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SUMMARY

Nucleorhabdoviruses such as Sonchus yellow net virus
(SYNV) replicate in the nuclei and undergo morphogenesis at
the inner nuclear membrane (IM) in plant cells. Mature parti-
cles are presumed to form by budding of the Matrix (M)
protein-nucleocapsid complexes through host IMs to acquire
host phospholipids and the surface glycoproteins (G). To ad-
dress mechanisms underlying nucleorhabdovirus budding, we
generated recombinant SYNV G mutants containing a trun-
cated amino-terminal (NT) or carboxyl-terminal (CT) domain.
Electron microscopy and sucrose gradient centrifugation
analyses showed that the CT domain is essential for virion
morphogenesis whereas the NT domain is also required for
efficient budding. SYNV infection induces IM invaginations
that are thought to provide membrane sites for virus budding.
We found that in the context of viral infections, interactions
of the M protein with the CT domain of the membrane-
anchored G protein mediate M protein translocation and IM
invagination. Interestingly, tethering the M protein to endo-
membranes, either by co-expression with a transmembrane G
protein CT domain or by artificial fusion with the G protein
membrane targeting sequence, induces IM invagination in
uninfected cells. Further evidence to support functions of
G-M interactions in virus budding came from dominant nega-
tive effects on SYNV-induced IM invagination and viral infec-
tions that were elicited by expression of a soluble version of
the G protein CT domain. Based on these data, we propose
that cooperative G-M interactions promote efficient SYNV
budding.

Keywords: budding, glycoprotein, matrix protein, nuclear
membrane invagination, nucleorhabdovirus, plant rhabdovirus,
sonchus yellow net virus
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INTRODUCTION

Budding processes are final events that are critical for the life cy-
cles of enveloped viruses. During this phase, viruses bud into host
membranes containing viral glycoproteins (G proteins) and host lip-
ids to provide envelopes that function during entry into new cells.
Without competent budding, enveloped viruses often undergo
abortive infections and fail to release mature infectious virions.

The budding mechanisms of animal rhabdoviruses have been
studied extensively with the prototype members Vesicular
stomatitis virus (VSV) and Rabies virus (RV). Rhabdoviruses
represent one of the most diverse families of enveloped viruses
with negative stranded RNA genomes that are mostly monopar-
tite, although some viruses with bipartite genomes are included
in the family (Dietzgen et al., 2017). Members in the family
Rhabdoviridae infect a broad range of hosts including verte-
brates, invertebrates, and plants (Dietzgen et al., 2017; Jackson
et al., 2005). All rhabdoviruses encode at least five conserved
proteins, the nucleoprotein (N), the phosphoprotein (P), the
matrix protein (M), the transmembrane spike glycoprotein (G),
and the ‘large’ RNA dependent RNA polymerase protein (L). A
general model outlining several steps in animal rhabdovirus mor-
phogenesis has been proposed (Dancho et al., 2009; Finke and
Conzelmann, 1997; Luan et al., 1995; Lyles, 2013; Mebatsion
et al, 1996, 1999; Okumura and Harty, 2011; Robison and
Whitt, 2000; Simons and Garoff, 1980): (i) Nucleocapsids (NCs)
are formed in the cytoplasm by binding of N, P, and L proteins
to nascent viral antigenomic (ag) and genomic (g) RNAs. (ii)
During the intermediate to late stages of replication, accumu-
lating M proteins condense the gNCs into tightly coiled compact
structures. (jii) Simultaneously plasma membrane budding sites
containing inserted G proteins begin to accumulate. (iv) The
condensed gNCs are recruited to budding sites via interactions
with viral and host proteins. (v) The gNCs undergo envelopment
at the budding sites to form bullet-shaped virions that are
released from plasma membrane into the surrounding media
(Jayakar et al., 2004).
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In this general model, the M protein is considered to be a
primary factor regulating animal rhabdoviruses budding. It has
been reported that temperature-sensitive M mutants of VSV pro-
duce low levels of virions at the restrictive temperature (Lyles
et al., 1996). Moreover, direct evidence of the importance of M
in virus budding was provided in RV infections with a recombi-
nant M protein deletion mutant in which the mutant virus bud-
ding was reduced by 500,000-fold compared with wild-type RV
(Mebatsion et al., 1999). In addition to the M protein, the G
protein also has an important role in RV and VSV budding. When
recombinant RV or VSV G deletion mutants were rescued in cells,
the budding efficiency was reduced by approximately 30-fold
compared to the respective wild-type viruses, but typical bullet-
shaped virions were still observed in infected cells (Mebatsion
et al., 1996; Schnell et al., 1997). These results indicate that
the G protein is important, but is not the primary determinant
specifying animal rhabdovirus morphogenesis.

Budding of plant rhabdovirus particles has also been ob-
served in infected plant and insect vector cells (Jackson et
al., 1987; McDaniel et al., 1985; Van Beek et al., 1985) and
the morphogenesis sites have been used to separate the
monopartite members into the Nucleorhabdovirus and
Cytorhabdovirus genera (Dietzgen et al., 2017; Jackson et
al., 2005). Transmission electron microscopy (TEM) analyses sup-
port the hypothesis that during nucleorhabdovirus morphogen-
esis, condensed NCs bud through the inner nuclear membrane
(IM) followed by release of enveloped bacilliform virus particles
into perinuclear spaces (Ismail et al., 1987; Martins et al., 1998;
Van Beek et al., 1985). In the case of two most extensively stud-
ied nucleorhabdovirus, Sonchus yellow net virus (SYNV)
and Potato yellow dwarf virus (PYDV), infections result
in invagination of the IM into the nucleus, which is thought to
be a precondition for virus budding (Goodin et al., 2007, 2005;
Martins et al., 1998). Although budding and envelopment pro-
cesses of plant rhabdoviruses have been observed for more than
30 years, the mechanisms underlying these processes are poorly
understood, compared with those of RV and VSV (Lyles, 2013;
Okumura and Harty, 2011).

Recently, we established a reverse genetic system for SYNV
that permits studies of nucleorhabdovirus replication and mor-
phogenesis, and preliminary studies of a G protein deletion
mutant suggested that NCs participate in cell-to-cell and vas-
cular movement, but that the mutant virus undergoes aberrant
morphogenesis (Wang et al., 2015). To further investigate SYNV
morphogenesis, we have conducted an analysis of recombinant
SYNV (rSYNV) G protein mutants and interactions with the M
protein. Based on our results, we propose a revised model for
plant nucleorhabdovirus budding requiring interactions between
the M protein and the G protein carboxyl (C)-terminal tail (CT)
domain. These interactions are envisioned to mediate transloca-
tion of the M protein from the nucleoplasm to the IM, elicitation
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of nuclear membrane invagination, and promotion of SYNV
budding.

RESULTS

Rescue and phenotypic properties of rSYNV G protein
mutants

Sequence predictions by Protter software (https://wlab.ethz.
ch/protter) (Omasits et al., 2014) have shown that the SYNV
G protein is a 632-amino acid (aa) transmembrane protein con-
sisting of a 23-aa signal peptide (SP) preceding a 536-aa amino
(N)-terminal (NT) luminal domain, a 25-aa transmembrane (TM)
domain and a 48-aa CT domain (Fig. 1A, top panel). The SP is
thought to be cleaved by signal peptidases during translation
and translocation to the endoplasmic reticulum (ER) to yield a
“mature” G protein consisting of the NT, TM and CT domains
that is inserted into ER membranes and the contiguous nuclear
envelope (Goodin et al., 2007, 2005; Martins et al., 1998).

To map the G protein domains involved in plant infection and
morphogenesis processes, we first engineered an SYNV reporter
virus (rSYNV-RFP) in which a red fluorescence protein (RFP) gene
flanked by a duplicated N/P gene junction transcriptional cis-
elements was inserted between the N and P genes to permit viral
replication and movement to be tracked by RFP expression. The
G protein gene from rSYNV-RFP was next deleted to produce the
rSYNV-RFP-AG plasmid, and we also constructed rSYNV-RFP-G,;
and rSYNV-RFP-G, mutants in which the G protein CT and NT do-
mains were deleted, respectively (Fig. 1A). The rSYNV derivatives
were recovered by infiltration of Nicotiana benthamiana
leaves with Agrobacterium tumefaciens mixtures harbor-
ing each of the antigenome transcription plasmids along with
plasmids for expression of the SYNV N, P and L core proteins, and
viral suppressors of RNA silencing (Wang et al., 2015).

Agroinfiltrated regions of the N. benthamiana leaves were
evaluated for rescue of rSYNV derivatives by fluorescence micros-
copy observations of RFP accumulation. RFP foci were observed
in single cells by 8 dpi, and the fluorescence subsequently spread
into adjacent mesophyll and vascular cells of the leaves at 14 dpi
(Fig. 1B, top panel). Areas of 20 fluorescent foci were measured
for each rSYNV derivative and the mean sizes were calculated to
determine the cell-to-cell movement rates. The data revealed that
rSYNV-RFP (0.393 + 0.093 mm?) and rSYNV-RFP-G.; (0.408 +
0.091 mm?) had similar localized rates of movement, which are
~ 2- to 2.4-fold higher than those of the rSYNV-RFP-AG (0.170 +
0.025 mm?) and rSYNV-RFP-Gy; (0.186 + 0.038 mm?) mutants.
The differences in localized movement correlated with the
proportion of plants developing visual systemic symptoms. By
36 dpi, systemic symptoms appeared in 33 of 150 rSYNV-RFP
agroinfiltrated plants (22%), and on 35 of 150 rSYNV-RFP-G;
infiltrated plants (23.3%), but only approximately 3% of rSYNV-
RFP-AG (5/180) and rSYNV-RFP-G; (5/150) infiltrated plants

© 2018 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2018)
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Fig. 1 In planta rescue and characterization of recombinant SYNV (rSYNV) glycoprotein (G) mutants from cloned cDNAs. (A) Schematic representation of

the G protein domains and mutants. The G protein domains and amino acid positions are indicated. The scissors symbol represents the predicted signal peptide
cleavage site. SP: signal peptide sequence; NT: N-terminal domain; TM: transmembrane domain; CT: C-terminal domain. (B) Infection of Nicotiana benthamiana
plants with rSYNV-RFP derivatives. Top panels: RFP patterns in agroinfiltrated leaves at 14 days post infiltration (dpi). (Scale bar = 200 um). Middle panels: RFP
expression patterns in systemically infected leaves at 35 dpi. (Scale bar = 1 mm). Bottom panels: Typical systemic symptoms including stunting and vein clearing in
infected N. benthamiana plants at 35 dpi. (C) Western blot analyses of upper uninoculated leaf extracts with antibodies against disrupted SYNV virions, G, and
RFP proteins. The bottom panel shows the Rubisco large subunit used as a loading control. The positions of SYNV structural proteins are indicated along the right
side of the gel and the position of Gy, is indicated with an asterisk. [Colour figure can be viewed at wileyonlinelibrary.com]

developed systemic symptoms. Regardless of the different sys-
temic infection levels, all plants infected by the SYNV G mutants
exhibited symptoms similar to those of the SYNV-RFP infections
(Fig. 1B, bottom row).

The different localized movement rates of the rSYNV deriv-
atives also correlated with their systemic invasiveness in the
upper leaf tissues as assessed by RFP fluorescence patterns.
The rSYNV-RFP- and rSYNV-RFP-G_-infected upper leaves ex-
hibited extensive fluorescence in the veins and in mesophyll
tissues surrounding the veins. However, fluorescence from the

rSYNV-RFP-AG and rSYNV-RFP-Gy; mutants was mostly con-
fined to the veins of the systemic infected leaves (Fig. 1B, middle
row). The mutant infections were confirmed by immunoblotting
of systemically infected leaf extracts with antibodies raised
against disrupted SYNV particles, G protein, or RFP (Fig. 1C). As
expected, G protein bands were detected in leaf tissue infected
by rSYNV-RFP, but not rSYNV-RFP-AG (Fig. 1C, left panels), and
the rSYNV-RFP-G,; infected tissue contained a rapidly migrating
G protein band that correlates with the 48-aa CT domain dele-
tion (Fig. 1C, right panel; Note the asterisk identifying the G

MOLECULAR PLANT PATHOLOGY (2018) © 2018 BSPP AND JOHN WILEY & SONS LTD



protein). However, G protein-specific bands were not observed
in the rSYNV-RFP-G, extracts (Fig. 1C, middle panel), probably
due to the lack of polyclonal antibodies targeting the G protein
CT domain during immunization.

These data are consistent with our previously report indi-
cating that the glycoprotein is dispensable for systemic SYNV
infection, but contributes in undefined ways to cell-to-cell move-
ment (Wang et al., 2015). Because rSYNV-RFP and rSYNV-RFP-
G have greater cell-to-cell efficiencies and systemic infection
rates than the rSYNV-RFP-AG and rSYNV-RFP-G; mutants, the
results suggest that the CT domain has an important role in facil-
itating SYNV cell-to-cell transport and pathogenesis.

CONTRIBUTIONS OF THE G PROTEIN NT AND
CT DOMAINS IN SYNV MORPHOGENESIS

Our previous studies have shown that the G protein is required
for morphogenesis of enveloped SYNV particles (Wang et al.,
2015). To assess the G protein domains involved in this process,
we investigated morphogenesis of the rSYNV-RFP, rSYNV-RFP-
Gy, ISYNV-RFP-G; and rSYNV-RFP-AG virions in thin sections
of infected leaf cells by TEM (Fig. 2A). Tissue sections from
rSYNV-RFP infected plants contained enlarged nuclei and bacil-
liform particles of ~72 nm in diameter. These particles appeared
to accumulate in membrane spherules within the nuclei that are
believed to be derived from the invaginated IM (Fig. 2A; upper
left panel, red arrows). However, although the rSYNV-RFP-AG
infected cells also had abnormally enlarged nuclei, only smaller
virus-like particles (~52 nm in diameter) that are typical of nucle-
ocapsids were scattered throughout the nuclei (Fig. 2A; upper
middle panel). The nuclear pathology and nucleocapsid sized
particles (~53 nm diameter) were observed in the rSYNV-RFP-
Gy infected cells (Fig. 2A, upper right panel). In the case of
rSYNV-RFP-G,, infections, most of the particles had diameters
similar to nucleocapsids (Fig. 2A, bottom left panel), but par-
ticles with size similar to mature virions were also occasionally
observed within membrane spherules in some tissue sections
(Fig. 2A, bottom middle panel). Of those that were subjected
to careful measurement, 20 of the smaller particles had diam-
eters of 54.4 + 1.9 nm, and 10 of the 11 larger particles detected
were similar in size (73.3 + 2.4 nm diameter; n = 10) to those of
rSYNV-RFP particles. Our interpretation of these results is that a
small proportion of the rSYNV-RFP-G; nucleocapsids are able to
complete morphogenesis.

To determine the sedimentation rates of viral particles in cells
infected with the rSYNV-RFP derivatives, we subjected system-
ically infected tissue extracts to centrifugation through 5% to
30% continuous sucrose gradients. Twelve fractions recovered
from the gradients were analyzed by western blotting with SYNV
antibodies (Fig. 2B). After centrifugation, we expected that sol-
uble proteins and nucleocapsids, which have sedimentation
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coefficients between 200 to 250 Szo,w (Jackson, 1978), would be
located within fractions near the top of the gradient, whereas
virions estimated to be about 1050 Szo,w (Jackson and Christie,
1977) would sediment in fractions near the bottom of the gradi-
ent. In tissues infected with rSYNV-RFP, the highest concentra-
tions of the N and P core proteins were located in the top fractions
(1 to 4), but the G and M proteins were enriched in fractions 9
and 10 that also contained substantial amounts of the N proteins
and smaller amounts of the P proteins (Fig. 2B, top left panel).
The L proteins were barely detectable due to low abundance. As
anticipated, the presence of virions in fraction 9 was confirmed
by TEM (Fig. 2C). In contrast, rSYNV-RFP-AG structural proteins
were mostly present in fractions 1 to 4 and the sedimenting G and
M proteins characteristic of virion components were absent in the
bottom gradient fractions (Fig. 2B, bottom left panel). The lack of
virions in fractions 9 and 10 was also confirmed by TEM (data not
shown). Similar results were obtained in both the rSYNV-RFP-G,;
and rSYNV-RFP-G; infections, suggesting that morphogenesis
was either abrogated or greatly reduced. Alternatively, envel-
oped particles may have been produced in plants but were not
sufficiently stable to withstand the sample preparation process.
These results verify that the G protein is required for morphogen-
esis of stable SYNV particles, and suggests that the CT domain is
required for virion formation, and that the NT domain contributes
to efficient budding.

Nuclear envelope invagination in SYNV infections
requires both the M and G proteins

Fluorescence in N. benthamiana "16¢" plants constitutively
expressing a GFP gene is targeted to the ER (ER:GFP) by fu-
sion with an SP sequence and the HDEL ER-retention sequence
(mGFP5; Haseloff et al., 1997), and is not present in the nuclei
of uninfected cells (Goodin et al., 2005). In contrast, in 16¢ cells
infected with the nucleorhabdoviruses SYNV and PYDV, GFP foci
are frequently observed in the nuclei in apparent association
with viroplasm sites that support replication of the two viruses
(Goodin et al., 2007, 2005). To determine the viral protein(s)
responsible for induction of nuclear membrane invagination, we
infected 16¢ plants by agroinfiltration with rSYNV-RFP or rSYNV-
RFP-AG, or the sc4 movement protein (rSYNV-RFP-Asc4) or
the M (rSYNV-RFP-AM) deletion mutants (Wang et al., 2015).
Confocal microscopy at 14 dpi revealed that the rSYNV-RFP de-
rivatives replicated in the 16¢ agroinfiltrated leaves as indicated
by RFP fluorescence (Fig. 3, upper panels). As anticipated from
previous studies (Goodin et al., 2005), rSYNV-RFP infection re-
sulted in intense intranuclear accumulation of GFP foci, as did
the rSYNV-RFP-Asc4 mutant (Fig. 3B, middle panels). In marked
contrast, leaves agroinfiltrated with the rSYNV-RFP-AM and the
rSYNV-RFP-AG mutants were similar to those of mock infiltrated
cells by exhibiting green fluorescent around the nuclear periphery

© 2018 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2018)
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Fig. 2 The G protein CT domain is required for maturation of SYNV virions. (A) Budding of rSYNV-RFP and derived mutants. Thin sections of systemically
infected N. benthamiana leaves at 35 dpi were observed by transmission electron microscopy. The enlarged rectangles show mature virions (~72 nm
diameter) or nucleocapsid core particles (~52 nm diameter). Red arrows in the rSYNV-RFP and rSYNV-RFP-G, panels show the invaginated inner nuclear
envelope surrounding the mature virions. C: core; V: virion; Vp: viroplasm; IM: inner nuclear membranes; M: mitochondria; Ch: chloroplast. Scale bar = 1 pm. (B)
Sedimentation of SYNV structural proteins extracted from N. benthamiana plants infected with rSYNV-RFP and mutant derivatives. Systemically infected leaf
extracts recovered at 35 dpi were centrifuged in continuous 5%-30% sucrose gradients to separate low molecular weight proteins and nucleocapsid cores from
virions. Twelve fractions of 1.0 mL each were recovered and analyzed by Western blotting with SYNV polyclonal antibodies. (C) Bacilliform particles in negative
stained gradient fraction 9 from the SYNV-RFP preparations. Scale bar = 200 nm. [Colour figure can be viewed at wileyonlinelibrary.com]

and cytosolic membranes, but not within the nuclei. To obtain
additional information relevant to the requirements for the G pro-
tein CT and NT domains for IM invagination, we agroinfiltrated
16¢ leaves with the rSYNV-RFP-G,; and rSYNV-RFP-G_ deriva-
tives. The results show that membrane invagination associated
with the rSYNV-RFP-G,; mutant is minimal, but that fluorescence
patterns elicited by the rSYNV-RFP-G; mutant more closely re-
sembles those associated with rSYNV-RFP infections (Fig. 3).

To summarize, these results verify and extend previous results
(Goodin et al., 2007, 2005 ) by showing that the sc4 protein
has minimal, if any direct effects, on IM invagination. In contrast,
both the M protein and the G protein CT domain are required
for extensive invagination of the nuclear envelope during SYNV
infection. Moreover, the consistent levels of expression of RFP
from the viral genome suggests that invagination per se has an
insignificant role in SYNV replication and gene expression.

MOLECULAR PLANT PATHOLOGY (2018) © 2018 BSPP AND JOHN WILEY & SONS LTD
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RFP

ER:GFP

Fig. 3 The M protein and the G protein CT domain are required for SYNV induced inner nuclear membrane invagination. Leaves of 16¢ transgenic N.
benthamiana plants expressing the ER:GFP maker were agroinfiltrated with mixtures required for recovery of rSYNV-RFP and each of the indicated deletion
derivatives. The infected cells and cells of a mock treated plant at 14 dpi were examined under confocal microscope. White arrows indicate the invaginated
ER:GFP foci. Scale bar = 10 um. [Colour figure can be viewed at wileyonlinelibrary.com]

Co-expression of the SYNV M protein and the
G protein CT domain elicits nuclear membrane
invagination in uninfected cells

The results in Fig. 3 do not exclude the possibility that viral fac-
tors other than the M protein and the G protein may also be
involved in elicitation of IM invagination during SYNV infection.
To address this issue, we fused a cyan fluorescent protein (CFP)
tag to the N-terminal of the M protein (CFP:M) (Fig. 4A). As
shown previously (Goodin et al., 2007; Martin et al., 2009),
the CFP:M fusion is targeted to the nuclei and co-localizes with
the nucleoplasm marker, RFP-histone 2B (RFP:H2B) (Supporting
Information Fig. S1A, top panels). In addition, the G, G, and
G proteins, as well as the Gy, protein mutant in which both
the NT and CT domains were deleted, were tagged with mCherry
to determine subcellular localization of the proteins and their
effects on membrane invagination. Note that the mCherry tags
were fused immediately downstream of the predicted SP in order
to preserve the membrane-targeting signal of the fusion proteins
(Fig. 4A). Confocal microscopy showed that the mCherry:G fu-
sion protein and the deletion derivatives all co-localized with the
ER:GFP signal in cytoplasmic endomembranes and around the
nuclear envelope (Supporting Information Fig. S1C). Membrane
flotation assays also revealed that the mCherry:G and the dele-
tion derivatives floated to the 65% sucrose interface fractions
in discontinuous gradients that contained the membrane marker
PIP2A-DsRed, whereas the soluble GFP protein equilibrated in
the 72% interface fractions (Supporting Information Fig. S1D).
As anticipated from a previous study (Goodin et al., 2007),

expression of either CFP-M or each of the mCherry:G derivatives
alone failed to induce pronounced intranuclear accumulation of
ER:GFP (Supporting Information Fig. S1B,C).

We next co-expressed CFP:M with each of the mCherry:G de-
rivatives in N. benthamiana 16c leaves. As showed in Fig. 4B,
co-expression of the CFP:M and the mCherry:G protein failed to
induce membrane invaginations into the nuclei, and similar results
were also observed in cells expressing the CFP:M and mCherry:G,;
or mCherry:Gy,, proteins. Unexpectedly, however, co-expression of
the CFP:M protein with mCherry:G, formed intranuclear punctate
GFP foci that appear to be similar to those elicited during SYNV
infection. The CFP:M protein, which has a nuclear localization when
expressed alone (Fig. 4B, top row), shifted to co-localize with invag-
inated ER-GFP and mCherry:G (Fig. 4B, the fourth row; indicated
by white arrows). Cell counts showed that 64% of the infiltrated
cells contained nuclear membrane invaginations. However, west-
ern blot analyses revealed that the mCherry:G_; was expressed at
considerable higher levels than mCherry:G (Fig. 4C), which could
explain the failure of co-expressed mCherry:G and CFP:M proteins
to induce membrane invagination. Alternatively, it is possible that
the NT domain may have an as yet unidentified role in down-
regulating nuclear membrane invagination.

Interactions with the G protein CT domain redirect
the M protein from the nucleoplasm to invaginated
nuclear membranes

In SYNV infected plant cells, the G and M proteins are
co-localized at invaginated IM (Goodin et al., 2007, 2005;

© 2018 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2018)
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Schematic representation of the fluorescent protein fusions of the M and G protein derivatives. Dotted lines indicate regions deleted from the G protein. The G
protein symbols were described in the Fig.1 legends. (B) Subcellular localization of the ER:GFP maker after transient expression of the CFP:M and mCherry:G
fusion derivatives. Confocal images of the nuclear membranes of N. benthamiana 16¢ plant cells showed that IM invaginations (indicated by white arrows) are
present only in cells co-expressing the CFP:M and mCherry:G; proteins. Scale bars = 10 um. (C) Western blot analyses of the expression levels of the mCherry:G
fusion derivatives. The stained Rubisco large subunit was used as a loading control. [Colour figure can be viewed at wileyonlinelibrary.com]

Martin et al., 2009). To explore the relationships of M protein
relocalization and IM invagination, CFP:M was expressed by
agroinfiltration into leaves of N. benthamiana 16c plants
that had been infected by rSYNV derivatives and subcellular
locations of the ER:GFP marker and the CFP:M fusion proteins
were evaluated by confocal microscopy. The results shown in
Fig. 5A reveal that in rSYNV and rSYNV-G infected cells, the
CFP:M protein forms punctate foci in the nuclei that co-localize
with ER:GFP-labeled invaginated IM. As a negative control,
the unfused CFP was found to distribute uniformly through-
out the nucleoplasm in rSYNV infected cells even though the
intranuclear ER:GFP foci from the 16¢ plants indicated IM
invagination. Careful examination of the fluorescent signals
indicated that the CFP:M protein is recruited to the periphery
of the invaginated ER:GFP inclusions. In contrast, fluorescence
from the CFP:M protein was completely localized within the
nucleoplasm in rSYNV-G,; and rSYNV-AG infected nuclei,
which lack pronounced intranuclear ER:GFP accumulation.
These results suggest that the G protein CT domain is critical

for redistribution of the M protein from the nucleoplasm to
invaginated IM regions. In addition, these data also reveal a
correlation between M protein relocalization and induction of
membrane invagination.

We next tested interactions of the M protein with the G protein
derivatives by bimolecular fluorescence complementation (BiFC)
assays in leaves of transgenic N. benthamiana plant express-
ing the H2B:CFP protein. In these experiments, co-expression
of the M protein fusions to the N-terminal fragment of yellow
fluorescence protein (YFP) (M:YFPY) with the G protein fusions
to the C-terminal fragment of YFP (G:YFPS) in H2B-CFP leaf cells
resulted in strong YFP foci in the cytoplasm and the nuclear pe-
riphery (Fig. 5B, top row). Similar YFP patterns were observed
when M:YFPN and mCherry:GCT:YFPC were co-expressed in leaf
cells (Fig. 5B, the third row). However, as expected, CFP:M failed
to interact with mCherry:G; or mCherry:Gy,, (Fig. 5B, the sec-
ond and forth rows). These data indicate that the G protein CT
domain interacts with the M protein in vivo and redirects it to
IM surfaces where invagination occurs.

MOLECULAR PLANT PATHOLOGY (2018) © 2018 BSPP AND JOHN WILEY & SONS LTD



ER:GFP Merge

CFP:M

CFP

rSYNV

rSYNV-G; FSYNV-Gy,
CFP:M CFP:M CFP

rSYNV-AG
CFP:M

Matrix-glycoprotein in nucleorhabdovirus budding 2295

B BiFC

Fig.5 Requirement of the G protein CT domain for interactions with the M protein and translocation to invaginated membranes. (A) Localization of CFP:M in
rSYNV, rSYNV-G, p, rSYNV-G, and rSYNV-AG infected nuclei. Upper symptomatic leaves of 16¢ N. benthamiana plants infected by rSYNV derivatives were
agroinfiltrated for expression of the CFP or CFP:M proteins and examined by confocal microscopy at 48h post infiltration (hpi). The white arrows indicate the
invaginated ER:GFP foci. Scale bar = 10 um. (B) Bimolecular fluorescence complementation (BiFC) analysis of the G-M protein interactions. YFP C-terminal-fusions

tothe G, Gy,

mCherry:G; and mCherry:Gy,, were co-expressed with YFP N-terminal fusions to the M protein in transgenic CFP-H2B N. benthamiana cells.

Confocal microscopy images of representative cells were taken under CFP and YFP channels at 36 hpi. The right panels show higher magnifications of the boxed
areas in the left panels to show the nuclear regions of selected cells. Scale bars = 25 um. [Colour figure can be viewed at wileyonlinelibrary.com]

Tethering the M protein to endomembranes by fusion
with the G protein membrane targeting sequence
induces membrane rearrangement

To provide additional information about G-M protein interac-
tions and M protein relocalization leading to nuclear mem-
brane invaginations, we generated a chimeric G:M protein
(mCherry:G.:M) by fusing the mCherry:G; protein to the
N-terminus of the M protein (Fig. 6A). As a control, we generated
a mCherry:G;:CFP fusion in which the mCherry:G_; was fused
to the CFP protein. These derivatives were transiently expressed
in N. benthamiana 16¢ leaves and the GFP and mCherry
fluorescent signals were examined by confocal microscopy.

The mCherry fluorescence from both the mCherry:G:M and
mCherry:G.:CFP co-localized with the ER:GFP, suggesting
proper targeting of these fusion proteins to endomembranes
(Fig. 6B). Interestingly, expression of the mCherry:G.:M re-
sulted in intranuclear accumulation of overlapping ER:GFP and
mCherry foci (Fig. 6B, upper row; see white arrows), as well as
large fluorescent inclusions in the cytoplasm (see red arrows).
In contrast, expression of the mCherry:G:CFP fusion failed to
induce membrane invaginations and the ER:GFP patterns ap-
peared to be similar to cells in mock infiltrated tissue (Fig. 6B,
compare middle and bottom rows). The fluorescent nuclear
inclusions triggered by mCherry:G:M expression are similar
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Fig. 6 Membrane-anchored M protein induces nuclear membrane invagination. (
mCherry:G,:CFP fusions. Symbols and abbreviations are described in the Fig. 1 legends. (B) Subcellular localization of the ER:GFP and mCherry fusion proteins at
36 hpi. N. benthamiana 16¢ leaves were agroinfiltrated to express the mCherry:G.:M or mCherry:G:CFP proteins. White arrows highlight nuclear membrane
invagination induced by the mCherry:G_:M protein, and the red arrows identify cytoplasmic inclusion bodies. Scale bar = 10 pm. [Colour figure can be viewed at

wileyonlinelibrary.com]

to the intranuclear ER:GFP foci induced in SYNV infected cells,
and likely represent invaginated IM. However, large cytoplas-
mic fluorescent inclusions were not observed in SYNV infected
cells, so the nature of these structures is unclear. Because the G
protein targeting signal should direct the mCherry:G:M fusion
to nuclear envelopes as well as ER-derived endomembranes,
we surmise that these cytoplasmic fluorescent aggregates
may represent rearranged ER-derived membrane subdomains.
Taken together, these findings show that membrane associa-
tion of the M protein induces nuclear membrane invagination
and remodeling of endomembrane systems.

A) Schematic representation of the membrane anchored mCherry:G:M and

Ectopic expression of the G protein CT domain
inhibits nuclear membrane invagination during SYNV
infections

The results above suggested that the membrane-anchored G
protein interacts with the M protein through the CT domain to
relocate the M protein from the nucleoplasm to the inner-nuclear
membrane to provide sites for SYNV morphogenesis. Hence,
we tested whether expression of an unanchored G protein CT
domain targeted artificially to the nucleoplasm could have a
dominant negative effect on SYNV infection by interfering with
the G-M interactions. To permit expression of the CT domain in
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Fig. 7 Dominant negative effects of a nuclear-targeted G protein CT domain on induction of nuclear membrane invagination and SYNV infections. (A)
Schematic representation of the rSYNV-NLS:mCherry and rSYNV-NLS:mCherry:CT constructs. NLS: Simian virus 40 nuclear localization sequence; CT: G protein
CT domain. (B) Confocal micrographs of ER:GFP localization in N. benthamiana 16¢ plants infected with rSYNV-NLS:mCherry and rSYNV-NLS:mCherry:CT.
White arrows indicate the invaginated ER:GFP foci. Scale bar = 10 pm. (C) Symptoms induced by rSYNV-NLS:mCherry and rSYNV-NLS:mCherry:CT at 35 dpi. Two
different sized systemically infected leaves are shown in the bottom panels. (D) Western blot analyses of upper leaf extracts with antibodies against SYNV, G
protein, and mCherry. The stained Rubisco large subunit was used as a loading control. The positions of the SYNV structural proteins are indicated along the right

side of the gel. [Colour figure can be viewed at wileyonlinelibrary.com]

the nuclei of infected cells, we generated a recombinant SYNV
mutant (rSYNV-NLS:mCherry:G ;). This mutant was engineered
by fusing the mCherry:G.; protein sequence to the C-terminus
of the Simian virus 40 (SV40) nuclear localization signal (NLS)
(Fig. 7A), and substituting the derivative for the RFP gene in the
SYNV-RFP genome. As a control, an rSYNV-NLS:mCherry con-
taining the nuclear-targeted mCherry fusion (NLS:mCherry) was
also substituted for RFP (Fig. 7A).

After agroinoculation of N. benthamiana 16c leaves, in-
fected leaves were examined by confocal microscopy. Typical
nuclear invaginations were induced in 73 of 80 (91.2%) of
rSYNV-NLS:mCherry infected cells (Fig. 7B, upper panels). In con-
trast, only 17 of 80 cells (21.2%) infected with the rSYNV-NLS:m-
Cherry:G; exhibited nuclear membrane invagination, and evenin
these cases, the intranuclear ER-GFP foci appeared to be smaller
than those in SYNV-NLS:mCherry infected cells (Fig. 7B, compare
the top and middle panels). In addition, the percentages of plants

systemically infected with rSYNV-NLS:mCherry:G_; (8/90, 8.9%)
were substantially lower than those of the rSYNV-NLS:mCherry
infections (17/95, 17.8%). Moreover, rSYNV-NLS:mCherry:G;
infected plants exhibited milder leaf symptoms (Fig. 7C), and
produced slight lower levels of structure proteins (Fig. 7D) than
the rSYNV-NLS:mCherry infections. These results suggest that
expression of the nuclei-targeted soluble G protein CT domain in-
hibits SYNV induced nuclear membrane invagination in infected
leaf cells and attenuates SYNV virulence.

DISCUSSION

The infection cycle of nucleorhabdoviruses differ from most
other Mononegavirales members by replicating in the nuclei
and undergoing budding at the IM in plant cells (Jackson et al.,
2005; Martins et al., 1998; Van Beek et al., 1985). Although
budding of animal rhabdoviruses has been studied extensively
(Lyles, 2013; Okumura and Harty, 2011), little is known about the
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molecular events leading to morphogenesis of plant rhabdovi-
rus counterparts, or whether budding contributes to infections
of plant hosts. This is mainly due to the fact that plant rhab-
dovirus genomes have not previously been amenable to genetic
manipulation.

Using our recently devised SYNV reverse genetics system, we
have shown a rSYNV mutant completely lacking the G protein is
blocked in morphogenesis, and that infected plants accumulate
nuclear localized nucleocapsids and fail to produce mature viri-
ons (Wang et al., 2015). To further evaluate the role of SYNV
G protein domains in morphogenesis, we generated rSYNV mu-
tants containing a truncated G protein lacking either the NT or
the CT domain. TEM and sucrose gradient centrifugation analy-
ses revealed that the G protein CT domain is essential for mor-
phogenesis, and that the NT domain also contributes to efficient
budding (Fig. 2). The important roles of the CT domains of animal
rhabdovirus G proteins in efficient budding have also been doc-
umented previously. Recombinant VSV and RV mutants encod-
ing a G protein with truncated CT domains are compromised in
budding efficiencies, but these truncations only reduced virion
production by about 5- to 10-fold compared with their respective
wild-type virus (Mebatsion et al., 1996; Schnell et al., 1998).
In contrast, complete deletion of the G genes of RV and VSV re-
duced particle yields by ~30- to 50- fold (Mebatsion et al., 1996;
Schnell et al., 1997), suggesting that the NT domain, or other
regions of the G protein, are also required for optimal budding.
The luminal NT domain of the SYNV G protein is glycosylated
(Jackson, 1978; Jones and Jackson, 1990), and contains six po-
tential glycosylation sites within the NT domain (Goldberg et al.,
1991). It was previously shown that SYNV budding could be in-
terrupted by treatment of infected protoplasts with tunicamycin,
a glycosylation inhibitor (Van Beek et al., 1985). In tunicamycin
treated protoplasts, mature virions were not observed, but in-
stead numerous naked core particles accumulated throughout
the nuclei. These results suggested that G protein glycosylation
may be required for morphogenesis, which is consistent with
our finding that the NT domain deletion mutant is deficient in
budding.

The SYNV and PYDV nucleorhabdoviruses are unique in that
replication of these viruses elicit IM invaginations into infected
nuclei (Anderson et al., 2018; Goodin et al., 2007, 2005 ;
Martins et al., 1998). During morphogenesis, condensed SYNV
NCs bud from the IM and enveloped bacilliform viral particles
accumulate in spherule-like structures derived from invaginated
IM (Ismail et al., 1987; Martins et al., 1998; Van Beek et al.,
1985). Although the precise function of IM invagination in SYNV
and PYDV infections is unknown, it has been postulated that the
invaginated membranes may provide accessible sites for viral
morphogenesis (Goodin et al., 2005). Because rSYNV lacking
the M protein was not recovered from plasmids, the role of
the M protein in virus budding can not be readily dissected by

analysis of mutant progenies. We therefore used SYNV-induced
ER:GFP nuclear invagination in N. benthamiana 16c plants
as a facile reporter system to provide insights into SYNV bud-
ding requirements. Our recombinant studies reveal that in the
context of SYNV infections, the M and G proteins, and more spe-
cifically the G protein CT domain, are required for induction of
IM invagination (Fig. 3). Moreover, specific interaction between
the M and G protein CT domain mediate relocalization of the M
protein from nucleoplasm to membrane sites where IM invagi-
nation occurs (Fig. 5). These results are compatible with a model
in which the SYNV G protein CT domain that protrudes through
the IM interacts with M proteins to induce associated nucleo-
capsids to the invaginated IM for virus budding. Further exper-
imental support for this notion comes from our observations
that the rSYNV-NLS:mCherry:G_, expressing an unanchored CT
domain fusion have a dominant negative effect on induction of
IM invagination and virus infections (Fig. 7). Our SYNV budding
model differs somewhat from that of VSV, in which specific G-M
interactions are not required for efficient budding (Jayakar et
al., 2004). For example, recombinant VSVs encoding a chimeric
G protein with the CT domain substituted for unrelated foreign
sequences were still able to produce near wild-type amounts of
extracellular viral particles, even though complete truncation of
the CT domain reduced virion production (Schnell et al., 1998).

Interestingly, we found that simultaneous, but not individual,
expression of the mCherry:G; and CFP-M protein in uninfected
cells induces nuclear membrane invaginations where the G and
M fusion protein are co-localized (Fig. 4). In addition, anchoring
the M protein to endomembranes by expression of an artificial
fusion protein (mCherry:G.;:M) also induces IM invaginations
and endomembrane rearrangements (Fig. 6). In contrast to the
SYNV M protein, expression of the PYDV M protein alone is suf-
ficient to trigger invagination of nuclear envelope and the PYDV
M protein appears to be associated with the invaginated mem-
branes (Anderson et al., 2018; Bandyopadhyay et al., 2010;
Jang et al., 2017). These observations suggest that the PYDV
M protein may have an intrinsic ability to elicit endomembrane
invagination, whereas the SYNV M protein requires interactions
with the G protein to associate with membranes and induce
endomembrane remodeling. In the case of the VSV M protein,
a small fraction (approximately 10%) was found to associate
with the plasma membrane in vivo (Chong and Rose, 1993;
Ye et al., 1994), and this fraction of the M protein is believed
to be responsible for initiation of virion assembly and budding
(Jayakar et al., 2004). In addition, the purified VSV M protein
has a strong propensity to bind to unilamellar vesicles contain-
ing negatively charged phospholipids in vitro, and the binding
imposes membrane curvature (Solon et al., 2005). Notably, both
the VSV M and PYDV M are basic and positively charged pro-
teins with isoelectric points (PI) of 9.08 and 9.07, respectively,
whereas the SYNV M protein approach neutrality (Pl of 7.76)
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under physiological conditions. These differences in the M pro-
tein charges may account for discrepancies in their abilities to
interact with the negatively charged lipids of the membrane.

Another interesting observation is that the abilities of the
rSYNV G deletion mutants to induce IM invagination correlates
with their movement rates and tissue invasiveness (Figs 1B and
3). This observation suggests that mature virions may be in-
volved in infection processes in an undefined way, even though
nucleocapsids are able to participate in limited local movement
in the absence of the M and G proteins (Wang et al., 2015).
The fact that rSYNV-RFP-G, is capable of only limited budding
but still exhibits wild-type of infection properties indicates that
a small amount of mature or partially budded particles may be
sufficient to support efficient infections. The enveloped particles
of SYNV accumulate in perinuclear space surrounded by invagi-
nated IM, which is continuous with the ER lumen as shown by
fluorescence recovery after photobleaching analysis (Goodin et
al., 2005). It was therefore proposed that the mature virions may
participate in movement by either passing through the ER lumen
and the contiguous desmotubules, or by budding out from the
ER lumen to release the NC cores into cytoplasm (Goodin et al.,
2005). Testing these models requires sophisticated electron and
confocal microscopy studies coupled with recombinant labelling
of SYNV structural proteins.

EXPERIMENTAL PROCEDURES
Preparation of plasmids

SYNV antigenomic cDNA clones designed to recover rSYNV-RFP
and all the deletion derivatives were generated by engineering of
previously described pSYNV vector (Wang et al., 2015). Detailed
construction procedures for these clones, as well as for the tran-
sient expression vectors and BiFC vectors are described in the
Supporting Information Protocols, and the primers used for clon-
ing are listed in Supporting Information Table S1.

Recovery of recombinant SYNV derivatives and
agroinfiltration

Rescue of rSYNV derivatives was carried out as previously de-
scribed (Wang et al., 2015). Leaves of six to eight week-old
N. benthamiana plants were infiltrated with mixture of A.
tumefaciens strain EHA 105 harboring each of the pSYNV
plasmid derivatives, the pGD-NPL plasmid and, plasmids for ex-
pression of viral suppressor of RNA silencing. Infiltrated plants
were grown in a growth room at 25°C constant temperature.

Fluorescence microscopy and confocal laser scanning
microscopy

A Zeiss SteREO Lumar V12 epifluorescence microscope was
used to determine fluorescence in infiltrated leaves and in
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leaves systemically infected with the rescued rSYNV derivatives.
Images were captured with the Lumar 31 filter set for RFP detec-
tion (excitation 565/30; emission 620/60). Subcellular localiza-
tion and BiFC assays were performed with a Zeiss 780 confocal
microscope. The GFP, RFP or mCherry, CFP, and YFP were excited
by using 470, 545, 405, and 488 nm laser lines, respectively.
All images were processed using LSM software Zen 2009 (Carl
Zeiss, Germany).

Electron microscopy

Tissue sections (1 mm x 4 mm) were excised from leaves systemi-
cally infected with SYNV-RFP, rSYNV-RFP-G,;, rSYNV-RFP-G; or
rSYNV-RFP-AG. Tissue fixation, embedding, sectioning and TEM
were carried out essentially as described previously (Wang et al.,
2015). For negative staining of purified SYNV virions, samples
from sucrose gradients were placed on grids and stained with 1%
potassium phosphotungstate (PTA), pH 7.0 for 1 min as described
previously (Jackson and Christie, 1977).

Western blot analysis

Proteins were separated by 12% SDS-PAGE and transferred to ni-
trocellulose membranes for immunoblotting analyses. Antigens
bound to membranes were detected with polyclonal antibodies
specific to disrupted SYNV virions (Jackson and Christie, 1977) or
SYNV G protein (Jones and Jackson, 1990), or monoclonal anti-
bodies against GFP or RFP (Abcam, Cambridge, UK).

BiFC assay

The coding sequences of the M protein and G protein deriva-
tives were fused to the N-terminal and C-terminal fragment of
enhanced YFP in the p2YN and p2YC vectors, respectively (Yang
et al.,, 2007). BiFC plasmids were individually introduced into A.
tumefaciens strain EHA105 by electroporation, and equal vol-
umes of bacterial cultures were mixed and infiltrated into leaves
of transgenic H2B-CFP N. benthamiana plants that expresses
CFP fused to histone 2B (Martin et al., 2009). YFP and CFP fluo-
rescence was visualized by Zeiss 780 confocal microscopy (Carl
Zeiss, Germany) at 48 to 72 hpi.

Sucrose gradient centrifugation

Sedimentation analyses was carried out essentially as described
previously (Jackson and Christie, 1977) with minor modifications.
Systemically infected leaves (0.5 g) were ground in 1 mL of fresh
extraction buffer (100 mM Tris base, PH 8.4; 10 mM Mg Acetate;
1 mM MnCl,; 40 mM Na,S0,), and then centrifuged at 12,000
rpm for 2 min in a microfuge. 500 pL of the supernatant fractions
was loaded onto 5 to 30% sucrose gradients in maintenance
buffer (0.1 M Tris base, PH 7.5; 10 mM Mg Acetate; 1 mM MnCl,;
40 mM Na,S0,). Gradients were centrifuged in a Beckman SW41
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rotor at 20,000 rpm for 50 min at 4°C. Twelve 1-mL fractions
were analyzed by western blotting with polyclonal antibodies
specific to disrupted SYNV virions (Jackson and Christie, 1977).

Membrane-flotation assay

Membrane-flotation assays were carried out essentially as previ-
ously described (Sanfagon and Zhang, 2008). Leaf samples (0.5
g) from Agrobacterium-infiltrations were collected at 2 dpi,
gently ground into a fine powder with a mortar and pestle in
liquid nitrogen, followed by extraction in three volumes of ho-
mogenization buffer [50 mM Tris—HCl, pH 8.0, 10 mM KCl, 3 mM
MgCl,, 1 mM EDTA, 1 mM DTT, 0.1% BSA, 0.3% dextran, 13%
(w/v) sucrose, and Complete Mini Protease Inhibitor Cocktail
(Roche, Germany)]. The samples were then centrifuged at 3,700
g for 10 min at 4°C. 300 pL supernatants were collected and
transferred to clean centrifuge tubes and then mixed with 1.6 mL
of 85% sucrose to a final concentration of 71.5% sucrose. These
mixtures were added to 13.2 mL swinging-bucket centrifuge
tubes (Ultra-Clear tube, Beckman Coulter, California, USA) and
overlaid with 7 mL of 65% sucrose and 3.1 mL of 10% sucrose.
After centrifugation at 100,000 g for 18 h at 4°C, eight 1.5-mL
fractions were collected from the top of the tubes and subjected
to SDS-PAGE/western blot analysis.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Protocols Descriptions of plasmid construction details.

Table S1 Oligonucleotide primers used for cloning.

Fig. S1 Subcellular localization and discontinuous sucrose
gradient fractionation of CFP:M and mCherry:G protein fusion
and deletion derivatives. (A) Expression of CFP:M in RFP:H2B
transgenic N. benthamiana plants. (B) Expression of CFP:M
and (C) Cherry:G protein derivatives in N. benthamiana 16¢
plants. (Scale bar = 50 pm). (D) Membrane-flotation analyses of
mCherry:G fusion and deletion derivatives. Total protein extracts
were centrifuged through the discontinuous sucrose gradients,
and each fraction were subjected to western blot analysis using
RFP or GFP specific monoclonal antibody.
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