
Virology 489 (2016) 20–33
Contents lists available at ScienceDirect
Virology
http://d
0042-68

n Corr
E-m
1 Pr

Argenti
journal homepage: www.elsevier.com/locate/yviro
Cytorhabdovirus P3 genes encode 30K-like cell-to-cell
movement proteins

Krin S. Mann a, Nicolas Bejerman a,1, Karyn N. Johnson b, Ralf G. Dietzgen a,n

a Queensland Alliance for Agriculture and Food Innovation, The University of Queensland, St Lucia, QLD 4072, Australia
b School of Biological Sciences, The University of Queensland, St Lucia, QLD 4072, Australia
a r t i c l e i n f o

Article history:
Received 26 August 2015
Returned to author for revisions
25 November 2015
Accepted 26 November 2015
Available online

Keywords:
Lettuce necrotic yellows virus
Alfalfa dwarf virus
Turnip vein-clearing virus reporter replicon
Cell-to-cell movement
30K superfamily
Trans-complementation
Nicotiana benthamiana
Virus–plant protein interactions
x.doi.org/10.1016/j.virol.2015.11.028
22/& 2015 Elsevier Inc. All rights reserved.

esponding author. Tel.: þ61 7 3346 6503; Fax
ail address: r.dietzgen@uq.edu.au (R.G. Dietzg
esent address: IPAVE-CIAP-INTA, Av. 11 de Sep
na.
a b s t r a c t

Plant viruses encode movement proteins (MP) to facilitate cell-to-cell transport through plasmodesmata.
In this study, using trans-complementation of a movement-defective turnip vein-clearing tobamovirus
(TVCV) replicon, we show for the first time for cytorhabdoviruses (lettuce necrotic yellows virus (LNYV)
and alfalfa dwarf virus (ADV)) that their P3 proteins function as MP similar to the TVCV P30 protein. All
three MP localized to plasmodesmata when ectopically expressed. In addition, we show that these MP
belong to the 30K superfamily since movement was inhibited by mutation of an aspartic acid residue in
the critical 30K-specific LxD/N50–70G motif. We also report that Nicotiana benthamiana microtubule-
associated VOZ1-like transcriptional activator interacts with LNYV P3 and TVCV P30 but not with ADV P3
or any of the MP point mutants. This host protein, which is known to interact with P3 of sonchus yellow
net nucleorhabdovirus, may be involved in aiding the cell-to-cell movement of LNYV and TVCV.

& 2015 Elsevier Inc. All rights reserved.
Introduction

The local spread of viruses in plants is mediated by movement
proteins (MP), which ferry infectious genetic material from cell-to-
cell through the modification of membrane-lined pores in the cell
wall referred to as plasmodesmata (PD) (Ding et al., 1992; Robards
and Lucas, 1990; Sevilem et al., 2013). This is exemplified by
tobacco mosaic virus (TMV) P30 MP, which was shown to increase
PD pore size by nearly 10-fold (Wolf et al., 1989). Following cell-to-
cell spread, MP assist in the transport of the viral genome to
vascular (phloem) tissues, which in susceptible species leads to
systemic spread of virus-like particles (VLPs) and/or virions into
the rest of the plant (Ryabov et al., 1998; Scholthof, 2005).

The 30K MP superfamily was recently proposed to be one of the
most phylogenetically diverse plant virus gene families (Mush-
egian and Elena, 2015). These specialized plant viral MP have been
shown to similarly facilitate cell-to-cell movement by binding to
nucleic acids, localizing to the cell periphery at PD, and increasing
PD pore size (Citovsky et al., 1990; Koonin et al., 1991; Melcher,
2000; Oparka et al., 1997; Tomenius et al., 1987; Wolf et al., 1989).
In addition, some members of this MP superfamily such as tomato
: þ61 7 3346 6501.
en).
tiembre 4755, Cordoba 5020,
spotted wilt tospovirus NSm can form tubules through PD to
facilitate cell-to-cell spread of VLPs (Amari et al., 2010; Kasteel et
al., 1996; Storms et al., 1995). Despite a lack of amino acid
sequence conservation, one of the defining structural character-
istics of 30K-like MP is a common core domain (CCD) that consists
of two to four α-helices that flank multiple β-strands (Melcher,
2000). Recent studies have proposed that mutating the D residue
in the LxD/N50–70G motif in the 30K CCD can be used to func-
tionally validate that a MP belongs to the 30K superfamily
(Mushegian and Elena, 2015; Yu et al., 2013).

Plant-infecting rhabdoviruses (genera Cytorhabdovirus and
Nucleorhabdovirus) unlike their animal- and human-infecting
counterparts, are also thought to encode MP, some of which
have been predicted to be 30K-like based on similar secondary
structure to that of known members of the 30K-like superfamily
(Dietzgen et al., 2006; Huang et al., 2005; Melcher, 2000). The
rhabdoviral 30K-like MP superfamily candidates predicted by
secondary structure are sonchus yellow net virus (SYNV) sc4 and
lettuce necrotic yellows virus (LNYV) 4b (Dietzgen et al., 2006;
Jackson et al., 2005; Melcher, 2000). LNYV 4b also showed limited
amino acid sequence similarities with 30K MP superfamily
members, capilloviruses and trichoviruses of the Betaflexiviridae
family (Dietzgen et al., 2006). In addition, plant rhabdovirus
putative MP genes have also been predicted by genome location.
This is mostly as the third gene from the 30 end of the genome
between the phosphoprotein (P) and matrix protein (M) genes as
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for example, alfalfa dwarf virus (ADV) P3, lettuce yellow mottle
virus (LYMoV) P3, maize mosaic virus (MMV) P3, maize Iranian
mosaic virus P3, maize fine streak virus (MFSV) P4, rice yellow
stunt virus (RYSV) P3, potato yellow dwarf virus (PYDV) Y protein,
northern cereal mosaic virus (NCMV) P3, and taro vein chlorosis
virus (TaVCV) P3 (Bandyopadhyay et al., 2010; Bejerman et al.,
2015; Heim et al., 2008; Hiraguri et al., 2010; Huang et al., 2005;
Massah et al., 2008; Reed et al., 2005; Revill et al., 2005; Scholthof
et al., 1994; Tanno et al., 2000; Tsai et al., 2005). However, to date
MP function has been experimentally demonstrated for P3 of only
a single plant rhabdovirus. The nucleorhabdovirus RYSV P3 was
shown to trans-complement the movement function of a
movement-defective potato virus X (PVX) in Nicotiana benthami-
ana (Huang et al., 2005). Similarly, P3 of rice transitory yellowing
virus (RTYV), a strain of RYSV, was also shown to function as MP
(Hiraguri et al., 2012). Indirect evidence supporting a role for plant
rhabdovirus P3 in cell-to-cell movement has been provided by
autofluorescent protein fusions of SYNV sc4, PYDV Y, MFSV P4,
ADV P3, and LNYV 4b which all localized to the cell periphery
(Bandyopadhyay et al., 2010; Bejerman et al., 2015; Dietzgen et al.,
2012; Goodin et al., 2007b; Tsai et al., 2005). A more in-depth
investigation proposed a model for nucleorhabdovirus SYNV cell-
to-cell movement and showed that two predominantly
microtubule-associated N. benthamiana proteins, sc4 interactor
protein 17 (sc4i17; motor kinesin homolog) and sc4i21 (Arabi-
dopsis thaliana vascular one-zinc finger protein 1 homolog;
AtVOZ1) (Mitsuda et al., 2004) interact with SYNV sc4 protein in a
multi-protein complex that may aid cell-to-cell movement (Min et
al., 2010). Using the first reverse genetics system for a plant
negative-strand RNA virus, researchers have shown recently that
sc4 protein is required for SYNV cell-to-cell movement (Wang et
al., 2015).

Cell-to-cell movement function of a viral protein is typically
tested by co-expressing a putative MP in trans with a movement-
defective virus. In this assay, the movement-defective virus con-
struct encodes green fluorescent protein (GFP), which permits a
visual evaluation of cell-to-cell spread (Agranovsky et al., 1998;
Ajjikuttira et al., 2005; Huang et al., 2005; Lauber et al., 1998;
Lewandowski and Adkins, 2005; Li et al., 2004; Morozov et al.,
1997; Ryabov et al., 1998; Solovyev et al., 1996; Zhang et al., 2005).
Experimental validation of putative MP function has frequently
employed tobamovirus- or PVX-based movement complementa-
tion systems (Hiraguri et al., 2012; Ishikawa et al., 2013; Niehl et
al., 2014; Yu et al., 2013) and 30K-like MP have been shown to
work in both (Lauber et al., 1998; Solovyev et al., 1996; Ziegler-
Graff et al., 1991).

In this study, we tested movement function of two cytorhab-
dovirus putative MP using a movement-defective version of a
turnip vein-clearing tobamovirus (TVCV) pro-vector system (Gir-
itch et al., 2006). The tobamovirus pro-vector system was origin-
ally developed for commercial scale expression of a gene/protein
of interest in plants using a modified TVCV vector that had been
engineered for high-level replication by introducing multiple
introns to make it more “plant-like” (Marillonnet et al., 2005). This
pro-vector system is delivered by agroinfiltration into N. ben-
thamiana leaves as a mixture consisting of three individual viral
gene modules that assemble in planta to form a single infectious
viral replicon (Giritch et al., 2006; Marillonnet et al., 2004). The
three modules are: i) 50 module encoding TVCV RNA-dependent
RNA polymerase and TVCV P30 MP (pICH-17388), ii) 30 module
encoding GFP reporter and carrying a crucifer-infecting TMV 30

NTR (pICH-7410) and iii) integrase module that combines the 50

and 30 modules into a single replicon through phiC31-dependent
homologous recombination (pICH-14011). In the pICH-7410 mod-
ule, the viral capsid protein was replaced by GFP rendering the
replicon incapable of systemic spread but still maintaining
efficient replication and cell-to-cell movement, which is indirectly
visualized by GFP expression (Giritch et al., 2006).

Functional MP studies have yet to be conducted for any cytor-
habdovirus. To continue our characterization of cytorhabdovirus-
encoded proteins (Bejerman et al., 2015; Mann et al., 2015; Martin
et al., 2012), we set out to experimentally validate the predicted
cell-to-cell movement function of P3 of the cytorhabdoviruses,
LNYV and ADV. Both viruses have a similar conserved 30-50 basic
genome organization, nucleoprotein (N) – P – P3 – M – glyco-
protein (G) – polymerase (L). However, ADV encodes an additional
P6 ORF between G and L genes (Bejerman et al., 2015), similar to
strawberry crinkle cytorhabdovirus (Mann and Dietzgen, 2014;
Schoen et al., 2004). The predicted MP ORF for LNYV and ADV is at
genome position 3 between P and M genes (referred to as P3).
However, LNYV putative MP has been historically referred to as
“4b”, based on the relative size of the respective viral mRNA in
northern blots (Dietzgen et al., 1989). We will refer here to both
cytorhabdoviral MP as “P3”. In this study, we demonstrate that
LNYV P3 and ADV P3 function as MP by supporting the movement
of a P30-defective TVCV replicon in trans. We also perform
mutation analysis of the crucial 30K-like LxD/N50–70G motif that is
present in both of these MP and examine P3 interaction with a
microtubule-associated host protein to provide further insights
into the cell-to-cell movement process of these 30K-like MP.
Results

Comparison of putative plant rhabdovirus movement protein
sequences with those of confirmed 30K-like MP superfamily members

Secondary structure predictions for putative MP of some plant
rhabdoviruses, including LNYV P3, have revealed 30K-like MP
sequence features (Melcher, 2000; Walker et al., 2011). To explore
this in more detail we conducted sequence homology analyses for
both LNYV P3 and the previously uncharacterized ADV P3 using
the National Center for Biotechnology Information non-redundant
database. BlastP searches identified a 30K-like MP domain in LNYV
P3 between amino acids 40 and 185, but no such domain was
found in ADV P3 sequence.

We next investigated whether LNYV P3 and ADV P3 shared any
secondary structure homology with 30K superfamily tobamovirus
members TMV and TVCV. Alignments based on both sequence and
secondary structure similarities were carried out using PRO-
MALS3D (Pei and Grishin, 2014). With respect to the 30K-specific
CCD, both LNYV P3 and ADV P3 possessed a secondary structure
pattern similar to that reported for members of the 30K super-
family. The consensus pattern of the CCD for 30K MP members
consists of four α-helices (αA–αD) interspersed by seven β-
elements (β1–β7) (Fig. 1A) (Melcher, 2000). However, for the
cytorhabdovirus P3's, an additional β-element was observed after
β7, named β70 (Fig. 1A). Two of the conserved residues in the CCD,
namely aspartic acid (D) and glycine (G) (Fig. 1A; black boxes) in
the cytorhabdovirus P3 conform to the 30K-specific LxD/N50–70G
motif. This motif which starts at the end of the β2 sheet in what is
called the 30K domain (Fig. 1A; second black box), is conserved for
most 30K MP members (Melcher, 2000) and mutation of the D
residue has been shown to cause the disruption of both, move-
ment function and localization to PD for several 30K members
(Bertens et al., 2000; Li et al., 2009; Yu et al., 2013; Zhang et al.,
2012). An additional PROMALS3D alignment to test whether this
motif is present in other plant rhabdovirus P3 sequences found
that all available P3 protein sequences of cytorhabdoviruses (ADV,
barley yellow striate mosaic virus, LNYV, LYMoV, persimmon virus
A and NCMV) contained the D residue of the LxD/N50–70G motif,
whereas dichorhaviruses (orchid fleck virus and coffee ringspot



Fig. 1. Alignment of cytorhabdovirus and tobamovirus partial movement protein (MP) amino acid sequences and schematic diagrams of constructs used for movement
trans-complementation. (A) PROMALS3D alignment depicting the 30K MP “common core” domain (Melcher, 2000) along with the secondary structure consensus denoted by
α-helices (green bars) and β-elements (red arrows) below the alignment. TMV: tobacco mosaic virus (GenBank accession number NC_001367.1); TVCV: turnip vein-clearing
virus (U03387.1); ADV: alfalfa dwarf virus (KP205452); LNYV: lettuce necrotic yellows virus (AJ867584.2). Black boxes with asterisks highlight key movement-related amino
acid residues analyzed in this study. (B) Diagrams of movement pro-vector constructs. pICH-17388: TVCV RNA-dependent RNA polymerase (RdRp) and TVCV P30 MP; pICH-
7410: GFP reporter and TMV 30 non-translated region; pICH-14011: integrase module; P act: Arabidopsis actin 2 promoter; AttB and AttP (arrowheads): recombination sites;
int and gray vertical bars: intron(s); star symbol: location of introduced mutation in the MP region of piCH17388 and 35S:MP-RFP; P hsp: Arabidopsis heat shock protein 81.1
promoter; RB/LB: T-DNA right/left border; P 35S: cauliflower mosaic virus promoter; T: nos terminator. Trans-complementing 35S:MP-RFP constructs were expressed from
pSITE-4NB expression vector.

K.S. Mann et al. / Virology 489 (2016) 20–3322
virus) (Dietzgen et al., 2014) have an N residue in this position
(Supplementary Table 1). In contrast, a D or N residue in this
position did not occur in putative MP of any nucleorhabdoviruses
analyzed (datura yellow vein virus, eggplant mottle dwarf virus,
maize mosaic virus, maize fine streak virus, maize Iranian mosaic
virus, potato yellow dwarf virus, rice yellow stunt virus, and taro
vein chlorosis virus) with the notable exception of sonchus yellow
net virus, which features an N residue (Supplementary Table 1).
Taken together, this data indicates that cytorhabdovirus P3 of
LNYV and ADV are potential 30K-like MP members, with ADV P3
more diverged than LNYV based on BlastP searches.

TVCV pro-vector cell-to-cell movement complementation system

To test cell-to-cell movement complementation by cytorhab-
dovirus putative MP, we generated a movement-defective version
of the previously described GFP-expressing TVCV pro-vector sys-
tem (Marillonnet et al., 2004) (Fig. 1B). To ensure that the TVCV
pro-vector system was working as expected, we agroinfiltrated N.
benthamiana leaves with one, two or all three pro-vector modules
(Fig. 1B) and monitored GFP expression to assess replication and
cell-to-cell movement efficiency (data not shown). Confocal
microscopic analysis showed significant cell-to-cell movement in
N. benthamiana epidermal leaf cells only when all three modules,
henceforth collectively referred to as “TVCV”, were co-expressed.
TVCV cell-to-cell spread appeared as large clusters of inter-
connected GFP-expressing cells as early as 3 days postinfiltration
(dpi) (data not shown) but showed peak cell-to-cell spread by
7 dpi (Fig. 2, panel A).

To engineer a movement-deficient TVCV (denoted TVCVΔMP),
a point mutation was introduced into the P30 MP gene of pICH-



Fig. 2. Confocal microscope images of N. benthamiana leaves agroinfiltrated with a combination of TVCV pro-vector modules. (A) Co-expression of all three “wild-type” pro-
vector modules [composed of pICH-17388þpICH-7410þpICH-14011 (collectively referred to as TVCV)]. Movement defective TVCV (TVCVΔMP) [composed of pICH-17388*
(MP mutated)þpICH-7410þpICH-14011] (B) plus either TVCV P30 (C), TVCV P30ΔMP (D) or empty (unfused RFP) vector (E). Agrobacterium solutions of TVCV modules were
diluted to OD600 0.015, while those carrying MP constructs were diluted to OD600 0.0015. Live cell images were taken 7 days post agroinfiltration using a confocal microscope
at 10� magnification. Bars, 50 mm.
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17388 leading to the replacement of proline at amino acid position
80 with serine (Fig. 1A, see first black box and Fig. 1B). This residue
is typically located after or at the end of the β1 sheet in the 30K
CCD (Fig. 1A) and its mutation had been shown to disrupt TMV
movement (Deom and He, 1997) but to our knowledge this has yet
to be confirmed for TVCV P30. To ensure cell-to-cell movement of
TVCV could be clearly distinguished from that of TVCVΔMP fol-
lowing agroinfiltration of N. benthamiana, suspensions of agro-
bacteria carrying all three TVCV modules were diluted to a final
OD600 of 0.015, which was sufficient to produce predominantly
single fluorescing cells. Movement complementation was scored
based on the number of GFP-expressing cells, whereby five or
more adjoining cells (referred to as a large cluster) were con-
sidered as authentic cell-to-cell movement based on previous
reports (Hiraguri et al., 2012; Yu et al., 2013). At 7 dpi, confocal
microscope analysis of leaves agroinfiltrated with TVCVΔMP
showed that GFP fluorescence was predominantly confined to
single isolated epidermal cells (Fig. 2B). In contrast, TVCV encoding
a functional P30 showed large clusters of GFP-expressing cells
(Fig. 2A). TVCVΔMP did not show any spread of GFP fluorescence
up to at least 12 dpi (data not shown). Taken together, this data
shows that TVCVΔMP remained competent for replication, but
lacked cell-to-cell movement since GFP fluorescence did not
spread beyond initially infected cells into neighboring cells
(Fig. 2B). This data also validates that the previously reported
disruption of the TMV P30 movement function by a single P-S
point mutation (Deom and He, 1997) has a similar effect when
applied to TVCV P30.

To test if TVCVΔMP could be complemented in trans, a func-
tional TVCV P30-red fluorescent protein (RFP) fusion construct
(OD600¼0.0015) was co-agroinfiltrated with TVCVΔMP into N.
benthamiana leaves. The RFP fluorescent tag was used as a marker
for MP expression during movement complementation assays
(Supplementary Fig. 1). At 7 dpi, leaves agroinfiltrated with
TVCVΔMP showed large clusters of GFP-expressing cells only
when co-expressed with TVCV P30-RFP (Fig. 2, panel C and Sup-
plementary Fig. 1A, top row), but not with TVCV P30ΔMP-RFP
(D-A mutation in the LxD/N50–70G motif) (Fig. 2, panel D and
Supplementary Fig. 1B, top row) or unfused RFP (“vector”) (Fig. 2,
panel E and Supplementary Fig. 1C, bottom row). Cell-to-cell
movement complementation of TVCVΔMP by TVCV P30-RFP was
observed as early as 5 dpi (data not shown) which was 2 days
delayed in comparison to “wild-type” TVCV which first showed
replicon spread at 3 dpi (data not shown). We tested RFP fusions to
both the N- and C-terminus of TVCV P30 for movement trans-
complementation; however only fusions to the C-terminus were
successful (data not shown). This indicates that TVCV P30 like
other 30K MP only maintain cell-to-cell movement activity when a
tag is fused to their C-terminus, whereas N-terminal fusions are
non-functional (Yu et al., 2013).

Cytorhabdovirus P3 proteins trans-complement movement-deficient
TVCV

The validated TVCVΔMP movement complementation system
(Figs. 1B and 2) was used to determine whether transient
expression of cytorhabdovirus P3-RFP constructs could facilitate
cell-to-cell movement of movement-deficient TVCVΔMP. Similar
to the ectopically expressed TVCV P30-RFP positive control (Fig. 2,
panel C), the RFP tag was also fused to the C-terminus of the
cytorhabdovirus P3 proteins being tested. Transient expression of
all MP-RFP fusion proteins was confirmed during movement



Fig. 3. Trans-complementation movement assay of cytorhabdovirus P3 proteins. N. benthamiana leaves were agroinfiltrated with TVCVΔMP [composed of pICH-17388* (MP
mutated)þpICH-7410þpICH-14011] (A) plus either TVCV P30 (B), LNYV P3 (C), ADV P3 (D), empty (unfused RFP) vector (E), LNYV N (F), or ADV N (G). Agrobacterium
solutions of TVCV modules were diluted to OD600 0.015 while those carrying MP constructs were diluted to OD600 0.0015. Live cell images were taken at 7 dpi using a
confocal microscope at 10� magnification. Bars, 50 mm. TVCV (H): co-expression of all three “wild-type” pro-vector modules.

Table 1
Cell-to-cell movement trans-complementation results for cytorhabdovirus P3 and
TVCV P30.

TVCVΔMPþ dpi 1–2 cells 3–4 cells Z5 cells aTotal
foci
counted

Virus move-
ment effi-
ciency (%) (5
or more cells)

TVCV P30-RFP 5 9 2 24 35 69
7 15 7 55 77 71

LNYV P3-RFP 5 42 15 13 70 19
7 72 28 58 158 37

ADV P3-RFP 5 55 8 5 68 7
7 95 15 21 131 16

LNYV N-RFP 5 47 3 0 50 0
7 87 3 0 90 0

ADV N-RFP 5 41 4 3 48 6
7 75 13 1 89 1

Vector 5 54 5 0 59 0
7 78 10 0 88 0

dpi; days post infiltration; TVCVΔMP: movement defective TVCV; Vector: unfused
RFP vector control.

a Foci were counted using four individual biological replicates.
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complementation assays by confocal microscopy (Supplementary
Fig. 1A and C). At 7 dpi, TVCVΔMP co-expressed with LNYV P3-RFP
or ADV P3-RFP showed large clusters of GFP-expressing cells
similar to TVCV P30 (Fig. 3 panels B–D and Supplementary Fig. 1A).
On the other hand, when TVCVΔMP was co-expressed with
unfused RFP (“vector”) or with cytorhabdovirus nucleoprotein (N)-
RFP, only single cells expressed GFP (Fig. 3, panels E–G and Sup-
plementary Fig. 1C). We measured the efficiency of cell-to-cell
movement complementation by counting the number of cells
expressing GFP at both 5 and 7 dpi (Table 1). Cell clusters showing
GFP expression in five or more cells were tallied and then divided
by the total number of examined cells to estimate movement
efficiency. Movement complementation efficiency approached nil
at 7 dpi when TVCVΔMP was co-expressed with unfused RFP,
LNYV N-RFP or ADV N-RFP (Table 1). In contrast, TVCVΔMP cell-to-
cell movement complementation by LNYV P3-RFP had 19% effi-
ciency at 5 dpi, which increased to 37% at 7 dpi. ADV P3-RFP
showed 7% efficiency at 5 dpi, which increased to 16% at 7 dpi.
Expression of either P3 facilitated increased movement from 5 to
7 dpi, but LNYV P3 was more than twice as efficient at trans-
complementing TVCVΔMP cell-to-cell movement than ADV P3
(Table 1). However, TVCV P30-RFP was most efficient with
approximately 70% at both 5 and 7 dpi (Table 1). Although TVCV
P30-RFP showed greater compatibility with TVCVΔMP, nearly 30%
of observed cells did not show efficient cell-to-cell movement
complementation. However, this was not the case for the “wild-
type” TVCV, which showed 100% cell-to-cell spread in agroinfil-
trated patches (Fig. 3, panel H). This result may indicate that
delivery by agroinfiltration of all four individual constructs (i.e.,
the three TMV modules plus the trans-complementing MP) toge-
ther into the same N. benthamiana leaf cells was not always suc-
cessful. Taken together, this data provides evidence that LNYV P3
and ADV P3 function as cell-to-cell MP.

Mutation of a conserved residue in 30K domain abolishes cytorhab-
dovirus P3 movement function and effects LNYV P3 subcellular
localization

Cytorhabdovirus P3 sequence analysis (Fig. 1A and Supple-
mentary Table 1) and tobamovirus movement trans-com-
plementation data (Fig. 3) provide evidence that P3 of both
cytorhabdoviruses are 30K-like MP. Like TVCV P30, both LNYV P3
and ADV P3 amino acid sequences contain the D residue of the
LxD/N50–70G motif. We therefore examined the impact on P3
movement activity and intracellular localization when this aspartic
acid residue was replaced with alanine (D-A). Expression of
mutated P3ΔMP-RFP fusion constructs during movement com-
plementation assays was confirmed by confocal microscopy
(Supplementary Fig. 1B). At 7 dpi, leaves agroinfiltrated with
TVCVΔMP showed GFP expression only in single cells (Fig. 3, panel



Fig. 4. Trans-complementation movement assay of mutant cytorhabdovirus P3 proteins. N. benthamiana leaves were agroinfiltrated with TVCVΔMP [composed of pICH-
17388* (MP mutated)þpICH-7410þpICH-14011] (A) plus either functional MP (TVCV P30, LNYV P3, and ADV P3) (B–D) or mutated MP (TVCV P30ΔMP, LNYV P3ΔMP, and
ADV P3ΔMP) (E–G) or unfused RFP vector (H). Agrobacterium solutions of TVCV modules were diluted to OD600 0.015 while those carrying MP constructs were diluted to
OD600 0.0015. Live cell images were taken at 7 dpi using a confocal microscope at 10� magnification. Bars, 50 mm. TVCV (I): co-expression of all three “wild-type” pro-vector
modules.
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A and Fig. 4, panel A), whereas large clusters of GFP-expressing
cells were seen when TVCVΔMP was co-expressed with the
functional MP, TVCV P30-RFP, LNYV P3-RFP and ADV P3-RFP
(Fig. 4, panels B–D), as shown in our previous experiment (Fig. 3,
panels B–D). In contrast, GFP fluorescence was predominantly
confined to single isolated epidermal cells when TVCVΔMP was
co-expressed with the mutated MP, TVCV P30-RFPΔMP, LNYV P3-
RFPΔMP and ADV P3-RFPΔMP similar to the unfused RFP control
(“vector”) (Fig. 4, panels E–H and Supplementary Fig. 1B and C).
This indicates that like for other 30K superfamily members that
possess the LxD/N50–70G motif, mutation of the aspartic acid
residue in LNYV P3 and ADV P3 interferes with the cell-to-cell
movement activity of these proteins.

We also investigated if the D-A mutation in the LxD/N50–70G
motif of cytorhabdovirus P3 had an effect on protein intracellular
localization. Typically, viral MP including members of the 30K MP
family localize to the cell periphery to facilitate cell-to-cell spread
of nucleoprotein complexes through PD. N. benthamiana leaves
agroinfiltrated with RFP fusions to functional and mutant (ΔMP)
constructs showed detectable fluorescence in confocal microscopy
using increased power settings (Supplementary Fig. 2A). However,
GFP fusions generally showed stronger fluorescence than RFP
fusions and the former were chosen to determine subcellular
localization in relation to aniline blue fluorochrome, a callose-
binding plasmodesmata marker dye. Expression of GFP fusions to
either functional or dysfunctional MP was readily detectable by
western blot using GFP monoclonal antibodies (Supplementary
Fig. 2B). For easier visualization, GFP and aniline blue images were
false-colored to yellow and cyan, respectively. At 2 dpi, N. ben-
thamiana leaves agroinfiltrated with GFP fusions to TVCV P30,
LNYV P3 and ADV P3 co-localized with or were in close proximity
to the aniline blue marker on the cell periphery in 78–90% of foci



Fig. 5. Co-localization of cytorhabdovirus P3 and TVCV P30 with aniline blue fluorochrome. N. benthamiana leaves stained with the PD marker aniline blue, were
agroinfiltrated with either GFP-fusions to functional MP (TVCV P30, LNYV P3, and ADV P3) (A) or mutated MP (TVCV P30ΔMP, LNYV P3ΔMP, and ADV P3ΔMP) (B). Magnified
sections of images (right side of panels A and B) are highlighted with white boxes. For easier visualization, GFP and aniline blue fluorescent images were false colored to
yellow and cyan, respectively. Live cell images were taken at 2 dpi using a confocal microscope at 40� magnification. Bars, 20 mm.
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analyzed (Fig. 5A and Supplementary Table 2). However, GFP
fusions to TVCV P30ΔMP and LNYV P3ΔMP showed a 5- to 10-fold
reduction in the co-localization with aniline blue foci and reduced
accumulation along the cell periphery (Compare Fig. 5A and B;
Supplementary Table 2). In contrast, the GFP fusion to ADV P3ΔMP
co-localized with aniline blue at PD but showed a slightly more
punctate distribution on the cell periphery than the functional
ADV P3 (Fig. 5, compare A and B; Supplementary Table 2). To
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validate these intracellular localization data, we also co-expressed
functional and dysfunctional viral MP with A. thaliana plasmo-
desmata localized protein (PDLP) 1, which is known to localize
within PD and to be involved in the movement process of some
plant viruses (Amari et al., 2010). GFP-fusions to LNYV P3 and
TVCV P30 showed many co-localizing aggregates on the cell per-
iphery when co-expressed with PDLP1-RFP (Supplementary
Fig. 3A). In contrast, GFP fusions to ADV P3 (Supplementary
Fig. 3A) and all dysfunctional MP (Supplementary Fig. 3B) were
distributed smoothly along the cell periphery showing no co-
localizing aggregates when co-expressed with PDLP1-RFP. This is
similar to the distribution observed for ADV P3 and all dysfunc-
tional MP when expressed without PDLP1-RFP (Supplementary
Fig. 3C). Bimolecular fluorescence complementation (BiFC) analy-
sis did not detect any protein–protein interactions involving PDLP1
(data not shown). Taken together, this data confirms PD localiza-
tion of the studied MP. It also appears to indicate that PDLP1
interaction may not be required by these MPs and that the D-A
mutation in the 30K LxD/N50–70G motif impairs PD targeting of
LNYV P3 and TVCV P30.

LNYV P3 and TVCV P30 but not ADV P3 interact with the microtubule-
associated transcriptional activator NbVOZ1

Previous reports have proposed that SYNV sc4, the P3 of this
nucleorhabdovirus, is a 30K-like MP based on secondary structure
predictions and intracellular localization to the cell periphery
(Goodin et al., 2007b; Melcher, 2000; Min et al., 2010). One of
those studies identified that SYNV sc4 interacted in yeast 2-hybrid
and BiFC assays with two N. benthamiana proteins termed sc4
interactor protein 17 (sc4i17; motor kinesin homolog) and sc4i21
(A. thaliana vascular one-zinc finger protein 1 homolog) (Min et al.,
2010). These microtubule-associated proteins were implicated in
SYNV cell-to-cell movement (Min et al., 2010). We chose to study
sc4i21, henceforth referred to as NbVOZ1, to determine if this
Fig. 6. Transient co-expression of cytorhabdovirus P3 or TVCV P30 and microtubule
encoding NbVOZ1-RFP plus GFP-fusions to either functional MP (TVCV P30, LNYV P3, an
Controls for the individual protein expression of MP or ΔMP and NbVOZ1 fused to GFP o
images were taken at 2 dpi using a confocal microscope at 40� magnification. Bars, 20
microtubule-associated transcriptional activator protein also
interacts with 30K-like MP of other viruses, in particular TVCV
P30, LNYV P3 and ADV P3. NbVOZ1 gene was PCR-amplified from
total N. benthamiana RNA, cloned into pDONR221, sequenced,
recombined into pSITE-RFP-N1 and transiently expressed follow-
ing agroinfiltration. At 2 dpi, confocal microscope analysis of
agroinfiltrated N. benthamiana leaves showed that NbVOZ1-RFP
accumulated uniformly on microtubules and in small aggregates
on the cell periphery (Fig. 6C) as previously shown (Min et al.,
2010). When NbVOZ1-RFP was co-expressed with viral MP-GFP,
large cytosolic or cell periphery co-localizing aggregates were seen
with TVCV P30-GFP and LNYV P3-GFP (Fig. 6A). No such aggre-
gates were observed for either of these MP fusions when expres-
sed individually (Fig. 6C). In contrast, NbVOZ1-RFP co-expression
with ADV P3-GFP showed that both proteins uniformly accumu-
lated on the cell periphery (Fig. 6A) similar to when ADV P3-GFP
was expressed alone (Fig. 6C). Co-expression of NbVOZ1-RFP with
dysfunctional TVCV P30ΔMP-GFP or LNYV P3ΔMP-GFP no longer
showed the large co-localizing aggregates that were observed with
the functional MP (Fig. 6; compare A and B). Instead NbVOZ1-RFP
localized on microtubules and in small aggregates on the cell
periphery similar to when this protein was expressed alone
(Fig. 6C), suggesting that dysfunctional LNYV P3ΔMP and TVCV
P30ΔMP did not co-localize with NbVOZ1. In contrast, NbVOZ1-
RFP co-expression with ADV P3ΔMP-GFP showed a uniform to
punctate accumulation on the cell periphery (Fig. 6B) similar to
when ADV P3ΔMP-GFP was expressed alone (Fig. 6C).

The data above suggest that LNYV P3 and TVCV P30, but
apparently not ADV P3, may utilize NbVOZ1 to aid virus move-
ment. To determine if the observed re-localization effect by LNYV
P3 and TVCV P30 on NbVOZ1 subcellular distribution involves
heterotypic protein–protein interactions, BiFC assay was done in
all pairwise combinations using Glutathione-S-transferase (GST)
as a non-binding control. In agroinfiltrated transgenic N. ben-
thamiana cells expressing CFP-histone 2B nuclear marker, TVCV
-associated NbVOZ1. N. benthamiana leaves were agroinfiltrated with constructs
d ADV P3) (A) or mutated MP (TVCV P30ΔMP, LNYV P3ΔMP, and ADV P3ΔMP) (B).
r RFP, respectively (C) are shown below co-expression panels (A, B). Live cell z-stack
mm.



Fig. 7. Bimolecular fluorescence complementation assay of cytorhabdovirus P3 or TVCV P30 interactions with transcriptional activator NbVOZ1. Protein–protein interaction
assays were carried out in transgenic N. benthamiana expressing CFP fused to the nuclear marker histone 2B (CFP-H2B). Transgenic plants were agroinfiltrated with NbVOZ1
plus either functional MP (TVCV P30, LNYV P3, and ADV P3) (A) or mutated MP (TVCV P30ΔMP, LNYV P3ΔMP, and ADV P3ΔMP) (B). Proteins listed first in the pair of
interactors were expressed as fusions to the carboxy-terminal half of yellow fluorescent protein (YFP). Those listed second were expressed as fusions to the amino-terminal
half of YFP. From left to right panel show H2B-CFP (nuclear localization), BiFC (YFP fluorescence) and merged images for each assayed pair of proteins. Glutathione-S-
transferase (GST) was used as a non-binding control to validate interactions. Live cell z-stack images were taken at 2 dpi using a confocal microscope at 40� magnification.
Bars, 20 mm.
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P30 and LNYV P3 showed an interaction with NbVOZ1 (Fig. 7A),
whereas no interaction was detected for ADV P3 or any of the
mutated MPs (TVCV P30ΔMP, LNYV P3ΔMP, and ADV P3ΔMP)
(Fig. 7A and B). BiFC confirmed that NbVOZ1 was capable of self-
interaction as shown previously (Min et al., 2010) and none of the
tested proteins interacted with GST (Fig. 7B). Taken together,
mutation of the D residue in the 30K-specific LxD/N50–70G motif
appears to disrupt movement complementation for all tested MP
and interaction with NbVOZ1 specifically for TVCV P30 and LNYV
P3 but not ADV P3. This suggests that TVCV P30 and LNYV P3 may
utilize NbVOZ1 to aid virus cell-to-cell movement.
Discussion

Plant viral MP mediate the transport of viral genomes mostly as
nucleoprotein complexes from an infected cell to adjacent unin-
fected cells via the PD (Lazarowitz and Beachy, 1999; Liu and
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Nelson, 2013; Scholthof, 2005; Tilsner et al., 2014). This process
also involves PD-localized host proteins and the plant cytoskeleton
(Amari et al., 2010; Heinlein et al., 1998a; Niehl et al., 2014).
Movement trans-complementation assays have provided the
means to experimentally validate MP function (Ziegler-Graff et al.,
1991). This approach is especially useful when studying proteins of
viruses that lack reverse genetics systems. No infectious cDNA
clones are currently available for LNYV and ADV to directly study
functions of encoded proteins (Mann and Dietzgen, 2014), but
such a system was recently developed for SYNV and demonstrated
the MP function of its sc4 protein (Wang et al., 2015).

Here we show that P3 proteins of the cytorhabdoviruses LNYV
and ADV trans-complemented a movement-defective TVCV repli-
con in N. benthamiana. LNYV P3 more efficiently supported TVCV
movement than ADV P3 but neither had the same high efficiency
as the homologous TVCV P30. This is the first study to functionally
demonstrate that cytorhabdovirus P3 proteins act as cell-to-cell
MP. This is also the first report demonstrating use of a modular
TVCV pro-vector system to test movement function. We show that
these cytorhabdovirus MP belong to the 30K-like superfamily of
MP as predicted by in silico analyses (Dietzgen et al., 2006; Heim
et al., 2008; Walker et al., 2011). We provide several lines of evi-
dence to suggest LNYV P3 MP functions more like TVCV P30 MP
than ADV P3. Like TVCV P30, LNYV P3 was 1) capable of trans-
complementing TVCV movement, 2) significantly affected by a
mutation in the 30K CCD LxD/N50–70G motif and 3) interacted with
the N. benthamiana microtubule-associated transcriptional acti-
vator NbVOZ1. Therefore, LNYV P3 and TVCV P30 may facilitate
cell-to-cell movement using a similar mechanism, which may be
aided by interaction with NbVOZ1, while ADV P3 may facilitate
movement by an as yet unidentified mechanism that does not
involve interaction with NbVOZ1.

It is not surprising that the P3 MP of the cytorhabdoviruses
LNYV and ADV were capable of complementing TVCV movement
(Fig. 3) given past complementation studies have shown that 30K-
like MP can functionally replace the MP and support the cell-to-
cell movement of related (Giesman-Cookmeyer et al., 1995; Mise
et al., 1993) or unrelated viruses (Lauber et al., 1998; Morozov
et al., 1997; Ryabov et al., 1998; Solovyev et al., 1996). However,
this had not been shown previously for a cytorhabdovirus using a
tobamovirus-based system. Our results confirm the functional
homology typically observed for 30K-like MP (Giesman-
Cookmeyer et al., 1995). However, the efficiency in trans-com-
plementing the movement of TVCV by either LNYV P3 or ADV P3
was lower than the ectopically expressed “wild-type” TVCV P30
(Table 1). The lower efficiency may be due to intrinsic MP
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differences between negative-sense cytorhabdoviruses and
positive-sense tobamoviruses. MP of the 30K superfamily were
shown to be more efficient at complementing the movement of
related viruses (Niehl et al., 2014) than unrelated viruses (Tamai
et al., 2003). Thus, although 30K-like MPs are capable of sup-
porting the movement of unrelated viruses, the efficiency at which
this occurs is likely lower than for related viruses as shown here
for cytorhabdovirus MP versus TVCV MP. This is supported in the
literature by numerous trans-complementation studies which
show that the heterologous MP being tested was less efficient than
the MP originally encoded by the movement-defective virus
(Hiraguri et al., 2012; Huang et al., 2005; Ishikawa et al., 2013; Yu
et al., 2013). Similar to our study which showed that LNYV P3 was
�2 times less efficient than the positive control MP at 7 dpi, RTYV
P3 was found to be approximately �1.5 times less efficient in
trans-complementation activity as compared to the MP encoded
by the movement-defective tobamovirus (Hiraguri et al., 2012).

It has been proposed that the conserved aspartic acid residue in
the LxD/N50–70G motif located in the β2 strand of 30K MPs may be
a hallmark for the identification of candidate 30K family members
(Mushegian and Elena, 2015; Yu et al., 2013). Mutation of this
residue has been previously shown to cause both, a loss in
movement function and PD localization for several 30K MP
members including cauliflower mosaic virus P1, tomato spotted
wilt virus NSm, raspberry leaf blotch virus P4, and rice stripe virus
pc4 (Li et al., 2009; Thomas and Maule, 1995; Yu et al., 2013; Zhang
et al., 2012). Our data support this identification scheme since both
LNYV P3 and ADV P3 along with the positive control TVCV P30 lost
movement complementation function after this D-A mutation
was introduced (Fig. 4). However, this mutation generated differ-
ential results in our study with respect to intracellular localization
(Fig. 5). Typically, MP localization at the PD is strongly correlated
with cell-to-cell movement function (Sasaki et al., 2006; Tilsner
et al., 2010; Yu et al., 2013). Although this appeared to be the case
for LNYV P3ΔMP and TVCV P30ΔMP which showed a reduction in
cell periphery accumulation and loss in PD localization similar to
other reported 30K ΔMP (Bertens et al., 2000; Yu et al., 2013), ADV
P3ΔMP localization was mostly unaffected (Fig. 5). Instead, ADV
P3ΔMP cell periphery accumulation remained mostly unchanged
and appeared to still target the PD (Fig. 5). This may suggest that
PD localization and cell-to-cell movement function may not
always be correlated. However, it is possible that the sequence for
PD localization of ADV P3 may reside beyond the point mutation
used in this study (for example within the β2 strand). This
hypothesis is supported by studies which show that mutations in
the β1 and β2 strands for some 30K MP did not always result in
concurrent loss of movement function and PD localization (Kahn
et al., 1998; Li et al., 2009; Yu et al., 2013; Zhang et al., 2012). Thus,
although mutation of the conserved aspartic acid residue seems to
broadly disrupt 30K movement, it does not appear to have the
same effect on PD localization for some 30K-like MP such as ADV
P3. This phenomenon may warrant further investigation.

Plant viral MP have been shown to interact with host cytos-
keleton components such as actin filaments and microtubules to
accomplish viral intracellular movement (Amari et al., 2011; Boyko
et al., 2007; Cho et al., 2012; Harries et al., 2009; Niehl et al., 2014;
Wright et al., 2010, 2007). The role of microtubules in viral cell-to-
cell movement has been investigated for a small number of plant
viruses including SYNV (Min et al., 2010) tomato mosaic virus
(Padgett et al., 1996), potato mop-top virus (PMTV) (Wright et al.,
2010), PVX (Cho et al., 2012), beet yellows virus (Karasev et al.,
1992), grapevine fanleaf virus (Laporte et al., 2003) and mostly
notably TMV (Niehl et al., 2013). TMV P30 MP directly binds to and
interacts with microtubules (Boutant et al., 2009; Ferralli et al.,
2006; Heinlein et al., 1998a) including tubulin (Ashby et al., 2006;
Heinlein et al., 1998b), and disruption to the microtubule
interaction inhibits TMV movement (Boyko et al., 2007). Here we
show that both TVCV P30 and LNYV P3, but not ADV P3 co-localize
and interact with the N. benthamiana microtubule-associated
NbVOZ1 (Figs. 6 and 7), a host factor implicated in SYNV cell-to-
cell movement that interacts with SYNV P3 (Min et al., 2010).
Although the A. thaliana VOZ1 is expressed in phloem tissue
(Mitsuda et al., 2004), a similar transcriptional activator is asso-
ciated with or tethered to microtubules in N. benthamiana (Min
et al., 2010; this study), like other plant and animal transcriptional
activators (Hamada et al., 2009; Jackman et al., 2009). Our results
suggest that TVCV P30 and LNYV P3 interaction with NbVOZ1 may
be associated with aiding virus movement. This is supported by
the findings that LNYV P3 and TVCV P30 lost both cell-to-cell
movement trans-complementation activity and interaction with
NbVOZ1 when the aspartic acid residue in the LxD/N50–70G motif
was mutated to alanine (Figs. 4 and 7). This correlation leads us to
hypothesize that loss of movement function may be connected to
the mutation of the D residue. We propose, that the transcriptional
activator NbVOZ1, as suggested previously for SYNV P3 (Min et al.,
2010), may be utilized by some MP to anchor virus movement
complexes to the microtubule network for intracellular trafficking.
Interaction with NbVOZ1 may be a common feature for certain
30K MP and perhaps could form the basis for a new subgrouping
system for 30K-like MP. Future research may investigate the effect
on virus movement when NbVOZ1 expression is knocked down by
techniques like VIGS (Ruiz et al., 1998) or targeted genome mod-
ification using CRISPR-Cas (Shan et al., 2013).

Although ADV P3 did not appear to interact with the
microtubule-associated NbVOZ1, we observed that it appeared to
alter the largely microtubular distribution of NbVOZ1 (Fig. 6) into
primarily a cell periphery pattern similar to when this MP is
expressed alone. A potential host protein redistribution effect was
also observed when ADV P3 was co-expressed with PDLP1 (Sup-
plementary Fig. 3). ADV P3ΔMP similarly appeared to change the
cellular distribution of PDLP1 and NbVOZ1 proteins, suggesting
that mutation of the D residue in the 30K-specific LxD/N50–70G
motif is likely unrelated to this effect. One possible explanation for
the altered cellular distribution of these membrane-localizing
proteins could be that ADV P3 remodels host endomembranes
through the actin network (Sparkes et al., 2009) similar to PVX
TGB1 MP which was shown to reorganize host actin and endo-
membranes into viral replication complexes (Tilsner et al., 2012).
Supporting a potential role in viral replication, ADV P3 was
recently shown to interact with ADV phosphoprotein P (Bejerman
et al., 2015), which is one of the core proteins of the rhabdoviral
replication complex (Dietzgen, 2012). Since PVX requires the actin
network for cell-to-cell movement, unlike TVCV (Harries et al.,
2009), it is tempting to speculate that the actin network rather
than microtubules may play a more central role in ADV P3-
mediated cell-to-cell movement. This would explain why ADV P3
poorly supported TVCV movement and failed to interact with the
microtubule-associated NbVOZ1 protein. Future studies will aim to
investigate the detailed viral movement mechanisms associated
with ADV P3.

Although secondary structure analysis helps to predict move-
ment function (Huang et al., 2005), conflicting views have arisen
as to the validity of some proposed plant rhabdoviral 30K super-
family candidates (Mushegian and Elena, 2015). Our results sup-
port the validity of identifying 30K MP candidates by analyzing the
effect that D to A mutation in the LxD/N50–70G motif has on
movement function (Mushegian and Elena, 2015; Yu et al., 2013).
Future studies should also consider the potential role of the
nucleus in supporting plant rhabdovirus movement. Previous
studies have shown that some viral MP such as rice stripe tenui-
virus P2, PMTV TGB1 and groundnut rosette umbravirus ORF3
require nuclear host factors to support cell-to-cell movement (Kim
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et al., 2007; Wright et al., 2010; Zheng et al., 2015). This obser-
vation may have relevance for LNYV P3, ADV P3, and TVCV P30 MP
that localize at least partially to the nucleus in transient expression
assays (Bejerman et al., 2015; Levy et al., 2013; Martin et al., 2012).
Methods

Generation of MP mutants

LNYV P3 and ADV P3 ORF (Bejerman et al., 2015; Martin et al.,
2012) in pDONR221 (Life Technologies, California, USA) and TVCV
P30 in pICH-17388 or pDONR221 (Fig. 1) were used as templates to
generate MP-defective (ΔMP) constructs using the Q5sSite-
Directed Mutagenesis Kit (New England Biolabs, MA, USA) fol-
lowing the manufacturer's instructions. Mutagenic primers were
generated using the online program NEBaseChanger (New England
Biolabs) following the recommendations for substitution primers
(see Supplementary Table 3 for a list of primers used). Successful
mutagenesis was validated by Sanger DNA sequencing by the
Australian Genome Research Facility (AGRF, Brisbane).

Gateway cloning

MP-autofluorescent protein fusion constructs were generated
by individually recombining the functional and mutated MP (LNYV
P3, ADV P3, and TVCV P30) available in pDONR221 into RFP-, GFP-
and BiFC-, pSITE plant expression vectors (kindly provided by
Michael Goodin, University of Kentucky, USA) following the
instructions of the Gateway LR Clonase II Enzyme Mix Kit (Life
Technologies). LNYV and ADV N gene ORFs were cloned as pre-
viously described (Bejerman et al., 2015; Mann et al., 2015). N.
benthamiana VOZ1 (1, 429 nt) and A. thaliana PDLP1 (1, 213 nt;
accession number NM_123765.2) were amplified (See Supple-
mentary Table 3 for primers used) from total RNA using a Plant
Mini Kit following the manufacturer's instructions (Qiagen, Venlo,
Netherlands). PCR amplicons were cloned into pGEM-T Easy
(Promega, Madison, USA) and recombined into pSITE plant
expression vectors as previously described (Goodin et al., 2007a;
Mann et al., 2015).

Agroinfiltration of N. benthamiana plants

Wild-type and CFP-H2B transgenic (Martin et al., 2009) N.
benthamiana plants were grown in glasshouse conditions at 25 °C
with 16 h photoperiod. Four- to five-week old plants were infil-
trated with agrobacterium GV3101 cultures following a previously
reported protocol (Mann et al., 2015). For movement assays, all
agrobacteria were initially resuspended in infiltration media to
OD600 of 0.3. Subsequently, agrobacteria carrying TVCV pro-vector
constructs (pICH-17388/*MP, pICH-7410 and pICH-14011; Fig. 1B)
(Marillonnet et al., 2004) were mixed in equal proportions (v/v)
and diluted to a final OD600 of 0.015 in 1 mL of agrobacteria culture
carrying a putative MP in 35S:MP-RFP (Fig. 1B) (final OD600

0.0015).

Localization and interaction assays and live cell imaging

For protein localization, agrobacteria cultures carrying GFP-MP
fusion constructs were diluted to OD600 of 0.8 and then equal
volumes were mixed with either aniline blue fluorochrome (Bio-
supplies Australia, Bundoora, VIC) solution [prepared by diluting
the stock solution (0.1 mg/mL) 1:3 with water] or A. thaliana
PDLP1-RFP. For BiFC protein–protein interaction assays, pSITE-
BiFC-nEYFP-C1 and pSITE-BiFC-cEYFP-C1 vectors were used,
where all viral proteins were expressed as C-terminal fusions to
the amino- or carboxy-terminal portions of YFP. BiFC assays were
carried out using cyan fluorescent nuclei (CFP-Histone 2B) trans-
genic marker plants (Martin et al., 2009). For localization and
interaction assays, leaf samples from at least three leaves from
each of three independent experiments were examined 2–3 days
after agroinfiltration using a Zeiss LSM-700 confocal microscope at
40� magnification. Similarly, for movement complementation
assays, leaf samples were viewed for GFP fluorescence 7 days
postinfiltration at 10� magnification. All images were processed
using Zen lite 2012 software (Carl Zeiss Microscopy, Germany).

Protein analysis

Soluble protein extracted from agroinfiltrated leaf tissue
(20 mg) was resuspended in sample buffer (Laemmli, 1970) and
separated on SDS – 12% polyacrylamide gels. Proteins were
transferred to PVDF membrane (Millipore, Massachusetts, USA)
and detected using anti-GFP antibodies as previously described
(Mann et al., 2015). Protein sizes were estimated using the
PageRuler pre-stained protein ladder (Thermo Scientific,
Massachusetts, USA).

In silico analysis

MP amino acid sequences were analyzed using PROMALS3D
(Pei and Grishin, 2014) and subsequent alignments were pro-
cessed using Jalview (University of Dundee, Scotland) (www.jal
view.org) and exported as “esp” files for image preparation.
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