact with aphid vectors in ways similar to luteoviruses or geminiviruses but for
which empirical evidence is scarce. We here confirm that nanoviruses follow a within-vector route
similar to gemini- but distinct from luteoviruses. We show that they produce a non-structural protein
mandatory for viral entry into gut cells, a unique phenomenon for this mode of transmission. Finally,
nanoviruses being multipartite viruses, we demonstrate that a large amount of viral particles penetrate

susceptible cells of the vector, allowing distinct genome segments to remain together.
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Introduction

Among hundreds of plant virus species recognized by the International Committee on Taxonomy of
Viruses (ICTV), nearly 80% are transmitted from plant-to-plant by vector (1). Vectors can be very diverse
plant-feeding organisms or parasites (insects, mites, nematodes and protists) but Hemipteran insects (2)
and particularly aphids and whiteflies are by far the most important (1, 3). There are distinct categories
of virus-vector interactions, named circulative or non-circulative depending on whether the virus
penetrates and circulates within the body of its vector or more simply attaches externally to the cuticle
of its mouthparts (4). In the circulative transmission, the virus often replicates in the vector, as is the
case for all arboviruses infecting vertebrates and for a few plant viruses in the families Tymo-, Rhabdo-,
and Reoviridae or in the order Bunyavirales. An intriguing variation of the circulative transmission,
qualified as non-propagative, has solely been reported in plant viruses (5). In this case, the virus
circulates through the gut to the salivary gland cells of its insect vector, but does not replicate during this

process (6).

Circulative non-propagative transmission has been reported for three economically important families of
plant viruses: Luteo-, Gemini- and Nanoviridae. In each case, the molecular/cellular interaction between
virus and vector is not fully elucidated, and whether viruses in these three families follow similar
pathways in their respective vectors is unclear. A series of pioneering electron microscopy studies have
revealed the accumulation of virus particles of distinct luteovirus species in clathrin-coated vesicles of
midgut or hindgut (7-9) cells of their aphid vectors. These vesicles seemingly follow the early endosomal
pathway prior to the appearance of non-coated tubular vesicles within which the virions are believed to
reach the basal membrane and exit gut cells into the hemolymph (10). The transcytosis process has been
shown to be similar when luteovirids cross the accessory salivary gland cellular barrier (9). For
geminiviruses, and particularly the best studied genus Begomovirus, a number of reports used
immunolabeling of the coat protein to demonstrate that virus particles also use a clathrin-assisted
endocytosis process, following the early endosomal pathway (11). The specific receptors at the level of
the gut lumen are poorly known in circulative non-propagative transmission. Only two receptor-
candidates, the amino-peptidase N and the Ephrin receptor protein, have been identified for
luteoviruses (12-14), whereas no such candidates could be identified for geminiviruses. In both families,
the process by which virus particles internalized in gut/salivary gland cells successfully exit the cells and
escape the endosome recycling and lysosome pathway is not understood. It has been shown that the

transit of the geminivirus Tomato yellow leaf curl virus (TYLCV) across its whitefly gut cells triggers
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autophagy as an insect-defense mechanism (15). Such a process is not reported to date for luteoviruses.
Despite important differences in their life history, the transmission mode and the virus-vector interaction
for nanoviruses is mostly inferred from knowledge acquired from geminivirus species. Very scarce
empirical information is available for nanoviruses and further investigation is needed to better
comprehend the circulative non-propagative transmission, its commonalities and specificities among the

three viral families.

The family Nanoviridae comprises two genera, Babuvirus and Nanovirus. Their genome is respectively
composed of six and eight single-stranded circular DNA molecules of approx. 1kb (Figure 1). Each
genome segment encodes a single protein and is individually encapsidated in an icosahedral particle of
17 to 20 nm in diameter (16). All viruses of this family are transmitted by aphids (16), and one series of
studies describes the route of the Babuvirus banana bunchy top virus (BBTV) in its vector Pentalonia
nigronervosa (17-19). By immunofluorescence labeling of the coat protein, the BBTV particles were
localized in the aphid anterior midgut (AMG) and principal salivary glands (PSG) (17), reminiscent of the
situation reported for geminiviruses in whiteflies. However, considering the specificities of nanoviruses,

two prominent questions have not been addressed and are exposed below.

One major aspect in the genome architecture of nanoviruses, contrasting with luteoviruses and (most)
geminiviruses, is that they are multipartite and so the virus population within the plant is a mixture of 6
to 8 types of viral particles, each type containing a distinct genome segment (20). In order to ensure
successful passage of the integral genome to a new host plant, it is assumed that at least one functional
particle of each type must be transmitted (21). We recently published that the genome segments of faba
bean necrotic stunt virus (FBNSV) do not all co-exist in individual plant cells and suggested that the
infection proceeds within the host plant through functional complementation of the distinct genes
across distinct cells (22). In this intriguing “pluri-cellular” way of life, the virus can colonize host cells with
a low multiplicity of infection (MOI). In previous studies tracking the BBTV within its aphid vector (17-19),
only the coat protein was monitored. The actual identity of genome segments was not documented and
so whether nanoviruses invade individual vector cells with a small or large number of virus particles,
allowing the distinct genome segments to “travel” all together or separately from gut to salivary glands is

unknown.

Another important aspect of the transmission of nanoviruses has been uncovered two decades ago with
the species Faba bean necrotic yellows virus (FBNYV). Through a series of sequential acquisition of highly

and poorly transmissible virus isolates by aphid vectors, Franz and collaborators (23) concluded that, in
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addition to the virus particles, a viral factor or helper component (HC) is required for virus transit
through the vector. Recently, using agro-infectious clones where any segment can be omitted during
agro-inoculation, it was demonstrated that the absence of segment N in the infected plant does not
affect systemic infection but totally precludes aphid transmission (24). The authors provided strong
evidence that the HC of nanoviruses is the segment N-encoded nuclear shuttle protein (NSP), whose

mode of action now awaits investigation.

Here, we confirm the internalization of the distinct FBNSV genome segments within the AMG and the
PSG of its aphid vector Acyrthosiphon pisum. We demonstrate that the virus particles penetrate the
aphid cells in very high numbers allowing all genome segments to travel together in all colonized aphid
cells, sharply contrasting with the situation recently described in host plants (22). We further show that
the NSP protein is mandatory for viral accumulation into aphid gut cells. Finally, we observe that both
proteins NSP and CP co-localize with the viral genome segments, suggesting that NSP-virus particle

complexes are the viral form that cycles within the aphid body.
Results
FBNSV accumulates in the anterior midgut and primary salivary glands of Acyrthosiphon pisum.

We used Fluorescence In Situ Hybridization (FISH) to localize the FBNSV DNA in aphid gut and salivary
gland cells. Total viral DNA was first targeted using a whole-genome probe directed against the coding
sequences of all eight segments. In the aphid gut, a specific and strong fluorescent signal could be
observed in most if not all cells of the AMG, while downstream posterior midgut and hindgut were rarely
and never labeled, respectively (Figure 2A-C). At the intracellular level, most of the signal was observed
as numerous cytoplasmic perinuclear fluorescent foci sometimes polarized on one side of the nucleus

(Figure 2B). No viral DNA could be detected in nuclei, even in those cells with most intense signal.

In salivary glands, the viral DNA appeared exclusively accumulated in PSG and exhibited an intracellular
pattern similar to that observed in AMG cells. Interestingly, the viral DNA appeared detectable only in
specific cells of the PSG (Figure 2D-F). Based on Ponsen’s descriptions (25) of the PSG anatomy (Figure
2D), we propose this specific area to correspond to type-4 cells (Figure 2E). Other cells of the PSG and
accessory salivary glands were not detectably labeled indicating that they do not or poorly accumulate

FBNSV DNA segments.
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The eight FBNSV segments travel together in their insect vector.

FBNSV being a multipartite virus, and because its eight distinct genome segments have recently been
shown to accumulate in distinct cells of the host plant (21), we investigated whether they travel together
or separately during their journey across the body of the aphid vector. For this purpose, we prepared
segment-specific probes with distinct fluorochromes, and used them by pairs. In sharp contrast to the
situation earlier reported within host plants (Figure 2H), the two segments of the pair R/S appeared co-
localized not only within AMG individual cells but also within each of the numerous fluorescent foci
within these cells (Figure 2G). The overall fluorescent signal was always weaker when FISH was applied
to salivary glands, indicating a general lower level of accumulation of FBNSV in this tissue. When labeling
the segment pair U2/U4, however, the signal was sufficiently intense to similarly conclude that the two
segments accumulate together in individual cells and most, if not in all, fluorescent foci within these cells

(Figure 2I).

Such systematic co-localization of distinct genome segments was confirmed in the AMG with three
additional segment pairs: M/U1, C/N and U2/U4 (Figure 3A to C). In the PSG, solely the additional pair
M/U1 yielded a weak but detectable signal and, although barely visible, the intracellular fluorescent foci
also appeared to contain both segments (Figure 3D). The different intensity of the fluorescent signal in
AMG and PSG is probably due to different viral accumulation in these respective organs. The average
number of copies of all eight segments was 1.64 x 102 */-1¥10¢7) i the head, containing the PSG, and 8.34 x
10° (+/-6x1028) iy the rest of the body (see Materials and Methods). All together, these observations suggest
that all FBNSV segments are internalized in gut and salivary gland cells of their insect vector and undergo

transcytosis as groups of virus particles, large enough to contain one or more copies of each segment.
Viral DNA co-localizes with CP and NSP within aphid AMG cells

To further determine the form under which the FBNSV crosses the cellular barriers within its aphid
vector, we compared the localization of the FBNSV DNA to that of the two viral proteins obviously
involved in vector transmission, CP and NSP. First, we looked at the localization of the CP using
immunofluorescence (IF). The CP exhibited a distribution identical to that of viral DNA with very
numerous cytoplasmic fluorescent foci in AMG cells (Figure 4A). In PSG, CP-associated fluorescent foci
were visible in cells of type-4, just as viral DNA, but also in the cells with the biggest nucleus, defined by
Ponsen as the type-3 cells (Figure 4E and Figure 2C). We then used a combination of FISH and IF to more

precisely co-localize viral genomic DNA and CP. In the AMG, this DNA/protein co-labeling demonstrated
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that all intracellular foci containing viral DNA also contained the CP (Figure 4l & J), consistent with the
assumption that nanoviruses circulate from the infected plant sap, through gut cells into the hemolymph
and through salivary gland cells into the saliva, as mature virus particles (26). Noticeably, some smaller
CP aggregates appeared sometimes visible in the absence of labeling of the viral DNA. In the PSG,
probably due to much weaker fluorescent signals (see Discussion), we could not observe a reliable

FISH/IF double signal and so the co-localization of viral DNA and CP could not be confirmed in this tissue.

The same approach was applied to NSP, which was first labeled through IF alone. In both AMG and PSG,
the distribution of the NSP-associated fluorescent foci was similar to that observed for the CP (Figure 4C
and G). Combining FISH and IF, we then co-labeled NSP and viral DNA in AMG cells. As observed for CP,
the intracellular foci containing FBNSV DNA appeared to contain the NSP protein as well (Figure 4K & L).
However, a strong heterogeneity in the relative intensity of the signals respectively attributable to viral
DNA and NSP was observed among distinct aggregates of the same cells (Figure 4K, see graph), and is
discussed further below. This result indicates that both virus particles and NSP likely follow the same
pathway during entry and accumulation within insect cells. Unfortunately, the lack of specific antibodies

that would be produced in distinct animal species precluded direct colocalization assays of NSP and CP.
FBNSV needs NSP to accumulate in AMG cells

To pave the way to the future deciphering of the NSP mode of action, we questioned whether this
protein is mandatory for viral accumulation in AMG cells. Earlier work investigating the dependency of
FBNSV infection on the presence/absence of individual genome segments (24) demonstrated that the
absence of U4 does not affect systemic infection of host plants nor aphid-transmission from these plants.
In contrast, the absence of segment N does not affect infection but totally abolishes aphid transmission.
We thus assessed whether FBNSV could accumulate within AMG cells when acquired from source plants
infected with FBNSV wild-type, FBNSV lacking segment U4, FBNSV lacking segment N, or a FBNSV mutant
where the start codon of the protein NSP in the segment N has been suppressed through mutagenesis.
FISH observation showed no difference in the viral DNA accumulation pattern within AMG cells of aphids
fed on plants containing or lacking segment U4 (Figure 5A and B). In contrast, the absence of segment N
in infected plants totally abolished the accumulation of the viral genome in AMG cells (Figure 5C).
Similarly, the absence of accumulation of the viral genome in aphids fed on plants infected with the ATG-
mutated N segment (Figure 5D) confirmed that it is the protein NSP that is mandatory for FBNSV

accumulation within vector gut cells rather than the segment N itself.
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Modifications at N- or C-terminus of NSP alter its function or stability

Because it would be easier to further characterize NSP derivatives fused to small purification tag, we
modified the sequence of segment N in order to introduce a series of 6 histidines either at the N- (His-
NSP) or C-terminus (NSP-His) of the NSP protein. Plants were infected with either of these constructs and
PCR detection confirmed the maintenance of the modified versions of segment N during systemic plant
infection (Figure 5E). However, while the His-NSP fusion protein accumulated to a level comparable to
wild type NSP in infected plant tissues, NSP-His could not be detected (Figure 5E). The failure to detect
NSP-His fusion could be due to instability of the modified protein or mRNA, or to other unknown

reasons.

To assess the functionality of the His-NSP fusion produced in infected plants, we tested whether aphids
could acquire and transmit the virus from these plants (Figure 5F to I). FISH and IF respectively showed
that no viral DNA nor His-NSP fusion accumulated detectably in AMG cells. Consistently, in two repeated
experiments, aphids that acquired FBNSV from infected plants expressing His-NSP failed to transmit (no
infected plants out of 95 test plants; see Materials and Methods for details), while aphids fed on infected
plants expressing wild type NSP efficiently transmitted the virus (69 infected plants out of 105 test

plants).

All together these results indicate that modification at the N- or C-terminus of NSP have profound effects
on accumulation and/or functionality of this protein in aphid vectors and further confirm that only

functional NSP can enter gut cells and assist the co-entry of the CP and viral genome.
Discussion
The route of FBNSV in its vector A. pisum

Because very few experimental data are available concerning the cellular and molecular interactions
between nanoviruses and their aphid vectors, we investigated it anew on the model species Faba bean
necrotic stunt virus transmitted by Acyrthosiphon pisum. The first logical step was to precisely localize
the distinct viral components that are required for successful transmission: viral genomic DNA, coat
protein and helper component NSP. Using FISH and IF to monitor these three viral components, we can
definitely confirm that FBNSV specifically accumulates in the AMG and PSG, consistent with a circulative
non-propagative mode of transmission. This observation matches the reported localization of the coat

protein of BBTV in its aphid vector P. nigronervosa (17). FBNSV and BBTV respectively belong to the
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genus Nanovirus and Babuvirus, the only two genera of the family Nanoviridae. It is thus most likely that
the aphid AMG and PSG are the organs specifically involved in the transmission of all nanoviruses. This
within-vector route is similar to that of geminiviruses transmitted by whiteflies (27) but contrasts with
that of luteoviruses which can enter and cross cells of the hindgut (7-9) and have only been reported in

accessory salivary glands of their aphid vectors (9).

In the PSG, FBNSV DNA was unambiguously detected solely in type-4 cells whereas CP and NSP proteins
were detected both in type-4 and type-3 cells. At this point, because we do not have sound biological
arguments that could explain the accumulation of viral coat protein and not DNA, we assume that the
lack of detection of viral DNA in type-3 cells is due to a technical bias where the fluorescent signal
associated to FISH is weaker than that associated to IF. In any case, it will be interesting to further
investigate the specific accumulation of FBNSV in PSG cells over time, as previously reported for a
begomovirus in its whitefly vector (28). At this point, we cannot exclude that FBNSV could penetrate

other cell types and later accumulate preferentially in cell types 3 and 4.
Intracellular localization of FBNSV

FBNSV is a ssDNA virus encoding a replication protein M-Rep that is not a DNA polymerase (29). On the
basis of inference from data obtained from related geminiviruses, nanoviruses are thought to recruit a
non-identified cellular DNA polymerase for replication and accumulation in the nucleus of host plant
cells (20). Within aphid vectors, we observed a cytoplasmic localization of FBNSV DNA and proteins,
supporting the absence of replication. This result must be considered with care, however, because the
question of viral replication within the vector has long been a matter of controversy in the related family
Geminiviridae (30, 31). TYLCV primarily accumulates in the cytoplasm of AMG and PSG of its whitefly
vector (28), but an elusive transient replication phase has nevertheless been evidenced soon after
acquisition (30). In the present study, we used aphids that were all allowed a very long acquisition access
period, in order to maximize the detection of viral material accumulated in the cytoplasm of AMG and

|Il

PSG over time. A small “transient replicative” proportion of the viral DNA could eventually remain
overlooked under our experimental conditions. We have earlier reported that the FBNSV genome
formula (the relative amounts of each FBNSV genome segments) changes when the virus passes from
the infected plant into the aphid vector (32). Among other hypotheses, replication of the virus upon
entry into insect cells could explain the formula changes, and so the question of a transient replication

phase of FBNSV within its aphid vector remains open.

10
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Vesicles of the endosomal pathway have been suggested to be the entry route of luteoviruses and
geminiviruses in their vectors, through electron microscopy in viruliferous aphids (9) and through
colocalization with markers of cell organelles and confocal microscopy in viruliferous whiteflies (11). An
earlier attempt with markers of subcellular compartments to identify the accumulation sites of the
nanovirus BBTV failed (19). The authors suggested that this failure could be due to the lack of markers
specifically adapted to aphids. For this reason, we have not identified the subcellular compartment with
which the FBNSV associates during transcytosis. Developing a large panel of aphid/whitefly-specific
markers will be of great utility because the endocytosis/exocytosis pathways that are used downstream

of the early endosome remains unknown for the three viral families.

The DNA and coat protein perfectly co-localized in the cytoplasmic fluorescent foci, supporting the
general assumption that the FBNSV goes across cellular barriers of its aphid vector under the form of
mature virus particles. A remarkable fact inspires caution, however. For both begomoviruses and
nanoviruses no distinctive virus particles could ever be visualized within any cell of an insect vector
through electron microscopy. For luteoviruses, which are not much bigger (=25 nm in diameter), images
of virions within intracellular vesicles have long and repeatedly been published (9, 33-35). The reason
precluding analogous images with begomo- and nanoviruses is intriguing. While co-localization of DNA
and coat protein indicates that the two travel together, it does not represent a definitive proof that they

do so as assembled virus particles.
Role of NSP in the transmission of FBNSV

Franz and collaborators (23) demonstrated the requirement of a helper component (HC) for aphid-
transmission of faba bean necrotic yellows virus (FBNYV). Nearly two decades later, the same research
group (23) demonstrated that this HC is the viral protein NSP encoded by the N segment. HC molecules
have been reported mostly in cases of non-circulative transmission, the best-known examples being
caulimoviruses and potyviruses (4). In these cases, the HC creates a reversible molecular bridge between
the virus and the insect mouthparts, a phenomenon called the “bridge hypothesis” (36), with one
domain interacting with the viral coat protein (37, 38) and another with receptor molecules of the vector
(39-41). HCs had not been reported until recently in circulative transmission, either propagative or not.
With the discovery that the rice stripe tenuivirus (RSV) (42) and FBNSV (24) have also evolved the use of
a HC, the so-called “helper strategy” (36) is now found in all types of virus/vector interactions. In the
case of RSV, the HC is a virus-encoded glycoprotein that binds to the CP and mediates endocytosis and

entry of the virus particles inside gut cells. Here, we similarly demonstrate that the NSP protein of FBNSV

11



300
301
302
303
304
305
306
307
308
309
310
311
312
313

314

315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330

is mandatory for viral accumulation within AMG cells, and thus presumably for virus entry within the
vector. We further show that NSP localizes, though imperfectly, in the same intracellular aggregates as
viral DNA and we can thus hypothesize that FBNSV transits within aphids as virus particle-NSP
macromolecular complexes. These observations suggest that HCs have at least partly similar mode of
action in non-circulative and in circulative transmission: creating a molecular bridge between virus and
vector. The imperfect co-localization observed for NSP and viral DNA, however, may indicate a distinct
and unknown mode of action and we believe further investigation is needed to confirm or refute the
bridge hypothesis. While the NSP of the Babuvirus BBTV has been shown to bind CP (43, 44), the
requirement of this interaction for successful transmission is not demonstrated. Likewise, a direct
binding of NSP to the cellular membranes in the AMG lumen and the identification of a putative specific
receptor at this site await further research effort. Unfortunately, investigation on the mode of action of
NSP can be foreseen as a difficult task because our results demonstrate that modifications of NSP N- or
C-termini to produce protein-fusions amenable to biochemical approaches leads to very low

accumulation of the recombinant protein or to a loss of its biological activity.
All FBNSV genome segments co-localize within individual cells of the aphid vector

It is generally assumed that the multipartite lifestyle entails an important cost related to the probability
of losing genome segments during transmission from cell-to-cell or host-to-host (21, 45, 46). For highly
multipartite viruses -i.e. with a genome composed of 4 or more segments- the multiplicity of infection
(MOI) theoretically required for these viral systems to evolve has been predicted to be unrealistically
high (21, 47). We have recently demonstrated that FBNSV can infect its host plant with its distinct genes
(genome segments) separated in distinct cells, by exchanging gene products across these cells (22). This
capacity allows infection of plant cells at very low MOI, likely alleviating the cost of the multipartite
lifestyle within host. In the present work we touch on the mechanisms through which all FBNSV
segments may be transmitted between hosts. Obviously, the FBNSV massive accumulation in aphid cells
is totally different from the low MOI infection observed in plant cells (see the striking contrast in figures
2G and H). All susceptible cells of the AMG are packed with all genome segments. Although we did not
formally quantify it, one can easily observe that each AMG cell contains hundreds of fluorescent foci. By
using different pairs of segment-specific probes, we established that each of these foci systematically
contains the two segments tested. This indicates that each focus contains numerous distinct segments
and most probably all eight. We can thus conservatively conclude that several hundreds to thousands of

virus particles enter and accumulate over time within each cell of the AMG. In the PSG, the fluorescent

12
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signal was weaker with some foci eventually containing a dominant color (so perhaps only one segment
of the tested pair), indicating a reduction of the number of viral particles accumulated in this organ. It is
likely that, as described for geminiviruses (48), FBNSV is primarily stored in AMG and slowly released into
the hemolymph to reach the salivary glands and from there the saliva. The success of each genome
segment during this transit and after inoculation into new plants is uncertain, since the probability of
successful transmission by individual aphids is ~40% (47); the transmission failures could potentially be
due to the lack of successful transmission of all genomic segments. It is conceivable that, on the one
hand, a low viral flow from the “AMG viral stock” through salivary glands allows viruliferous aphids to
release viral particles and to possibly transmit during their whole lifespan. On the other hand, the much
weaker virus accumulation in the salivary glands suggests that the number of viral particles released in
each new visited plant is such small that single aphids often fail to transmit. We cannot quantify precisely
the number of virus particles in the salivary glands, but this weaker accumulation is at least qualitatively
compatible with the very low numbers of copies of each segment estimated to be transmitted by aphids

during host-to-host transmission (47).

Materials and Methods
Virus isolate and clones, host plant and aphid colony

The FBNSV was first isolated from faba bean in Ethiopia 1997 (49) and then characterized in 2009 (50).
Each of the 8 FBNSV genome segments encodes only one protein: segment C encodes the cell cycle-
linked protein (Clink), M encodes the movement protein (MP), N encodes the nuclear-shuttle protein
(NSP), S encodes the coat protein (CP), R encodes the master-replication associated protein (M-Rep) and
U1, U2 and U4 encode proteins of unknown functions (Figure 1). Each genome segment of this isolate
has been inserted as an head-to-tail dimer into the binary plasmid pBinl9 to create eight plasmids

together constituting the FBNSV infectious clone (50).

With the aim to purify an active NSP protein derivative, we added an hexa-histidine (His) tag at the C- or
N-terminus of this protein using the Q5 site-directed mutagenesis kit (NEB). The plasmid encoding NSP-
His was constructed by inserting the sequence *CATCATCATCACCACCAC ¥ just before the stop codon of
the coding sequence of the DNA-N (Genbank Acc. No. GQ150782) in the plasmid pCambia 2300-N-SL
(51), to generate pCambia 2300-N-His-SL. The plasmid encoding His-NSP was constructed by inserting

the same sequence immediately after the initiating ATG of DNA-N in pCambia 2300-N-SL to generate
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pCambia 2300-His-N-SL. The sequences of the primers used for these two constructs are listed in Table
1. We refer to these NSP proteins his-tagged at their C- or N-terminus as NSP-His and His-NSP,
respectively. The correct insertion of the series of six histidine codons was confirmed by Sanger
sequencing. Plasmids pCambia 2300-N-His-SL and pCambia 2300-His-N-SL were finally transferred to

Agrobacterium tumefaciens COR308 for subsequent agroinoculation in faba bean host plants.

Faba bean (Vica faba, cv. ”"Sevilla”, Vilmorin) was used as the host plant in all agro-inoculation
experiments. Ten days-old plantlets were agro-inoculated with the FBNSV infectious clone as described
(50). In some cases the complete set of 8 cloned segments was used, and in other cases either the cloned
segment N or U4 was omitted. Faba beans were maintained in growth chambers under a 13/11 hours
day/night photoperiod at a temperature of 26/20°C day/night and 70% hygrometry. The soil of each
potted plant was treated with a solution of 2 g Trigard 75 WP (Syngeta® - ref: 24923) in 5 L of water to
avoid the development of sciarid flies. All FBNSV-infected plants were analyzed by qPCR to control for

the presence/absence of each inoculated segment.

Aphid colonies of Acyrthosiphon pisum (clones 210 and LSR1) were reared on either FBNSV-infected
(“viruliferous aphids”) or healthy (“non-viruliferous aphids”) plants. Every week, aphids were transferred
to new plants and the colonies were maintained under a 16/8 hours day/night photoperiod at a

temperature of 23/18°C day/night.

For practical space reasons, pea (Pisum sativum, cv. “Provencal”, Vilmorin) was used as the recipient

plant during transmission experiments.
Preparation of aphid midguts and salivary glands

To facilitate the dissection and to get insects with an important virus load, we used adult aphids from the
colony maintained on infected plants. To eliminate the virus present in the lumen of the gut, aphid
individuals were “purged” by a 24 hours acquisition access period on water through Parafilm membrane
as described (52). Guts and salivary glands of aphids were dissected in PBS 1X (pH 7.4) and fixed in
paraformaldehyde 4% prepared in PBS 1X for 20 minutes. Dissected organs were then incubated in 0.1 M
glycine pH 7.4 for at least 15 minutes in order to stop the fixation reaction. For posterior FISH
treatments, samples were then submitted to a discoloration step of 20 min in 30% H,0,, and kept in PBS
1X at 4°C until use (maximum storage time: 3 weeks). When applying IF to the samples, either alone or in

combination with FISH, this discoloration step was omitted.
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Fluorescent in situ hybridization (FISH) and immunofluorescence (IF)

Fluorescent DNA probes specific to each of the eight FBNSV segments were prepared exactly as
described in (22, 53). Briefly, the coding sequence of each FBNSV segment was first amplified by PCR.
PCR products from individual segments or a mixture thereof were then used as templates for the probe
synthesis by random priming and incorporation of Alexa Fluor-labeled dUTP, using the BioPrime DNA
labeling system kit (Invitrogen). The primer pairs used to amplify the coding sequence of each segment
were those described in (22). For segment-specific labeling, amplified coding sequences of C, M, R or U2
were labeled with Alexa fluor 488 (green) and those of N, S, U1 or U4 with Alexa fluor 568 (red). For
detection of FBNSV DNA, organs kept in PSB 1X were rinsed three times during 5 minutes in hybridization
buffer (20 mM Tris-HCI pH8, 0.9 M NaCl, 0.01% SDS and 30% formamide) (54) and then incubated with
the fluorescent probes (diluted 1/30 in hybridization buffer) overnight at 37°C. Labeling was stopped by
three rinses in hybridization buffer followed by one rinse in PBS 1X. Samples were mounted on
microscope slides in Vectashield® antifade mounting medium (Vector Laboratories) (22) and observed

with a Zeiss LSM700 confocal microscope equipped with X10, X20, X40 or X63 objectives.

For localization of the coat protein, we used a mix of three previously described (50, 55) mouse
monoclonal antibodies (FBNYV-1-1F2, FBNYV-2-1A1 and FBNYV-3-4F2). This mix was named FBNSV-
FBNYV anti-CP and used at a 1/200 dilution. For detection of the protein NSP, we used the mouse
monoclonal antibody FBNSV-NSP Mab 1-3G9 (24) diluted 1/200. Dissected anterior midgut (AMG) and
salivary gland (SG) samples were incubated 10 minutes with 1 pg/uL of proteinase K (PK) to increase the
tissue “permeability” (56). Then, samples were rinsed three times 5 min in 0.1 M glycine pH 7.4 and
twice in PBS 1X to stop the PK treatment, and a second fixation was performed in PFA 2 %. After this
second PFA fixation, we incubated the organs in a PBS 1X + 5% BSA solution during 1 h and 30 min to
saturate the non-specific fixation sites. Then, AMG and SG were incubated with the primary antibody in
PBS 1X + 5% BSA overnight at 4°C and with the secondary antibody (goat anti-mousse Alexa Fluor 594
IgG conjugate, diluted 1/250, Life Technologies) in PBS 1X + 5% BSA during 1 h at 37°C. After each
antibody incubation, three rinses in PBS 1X + Triton 0.2 % (0.2 % PBST) were perform. The samples were

mounted on microscope slides. All images were taken at a resolution of 512 X 512 or 1024 X 1024 pixels.

When combining FISH and IF on the same samples, after initial fixation in PFA 4%, PK treatment was
carried out before FISH labeling which was always applied prior to IF. We used Imagel software version
1.4.3.67 to analyze images. The overall intensity of green, red and blue signals was adjusted for each

image as described in (22).
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Transmission tests with the mutated NSP

Faba bean plantlets were agro-inoculated with the 7 wild-type plasmids of the FBNSV infectious clone:
C, M, R, S, U1, U2 and U4, plus either pCambia 2300-N-His-SL or pCambia 2300-His-N-SL. After 21 days
(21 dpi), plants were tested by PCR or gPCR (see details in next section) for the presence of the complete
set of segments. Production of NSP-His or His-NSP protein in infected plants was controlled by Western
blot (WB). A piece of 0.6 g of an infected plant stem was finely ground in liquid nitrogen using a mortar.
Then, the powdered tissue was further homogenized in 1800 uL of extraction buffer (Tris-HCl 20 mM,
Na,SO3 0.2 % and SDS 0.2 %) maintained on ice. The resulting crude extract was incubated under
agitation at room temperature for 20 minutes and at 4°C for 1 hour, prior to centrifugation at 8000 g for
15 minutes. Twenty microliters of supernatant were used for the WB analysis. As primary antibody we
used either the rabbit FBNSV IgG 1511389 C-ter - anti-NSP antibody (produced from the NSP peptide
sequence: C-QYLKKDEDYRRKFII) or a mouse 6X-His tag antibody (Invitrogen). The secondary antibody
was an anti-mouse or -rabbit 1gG coupled with phosphatase alkaline (produced in goat - Sigma). Finally,
the membrane was revealed in a solution containing the phosphatase alkaline substrate (BCIP 0.15

mg/ml, NBT 0.30 mg/ml, Tris buffer 100 mM and MgCl, 5 mM at pH 9.25-9.75 - Sigma).

Aphids reared on plants inoculated with plasmids pCambia 2300-N-His-SL or pCambia 2300-His-N-SL
were used to observe the localization of the NSP protein derivatives in AMG and for transmission testing.
For transmission tests, L1 stage larvae were deposited on infected faba bean plants for an acquisition
access period (AAP) of 3 days, and transferred to healthy pea plantlets for an inoculation access period
(IAP) of 3 days. Aphids were then killed with insecticide (Pirimor — Certis® — 1 g/L in water) and plants
were observed for the appearance of symptoms 21 days after inoculation. Three experiments were ran
in parallel, one with plants infected with the eight wild-type segments and the other two with plants

infected with seven wild-type segments and either pCambia 2300-N-His-SL or pCambia 2300-His-N-SL.
DNA extraction and quantitative real-time PCR

Extraction of total DNA from healthy or FBNSV-infected plants was performed using three leaf disks (0.6
cm each) from the two upper leaf levels squashed onto a Whatman paper. The corresponding piece of
Whatman paper was then placed into a 200 pL filter tip. 100 puL of modified Edwards buffer (200 mM
Tris-HCl pH 7.5, 25 mM EDTA, 250 mM NacCl, 0.5% SDS, 1% PVP40, 0.2% ascorbic acid) were added to the
Whatman paper disk, and the filter tip was placed on the top of a PCR plate and centrifuged at 5000 g for

15 seconds. One hundred microliters of isopropanol were added to the liquid recovered down in the well
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of the PCR plate and further centrifuged 25 min at 5000 g. The supernatant was discarded and the pellet

was washed with 100 pL of ethanol 70 % and resuspended in 50 pL of distilled water.

Total DNA was extracted from pools of five dissected heads or bodies of viruliferous aphids, as previously
described (32). Twenty pools were used to qPCR-estimate the average number of copies of the 8 FBNSV
genome segments accumulating in each of these body parts. gPCR was carried out on a LightCycler 480
thermocycler (Roche) The LightCycler FastStart DNA Master Plus SYBR green | kit (Roche) was used
according to the manufacturer's instructions using 5 pL of the 2X qPCR Mastermix, 2.5 to 2.7 ul of H,0,
0.3 to 0.5 pl of the primer mixes (depending of the primers — 0.3 uM final for C, M and S and 0.5 uM final
for the other segments), and 2 pL of DNA sample (diluted 10-fold in H,0O) as matrix. The FBNSV pair of
primers used have been described in (57). Forty gPCR cycles of 95°C for 10 s, 60°C for 10 s and 72°C for
10 s were applied to the samples. Post-PCR data analysis were as described (58). The plant extracts were
also tested by standard PCR when verifying the presence of the his-tag coding sequence in the segment

N, using specific primer pairs (Table 1).
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Figure legends

Figure 1: Genome organization of Faba bean necrotic stunt virus (FBSNV). The eight circles represent the
different genomic segments. The name and size of each genome segment and the name of the encoded
protein are indicated inside circles in black and green, respectively. Clink, Cell-cycle linked protein; MP,
movement protein; NSP, nuclear shuttle protein; M-Rep, master rep; CP, coat protein; U1, U2 or U4,
unknown protein 1, 2 or 4. CR-SL: common stem loop region; CR-ll: common region; ORF: open reading

frame.

Figure 2: Localization of the DNA segments of Faba bean necrotic stunt virus (FBSNV) in aphid vs plant
cells. Schematic drawing of the anatomy of the AMG (A) shows longitudinal (Ai) and transversal sections
(Aii-Aiv). Schematic drawing of the anatomy of the salivary glands (D) shows longitudinal sections of the
accessory (Di) and principal glands (Dii) as well as transversal sections of the principal glands (Diii & Div).
Both A and D are adapted from Ponsen (25) describing the anatomy of Myzus persicae. Ponsen’s
numbering of distinct cell types (1 to 8) of the salivary glands is indicated in D. The accumulation of
FBNSV DNA was observed in 64 viruliferous aphid’s anterior midgut (AMG) from 8 experiments, and a
representative image is shown in (B). The accumulation of FBNSV DNA in a specific cell type of the
principal salivary glands (PSG) was observed in 15 viruliferous aphids from 3 experiments and a
representative image is shown in (E). In B and E, the viral DNA is revealed by FISH (green probe targeting
all 8 FBNSV segments) and non-viruliferous controls are shown in C and F. The respective localization of R
and S segments (probe color as indicated) is compared in AMG cells (G, representative of 24 observed
aphids) and in infected faba bean phloem cells (H, see also ref N° 22). The respective localization of U2
and U4 segments is compared in PSG cells (I, representative of 4 aphids observed). In G, H, and I, the
merge color channel image is shown at the bottom and the corresponding split color channel images are
shown at the top. All images correspond to maximum intensity projections. Cell nuclei are DAPI-stained

in blue. pmg: posterior midgut; asg: accessory salivary glands.

Figure 3: Co-localization of FBNSV segments in AMG and PSG. The color of the fluorescent probes and
the targeted segment pairs are indicated. Three additional pairs of segments have been tested in the
AMG: 32 aphids from 4 experiments for the pair M/U1, and 24 aphids from 3 experiments for the pairs

C/N and U2/U4, and illustrative images are respectively shown in A, B and C. In the PSG, the additional
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segment pair M/U1 was observed in 6 aphids from 3 experiments and a representative image is shown in
(D). Split color channels are shown on the left and middle panels whereas merges are shown on the

right. All images correspond to maximum intensity projections. Cell nuclei are DAPI-stained in blue.

Figure 4: Localization of FBNSV DNA, CP and NSP proteins in AMG and PSG of A. pisum. FBNSV CP is
labeled by IF in AMG (A and B) and PSG (E, F) of viruliferous (A, E) and non-viruliferous aphids (B, F). NSP
is labeled by IF in AMG (C, D) and PSG (G, H) of viruliferous (C, G) and nonviruliferous aphids (D, H). When
co-labeling viral DNA and either CP or NSP (FISH + IF) in AMG, the DNA probe is targeting all eight
genome segments and shines green whereas the specific CP or NSP antibody shines red (I to L). In each
case, 30 aphids from 3 experiments were observed and one representative image is shown. Split color
channel images in | and K correspond to merged color channel images J and L, respectively. The graphics
represent the co-localization profiles between either DNA (green curve) and CP (red curve) (I) or DNA
(green curve) and NSP (red curve) (K). Fluorescence intensity was measured along the white arrow
drawn in J and L. Images A to H correspond to maximum intensity projections and images | to L

correspond to single optical sections. Cell nuclei are DAPI-stained in blue.

Figure 5: NSP-dependent accumulation of FBNSV DNA in the AMG of aphid vector. FBNSV DNA is green-
labeled in gut cells of aphids fed either on infected plants containing all FBNSV segments (A,
representative of 15 aphids from 3 experiments), or on infected plants lacking segment U4 (B,
representative of 5 aphids from 1 experiment), or on infected plants lacking segment N (C,
representative of 15 aphids from 3 experiments), or on infected plants with all 8 segments but where the
N segment has a mutation of the ATG-start codon (D, representative of 5 aphids from 1 experiment). The
presence of the N segment and derivatives His-N and N-His in two replicate infected plants is verified by
PCR using primers specific of the coding sequence of the his-tag (E, top panel). The expression of NSP,
His-NSP and NSP-His proteins in infected plant tissues is evaluated by Western blot (E) using antisera
directed against NSP (middle panel) or his-tag (bottom panel). FBNSV NSP (F and G, red) or DNA (H and |,
green) are labeled in aphids fed on infected plants expressing wild type NSP (F and H) or its derivative
His-NSP fusion (G and I). Images F and H are both representative of 20 aphids observed from 2

experiments. All confocal images are maximum intensity projections. Cell nuclei are DAPI-stained in blue.
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Table 1: List of primers

Target
Forward (5’ =2 3’) Reverse (5’ 2 3’)
DNA
FISH? C ATGGGTCTGAAATATTTCTC TTAATTAATTACAATCTCC
M GCTGCGTATCAAGACGAC TTCTAGCATCCCAATTCCTTTC
N TGGCAGATTGGTTTTCTAGT TTCTGAGTGAATGTACAATAAACATTT
R ACATTAAATAATCCTCTCTCTCCTA CCTATCATCACTAAACATGCC
S AAATGGTGAGCAATTGGAA GCCTATGATAGTAATCATATCTTGACA
U1 TTGGTCGATTATTTGTTGGTT AATATCTCATTAGCATTAATTACATTTGAA
u2 TTATGGATGCCGGCTTT CATCAAGTATTAGAATAACGAACTTGA
U4 AGCAGGTTATCGAATGTAG ATAGATTCCCACAATCGCT

Mutagenesis®  N-His

CACCACCACGCAGATTGGTTTTCTAGTC

ATGATGATGCA TCTGCAACTTCC

His-N  CACCACCACTAATTAGTTGTGATGATGTAATTAATAATAATT ~ ATGATGATGCACTTTGATTCTGAGTGAATG
Control His¢ ATG-His ATGCATCATCATCACCACCAC GTTCCTGTTTCCACCATAGAAACTAC
His-TAA  GCATGAAAGACAAGCTCAACG TTAGTGGTGGTGATGATGATG

2 Primer pairs used to amplify the coding sequence of each segment for segment-specific fluorescent

labeling during FISH experimentation

®Primer pairs used to generate the pCambia 2300-His-N-SL or pCambia 2300-N-His-SL.

¢ Primer pairs used to control the presence of DNA-His-N or DNA-N-His in infected plants
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