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Translocation of the Alphanucleorhabdovirus ==

X proteins from the cytoplasm into the nucleus
through interaction with nucleocapsid protein
is essential for viral pathogenesis

Shuo Wang'??, Shuang Ni'%?, Huanhuan Lou'??, Yan Liang"?? and Zhenghe Li'**"

Abstract

The diverse rhabdoviruses infecting plants and animals have conserved genome organizations, and the functions
of viral structural proteins have been extensively studied. However, increasing number of rhabdoviruses have been
found to encode various accessory proteins, whose specific roles during viral infection remain poorly understood.

In this study, we investigated the function of the X proteins encoded by several members of the genus Alphanu-
cleorhabdovirus. Using the recently established eggplant mottled dwarf virus (EMDV) reverse genetics system, we
found that recombinant EMDV lacking the X gene was able to systemically infect Nicotiana benthamiana plants,
albeit with reduced efficiency. However, this deletion mutant was largely restricted to the veinal tissues and caused
asymptomatic infections. The EMDV X protein, which localized to the cytoplasm when expressed alone, was translo-
cated to the nucleus via a specific interaction with the nucleocapsid (N) protein. Through analyzing the interactions
of the X deletion mutants and the infection phenotypes of the derived EMDV deletion mutants, we demonstrated
that the carboxyl-terminal region of the X protein (@mino acids 71-83) is crucial for its interaction with the N pro-
tein and for viral pathogenesis. Moreover, the X proteins encoded by related alphanucleorhabdoviruses could fully
or partially complement the functions of EMDV X in viral infection. These findings provide new insights into the roles
of accessory proteins in plant rhabdovirus infection.

Keywords Eggplant mottled dwarf virus, Plant rhabdovirus, Nucleorhabdovirus, X protein, Accessory protein, Reverse
genetics system

Background

The family Rhabdoviridae is an ecologically diverse group
comprising hundreds of virus members infecting plants
or animals, many of which are transmitted by arthropod
vectors (Kuzmin et al. 2009; Dietzgen et al. 2020). The
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proteins, which can exist as independent transcription
units or as alternative, overlapping, or consecutive open
reading frames (ORFs) within major structural protein
genes (Walker et al. 2011, 2015; Bejerman et al. 2023).
These accessory proteins, typically present in a clade-
specific manner, generally displayed negligible amino
acid sequence similarity to other known proteins (Walker
et al. 2015).

Although putative accessory genes can be found in
each of the structural protein gene junctions, the P-M
gene junction often contains orthologous sets of acces-
sory genes in specific rhabdovirus clades (Walker et al.
2015). For instance, plant rhabdoviruses contain a P3
ORF between the P and M genes, which codes for a
movement protein required for intracellular and inter-
cellular trafficking of viral nucleocapsids (Huang et al.
2005; Wang et al. 2015; Mann et al. 2016; Zhou et al.
2019). Within the P-M gene junction, three additional
OREFs (P4, P5, and P6) exist in several closely related plant
cytorhabdoviruses, including barley yellow striate mosaic
virus (BYSMYV), northern cereal mosaic virus, and maize
yellow striate virus (Yan et al. 2015; Maurino et al. 2018).
BYSMV P5 protein is a small transmembrane protein
with unknown function (Yan et al. 2015), whereas P6
functions to increase host attractiveness to insect vectors
through inhibiting the jasmonic acid signaling pathway
(Gao et al. 2022) and to induce hyperactivity of the insect
vector to prolong the duration of phloem feeding and
virus transmission (Gao et al. 2023). Similarly, members
in the genus Hepavirus, a group of vertebrate-infecting
viruses transmitted by arthropod vectors, also contain
one to four accessory ORFs encoding small proteins
with unknown function, although none of these proteins
shares sequence similarities with the plant rhabdovirus
P3 proteins (Walker et al. 2015).

The G-L gene junction appears to be another hot spot
for housing accessory genes. Members in the genera
Almendravirus, Bahiavirus, Curiovirus, Ephemerovirus,
Hapavirus, and Tibrovirus contain one or more acces-
sory ORFs between the G and L genes, one of which
encodes a small hydrophobic protein resembling class
IA viroporins (Walker et al. 2015). These small proteins
exhibit a highly conserved structure featuring a predicted
N-terminal ectodomain with clusters of aromatic resi-
dues, a central transmembrane domain and a highly basic
C-terminal domain (McWilliam et al. 1997). Expression
of the al protein of bovine ephemeral fever ephemero-
virus increased cell membrane permeability, confirming
its viroporin activity (Joubert et al. 2014). An accessory
ORF located in this position, referred to P6 or P9 in
many plant-infecting cytorhabdoviruses, has also been
described to encode a small, predicted transmembrane
protein sharing structural characteristics of viroporin
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(Bejerman et al. 2021, 2023). Indeed, BYSMV P9, as well
as its orthologs in several related cytorhabdoviruses,
has recently been demonstrated to have potassium-
conducting viroporin activities, facilitating virion dis-
assembly (Gao et al. 2024). Despite the aforementioned
findings, the functions of most accessory proteins remain
uncharacterized.

The genus Alphanucleorhabdovirus is comprised of a
monophyletic cluster of plant-infecting members that
replicate and undergo virion morphogenesis in the nuclei
of infected cells (Walker et al. 2022). Several closely
related alphanucleorhabdoviruses, including eggplant
mottled dwarf virus (EMDYV), Physostegia chlorotic mot-
tle virus (PhCMoV), potato yellow dwarf virus (PYDV),
constricta yellow dwarf virus (CYDV), and joa yellow
blotch-associated virus, have a distinguishing genome
organization characterized by an small X’ ORF located
between the N and P genes (Mavric et al. 2006; Alfaro-
Ferndndez et al. 2011; Bandyopadhyay et al. 2010; Babaie
et al. 2014; Jang et al. 2017; Menzel et al. 2018; Dietzgen
et al. 2021a, b). The X proteins lack significant sequence
identities with any known proteins or conserved motifs
that could suggest its potential functions in virus infec-
tion cycle.

In this study, we set out to investigate the X protein
functions using the recently developed EMDV reverse
genetics system (Wang et al. 2024). We found that the
EMDV X protein is a non-virion protein required for
efficient plant infection and symptom induction. During
EMDV infection, X protein is relocated from the cyto-
plasm into the nucleus through an interaction with the N
protein, enhancing the pathogenicity of EMDV. Further-
more, the functions of EMDV X can be complemented by
paralogs encoded by related alphanucleorhabdoviruses,
suggesting functional conservation among X proteins.

Results

EMDV X is a nonstructural protein required for efficient
infection and symptom induction

We utilized a green fluorescent protein (GFP)-tagged,
wild-type EMDYV infectious clone (referred to as EMDV
Xwr) (Wang et al. 2024) to determine the role of the X
protein in EMDYV infection through analyzing the phe-
notypes of the X deletion mutant virus. To this end, we
substituted the red fluorescent protein (RFP) gene for X
gene or fused RFP in frame to the N-terminus of the X
gene, generating EMDV RdX and EMDV R-X, respec-
tively (Fig. la). All EMDV clones were successfully
recovered through agroinfiltration of Nicotiana bentha-
miana plants, as evidenced by recombinant virus infec-
tions at 30 days post inoculation (dpi) (Fig. 1b). However,
the infectivity of EMDV RdX was significantly lower
(36.7%) compared with EMDV Xy, (86.7%) or EMDV
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Fig. 1 Effects of the X protein deletion and RFP fusion on EMDV infection of N. benthamiana plants. a Schematic representation of the recombinant
EMDV X7, EMDV R-X, and EMDV RdX genomes. b Symptoms and fluorescence in N. benthamiana plants systemically infected with recombinant
EMDV derivatives. Infected plants were photographed at 30 days post inoculation (dpi) under white light (WL) or ultraviolet (UV) illumination

with a stereo fluorescence microscope. Arrow indicates an infected leaf petiole with faint GFP fluorescence. Scale bars: 500 um. ¢ Percentages

of systematically infected N. benthamiana plants with the indicated EMDV clones at 30 dpi. Data are shown as individual data points and mean +SD
for 3 independent experiments (n=10). Statistical comparison was performed via two-tailed Student’s t-test (**, P<0.01; ns, P> 0.05 not significant).
d Western blot analysis of the expression of viral structural and fluorescent proteins in leaf tissues infected with recombinant EMDV. The actin

blot serves as a protein loading control. Asterisk indicates a non-specific band. e Transmission electron micrographs showing the nuclei infected
with indicated EMDV virus. The boxed sectors are magnified at the lower panels. V, virion; INM, inner nuclear membrane. Scale bars: 1 um. f
Detection of RFP-X in virus particles purified from N. benthamiana plants infected with EMDV R-X. The purified virion preparation separated

by SDS-PAGE were stained with Coomassie brilliant blue and blotted with a polyclonal antiserum raised against EMDV virions. Protein ladders are
indicated at the left side of the CBB panel. Positions of EMDV structural and fluorescent proteins are marked at the right side of the image
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R-X (83.3%) (Fig. 1c). Fluorescence microscopy revealed
extensive fluorescence in the veins and mesophyll tis-
sues of upper leaves infected with EMDV Xy, or EMDV
R-X, whereas EMDV RdX-infected leaves exhibited
weak fluorescence, primarily restricted to the major and
minor veins (Fig. 1b). Unlike the typical leaf crinkling and
vein clearing symptoms associated with EMDV Xy, or
EMDV R-X infections, N. benthamiana plants infected
with EMDV RdX were nearly symptomless (Fig. 1b).
Symptom severity correlated with viral protein accumu-
lation levels; abundant EMDYV structural proteins were
present in EMDV Xy, and EMDV R-X leaf tissues, while
only low levels of viral proteins and fluorescence pro-
teins were detected in the EMDV RdX-infected tissues
(Fig. 1d). Taken together, these data demonstrate that
the X protein plays a crucial role in EMDV infection and
symptom development, and the N-terminal RFP fusion
does not alter the X protein expression and function.

To further investigate the role of the X protein, we
employed transmission electron microscopy to analyze
virion morphogenesis and the cytopathology associated
with recombinant EMDV infections. As anticipated,
numerous bacilliform particles were present in the nuclei
infected with EMDV Xy, or EMDV R-X, often occurring
as irregular clusters and surrounded by invaginated inner
nuclear membranes. In contrast, only a few bacilliform
virions in EMDV RdX-infected nuclei were found to
accumulate in the perinuclear spaces, and inner nuclear
membrane invagination was rarely observed (Fig. 1e). We
then purified EMDV R-X particles to determine whether
the X protein constitutes a structural component of the
virion. EMDV R-X was used for this analysis because
this virus behaves similarly to EMDV Xy, and contains
an RFP-tagged X, facilitating its detection. Coomas-
sie brilliant blue staining of purified virion preparations
identified proteins consistent with the five known struc-
tural proteins (L, G, N, P, and M), but a protein with a
predicted size of RFP-X (approximately 36.8 kDa) was
not detected. Additionally, polyclonal antiserum raised
against EMDYV virions failed to detect the presence of
RFP-X in the virion preparations (Fig. 1f). Thus, the data
obtained suggest that the X protein is not present in puri-
fied EMDYV virions at a detectable level.

(See figure on next page.)
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EMDV X is translocated from the cytoplasm to the nucleus
through interacting with the N protein

To determine the subcellular localization of the EMDV
X protein, we transiently expressed the N-terminal GFP
and RFP fusion of X (GFP-X and RFP-X) in the leaves of
N. benthamiana RFP-H2B and 16c lines, which trans-
genically express the RFP-fused nuclear marker histone
2B and the endoplasmic reticulum (ER) lumen-targeting
mGFP5 protein, respectively (Haseloff and Siemering
2006; Martin et al. 2009). Confocal microscopy revealed
that the X fluorescence was present exclusively in the
cytoplasm and colocalized with the reticular structure
of the ER (Fig. 2a, b). Nuclear-cytoplasmic fractionation
confirmed the cytoplasmic localization of the transiently
expressed GFP-X (Fig. 2c, left panels). Subcellular frac-
tionation and microsome association analyses showed
that RFP-X was present exclusively in the P30 mem-
brane fraction (Additional file 1: Figure Sla), similar to
the plasma membrane intrinsic protein 2A fused to RFP
(PIP2A-RFP) (Yamada et al. 2005). Upon treatments of
the P30 fractions with 0.1 M Na,CO; or 4 M urea, RFP-X
was partially released into the soluble fraction (Addi-
tional file 1: Figure S1b). These results, combined with
the absence of transmembrane domains in X as pre-
dicted by bioinformatics software, suggest that EMDV X
is a membrane-associated protein rather than an integral
membrane protein.

The subcellular localization of rhabdovirus proteins
often differs upon ectopic expression and in the con-
text of virus infections (Dietzgen et al. 2021a, b). Dur-
ing EMDV R-X infection, we found that a significant
fraction of RFP-X was translocated into the nucleus,
as revealed by confocal microscopy (Fig. 2d), and fur-
ther confirmed by nuclear-cytoplasmic fractionation
(Fig. 2c, right panels). These observations suggested that
other viral proteins might redirect X to the nucleus. To
test this hypothesis, GFP-X was co-expressed with cyan
fluorescent protein (CFP)-fused N, P, Y or M proteins in
the leaves of RFP-H2B N. benthamiana plants. Notably,
although all CFP fusions exhibited partial or exclusive
nuclear localization, only N was able to relocalize GFP-X
to the nucleus (Fig. 2e). Since CFP fusion to EMDV L was
undetectable due to its large size, we co-expressed the

Fig. 2 Subcellular localization of the EMDV X protein. a, b Subcellular localization of the transiently expressing GFP-X in epidermal cells of N.
benthamiana plants transgenic for RFP-H2B, and RFP-X in 16¢ line transgenic for the ER-targeting mGFP5. Confocal micrographs were captured

at 48 h post agroinfiltration (hpi). ¢ Nucleocytoplasmic distribution assay of the transiently expressed GFP-X (left) and RFP-X expressed during EMDV
R-X infection (right). Histone H3 or actin served as the nuclear or cytoplasmic marker, respectively. d Confocal micrographs showing the localization
of RFP-X and RFP expressed during EMDV R-X and EMDV RdX infections. e Confocal micrographs showing the subcellular localization of GFP-X
co-expressed with each CFP-tagged EMDV proteins or the untagged L protein in epidermal cells of N. benthamiana RFP-H2B transgenic plants.
Confocal micrographs were captured at 48 hpi. Zoom-up views of boxed areas were presented to show the fluorescence patterns in the nuclei.

Scale bars: 20 um
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untagged L protein whose expression had been function-
ally verified in the recombinant EMDV recovery experi-
ments (Wang et al. 2024). However, L failed to redirect
the co-expressed GFP-X protein to the nucleus (Fig. 2e).
These findings indicate that during EMDYV infection the
N protein mediates the redistribution of X from the cyto-
plasm to the nucleus.

EMDV X protein interacts with the N protein through its
carboxyl terminus

To investigate the possible interaction between EMDV
X and N proteins, we conducted a bimolecular fluores-
cence complementation (BiFC) assay. This was achieved
by co-expressing X fused to the yellow fluorescent pro-
tein (YFP) C-terminal domain (Y®-X) and N fused to the
YFP N-terminal domain (YN-N) in the leaves of REP-H2B
N. benthamiana plants. Confocal microscopy revealed
the X-N interaction fluorescence signals in both the
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cytoplasm and nucleus (Fig. 3b). Further validation of
the X-N interaction was obtained through a co-immu-
noprecipitation (Co-IP) assay using proteins extracted
from N. benthamiana leaves co-expressing GFP-tagged N
(GFP-N) and RFP-X (Fig. 3c). Additionally, a GST pull-
down assay was performed using GST-tagged X (GST-X)
and 6xhistidine (HIS)-tagged N (HIS-N) expressed in
Escherichia coli cells, which confirmed a direct interac-
tion between EMDV X and N proteins (Fig. 3d).

EMDV X is a small protein consisting of 96 amino acids
(aa). Using Alphafold2-based structural modeling, we
divided the X protein into an N-terminal domain (X,
aa 1-43) composed of an alpha-helix, and a C terminal
domain (X, aa 44-96) comprising two short beta-
strands and an alpha-helix (Fig. 3a). Subcellular locali-
zation analyses showed that the RFP-Xy; fusion was
targeted to the cytoplasm exclusively, whereas the RFP-
Xcr fusion was present in both the cytoplasm and the
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Fig. 3 Interactions between the EMDV X and N proteins. a The structure of EMDV X modelled by Alphafold2 (https://colab.research.google.

com/) and schematic domain demarcation. Dash lines denote the truncation. b BiFC assays to determine the interactions between EMDV N and X
derivatives. Leaves of N. benthamiana RFP-H2B plants were agroinfiltrated to co-express YN-N with Y&-X, Y<-Xy, and Y<-X 4, respectively. Confocal
micrographs were captured at 48 hpi. ¢, @ Co-IP assays for analyzing the interactions between EMDV N and the full-length X protein or its truncation
mutants. d GST-Pull down assay for analyzing the interactions between N with X
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nucleus (Additional file 1: Figure S2). BiFC and Co-IP
assays were employed to determine the specific domain
of the X protein responsible for the interaction with N.
The results showed that the X, but not the Xy, spe-
cifically interacts with the N protein (Fig. 3b, e). In
summary, these data demonstrated that the EMDV X
protein directly interacts with the N protein through its
C terminus.

Requirements of the X protein domains in EMDV
pathogenicity

To elucidate the roles of the X protein domains in EMDV
infection, we introduced truncations of the Xy and Xcp
domains into the EMDV R-X clone, generating EMDV
R-Xyr and EMDV R-Xr, respectively. N. benthamiana
plants agroinoculated with EMDV R-X; were symptom-
less and exhibited localized GFP and RFP distribution

a

R-Xur

R-Xer
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similar to those observed in EMDV RdX infections
(Fig. 4a). In contrast, plants infected with EMDV R-X
exhibited stunting, leaf crinkling, and vein clearing
symptoms, along with widespread fluorescence (Fig. 4a),
resembling infections caused by EMDV-Xy, 1 (Fig. 1a).
Western blot analysis revealed that EMDV R-Xyp
accumulated at low levels in infected plants, while
EMDV R-X.p infections produced abundant structural
proteins comparable to those in EMDV R-X infections
(Fig. 4b). Surprisingly, both EMDV R-Xy and EMDV
R-Xp displayed poor infectivity similar to EMDV-RdX,
but significantly lower than EMDV R-X (Fig. 4c). Dur-
ing recombinant EMDV infections, RFP-Xy was local-
ized exclusively to the cytoplasm, whereas RFP-X.p
predominantly localized to the nucleus (Fig. 4d). These
data indicate that the N-interacting X domain is suf-
ficient for symptom induction and virus accumulation.
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Fig. 4 Effects of X protein truncation on recombinant EMDV infections. a Symptoms and fluorescence in systematically infected N. benthamiana
plants agroinfiltrated with EMDV constructs with the indicated X truncation. Infected plants and fluorescence patterns in leaf tissues were
photographed at 30 dpi. Arrow indicates an infected young leaf petiole with faint GFP fluorescence. Scale bars: 500 um. b Accumulation of EMDV
structural protein and fluorescent reporter proteins in infected leaf tissues detected by immunoblotting. The actin blot serves as a protein loading
control. ¢ Percentages of systemically infected N. benthamiana plants at 30 dpi. Data are shown as individual data points and mean+SD for 3
independent experiments (n=10). Statistical P values were calculated using the two-tailed Student’s t-test (**, P<0.01; *, P<0.05). d Confocal
micrographs showing the localization patterns of RFP-Xr and RFP-X1 during EMDV R-X; or EMDV R-X infections. Scale bars: 20 um
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However, the full infectivity of EMDYV also requires the
Xyt domain.

Identification of the key amino acids of X protein involved
in interaction with N and virus infection

To delineate the key region of X participating in inter-
action with N, we constructed a series of X mutants
with stepwise C-terminal truncations (Fig. 5a) and

Page 8 of 15

transiently co-expressed each mutant protein with
CFP-N in N. benthamiana leaves. Through confo-
cal microscopy analysis, we found that the X deletion
mutant lacking the amino acids (aa) 71-83 region
failed to be targeted to the nuclei by the co-expressed
N protein (Fig. 5b). Co-IP and GST pull-down assays
confirmed that deletion of this region abolished the
interaction of X with N (Fig. 5¢, d).
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Next, we introduced this short deletion into the EMDV
R-X clone, generating EMDV R-X;; ¢3. Upon agroin-
oculation of N. benthamiana plants, EMDV R-Xy,; g3
exhibited infection characteristics reminiscent of EMDV
RdX, including low levels of viral protein accumulation,
asymptomatic infection, restricted vascular tissue distri-
bution, and low infectivity (Fig. 5e—g). Taken together,
these results indicate that X interaction with N through
its aa 71-83 region is crucial for efficient EMDV infec-
tion and symptom induction in plants.

Heterologous X proteins can partially complement
the functions of the EMDV X
Among the alphanucleorhabdoviruses-encoded X pro-
teins, EMDV X was most closely related to PhCMoV X
(63.5% aa identity), followed by CYDV X (44.8% iden-
tity) and PYDV X (34.3% identity). Alignment of the aa
sequences of these X proteins identified a conserved
region approximately 30 aa in length located in the
C-termini of X, encompassing the aa 71-83 of EMDV X
required for N interaction. Within this region, a consecu-
tive stretch of seven aa (DNDSDIY) is identical among
the four X proteins (Fig. 6a), suggesting that these heter-
ologous X proteins might also interact with the EMDV
N protein. To test this hypothesis, we co-expressed
YN-fused EMDV N (YN-N) with Y¢-fused PhCMoV X
(YC-PhX), CYDV X (Y®-CYX), or PYDV X (Y*-PYX) in
the leaves of RFP-H2B N. benthamiana plants. Indeed,
the BiFC results demonstrated that these heterologous X
proteins interacted with the EMDV N protein, produc-
ing YFP fluorescence patterns similar to those observed
with the EMDV X protein (Fig. 6b). These interactions
were further confirmed by Co-IP assays (Fig. 6¢). In both
assays, CYDV X exhibited relatively weaker interactions
with EMDV N than the other two X proteins, as indi-
cated by the intensities of the YFP fluorescence (Fig. 6b)
and the co-precipitated X protein products (Fig. 6¢).
Next, we generated three chimeric EMDV constructs
by replacing the X gene in EMDV R-X with each heter-
ologous X genes. The chimeric clones were analyzed for
their infection properties through agroinoculation of N.
benthamiana plants. All three chimeric viruses induced
symptoms indistinguishable from that of EMDV R-X
(Fig. 6d) and produced abundant EMDV structural pro-
teins (Fig. 6f). However, the CYDV X-containing EMDV
produced reduced fluorescence in infected plant tissues
(Fig. 6d, middle panels), consistent with its weak interac-
tions with EMDV N (Fig. 6b, c). Additionally, although
the closely related PhCMoV X fully complemented
EMDV X in systemic infection, the distantly related
PYDV and CYDV X provided only moderate levels of
systemic infectivity (Fig. 6e).
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Upon transient expression, the RFP-PhCMoV X fusion
was exclusively targeted to the cytoplasm, similar to
EMDV X. In contrast, RFP fusions of PYDV and CYDV
X displayed both cytoplasmic and nuclear localization
(Additional file 1: Figure S3a), as previously described
(Bandyopadhyay et al. 2010; Jang et al. 2017). In the con-
text of recombinant virus infections, all three X proteins
were predominantly localized to the nucleus (Additional
file 1: Figure S3b). Collectively, these data demonstrate
that X proteins from related alphanucleorhabdoviruses
can complement in varying degrees the functions of
EMDV X.

Discussion

Some alphanucleorhabdoviruses encode a small X pro-
tein between the N/P gene junction, a position rarely con-
tains accessory ORFs among plant- or animal-infecting
rhabdoviruses (Walker et al. 2011, 2015; Bejerman et al.
2023). The lack of X positional analogs and sequence
homologs has precluded the assignment of putative
functions to these accessory proteins. In this study, we
employed the recently established EMDYV reverse genet-
ics system (Wang et al. 2024) to investigate the role of the
X proteins in virus infection. Our data show that EMDV
X plays important roles in virus accumulation, symp-
tom induction, and systemic infection. This study aligns
with previous research demonstrating the significance of
accessory proteins in the rhabdovirus life cycle. Exam-
ples include the C and C’ proteins in vesiculoviruses and
the distantly related paramyxoviruses (Peluso et al. 1996;
Siering et al. 2022), the al proteins in ephemeroviruses
(Joubert et al. 2014), the NV proteins in novirhabdovi-
ruses (Purcell et al. 2012; He et al. 2021), and the P6/P9
proteins in cytorhabdoviruses (Gao et al. 2024).

We began the investigation first by analyzing the sub-
cellular localization of EMDV X. The exclusive cytoplas-
mic localization of the ectopically expressed X protein
was unexpected given its small size (~10 kDa), which
should allow for free diffusion through the nuclear
pore complexes. This cytoplasmic localization might be
attributed to its association with the ER membrane or
the presence of a putative nuclear export signal, which
warrants further investigation. Nevertheless, in the con-
text of EMDV infections, a significant fraction of the X
protein was found to be translocated into the nucleus
through specific interactions with the N protein. Addi-
tionally, X domain truncation and deletion analyses dem-
onstrated that the localization of the X protein to the
nucleus correlates with its pathogenic roles in EMDV
infection. Nucleorhabdoviruses replicate and undergo
virion morphogenesis within the infected nuclei, and the
N protein is essential for encapsidating genomic RNAs
to form nucleocapsids, for virus replication and mRNA
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transcription, and it constitutes a major structural com-
ponent of viroplasms and virus particles (Jackson et al.
2005). The specific N-X interaction suggests that X may
facilitate EMDV infection by modulating virus replica-
tion and transcription. This hypothesis is supported by
the greatly reduced levels of viral protein accumulation
during infections of the X deletion mutant virus. Similar
roles have been documented for the C and V accessory
proteins encoded by some rhabdoviruses and paramyxo-
viruses, which associate with viral nucleocapsids and
control polymerase processivity and orderly replication
(Peluso et al. 1996; Grogan and Moyer 2001; Sweetman
et al. 2001; Witko et al. 2006; Siering et al. 2022; Zhou
et al. 2024). Recent work with several plant rhabdoviruses
showed that the viroplasms, which house active virus rep-
lication, are biomolecular condensates formed through
a liquid-liquid phase separation (Fang et al. 2019, 2022;
Liang et al. 2023). We found that co-expression of the
EMDV N and P proteins formed nuclear inclusions
resembling viroplasms, and that RFP-X or RFP-X.r was
also recruited into these punctate structures (Additional
file 1: Figure S4). These observations suggest a potential
role of X in regulating virus replication, which requires
further exploration in future studies.

We found that EMDV mutants lacking the entire X
(EMDV RdX) or the X, domain (EMDV R-Xy) were
largely restricted in the vascular tissues, exhibiting an
infection phenotype reminiscent of the M or G deletion
mutants of sonchus yellow net virus (Wang et al. 2015;
Sun et al. 2018; Ma and Li 2020). The M and G proteins
of plant rhabdoviruses are crucial for driving virus bud-
ding collaboratively, and mutants lacking these proteins
are deficient in virion morphogenesis or envelopment
(Wang et al. 2015; Sun et al. 2018; Ma and Li 2020; Li
and Zhao 2021). However, EMDV RdX mutant still pro-
duced enveloped, bacilliform particles, albeit in obviously
reduced amounts. Furthermore, X was not identified in
the purified virion preparations, which argues against
direct involvement of X in virion budding. These data
suggest that while X is not essential for virus particle
assembly, it plays a significant role in facilitating the sys-
temic spread of the virus within the host plant.

Deletion analyses showed that while EMDV R-Xcp
behaved similarly to the wild-type virus in terms of
symptom induction and virus protein accumulation, it
displayed reduced infectivity compared with EMDV RdX.
These findings suggest that the N-terminal domain of X
plays additional roles in promoting systemic virus infec-
tion, likely mediated by its cytoplasmic localization sig-
nal. In supporting this, the EMDV X functions were fully
complemented by PAhCMoV X, which showed a similar
cytoplasmic localization pattern (when expressed ectopi-
cally). By contrast, the CYDV and PYDV X proteins,
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having a divergent C terminus sequence and lacking
the nucleus-excluding localization, could only provide
EMDV RdX with the roles in symptom induction and
virus accumulation but not in systemic infection.
Accessary proteins of animal-infecting rhabdoviruses
and paramyxoviruses often influence various biological
processes of the host cells, particularly antiviral path-
ways. For example, the NV proteins of novirhabdoviruses
facilitate viral pathogenesis through suppressing apopto-
sis (Ammayappan et al. 2011; Ammayappan and Vakharia
2011), blocking NF-«B activation (Kim and Kim 2013), or
antagonizing RIG-I-mediated interferon induction (Biac-
chesi et al. 2017). The C and V proteins of paramyxovi-
ruses impair the innate immune responses by interfering
with cellular transcription factors (Siering et al. 2022)
or inactivating cytosolic pathogen recognition receptors
(Ramachandran and Horvath 2010; Sanchez-Aparicio
et al. 2018; Wagner et al. 2022). It remains to be deter-
mined whether the X proteins could interact with host
antiviral pathways to promote viral pathogenesis.

Conclusions

Through reverse genetics, protein localization and inter-
action analyses, we showed that during EMDYV infection,
via interaction with the N protein, the X protein is trans-
ported into the nucleus where virus replication occurs.
EMDV X protein is essential for viral pathogenesis, and
the function is likely conserved between related alpha-
nucleorhabdoviruses-encoded X proteins. Our data shed
light on the roles of the poorly characterized accessory
proteins of plant rhabdoviruses.

Methods

Plant material and plasmid construction

Nicotiana benthamiana wild type, 16¢ (Ruiz et al. 1998),
and RFP-H2B (Martin et al. 2009) lines were grown at
25°C with 60% relative humidity under a 16-h light/8-h
dark photoperiod. The plasmids used for the recovery of
recombinant EMDV were described previously (Wang
et al. 2024).

To generate RFP tagged derivatives, we amplified the
full-length coding regions of DsRed, EMDV X, PhCMoV
X, CYDV X, and PYDV X using gene-specific prim-
ers, and the truncated Xy, Xcp X909 Xi.g3 and X, 5o
sequences with the primer pairs EM X/BamH I/F and
EM Xyp/Sal I/R, EM Xcp/BamH I/F and EM X/Sal I/R,
EM X/BamH I/F and EM X, 4,/Sal I/R, EM X/BamH I/F
and EM X, g/Sal I/R, EM X/BamH I/F and EM X,/
Sal I/R, respectively (Additional file 2: Table S1). Ampli-
fied fragments were then digested with BamH I and Sal
I and inserted between the pGD BamH I and Sal I sites
via T4 ligation (ThermoFisher Scientific, USA). Next, the
DsRed fragments were amplified using the primer pairs
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n-DsRed/15nt/F with n-DsRed/EM X/EM Xr/Ph X/CY
X/PY X/15nt/R and separately inserted into the BamH
I-digested pGD EM X, pGD EM Xy, pGD EM X, o
pGD EM X, g3, pGD EM X, 0, pGD EM Xp, pGD Ph X,
pGD CY X, and pGD PY X plasmids by In-Fusion cloning
(Vazyme, China) to obtain desired RFP tagged transient
expression vectors. pGD RFP-X;;; ¢35 was constructed
through assembling two overlapping fragments amplified
using pGD RFP-EM X as a template into BamH I and Sca
I linearized pGD EV via In-Fusion cloning.

To generate GFP- or CFP-tagged derivatives, the full-
length coding sequences of GFP, EMDV Y, and EMDV M
were each amplified using a specific forward primer con-
taining the BamH I restriction site and a revere primer
containing the Sal I site (Additional file 2: Table S1), fol-
lowed by BamH I and Sal 1 digestion and ligation into
the pGD vector. Next, n-GFP fragments were amplified
using the n-GFP/15nt/F and n-GFP/N/X/15nt/R primer
pairs and separately inserted into the BamH I-digested
pGD EM-N and pGD EM-X plasmids by In-Fusion clon-
ing to obtain pGD GFP-N and pGD GFP-X, respectively.
For generation of CFP-tagged vectors, n-CFP fragments
were amplified using the primer pairs n-GFP/15nt/F and
n-GFP/N/P/Y/M/15nt/R and separately inserted into the
BamH I-linearized pGD EM-N, pGD EM-P, pGD EM-Y,
and pGD EM-M plasmids, respectively, via In-Fusion
cloning.

Constructs for BiFC assay were assembled by Gateway
cloning. Full-length of coding sequences were amplified
using specific primers with appended 5’ Gateway attB
sequence (Additional file 2: Table S1) and cloned into the
entry vector pDONR™221 (ThermoFisher Scientific) via
BP recombination reactions. ORFs were then mobilized
into the desired pSITE destination vectors (Martin et al.
2009) via LR cloning, as described previously (Liang et al.
2023).

Plasmids pET-32a EM-N and pET-32a GFP were
obtained through inserting the N or GFP ORFs into the
BamH I and Sac I digested pET-32a plasmid via T4 liga-
tion. pGEX-4T-3 EM-X and pGEX-4T-3 EM-X 4,43 Were
generated by inserting the X or Xg4,;.g; ORFs into the
BamH I and Sal 1 linearized pGEX-4T-3 plasmid through
T4 ligation.

To generate the pEMDV GFP X derivatives, an inter-
mediate vector was generated with a modified 3.9 kb
BstB 1-Avr 11 fragment from pEMDV GEFP in which X
ORF was replaced with two Aar I sites for subcloning of
various X derivatives. Briefly, the primer pairs BstB I/F
with Aar I/18nt/R and Aar 1/18nt/F with Avr II/R were
used to amplify BstB I-Aar I and Aar I-Avr 11 fragments,
and these two overlapping fragments were assembled
into pGD EV plasmid digested with BamH I and Sal I via
In-Fusion cloning to obtain the intermediate vector pGD
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BstB I-Avr 11 Aar 1. The coding sequences of RFP, RFP-
X, RFP-Xyyp, REP-X, o9, REP-X, g3, REP-X 0, REP-Xy7; 3,
RFP-Xcr, RFP-Ph X, RFP-CY X, and RFP-PY X were
amplified and inserted into the pGD BstB I-Avr 11 Aar
I plasmid through Aar I digestion. At last, BstB I-Avr 11
fragments containing various X derivatives were inserted
between pEMDV GEFP BstB I and Avr II sites via T4 liga-
tion to generate the final pPEMDV GEFP X clones.

Agroinoculation of virus and agroinfiltration

The recovery of recombinant EMDYV derivatives through
agroinfiltration was performed as previously described
(Wang et al. 2024).

For transient expression, plasmids were introduced into
A. tumefaciens strain EHA105 by electroporation, fol-
lowed by agroinfiltration of wild-type, 16¢, or RFP-H2B
N. benthamiana leaves at a final (OD)A,, of 0.2~0.3.

Fluorescence microscopy, confocal microscopy,

and electron microscopy

GFP and RFP fluorescence in systematically infected
N. benthamiana leaves were detected with a SteREO
lumar V12 epifluorescence microscope (Zeiss, Ger-
many) with filter sets Lumar 38 (470/40 nm excitation,
525/50 nm emission) and Lumar 31 (565/30 nm excita-
tion, 620/60 nm emission), respectively. Images were
processed with ZEN 2.3 (Zeiss, Germany).

Subcellular localization and BiFC assays were per-
formed with an FV3000 confocal laser scanning micro-
scope (Olympus, Japan). CFP, GFP, YFP, and RFP
fluorescence was separately excited at 405, 488, 514, and
561 nm. Images were processed with FV31S-SW (Olym-
pus, Japan).

Sections of upper systemic leaf veins infected with
EMDYV viruses were observed under a transmission elec-
tron microscope (H-7650, Hitachi, Japan), as described
previously (Wang et al. 2024).

Immunoblotting, co-immunoprecipitation (Co-IP), and GST
pull-down
Total proteins were extracted and separated by 12.5%
SDS-PAGE, and transferred to nitrocellulose mem-
branes. Viral proteins on the blots were detected with
a polyclonal antiserum raised against EMDV virions
(1:5000; DSMZ, Germany) or monoclonal antibodies
against GFP (1:8000; Abcam, UK), RFP (1:8000; MBL,
China), or actin (1:5000; Sangon Biotech, China). Goat
anti-mouse or anti-rabbit secondary antibodies (1:10,000;
HuaAn, China) were used for detection of blots via digi-
tal imaging.

Co-IP assay was performed as described previously
(Liang et al. 2023) with minor modifications. In brief,
0.5 g of N. benthamiana plant leaves were ground with
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liquid nitrogen and extracted with 1 mL of Co-IP buffer
(40 mM Tris—HCI [pH 7.5], 150 mM NaCl, 50 mM
MgCl,, 2% glycerol, 2 mM EDTA [pH 8.0], 5 mM dithi-
othreitol [DTT], 0.1% Triton X-100, and a protease
inhibitor cocktail tablet [Roche]). Protein extracts were
centrifuged for 15 min at 16,000 g. Supernatants were
immunoprecipitated with 25 pL of anti-GFP magnetic
beads (MBL, China) at 4°C for 3 h. Beads were then
washed with Co-IP buffer for 5 times, and proteins
attached to the beads were analyzed by immunoblotting.

GST Pull-down assay was conducted according to
the protocol outlined by Kim and Hakoshima (Kim and
Hakoshima 2019). 100 pL of glutathione resin (Gen-
Script, China) was washed three times with Pull-down
buffer (25 mM Tris—HCI [pH 7.4], 137 mM NacCl, 3 mM
KCl, and protease inhibitor) via centrifugation at 500 X g.
Bait protein with a GST tag (2.5 ug) and prey protein
(2.5 pg) were added to 50 pL of the washed resin. The
total reaction volume was adjusted to 100 pL and incu-
bated at 4°C for 15 min. A mixture of GST and prey
protein was also incubated as a negative control. An ali-
quot (10 pL) of each mixture was extracted as the input
component, while the remaining mixtures were washed
with 5 bed volumes of assay buffer for 5 times through
500 g centrifugation. The resulting pellet was responded
with 100 pL of assay buffer and served as the Pull-down
component.

Membrane association assay

Subcellular extraction was performed as described pre-
viously (Zhou et al. 2019). Briefly, 0.5 g of leaves tran-
siently expressing X derivatives were ground in 1 mL of
lysis buffer (20 mM HEPES [pH 6.8], 150 mM potassium
acetate, 250 mM mannitol, 1 mM MgCl,, 1 mM DTT,
and protease inhibitor) on ice, after which the protein
extracts were centrifuged at 3000x g for 10 min at 4°C.
The soluble and pellet fractions were marked as S3 and
P3, respectively. The S3 fraction was further centrifuged
at 30,000x g for 1 h at 4°C to separate the soluble (S30)
and pellet (P30) fractions. For chemical treatments, the
P30 fractions were divided into 5 aliquots, and 10 vol-
umes of lysis buffer containing either 0.1 M Na,CO,
(pH 11.0), 1 M KCl, 4 M urea or 1% Triton X-100 were
added to each aliquot of the P30 fraction and incubated
for 30 min at 4°C. The samples were then centrifuged at
30,000x g for 1 h at 4°C again to obtain the soluble (S)
and pellet (P) fractions. Immunoblotting was performed
for analysis of the membrane association types.

Nuclear-cytoplasmic fraction assay
Nuclear-cytoplasmic fractionation was conducted as
described previously (Mei et al. 2018). N. benthamiana
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leaves (0.5 g) were gently ground with 500 pL of lysis
buffer (20 mM Tris—HCI [pH 7.5], 20 mM KCl, 2 mM
MgCl,, 25% glycol [v/v], 250 mM sucrose, and 5 mM
DTT) and centrifuged at 1500x g for 10 min at 4°C.
The resulting supernatant was further centrifuged at
10,000 x g for 10 min at 4°C to generate the cytoplas-
mic fraction. The pellet was washed for 6 times with
NRBT buffer (20 mM Tris—HCI [pH 7.4], 2.5 mM
MgCl,, 25% glycol, 0.2% Triton X-100), resuspended
in 500 pL of NRB2 buffer (20 mM Tris—HCI [pH 7.5],
10 mM MgCl,, 250 mM sucrose, 0.5% Triton X-100,
5 mM B-mercaptoethanol [B-ME]), and then carefully
mixed with 500 uL of NRB3 buffer (20 mM Tris—HCl
[pH 7.5], 10 mM MgCl,, 1.7 M sucrose, 0.5% Triton
X-100, 5 mM B-ME). The mixture was centrifuged at
16,000 X g for 45 min at 4°C, and the nuclear fraction is
recovered by resuspending the resulting pellet in 400
uL of lysis buffer. All buffers used in the nuclear-cyto-
plasmic fraction assay contained protease inhibitor.

Abbreviations

aa Amino acid(s)

BYSMV Barley yellow striate mosaic virus
CFP Cyan fluorescent protein

CYDv Constricta yellow dwarf virus

dpi Days post inoculation

EMDV Eggplant mottled dwarf virus
GFP Green fluorescent protein

hpi Hours post infiltration

ORF Open reading frame

PhCMoV  Physostegia chlorotic mottle virus
PYDV Potato yellow dwarf virus

RFP Red fluorescent protein

YFP Yellow fluorescent protein
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