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ABSTRACT Superinfection exclusion (SIE) or cross-protection phenomena have
been documented for plant viruses for nearly a century and are widespread among
taxonomically diverse viruses, but little information is available about SIE of plant
negative-strand RNA viruses. Here, we demonstrate that SIE by sonchus yellow net
nucleorhabdovirus virus (SYNV) is mediated by the viral matrix (M) protein, a multi-
functional protein involved in transcription regulation, virion assembly, and virus
budding. We show that fluorescent protein-tagged SYNV variants display mutual
exclusion/cross-protection in Nicotiana benthamiana plants. Transient expression of
the SYNV M protein, but not other viral proteins, interfered with SYNV local infec-
tions. In addition, SYNV M deletion mutants failed to exclude superinfection by wild-
type SYNV. An SYNV minireplicon reporter gene expression assay showed that the M
protein inhibited viral transcription. However, M protein mutants with weakened nu-
clear localization signals (NLS) and deficient nuclear interactions with the SYNV nu-
cleocapsid protein were unable to suppress transcription. Moreover, SYNV with M
NLS mutations exhibited compromised SIE against wild-type SYNV. From these data,
we propose that M protein accumulating in nuclei with primary SYNV infections ei-
ther coils or prevents uncoiling of nucleocapsids released by the superinfecting
SYNV virions and suppresses transcription of superinfecting genomes, thereby pre-
venting superinfection. Our model suggests that the rhabdovirus M protein regu-
lates the transition from replication to virion assembly and renders the infected cells
nonpermissive for secondary infections.

IMPORTANCE Superinfection exclusion (SIE) is a widespread phenomenon in which
an established virus infection prevents reinfection by closely related viruses. Under-
standing the mechanisms governing SIE will not only advance our basic knowledge
of virus infection cycles but may also lead to improved design of antiviral measures.
Despite the significance of SIE, our knowledge about viral SIE determinants and their
modes of actions remain limited. In this study, we show that sonchus yellow net vi-
rus (SYNV) SIE is mediated by the viral matrix (M) protein. During primary infections,
accumulation of M protein in infected nuclei results in coiling of genomic nucleo-
capsids and suppression of viral transcription. Consequently, nucleocapsids released
by potential superinfectors are sequestered and are unable to initiate new infec-
tions. Our data suggest that SYNV SIE is caused by M protein-mediated transition
from replication to virion assembly and that this process prevents secondary infec-
tions.

KEYWORDS cross-protection, matrix protein, nucleocapsid, plant rhabdovirus,
sonchus yellow net virus, superinfection exclusion
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Zhou et al.

uperinfection exclusion (SIE) is an extensively described virus-virus interaction

phenomenon in which a primary virus infection (primary invader) prevents the
infected cells from subsequent infection by the same or a related virus (secondary
invader). SIE has been widely documented in viruses ranging from bacteriophages (1,
2) to mammalian viral pathogens (3-6) and plant viruses (reviewed in references 7 and
8). With human and animal viruses, SIE experiments have often been conducted in vitro
with cultured cells, and the exclusion effects examined primarily at the cellular level.
Entry processes of the challenge viruses have been shown to affect SIE in Rous sarcoma
virus, bovine viral diarrhea virus, vaccinia virus, human influenza virus, and human
immunodeficiency virus (9-13). Inhibition of virus replication and/or transcription has
also been observed during postentry steps with Sindbis virus, hepatitis C virus, and
West Nile virus (14-18). In addition, the primary invader may interfere with protein
translation or morphogenesis of the secondary invader virus (16, 19).

A phenomenon mechanistically related to SIE, but manifested at the whole-plant
level, is cross-protection in virus-infected plants (7, 8). During cross-protection, plants
inoculated with mild virus isolates or strains elicit resistance to secondary infections by
more severe isolates existing in nature (8, 20, 21). Cross-protection was initially de-
scribed with tobacco mosaic virus (TMV) in the late 1920s (22) and has since been
widely documented for many other plant virus species (reviewed in reference 21). In
agricultural practice, cross-protection provided by mild virus strains has been employed
in disease management, with prominent sucesses attained for control of viruses
infecting perennial crop plants. These include cocoa swollen shoot virus on cocoa (23),
papaya ringspot virus on papaya (24), and citrus tristeza virus (CTV) on citrus (7, 25).
However, despite extensive studies, the underlying mechanisms leading to cross-
protection have yet to be adequately addressed and may involve interference with
virus interactions as well as host defense mechanisms that constrain infection either at
the cellular or tissue-specific level (revirewed in references 8 and 21).

Early studies of cross-protection involved sequential inoculation of a mild strain of
the primary virus, followed by challenge inoculation with a more severe strain and
subsequent assessment of protection by symptom inspection and/or molecular detec-
tion of the secondary invader. With the availability of infectious virus clones, engi-
neered recombinant plant viruses expressing visual discrimination markers, such as
green and red fluorescent proteins (GFP and RFP, respectively), have proved more
elegant tools to study temporal-spatial virus interactions at both the cellular and tissue
levels. For example, when GFP- and RFP-labeled plum pox virus derivatives were
coinoculated onto plants, the fluorescent markers demonstrated that the two viruses
coexisted in the same plant leaves but showed that they occupied largely nonover-
lapping cell clusters (26). Similar spatial separation or mutual exclusion between
variants of the same virus have been observed for apple latent spherical virus and bean
yellow mosaic virus (27, 28), TMV (29, 30), soilborne wheat mosaic virus (31), wheat
streak mosaic virus (WSMV) and Triticum mosaic virus (TriMV) (32), and turnip crinkle
virus (TCV) (33). However, when these differently tagged viruses were inoculated
sequentially, the primary virus infection completely blocked subsequent infection by
the secondary invader at the whole-plant level (34-41). These observations reinforce
the idea that mutual exclusion or SIE occurs at the cellular level and suggest that
cross-protection is a manifestation of SIE at the organismal level (8).

Several studies have shown that plant virus-encoded proteins can sufficiently, if not
solely, account for cross-protection/SIE. Examples of viral determinants include coat
protein (CP) of TMV (42), helper component proteinase (HC-Pro) and CP in potato virus
A (43), both CP and Nia protease (Nla-Pro) in WSMV and TriMV (32), p33 and leader
proteases L1/LIl in CTV (38, 44), and p28 in TCV (33). In agricultural production, an
awareness of the importance of virus-encoded factors in cross-protection/SIE has
resulted in development of transgenic antiviral crops that have potential to protect
plants in the field (45, 46). Although detailed molecular mechanisms underlying the SIE
have not been determined in most studies, the phenomenon is known to be closely
related to the viral life cycle. However, a recent study by Zhang and colleagues (33)

October 2019 Volume 93 Issue 20 e00680-19

Journal of Virology

jviasm.org 2


https://jvi.asm.org

Superinfection Exclusion of a Plant Rhabdovirus

provided an elegant model to explain TCV p28-mediated SIE. In this model, TCV p28
proteins produced from primary infections form mobile, multemeric complexes in a
concentration-dependent manner that function to sequester newly synthesized p28
proteins from the superinfector, thus preventing the latter from replicating in the same
cells. A follow-up study by the same group has shown that the TCV p28 readthrough
product p88, a viral RNA-depedent RNA polymearse, likewise exhibits concentration-
dependent repression of virus replication (47).

Although the SIE phenomenon has been studied for several plant positive-strand
RNA viruses, no defined information is available for plant negative-strand RNA viruses.
Sonchus yellow net virus (SYNV) is an extensively studied nonsegmented, negative-
strand RNA virus, belonging to the genus Nucleorhabdovirus, family Rhabdoviridae. The
genome of SYNV encodes five structural proteins, designated nucleoprotein (N), phos-
phoprotein (P), matrix protein (M), glycoprotein (G), the large RNA polymerase (L)
protein, and a movement protein, sc4, arranged in the order N-P-sc4-M-G-L (48-51).
Unlike many other rhabdoviruses infecting vertebrates and plants, nucleorhabdovi-
ruses, including SYNV, undergo replication and virion morphogenesis in the nuclei of
infected cells. Upon entry into the cell, nucleocapsids (NCs) released from virus particles
are targeted to the nuclei where primary rounds of viral mRNA transcription are
initiated. Viral proteins translated from these mRNAs are required for initiation of
genome replication to produce antigenomic RNAs (agRNAs,) which are subsequently
used as template to direct synthesis of genomic RNAs (gRNAs). Both gRNAs and agRNAs
are encapsidated during replication by the N, P, and L core proteins to form progeny
gNCs and agNCs. As additional rounds of secondary transcription and genome repli-
cation occur, accumulation of NCs results in formation of large viroplasms in the nuclei
(reviewed in references 49 and 52). During the later stages of replication, accumulating
M proteins presumably function to coil gNCs and assemble into viral cores. Through
interactions between the M and G protein carboxyl-terminal tail, the condensed NC
cores are directed to inner nuclear membrane surfaces from which they bud to form
enveloped bullet-shaped or bacilliform particles that accumulate in the perinuclear
spaces (53, 54).

In this paper, we have used engineered GFP- and RFP-labeled recombinant SYNV
(rSYNV) variants to show that SYNV infections elicit robust SIE in the experimental host
Nicotiana benthamiana. We also used ectopic expression of the M protein and mutant
derivatives to show that the M protein is the primary viral SIE determinant and function
to inhibit NC transcription. These results provide a model whereby the M protein
accumulating in nuclei infected with the primary invading SYNV derivative interacts
with incoming secondary invading SYNV NCs to exclude superinfection of the cells.

RESULTS

SYNV variants labeled by different fluorescent proteins exhibit reciprocal SIE.
To investigate possible SIE by SYNV, we used rSYNV-GFP and rSYNV-RFP clones for
expression of GFP and RFP markers (Fig. 1A) to visualize infection and movement. The
rSYNV derivatives were separately rescued in N. benthamiana plants after agroinfection
as described previously (51). Equal volumes of infectious saps from rSYNV-GFP- and
rSYNV-RFP-infected leaves were mixed and mechanically coinoculated onto lower
leaves of healthy N. benthamiana plants. At 12 days postinoculation (dpi), both GFP and
RFP fluorescence were detected by fluorescence microscopy in the upper noninocu-
lated leaves, indicating that both viruses had infected the plants systemically. However,
rSYNV-GFP and rSYNV-RFP on these leaves occupied separate tissue “islands” that
exhibited clear boundaries, with less than 2% of adjacent cells in the border regions
exhibiting both GFP and RFP fluorescence (Fig. 1B). To monitor the interactions of the
rSYNV variants in locally infected leaves, we carried out a separate set of coinfection
experiments in which Agrobacterium tumefaciens strains carrying plasmids required for
recovery of rSYNV-GFP and rSYNV-RFP were coinfiltrated into N. benthamiana leaves.
Both rSYNV variants were recovered in the same leaves, as judged from GFP and RFP
expression at 8 dpi, and the isolated single-cell foci began to expand to adjacent cells
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FIG 1 Mutual exclusion of SYNV variants tagged with GFP and RFP in N. benthamiana. (A) Schematic diagrams showing rSYNV antigenomes engineered to
express GFP (rSYNV-GFP) and RFP (rSYNV-RFP). (B) Confocal microscopy z-stack images showing spatial separation of GFP and RFP fluorescent foci in upper
systemically infected leaves of N. benthamiana plants taken at 12 days postinoculation (dpi) with leaf extract containing mixtures of rSYNV-GFP and rSYNV-RFP.
The bottom panels show higher magnifications of the boxed areas. Bar, 100 um. (C) Confocal microscopy z-stack images of contiguous GFP and RFP foci in N.
benthamiana leaf tissue at 15 dpi with agrobacterial mixtures harboring rSYNV-RFP and rSYNV-GFP derivatives. Right panels show magnified views of the boxed
sectors on the left to highlight the exclusion boundaries of rSYNV-GFP and rSYNV-RFP in adjacent cells of two foci. Bar, 50 um. (D) GFP and RFP fluorescence
in upper leaves of N. benthamiana plants after an initial sap inoculation with one SYNV variant or mock inoculation, followed 12 days later with a challenge
inoculation with the other SYNV variant indicated on the left of the panels. Images were captured with a stereo fluorescence microscope with GFP or RFP
channels at 20 days after primary inoculation and again 20 days after challenge inoculation. 1st, primary inoculum; 2nd, challenge inoculum. Bar, 2 mm. (E)
Confocal microscopy of N. benthamiana leaves after initial sap inoculation with rSYNV-RFP, followed by a PVX-GFP challenge inoculation 6 days later. The images
show overlapping GFP and RFP fluorescence in upper infected leaves taken at 6 days after PVX infection. Bar, 100 wm.

(see reference 51 and data not shown). At 15 dpi when extensive cell-to-cell movement
had occurred, some of the expanding GFP and RFP foci converged, and individual
viruses at the margins occupied contiguous cells, but the cells rarely exhibited fluo-
rescence of both reporter proteins (Fig. 1C). These observations reveal that the differ-
entially tagged SYNV variants display mutual exclusion at the cellular level.

We next conducted a second set of challenge inoculation experiments in which
lower N. benthamiana leaves were mechanically inoculated to elicit rSYNV-RFP infec-
tions, followed by a second inoculation carried out 12 days later in the upper leaves to
initiate rSYNV-GFP infections. By 20 days after the second inoculation, the newly
expanded upper leaves exhibited only RFP fluorescence (Fig. 1D, top row). In contrast,
primary infection with rSYNV-GFP completely blocked secondary infection by rSYNV-
RFP (Fig. 1D, third row). In control experiments in which N. benthamiana plants were
first rubbed with sap from healthy leaves, secondary inoculations 12 days later with
either rSYNV-GFP or rSYNV-RFP resulted in productive infections (Fig. 1D, second and
bottom rows). In another control experiment, we first inoculated rSYNV-RFP infectious
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sap on lower leaves of N. benthamiana plants and challenged upper leaves 6 days later
with potato virus X (PVX)-GFP. By 12 dpi, numerous cells of the upper leaves were
coinfected with rSYNV-RFP and PVX-GFP as indicated by yellow superimposed of GFP
and RFP images (Fig. 1E). These results clearly suggest that primary infection with an
rSYNV variant protected the plants from subsequent secondary infection by the other
SYNV variant but did not prevent infection by the unrelated PVX.

Overexpression of the M protein inhibits SYNV local infection. If SYNV SIE is
mediated by one or more viral proteins, we posited that ectopic expression of the SYNV
proteins would interfere with rSYNV infections. To test this possibility, the SYNV N, P,
sc4, M, and G protein genes were inserted into a dual expression vector, pGD-X/GFP,
which also contains a GFP expression cassette incorporated into the transfer DNA
(T-DNA) region to permit coexpression of each SYNV protein and GFP after agroinfil-
tration. The SYNV L protein was omitted in this study because we were unable to
express it to detectable levels due to its large size (242 kDa). To determine whether
localized spread of SYNV was affected by coexpression of the SYNV proteins, we
followed the movement of rSYNV-RFP foci in agroinfiltrated leaves by fluorescence
microscopy. As observed previously (51), single-cell RFP foci appeared at 8 dpi and then
spread to adjacent cells by 12 dpi (Fig. 2A). Foci expressing GFP fluorescence at 12 dpi
were considered to have expressed the viral and GFP proteins simultaneously, which
was further confirmed by Western blotting of tissue extracts using antibodies against
viral proteins and GFP (Fig. 2B).

Coexpression of the M protein resulted in significant decreases in rSYNV-RFP local-
ized spread, whereas coexpression of the N, P, sc4, or G protein had negligible effects
on the spread of rSYNV-GFP (Fig. 2A). Statistical analyses of increases in the numbers of
cells expressing RFP between 8 and 12 days showed that ectopic expression of the M
protein inhibited SYNV cell-to-cell transport by about 2.0- to 2.5-fold compared with
movement in tissue containing ectopically expressed SYNV N, P, sc4, or G protein or the
negative control (Fig. 2C). To exclude the possibility that the ectopically expressed M
protein inhibits SYNV movement by impacting host cells nonspecifically, e.g., by
inhibiting protein synthesis, we tested the effect of M protein on local movement of
PVX-GFP, a virus that does not display SIE with SYNV (Fig. 1E). Under similar transient
expression conditions, SYNV M protein exhibited negligible effects on PVX-GFP move-
ment (Fig. 2D). This conclusion was further supported by protein gel blot analysis of
GFP levels (Fig. 2E) and quantitative analysis of the average area of PVX-GFP infection
foci (Fig. 2F) at 6 dpi. Thus, these results suggest that ectopic expression of the M
protein specifically inhibits SYNV local infections.

SYNV M deletion mutants display compromised SIE. To further investigate
involvement of the M protein in SYNV SIE, we tested whether an rSYNV-RFP mutant
with a deletion in the M gene (rSYNV-RFP-AM) affects SIE by analyzing the ability of the
mutant virus to prevent superinfection by rSYNV-GFP. As a control, the SYNV G deletion
mutant (rSYNV-RFP-AG) was included in this experiment because the G and M proteins
have a collaborative role in virion budding and maturation (54). Therefore, N. bentha-
miana leaves were infiltrated with mixtures of agrobacteria harboring plasmids re-
quired for simultaneous rescue of rSYNV-GFP and either rSYNV-RFP, rSYNV-RFP-AM, or
rSYNV-RFP-AG. Cells expressing GFP and/or RFP at the boundaries of merging foci were
visualized by fluorescence microscopy at 15 dpi to evaluate SIE interactions between
the SYNV derivatives. As shown in Fig. 3, the red and green fluorescent signals in leaves
coinfected with rSYNV-GFP and rSYNV-RFP were always spatially separated in adjacent
foci of the leaf epidermal cells. Similar separate fluorescent distribution patterns were
observed in the neighboring foci of leaves coinfected with rSYNV-GFP and rSYNV-RFP-
AG. In contrast, a substantial proportion of the cells located at the boundaries of
rSYNV-GFP and rSYNV-RFP-AM foci exhibited both GFP and RFP fluorescence (Fig. 3,
white arrows), suggesting that SIE was less prevalent in the rSYNV-RFP-AM infections.

To provide more analytical information, the numbers of cells coinfected with
rSYNV-GFP/rSYNV-RFP and those infected with rSYNV-GFP/rSYNV-RFP-AM or rSYNV-
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FIG 2 Inhibition of rSYNV-RFP localized infections by ectopic expression of SYNV proteins. (A) Fluorescence microscopy observation of N. benthamiana leaves after
agroinfiltration to initiate rSYNV local infections and to express each of the SYNV N, P, sc4, M, and G proteins or an empty vector control. Note that each of the viral
proteins was expressed from a dual binary plasmid that also contains a GFP expression cassette to visualize the infiltrated leaf regions. Infiltrated leaves were observed
under a stereo fluorescence microscope at 8 dpi and again at 12 dpi to estimate local infections during the 4-day movement period. The top two panels show RFP
expression, and the bottom panel shows merged images of RFP and GFP expression in leaf cells surrounding the rSYNV RFP foci. Bar, 200 um. (B) Western blotting
to detect GFP expression levels and the presence of viral proteins using polyclonal antibodies against SYNV virions («:SYNV), sc4 (a:sc4), and GFP (c:GFP). The stained
RuBisCO large subunit was used as a loading control. (C) Calculation of the average numbers of RFP-expressing cells per rSYNV-RFP infection focus at 12 dpi. Bars
represent standard deviations. Asterisks denote statistical significance of the M protein inhibition by a Student's t test (P < 0.001; n = 24). (D) Observation of the local
movement of PVX-GFP coinfiltrated with SYNV M or empty vector at 60 hpi and 6 dpi with a fluorescence microscope. Bar, 200 um. (E) Western blot analysis of GFP
expression levels in leaf tissues infiltrated with PVX-GFP with or without SYNV M protein at 6 dpi. The stained RuBisCO large subunit was used as a loading control.
(F) Calculation of the average areas of PVX-GFP infection foci at 6 dpi. NS: not statistically significant (P > 0.05; n = 20) as analyzed by Student's t test.

GFP/rSYNV-RFP-AG were compared in three independent experiments. Table 1 shows
that the average percentages of boundary cells exhibiting both GFP and RFP fluores-
cence increased to ~25% for the rSYNV-GFP/rSYNV-RFP-AM infections in contrast
to ~1.5% for the rSYNV-GFP/rSYNV-RFP infections and 1.9% for the rSYNV-GFP/rSYNV-
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FIG 3 Identification of the SYNV M protein as a viral superinfection exclusion (SIE) determinant. N.
benthamiana leaves were coinfected via agroinoculation with the pair rSYNV-GFP and rSYNV-RFP,
rSYNV-GFP and rSYNV-RFP-AM, rSYNV-GFP and rSYNV-RFP-AG, or rSYNV-GFP and rSYNV-RFP-M,a.
Contiguous GFP and RFP foci in inoculated leaf tissues at 15 dpi were imaged by confocal microscopy to
show fluorescence exclusion between foci. The white arrows indicate boundary cells expressing both GFP
and RFP. Bar, 100 um.

RFP-AG. These data indicate that deletion of the M protein gene results in a remarkable
reduction in SYNV SIE activities.

To determine whether the RNA sequence or the protein encoded by the M gene is
required in SIE, we created rSYNV-RFP-M 54, in which the AUG initiation codon of the
M cistron was changed to a UAA stop codon to eliminate protein translation. Upon
coinfection with rSYNV-GFP in N. benthamiana leaves, the rSYNV-RFP-M,, mutant also
exhibited a compromised SIE ability as both RFP and GFP fluorescence were evident in
the same cells (Fig. 3, bottom row). Quantitative analysis showed that ~21% of the
boundary cells exhibited both GFP and RFP fluorescence in tissues coinfected with
rSYNV-GFP/rSYNV-RFP-My,, (Table 1). Taken together, these data indicate that the
SYNV M protein, rather than the RNA sequence, is responsible for the SIE activity.

SYNV M protein suppresses transcription of viral mRNAs. Studies with animal
rhabdoviruses have shown that the M protein of these viruses inhibits viral transcription
both in vitro and in vivo (55-58). To assess whether transcriptional repression could
account for M-mediated SIE in SYNV infections, we next tested whether or not the SYNV
M protein suppresses transcription from SYNV genomic RNA using a minireplicon (MR)
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TABLE 1 Percentage of boundary cells coinfected with rSYNV-GFP and rSYNV-RFP derivatives in inoculated leaves of Nicotiana
benthamiana

Expt 1 Expt 2 Expt 3
No. of cells No. of cells No. of cells

Total no. expressing: Total no. expressing: Total no. expressing:
Virus coinoculated of cells GFP and RFP GFP of cells GFP and RFP GFP of cells GFP and RFP GFP Coinfection
with rSYNV-GFP@ (foci) RFP only only (foci) RFP only only (foci) RFP only only rate (%)
rSYNV-RFP 42 (6) 0 19 23 45 (6) 1 25 19 45 (6) 1 26 18 1.5+ 13
rSYNV-RFP-AM 25 (5) 4 12 9 24 (5) 5 10 9 23 (5) 8 6 9 23.8 = 9.7*
rSYNV-RFP-AG 30 (5) 1 17 12 29 (5) 0 13 16 47 (6) 1 24 22 1.8 = 1.78
rSYNV-RFP-Man 20 (5) 3 8 9 23 (5) 6 11 6 21 (5) 5 8 8 21.6 = 59*
rSYNV-RFP-Mgara 25 (5) 3 10 12 28 (5) 3 15 10 26 (5) 5 9 12 14.0 + 4.6*
ISYNV-RFP-Maana 20 (5) 4 9 7 23 (5) 3 11 9 27 (5) 5 14 8 17.2 + 3.7*

aLeaves of N. benthamiana plants were infiltrated with agrobacterium mixtures to initiate mixed infections by rSYNV-GFP and rSYNV-RFP derivatives.

bAt 15 dpi when the expanding GFP and RFP foci merged, coinfected cells that exhibited both GFP and RFP, and cells expressing GFP only and RFP only, were
counted from 5 to 6 infection foci. Coinfection rates were calculated by dividing the number of coinfected cells by the total number of cells bordering the GFP and
RFP foci. *, P < 0.01; §, not statistically significant (Student’s t test).

system shown previously to recapitulate authentic viral RNA synthesis (59). In the SYNV
MR system, viral RNA-like MR transcripts encoding GFP and RFP reporter genes
substituted for the N and P cistrons (Fig. 4A). N. benthamiana leaves were agroinfil-
trated with mixtures of bacteria harboring plasmids to express genomic sense MR
[negative-sense MR, (—)MR] transcripts and the N, P, and L core proteins, as well as
three viral suppressors of RNA silencing (VSRs), as described previously (59). Upon
delivery of constructs expressing the viral components, single-cell foci expressing both
the GFP and RFP reporter proteins were observed throughout infiltrated regions of the
leaves at 8 dpi (Fig. 4B). When the SYNV MR was coexpressed in combination with the
M protein gene, the number of foci exhibiting both reporter proteins had a 50-fold
reduction compared to the level of the empty vector control (Fig. 4B and C). As
additional controls, coexpression of the SYNV MR with either the M, mutant or the
sc4 protein had negligible effects on reporter gene expression from the SYNV MR.
Protein gel blot analysis showed that the N and P core proteins that are required of MR
functions were expressed to similar levels in infiltrated leaf tissues with or without
ectopic M protein expression. The pGD-mediated expression of the M and sc4 proteins
and the absence of the M protein translation by the M ,, mutant were also verified
(Fig. 4D). Protein blots also confirmed that the GFP and RFP protein levels in leaf tissues
coexpressing the M protein were greatly reduced compared to coexpression of sc4,
Myaas OF the empty vector (Fig. 4D). Because gNCs assembled from the (—)MR tran-
scripts and core proteins in infiltrated leaf tissues can function in viral RNA synthesis,
total RNA samples extracted from infiltrated tissues were hybridized with a GFP probe
to detect agRNAs and GFP mRNAs (Fig. 4E). The RNA gel blot revealed a band with
similar size to the 1,791-nucleotide (nt) MR agRNA size marker in leaf tissues expressing
the N, P, and L protein and the (—)MR transcripts. In addition, another band migrating
slightly more slowly than the 720-nt GFP marker RNA was also detected. This band is
consistent with the size of the MR GFP mRNA that is anticipated to contain the 5’
untranslated region and 3’ poly(A) sequences. Expression of the M protein, but not the
Myaa Or the sc4 protein, drastically decreased the MR agRNAs and GPF mRNAs to levels
similar to those in the negative-control sample in which the three core proteins were
not expressed (—NPL). As an additional control, we showed that the SYNV M protein
did not appear to affect GFP reporter gene expression from an unrelated PVX-GFPAp25
replicon in which the p25 movement protein gene was replaced by a GFP gene (Fig. 4F
and G), suggesting that the inhibitory effect of the M protein is virus specific. Together,
these results suggest that ectopic expression of the M protein significantly suppresses
viral RNA synthesis from gNC templates.

SYNV M mutants defective in nuclear localization fail to inhibit viral transcrip-
tion. SYNV replication and virion maturation take place in infected nuclei in which the
M protein is also localized (53, 54). An M protein sequence (22°GKVVRKRKSRK?3¢) was
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FIG 4 Suppression of viral transcription by the M protein in an SYNV minireplicon (MR) system. (A) Schematic diagrams of the SYNV
genome and a negative-sense MR cassette. The (—)MR contains 3’ leader (le) and 5’ trailer (tr) sequences flanking GFP and RFP reporter
genes substituted for the SYNV N and P genes. (B) Visualization of GFP and RFP reporter proteins in N. benthamiana leaves agroinfiltrated
with Agrobacterium cultures harboring plasmids for expression of the SYNV MR and the N, P, and L core proteins. Additional bacterial
cultures containing the empty vector (Vec), pGD-M, pGD-M,,, and pGD-sc4 plasmids, as indicated on the top of each panel, were also
included in the mixtures to test their effects on reporter expression. Infiltrated leaves were photographed at 8 dpi with a fluorescence
microscope. Bar, 200 um. (C) Average numbers of cells per field expressing GFP and RFP at 8 dpi in each SYNV MR treatment. Bars
represent standard deviations. Asterisk denotes Student’s t test significance of transcription inhibition by the M protein (P < 0.001; NS,
not significant; n = 12). (D) Western blots confirming GFP and RFP expression in each group. Expression of the N and P core proteins or
of the M or sc4 protein, was detected with polyclonal antibodies against SYNV virion or against the sc4 protein, respectively. The
Coomassie blue-stained RuBisCO large subunit provides a loading control. (E) Northern blot hybridization showing inhibitory effects of
the M protein on SYNV MR RNA synthesis. Total RNA extracted from N. benthamiana leaf tissues shown in panel B was blotted with a
negative-sense GFP probe to detect the MR agRNAs and GFP mRNAs. RNA from leaf tissues infiltrated with (—)MR in the absence of the
N, P, and L proteins was used as a negative control. In vitro T7 transcripts corresponding in size to the GFP and MR agRNA (agMR) were
used as size markers. The 25S rRNA was stained with ethidium bromide to show equal RNA loading. (F and G) Lack of inhibitory effects
of the SYNV M protein on GFP reporter gene expression from a PVX replicon. N. benthamiana leaves were agroinfiltrated with mixtures
of Agrobacterium strains harboring the PVX-GFPAp25 plasmid together with pGD-M or an empty vector. Single-cell GFP foci were imaged
with a fluorescence microscope at 3 dpi, and average numbers of cells per field were calculated and statistical significance was analyzed
by Student’s t test. NS, not statistically significant (P > 0.05; n = 12).

postulated by Jackson et al. (49) to serve as a nuclear localization signal (NLS). To
extend this hypothesis, we used a computer algorithm PSORT (https://wolfpsort.hgc
jp/) to identify four consecutive basic amino acids, 23°RKRK?233, as key NLS residues. To
verify the NLS function of these residues, we mutated the 23°RKRK233 residues to
230RARA233 and 23°AAAA233 to generate the Mgara and Myaan mutants. When fused
to the cyan fluorescent protein (CFP) and transiently expressed in N. benthamiana
epidermal cells, the wild-type M protein localized exclusively to the nuclei, whereas
the Mgagra and Manaa mutants exhibited both cytoplasmic and nuclear localizations
(Fig. 5A). These data demonstrate that the RKRK motif has an important role in nuclear
import of the M protein. We next used bi-molecular fluorescence complementation
(BiFC) to determine whether the wild-type and mutated M proteins interact with the N
protein and where the interactions are located. As expected, N-M interactions were
detected only in the nuclei, where they were associated with large subnuclear inclu-
sions. In contrast, the N-Mgaga and N-Mjaaa interaction signals were present in both
the cytoplasm and the nuclei, and the nuclear yellow fluorescent protein (YFP) foci were
more numerous and much smaller than the N-M interaction foci (Fig. 5B), suggesting
that they were unable to coalesce to form large foci. Moreover, since the N protein also
has nuclear localization signals (60), the appearance of cytoplasmic YFP foci suggests
that the interactions between N and M protein mutants occur primarily in the cyto-
plasm and that cytoplasmic N-M complexes were unable to be imported into the nuclei.
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FIG 5 Subcellular localization, interactions with the N protein, and the ability to suppress MR transcription by the SYNV M nuclear localization mutants. (A)
Confocal micrographs showing RFP-histone 2B reporter protein (RFP-H2B) transgenic N. benthamiana leaf epidermal cells expressing the CFP-M, CFP-Mgaga, and
CFP-Muann fusions. Bar, 20 um. (B) Bimolecular fluorescence complementation (BiFC) assays to determine interactions of the N protein with the wild-type M
or the Mgaga OF Maana Mutant protein. Leaf epidermal cells of the N. benthamiana RFP-H2B transgenic plants were agroinfiltrated to express the YFP N-terminal
fusion to N (YN-N) and the YFP C-terminal fusions to M derivatives (YC-M). Confocal micrographs of YFP (BiFC), RFP-H2B (nucleus), and the merged channel are
shown. Bar, 20 um. (C) Fluorescence microscopy visualization of SYNV (—)MR reporter gene expression at 8 dpi in N. benthamiana leaves coinfiltrated to express
either an empty vector control (Vec) or the M, Mgapa, OF Maaaa Protein. Bar, 200 um. (D) Average numbers of cells per field expressing GFP and RFP at 8 dpi
in each SYNV MR treatment shown in panel C. Bars represent standard deviations. ***, P < 0.001; NS, not significant (by Student’s t test; n = 20). (E) Western
blots showing expression of the M, Mgaga: OF Maaaa pProtein with the N and P proteins in each group. The Coomassie blue-stained RuBisCO large subunit
provides a loading control.

These data indicate that the M NLS mutants are deficient in nuclear localization and
interactions with N protein in the nuclei.

We next evaluated the abilities of the M NLS mutants to suppress MR reporter mRNA
transcription. The M NLS mutants were transiently expressed in N. benthamiana leaves,
along with components required for (—)MR activity, and the GFP and RFP expression
levels were examined at 8 dpi by fluorescence microscopy. Despite having retained
partial nuclear localization and interaction with the N protein, neither the Mgaga nor the
Maaaa Protein had discernible inhibitory effects on MR reporter expression, as judged
by fluorescence imaging (Fig. 5C) and quantitative analyses of the numbers of fluores-
cent foci (Fig. 5D). As a positive control, the wild-type M protein markedly decreased
reporter expression (Fig. 5C and D). Western blot analysis of the protein samples
extracted from the infiltrated leaf tissues showed that the two M mutants, especially the
Maaaa Mutant, accumulated to higher levels than the wild-type M protein (Fig. 5D).
Therefore, the lack of inhibitory functions of the M NLS mutants was not a consequence
of reduced protein expression but likely was due to compromised M protein interac-
tions with the N protein in the nuclei that affect NC coiling.
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FIG 6 SIE activities of rSYNV and rSYNV M nuclear localization mutants. N. benthamiana leaves were
coinfected via agroinoculation with the virus pairs rSYNV-GFP and rSYNV-RFP, rSYNV-GFP and rSYNV-RFP-
Mgaras OF ISYNV-GFP and rSYNV-RFP- M aaa. Contiguous GFP and RFP foci in inoculated leaf tissues at
15 dpi were imaged by confocal microscopy to show fluorescence exclusion between the foci. The white
arrows indicate boundary cells expressing both GFP and RFP. Bar, 100 um.

rSYNV derivatives carrying the M NLS mutations are defective in SIE activities.
Having demonstrated that the M NLS mutants are unable to suppress viral transcrip-
tion, we next introduced these mutations into the rSYNV-RFP genome and tested the
abilities of the mutant viruses to inhibit superinfection by rSYNV-GFP. In these tests, N.
benthamiana leaves were agroinfiltrated to initiate coinfection of rSYNV-GFP and either
rSYNV-RFP, rSYNV-RFP-Mgagra, OF ISYNV-RFP Mpaaa- With all combinations, discrete
single-cell GFP and RFP foci were observed in infiltrated leaf tissues at 8 dpi, and the
foci spread to surrounding cells by 15 dpi. As expected, cells coexpressing GFP and RFP
were not observed at the margins of contiguous foci of the parental rSYNV-GFP/rSYNV-
RFP coinfections, indicating SIE activities. In contrast, superinfection was evident in
substantial numbers of the adjoining cells of merging foci of the rSYNV-GFP/rSYNV-
RFP-Mgara @nd rSYNV-GFP/rSYNV-RFP-M aaa combinations, as evidenced by yellow
fluorescence in these cells (white arrows in Fig. 6). In three independent experi-
ments, ~14% and ~17% of the boundary cells of adjacent foci were coinfected with
the rSYNV-GFP/rSYNV-RFP-Mgags and rSYNV-GFP/rSYNV-RFP-Maaa COmMbinations, re-
spectively. The numbers of superinfected cells in these combinations were only mod-
erately lower than the 25% found in the rSYNV-GFP/rSYNV-RFP-AM infections but were
much greater than the 1.5% coinfection rate in rSYNV-GFP/rSYNV-RFP infections (Table
1). From these data, we conclude that the ability of the M protein to suppress viral
transcription is essential for exclusion of superinfection by related SYNV derivatives.

DISCUSSION

Although the SIE phenomena have been extensively studied with many positive-
strand RNA viruses using a variety of methods and are known to be closely related to
the viral life cycle, the underlying mechanisms are just beginning to emerge (reviewed
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in references 61 and 62). However, our knowledge about SIE elicited by plant negative-
strand RNA viruses is particularly limited, and this is due in part to technical difficulties
associated with genetic engineering of this group of viruses (52). In the current study,
we used different fluorophore-tagged rSYNV variants to investigate their interactions in
the N. benthamiana model host. Our coinfection and sequential infection experiments
provide convincing evidence demonstrating that SIE/cross-protection occurs during
SYNV infections at both the cellular and organismal levels. To our knowledge, this study
represents the first demonstration of SIE for a negative-strand RNA plant virus.

SIE was documented for the animal rhabdovirus model, vesicular stomatitis virus
(VSV), 3 decades ago, and the results demonstrated that the VSV transmembrane G
protein is required for SIE and affects entry level processes (63). Further study has
shown that G protein expressed from preexisting VSV infections blocks receptor-
mediated endocytosis of secondary invasions by VSV strains (64). However, unlike
human/animal rhabdoviruses, plant viruses are not known to penetrate host cells
through a specific membrane surface receptor-mediated process, and their entry steps
are presumably facilitated by insect feeding or physical damage to the cell wall. In
addition, the SYNV G protein appears to be dispensable for cell-to-cell movement and
entry into distal cells (51). Therefore, the proposed VSV mechanism is unlikely relevant
to SYNV-triggered SIE, which probably occurs at postentry levels.

To narrow down possible viral SIE determinants, each of the SYNV proteins was
ectopically expressed in SYNV-infected leaves, and these experiments led to the
identification of the M protein as a specific inhibitor of SYNV local infections. A loss-of-
function approach employing analysis of the rSYNV-RFP-AM and rSYNV-RFP-M,, mutants
provided direct evidence for the involvement of the M protein rather than M mRNA in
eliciting SIE. Using a similar approach, CTV-encoded p33 has been previously found to
be a viral determinant of SIE because a CTV mutant with a deletion in the p33 gene
(CTVAp33) failed to protect infected plants against the same strain at the whole-plant
level (38, 39). Unlike the CTV p33 protein, which is dispensable for systemic infection
and movement (65), the rSYNV-RFP-AM mutant is defective in systemic infections but is
capable of localized infections (51). Therefore, we analyzed SIE between rSYNV-RFP-AM and
rSYNV-GFP in locally infected cells, and the results showed that rSYNV-RFP-AM was defi-
cient in SIE at the cellular level. Parallel experiments with the rSYNV-RFP-AG mutant failed
to demonstrate a role for the G protein in SIE; hence, the SYNV SIE mechanism differs from
the virus entry step proposed for VSV SIE.

In rhabdovirus particles, the matrix protein forms a bridge between the helical
nucleocapsid core and the transmembrane G protein (66-69). Studies with VSV and
other animal rhabdoviruses have shown that late in replication, the M protein coils gNC
into a compact structure similar to the bullet-shaped core observed in rhabdovirus
virion (70, 71). The condensed gNCs appear to be unable to function in mRNA
transcription because transcriptase activity is suppressed under in vitro and in vivo
conditions (55-58). Similar functions are likely shared by the M proteins encoded by
plant rhabdoviruses, considering their conserved genome structure and replication
strategy (49). Indeed, using a (—)MR system that can assemble with coexpressed core
proteins into gNC in vivo, we showed that ectopic expression of the SYNV M protein
inhibits reporter gene expression significantly.

We found that the SYNV M NLS mutants with weakened nuclear localizations were
unable to suppress MR reporter gene expression. These data suggest that NC conden-
sation and inhibition of transcription require high levels of the M protein in the nuclei
in which SYNV replication occurs. Consequently, rSYNV-RFP-Mgaga and rSYNV-RFP-
Maaan Were defective in exerting SIE, most likely because the cell nuclei infected by
these virus mutants lack sufficient amounts of M protein to initiate or maintain NC
coiling of the challenging secondary SYNV invaders. This hypothesis is supported by in
vitro VSV assembly/disassembly kinetics study, which has revealed that high M protein
concentrations favor NC-M complex formation, with a dissociation constant in the order
of 1 uM (72). An earlier VSV infection dynamics study indicated that virion assembly
begins ~2 h postinfection and peaks at ~4 to 6 h postinfection (73). During this period
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FIG 7 Working model to illustrate SYNV M protein-mediated SIE. Upon entry into the cells, genomic nucleocapsids (gNCs) liberated from virions of the primary
invader (shown in blue) are imported into the nuclei and initiate primary transcription of viral mRNAs (step 1). The primary mRNAs transcripts are exported to
the cytoplasm for synthesis of viral proteins (step 2). The newly synthesized N, P, and L core proteins are subsequently imported into the nuclei where they
form viroplasms and participate in secondary rounds of mRNA transcription and progeny antigenomic and genomic RNA replication and encapsidation to form
progeny NCs (step 3). The M protein is also imported into the nuclei but accumulates to relatively low levels during the early to intermediate stages of
replication owing to polar viral mRNA transcription. However, as cyclic waves of transcription and replication proceed (repeated steps 1 to 3), the accumulating
M protein begins to initiate gNC coiling and quenching of viral mMRNA transcription. Subsequently, coiled gNC cores interact with the carboxyl-terminal region
of the transmembrane G protein and bud through the inner nuclear envelope to form mature virions (step 4). Incoming gNCs released from secondary invaders
(shown in magenta) entering these cells are coiled or prevented from uncoiling by the abundant M proteins that have accumulated in the nuclei during the
later stages of primary infection (step 5). This NC sequestration process abrogates mRNA transcription by the secondary invaders and results in SIE.

of time, the concentration of intracellular M protein rises from about 1 to 30 uM (73),
a level sufficient to drive assembly of NC-M complexes (72). After the initial NC-M
complex formation, virion core assembly is further facilitated by driving forces provided
by cooperative M self-interactions. VSV M protein multimerizes at physiological NaCl
concentrations (74) and forms large aggregates assisted by nucleation sites near the
N-terminal region (75). Previous BiFC assays have also revealed that SYNV M protein
undergoes self-associations that appear as large punctuate subnuclear foci (76).
Combining knowledge about rhabdovirus replication cycles (49, 77) with the data
presented in this study, we propose an infection phase-associated regulatory mecha-
nism to explain SYNV SIE (Fig. 7). At the early to intermediate stages of replication
following primary infection, the M protein accumulates to relatively low levels, owing
to the progressive transcriptional attenuation signals present in each of the gene
junction sequences (49, 77). This results in lower M mRNA transcription levels that than
those of the 3" N, P, and sc4 genes. At these stages, the M protein may associate with
the newly formed gNCs but likely not in sufficient levels for complete NC condensation,
and infected cells permit additional cycles of replication and transcription and NC
accumulation. However, at later stages of SYNV replication when the M protein
accumulates in the nuclei to levels sufficient to trigger NC condensation, a transition
from replication to virion assembly occurs. At this stage, nuclei infected with a primary
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infecting SYNV strain will be actively engaged in nucleocapsid coiling, and incoming
gNCs released from secondary invading SYNV will not uncoil sufficiently to initiate new
infections. Consequently, cells supporting later stages of infection of the primary
infecting virus strain will no longer be permissive for productive replication by the
secondary invading virus (Fig. 7).

The SYNV cellular infection dynamics have not been characterized in detail, but
assuming that they are similar to those of VSV (73), the time window for superinfection
permission phase to superinfection exclusion phase can be in the range of a few hours.
Given the nonsynchronous nature of virus infections, two SYNV variants that have
entered the same cells are unlikely to initiate infection simultaneously or even within
a very short interval. Hence, cells with established infections by an earlier SYNV variant
would not permit reinfections by later arriving SYNV variants, and coinfections would
be manifested by spatial separation of two variants in adjacent foci. However, if
two variants do happen to initiate infections in the same cells within the permissive
window, superinfections are possible, as reflected by the small percentage (~1.5%) of
cells expressing both GFP and RFP fluorescence after coinoculations of rSYNV-GFP and
rSYNV-RFP (Table 1).

Our model resembles the TCV p28 model in that both models posit that a viral
protein concentration-dependent infection phase transition accounts for superinfec-
tion versus SIE. In the TCV model, accumulating p28 replication protein produced by
abundant progeny genomes transforms the infection cycle from a replication-active
state to a replication-repressive state (postreplication phase). This transition is initiated
by concentration-dependent p28 polymerization resulting in formation of large aggre-
gates that sequester newly synthesized p28 monomers, including those translated from
the secondary invading virus genomes (33). Another well-studied example of SIE in
plant viruses is the CP-mediated cross-protection described for TMV and several other
plant positive-strand RNA viruses (32, 42, 43, 78). It has been proposed that TMV
CP-mediated SIE involves multiple modes of interference, including preventing uncoat-
ing and/or blocking replicase assembly of the secondary invading virus genomes (42,
79, 80). With TMV, these activities require the ability of CP to assemble into large
aggregates by self-association and to bind viral RNA (81-83). Both the TMV SIE model
and our model postulate that that an abundant viral assembly factor (TMV CP and SYNV
M) produced during the late stages of primary infections is responsible for coating/
sequestering of viral infection units (i.e, TMV gRNAs and SYNV gNCs) of secondary
invaders to prevent superinfection. Therefore, it appears that SIE by different viruses
may involve different functions of specific viral proteins, but they all are manifested as
interference with the early infection stages of the secondary invading virus by the more
advanced stages involved in synthesis of the primary invading virus. Productive virus
infections require coordination of a chain of transient and sequential events including
uncoating, translation, replication, cell-to-cell movement, and virion assembly. (Note
that in the case of negative-strand RNA viruses, a transcription step precedes transla-
tion.) Transition from one phase to another often involves competition for viral proteins
or RNAs and may even result in termination of early events (84). Consequently,
secondary invaders entering previously infected cells face the challenge of coordinating
with existing infection stages to establish superinfections. In this sense, SIE can be seen
as a side effect caused by infection phase transitions.

MATERIALS AND METHODS

Plasmids and recombinant viruses. Plasmids used to recover rSYNV-GFP, rSYNV-RFP, rSYNV-RFPAM,
and rSYNV-RFPAG have been described in previous studies (51, 54). The PVX-GFP plasmid was con-
structed as described by van Wezel et al. (85). To engineer rSYNV-RFP variants with mutations in the M
gene, the AUG initiation codon of the M coding region was changed to a UAA stop codon by
site-directed mutagenesis to generate the M,,, mutant. Similarly, the M 23°RKRK233 nuclear import
residues were mutated to RARA or AAAA to generate the Mgapa and Maaa mutants. To introduce these
M mutations into the rSYNV-RFP genome, an F1 fragment containing a portion of the P gene was
amplified from the pSYNV-RFP plasmid by using the primer pair SYNV/P/Nhel/F (5'-AAGAGAAGGGGCT
AGCATGTC-3') and SYNV/Myaa/R (5'- GTATATACCTGCTTATCTGAAATACAATAGAGATAACCTTG-3'), and
an F2 fragment containing a portion of the M gene was amplified by using the primer pair SYNV/Man/F
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(5'-TAAGCAGGTATATACGCAGTTTCAA-3’) and SYNV/M/PmII/R (5'-CATCACGACTGACACGTGACCT-3'). The
two fragments were infused with Nhel and Pmll doubly digested pSYNV-RFP to generate pSYNV-RFP-
Muyna- A similar strategy was used to generate the pSYNV-RFP-Mg,pa and Myaaa Mmutants with the primers
SYNV/sc4/BstZ171/F (5'-GCAAGTACTTTGGTATACAAGAAAGG-3') and SYNV/G/BstZ17I/R (5'-TCTTGAATAC
TGGTATACTTATTCCCACA-3').

The genomic-sense SYNV MR plasmid [pSYNV-MRgp gepr (—)] was generated from the antigenomic-
sense minireplicon [MRgeppep (1) described by Ganesan et al. (59). Briefly, the MR sequence was
amplified by PCR with the MR/trailer/F (5'-CCGGTATCCCGGGTCAGAGACAAAAGCTCAGAACAATCC-3)
and MR/leader/R (5'-ATGCCATGCCGACCCAGAGACAGAAACTCAGAAAATACAATC-3') primers, and the re-
gion comprising the vector backbone, the hammerhead ribozyme, and hepatitis D virus ribozyme
sequences was amplified with the MR/backbone/F (5'-GGGTCGGCATGGCATCTCCACC-3’) and MR/back-
bone/R (5'-GACCCGGGATACCGGGTTTCGG-3') primers. The two fragments were circularized in the
presence of the In-Fusion enzyme mixture to generate the MR in the negative-strand orientation. This
was facilitated by 15-nt homologous sequences incorporated into the 5" ends of the primers (underlined
in the sequences).

To construct plasmids for transient expression of the M protein, the Myaa, Mgaga @nd the Maana
mutant proteins, as well as the sc4 protein, the cDNA sequences of these genes were amplified by PCR
using specific primers (these primer sequences will be made available upon request). The recovered PCR
products were then inserted into the pGD binary vector (86) by In-Fusion cloning (Clontech). The
pGD-CFP-M plasmid used for transient expression of the CFP-M fusion has been described previously (54)
and was used to generate the expression plasmids pGD-CFP-Mgags and pGD-CFP-Myaan-

To permit transient coexpression of the viral proteins and GFP, we first constructed a pGD-X/GFP
dual-expression vector. For this purpose, we linearized the pGD-GFP vector (86) by Mlul restriction
digestion. Then the region spanning the 35S promoter, the multiple cloning sites, and the Nos terminator
sequence in the pGD vector was amplified with the pGD/MIul 15 nt/F (5'-CGAATTAATTACGCGTCATGG
TGGAGCACGACACTCTCGT-3') and pGD/MIul 15 nt/R (5'-CTCCACCATGACGCGTCCCGATCTAGTAACATAG
ATGACA-3’) primers. The PCR product was designed to share a 15-nt homologous sequence (underlined)
with the ends of the linearized vector. An In-Fusion cloning mixture (Clontech) was used to assemble the
PCR product and the linearized vector in vitro. The coding sequences of the SYNV N, P, sc4, M, and G
genes were amplified by PCR and individually inserted into the Xbal restriction site of pGD-X/GFP to
generate the respective dual-expression plasmids.

To construct the BiFC vectors, the coding sequences of the N protein, the wild-type M protein, and
the M mutants were fused to the N-terminal and C-terminal fragments of the enhanced YFP gene in the
P2YN and p2YC vectors (87) by a procedure similar to that of Sun et al. (54).

Agroinfiltration and agroinfection assays. SYNV minireplicon assays were carried out by infiltration
of N. benthamiana leaf tissues with Agrobacterium tumefaciens strains to deliver the pSYNV MRgep gep
plasmid, the pGD-NPL plasmid, and the p19, yb, and P1/HC-Pro viral suppressors of RNA silencing (VSR)
expression plasmid, as described previously (51, 88). In addition, agrobacterial strains containing indi-
vidual plasmids for expression of wild-type or mutated M proteins or of the sc4 protein were mixted with
the above-mentioned mixtures at a ratio of 1:6 (vol/vol) with a total optical density (OD) Aq,, of 0.7.
Infiltrated leaves were observed under a fluorescence microscope at 8 days postinfiltration (dpi) to test
their effects on reporter gene expression. PVX-GFPAp25 replicon assays were conducted similarly, with
the exception that A. tumefaciens strains harboring PVX-GFPAp25 were diluted 250-fold and mixed in a
1:1:1 ratio with Agrobacterium cultures containing the three viral VSR plasmids (p19, yb, and P1/HC-Pro)
(OD Agpo = 0.6) and the SYNV M protein (OD Ag,q = 0.3).

SYNV agroinfection assays were conducted similarly to the minireplicon agroinfiltration assays (59),
except that agrobacterial strains harboring the pSYNV-RFP or pSYNV-GFP derivatives were substituted for
strains carrying the pSYNV MR¢pp gep Plasmid. To test SIE in mixed agroinfection experiments, agrobac-
terial strains harboring the pSYNV-RFP and pSYNV-GFP derivatives were mixed in equal volumes prior to
infiltration. Infiltrated leaves were observed with a fluorescence microscope at 15 dpi, and the numbers
of cells at the boundaries of the foci showing both GFP and RFP were counted. To assess the effects of
overexpressed SYNV proteins on the localized spread of rSYNV-RFP, A. tumefaciens strains individually
harboring pGD plasmids for expression of the SYNV N, P, sc4, M, or G protein were added to the
agroinfection mixtures at ratios of 1:9 (vol/vol) with a total OD A, of 0.7. Infiltrated leaves were observed
with a fluorescence microscope at 8 dpi and subsequently at 12 dpi, and the numbers of cells in each RFP
focus were counted.

To assess the effects of the SYNV M protein on the localized movement of PVX-GFP, A.
tumefaciens EHA 105 strains harboring PVX-GFP (OD A4, = 1.0) were diluted 1,000-fold and mixed
in a 1:1:1 ratio with Agrobacterium cultures containing the three viral VSR plasmids (p19, yb, and
P1/HC-Pro) (OD Agy, = 0.6) and the SYNV M protein (OD Aqo, = 0.3). The areas of PVX-GFP infection
foci at 6 dpi were measured by LSM software Zen 2012 (Carl Zeiss, Germany).

Mechanical transmission. SYNV mechanical transmission was carried out as previously described
(89). Briefly, young emerging N. benthamiana leaves (~2 g) systemically infected with the SYNV
derivatives were ground with 5-ml of cold (~4°C) inoculation buffer containing 5% sodium sulfite
(grams/liter) and 2% Celite (grams/liter), and the resulting brei was gently rubbed by hand onto young
expanded leaves of 6- to 8-week-old N. benthamiana plants. The inoculated plants were placed in growth
chambers under the environmental conditions described above.

Protein analysis. Total protein samples separated by 12% SDS-PAGE were stained with Coomassie
blue or transferred to nitrocellulose membranes and detected with polyclonal antibodies specific to
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disrupted SYNV virions (90) or the sc4 protein (50). In some cases, the membranes were stripped and

reprobed with GFP and RFP monoclonal antibodies (Abcam, Cambridge, UK).
BiFC. BiFC plasmids were introduced individually into A. tumefaciens EHA105 strains by electropo-

ration. Equal volumes of bacterial cultures (Ao, = 0.5) harboring the p2YN- and p2YC-based plasmids
were mixed and infiltrated into leaves of transgenic N. benthamiana plants expressing the RFP-histone
2B reporter protein (RFP-H2B) (91). YFP and RFP signals were visualized at 36 to 48 h after infiltration into
expanded leaves and captured by Zeiss 780 confocal microscopy (Carl Zeiss, Germany).

Fluorescence microscopy and confocal laser scanning microscopy. An epifluorescence micro-

scope (Zeiss SteREO Lumar V12) was used to visualize SYNV MR fluorescent foci and to determine the
movement of rSYNV derivatives and PVX-GFP in infiltrated leaf tissues and systemically infected leaves.
Fluorescence in N. benthamiana leaves was captured with a Lumar 31 filter set for RFP detection
(excitation, 565/30 nm; emission, 620/60 nm) and a Lumar 38 filter set for GFP detection (excitation,
470/40; emission, 525/50). High-resolution visualization of the fluorescent proteins was performed with
a Zeiss 780 confocal microscope. GFP, RFP, YFP, and CFP fluorescence was excited with the 470-, 545-,
488-, and 405-nm laser lines, respectively. For coinfection experiments using recombinant virus deriva-
tives expressing GFP or RFP, a series of 7 to 11 z-stacks were acquired using a 20X objective (NeoFluor
air objective; numerical aperture [NA], 0.50[ Zeiss]), spanning approximately 18 to 30 um in the z
dimension, with a 3-um step size. All images were processed with LSM software Zen 2012 (Carl Zeiss,
Germany).

Northern hybridization. Total RNA was isolated from infiltrated regions of N. benthamiana leaves

using TRIzol reagent (TaKaRa, Dalian, China), resolved in 1.5% agarose-formaldehyde gels and probed
with a digoxin-labeled complementary GFP oligonucleotide probe (5'-CCTCGAACTTCACCTCGGCGCGG
GTCTTGTAGTTGCCGTCGTCCTTGAAGAAGATGGTG-3') (Invitrogen, Shanghai, China). The blots were de-
veloped with horseradish peroxidase-conjugated anti-digoxin antibody and chemiluminescent sub-
strates available in a DIG High Prime DNA Labeling and Detection Starter Kit Il (Roche Diagnostics, Basel,
Switzerland) and imaged using an ImageQuant LAS 4000 Mini biomolecular imager instrument (GE
Healthcare, Little Chalfont, United Kingdom). To generate RNA size markers for GFP and MR, we amplified
the cDNAs using the primer pair T7GFPF (5'-TAATACGACTCACTATAGGGATGGTGAGCAAGGGCGAGGA-3')
and GFPR (5'-TTACTTGTACAGCTCGTCCATGC-3') and the pair T7MRF (5’-TAATACGACTCACTATAGAGAG
ACAGAAACTCAGAAAATACAATC-3") and MRR (5'-AGAGACAAAAGCTCAGAACAATCC-3'), respectively.
The forward primers contained the T7 promoter positioned at the 5'terminus (underlined), and the PCR
products were transcribed in vitro by T7 RNA polymerase as described previously (88).
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