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S u m m a r y

We have determined the full-length 14,491-nucleotide genome sequence of a new plant rhabdovirus,
alfalfa dwarf virus (ADV). Seven open reading frames (ORFs) were identified in the antigenomic
orientation of the negative-sense, single-stranded viral RNA, in the order 30-N-P-P3-M-G-P6-L-50 . The
ORFs are separated by conserved intergenic regions and the genome coding region is flanked by
complementary 30 leader and 50 trailer sequences. Phylogenetic analysis of the nucleoprotein amino acid
sequence indicated that this alfalfa-infecting rhabdovirus is related to viruses in the genus Cytorhabdo-
virus. When transiently expressed as GFP fusions in Nicotiana benthamiana leaves, most ADV proteins
accumulated in the cell periphery, but unexpectedly P protein was localized exclusively in the nucleus.
ADV P protein was shown to have a homotypic, and heterotypic nuclear interactions with N, P3 and M
proteins by bimolecular fluorescence complementation. ADV appears unique in that it combines
properties of both cytoplasmic and nuclear plant rhabdoviruses.

& 2015 Elsevier Inc. All rights reserved.

Introduction

In Argentina, alfalfa (Medicago sativa L.) is a primary forage crop
and a major feed component in dairy and beef cattle production
systems. In 2010, a rhabdovirus was found associated with alfalfa
plants showing symptoms of shortened internodes (bushy appear-
ance), leaf puckering and varying-sized vein enations on abaxial
leaf surfaces (Bejerman et al., 2011). The plants that showed these
distinct symptoms were diagnosed as being co-infected by a
rhabdovirus and alfalfa mosaic virus (AMV), led to significant yield
losses and reduced the useful economic life of the crop (Trucco
et al., 2014). Alfalfa dwarf disease had a prevalence of over 70% in
several growing regions of Argentina and preliminary evaluations
showed yield reductions of up to 30% (S. Lenardon, pers. comm.).

Members of the family Rhabdoviridae can infect a wide range of
hosts, including humans, livestock, fish, plants, and insects

(Ammar et al., 2009; Jackson et al., 2005; Kuzmin et al., 2009).
Six rhabdovirus genera are recognized by the International Com-
mittee on Taxonomy of Viruses (ICTV) in its 9th report (Dietzgen
et al., 2011) and five additional genera have since been approved
(ICTV Master Species List 2013v2). Plant-infecting rhabdoviruses
are currently classified into two genera, Nucleorhabdovirus and
Cytorhabdovirus, which are distinguished depending on whether
the viruses elicit inclusions in the nucleus, bud from the inner
nuclear envelope, and accumulate in perinuclear spaces, or
whether they develop cytoplasmic viroplasms, undergo morpho-
genesis from cytoplasmic membranes, and accumulate in the
cytoplasm, respectively (Jackson et al., 2005). Viruses of both
genera are transmitted by insects, in which they also replicate
and circulate. Plant rhabdoviruses have been reported worldwide,
and can infect most major crops and a number of weed hosts in
temperate, subtropical and tropical regions (Jackson et al., 2005;
Redinbaugh and Hogenhout, 2005).

Plant rhabdoviruses have non-segmented negative-sense, sin-
gle stranded RNA genomes of approximately 11–15 kb, that encode
at least six proteins: nucleocapsid protein (N), phosphoprotein (P),
movement protein (P3), matrix protein (M), glycoprotein (G) and
RNA-dependent RNA polymerase (L) in the order 30 N-P-P3-M-G-L
50 (Dietzgen et al., 2011). The viral RNA is tightly encapsulated by
the N protein, and this N-RNA complex, together with the P and L
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proteins, forms a helical ribonucleoprotein (RNP) complex that is
essential for virus replication. The M protein is thought to be
responsible for condensation of RNP complexes into a skeleton-
like structure (RNP-M core) during virion assembly, and G protein
is thought to form trans-membrane spikes (Jackson et al., 2005).

Although more than 75 plant rhabdoviruses have been
detected in a variety of host species based on their large bacilli-
form virions, the complete genome sequences of only 6 cytorhab-
doviruses (Dietzgen et al., 2006; Heim et al., 2008; Ito et al., 2013;
Schoen et al., 2004; Tanno et al., 2000; Yan et al., 2015) and
8 nucleorhabdoviruses (Bandyopadhyay et al., 2010; Heaton et al.,
1989; Huang et al., 2003; Massah et al., 2008; Pappi et al., 2013;
Reed et al., 2005; Revill et al., 2005; Tsai et al., 2005) have been
determined. Thus, the sequence determination of the complete
genomes of additional plant rhabdoviruses is sorely needed to
support and clarify the taxonomy of this important group of
viruses and lead to a better understanding of their evolutionary
trajectories.

Initial electron microscopy and phylogenetic analysis of a
partial fragment of the L gene suggested that the alfalfa-infecting
rhabdovirus is a tentative member of the genus Cytorhabdovirus,
which has been named alfalfa dwarf virus (ADV) (Bejerman et al.,
2011). Here, we report and analyze the complete genome
sequence of ADV, demonstrate the intracellular localization of its
encoded proteins by transient expression as autofluorescent
fusions in Nicotiana benthamiana leaves and establish a viral
protein–protein interaction map. Unexpectedly, viral protein loca-
lization and interactions were not fully consistent with ADV being
a cytorhabdovirus, whereas these properties have been in com-
plete agreement for all other plant rhabdoviruses analyzed so far.

Results

Alfalfa dwarf virus genome sequence analysis

The negative-sense RNA genome of ADV is 14,491 nucleotides
(nt) in length (GenBank accession number KP205452) and con-
tains seven open reading frames (ORFs) in the anti-genome,
positive-sense orientation (Fig. 1B). BlastX searches identified
these ORFs as encoding the nucleocapsid protein (N; ORF1),
phosphoprotein (P; ORF2), putative movement protein (P3;
ORF3), matrix protein (M; ORF 4), glycoprotein (G; ORF 5), and
RNA-dependent RNA polymerase (L; ORF 7) based on highest
sequence identity scores with plant rhabdoviruses, whereas P6
(ORF6) did not have significant matches with any Genbank plant
rhabdovirus entries (Table 1). The coding sequences are flanked by
complementary 30 leader (l) and 50 trailer (t) sequences (the 22

terminal nt are complementary) revealing a genome organization
of 30 l-N-P-P3-M-G-P6-L-t 50 (Fig. 1B). All ADV genes are separated
by conserved gene junctions, which are composed of a polyade-
nyilation signal of the preceding gene, an intergenic region which
varied in length from 3 nt to 18 nt, and a transcriptional start of
the following gene (Table 2). ADV gene junctions were most
similar to those of cytorhabdoviruses (Table 2). Amino acid (aa)
sequence comparisons between the deduced ADV proteins (except
P protein) and the corresponding sequences of other plant
rhabdoviruses (Table 3) revealed the closest relationships to
cytorhabdoviruses, in particular persimmon virus A (PeVA) (the
full genome data for strawberry crinkle virus (SCV) is not acces-
sible). However, ADV P protein shared similar sequence identities
with both cyto- and nucleorhabdoviruses (Table 3). The levels of
amino acid sequence identity between ADV and PeVA were low
and ranged from 17.4% in the matrix proteins to 43.1% in the L
polymerase proteins; ADV M protein was most similar to the M
protein of lettuce yellow mottle virus (LYMoV) (Table 3).

The characteristics of proteins encoded by ADV genome as
determined by predictive algorithms are shown in Table 1. The N
gene contains a 1443-nt ORF, which encodes the nucleocapsid
protein with predicted molecular weight of 53.2 kDa and an
isoelectric point of 9.07; sequence identity between the N proteins
of ADV and other cytorhabdoviruses ranged from 19.9% to 31.4%
(Table 3). The P gene contains a 933-nt ORF, which encodes the
phosphoprotein with a predicted molecular weight of 35.1 kDa
and an isoelectric point of 4.68; sequence identity between the P
proteins of ADV and other cytorhabdoviruses ranged from 14.7% to
19.7% (Table 3). The P3 gene contains a 720-nt ORF, which encodes
the putative movement protein with a predicted molecular weight
of 27 kDa and an isoelectric point of 9.92; sequence identity
between the P3 proteins of ADV and other cytorhabdoviruses
ranged from 14.7% to 18.5% (Table 3). The M gene contains a 570-nt
ORF, which encodes the putative matrix protein with a predicted
molecular weight of 20.4 kDa and an isoelectric point of 8.05;
sequence identity between the M proteins of ADV and other
cytorhabdoviruses ranged from 17.4% to 22.7% (Table 3).

The G gene contains a 1692-nt ORF, which encodes the
glycoprotein with a predicted molecular weight of 63.05 kDa and
an isoelectric point of 7.7; the sequence identity between the G
proteins of ADV and other cytorhabdoviruses ranged from 19.4% to
29.5% (Table 3). The amino terminal region of the ADV G protein is
hydrophobic, and its overall hydrophilicity plot (data not shown) is
similar to those of the G proteins of LYMoV (Heim et al., 2008) and
lettuce necrotic yellows virus (LNYV) (Dietzgen et al., 2006). In
ADV G, a signal peptide consisting of 30 aa and containing a
IGD¼R (¼ indicates the predicted cleavage site) was identified.
Additionally, six potential glycosylation sites (N-[P]-S/T-[P]-) were

Fig. 1. Schematic diagram of ADV (A) genome sequencing strategy and (B) genome organization. The seven overlapping fragments amplified to cover the whole genome are
indicated in (A). Open reading frames (ORFs) are shown as squares and N, P, P3, M, G, P6, L genes identified in (B). Numbers above or below each ORF, indicate ORF first and
last nucleotides. Intergenic regions are indicated by arrowheads and the internal P gene ORF P0 is shown as dashed square.
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predicted in the mature G protein of ADV, compared to four for
LYMoV and three for LNYV G protein. Furthermore, a transmem-
brane domain was identified in the C-terminal region (aa positions
508–530) (Table 1). Similar domains were also reported in this
region for other plant rhabdoviruses (Bandyopadhyay et al., 2010;
Dietzgen et al., 2006; Heim et al., 2008).

A small ORF, which encodes a protein of unknown function
named P6 was identified between G and L coding regions. P6 gene
contains a 195-nt OFR with a predicted molecular weight of
7.6 kDa and an isoelectric point of 9.14. The L gene contains a
6255-nt ORF, which encodes a protein with a predicted molecular
weight of 237.7 kDa and an isoelectric point of 8.25. The L protein
of ADV contained motifs characteristic of RNA-dependent RNA
polymerases of negative-strand RNA viruses (Bourhy et al., 2005).
The similarity between the L proteins of different plant rhabdo-
viruses is highest in domain III, which includes the motif GDN,
thought to represent the catalytic center (Dietzgen et al., 2006).

Sequence identity between the L proteins of ADV and other
cytorhabdoviruses ranged from 28.6% to 43.1% (Table 3). Overall,
ADV L protein was the most conserved of the viral proteins. One
additional overlapping ORF was found in the ADV genome. This
ORF occurs in an overlapping þ1 reading frame within the P gene
(P0), located between nucleotides 1986 and 2327 (Fig. 1B), and
potentially encoding a protein of 13.8 kDa. A similar ORF was
found in the P genes of northern cereal mosaic virus (NCMV),
LNYV and LYMoV (Dietzgen et al., 2006; Heim et al., 2008; Tanno
et al., 2000). Database searches using BlastP did not reveal any
significant similarities with other proteins.

We previously used a 1 kb fragment of the L gene to show that
ADV is most closely related to viruses in the genus Cytorhabdovirus
(Bejerman et al., 2011). Here, we use the deduced aa sequence of
the N protein and the domain III of the L protein in phylogenetic
analyses using the neighbor-joining (NJ) (Fig. 2) and maximum
likelihood (ML) (data not shown) methods to confirm that ADV
clusters with the cytorhabdoviruses (Fig. 2A), and that ADV is most
closely related to SCV and raspberry vein chlorosis virus (RVCV)
(Fig. 2B). Furthermore, both phylogenetic trees show two clades of
cytorhabdoviruses, one that includes all dicot-infecting viruses
and another containing two monocot-infecting viruses (Fig. 2A
and B). In the genomes of the latter group (BYSMV and NCMV),
multiple transcriptional units are present between the P and M
genes, distinct from the genome organization of ADV and other
sequenced dicot cytorhabdoviruses.

Subcellular localization of ADV proteins

Viral protein localization in host cells provides valuable infor-
mation about viral replication and assembly sites (Martin et al.,
2012). However, subcellular localization of viral proteins is difficult
to determine solely from in silico predictions (Bandyopadhyay
et al., 2010). Therefore, we transiently expressed individual ADV
proteins as fusions to the C-terminus or N-terminus of green
fluorescent protein (GFP) to visualize intracellular localization by
live cell imaging using confocal laser scanning microscopy. To
assist in identification of intracellular structures, endoplasmic
reticulum (ER)-targeted mCherry marker was co-infiltrated with
GFP fusion constructs (Fig. S1) or transgenic fluorescent nuclear
marker plants expressing red fluorescent protein (RFP)-fused to
histone 2B were used (Fig. 3A).

GFP-N uniformly co-localized with the mCherry-ER marker on
nuclear membranes and the cell periphery frequently as small
aggregates (Fig. 3A and Fig. S1). When ADV N was expressed as
fusion to the N-terminus of GFP, the localization was similar (data
not shown). Surprisingly, GFP-P localized exclusively to a well-
defined area within the cell nucleus (Fig. 3A and Fig. S1), despite a
lack of predictable nuclear localization signals (NLSs) using con-
ventional protein domain algorithms; furthermore no nuclear
export signal was predicted when this protein was analyzed using
NetNES (data not shown). ADV P protein localization resembled

Table 1
Characteristics of proteins encoded by alfalfa dwarf virus genome determined by predictive algorithms.

ORF No.a Gene name Calculated Mr (kDa) isolelectric point Putative function Predicted NLS TM Highest scoring virus protein/E-value (Blast X)

1 N 53.21 9.07 Nucleocapsid None None LNYV N/3e-55
2 P 35.12 4.68 Phosphoprotein None None PeVA P/5e-04
3 P3 27.03 9.92 Movement None None PeVA P3/0.027
4 M 20.40 8.05 Matrix protein None None LYMoV M/0.003
5 G 63.05 7.70 Glycoprotein None aa 508–530 PeVA G/1e-65
6 P6 7.60 9.14 Unknown None aa 31–50 Not significant
7 L 237.68 8.25 Polymerase None None PeVA L/0.0

TM¼Transmembrane domain; NLS¼nuclear localization signal.
a ORF numbers are represented from 30 to 50 for genomic sense and correspond to those in Fig.1B. The overlapping ORF P0 is not shown in the Table.

Table 2
Gene junction regions of Alfalfa dwarf virus and other selected plant rhabdoviruses.

ADV consensus sequences are highlighted in gray. For virus acronyms and GenBank
accession numbers see legend to Fig.2.

Table 3
Amino acid sequence identities (%) of alfalfa dwarf virus proteins compared with
those of other cytorhabdoviruses and selected nucleorhabdoviruses.

N P P3 M G P6 L

PeVA 31.4 19.7 18.5 17.4 29.5 – 43.1
LNYV 28.1 19.0 15.4 19.0 27.8 – 38.6
LYMoV 30.4 16.4 14.7 22.7 26.4 – 40.4
NCMV 20.7 14.7 16.0 18.5 20.3 – 29.1
BYSMV 19.9 19.1 15.0 20.6 19.4 – 28.6
RYSV 16.2 18.1 8.7 12.9 15.4 6.9 23.1
SYNV 16.9 17.5 11.9 9.0 16.8 – 24.1
PYDV 16.4 16.9 10.8 10.8 14.2 – 22.2

For virus acronyms and GenBank accession numbers see legend to Fig. 2.
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that of a nuclear viroplasm and resulted in the compression of host
DNA associated with H2B to the periphery of the nucleus with a
red ring-like appearance (Fig. 3A). On the other hand, when ADV P
was fused to the N-terminus of GFP, only a weak fluorescent signal
was observed and protein localization could not be clearly
determined.

When RFP-N was co-expressed with GFP-P, the majority of both
proteins co-localized in the nucleus and N protein in the cell
periphery was significantly reduced (Fig. 3B), suggesting an inter-
action between ADV N and P proteins leading to import of
additional N protein into the nucleus.

GFP-P3 (Fig. 3A and Fig. S1) and P3-GFP (data not shown)
localized mostly to the cell periphery, but were also seen in the
nucleus. GFP-M and GFP-P6 localized in both the nucleus and cell
periphery (Fig. 3A and Fig. S1), while GFP-G was found exclusively
in nuclear membranes and the ER (Fig. 3A and Fig. S1). The N-
terminal GFP fusions M-GFP, P6-GFP and G-GFP showed intracel-
lular localizations similar to their C-terminal fusion counterparts
(data not shown). When RFP-M was co-expressed with GFP-P, the
majority of both proteins co-localized in a well-defined area
within the cell nucleus and M protein in the cell periphery was
significantly reduced (Fig. 3B), suggesting an interaction between
ADV M and P proteins leading to import of additional M protein
into the nucleus.

Interaction matrix for ADV proteins

Bimolecular fluorescence complementation (BiFC) was used to
determine the binary interactions and localization patterns of ADV
proteins N, P, P3, M, G and P6 in all pair-wise combinations and
with glutathione-S-transferase (GST), which served as a non-
binding control (Fig. 4A). The L protein was not included in these
experiments due to the inability to stably express this 237 kDa
protein in planta. None of the ADV proteins showed any interaction
with GST in either of the reciprocal fusions. Therefore, we show

only one example of these control experiments (Fig. 4). Positive
BiFC interactions were detected (as restored YFP fluorescence) for
N:P, P:P, P3:P and M:P in both orientations using the C1 BiFC
vectors (Fig. 4). The only homotypic self-interaction detected by
BiFC was that of P protein. The heterotypic interactions of ADV P
protein with N, P3 and M resulted in the punctuate intranuclear
accumulation of these viral protein complexes (Fig. 4A). While N:P
and P3:P complexes had an irregular distribution across the
nucleus, M:P punctate complexes localized chiefly in the nuclear
periphery, which may indicate that the cell nucleus is a focal point
for ADV replication machinery and viroplasm establishment.
Furthermore, as shown in Fig. 4A, M:P interaction influenced host
DNA localization. It appears that these protein interactions with
ADV P resulted in the relocalization of N, P3 and M to the nucleus
(compare Figs. 3A and 4A). In all other pairwise combinations of
ADV proteins tested no interactions were detected (data not
shown). The results of the BiFC experiments were used to generate
a diagrammatic map of protein interactions and localization for
ADV (Fig. 4B).

Co-expression of N or M proteins with P (Fig. 3B) showed a sub-
nuclear co-localization similar to the N:P and M:P interactions
observed by BiFC (Fig. 4A). However, in contrast to the sub-nuclear
P3:P interaction seen in BiFC experiments (Fig. 4A), co-expression
of P and P3 resulted in only a partial co-localization of the two
proteins and sub-nuclear re-localization of P3; a significant pro-
portion of RFP-P3 remained localized in the cell periphery (com-
pare Fig. 3A and B).

Discussion

ADV has been proposed as representative of a tentative new
species in the genus Cytorhabdovirus, family Rhabdoviridae based
on the phylogenetic analysis of partial L gene sequence (Bejerman
et al., 2011). In this current report we have determined the

Fig. 2. Neighbor-joining phylogenetic trees showing relationship of the amino acid sequences of the nucleocapsid protein (A) and domain III of the polymerase protein (B) of
ADV and corresponding sequences of other plant rhabdoviruses. The viruses and their accession numbers are: barley yellow striate mosaic virus (BYSMV; KM213865),
eggplant mottled dwarf virus (EDMV; NC_025389), lettuce yellow mottle virus (LYMoV; EF687738), lettuce necrotic yellows virus (LNYV; NC_007642); maize fine streak
virus (MFSV; AY618417), maize Iranian mosaic virus (MIMV; DQ186554), maize mosaic virus (MMV; AY618418), northern cereal mosaic virus (NCMV; NC_002251),
persimmon virus A (PeVA; NC_018381), potato yellow dwarf virus (PYDV; GU734660), raspberry vein chlorosis virus (RVCV; FN812699), rice yellow stunt virus (RYSV;
NC_003746); sonchus yellow net virus (SYNV; L32603), strawberry crinkle virus (SCV; AY250986), taro vein chlorosis virus (TaVCV; AY674964). Bootstrap values of 1000
replicates are indicated at the branch points. The scale bar indicates substitutions per amino acid site.
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complete ADV genome sequence of 14,491 nt and analyzed its
coding and intergenic regions. The taxonomic classification of ADV
as cytorhabdovirus was supported by phylogenetic analysis of the
aa sequences of the N protein and domain III of L protein, which
show a close evolutionary relationship of ADV with the cytorhab-
doviruses SCV and PeVA. SCV has a slightly larger genome
composed of 14,547 nt, but with the same genome organization
as ADV (Schoen et al., 2004); therefore ADV and SCV may have
shared a common ancestor. As is typical for all rhabdoviruses the
30 leader and 50 trailer sequences are complementary and capable

of forming a putative panhandle structure thought to be involved
in genome replication. The degree of complementarity found
between 30leader and 50trailer sequences for ADV (22/22) is the
highest within the cytorhabdoviruses (17/20 for PeVA, 22/25 for
LYMoV, 19/25 for LNYV and 13/20 for NCMV). Furthermore, no
unmatched base overhangs were observed in the aligned leader
sequence of ADV whereas overhangs in the leader sequences have
been reported for cytorhabdovirus genomes PeVA (Ito et al., 2013),
LYMoV (Heim et al., 2008), LNYV (Dietzgen et al., 2006) and NCMV
(Tanno et al., 2000); nevertheless the significance of this finding
regarding potential influence on the virus life cycle is unknown. As
is the case for all plant rhabdoviruses, ADV genes are separated by
intergenic “gene junction” regions that are highly conserved but
slightly divergent from those reported for the other plant rhabdo-
viruses. ADV ORF sequences, except M, are most similar to their
respective counterparts in PeVA; however the highest amino acid
sequence identity is only 43.1% between the L proteins. Unfortu-
nately, we could not compare the ADV proteins with those of SCV,
because the genome sequence of SCV is not publically available
although it has been reported as completed (Schoen et al., 2004).

Fig. 3. Intracellular localization of transiently expressed ADV proteins. Green
fluorescent protein (GFP) fusions to ADV N, P, P3, M, G and P6 proteins were
individually expressed from pSITE-2CA vector in agroinfiltrated Nicotiana
benthamiana epidermal leaf cells and confocal laser scanning microscope images
taken after 2–3 days. Cultures of transformed Agrobacterium harboring ADV
constructs were infiltrated into transgenic red fluorescent protein-Histone 2B
marker plants (A). The left panel shows GFP-fusions, middle panel red intracellular
marker, and right panel the merged images of both channels. (B) shows co-
expression of RFP-N and GFP-P (top row), RFP-P3 and GFP-P (middle row) and RFP-
M and GFP-P (bottom row). Experiments were repeated 3 times and a minimum of
50 cells viewed per construct. Scale bar represents 20 μM.

Fig. 4. Confocal micrographs showing ADV protein–protein interactions deter-
mined by bimolecular fluorescence complementation. Interaction assays were
conducted in leaf epidermal cells of transgenic Nicotiana benthamiana expressing
cyan fluorescent protein fused to the nuclear marker histone 2B (CFP-H2B). Shown
are the localization of CFP-H2B (nucleus, column 1), interaction assay (BiFC, column
2), and a merge of the two preceding panels (overlay, column 3). Proteins listed first
in the pair of interactors were expressed as fusions to the amino-terminal half of
yellow fluorescent protein (YFP). Those listed second were expressed as fusions to
the carboxy-terminal half of YFP. However, protein fusions to each half of YFP were
tested in all pairwise combinations, of which a subset is shown here. Representa-
tive results using glutathione-S transferase (GST) fusions as non-binding negative
controls with the ADV interactors are shown as GST-P. Experiments were repeated
3 times and a minimum of 50 cells viewed per construct. Scale bar represents
20 μM (A). Schematic diagrams of the viral protein–protein interaction and
localization maps for ADV (B). Self-interactions are indicated by a circle. Lines
indicate heterologous interactions. Superscripts indicate subcellular localization:
n¼nucleus.
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This low level of sequence identity is typical of both the cyto- and
nucleorhabdoviruses characterized so far, all of which appear
highly diverse, both in sequence of encoded proteins and in
genome organization (Jackson et al., 2005; Walker et al., 2011).
Furthermore, an accessory gene, which encodes a protein named
P6, was identified in ADV between the G and L protein coding
regions. ADV is only the fifth plant rhabdovirus, which has an
accessory gene in this position. ADV P6 gene contains a 195-nt ORF
whereas SCV P6 ORF is 9 nt longer (Schoen et al., 2004), while
NCMV P9 ORF is 39 nt shorter (Tanno et al., 2000) and barley
yellow striate mosaic virus (BYSMV) P9 ORF is 42 nt shorter (Yan
et al., 2015). An accessory ORF in this position was also identified
and characterized for the nucleorhabdovirus rice yellow stunt
virus (RYSV) (Huang et al., 2003). RYSV P6 ORF is 84 nt longer
than ADV P6 and functions as suppressor of systemic RNA silen-
cing (Guo et al., 2013). However, ADV and SCV P6, BYSMV P9 and
NCMV P9 are basic proteins, whereas RSYV P6 is highly acidic
(Huang et al., 2003). No sequence homology is evident between
any of these proteins.

To further characterize the encoded proteins of ADV genome,
we investigated their subcellular localization and interactions in
planta. The protein localization and interactome of the Cytorhab-
dovirus type species LNYV was recently reported (Martin et al.,
2012). This study is the second report of the localization and
interactions of proteins for a cytorhabdovirus, and the first such
study for a cytorhabdovirus P6 accessory protein.

ADV N protein localized to the cell periphery and nuclear
membrane, which is similar to the localization reported for LNYV
N (Martin et al., 2012). Both ADV P3 and M localized to the cell
periphery and the nuclei, however LNYV 4b (putative cell-to-cell
movement protein and P3 homolog according to the genome
organization) showed a stronger nuclear localization (Martin
et al., 2012) compared with that of ADV P3. This was supported
by a predicted NLS in LNYV 4b C-terminal domain, whereas no
canonical NLS was predicted for ADV P3. ADV M localization was
similar to that reported for LNVY M (Martin et al., 2012). The G
protein of ADV was exclusively localized to nuclear and ER
membranes when transiently expressed in N. benthamiana epi-
dermal leaf cells, similar to LNYV G (Martin et al., 2012). This
localization agrees with the predicted membrane association of G
protein spikes in assembled virus particles (Jackson et al., 2005).
Localization of ADV P6 protein in the cell periphery and the
nucleus is similar to that reported for RYSV P6 (Guo et al., 2013),
but different to that reported for BYSMV P9, which was localized in
the cell periphery and nuclear membranes but not in the nucleus
(Yan et al., 2015).

Although no NLS could be identified using current predictive
computational methods, ADV P fusion protein was targeted exclu-
sively to the nucleus, when its amino terminus was fused to the
carboxy terminus of GFP. This nuclear localization of ADV P
differed from the cytoplasmic localization observed for the cytor-
habdovirus LNYV P (Martin et al., 2012), but was similar to that
seen for potato yellow dwarf nucleorhabdovirus (PYDV) P which is
exclusively nuclear, despite lacking predicted canonical NLSs
(Ghosh et al., 2008). On the other hand, when the carboxy
terminus of ADV P was fused to the amino terminus of GFP, only
a weak fluorescent signal was observed and protein intracellular
localization could not be clearly determined. This suggests a
binding domain in the C-terminus of P protein that may be
required for localization and movement into the nucleus; this
binding domain may be blocked by the fusion to GFP in that
location. The effect of the autofluorescent proteins on the stability
and expression of fusion proteins has been previously reported for
other proteins (Goodin et al., 2007). The lack of a canonical NLS for
ADV P using predictive algorithms agrees with findings by
Anderson et al. (2012) who postulated that current computational

methods likely underestimate the number of proteins targeted to
the nucleus because algorithms used to predict nuclear localiza-
tion are designed primarily based on basic, arginine/lysine-rich
regions, typical of proteins imported into the nucleus by importin
α/β-mediated pathways (Cokol et al., 2000). However, many novel
non-basic NLSs are emerging that are not detected using the most
popular predictive algorithms (Kumar and Raghava, 2009; Mattaj
and Englmeier, 1998). Furthermore, it was demonstrated that
neither SYNV P (Deng et al., 2007; Martin et al., 2009) nor PYDV
P (Martin et al., 2009) interact with importin-α prompting us to
speculate that ADV P may utilize a similar nuclear import pathway
alternative to the one mediated by importin α/β.

In all rhabdoviruses where viral protein localizations have been
studied, the co-expression of N and P proteins have altered their
individual localization patterns relative to when they are
expressed alone. It has been demonstrated that cytorhabdovirus
N and P proteins can co-localize and interact to form aggregates in
the cytoplasm near the nucleus (Martin et al., 2012) and nucleor-
habdovirus N and P proteins interact inside the nucleus (Ghosh
et al., 2008; Goodin et al., 2001, 2002; Tsai et al., 2005). Despite
having close evolutionary ties with cytorhabdoviruses based on
phylogenetic analyses, based on our co-localization and interac-
tion studies, ADV N and P proteins behave more like their
nucleorhabdovirus counterparts. Co-expression of ADV N and P
led to a near-exclusive co-localization across the nucleus (exclud-
ing the nucleolus), whereas co-expressed SYNV N and P proteins
shift to a sub-nuclear location, distinct from the nucleolus (Goodin
et al., 2001, 2002). In contrast, maize fine streak virus (MFSV) and
PYDV N and P proteins co-localize in the nucleolus (Ghosh et al.,
2008; Tsai et al., 2005). In the case of the nucleorhabdoviruses
SYNV and MFSV the N-P co-expression leads to an import of P to
the nucleus (Goodin et al., 2001; Tsai et al., 2005), whereas in the
cytorhabdovirus LNYV cytoplasmic viroplasm-like aggregates
formed (Martin et al., 2012). On the other hand, ADV N and P
protein co-expression led to an increased import of N protein to
the nucleus, although cytorhabdoviruses, unlike nucleorhabdo-
viruses, have been shown to lack an intimate association with the
nucleus and nuclear membranes (Jackson et al., 2005). The nuclear
localization of the ADV N:P complex, which together with L
protein form the nucleocapsid core for genome replication and
mRNA synthesis may indicate different infection mechanism and
replication site for ADV and LYNV. It is tempting to hypothesize
that the formation of the virus replication factory for ADV may
require nuclear accumulation of both the N and P proteins
mediated by P protein acting as a nuclear import shuttle for
cognate N protein.

A BiFC interaction map for ADV proteins was constructed
because it provides simultaneous interaction and localization data
in planta (Citovsky et al., 2006; Martin et al., 2009). The construc-
tion of such a map is critical for understanding molecular
mechanisms that underlie viral infection and transmission pro-
cesses for negative-sense RNA viruses like ADV, for which reverse
genetic systems are not yet available (Min et al., 2010; Mann and
Dietzgen, 2014). When direct bilateral protein–protein interactions
were tested for ADV, one homotypic and three heterotypic inter-
actions were detected, all involving the P protein (Fig. 4B).

The interaction of N and P proteins is a common feature among
not only the already characterized LNYV (Martin et al., 2012),
PYDV (Bandyopadhyay et al., 2010) and SYNV (Min et al., 2010) but
also the recently characterized dichorhaviruses coffee ringspot
virus (CoRSV) (Ramalho et al., 2014) and orchid fleck virus (OFV)
(Kondo et al., 2013), which have bipartite, negative-strand RNA
genomes with clear sequence similarities to those of nucleorhab-
doviruses, and the vertebrate rhabdovirus, vesicular stomatitis
virus (VSV) (Moerdyk-Schauwecker et al., 2009; Fig. 7b in Martin
et al., 2012). In this study, interaction between ADV N and P was
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also demonstrated by BiFC, where the location of the N:P complex
was subnuclear, similar to that reported for SYNV, PYDV, CoRSV
and OFV (Bandyopadhyay et al., 2010; Min et al., 2010; Kondo
et al., 2013; Ramalho et al., 2014), but different to that observed for
LNYV, which was in the cytoplasm (Martin et al., 2012). The BiFC
results for ADV N and P proteins confirmed the earlier observed
co-localization results for these proteins, and showed that the
interaction was similar to that reported for these two proteins
from nucleorhabdoviruses rather than cytorhabdoviruses. This
supports the hypothesis that the N:P association in ADV may be
required for formation of subnuclear viroplasms, similar to those
interactions in the nucleorhabdovirus SYNV (Deng et al., 2007).

The self-interaction of P protein was also reported for SYNV (Min
et al., 2010) and LNYV (Martin et al., 2012), however was not observed
for PYDV (Bandyopadhyay et al., 2010). The subnuclear localization of
the ADV P:P complex (Fig. 4B) resembles that of the sole expression of
GFP-P, and is different to that observed for LNYV P (Martin et al.,2012)
at the cell periphery (Martin et al., 2012) and both nuclear and
cytoplasmic localization for SYNV P (Min et al., 2010).

This report shows for the first time an interaction between the
putative movement protein P3 and the P protein of a plant
rhabdovirus. Additional information was gained from co-expression
of P and P3, which resulted in the relocalization of only some (P-
interacting) P3 to the nucleus, while the majority of P3 remained at
the cell periphery and did not co-localize with P protein. This may be
an indication of multiple virus movement related functions of P3 by
itself at the cell periphery and in a complex involving P protein in the
nucleus. The P:P3 interaction is characterized by the re-localization
of some P3 from the cell periphery to the nucleus. GST pull-down
assays showed that RYSV P3 specifically binds to cognate N protein,
indicating its involvement in cell-to-cell movement (Huang et al.,
2005). On the other hand, the putative movement protein of PYDV
was shown to interact with cognate M and G proteins
(Bandyopadhyay et al., 2010), whereas SYNV sc4 interacts with the
G protein (Min et al., 2010). Based on this data it was proposed that
M and G proteins, in the case of PYDV (Bandyopadhyay et al., 2010),
and G protein, for SYNV (Min et al., 2010), are involved (also
including several host proteins) in the formation of movement
complexes, respectively. Therefore, in the case of ADV one might
predict that P protein may be involved in the formation of the
movement complex. Furthermore, like for ADV, it has been observed
for both PYDV and SYNV that the interactions with either M or G
proteins result in relocalization of the movement proteins from the
cell periphery to the nucleus, the site of viral replication and
morphogenesis for these nucleorhabdoviruses (Bandyopadhyay
et al., 2010; Min et al., 2010).

The interaction of M and P proteins has so far only been
reported for the cytorhabdoviruses ADV and LNYV (Martin et al.,
2012), but not for the nucleorhabdoviruses PYDV and SYNV
(Bandyopadhyay et al., 2010; Min et al., 2010). However, this
interaction occurred inside the nucleus in small aggregates for
ADV, while the M:P complexes were localized in aggregates in the
cytoplasm for LNYV (Martin et al., 2012). This suggests that LNYV P
protein may be involved in the relocalization of M protein to the
cytoplasm, where the viral core complex is thought be condensed
by the M protein (Jackson et al., 2005). On the other hand, as was
shown by both the co-expression and BiFC results, ADV P protein
may cause the relocalization of M into the nucleus, which supports
the hypothesis that the cell nucleus may be the focal point for ADV
replication machinery and viroplasm establishment.

In summary, the ADV protein localization and interaction data
indicate an association of this virus with the nucleus, whereas ADV
particles appear to be associated with ER membranes of infected
cells when viewed by EM of thin sections (Bejerman et al., 2011)
and have a clear genome sequence similarity and evolutionary
links exist with cytorhabdoviruses. More detailed electron

microscopy studies and a reverse genetics system based on further
developments of plant rhabdovirus minireplicons (Ganesan et al.,
2013) will be needed to confirm the site(s) of ADV replication and
morphogenesis.

Although the intracellular localization of viral protein interac-
tions observed was different for ADV and LNYV, overall the protein
interaction maps for these two cytorhabdoviruses appear similar
with four interactions observed for each virus. For ADV, the
exception is the lack of a detectable M:M interaction, which is
otherwise conserved across plant rhabdoviruses studied so far
(Bandyopadhyay et al., 2010; Martin et al., 2012; Min et al., 2010).
It should be noted that both ADV BiFC constructs that failed to
detect the M:M interaction, were successful in detecting the M:P
interaction, suggesting that fusion of YFP reporter protein frag-
ments to ADV M protein did not interfere with its BiFC interaction
capability.

Interactions of rhabdovirus proteins with plant proteins have
been demonstrated for SYNV (Min et al., 2010) and several host
proteins were found associated with VSV virions (Moerdyk-
Schauwecker et al., 2009), indicating involvement of host proteins
in rhabdovirus replication. It is conceivable that host proteins that
play a role in ADV replication may interact undetected with viral
proteins during BiFC assays and thereby block the viral protein YFP
fusions from interacting. This could explain the lack of detection in
BiFC assays of some expected protein–protein interactions, like M:M
or G:G seen for some other plant rhabdoviruses (Bandyopadhyay
et al., 2010; Martin et al., 2012).

Little is known about the functions of cytorhabdovirus P
proteins, besides the recently determined structure of the C-
terminal domain of LNYV P and its local RNA silencing suppressor
activity in plants (Martinez et al., 2013; Mann et al., 2015). It would
be of particular interest to determine if P protein nuclear localiza-
tion and interaction with N protein may also be a feature of other
cytorhabdoviruses that are closely related to ADV, like PeVA and
SCV. Furthermore, the study of ADV P mutants will be required to
identify functional domains involved in the interaction with N
protein, identify putative nuclear import and export signals and
define the import pathways used, to reveal the genome replication
processes of ADV.

In conclusion, this research has provided further evidence that
plant rhabdoviruses across the currently recognized genera are
diverse in genome organization, and viral protein localization and
interactions. We have also shown that the observed localization
and interactions of ADV proteins in plant cells are not in full
agreement with the evolutionary relationships and taxonomical
placement in the Cytorhabdovirus genus suggested by phylogenetic
genome sequence analysis.

Methods

Virus source and RNA purification

Young symptomatic leaves were collected from alfalfa plants
growing in the rural area of Manfredi (Córdoba province). Total
RNA was extracted using Trizol (Invitrogen, CA, USA) following the
manufacturer's instructions. The amount and quality of RNA were
checked using a spectrophotometer (Nanodrop, Thermo Fisher
Scientific, Waltham, MA, USA).

RT-PCR and cloning of amplicons

Total RNAwas sent to Fasteris Life Sciences SA (Plan-les-Ouates,
Switzerland), where the bands located between 21 and 30 bp were
excised, purified, processed and sequenced on a Illumina HiSeq
2000. Raw data were processed using the pipeline ngs_backbone
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1.4.0 (Blanca et al., 2011) to remove adapter barcode and low-
quality regions. The cleaned reads were de novo assembled with
the software package Velvet v0.6.04 (Zerbino and Birney, 2008)
and the identity of individual contigs was analyzed using BLASTn
and BLASTx. Short fragments of the N, G and L genes, assembled
using Velvet, were used to design specific primers to amplify the
complete viral genome. Complementary DNA was synthesized
using M-MLV Reverse Transcriptase (Promega, Madison, USA) from
total RNA and using ADV-specific primers. Five large fragments
(5.3 kb, 3.2 kb, 1 kb, 1.2 kb and 1.1 kb) covering most of the ADV
genome (Fig. 1A) were amplified using the Expand Long Template
PCR System (Roche, Mannheim, Germany) and appropriate primer
pairs. The total RNA was used to determine the viral 30 and 50

terminal sequences by RACE. For 50RACE, cDNA synthesis, purifica-
tion and dC-tailing were performed using the 50RACE System for
Rapid Amplification of cDNA Ends, v2.0 (Invitrogen) kit, according
to protocols provided by the supplier. For 30RACE, total RNA was
polyadenylated using Escherichia coli Poly(A) Polymerase (NEB,
Ipswich, USA). An oligo (dT) primer was used for cDNA synthesis
from the poly(A) RNA, together with a virus-specific primer
for PCR.

All amplicons were gel-purified using the Wizard SV Gel and
PCR Clean-Up System (Promega) and ligated into pGEM-T Easy
Vector (Promega). Each nucleotide was sequenced in both direc-
tions from at least three independent clones using the Sanger
method at the Australian Genome Research Facility (AGRF, Bris-
bane) or Macrogen (Seoul, South Korea) with universal M13
forward and reverse primers and internal primers as required.

Sequence analysis

Sequences were compiled and analyzed using the Lasergene 10
software package (DNASTAR, Inc., Madison, Wi, USA). Percentage
nucleotide (nt) and amino acid (aa) sequence identity of ADV with
available cyto- and nucleorhabdovirus sequences was calculated
by ClustalW (Thompson et al., 1994) and implemented in the
BioEdit 7.0.9.0 software (Hall, 1999). Phylogenetic analysis of the aa
sequence of the complete N protein and domain III of the L protein
was carried out using neighbor-joining (NJ) and maximum like-
lihood (ML) methods, as implemented in MEGA 6.0 (Tamura et al.,
2013).

Protein sequences were searched for domains and motifs,
including transmembrane domains (TMHMM version 2.0 http://
www.cbs.dtu.dk/services/TMHMM/) (Krogh et al., 2001), N-
terminal signal peptides (SignalP version 4.1 http://www.cbs.dtu.
dk/services/SignalP/) (Petersen et al., 2011), nuclear localization
signals (NLSs) (cNLS Mapper) (Kosugi et al., 2009), nuclear export
signals (NetNES 1.1) (La Cour et al., 2004) and glycosylation sites
(PROSITE http://us.expasy.org/prosite/) (Sigrist et al., 2012).

Transient in planta protein expression and live cell imaging

Each ADV open reading frame (ORF), except that encoding the L
protein, was amplified from total RNA of ADV-infected alfalfa using
gene-specific primers that incorporated attB recombination sites.
Complementary DNA was synthesized using First-strand Synthesis
Supermix (Life Technologies, Carlsbad, USA) and random primers.
Phusion High Fidelity proof-reading polymerase (Finnzymes, Wal-
tham, USA) was used in PCR; amplicons were gel-purified and
cloned into pDONR221 (Life Technologies) using BP clonase.
Chemically-competent Omnimax E. coli were transformed using
the heat shock method and recombinant colonies selected on
Luria-Bertani (LB) agar containing 50 mg/L kanamycin. Plasmid
DNA was extracted using the GeneJet plasmid purification kit
(Thermo Scientific, Waltham, MA, USA) and cloned inserts were
fully sequenced. Sequence-confirmed Gateway entry clones were

recombined into pSITE destination vectors and used for the
expression of autofluorescent protein fusions in plant cell for
localization and bimolecular fluorescence complementation (BiFC)
assays as described (Chakrabarty et al., 2007; Martin et al., 2009).
Plant expression vectors used in this study were pSITE-2CA, pSITE-
2NA (viral proteins fused to GFP C or N-terminus, respectively) for
all proteins, pSITE-4CA (fusions to mRFP C-terminus) for N, P, P3
and M proteins for co-expression experiments, and pSITE-BiFC-
nEYFP-C1 and pSITE-BiFC-cEYFP-C1 vectors for BiFC assays, where
all viral proteins were tested as C-terminal fusions to the amino
(nec) or carboxy (cec) terminal portions of YFP. Recombinant pSITE
vectors were individually transformed into Agrobacterium tumefa-
ciens LBA 4404 and suspensions infiltrated into N. benthamiana
leaves as previously described (Tsai et al., 2005). To assist in the
identification of intracellular structures, mCherry-ER marker plas-
mid (Nelson et al., 2007) was co-infiltrated into wildtype plants, or
red fluorescent nuclei (RFP-Histone 2B) or cyan fluorescent nuclei
(CFP-Histone 2B) transgenic marker plants (Martin et al., 2009)
were used. Sections taken from at least three leaves from each of
three independent experiments (nine leaves total) were examined
2–3 days post agroinfiltration. Confocal laser scanning microscopy
was performed on a Zeiss LSM-700 microscope; images were
acquired using Zen 2012 Lite software and exported as tiff or
jpeg files.
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