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Valencia July 4, 2016

Editor of Virus Research,

Dear Editor,

We are submitting this manuscript entitled “The functional analysis of distinct
tospovirus movement proteins (NSy) reveals different capacities in tubule formation,
cell-to-cell and systemic virus movement among the tospovirus species.” by Leastro et al.
to Virus Research.

Our research group has been working with the AMV expressing system and virus
movement proteins for several years and now, together with the Brazilian group working with
tospovirus, we jointed efforts trying to elucidate tospovirus movement and protein interaction
during virus infection. Tospovirus is the only plant-infecting genus in the Bunyaviridae family
and despite of all the work carried out worldwide, Tospovirus is still the less understood genus
of the family. Remarkably, lack of a reverse genetics system, which is available for other plant
viruses, has hampered tospovirus research, as well as our understanding of protein functions
and protein interactions during virus infection.

Therefore, joining our experiences, here we performed functional analysis of four
tospovirus movement proteins (NSy) that differs in the host range. We observed common
properties between all analyzed NSy proteins but also clear differences between the NSy of
virus with a narrow or a broad spectrum of host range. These differences could reveal a
distinct tospovirus evolution and/or adaption concerning to their ability to move among
distinct hosts, but also will open interesting research lines for further analysis. Likewise, we
observed that none of the four NSy proteins was able to transport non encapsidated viral
nucleic acids, a result that differs completely to previous data showing that the Tomato
spotted wilt virus NSy protein, supports the local and systemic transport of a Tobacco mosaic
virus coat protein deletion mutant. This aspect is amply commented in the Discussion section.
Finally, we observed that the C-terminus of the four NSy proteins behaves differently when
compared to other movement proteins of the 30K family, since this portion of the protein is
required for the functionality of the protein and is not required for an interaction with the

nucleocapsid (N) protein.



We believe that this manuscript will be of interest not only to virologists, but also to
those readers interested in the virus-host interaction and the putative role of the movement

proteins. We hope all these traits convey this work suitable for publication in Virus Research.

Sincerely,

Jestis Angel Sanchez-Navarro

Corresponding author

Instituto de Biologia Molecular y Celular de Plantas
Universidad Politécnica de Valencia-CSIC

Valencia, Spain
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Four tospovirus movement protein allowed the transport of Alfalfa mosaic virus
The four movement proteins transported only virus particles in the AMV system
The C-terminus of the four movement proteins behaves differently

The C-terminus is not required for the interaction with the nucleocapsid protein
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Abstract

The lack of infectious tospovirus clones to address reverse genetic experiments
has compromised the functional analysis of viral proteins. In the present study we have
performed a functional analysis of the movement proteins (NSy) of four tospovirus
species Bean necrotic mosaic virus (BeNMV), Chrysanthemum stem necrosis virus
(CSNYV), Tomato chlorotic spot virus (TCSV) and Tomato spotted wilt virus (TSWYV),
which differ biologically and molecularly, by using the Alfalfa mosaic virus (AMV)
model system. All NSy proteins were competent to: i) support the cell-to-cell and
systemic transport of AMYV, ii) generate tubular structures on infected protoplast and iii)
transport only virus particles. However, the NSy of BeNMV (one of the most
phylogenetically distant species) was very inefficient to support the systemic transport.
Deletion assays revealed that the C-terminal region of the BeNMV NSy, but not that of
the CSNV, TCSV and TSWV NSy proteins, was dispensable for cell-to-cell transport,
and that all the non-functional C-terminal NSy mutants were unable to generate tubular
structures. Bimolecular fluorescence complementation analysis revealed that the C-
terminus of the BeNMV NSy was not required for the interaction with the cognate
nucleocapsid protein, showing a different protein organization when compared with
other movement proteins of the ‘30K family’. Overall, our results revealed clearly
differences in functional aspects among movement proteins from divergent tospovirus
species that have a distinct biological behavior.



1. Introduction

After the establishment of the infection in the initial infected cells, plant viruses
invade the neighbor cells via the cell wall connections known as plasmodesmata (PD),
the so-called cell-to-cell transport (Fernandez-Calvino et al., 2011; Lucas, 2006), and
reach distal parts of the plant through the vascular tissue, a process denominated
systemic transport (Carrington et al., 1996; Lazarowitz, 1999; Lazarowitz and Beachy,
1999; Pallas and Garcia, 2011; Ueki, 2007; Waigmann, 2004). For this purpose, the
viruses express one or a few movement protein(s) (MPs). The MPs can be divided into
two main categories based on the degree of structural changes that they induce in the
PD (Benitez-Alfonso et al., 2010; Niehl and Heinlein, 2011; Scholthof, 2005). The first
one is that represented by the MP of the Tobacco mosaic virus (TMV) that interacts with
the viral RNA and facilitates the transport of a ribonucleotide complex through the PD
without causing any visual changes (Heinlein and Epel, 2004; Niehl and Heinlein, 2011;
Wolf et al., 1989). The other category is represented by the MP of Cowpea mosaic virus
(CPMV) that forms tubular structures that drastically modify the PD and facilitate the
virus passage in the form of virions (Ritzenthaler and Hofmann, 2007). In spite of the
clear differences observed among the two transport mechanisms, both MPs have been
assigned to the ‘30K superfamily’ (Melcher, 2000; Mushegian and Elena, 2015).

Tospovirus is the only genus of the family Bunyaviridae that includes plant-
infecting viral species. Their genome consists of three single-stranded RNA segments
denoted S RNA (small), M RNA (medium) and L. RNA (large), respectively, having the
first two an ambisense coding strategy and the L segment a negative polarity. The L
segment encodes an RNA-dependent RNA polymerase (de Haan et al., 1991). Both M
and S RNA have two “open reading frames” (ORFs) separated by an intergenic region
(IRG). The ORFs of the S segment encode the non-structural NSs protein, identified as
an RNA silencing suppressor (Takeda et al., 2002) and the N protein involved in the
formation of viral ribonucleocapsids (NPs). In the M segment, the ORFs encode the
precursor of the G, and G. glycoproteins that are localized in the viral particle envelope
and that are important for tospovirus transmission mediated by thrips (Ribeiro et al.,
2009; Sin et al., 2005), and another non-structural protein (NSy), involved in the viral
movement (Kormelink et al., 1994) and, more recently, proved to work as an avirulence
determinant associated with the Sw-5 resistance gene (Hallwass et al., 2014; Peiro et al.,
2014a). In some aspects, the tospovirus are still the less understood genus of the
Bunyaviridae family mainly due to the lack of infectious clones to address reverse
genetic analysis. Part of such limitations have been overcome by using the Alfalfa
mosaic virus (AMV) model system, which permits the functional exchangeability of
MPs assigned to the ‘30K family’ (Fajardo et al., 2013; Melcher, 2000; Peiro et al.,
2014b; Sanchez-Navarro et al., 2006).

The tospovirus cell-to-cell transport occurs through tubular structures derived
from the NSy (Pappu et al., 2009). The viral complexes transported through such
structures have been proposed to be nonenveloped ribonucleocapsids, via a direct
interaction between NSyu-N proteins (Kormelink et al., 1994; Storms et al., 1995).
However, the observation that the NSy of TSWV supports the local and systemic
transport of a TMV CP deletion mutant (L.ewandowski and Adkins, 2005), suggest that
NSy could transport other complexes different than ribonucleocapsids. Although, it is
expected that tospovirus transport mechanism would be conserved among the 28 species
of the genus (Adkins, 2000; Pappu et al., 2009), comparisons of virus species within the



genus, showed significant amino acids differences of the NSy proteins that could be
related to different biological features such as virus movement. Tospoviruses display a
considerable degree of biological diversity although phylogeny studies based on
nucleocapsid protein amino acid sequences grouped members of this genus into two
main clades, such as those from Asia or the Americas (

). Recently, a
new evolutionary lineage within the genus Tospovirus has been observed after the
characterization of Bean Necrotic Mosaic Virus (BeNMV) and Soybean vien necrosis-
associated virus (SVNaV) ( ). Viral movement
proteins facilitate the translocation of plant viruses among cells and through the plant
and may play a crucial role in host specificity and in modulating plant physiology
( ). Based on these aspects, the aim of this study was to
characterize the functional features of the NSy of a very distant phylogenetically related
tospovirus (BeNMYV) infecting mainly leguminous plants with three tospovirus
members grouped in the same Americas clade and that affect many solanaceae species
(Chrysanthemum stem necrosis virus - CSNV, Tomato chlorotic spot virus - TCSV and
Tomato spotted wilt virus - TSWV). Thus, we seek to compare contrasting tospoviruses
that naturally show different capabilities to infect systemically and to move in distinct
plant hosts.

Our results showed that all NSy proteins were functional in the AMV system
either for the local and systemic transport. We observed common properties between all
analyzed NSy proteins but also clear differences between the NSy of a virus
biologically distinct (BeNMV), in comparison to the others (CSNV, TCSV and TSWYV)
biologically more similar. Overall, our results clearly demonstrate differences in aspects
of the functionality among the NSy proteins in a viral genus. These differences could
reveal a distinct tospovirus evolution and/or adaption, which could have involvement
with to their distinct efficiency to promote the cell-to-cell and systemic movement
among the host species.

2. Materials and methods
2.1. DNA manipulation

For the analysis of the cell-to-cell transport, a modified infectious AMV cDNA 3
clone, which expresses the green fluorescent protein (GFP) (pGFP/A255/CP) (

), was used to exchange the N-terminal 255 amino acids of the
AMV MP gene with the corresponding NSy gene of Bean necrotic mosaic virus
(BeNMYV; GenBank: YP_006468901.1), Chrysanthemum stem necrosis virus (CSNV;
GenBank: AAK84656.1), Tomato chlorotic spot virus (TCSV; GenBank: AAK84655.1)
and Tomato spotted wilt virus (TSWYV; GenBank: HM015513). The NSy genes were
amplified from the pGEMT-Easy vectors ( ),

with specific primers containing the Ncol, Pcil, BspHI and Nhel restriction sites (
), to generate the constructs pGFP/BeNMV:A44/CP, pGFP/CSNV:A44/CP,
pGFP/TCSV:A44/CP and pGFP/TSWV:A44/CP (referred as pGFP/NRB:A44/CP in
), respectively. The resultant NSy proteins are fused to the C-terminal
44 amino acids (A44) of the AMV MP. Additionally, the NSy genes were introduced in
a chimeric infectious cDNA 3 clone of AMYV, lacking the GFP gene and containing the
NSy gene of TSWV (pNRB:A44/CP; ) by exchanging the Ncol-Nhel
fragment. The resultant chimeric plasmids were referred as pBeNMV:A44/CP,



pCSNV:A44/CP, pTCSV:A44/CP and pTSWV:A44/CP. DNA amplifications was
performed with the Platinum Taq DNA polymerase following the manufacturer’s
specifications (Invitrogen™).

The pGFP/NS\:A44/CP constructs were modified to introduce a CP gene
lacking the C-terminal 14 (mutant CP-N206) and defective in virus formation (

). The introduction of the corresponding mutated CP genes was performed
by exchanging the Nhel-Pstl fragment obtained from mutants pGFP/BMV:A44/CP-
N206 ( ), to generate the constructs
pGFP/BeNMV:A44/CP-N206, pGFP/CSNV:A44/CP-N206, pGFP/TCSV:A44/CP-
N206 and pGFP/TSWV:A44/CP-N206.

For the functional analysis of the C-terminal NSy mutant proteins, the
corresponding truncated NSy genes were amplified using specific primers containing

the restriction sites Pcil, BspHI, Ncol and Nhel, as specified in . The amplified
NSy genes were digested with the corresponding enzymes and introduced in the
pGFP/A255/CP ( ) or pNRB:A44/CP ( ),

previously digested with the Ncol-Nhel restriction enzymes.

Tubule formation in protoplasts was analyzed with a chimeric AMV RNAS3 in

which the MP contains the GFP fused at its C-terminus (construct pMP:GFP/CP;

). Full length or mutated NSy genes were amplified with

specific primers containing the restriction sites Pcil, BspHI, Ncol and Nhel ( ). The

resultant PCR products were digested with the corresponding enzymes and introduced

in the pMP:GFP/CP construct by exchanging the AMV MP using the Ncol-Nhel

restriction sites, to generate the constructs: pBeNMV:GFP/CP, pBeNMYV ,95:GFP/CP,

pBeNMV3y:GFP/CP, pCSNV:GFP/CP, PCSNV5:GFP/CP, pTCSV:GFP/CP,
pTCSV95:GFP/CP, pTSWV:GFP/CP and pTSW V5: GFP/CP.

To evaluate the in vivo interaction between the BeNMV NSy mutants with the
cognate N protein, the mutated NSy genes corresponding to the N-terminal 295 or 300
amino acids (aa) were amplified with specific primers containing the Pcil and Nhel
restriction sites. The resultant PCR products were introduced in the construct pSK+35S-
eGFP:N-YFP-PoPit ( ) by replacing GFP gene using the Ncol-Nhel
restriction sites. The resultant expression cassette will express the NSy proteins with the
N-terminal 154 aa of the yellow fluorescent protein (Nt-YFP) fused at its C-terminus.
For cognate N protein, the C-terminal 84 aa of the YFP (Ct-YFP) was fused at its N-
terminal ( ). The expression cassettes were subcloned into the
PMOGsg binary vector. All DNA constructs obtained were confirmed by plasmid DNA
sequencing.

2.2. Inoculation of P12 plants and protoplasts

Plasmids containing wild-type or the different NSy mutants were linearized with
Pstl and transcribed with T7 RNA polymerase (Takara™). Protoplasts were extracted
from transgenic Nicotiana tabaccum plants that express the polymerase proteins P1 and
P2 of AMV (P12 plants; (van Dun et al., 1988) and 2.5 x 10° protoplasts were
inoculated by the polyethylene glycol method ( ) with the
transcription mixture. P12 plants were grown and inoculated with RNA transcripts, as
described previously ( ). GFP expression in plants was analyzed
with a Leica TCS SL confocal laser scanning microscope (Leica), with excitation at 488



nm and emission at 510-560 nm. The area of infection foci was measured at 2 and 3
days post-inoculation (dpi), using Image J software (Wayne, Rasband, National
Institutes of Health, Bethesda, MD, USA; http://rsbweb.nih.gov/ij), representing the
average of 40 foci from each construction.

2.3. Northern blot and tissue printing

Total RNA was extracted from leaves of P12 plants at 15 dpi and from P12
transfected protoplasts at 16 hours after inoculation (hpi). Extraction was performed
using Trizol reagent (Invitrogen™) as described previously ( )- The
RNAs were electrophoresed through formaldehyde-denatured gel and transferred to
positively charged nylon membranes (Roche Mannheim, Germany).

Tissue-printing analysis were performed by transversal sections of the
corresponding petiole from inoculated (I) and upper (U) P12 leaves at 14 dpi, as

described previously ( ). The nucleic acids were fixed to the
nylon membranes using UV cross-linker (700 x100 pJ/cm?). Hybridization and
detection were conducted as described ( ) using a dig-riboprobe (Roche

Mannheim, Germany) complementary to the AMV 3’UTR.

2.4. Subcellular localization of the NSy and N, bimolecular fluorescence
complementation assays and Western blot

To visualize the subcellular localization of BeNMV NSy and N proteins, the
different constructs containing the corresponding protein with the eGFP fused at its C-
terminus were transient express in N. benthamiana, as reported by
Callose staining was done as previously described (

The BiFC assays were addressed to determine the N-NSu interactions.
Agrobacterium tumefaciens (strain C58) cultures (ODgy=0,4) transformed with the
corresponding binary plasmids pMOGgg, were used to infiltrate N. benthamiana plants
as it was previously described ( ). To increase the expression of the
different proteins that permits a better visualization of the fluorescent signal, both
protein were co-expressed with the silencing suppressor HcPro from the Tobacco each
virus. The plants were kept at 24°C day-18°C night, with a 16 h day 8 h night
photoperiod. At 4 days post-infiltration, the fluorescence reconstitution was monitored
in the confocal Leica TCS SL (Aexc=488 nm; Aem=500-550 nm).

The accumulation of the transient expression of the N and NSy proteins was
analyzed by Western-blot in 12% SDS-PAGE gels. The gel was electrotransferred to
polyvinylidene difluoride membranes following the manufacturer's instructions
(Amersham). The detection of the proteins tagged with the CtYFP and NtYFP epitope
was performed by using specific antibodies that recognize the N- or C- terminus of the
EYFP (Sigma) and a secondary antibody conjugated with the peroxidase (Sigma). The
chemiluminescent detection was made using the substrate recommended by Amersham
(ECL + Plus Western Blotting Detection System).

3. Results

3.1. The tospovirus NSy proteins support differently the cell-to-cell and systemic AMV
transport


http://rsbweb.nih.gov/ij

First, we evaluated the capability of the different NSy proteins to support the
cell-to-cell and systemic AMV transport. Previous analysis performed with the NSy of
TSWYV revealed that this movement protein supports the local and systemic transport of
AMV in N. tabacum plants that express constitutively the P1 and P2 polymerase
proteins of AMV (P12) ( ). To asses that the other tospovirus
movement proteins studied in this work support the AMV transport and, particularly, if
there are differences in cell-to-cell and systemic AMV movement based on the use of
distinct NSy proteins, the NSy genes of BeNMV, CSNV and TCSV were exchanged
with the corresponding AMV MP gene in the AMV RNA 3 wild-type (wt)
(pPAL3NcoP3) ( ) or in a RNA 3 derivative that expresses the
GFP (pGFP/A255/CP) ( ). In the chimeric constructs, the
heterologous NSy proteins were extended with the C-terminal 44 residues (A44) of the
AMYV MP, to allow a compatible interaction with the AMV coat protein (CP) (

). Cell-to-cell movement of the AMV RNA 3 hybrids was studied by
inoculation of T7 transcripts into P12 plants ( A). All constructs resulted in clear
fluorescent infection foci at 2 dpi ( A) indicating that the four NSy proteins were
competent to support the local transport of the hybrid AMV RNA 3. The analysis of the
area of forty independent foci at 2 and 3 dpi revealed that all foci derived from the
chimeric AMV RNA 3 were significantly bigger than the control AMV construct, in
which the hybrids RNA 3 carrying the NSy of BeNMV and TSWV showed the largest
areas ( B).

The capability of the different tospovirus NSy to support the systemic transport
of the AMV RNA 3 was also analyzed. For this purpose, we used the wild-type AMV
RNA 3 constructs since the RNA 3 derivatives carrying the GFP reporter gene do not
support systemic movement in P12 plants ( ). The
accumulation and distribution of the chimeric RNA 3 was then analyzed in inoculated
and systemic leaves of P12 plants by tissue printing of petiole cross sections, in which
positive hybridization signal correlated with the presence of the virus in the
corresponding leaf, as described previously (

). Results showed that all tospovirus NSy support the
systemic transport of the chimeric AMV RNA 3 ( C), in which we observed two
different patterns according to the presence of the virus in all (constructs carrying the
NSwm gene of TCSV or TSWV) or part (constructs carrying the NSy gene of CSNV or
BeNMYV) of the upper not inoculated leaves. Thus, no clear direct correlation was
observed between the efficiency on the cell-to-cell and the systemic movement
(compare BeNMV vs TSWV in B and 1C).

3.2. The cell-to-cell movement of tospovirus species is dependent on nucleocapsid
assembly

To examine the strategy used by the tospovirus NSy to mediate AMV
movement, the pGFP/NSy:A44/CP constructs were further modified to express a shorter
CP (CP 206) lacking the C-terminal 14 amino acids. CP 206 was competent for cell-to-
cell movement and RNA accumulation but not for virion encapsidation between the
viral RNA ( ). None of the tospovirus NSy were able to transport
non encapsidated virus, which remained confined to single cells in the presence of CP
206 ( A) even though all chimeric AMV constructs were competent to replicate in
P12 protoplasts with clear expression of the GFP ( B). These results indicate that
NSw proteins analyzed herein are competent to transport only AMYV virus particles.



3.3. NSy proteins from distinct tospovirus species induce tubular structures in infected
P12 protoplasts

To evaluate possible differences of the property of the NSy to form tubules of
different tospovirus species and to further compare the four NSy proteins in subsequent
assays (deletion assay), we analyzed the polymerization of tubular structures in P12
protoplasts during the AMYV infection. To do this, the NSy genes were introduced in a
variant of the AMV RNA 3 (pMP:GFP/CP) that contains the GFP fused at the C-
terminus of the viral MP, by exchanging the AMV MP gene (

). The derived transcripts were inoculated onto P12 protoplasts and the GFP signal
monitored at 16 hours post inoculation. All NSy proteins induced the formation of
tubular structures at the surface of the P12 protoplasts ( ). However, we observed
two different patterns of the tubular fluorescent signal according to the distribution of
the fluorescent signal throughout the tube (CSNV, TCSV and TSWYV) or
discontinuously with a clear signal at the tip of the structure (BeNMV). This
discrepancy could reflect tubules formed mainly by the NSy proteins (uniform GFP
signal) or with other cellular molecules (discontinuous GFP signal).

3.4. The C-terminal region of the BeNMV NSy is dispensable for cell-to-cell transport

A common property of the MPs assigned to the ‘30K family’ was the
observation that the C-terminal region of the proteins was not necessary for the cell-to-
cell transport (

). We analyzed if such property
could also be applied to the tospovirus NSy proteins. First we observed that the C-
terminal 52 residues of the four NSy proteins analyzed herein are highly conserved
(55%-63% similarity), more relevant between CSNV, TCSV and TSWV with a
percentage of similarity that ranged between 93-97%, with the main differences located
at the 19 C-terminal residues ( ). In a second step, we analyzed the requirement of
the C-terminus of the NSy proteins for virus transport by performing different C-
terminal deletions and their subsequent functional analysis in the chimeric AMV RNA 3
expressing a free GFP (pGFP/A255/CP). The inoculation of T7 transcripts of the
different constructs in P12 plants rendered single infected cells for all CSNV, TCSV and
TSWV NSy mutants, covering deletions from five to seventeen residues of the C-
terminus ( A), indicating that deletions of five residues is sufficient to make the
movement proteins not functional. In the case of the BeNMV NSy we observed that
deletion of 17 residues had no effect on the cell-to-cell transport but increment of 5
residues make the protein not functional, indicating that amino acids located between
295 and 300 of the NSy, seem to be essential to promote cell-to-cell movement. Further
C-terminal deletions covering the last 44 residues rendered the same not-functional NSy
protein ( A). We have observed that the C-terminal 17 residues of the BeNMV
NSw protein, representing the more divergent region, compared to the other NSy
proteins, are dispensable for virus transport. Direct comparison between the wild-type
BeNMV NSy (BeNMV,,) protein and the mutant lacking the C-terminal 17 residues
(BeNMV3) revealed that the deletion of the C-terminal region affects the cell-to-cell
transport, rendering infection foci with an area representing the 57% of wild-type
protein (average of 14 mm? vs. 8 mm? A). When both proteins were assayed in
the wild-type AMV RNA 3 construct, that permits the systemic transport of the chimeric
AMYV RNA 3, we observed tissue printing hybridization signal in the petioles of the
leaves inoculated with both constructs but only hybridization signal in the petiole of the



upper non-inoculated leaves with the construct carrying the wild-type BeNMV NSy
( B). These results indicate that the deletion of the C-terminal 17 residues of the
BeNMV NSy protein negatively affect the cell-to-cell transport and impedes the
systemic transport. Finally, we analyzed if the capability of the different C-terminal NSy
mutants that do not support the cell-to-cell transport was correlated with the incapability
to generate tubular structures on protoplast. To do this, the NSy proteins of CSNV,
TCSV and TSWYV lacking the C-terminal 5 residues (CSNV 93, TCSV 295 and TSWV g5)
together with two BeNMV NSy mutants lacking the 17 (BeNMVjy) and 22
(BeNMVag5) residues were assayed in the variant of the AMV RNA 3 described above.
All constructs rendered fluorescent dots at the surface of the infected P12 protoplast but
not tubular structures, except the construct carrying the BeNMV3, NSy protein that
showed shorter tubules when compared with the wild-type construction ( ). These
results indicate that the limitation of the different C-terminal NSy mutants to support the
virus transport was due to the incapability to generate tubular structures, but also that
the C-terminal 5 residues of the NSy proteins of CSNV, TCSV and TSWYV or the
residues located between the amino acids 295-300 of the BeNMV NSy are critical to
build such structures.

3.5. The C-terminal 22 residues of the BeNMV NSy are not required for the interaction
with the nucleocapsid protein.

Previous analysis performed with some MPs of the ‘30K family’ have shown
that the C-terminal region of the protein interacts, directly or indirectly, to the cognate
CP (

). More detailed analysis, have found
that the MP motif required for the CP interaction coincided with the C-terminal region
dispensable for the cell-to-cell transport (

). In this sense, we decided to check if the dispensable C-terminal motif of the
BeNMV NSy affects the previously reported NSy-N interaction ( ).
Before proceeding with the BiFC analysis, we determined the subcellular localization of
the BeNMV NSy and N proteins, in order to assess whether there would be a change in
the localization of the proteins upon interaction. The GFP was fused at the C-terminus
of both proteins. The fluorescent signal revealed that NSy protein locates at the cell
periphery in different cell aggregates, which correspond to PD ( A). In contrast, N
protein localized in clusters of different sizes in the cell cytoplasm ( A), such as
demonstrated by . In the BiFC assay, the analysis were performed
using the wild-type (BeNMV,,) and the mutated BeNMV NSy proteins lacking the C-
terminal 17 (BeNMV3y) or 22 (BeNMVays) residues together with the cognate NP, in
which the N- (NtYFP) and C-termini (CtYFP) of the yellow fluorescent protein (EYFP)
were fused at the C- or the N-termini of the NSy (NSy-NtYFP) and the NP (CtYFP-NP)
proteins, respectively. This fusion-protein pairs (CtYFP-NP+NSy-NtYFP) is the best
combination that better reproduces the NSy-N interaction, previously confirmed by
BiFC ( ) or by pull down and yeast-2-hybrid
assays ( ). All NSy proteins rendered positive
fluorescent signal when co-expressed with the NP, indicating that deletions of the C-
terminal 17 or 22 residues do not affect the NSy-N interaction ( B). No
fluorescence was observed when both proteins were co-expressed with the
corresponding non-fused EYFP fragment or with others N and/or NSy fusion proteins
that do not reconstitute the fluorescent signal ( B, panel IV). The transient
expression of the all analyzed fusion proteins was confirmed by Western blot analysis

(Fig. 7C).



4. Discussion

Viral proteins are intimately related to different host components and minimal
alterations of such interactions could have a significant impact in the capability of a
virus to infect a determined host (

). Recent studies have demonstrated the impact of the association of
viral proteins with host proteins regulating viral replication and causing changes in the
rate of virulence ( ). The viral MPs, responsible to transport the virus to the
adjacent cells and/or to the upper leaves, could also play a critical role in the range of
susceptible hosts and in the development of the disease (

).

In the present work, we have performed a functional analysis of the MPs (NSy)
of four molecularly and biologically distinct tospoviruses species. Thus, BeNMV has
been found from naturally infecting leguminous hosts and has limitation in infecting
several botanic families ( ) meanwhile CSNV, TCSV and TSWV
have a broad host-range, including many solanaceae species (

). According to these differences, CSNV, TCSV and TSWYV have been
included in the same clade into the ‘New World’ tospoviruses, meanwhile BeNMV
belongs to a complete new branch of the American species (

). In order to analyze differences in the functionality of the NSy protein
from distinct tospovirus, we took advantage of the AMV model system that permits the
functional analysis of MPs assigned to the ‘30K family’, overcoming the absence of
tospovirus infectious clones. We observed that the four NSy proteins analyzed were
competent to support the local and the systemic transport of the AMV particles with
even more efficient cell-to-cell transport than that observed for the AMV wt. Previous
analysis performed with the TSWV NSy protein also demonstrated that this MP
supports the Tobacco mosaic virus ( ) and the AMV
transport ( ). The observation that other three NSy proteins are
functionally exchangeable in the AMV system permits the assumption that this must be
a general rule for the rest of tospovirus. Regarding the systemic transport, we observed
clear differences between the four NSy proteins analyzed. Thus, the NSy proteins of
TSWYV and TCSV allowed the transport of the AMYV to all upper non-inoculated leaves
meanwhile the NSy proteins of CSNV and BeNMYV supported the systemic transport of
AMYV to half or a reduced number of the upper leaves, respectively. These results
indicate that in spite of the efficient cell-to-cell transport observed for all NSy proteins,
the MPs of CSNV and BeNMYV are less efficient for the systemic transport. The
majority of tospoviruses cause systemic infection in most of the crop plants they infect
( ). In agreement with this, we observed a very efficient systemic
transport for the chimeras carrying either the NSy proteins of TSWV or TCSV.
However, CSNV and BeNMV move systemically less frequently, in which the 54%
(thirteen out twenty-four host; ) or the 30% (three out ten hosts;

) of the reported hosts are infected systemically, respectively. Taken
together, the results reported here point to the idea that the systemic transport of
tospoviruses could be conditioned by the NSy protein. However we cannot rule out the
possible involvement of AMV system in the obtained results.
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Another question addressed in the present analysis was to see if the four
different NSy proteins differ in the type of viral molecules that are transported between
cells. To do this, we used an AMV CP mutant defective in virus formation (CP 206;

), in which positive virus transport indicates that the MP allows
virus translocation of viral complexes different to virus particles. We observed that none
of the four NSy proteins were able to transport nonencapsidated viral nucleic acids,
which remained confined to single cells in the presence of CP 206. These results are
agreed with previous data supporting that tospovirus are moving as a free, non-
enveloped ribonucleocapsid structure ( ).
However, contrary results have been reported with the TSWV NSy protein, which
supports the local and systemic transport of a TMV CP deletion mutant (

). Apparently, the TSWV NSy behaves differently in the AMV or
TMYV viral systems, in which the virus transport is dependent or independent of the
virus particles, respectively. If we compare both AMV and TMV systems, we observe
that the former requires: i) virus particles for systemic transport in all hosts and ii), the
C-terminal modification of the heterologous MP, by fusing the C-terminal 44 amino
acids of the AMV MP, for a compatible interaction with the AMV CP. Both processes
indicate a direct role of the heterologous MPs in the AMV transport by a MP-CP
interaction. In the case of TMYV, the observation that the virus could move systemically
without the requirement of the CP in some hosts (

) implies that the virus could move to the upper leaves using other viral
complexes different from virus particles. In this sense, it has been described that TMV
could invade neighboring cells by the translocation of the replication complexes
( ). The observation that the heterologous TSWV NSy does not
need any modification to be functional in the TMV system (e.g. the presence of the C-
termini of the TMV MP to be functional, as observed in the AMV system) opens the
possibility that the heterologous MP could support indirectly the TMV transport by
building tubular structures between neighboring cells. In this sense, it has been
proposed that the TMV transport occurs through the modified plasmodesmata by
passive diffusion of the viral complexes ( ), in which the
NSy derived tubular structures could be sufficient to support the TMV transport.

The incapability observed for the tospovirus NSy proteins to facilitate the spread
of VRNA complexes in the AMV context, has been only observed for the 30K MPs of

DNA viruses ( ). Meanwhile, all analyzed MPs of the ‘30K
family’ from RNA viruses were competent to transport nucleoprotein complexes - NPC
( ), independently of the capability of the MP to form

tubular structures. The differences observed between the MPs of DNA and RNA viruses
were hypothesized to be a consequence of the restriction of the endogenous cell-to-cell
transport via PD that is specialized to use RNA as the communication and signaling

molecule ( ). Thus, the transport of virus particles ensures safe
transport of the viral DNA genome through the non-cell-autonomous RNA-specific
pathway ( ). However, the results presented herein open the

question why the tospovirus NSy are not competent to transport VRNA complexes in
spite of being RNA viruses? A possible explanation could be related to the idiosyncrasy
of tospovirus infecting plant and insect organisms. In addition to virus particle, the
capability to transport NPC between cells has been reported only for plant viruses
meanwhile virions is a prerequisite for animal or insect virus transport (

). In this sense, we can
hypothesize that the NSy of tospovirus have evolved to transport only nucleoprotein
complexes that is compatible both plant and insect organism. The NPC transport by the
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NSy proteins implies a N-NSy interaction; such interaction has been reported by pull
down experiments ( ) and more recently, by transient expression of
both proteins ( ).

The four NSy proteins analyzed herein induce the formation of tubular structures
on the surface of infected P12 protoplasts, suggesting that such ability could be a
general property of the Tospovirus genus. We observed that C-terminal NSy deletions
rendered two different patterns: NSy proteins (CSNV, TCSV and TSWYV) in which
deletions of 5 residues make the protein non-functional and the NSy of BeNMV that
permits the deletion of 17 residues. In all cases, the lack of function of the NSy always
correlated with the incapability of the protein to generate tubular structures as reported
for different MPs of the ‘30K family’, including the TSWV (

). However, different results have been
reported for the NSy of TSWV using the TMV viral systems, in which deletion of the
C-terminal 54 residues rendered a protein incapable to generate tubular structures but
still functional, with a reduced cell-to-cell transport sufficient to form tiny local lesions
( ). The C-terminal region of several MPs of the ‘30K
family’ has been shown to interact with the cognate CP (

). However, we observed a completely different
situation for the NSy proteins since the C-terminus is required for the functionality of
the protein (CSNV, TCSV and TSWV) and is not required (BeNMYV, herein; Iris yellow
spot virus, ) for an interaction with the N protein. Previous results
have reported that the NSy of as Groundnut bud necrosis virus associates with
membranes via the C-terminal coiled-coil domain, which is also required for the
functionality of the protein ( ). The four NSy proteins analyzed have a
predicted C-terminal coiled-coil domain ( ), but differ in the regions
required for such structure. Thus, meanwhile this region covers the majority of the C-
terminus of the NSy proteins of CSNV, TCSV and TSWV (until residue 297-299 out
303-302) in the case of the BeNMV NSy, this region includes until residue 296 out of
317. Interestingly, our C-terminal deletion results are compatible with the predicted
coiled-coil domain of the four NSy proteins, suggesting that any deletion that could
affect this structure make the protein non-functional. In this sense, deletion of the left
border but not in the central part of the coiled-coil domain of the TSWV NSy protein
rendered non-functional protein ( )- In this scenario, the open question is to
know what could be the putative function of the dispensable C-terminal residues of the
BeNMV NSy. The observation that the mutated BeNMV3y, NSy protein generates
shorter tubular structures than the wild-type protein and a reduced cell-to-cell transport
open the possibility that this region could be stabilizing the coiled coil domain, although
further analysis are required to confirm this hypothesis.

5. Conclusions

The in vivo results showed common properties but also clear differences
between the NSy proteins of tospovirus species molecularly and biologically distinct. In
the AMV system, all NSy proteins transport virus particles, required the formation of
tubular structures and possess a C-terminal region with different functions of other MPs
of the ‘30K family’. We observed that the NSy of BeNMYV, with a very limited range of
hosts and phylogenetically more distant, is very efficient for cell-to-cell transport but
very inefficient for the systemic infection, with a C-terminal region that is dispensable
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for virus transport. These results also indicate a possible different role and/or transport
mechanism promoting short and long distance tospovirus movement. Overall, these
differences seem to reveal a distinct tospovirus evolution and/or host adaption that can
correlate with their distinct efficiency to promote the cell-to-cell and systemic
movement within the host species.
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Figure legends

Fig. 1. Analysis of the cell-to-cell and systemic transport of the hybrid AMV (Alfalfa
mosaic virus-AMV) RNA 3 in which its movement protein (MP) gene was exchanged
with the corresponding genes (NSym) of the viruses: Bean necrotic mosaic virus
(BeNMYV), Chrysanthemum stem necrosis virus (CSNV), Tomato chlorotic spot virus
(TCSV), Tomato spotted wilt virus (TSWV) and AMV. (A) Infection foci observed in
P12 plants inoculated with RNA 3 transcripts from pGFP/A255/CP derivatives carrying
the NSy genes of BeNMV, CSNV, TCSV, TSWV and AMV MPs. The schematic
representation shows the GFP/A255/CP AMV RNA 3, in which the open reading frames
corresponding to the green fluorescent protein (GFP), the movement protein (MP) and
the coat protein (CP) are represented by large boxes. Checkered box corresponding to
the C-terminal 44 amino acids of the AMV MP meanwhile arrows represent subgenomic
promoters. Blue numbers represent the total amino acids residues of the corresponding
MP. The Ncol and Nhel restriction sites used for insertions of the MPs are indicate, as
well as the restriction sites BspHI, Pcil and Nhel. Images contain representative
infection foci of Nicotiana tabacum P12 tobacco plants infected with the chimerical
constructs expressing the GFP. White bars corresponding at 200 pm. (B) Histograms
represent the average of the area in mm? of 40 independent infection foci at 2 and 3 days
post inoculation (dpi), which error bars indicate the standard deviation. (C) Tissue
printing analysis of P12 plants inoculated with the AMV RNA 3 derivatives showed in
A but lacking the 5’ proximal GFP gene. Plants were analyzed at 14 dpi by printing the
transversal section of the corresponding petiole from inoculated (I) and upper (U)
leaves. The position of each leaf is indicated by numbers, which correspond to the
position of the leaves in the plant from the lower to the upper part in which U1l
corresponds to the closest one to the inoculated leaf. ‘- refers to non-inoculated plant.

Fig. 2. Analysis of cell-to-cell transport of the hybrid AMV RNAS3, carrying the
different NSy genes and the mutated coat protein gene (CP-N206) defective in virus
particles formation. (A) The schematic representation correspond to the same constructs
indicated in A, in which the CP gene was replaced by the CP-N206 gene from the
construct pGFP/BMV:A44/CP-N206 ( ) by exchanging the
Nhel-Pstl fragment. P12 plants or protoplast were inoculated with transcripts derived
from the AMV RNA 3 variants. Images correspond to representative pictures of the
infected cells observed at 1 (P12 protoplasts) or 2 (P12 plants) days post-inoculation
(dpi) using a Leica Stereoscopic Microscope. Long and short bars represent 500 and 50
pm, respectively. (B) Northern blot analysis of the accumulation of the chimeric AMV
RNAs in P12 protoplasts inoculated with RNA transcribed from the constructs shown in
(A). The position of the chimeric RNA 3 and 4 and additional subgenomic RNA
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(sgRNA) are indicated on the left margin. rRNA indicates 23S RNA loading control. ‘-
refers to mock inoculated plant.

Fig. 3. Analysis of tubule formation of the NSy proteins on Nicotiana tabacum P12
protoplasts. The schematic representation shows the construct pMP:GFP/CP (Sanchez-
Navarro et al., 2001) in which the open reading frames corresponding to the green
fluorescent protein (GFP), the movement protein (MP) and the coat protein (CP) are
represented by large boxes. Arrows indicates the subgenomic promoter. Single boxes
represent the NSy genes of BeNMV, CSNV, TCSV and TSWV exchanged by the MP
of AMV. The restriction sites used for the exchange of the AMV MP gene with the
corresponding NSy genes are indicated. Blue numbers represent the total amino acids
residues of the corresponding NSy. The assay was performed three times from P12
protoplast transfected with RNA 3 hybrid transcripts. Each image-frame expressing GFP
represents the visualization of several protoplasts (about 15 to 20) per assay for each
NSy protein analyzed. The fluorescence was monitored after 16 hours using a confocal
microscopy Leica TCS SL. Images correspond to the tubular structures observed for the
NSy of BeNMV (I), CSNV (II), TCSV (II) and TSWV (1V). From left to right, GFP
fluorescence, brightfield and overlapping images are shown. White bars correspond to
50 pm.

Fig. 4. Alignment of the C-terminus of the NSy proteins of BeNMYV, CSNV, TCSV and
TSWYV. Consensus sequence among the NSy proteins is shown. The numbers on the
right indicate the total size of the NSy proteins. Red underlined residues indicate the
regions with high values for coiled coil domains identified by coils prediction server
(http://toolkit.tuebingen.mpg.de/pcoils). The green and the blue boxes indicate the last
residue of the large and the small C-terminal deletions, respectively.

Fig. 5. Truncation assay of the tospovirus NSy to identify C-terminal residues
dispensable for virus transport. (A) Infection foci observed in P12 plants inoculated
with RNA 3 transcripts from pGFP/A255/CP derivatives carrying the C-terminal
truncated NSy genes of BeNMYV, CSNV, TCSV and TSWV. The Schematic
representation shows the chimeric GFP/A255/CP AMV RNA 3 represented in A
and the C-terminal deletions of the NSy proteins analyzed. Amino acid numbers 302,
303 and 317 correspond to wild-type (wt) size of the corresponding NSy proteins
meanwhile residues numbers 273, 276, 279, 282, 285, 288, 292, 295 and 300
correspond to the last amino acid of the BeNMV NSy protein included in the
corresponding truncation. Amino acids 286, 289, 292, 295, and 298 correspond to the
last residue of the NSy of CSNV, TCSV and TSWYV included in the corresponding
truncation. Dashed lines represent the amino acids deleted from the C-terminus of the
NSy proteins. Images contain single infected cells or infection foci of P12 tobacco
plants infected with the chimerical constructs expressing the GFP at 2 dpi. White bars
correspond to 200 pm. Histograms represent the average of the area in mm® of 40
independent infection foci at 2 and 3 dpi of the P12 plant infected with hybrids AMV
RNA 3 containing the BeNMV NSy wild-type or lacking the C-terminal 17 residues
(BeNMV3). Error bars indicate the standard deviation. (B) Tissue printing analysis of
P12 plants inoculated with the AMV RNA 3 derivatives showed in A but lacking the 5’
proximal GFP gene and containing the AMV MP (AMV), the BeNMV,,, or BeNM V3.
Plants were analyzed at 14 dpi by printing the transversal section of the corresponding
petiole from inoculated (I) and upper (U) leaves. The position of each leaf is indicated
by numbers that correspond to the position of the leaves in the plant from the lower to
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the upper part in which U1 corresponds to the closest one to the inoculated leaf. ‘-
refers to non-inoculated plant.

Fig. 6. Analysis of tubule formation of the truncated NSy proteins of the BeNMYV,
CSNV, TCSV and TSWV on Nicotiana tabacum P12 protoplasts. The schematic
representation shows the construct pMP:GFP/CP represented in , containing the
truncated NSy genes that express the N-terminal 295 (BeNMVgs5), 300 (BeNMV3) or
298 (CSNVygs; TCSVags; TSWVags) residues. P12 protoplasts were transfected with
RNA 3 hybrid transcripts and the fluorescence monitored after 16 hours using a
confocal microscopy Leica TCS SL. From left to right, GFP fluorescence and bright
fields with overlapping images are shown. White bars correspond to 50 pm.

Fig. 7. BiFC analysis of the interaction between truncated movement proteins (NSw)
and the nucleocapsid protein (N) of BeNMV. (A) Subcellular location of NSy and N
protein, carrying GFP (e) fused at their C-terminus. In the case of the NSy protein, the
callose deposit of the infiltrated N. benthamiana leaves were stained using Analine blue
(¢). The NSy protein and the fluorochrome accumulate in similar punctate patterns at
cell periphery suggesting that the NSy protein accumulate in PDs. Thick and thin bars
correspond to 50 pm and 10 pm (B) The NSy and/or N proteins, carrying the N-terminal
(o) or the C-terminal (¢) EYFP fragments fused at their N- (e-N) or C-terminus (NSu-e),
were transiently co-expressed in N. benthamiana leaves by agroinfiltration. Confocal
microscopy images correspond to the fluorescence reconstitution monitored during the
co-expression of the N protein with the wild-type (I) or the truncated NSy proteins
expressing the N-terminal 295 (II) or 300 (III) residues, at 4 days post-infiltration. All
images contain two pictures corresponding to the YFP fluorescence alone or plus the
brightfield. Negative controls correspond to the expression of the NSy and N proteins in
combination with N-terminal (o) EYFP fragment or with different fusion protein pair
combinations (IV). White bars correspond to 50 pm. (C) Western immunoblot analysis
of the transient accumulation of the N and NSy proteins in N. benthamiana leaves.
Monoclonal antibodies that recognizes the N- (anti-e) or C- (anti-e) terminus of the
EYFP (Sigma) were used to detect the N and NSy proteins fused to the Ct-YFP and Nt-
YFP fragments. Numbers in parenthesis indicate the molecular weight in kDa of the
corresponding fusion protein. a, b, ¢, d and e represent the different negative control
combinations showed in B.
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