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1 | INTRODUCTION

Abstract

Pear chlorotic leaf spot-associated virus (PCLSaV) is a newly described emaravirus
that infects pear trees. The virus genome consists of at least five single-stranded,
negative-sense RNAs. The P5 encoded by RNAS5 is unique to PCLSaV. In this study,
the RNA silencing suppression (RSS) activity of P5 and its subcellular localization were
determined in Nicotiana benthamiana plants by Agrobacterium tumefaciens-mediated
expression assays and green fluorescent protein RNA silencing induction. Protein P5
partially suppressed local RNA silencing, strongly suppressed systemic RNA silenc-
ing and triggered reactive oxygen species accumulation. The P5 self-interacted and
showed subcellular locations in plasmodesmata, endoplasmic reticulum and nucleus.
Furthermore, P5 rescued the cell-to-cell movement of a movement defective mutant
PVXAP25 of potato virus X (PVX) and enhanced the pathogenicity of PVX. The N-
terminal 1-89 amino acids of the P5 were responsible for the self-interaction ability
and RSS activity, for which the signal peptide at positions 1-19 was indispensable.
This study demonstrated the function of an emaravirus protein as a pathogenic fac-
tor suppressing plant RNA silencing to enhance virus infection and as an enhancer of

virus movement.

KEYWORDS
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report, there are 29 species and eight tentative species in the genus

The genus Emaravirus in the family Fimoviridae of the order
Bunyavirales consists of plant viruses with segmented, single-
stranded, negative-sense RNA genomes (Elbeaino et al., 2018;
Mielke-Ehret & Muhlbach, 2012). According to the latest ICTV

Emaravirus (Digiaro et al., 2024). The infections of most emaravi-
ruses are associated with plant diseases and cause leaf mosaic, chlo-
rotic spots or mottle and fruit malformation (Rehanek et al., 2022).
Some emaraviruses are transmitted from plant to plant by eriophyid
mites (Acari: Eriophyidae) (Di Bello et al., 2016; Hassan et al., 2017;
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McGavin et al., 2012; Mielke-Ehret & Muhlbach, 2012). In infected
host plant cells, emaraviruses form double membrane-bounded bod-
ies (DMBs), which are usually associated with host membrane struc-
tures (Elbeaino et al., 2018; Guo et al., 2020; Ishikawa et al., 2013;
Zheng et al., 2015).

The genomes of emaraviruses consist of 4-10 RNA segments
(Elbeaino et al., 2018). Each RNA consists of one open reading
frame (ORF) in its complementary RNA strand and two comple-
mentary 13-nucleotide (nt) stretches at the 5 and 3’ termini.
RNAs 1-4 encode four core proteins, namely an RNA-dependent
RNA polymerase (RdRP), a glycoprotein precursor (GP), a nucleo-
capsid protein (NC) and a movement protein (MP) (Lu et al., 2015;
Mielke-Ehret & Mihlbach, 2012; Mihlbach & Mielke-Ehret, 2012;
Tatineni et al., 2014). However, the functions of these proteins
are mostly proposed according to their sequence identities with
other virus proteins. There are very limited studies on the func-
tions of emaravirus proteins. Initially, protein P4 encoded in the
RNA4 strand of raspberry leaf blotch virus (RLBV) was proposed
to be an MP based on its plasmodesmatal (PD) location and the
secondary structure, which was similar to the 30K superfamily of
virus MPs (Yu et al., 2013). The P4 proteins of other emaraviruses
are considered to be MPs based on their significant homology
with the RLBV P4 protein. Direct experimental evidence is derived
from fig mosaic virus (FMV), for which P4 shares the similar sub-
cellular location feature with other viral MPs and has the capacity
to complement viral cell-to-cell movement (Ishikawa et al., 2013).
Except for the RNA segments encoding the four conserved pro-
teins, the additional RNAs are highly divergent among emaravi-
ruses, suggesting that the proteins encoded in these might have
specific functions. However, the functions of these proteins have
rarely been studied. The P7 and P8 proteins of High Plains wheat
mosaic virus (HPWMoV) independently suppress RNA silencing in
Nicotiana benthamiana, and the presence of P7 or P8 enhances the
pathogenicity of potato virus X (PVX) (Gupta et al., 2018). RNAs
6-8 of RLBV encode three sequence-related proteins, of which P7
and Pé6 affected the pathogenicity of PVX (Lu et al., 2015).

Pear chlorotic leaf spot-associated virus (PCLSaV) was first dis-
covered in Asian pear (Pyrus pyrifolia) trees showing chlorotic leaf
spot symptoms in China (Liu et al., 2020). Subsequently, viral infec-
tion in P. pyrifolia ‘Hosui’ and P. communis ‘Le Lectier’ was reported in
Japan (Kubota et al., 2021). PCLSaV infection causes semitranspar-
ent chlorotic spots or chlorotic ringspots on young leaves, accom-
panied by brown necrosis of the bark of young shoots. These spots
become necrotic and severely diseased leaves become distorted.
PCLSaV is unevenly distributed in diseased shoots with a high vi-
rion accumulation in young leaves (Zhu et al., 2022). The PCLSaV
genome consists of five RNA segments, of which RNAs 1-4 encode
the core proteins RARP, GP, NP and MP, respectively. The GP may
be converted into two proteins GN and GC according to predicted
cleavage sites. Protein P5, encoded by RNAS5, is unique to PCLSaV
and displays low amino acid (aa) sequence identity (22.9%) with the
putative silencing suppressor P7 of HPWMoV, but not with proteins
encoded by other emaraviruses and proteins reported in GenBank

(Liu et al., 2020). There is no conserved domain in P5. Therefore, its
functions remain to be elucidated.

In this study, we characterized the subcellular localization of
PCLSaV P5 and revealed its RNA silencing suppression activity and
effects on pathogenicity.

2 | RESULTS

2.1 | PCLSaV P5 is an RNA silencing suppressor
To determine if PCLSaV-encoded proteins can suppress RNA silenc-
ing in plant cells, in the initial tests, each of pCNF3 constructs ex-
pressing PCLSaV proteins P2 (GP), GN, GC, P3, P4 and P5 along with
a 35S:green fluorescent protein (GFP) construct was co-inoculated
into young leaves of 4- to 6-week-old plants of N. benthamiana line
16c by agroinfiltration (Figure S1a). The P19 construct of tomato
bushy stunt virus (TBSV) and the empty pCNF3 vector (EV) were
used as positive and negative controls, respectively. At 2days post-
infiltration (dpi), all infiltrated patches of N. benthamiana leaves
showed bright GFP fluorescence under UV illumination, indicating
GFP expression. At 3 dpi, GFP fluorescence was observed in the
P5-infiltrated patches, albeit at lower levels compared with P19-
infiltrated patches. In contrast, the intensity of green fluorescence
was greatly reduced in other infiltrated patches and much weaker
GFP fluorescence was observed in the P3-infiltrated patches
(Figure S1a,b). Relatively higher GFP levels were detected in P5 and
P19 leaf patches by western blot assays (Figure S1b). The P5 and
P19 constructs and EV were individually inoculated into the same
leaves of N. benthamiana 16c plants. Results showed that the green
fluorescence signals remained with P5 and P19 leaf patches at 4 dpi
but became very weak for P5 patches at 5 dpi (Figure 1a). These data
suggested that the PCLSaV P5 might possess local RNA silencing
suppression activity. The levels of GFP silencing suppression were
assayed by examining the accumulation levels of GFP and mRNA in
the infiltrated leaf samples at 3 and 5 dpi by western blot with a
GFP-specific antibody and reverse transcription-quantitative PCR
(RT-gPCR) assays, respectively (Figure 1b,c). Both GFP and GFP
mRNA accumulated at higher levels in leaf patches infiltrated with
P5 than that in EV-infiltrated patches, indicating that P5 interfered
with GFP-sense transgene-induced silencing. The levels of fluores-
cence and GFP mRNA accumulation in P5-infiltrated leaf patches
were lower compared to P19 infiltration, suggesting that P5 was a
relatively weak suppressor of local RNA silencing.

To validate the ability of P5 suppressing systemic silencing, the
N. benthamiana 16c plants agroinfiltrated with P5 or P19 (a positive
control) and 35S:GFP constructs were examined for fluorescent
signal in the upper leaves and stems under UV illumination until 35
dpi (Figure 1d). At 17 dpi, infiltration with agrobacteria harbouring
P5/35S:GFP and P19/35S:GFP did not result in systemic silencing,
but two of 10 EV/35S:GFP-infiltrated plants showed a systemic GFP
silencing phenotype with the GFP fluorescence disappearing in leaf
veins or becoming weak in systemic leaves. At 27 dpi, infiltration
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FIGURE 1 Suppression of local and systemic silencing of GFP RNA in Nicotiana benthamiana line 16¢c by PCLSaV P5. (a-c) GFP images
and GFP protein and RNA expression levels of infiltrated leaf patches of N. benthamiana line 16c. (d, e) GFP images of systemic leaves of

N. benthamiana line 16c locally expressing P5 and GFP protein expression level in systemic leaves at 30days post-infiltration (dpi). (f) The
GFP-silenced plants out of 10 plants infiltrated with P5 and 35S-GFP inducer at different positions. (g) GFP image of systemic leaves of N.
benthamiana line 16c systemically expressing P5. In (a-e), TBSV P19 was used as a positive control and the empty vector (EV) was used as a
negative control. In (g), PVX-GFP was used as a negative control. The large subunit of RuBisCO stained with Coomassie brilliant blue (CBB) is

used as protein loading controls in western blot assays.

with EV/35S:GFP resulted in a systemic silencing phenotype of all
plants with GFP fluorescence disappearing in whole plants, but
83.3% (25/30) and 58.3% (7/12) plants infiltrated with P5/35S:GFP
and P19/35S:GFP, respectively, did not exhibit systemic silencing. At
35 dpi, 60% P5/35S:GFP and 50% P19/35S:GFP-infiltrated plants
had no systemic silencing (Table S1). Nevertheless, western blot as-
says showed that P5/35S5:GFP and P19/35S:GFP infiltrations greatly
increased the GFP amount in apical leaves, but GFP was almost
completely silenced in the apical leaves of plants infiltrated with
EV/35S:GFP (Figure 1e). In addition, P5/35S:GFP-infiltrated plants

had relatively weaker systemic silencing and higher GFP accumu-
lation compared with P19/35:GFP plants, suggesting that P5 had a
strong ability for suppressing systemic RNA silencing.

To determine whether P5 could suppress systemic silencing by
blocking the mobile inducers of RNA silencing, agrobacteria har-
bouring P5 and 35S:GFP were infiltrated into N. benthamiana leaves
at different positions as depicted in Figure 1f. The GFP fluorescence
signal in the upper non-infiltrated leaves of N. benthamiana plants
was examined under UV illumination. At 15 dpi, no systemic silenc-
ing was observed in any of the infiltrated plants. At 25 and 40 dpi,
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seven and nine plants infiltrated with 35S:GFP in an upper leaf and
the P5 construct in a lower leaf showed systemic silencing. In con-
trast, only one plant infiltrated with 35S:GFP in a lower leaf and the
P5 construct in an upper leaf showed systemic silencing signal, and
two plants co-infiltrated with P5 and 35S:GFP showed systemic si-
lencing until 40 dpi (Figure 1f). These results indicated that P5 ef-
ficiently suppressed systemic silencing by blocking the spread of
silencing inducing signals towards apical leaves.

The P5 and GFP were individually cloned into a PVX expres-
sion vector. The constructs were individually co-infiltrated with
35S:GFP into leaves of N. benthamiana 16c plants. At 16 dpi, PVX-
GFP/35S:GFP-infiltrated plants became systemically silenced by
showing leaf vein reddening and fully systemically silenced with
whole leaves becoming red at 30 dpi. In contract, strong fluores-
cence persisted in leaves of PVX-P5/35S:GFP-infiltrated plants until
30 dpi (Figure 1g). The results indicated that the systemically ex-
pressed P5 efficiently suppressed systemic silencing in N. benthami-
ana 16c¢ plants.

35S:GFP+35S:dsGFP+

2.2 | PCLSaV P5 suppresses dsRNA-mediated RNA
silencing

To examine the efficiency of P5 in suppressing double-stranded
(ds) and single-stranded (ss) RNA-induced RNA silencing, agrobac-
teria with 35S:dsGFP and 35S:ssGFP were separately co-infiltrated
with 35S:GFP (reporter gene) and pCNF3-P5 or pCNF3-P19 (a
positive control) or EV (a negative control) into N. benthamiana 16c
leaves (Figure 2a,b). At 2 dpi, GFP fluorescence was observed in
all infiltrated leaf patches. At 3-4 dpi, the GFP fluorescence in EV-
infiltrated patches became weaker than that in P5- or P19-infiltrated
patches. After 5 dpi, the GFP fluorescence was almost completely si-
lenced in P5- or EV-infiltrated leaf patches, but was still observed in
P19-infiltrated leaf patches (Figure 2a). In leaf patches co-infiltrated
with P5/35S:dsGFP, the accumulation levels of GFP and its mRNA
were higher than that in EV-infiltrated leaf patches, but lower than
that in P19-infiltrated leaf patches at 3 dpi, and significantly reduced
at 6 dpi (Figure 2a). When these constructs were co-infiltrated
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with 35S:ssGFP, the GFP fluorescence disappeared in patches co-
infiltrated with P5 or EV at 3-6 dpi, and the accumulation levels of
GFP and its mRNA in P5-infiltrated leaf patches were not signifi-
cantly different than those in EV-infiltrated leaf patches (Figure 2b).
These results indicated that P5 suppresses dsRNA-mediated but not
ssRNA-mediated RNA silencing and has a mild silencing suppression

activity at the local level as compared with P19.

2.3 | PCLSaV P5 triggers accumulation of reactive
oxygen species in N. benthamiana leaves

Intriguingly, during the above tests, chlorotic necrosis was observed
in the leaf patches infiltrated with P5/35S:GFP of N. benthamiana
16c at 3 dpi. The chlorosis became more clear at 5 dpi, and the op-

posite underside faces of the infiltrated patches had epidemical

Molecular Plant Pathology @ WI LEYM

films separated from leaf tissues, which was never observed in
EV/35S:GFP-infiltrated patches (Figure S2). Furthermore, when the
P5 was expressed in wild-type N. benthamiana leaves, the same chlo-
rotic necrosis and epidemical films were induced (Figure 3a,b).

To assess whether the necrosis induction was correlated with
reactive oxygen species (ROS) accumulation triggered by PCLSaV
P5 in plants, we used 3,3'-diaminobenzidine tetrahydrochloride
(DAB) and nitroblue tetrazolium (NBT) staining to detect the levels
of hydrogen peroxide (H,0,) and superoxide anion (O7,) in N. benth-
amiana leaves. A dark brown colour developed in the DAB-stained
P5-infiltrated samples compared to the light-yellow colour in the
EV-inoculated samples (Figure 3c). Similarly, application of NBT
showed the development of a blue staining in P5-infiltrated sam-
ples, but no or very weak blue staining in the EV control samples
(Figure 3d). Accordingly, the H,0, content significantly increased
in the P5-inoculated leaves as compared with that in EV-inoculated
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FIGURE 3 P5induces leaf necrosis, reactive oxygen species accumulation and PR gene expression in Nicotiana benthamiana leaves. (a, b)
The phenotype of N. benthamiana leaves (upper panel, front; lower panel, back). (c, d) The 3,3'-diaminobenzidine (DAB) (left) and trypan blue
(right) staining of leaves in (a, b). (e, f) The reactive oxygen species accumulation and the transcript levels of NbPR1 and NbPR4 induced by

P5 in N. benthamiana leaf patches. Significant difference, **p < 0.01.
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leaves (Figure 3e). These results indicated that the P5 possesses the
ability to induce peroxisomal ROS accumulation in the infiltrated
N. benthamiana leaves. RT-qPCR analysis demonstrated that the
N. benthamiana NbPR1 and NbPR4 genes involved in the salicylic
acid (SA) signalling pathway were significantly upregulated 4.6 and
17.6 times in P5-infiltrated leaf patches, respectively. At the same
time, the two genes showed almost no response to EV infiltration
(Figure 3f). These results suggested that the P5 could be one of the

viral factors that triggers the host immune response.

2.4 | PCLSaV P5 is self-interacting and accumulates
in the nucleus, plasmodesmata and endoplasmic
reticulum

The presence of P5 in PCLSaV with no homologue in other viruses
makes it particularly interesting to determine its major subcellular
accumulation sites. For this purpose, the PCLSaV ORF5 was cloned
into the vector pEarlyGatel01-eYFP and agroinfiltrated into N.
benthamiana leaves. The infiltrated leaf patches were exanimated
by confocal laser scanning microscopy at 2 dpi. The P5-YFP fusion
protein, regardless of whether P5 was fused to the N or C terminus
of YFP, preferentially accumulated in the nucleus as numerous pe-
ripheral nuclear aggregates (nuclear bodies, NB), in plasmodesmata
(PD) as discontinuous parallel dots and along endoplasmic reticulum
(ER) networks (Figure 4a). The subcellular location features were
confirmed by the co-expression of the P5-YFP with nucleus, PD and
ER marker proteins H2B-mCherry, CMV 3a-mCherry and mCherry-
HDEL, respectively (Figure 4b). When fluorescence signals were
captured at different leaf cell layers, the P5-YFP fluorescence signal
was also observed to accumulate in ER in the cytoplasm and nota-
bly overlapped with the red fluorescence of the ER marker protein
mCherry-HDEL (Figure 4b). Moreover, many vesicle-like structures
located within the ER membrane. These location features were dif-
ferent from the nucleus and cytoplasm locations of free YFP and
the even distribution along ER networks of the ER marker protein
mCherry-HDEL (Figure S3). The results indicated that P5 is a pro-
tein with multiple locations, which might be associated with specific
functions.

Primarily, the self-interaction of the P5 was tested by using the
Matchmaker gold yeast two-hybrid (GYTH) system (Clontech) and
the split-ubiquitin-based membrane yeast two-hybrid (MYTH) sys-
tem (Thaminy et al., 2003). Results showed that the P5-BD in GYTH
system and MYTH system had transcriptional activation activity in
the absence of an interacting partner (Figure S4a,b). The homolo-
gous interaction of P5 was tested by bimolecular fluorescence com-
plementation (BiFC) assays and luciferase complementation imaging
(LCI) in the epidermal cells of N. benthamiana leaves. In the tests, the
P5 constructs paired with the corresponding empty vector did not
produce a fluorescent signal (Figure S4c,d). At 48 h post-infiltration
(hpi), a homologous interaction signal of P5 in the BiFC assay was ob-
served in the infiltrated cells in nuclei, as paired discontinuous spots
along cell membranes and along ER networks (Figure 4c), which

matched the signals of nucleus, PD and ER marker proteins H2B-
mCherry, CMV 3a-mCherry and mCherry-HDEL well (Figure 4d),
and were in accordance with the P5 subcellular locations. LCl assays
showed that a luminescent signal produced in the N. benthamiana
leaf patches co-expressing P5-nLUC and cLUC-P5 (Figure S4d), con-
firming the self-interaction of P5.

2.5 | PCLSaV P5 rescues the cell-to-cell
movement of PVXAP25-GFP and enhances the
pathogenicity of PVX

The PD location of P5 suggested that the protein might function
in viral movement. The viral P4 was assumed to be the movement
protein according to its sequence similarity with other emaravirus
MPs (Liu et al., 2020). Here, we performed BiFC assays to investigate
whether P5 could interact and co-localize with P4. Results showed
that two proteins interacted with each other with fluorescent signal
at PD, but not at ER and nucleus, which was in consistent with the
P4 location (Figure 5a). The result indicated that the viral P4 partially
changed the subcellular distribution of P5 from ER and nucleus to
PD. Furthermore, we investigated the effects of P5 on the cell-to-
cell trafficking ability of a movement defective mutant PVXAP25-
GFP. The P4 was also included in the test. A plasmid expressing
the heterologous silencing suppressor P19 was co-delivered with
PVXAP25-GFP to enhance the PVXAP25-GFP expression, as
previously reported (Feng et al., 2019; Ganesan et al., 2013; Qian
et al.,, 2017). In the pretests, an Agrobacterium tumefaciens cul-
ture containing the construct P19 with an OD,,. . of 0.5 was co-
infiltrated with a serially diluted Agrobacterium culture containing
PVXAP25-GFP into N. benthamiana leaves. At 3 dpi, the PVXAP25-
GFP cultures with OD, .. of 0.0005, 0.00025 and 0.00001 con-
sistently produced a GFP signal in single cells, as viewed under a
scanning confocal microscope. At 5 dpi, the signal distribution did
not change but the signal density increased (Figure S5). Then, the
PVXAP25-GFP culture with an OD ., of 0.00025 was used in the
following tests. Agrobacterium cultures containing constructs ex-
pressing unlabelled P5 and P4 were individually co-infiltrated with
cultures containing PVXAP25-GFP and P19 into N. benthamiana
leaves. The co-infiltration with a culture containing an empty vector
and the cultures containing PVXAP25-GFP/P19 were used as a con-
trol. Scanning confocal microscope observation showed that the flu-
orescence signal of PVXAP25-GFP/P19/EV was visible in single cells
at 3 dpi and became extensive, but still restricted in single cells, at 5
and 6 dpi (Figure 5b). In contrast, when P4 and P5 were individually
co-expressed with PVX-AP25-GFP/P19, weak signals spread from
the initial infiltrated cells to the adjacent cells at 3 dpi and spread to
more connected cells and formed fluorescence-labelled cell clusters
with ratios of 79% (19/24) and 95% (21/22), respectively (Figure 5b),
indicating that the P5 and P4 of PCLSaV helped the PVXAP25-GFP
cell-to-cell movement.

To investigate whether P5 could enhance viral accumulation,
Agrobacterium cultures containing the constructs PVX-P5 and
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PVX-GFP were individually infiltrated into N. benthamiana leaves. At
7 dpi, the infiltrated plants showed mild leaf mosaic symptoms on
the upper non-inoculated leaves. At 14-21 dpi, as compared with
PVX-GFP-infected plants, PVX-P5-infected plants showed more se-
vere leaf vein clearing and mottling or mosaic symptoms (Figure 5c).
Accordingly, more extensive DAB staining dark-brown colour
was observed, and increased PVX CP levels were detected in the
PVX-P5-infected plants as compared with those in the PVX- GFP-
infected control plants (Figure 5c,d). The results suggested that the

expression of P5 caused necrosis by generating H,0, in N. benthami-

ana leaves, which might improve PVX accumulation.
2.6 | Dissection of the nuclear localization
signal and signal peptide of PCLSaV P5

The P5 from PCLSaV isolate CG1 consists of 282 amino acids (aa).
Sequence analyses revealed one nuclear localization signal (NLS)
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FIGURE 5 PCLSaV P5 interacts and colocalizes with the viral P4 and enhances PV X infection and cell-to-cell diffusion of PVXAP25-

GFP in Nicotiana benthamiana. (a) The interaction and colocalization signals of PCLSaV P5 with the viral P4. CMV3a-mCherry was used as a
plasmodesmata (PD) marker. (b) The signals of PVXAP25-GFP in epidermal cells of N. benthamiana, in which P5, P4 and an empty vector (EV)
were, respectively, co-expressed with PVXAP25-GFP and P19. Data are presented as views with GFP signal diffused in adjacent cells/total
views (P4 and P5) or views with GFP signal in single cell/total views (EV). Scale bars=10pum. (c) The symptoms of N. benthamiana plants agro-
inoculated with PVX-P5 and PVX-GFP at 7-21 days post-infiltration (dpi) and the 3,3'-diaminobenzidine (DAB) staining dark-brown colour.
Arrow heads indicated the enlarged leaves. (d) PVX CP expression levels in the young leaves of plants in (c) were detected by western blot.
The large subunit of RuBisCO stained with Coomassie brilliant blue (CBB) is used as protein loading controls.

located at positions 203-222 aa or 203-233 aa of P5 as predicated
by using NLS tradamus (http://www.moseslab.csb.utoronto.ca/
NLStradamus/) or cNLS Mapper (http://nls-mapper.iab.keio.ac.jp/
cgi-bin/NLS_Mapper_form.cgi). One potential signal peptide (SP) at
positions 1-19 aa with 98.6% possibility was predicted using online
software at https://www.novopro.cn/tools/signalp (Figure Séa).

To confirm the presence of an SP in P5, the predicted SP-
encoding sequence (1-19 aa), full-length P5-encoding sequence
and P5-encoding sequence with a deletion of 1-19 aa (P5,, ;,)
were constructed into the vector pSUC2 and transformed into the
yeast YTK12 (Figure 6a). The transformants with pSUC2-P5, _,,,
pSUC2-P5 and the positive control pSUC2-Avr1bSP had secreted
invertase activity and were able to grow well on the YPRAA

medium. However, the transformant with pSUC2-P5,, ,, did not
have secreted invertase activity and was unable to grow well on
the YPRAA medium, similar to the negative control YTK12 and
pSUC2. The results indicated that the SP of P5 has a secretion
function.

The preferential accumulation of P5 in the nucleus suggested
that the protein might be transported to the nucleus via an im-
portin pathway (Goldfarb et al., 2004; Lange et al., 2007). Then,
BiFC assays were performed to test interactions between P5 and
each of the two importing proteins Nblmpal and Nbimpa2. The
experiments showed that cells co-expressing P5 with Impal or
Impa2, regardless of their fusion at the N or C terminus of YFP,

produced fluorescence signals in the nucleus with numerous
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FIGURE 6 Secretion activity and
nucleus importin analysis of PCLSaV

P5. (a) Secretion activity analysis in TTC
medium and yeast growth on CMD-W or
YPRAA plates. The yeast mutant YTK12
and its transformant with empty vector
pSUC2 were used as negative controls.
The yeast transformant with pSUC2-
Avrl was used as a positive control.

(b) Interaction signals of P5 and nuclear
localization signal (NLS) deletion mutant
P5A203-222 with Nblmpal or Nbimpa2.
(c) Interaction signals of P5 with nucleolus
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NBs (Figure 6b), suggesting that P5 nuclear transport might rely
on the importin o pathway. It was noticed that the fluorescence
signal of P5/Impal accumulated preferentially in the nucleoplasm
and nucleolus, and the fluorescence signal of P5/Impa2 accumu-
lated preferentially in the nucleoplasm as NBs with different sizes,
but not in the nucleolus, which was similar to the distribution of
P5 in the nucleus. However, the deletion of the potential NLS at
203-222 aa (P5A203-222) did not change the nuclear location of
the interaction signals between P5 with Impal and Impa2, indi-
cating that there might be other positions in the P5 involved in its
nucleus targeting. Furthermore, BiFC assays were performed for
P5 and nucleolus fibrillarin protein Fib2. The nucleus marker H2B-
mCherry was not included in the test to avoid its effect on the
location evaluation. It was found that P5 and Fib2 interacted with
signal in the nucleolus and in nucleus as small bodies, but not in
the nucleoplasm (Figure 6c), indicating that the P5 located in the

nucleolus and NBs by interaction with Fib2.

2.7 | Dissection of the P5 determinants for its
subcellular localizations and systemic RNA silencing
suppression activity

To assess whether specific regions of P5 are necessary for its
subcellular localizations and self-interaction, four YFP-tagged
mutants P5; g5 P5,0 g0 P5,0 55, @and P5.,_ 4, Were constructed
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according to the secondary structure and the SP position of P5 pro-
tein (Figure Séb,c) and transiently co-expressed with nuclear, PD and
ER marker proteins H2B-mCherry, CMV 3a-mCherry and mCherry-
HDEL in N. benthamiana by A. tumefaciens-mediated transforma-
tion. The fluorescence signals in the infiltrated leaf patches were
examined at 2 dpi (Figure 7a). The mutants P5,_g, and P5,,_g, had
subcellular locations similar to that of full-length P5 with YFP sig-
nal in the nucleoplasm without forming NBs, at PD and ER, where
it induced many vesicles. The signal of the mutant P5,, 5, located
in the nucleus with NBs and PD, but lost ER location, and formed
many granular structures in the ER networks. The P5,,_,4, location
was much different from that of full-length P5 by losing PD location,
forming many multiple vesicle structures. The P5,,_,4, changed the
ER structure, which appeared as granular structures in the P5,,_,q,
vesicles (Figure 7a). Further BiFC assays revealed the self-interaction
of P5, g, with interaction fluorescence signal at the same loca-
tions as the full-length P5, but other mutants failed to self-interact
(Figure 7b, Figure S7). The LCI tests also confirmed the P5, g, self-
interaction (Figure 7c).

To determine whether specific regions or motifs of P5 are neces-
sary for suppressing RNA silencing, the systemic suppression ability
of the four mutants was determined (Figure 8a). Results showed that
P5,_go successfully suppressed systemic silencing in N. benthamiana
16c¢ plants. At 35 dpi, nine of 10 P5, ;,/35S:GFP-infiltrated plants
showed no systemic silencing with the GFP fluorescence signal vis-
ible in apical leaves similar to the full-length P5. The SP deletion
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FIGURE 7 Subcellular colocalization features of truncated PCLSaV P5 mutants (a) and the self-interaction of mutant P5,_g, detected
by bimolecular fluorescence complementation and luciferase complementation assays in Nicotiana benthamiana epidermal cells (b, c). In (a,
b), CMV3a-mCherry, H2B-mCherry and mCherry-HDEL were used as plasmodesmata, nuclear and endoplasmic reticulum markers. The
endoplasmic reticulum structures with colocalization signals were highlighted in the boxes. N, nucleus; PD, plasmodesmata. Images were
acquired at 48 h after agroinfiltration under a confocal microscope using a 63x/1.20 water objective. Scale bars=20um.
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FIGURE 8 RNA silencing suppression and reactive oxygen species induction activities of truncated PCLSaV P5 mutants in Nicotiana
benthamiana line 16c. (a, b) The signals and accumulation levels of GFP in systemic leaves of N. benthamiana line 16c infiltrated with P5 and
P5 mutants. The numbers in (a) indicated the ratios of plants showing the corresponding phenotypes and total tested plants. In (b), the large
subunit of RuBisCO stained with Coomassie brilliant blue (CBB) is used as a protein loading control. (c) Phenotypes of N. benthamiana leaf
patches infiltrated with P5 and its mutants (upper panel, front; lower panel, back). (d) The 3.3’-diaminobenzidine (DAB) (left) and trypan blue

(right) staining of leaves shown in (c).

(P5,5_go and P5,, ,o,) greatly abolished the suppression activity
of P5, g, and P5, with 75% (9/12) and 60% (9/15) plants showing
a systemic GFP silencing phenotype. The mutant protein P5,,_,q,
largely lost its suppression activity with 59% (10/17) infiltrated
plants showing the systemic silencing phenotype. Consistent with
the phenotypes, the GFP accumulation level in systemic leaves of
plants infiltrated with P5,_g, was comparable to that of P5-infiltrated
plants and was much higher than that of plants infiltrated with EV
and other three mutants (Figure 8b).

Furthermore, the abilities of these mutants inducing chlorotic
necrosis and ROS accumulation were assessed in wild-type N. ben-
thamiana plants (Figure 8c,d). All leaf patches infiltrated with these
mutants produced the same chlorotic necrosis as that induced by
the full-length P5 (Figure 8c). DAB and NBT staining revealed that
dark brown and deep blue colours developed in leaf patches in-
filtrated with these mutants, although the colour intensities in
patches infiltrated with mutants P5,; o, P5,9 55, and P54y 55,
were slightly weaker than that in P5,_g, and P5-infiltrated patches
(Figure 8d).

Collectively, these data suggested that the 1-89 aa at the N ter-
minus of P5 is responsible for the PD location; the formation of ER-

derived vesicles, self-interaction and RNA silencing suppressor (RSS)

activity; and the SP is indispensable for the self-interaction and RSS
activity.

3 | DISCUSSION

Emaraviruses harbour RNAs encoding divergent and unique pro-
teins. The PCLSaV RNAS5 is highly expressed in virus-infected pear
leaves as assayed by RNA-Seq (Liu et al., 2020), indicating that the
protein P5 encoded by the viral genomic RNA5 might be involved
in specific biological functions. Here, we demonstrated the roles
of PCLSaV P5 in pathogenicity and movement. Most RSSs can
block either local silencing or systemic silencing or both (Hamilton
et al., 2002). This study provided evidence that P5 is an RSS, with
mild activity for suppressing local RNA silencing, but strong ac-
tivity for suppressing systemic RNA silencing. As a systemic RNA
silencing suppressor, the protein P5 can efficiently block systemic
spread of silencing inducing signals, as shown by transient agro-
expression and expression via a heterologous PVX vector, and
the activity is comparable with the well-known RSS P19 of TBSV
(Qiu et al., 2002). dsRNA is a strong inducer of RNA silencing (Fire
et al., 1998). Our results also showed that P5 partially suppresses
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local silencing induced by GFP dsRNA, but not by ssRNA. This is
the second report of an emaravirus protein as a silencing suppres-
sor. The P7 and P8 of the emaravirus HPWMoV were previously
identified as RSSs efficiently suppressing the transitive pathway of
silencing (Gupta et al., 2018). The known virus RSSs are highly di-
vergent in sequences and function in different steps of RNA silenc-
ing (Li & Wang, 2019; Pumplin & Voinnet, 2013). The PCLSaV P5 is
distantly related to P7 of HPWMoV (Liu et al., 2020), but does not
have a glycine-tryptophan (GW) motif, which is considered to be
necessary for the RSS activity of HPWMoV P7 (Gupta et al., 2018)
and many other RSSs (Genovés et al., 2010; Gupta et al., 2019;
Weber & Bujarski, 2015). The mechanism of the PCLSaV P5 affect-
ing RNA silencing pathway remains to be elucidated.

The infections of many plant viruses cause chlorosis, chlorotic
spots and necrosis, which are manifestations of the immune re-
sponses in infected cells. Rapid generation of ROS, such as H,0,
or O, is one of the earliest cellular responses against pathogen
infections (Bolwell & Wojtaszek, 1997). The RSSs encoded by
many plant viruses are effective effectors, stimulating the immune
response of plants (Culver & Padmanabhan, 2007; Nakahara &
Masuta, 2014; Pallas & Garcia, 2011). There is some evidence to
suggest that ROS bursts are correlated with successful plant virus
infection and disease development (Diaz-Vivancos et al., 2008).
Viruses can promote their own infection or replication by regulating
ROS via various pathways (Hyodo et al., 2017; Jiao et al., 2021; Yang
et al., 2020, 2022). The well-known RSS P19 of TBSV can trigger
the host hypersensitive reaction and a ROS burst (Scholthof, 2006).
This study showed that the P5 expression induced ROS production
and chlorosis or necrosis of N. benthamiana leaf patches, consistent
with PCLSaV infection in pear that commonly induced semitrans-
parent chlorotic spots and necrotic flecks (Liu et al., 2020). The RSS
activity and ROS induction of P5 might play an important role in
facilitating virus infection. In accordance with the activity of P5 in
suppressing RNA silencing and ROS induction, P5 could improve
the accumulation and enhance the pathogenicity of a heterolo-
gous PV X, when expressed through the heterologous virus vector,
as described for some other RSSs (Samuel et al., 2016; Tatineni
et al., 2012). Similar roles in enhancing heterologous virus infection
have been previously reported for RLBV P6 and P7 (Lu et al., 2015)
and HPWMoV P7 and P8 (Gupta et al., 2018). However, the path-
ways these emaravirus proteins interfere with remain to be further
elucidated. With the establishment of a rose rosette virus (RRV) in-
fectious clone (Verchot et al., 2020), reverse genetics studies will
improve our understanding of the biological functions of emaravi-
rus unique proteins.

The biochemical and molecular pathways underlying the patho-
genicity role of emaravirus proteins are unknown. Discerning the
subcellular localization of a protein is crucial for understanding its
biological role. Interestingly, P5 localized in the nuclear, ER and PD,
indicating the protein might play multiple roles in the virus infec-
tion cycle. Furthermore, P5 had the ability to rescue the cell-to-cell

movement of a movement-deficient virus PVXAP25, suggesting that

P5 might be essential for the virus movement. The PCLSaV P4 was
assumed to be the viral MP based on its significant sequence sim-
ilarity with the P4 proteins of RLBV and some other emaraviruses
(Liu et al., 2020; Yu et al., 2013). The distribution of MPs at PD has
been described for some emaraviruses, but its biological role was not
evaluated (McGavin et al., 2012). In the present study, we found that
transiently expressed PCLSaV P4 localized to PD and also facilitated
cell-to-cell trafficking of a movemen-defective PVXAP25, confirming
that the P4 functions in the virus movement. Moreover, P5 interacted
with P4 at PD. As some other viruses, with two or more proteins in-
volved in virus movement (Guo et al., 2020), P5 might cooperate with
P4 in the PCLSaV movement. The coordinated replication and inter-
cellular movement of some plant viruses are associated with the ER
and mediated by membrane-associated motile vesicular structures
(Li et al., 2024; Linnik et al., 2013; Tilsner et al., 2012, 2013; Tilsner
& Oparka, 2012). Many plant RNA viruses and their movement pro-
teins are associated with the ER network of their hosts, and the ER is
involved in virus movement and viral replication complex formation
(Bamunusinghe et al., 2011; Feng et al., 2019). In the present study,
we found that P5 was associated with endoplasmic membrane struc-
tures, in which many vesicles were induced, suggesting that P5 might
use the plant cytoskeleton to mediate the movement of viral replica-
tion complexes (VCRs) from their replication sites to PD (Naghavi &
Walsh, 2017).

This study also demonstrated that the PCLSaV P5 increased PVX
CP expression, further supporting that P5 is a silencing suppressor like
TBSV P19, which has been used to suppress host antiviral defences and
to increase GFP or viral clone expression (Feng et al., 2019; Ganesan
etal., 2013; Qian et al., 2017). As the full-length P5, the self-interaction
and the nucleus, ER and PD locations of the deletion mutant P5, ¢,
were documented in BiFC assays (Figure 7b). Importantly, the P5, g,
alone could efficiently lead to suppress systemic RNA silencing, which
was comparable to the full-length P5 (Figure 8a), indicating that the
stable dimers might be necessary for its functions (Chou et al., 2013).
From a structural perspective, P5 contains a putative SP consisting of
19 aa at the N terminus, which was confirmed by its secretion function.
Truncation of the SP from the full-length P5 and the P5,_g, abolished
their self-interaction and greatly decreased their VSR activity, suggest-
ing that the SP was indispensable for the silencing function. Although
an NLS was predicted at positions 203-233 aa, the deletions of C ter-
minus (P5,_g,) and NLS sequences of P5 did not abolish their nuclear
localization and nuclear transport by the importin a pathway, suggest-
ing that there might be functional nuclear localization sites also at its N
terminus. In addition, the RSS activity and subcellular location feature
of P5 were not strictly related as revealed by transient agro-expression
of truncated P5 mutant P5,,_g,, which showed subcellular locations
similar to P5 and P5,_g, in N. benthamiana, but did not show detectable
RSS activity.

In summary, we explored the biological functions of PCLSaV P5.
This study provided evidence for dual roles of a unique protein of
an emaravirus in countering plant antiviral defence by suppressing
plant RNAi and in facilitating virus movement.
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4 | EXPERIMENTAL PROCEDURES

4.1 | Plant growth condition and virus inoculation
Nicotiana benthamiana (wild-type and line 16c) plants were grown
in a chamber in 60% relative humidity with a 16-h daylight period at
25°C and an 8-h dark period at 20°C. The leaf sample of a P. pyrifo-
lia ‘Cuiguan’ plant, from which the genome of PCLSaV isolate CG1
was identified (Liu et al., 2020), was used for the amplification of the
virus protein coding sequences.

For PVX inoculation, the recombinant PVX infectious clone was
transformed into A. tumefaciens GV3101 by a heat shock method.
After incubating in Luria Bertani (LB) broth at 28°C, the cultures
(OD,0nm=1) were centrifuged and resuspended with an infiltration
buffer (10mM MES, pH5.7, 10mM MgCl,, 100uM acetosyringone)
to a final OD,,, of 0.5. To enhance PVX mutant PVXA25-GFP in-
fection, Agrobacterium culture (OD,.,=0.8) expressing TBSV P19,

Onm

a strong silencing suppressor, was mixed with the PVXA25-GFP cul-
ture. After incubating at 25°C for 2h, the suspensions or mixtures

were infiltrated into leaves of 4-week-old N. benthamiana plants.

4.2 | Gene cloning and sequences analysis

The coding sequences (ORFs 2-5) of PCLSaV proteins were ampli-
fied individually from CG1 sample by reverse transcription (RT)-PCR
using primers designed from the genome sequences of PCLSaV
isolate CG1 (GenBank accession nos. MK602177 to MK602181 for
RNA1 to RNAS5). Within ORF2, two fragments encoding GN and
GC were amplified using primers designed based on the predicted
restriction digestion sites (Liu et al., 2020). The RT-PCR condi-
tions were the same as previously reported (Liu et al., 2020). The
PCR products were purified and ligated into the pMD18-T vector
(TaKaRa). Clones were identified by PCR and at least three recom-
binant clones of each product were sequenced at Sangon Biotech
(Shanghai) Co., Ltd., Shanghai, China. One clone of each amplicon
with a consensus sequence was selected for further study. The prim-
ers used in PCR are listed in Table S2.

4.3 | BIiFC, LCl and subcellular localization assays
The construction of vectors used for BiFC and subcellular lo-
calization assays was performed using the Gateway Technology
(Invitrogen), as previously described (Yang et al.,, 2021). In BiFC
assays, sequence-validated entry clones (without the stop codon)
were individually recombined into the pEarlygate201-YN or pEarl-
ygate202-YC vectors using the Gateway LR Clonase Il Enzyme mix.
The vector pEarlyGatel101-eYFP was used for subcellular localiza-
tion. The cloned genes were individually fused to the N terminus of
eYFP (Yang et al., 2021).

In BiFC and subcellular localization assays, the plasmids ex-
pressing mCherry-HDEL (Feng et al., 2019), H2B-mCherry (Martin

et al., 2009) and CMV3a-mCherry (Ur Rehman et al., 2019) were
used as ER, nucleus and PD markers, respectively. All constructs
were transformed into A. tumefaciens GV3101 cells (Weidi Bio)
using a heat shock method. The transformed A. tumefaciens cells
were resuspended in infiltration buffer (10mM MgCl,, 10mM
MES, 150pM acetosyringone), incubated at 28°C for 2-5h
(OD4p0nm="0-7) and then infiltrated into N. benthamiana leaves with
needleless syringes, as previously described (Yang et al., 2021). In
BiFC assays, P19 was used as a positive control and the empty
vector (EV) was used as a negative control. The infiltrated leaf
sections were visualized at 48 hpi under a laser scanning confocal
microscopy (LSCM; TCS-SP8, Leica Microsystems) with an HC PL
APO CS2 63x/1.20 water objective. CFP, YFP and mCherry fluo-
rescence signals were excited at wavelengths 458 nm, 514 nm and
561nm and captured at wavelengths 470-510nm, 524-544nm
and 580-600nm, respectively.

For LCl assays, each coding sequence was inserted into pJW771-
nLUC and pJW772-cLUC vectors by using a ClonExpress [l One Step
Cloning Kit (Vazyme). Agrobacterium cultures harbouring paired
plasmids were co-infiltrated into N. benthamiana leaves. At 48-60
hpi, the luciferase substrate p-luciferin solution (0.2mM) (GlpBio)
was sprayed onto the surface of infiltrated leaves. About 5-10min
later, the luciferase activity was detected using a low-light cooled
CCD imaging apparatus (NightSHADE L985; Berthold).

4.4 | Identification of viral RNA silencing
suppressors

To determine RNA silencing suppression activity, the PCLSaV ORFs
were constructed into the vector FLAG-tagged pCNF3 (Ur Rehman
et al., 2019). The vectors were constructed by using the ClonExpress
Il One Step Cloning Kit (Vazyme). Each recombinant vector was
transformed into A. tumefaciens GV3101 cells. An Agrobacterium
culture containing a plasmid pMS4 (with a 35S:GFP) was used as an
inducer of RNA silencing. The well-known suppressor P19 of TBSV
was used as a positive control. The empty pCNF3 vector was used as
a negative control. Agrobacterium cultures transformed with each of
the constructs were individually co-infiltrated with a culture carrying
35S:GFP at a ratio of 1:1 (vol/vol) into the leaves of GFP-expressing
N. benthamiana 16c¢ for local and systemic silencing tests. Each assay
was repeated at least three times. Local GFP expression signals were
monitored at 2-6 dpi, and systemic GFP expression signals were
monitored at 14-40 dpi under a hand-held UV lamp (LUYOR-3104).
Images were captured using a camera (EOS 450D; Canon). The green
fluorescence signals observed in the young leaves of infiltrated
plants were quantified as systemic RNA silencing suppression.

4.5 | Immunoblot analysis

The protein extraction and immunoblot assays were performed
as previously described (Yang et al., 2021). Monoclonal antibody
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against GFP (Sangon Biotech [Shanghai] Co., Ltd.) was used at a
dilution of 1:5000. Anti-PVX CP antibody was kindly provided by
Professor Tao Zhou (China Agricultural University) and used at a dilu-
tion of 1:5000. The large subunit of RuBisCO stained by Coomassie
brilliant blue (CBB) was used as protein loading controls in western
blot assays.

4.6 | RNA extraction and RT-qPCR analysis

Total RNA was extracted from N. benthamiana leaf samples using
TRIzol reagent (Invitrogen) and treated with DNase | (TaKaRa). First-
strand cDNA was synthesized by using All-In-One RT MasterMix
(with AccuRT Genomic DNA Removal Kit) (Abm). All gPCR assays
were performed using the iTaq Universal SYBR Green Supermix (Bio-
Rad) in a CFX96 real-time system (Bio-Rad), as previously described
(Yang et al., 2021). The N. benthamiana NoGAPDH gene (GenBank
accession no. JQ256517.1) was used as internal control. The rela-
tive expression levels were calculated by using the cycle threshold
(C) 2725 method (Livak & Schmittgen, 2001). All experiments were
replicated at least three times. The primers used for the RT-qPCR
assays of NbPR1, NbPR4, NbGAPDH and GFP gene expression levels
were listed in Table S3.

4.7 | Hydrogen peroxide content measurements,
trypan blue and DAB staining

The H,0, content was measured using the micromethod kit follow-
ing the manufacturer's instructions (Nanjing Molfarming Biotech
Co.). The infiltrated dishes with a diameter of 0.5cm were placed in
the wells of 96-well plates with 0.1-mL double-distilled water and
incubated for 10 h at room temperature. After removing the double-
distilled water, 0.1-mL reaction mixture (containing 50pM luminol
[L-012] and 10ug/mL peroxidase) was added to each well. Then,
the absorbance value of each solution in the plate wells was tested
at A,gq,m as the excitation wavelength and A,,;  as the emission
wavelength. The reaction was measured at 90-s intervals, and the
readings were repeated 30 times for a total of 45min in one cycle.
The values of ROS produced by the treated leaf discs were calcu-
lated as relative light unit (RLU) using Prism software (v. 8.0.2). Three
biological replicates were designed in each tested group.

For trypan blue staining, infiltrated leaves of N. benthamiana
were immersed in trypan blue staining solution (30mL ethanol,
10 mL phenol, 10 mL sterile water, 10mL glycerol, 10mL lactic acid,
20mg trypan blue) and boiled in a water bath for 3min, then de-
stained in 100% ethanol at room temperature for 24 h.

For DAB staining, 30 mg DAB mixed with 30 mL of sterile water
(with hydrochloric acid to accelerate dissolution) to a final concen-
tration of 1mg/mL (pH 3.8) (protected from light). Infiltrated leaves
of N. benthamiana were immersed DAB solution for 16-20h, then
washed with water two or three times and destained in 100% etha-
nol at room temperature for about 24 h.

4.8 | Quantification and statistical analysis

Statistical significance was examined by one-sided Student's t test
or one-way analysis of variance with Dunnett's multiple comparison
test. The values for quantitative analysis were shown as mean+SD
from at least three independent assays. Asterisks indicate significant
difference (*p<0.05, **p<0.01, **p<0.001). The blotted bands
were quantified using Imagel) and normalized against that of the

loading control from the same sample.
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