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Abstract

To counteract RNA interference-mediated antiviral defence, virus genomes evolved to express proteins that inhibit this plant 
defence mechanism. Using six independent biological approaches, we show that orchid fleck dichorhavirus citrus strain (OFV-
citrus) movement protein (MP) may act as a viral suppressor of RNA silencing (VSR). By using the alfalfa mosaic virus (AMV) 
RNA 3 expression vector, it was observed that the MP triggered necrosis response in transgenic tobacco leaves and increased 
the viral RNA (vRNA) accumulation. The use of the potato virus X (PVX) expression system revealed that the cis expression of 
MP increased both the severity of the PVX infection and the accumulation of PVX RNAs, further supporting that MP could act 
as an RNA silencing suppressor (RSS). From the analysis of the RSS-defective turnip crinkle virus (TCV), we do not find local 
RSS activity for MP, suggesting a link between MP suppressor activity and the prevention of systemic silencing. In the analysis 
of local suppressive activity using the GFP-based agroinfiltration assay in Nicotiana benthamiana (16 c line), we do not identify 
local RSS activity for the five OFV RNA1-encoded proteins. However, when evaluating the small interfering RNA (siRNA) accu-
mulation, we find that the expression of MP significantly reduces the accumulation of GFP-derived siRNA. Finally, we examine 
whether the MP can prevent systemic silencing in 16c plants. Our findings show that MP inhibits the long-distance spread of 
RNA silencing, but does not affect the short-distance spread. Together, our findings indicate that MP is part of OFV’s counter-
defence mechanism, acting mainly in the prevention of systemic long-distance silencing. This work presents the first report of 
a VSR for a member of the genus Dichorhavirus.

INTRODUCTION
RNA silencing is a nucleotide sequence-specific gene regulation mechanism that acts as a primary defence pathway in many 
eukaryotic cells. It defends a large number of organisms against virus infection [1, 2]. The RNA silencing defence mechanism is 
triggered by the presence of double-stranded RNA that is processed by an RNase III Dicer-like nuclease to generate small RNA 
(siRNA) duplexes of 21 to 24 nucleotide (nt) in size [3–5]. They are incorporated into a nuclease named Argonaute (AGO), which 
is able to select an RNA strand of Dicer-generated short RNA duplex (guide strand) by a thermodynamic mechanism to guide 
the AGO complex to cleave specific nucleic acids or to modify chromatin structure [4, 6–8]. To counteract this antiviral defence 
mechanism, viruses have evolved to encode proteins called viral suppressors of RNA silencing (VSRs) [9–12]. These proteins 
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exhibit no obvious sequence similarities and may act in different steps of RNA silencing by interacting with key components of 
the local and systemic silencing machinery [11, 13–16].

Using different biological approaches, it has been possible to identify a larger number of viral proteins that act as silencing suppres-
sors [9, 17–20]. The best-known technology to test the ability of the protein to suppress local RNA silencing is the ‘patch’ technique 
[21]. It consists of the use of an inductor for gene silencing (the most used is green fluorescent protein, GFP) co-overexpressed in 
plants with a putative RSS by agrobacterial delivery. This technology has also been used extensively to assess the influence of the 
putative VSRs on the accumulation of siRNAs and the short- and long-distance spread of the silencing signal [15, 18, 19, 22–25]. 
Plant virus genomes have been engineered for the development of viral infectious clones used for RSS screening. By using alfalfa 
mosaic virus (AMV) as an expression vector, a correlation between necrotic lesion, increase of viral RNA (vRNA) accumulation 
and RSS activity was observed [18]. For the potato virus X (PVX) system, the RSS activity is associated with the enhancement 
of PVX pathogenicity [9]. In the case of the turnip crinkle virus (TCV) system, the expression of an RSS is associated with the 
local movement complementation of a defective TCV mutant [17].

Citrus leprosis (CL) is an important disease for the citrus industry in South and Central America that is caused by Brevipalpus-
transmitted viruses (BTVs). According to the cytopathological patterns they provoke in infected tissues, BTVs can be grouped 
into two distinct groups. The cytoplasmic type (BTV-C) is composed by viruses belonging to the genus Cilevirus, family Kita-
viridae, able to replicate in the host cell cytoplasm [26]. Members of the nuclear type (BTV-N) replicate into the cell nuclei and 
belong to the genus Dichorhavirus, family Rhabdoviridae [27]. Orchid fleck virus (OFV orchid strain) is the type member of the 
genus Dichorhavirus and shows a worldwide distribution [27]. By contrast, the citrus strain of OFV (OFV-citrus), associated 
with the infection of citrus plants causing typical CL symptoms, has been found in South Africa and Central America [28–30]. 
Dichorhaviruses show negative-stranded RNA bisegmented genomes, which code for the nucleocapsid (N), phosphoprotein 
(P), movement protein (MP), matrix protein (M), glycoprotein (G) and RNA-dependent-RNA polymerase (L). The N, P, MP, 
M, and G proteins are encoded by the RNA1, while the RNA 2 codes for the L protein (Fig. S1, available in the online version of 
this article) [27, 31]. OFV nucleocapsid proteins (N and P) form an intranuclear viroplasm-like structure mediated by P nuclear 
localization signal [32]. The MP is a membrane-associated protein, while the N is not associated to cell membranes. The MP can 
interact with the N–P core complex, redirecting a portion of the N from the nucleus to the plasmodesmata at the cell periphery 
[33]. As regards its intracellular distribution, the MP shows a nuclear localization that is also distributed at the cell periphery, 
co-localizing with plasmodesma structures [33].

Dichorhaviruses share some similarities, including composition of structural proteins, gene order, moderate to high sequence 
similarity, and nuclear localization, with non-segmented plant rhabdoviruses, especially with the alpha, beta and gamma nucle-
orhabdoviruses [27, 31, 34]. For rhabdoviruses, conserved structural protein (P) and accessory gene-encoded proteins (P6 
and P3) have been identified as acting as VSRs by interacting with components of the local and/or systemic RNA silencing 
machinery [35–39]. Although current studies have advanced the understanding of the molecular processes associated with the 
suppressive activity of proteins encoded by rhabdoviruses, this same progress has not been reported for dichorhaviruses, which 
are evolutionarily close to this group.

In the present work, using six independent biological methods to screen the local or systemic RSS activity of viral proteins, we 
found that the OFV-citrus MP may act as an RNA silencing suppressor, possibly inhibiting the long-distance spread of RNA 
silencing.

METHODS
Plant materials
Transgenic Nicotiana benthamiana 16 c plants that constitutively express the green fluorescent protein (GFP) [40] were used for 
analyses of local and systemic RNA silencing. For the analysis of local silencing, the plants were kept in fitotron plant growth 
chambers under growing conditions that included a two-step cycle of 23 °C day/18 °C night and 16 h light/8 h dark. For analysis of 
systemic silencing, the conditions were changed to 20 °C day/18 °C night and 14 h light/10 h dark. At higher light intensities and 
temperatures, the spread of systemic silencing signal is impaired. By contrast, lower light intensities with a constant temperature 
generate a strong systemic movement of the silencing signal [41].

Transgenic Nicotiana tabacum plants that express the polymerase proteins P1 and P2 (P12 plants) of alfalfa mosaic virus (AMV) 
[42] were used to identify potential RNA silencing suppressor (RSS) activity of the assayed proteins by using the AMV system. 
The P12 plants only work with the AMV RNA 3 or its derivatives, simplifying the analysis [43]. P12 plants grew under a two-step 
cycle of 23 °C day/18 °C night and 16 h light/8 h dark.

N. benthamiana wild-type (WT) plants grew in the same conditions described above and were employed for the analyses using 
the viral systems of the potato virus X (PVX) [44] and turnip crinkle virus (TCV) [17].
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Generation of constructs and biological assays
Constructs for alfalfa mosaic system and AMV assay
A derivative infectious AMV RNA 3 construct that carries the GFP gene (pGFP/MP/CP) [45] allows the exchange of the GFP 
gene to test the potential RSS proteins. NcoI and NheI cutting sites ensure GFP removal. The nucleocapsid (N), phosphoprotein 
(P), matrix protein (M), movement protein (MP) and glycoprotein (G) genes of the orchid fleck virus citrus strain (OFV-citrus) 
(isolate M2345, GenBank accession no. KF209275.2) were obtained from RNA extracted from symptomatic citrus leaves. The 
cDNA was generated by RT-PCR following the manufacturer’s specifications (Thermo Fisher Scientific, Waltham, MA, USA) with 
specific primers for each OFV-citrus gene. PCR amplification was performed with primers carrying the sites NcoI and XbaI (N), 
PciI and NheI (P and M), and BspHI and NheI (MP and G). The derivative PCR products, previously digested, were cloned into 
the pGFP/MP/CP plasmid to generate pN/MP/CP, pP/MP/CP, pMP/MP/CP, pM/MP/CP and pG/MP/CP constructs. pHCPro/
MP/CP and pHA:HCPro/MP/CP constructs used as control were obtained from Ref. [18]. The helper component proteinase 
HCPro is a VSR from the tobacco etch virus (TEV) (GenBank accession no. DQ986288). The introduction of the human influenza 
haemagglutinin epitope (HA) at the C-terminus of the heterologous inserted proteins for protein detection was performed as 
previously described [18].

For the AMV assay, the cassettes from AMV RNA 3 (pGFP/MP/CP plasmid) harbouring the genes from encoded proteins HCPro 
(control), N, P, MP, M and G were amplified with specific pair primers and the generated amplicons were used as templates for in 
vitro transcription with T7 RNA polymerase (Takara Bio, Inc., Shiga, Japan). We first balanced the concentration of AMV RNA 
3 transcripts carrying the heterologous indicated genes. The quantification was performed with agarose gel electrophoresis using 
an RNA ladder (RiboRuler High Range RNA Ladder, Thermo Scientific, USA) and several dilutions of the transcribed RNAs 
[46]. The transcripts generated (~3 µg) were used for inoculation of transgenic P12 plants at 2–4 weeks old (two leaves per plant 
and three plants per construct in three independent experiments), as described previously [47]. The presence of necrotic lesions 
on the inoculated leaves was monitored during 7 days post-inoculation (p.i.).

P12 protoplast transfection was performed as described previously [48]. Briefly, protoplasts were extracted from P12 leaves 
(3-week-old plants) and 2.5×105 protoplasts were transfected by the polyethylene glycol method [48] with 15 µl (~ 3 µg) of the 
transcription mixture [19].

Constructs for potato virus X system and PVX assay
The MP gene carrying AscI and NotI restriction sites was introduced into the pGR106 plasmid [44], downstream of the duplicated 
PVX CP promoter [49]. This plasmid was a gift from Dr Zhenghe Li (Zhejiang University, Faculty of Agriculture, Hangzhou, PR 
China). pGR107 carrying the HCPro gene was obtained from Ref. [19].

For the PVX assay, pGR empty (pGR106-empty) and carrying the HCPro (pGR107-HCPro) and MP (pGR106-MP) genes 
were used for the transformation of Agrobacterium tumefaciens strain C58C1 harbouring the helper plasmid pSoup [50]. Indi-
vidual agrobacterium cultures grew at 28 °C in Luria–Bertani (LB) medium containing rifampicin (100 mg ml−1) and kanamycin 
(50 mg ml−1) antibiotics for plasmid and agrobacterium selection. At the four-leaf growth stage, N. benthamiana leaves (three 
plants per construct in three independent experiments) were agroinfiltrated (OD600=0.5) with the PVX derivatives: PVX-empty 
(negative control), PVX-HCPro (positive control) and PVX-MP. Next, at 3 days p.i., agroinfiltrated leaves were crushed in 
phosphate buffer (30 mM, pH 8.0) and the leaf extract was used as virus particle inoculum for mechanical inoculation of new N. 
benthamiana using Carborundum (VWR prolabo, France) as an abrasive. The PVX pathogenicity (symptom development) from 
plants agroinfiltrated and mechanically inoculated was monitored up to 30 days post-infiltration or -inoculation.

Constructs for turnip crinkle virus system and TCV assays
The movement-defective TCV-sGFP clone, used for the TCV-sGFP complementation assay, shows a deletion of the coat 
protein (CP) gene, containing an sGFP in the place of the CP. TCV CP does not have an inherent movement function but 
acts as a VSR [17]. Potential RSS activity is identified by the capacity of the protein tested to rescue the TCV movement. The 
pZP-TCV-sGFP binary construct, used for the co-infiltration assay, also presents this exchange of the CP by sGFP. In this 
case, the presence of RSS activity is associated with an increase of the GFP signal [17]. The construction of both clones was 
described previously [18].

For the TCV complementation assay, the movement-deficient phenotype of a TCV CP deletion mutant that expresses the sGFP 
is rescued in trans by the transient expression of an RSS. At the six-leaf growth stage, N. benthamiana leaves (two leaves per plant 
and three plants per construct) were agroinfiltrated (OD600=1) with cultures (strain C58C1) transformed with pMOG empty or 
carrying HCPro (controls) or the MP gene from OFV-citrus. One day post-agroinfiltration, the abaxial surfaces of the leaves 
were mechanically inoculated with RNA transcripts (~3 µg) obtained from the pTCV-sGFP plasmid, from its linearization using 
XbaI and subsequent transcription with T7 RNA polymerase (Takara Bio, Inc., Shiga, Japan) [18]. At 3 days p.i., the possible 
rescue of the TCV movement was evaluated by GFP excitation from UV light exposure using a Leica MZ16F (Wetzlar, Germany) 
fluorescence stereomicroscope.
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For the co-infiltration assay, the presence of RSS activity is evaluated by co-infiltration of the tested protein cloned in a binary 
vector with a pZP-TCV-sGFP binary construct. At the six-leaf growth stage, N. benthamiana leaves (three leaves per plant and 
three plants per agrobacterium culture combination) were co-infiltrated as a mix of A. tumefaciens cultures individually trans-
formed with pZP-TCV-sGFP binary construct and the pMOG constructs mentioned below. For agrobacterium culture carrying 
the pZP-TCV-sGFP plasmid the OD600 was adjusted to 0.0025 [17], while for cultures containing the pMOG it was OD600=1.0. 
The GFP signal was monitored at 5 days p.i. with a Leica MZ16F (Wetzlar, Germany) fluorescence stereomicroscope. Each TCV 
assay was repeated three times.

Constructs for ectopic expression and N. benthamiana 16c RSS assay
The N, P, MP, M and G genes carrying a stop codon and the cutting sites described above were inserted into the expression 
cassette (plasmid pSK, Leastro, Pallas [51]), under the control of the 35S promoter from cauliflower mosaic virus (CaMV) and 
the terminator from the potato proteinase inhibitor (PoPit). The resulting cassettes, 35S-N-PoPit, 35S-P-PoPit, 35S-MP-PoPit, 
35S-M-PoPit and 35S-G-PoPit, were transferred to the pMOG800 binary plasmid using the HindIII restriction site. pMOG 
carrying HCPro and potato virus X p25 (a VSR that prevents the spread of RNA silencing signal), described previously [33], 
were used as controls. The introduction of the HA epitope at the C-terminus of the OFV proteins for protein detection was 
performed as previously described [19]. For all constructs assayed in this work, the correct gene insertion was confirmed by the 
Sanger sequencing method.

To test local RSS activity, leaves of the N. benthamiana 16 c line (six-leaf growth stage) [11, 16] were co-infiltrated with a mixture 
in equal volumes (OD600=0.5) of A. tumefaciens strain C58C1 cultures transformed with pMOG800 harbouring eGFP (35S-GFP) 
and individual cultures carrying each of the aforementioned OFV genes. pMOG empty was used as control. The pMOG-35S-GFP 
construct carrying the eGFP gene was used to trigger the silencing of the GFP transgene of 16 c tobacco plants or to generate 
small RNAs (siRNAs) [19]. Three independent experiments were performed, each one including the infiltration of three plants 
per construct. The infiltrated leaves were photographed at 6 days p.i. under long-wavelength UV light (UVGL-58 Handheld UV 
lamp; UV Products) by using an iPhone XR camera with a 12-megapixel sensor, a six-element glass lens and an aperture of f/1.8 
(Apple, Inc., Cupertino, CA, USA).

For systemic silencing analysis, 16 c leaves were co-infiltrated as a mixture of C58C1 cultures transformed with pMOG-35S-GFP 
and pMOG-35S-p25 (PVX p25, positive control), or pMOG empty (negative control) or pMOG-35S-MP, as mentioned above. 
Two independent experiments were performed, the first one using 10 plants, followed by 9 plants in the second assay. For 
combination 35S-GFP plus 35 S-p25, the spread of the systemic GFP silencing signal was analysed using nine 16 c plants. Plants 
were photographed at 16 days p.i. and the red fluorescence that indicates systemic silencing was monitored for up 30 days p.i. At 
10 days p.i., images of the GFP expression surrounding the agroinfiltrated patches were taken to examine the cell-to-cell spread 
of the silencing signal.

RNA extraction and Northern blot analysis
Total RNAs from WT N. benthamiana leaves expressing the OFV proteins and controls in combination with PVX (at 4 and 
14 days p.i.) and TCV (at 5 days p.i.) systems were extracted using VWR Life Science AMRESCO RiboZol RNA Extraction 
Reagent. Total RNA extractions were also performed from P12 protoplasts (at 16 h p.i.) and from 16 c plants (at 4 days p.i.). For 
the analyses of RNA accumulations of the AMV, PVX, TCV, siRNAs and mGFP RNAs by Northern blot technique, all procedures 
of RNA electrophoresis, membrane transference, hybridization and detection were conducted as previously described [19, 52]. 
For the detection of AMV and TCV genomic (g) and subgenomic (sg) RNAs, we used a DIG-riboprobe (Roche, Mannheim, 
Germany) complementary to their 3′UTR regions. For detection of genomic and subgenomic PVX RNAs, we used a 500 nt length 
(DIG)-labelled riboprobe complementary to the 3′ end region of the PVX CP gene. A 50 nt DIG-riboprobe complementary to 
nucleotides 707–756, 761–810 and 881–930 of the GFP gene was used for the detection of siRNAs. For the detection of mGFP 
RNA, a DIG-riboprobe complementary to the complete sequence of the GFP gene was used.

Statistical analysis
Statistical differences were examined using the Student’s t-test. Comparisons were performed between the controls and viral 
factors (samples). Significant differences correspond to values of P<0.05. Values of P lower than 0.05 (P<0.05) are indicated by 
P*, while values lower than 0.01 (P<0.01) are indicated by P**. Pns indicates no significant difference. RNA accumulations from 
Northern blot analyses are presented in bar graphs. Error bars represent the standard deviations (±sd) from the mean of three 
independent experiments with at least three replicates for each sample. We quantified the RNA bands using ImageJ version 2.0cr 
software with the ISAC plugin.
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RESULTS
The cis expression of OFV-citrus MP using the AMV system enhances vRNA and generates necrotic lesions on 
transgenic tobacco leaves
P12 tobacco leaves generate necrotic lesions when infected with AMV RNA 3 clones carrying a viral protein with RSS activity 
[18]. To test whether any of the OFV-citrus proteins are capable of modifying the AMV pathogenicity, the N, P, MP, M and G 
genes were cloned into the AMV RNA 3 by exchange of the GFP gene (Fig. 1a). Transcripts generated from AMV RNA 3 chimeric 
constructs were inoculated onto P12 tobacco leaves. The transgenic P12 plants constitutively express the replicase (P1 and P2) 
of AMV [42]. The lesions on the P12 leaves were monitored on the inoculated leaves for 1 week. Among all OFV-citrus proteins 
tested, MP expression generated a large number of necrotic lesions (at 4 days p.i.) on P12 leaves, similar to those observed by the 
expression of the helper component proteinase (HCPro) (positive control) (Fig. 1a), a well-characterized VSR [53]. No necrotic 
lesions were visualized in P12 leaves inoculated with AMV RNA 3 transcripts expressing the N, M and G proteins, whereas for 
the P protein very few were observed (Fig. 1a). The absence of necrotic lesions was also observed in P12 leaves inoculated with 
AMV RNA 3 WT construct (data not shown). No extra symptoms were observed over the 4 weeks in the upper leaves.

In order to confirm the expression and stability of the corresponding proteins, extraction of total proteins was performed from 
leaves inoculated with AMV transcripts carrying the heterologous genes at 3 days p.i., All proteins were detected using a mono-
clonal Anti-HA antibody (Fig. 1c).

Fig. 1. The MP triggers necrotic response in P12 Nicotiana tabacum leaves. (a) Inoculation of transgenic P12 leaves with the alfalfa mosaic virus (AMV) 
RNA 3 derivative in which its green fluorescent gene (GFP) was exchanged by the tobacco etch virus HCPro and orchid fleck virus (OFV-citrus) genes 
(N, P, MP, M and G). The schematic representation shows the GFP/MP/CP AMV RNA 3 construct, in which the open reading frames corresponding to 
the GFP, the movement protein (MP) and the coat protein (CP) are represented by large boxes. Arrows represent subgenomic promoters. The 5’ and 
3’ termini have Cap and tRNA-like (TLS) structures, respectively. The necrotic response is observed in leaves inoculated with AMV RNA 3 construct 
expressing the HCPro (positive control) and MP at 4 days post-inoculation (p.i.). Three independent experiments were performed, each one including the 
inoculation of three plants per construct. (b) Northern blot showing total accumulation of AMV RNAs in P12 protoplasts at 16 h post-inoculation, using 
a DIG-riboprobe complementary to the 3’UTR of the AMV. Transcripts correspond to the AMV RNA 3 derivative carrying the N, P, MP, M and G proteins 
of OFV-citrus and HCPro protein (control). Mock corresponds to the non-infected P12 protoplasts. rRNA stained with ethidium bromide indicates equal 
loading of samples. The localization of RNA 3 and subgenomic RNAs (sgRNA) is indicated. The graph represents the relative accumulation of total AMV 
RNAs, referring to the construct expressing the HCPro, from the average of three independent experiments [see all blots in panel (a) Fig. S2a]. The 
bands were quantified using ImageJ version 2.0cr software with the ISAC plugin and error bars represent the standard deviation. Statistical analysis 
was performed using Student’s t-test. Asterisks (*) indicate significantly increased viral accumulation compared to the control. P*, P<0.05; P**, P<0.01; 
Pns, no significant difference. P-values were obtained from pairwise comparisons between control vs viral factors. (c) Western blot analysis of the 
accumulation of proteins carrying the HA epitope in P12 leaves at 3 days p.i. The estimated sizes of OFV-citrus proteins, disregarding the fusion with 
HA epitope, are: N, ~49.3 kDa; P, ~26.4 kDa; MP, ~41.6 kDa; M, ~20 kDa; G, ~61.5 kDa. Red dots indicate the corresponding band for MP and G proteins. 
Unexpected bands for MP and G are visualized. Proteins stained with Coomassie blue indicate equal loading of samples.
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The presence of an RSS in AMV RNA 3 increases the AMV accumulation in P12 protoplasts [18]. To investigate whether MP or 
other OFV candidate proteins are able to increase AMV accumulation, we transfected P12 protoplasts with the chimeric AMV 
RNA 3 constructs carrying the OFV-citrus genes. Northern blot analysis revealed that RNA 3 derivative expressing the MP 
increased the AMV RNA accumulation at comparable levels of HCPro (Fig. 1b). No significant differences in RNA accumulation 
were observed between HCPro and MP (P-values >0.05) (Fig. 1b, graph). On the other hand, equivalent levels of AMV RNA 
accumulation were not observed between the constructs expressing the N, P, M, and G with HCPro (Fig. 1b). This result indicates 
that MP has an RSS activity, as revealed by the AMV system in the P12 leaf context.

MP enhances the pathogenicity of the PVX infectious clone
The increase in the severity of the PVX infection suggests the presence of an additional gene with RSS activity [9]. To further test 
the RSS activity of MP, we cloned this gene into a pGR106 PVX construct (Fig. 2a) [44] and the symptomatology in the upper N. 
benthamiana leaves was monitored for 30 days. PVX constructs harbouring the HCPro gene (PVX-HCPro) and an empty PVX 
derivative were used as positive and negative controls, respectively.

We first agroinfiltrated N. benthamiana plants. Next, at 3 days p.i. and with the aim of mitigating the effect of agrobacterium 
in the PVX infection context, the infiltrated leaf was crushed in phosphate buffer and the leaf extract was used as virus particle 
inoculum to infect new N. benthamiana plants. At 4 days p.i., typical PVX symptoms (mosaic, mottling and interveinal chlorosis) 
were visualized in the mechanically inoculated plants expressing the constructs described above. At 10 days p.i., PVX-HCPro-
infected plants developed severe symptoms that resulted in plant deaths at 30 days p.i. (Fig. 2b). PVX-MP-infected plants showed 
a strong mosaic symptom with the presence of necrotic punctate lesions dispersed throughout the upper leaves (data not shown), 
which developed into severe symptoms, generating plant deaths at 30 days p.i. (Fig. 2b). For plants infected with PVX-empty, the 
symptoms developed into a smooth mosaic (19 days p.i.) (Fig. 2b).

To correlate disease severity with PVX viral accumulation, we performed Northern blot analyses at 14 days p.i. (upper leaves). 
The quantification of genomic and subgenomic PVX RNAs revealed that the accumulation of viral RNAs increased more in those 
plants infected with PVX expressing the HCPro or OFV-citrus MP when compared with the empty PVX construct (Fig. 2c). The 
quantification of the PVX RNAs accumulation revealed that the PVX-MP and PVX HCPro accumulate approximately five (17.5 
vs 3.25) and three (12.7 vs 3.25) times more vRNA than the empty PVX, respectively (Fig. 2c). These results indicate that MP 
significantly enhanced the pathogenicity of PVX by increasing virus accumulation.

To confirm the stability of the inserts, RT-PCR was performed using PVX primers flanking the region of gene insertion in the 
plasmid on total RNA extracted from upper non-infiltrated leaf early in infection (4 days p.i.). Expected MP and HCPro amplicon 
in upper non-inoculated leaves were visualized, indicating genetic stability (Fig. 2d). As expected, the PVX-empty amplicon 
corresponding to the region flanking the multiple clone sites of the vector was visualized (Fig. 2d).

OFV-citrus MP protein does not complement the RSS-defective turnip crinkle virus
The TCV system is a powerful tool to identify RSS activity for viral suppressors that act in local silencing [17]. We investigated the 
RSS activity of OFV-citrus MP using two approaches related to a movement-defective TCV system. The first one is based on the 
functional complementation of a movement-defective TCV clone (Fig. S3) (TCV-sGFP complementation assay) and in the second 
approach the presence of RSS activity is associated with an increase of the GFP signal derived from the binary pZP-TCV-sGFP 
construct (Fig. S3) (pZP-TCV-sGFP complementation assay) [17].

For the TCV-sGFP complementation assay, transcripts of movement-defective TCV-sGFP were mechanically inoculated in leaves 
of N. benthamiana previously infiltrated with binary constructs carrying the OFV-citrus MP, HCPro (positive control), or an 
empty pMOG vector (negative control). At 3 days p.i., the foci infection area, which indicates movement trans-complementation 
of the movement-defective TCV-sGFP, was visualized by the expression of RSS HCPro (Fig. S3b, complementation assay). On the 
other hand, the MP was not able to trans-complement the TCV-sGFP movement, revealing a GFP fluorescence signal distributed 
in individual cells on N. benthamiana leaves (Fig. S3b). As expected, pMOG-empty did not trans-complement the TCV-sGFP 
movement, only showing GFP signal in individual cells (Fig. S3b).

For the pZP/TCV-sGFP co-infiltration assay, leaves of N. benthamiana were co-agroinfiltrated with individual cultures trans-
formed with pZP/TCV-sGFP vector and pMOG binary constructs (HCPro, OFV-citrus MP or empty). Leaves expressing the 
pMOG empty (negative control) and pMOG carrying the MP did not generate a visual increase of the GFP signal, in contrast to 
the GFP signal visualized by expression of the RSS HCPro (Fig. S3b, co-infiltration assay). Northern blotting revealed a significant 
increase of the TCV RNA accumulation in leaves expressing HCPro (Fig. S3c). Statistical significance in TCV RNA accumulation 
was not observed for the leaves expressing MP when compared to the negative control (Fig. S3c, graph).
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Fig. 2. RSS activity of OFV-citrus MP using the potato virus X (PVX) assay. (a) The schematic representation corresponds to the pGR106 PVX infectious 
construct carrying the AscI and NotI restriction sites used for heterologous gene insertion downstream of the duplicated PVX CP promoter (arrow). 
RdRp, polymerase; TGB1-3, triple gene block; VSR, viral suppressor of RNA silencing; CP, coat protein. (b) Symptom phenotype of wild-type PVX 
(negative control) and PVX expressing the HCPro and OFV-citrus MP in N. benthamiana plants at 19 and 30 days p.i., (c) Northern blot analysis showing 
accumulation of the PVX RNAs at 14 days p.i. in upper leaves (ULs) using a DIG-riboprobe complementary to the 3’ end region of the PVX CP gene. 
rRNA stained with ethidium bromide indicates equal loading of samples. Mock corresponds to an uninfected plant. Values of band quantification using 
the Image J version 2.0cr program are shown. (d) At 4 days p.i., RT-PCR analysis was performed to detect the HCPro and MP genes in symptomatic 
upper leaves of N. benthamiana plants inoculated with pGR107-HCPro and pGR106-MP constructs. The marker DNA band sizes from 200 to 1500 base 
pairs (bp) are indicated. PVX empty (258 bp), PVX-HCPro (1.377 +258 bp) and PVX-MP (1.113 +258 bp) amplicons were generated by using PVX primers 
flanking the insertion gene region.
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OFV-citrus proteins failed to suppress the local GFP silencing in N. benthamiana 16 c
In the 16 c system, the transient expression of an RSS blocks the locally induced silencing triggered by the GFP, allowing the 
visualization of a bright green signal derived from the transiently expressed GFP for periods longer than 6 days. If the candidate 
protein has no RSS activity, the infiltrated region emits a signal to silence the GFP that spreads to distal regions in the plant through 
the phloem [15]. To determine the putative local RSS activity of the OFV-citrus proteins, 16 c plant leaves were co-agroinfiltrated 
with individual cultures transformed with pMOG-35S-GFP (35S-GFP) – as an inductor for gene silencing – and pMOG constructs 
harbouring OFV-citrus genes (35S-N, 35S-P, 35S-MP, 35S-M and 35S-G). Empty pMOG vector or carrying the HCPro were 
used as negative and positive controls, respectively. At 6 days p.i., leaves of N. benthamiana 16 c infiltrated with the 35S-GFP plus 
empty construct showed a red patch in the infiltrated area under UV light, indicating local GFP silencing (Fig. 3a). A similar 
phenotype was visualized in all leaves co-infiltrated with 35S-GFP plus pMOGs carrying the N, P, MP, M and G OFV genes 
(Fig. 3a). In contrast, the 16 c leaves expressing HCPro maintained a high level of GFP signal (Fig. 3a). To confirm the expression 
of the corresponding proteins, extraction of total proteins from leaves infiltrated with pMOG vectors carrying the OFV genes 
was performed at 5 days p.i. All proteins were detected using an Anti-HA monoclonal antibody (Fig. 3b).

Northern blot analysis of the GFP mRNA accumulation at 4 days p.i. reaffirmed the visual results of the GFP signal. No statistical 
significance in GFP mRNA accumulation was identified for the leaves expressing the OFV-citrus proteins when compared to the 
negative control, but a significant difference in GFP mRNA accumulation was observed in a comparison between leaves expressing 
HCPro and the negative control (Fig. 3c, graph).

To evaluate a possible RSS activity mediated by at least two viral proteins, different combinations (N+P, N+MP, N+M, N+G, P+MP, 
P+M, P+G, MP +M, MP +G, M+G and N+P+MP+M+G) of the five OFV proteins were co-expressed with the GFP inducer. No 
increment of the GFP signal was visualized at 4 days p.i. in any combination performed (Fig. S4).

MP expression alters the accumulation of the siRNA GFP in 16 c plants
VSRs may regulate the production or activity of short interfering RNAs (siRNAs) and micro-RNAs (miRNAs) [19, 53, 54]. In this 
regard, we examined whether the MP that showed RSS activity using viral systems could interfere with the siRNA accumulation 
in 16 c leaves. Northern blot analysis of GFP siRNA accumulation in infiltrated 16 c leaves co-expressing the 35S-GFP plus N, 
MP, HCPro, or empty pMOG vector at 4 days p.i. revealed that the expression of the MP significantly reduced the accumulation 
level of the GFP siRNAs, similar to what had been observed for the HCPro (Fig. 3d). No differences were observed between the 
leaves infiltrated with the empty pMOG vector (negative control) or the N protein (control used for comparison of the MP with 
other OFV protein). This result further indicates that MP may act as a viral suppressor of RNA silencing.

MP could prevent the systemic silencing, but not the cell-to-cell movement of the silencing signal
MP failed in the TCV analysis – a viral system that is limited to identifying viral factors with systemic RSS activity – but it 
showed RSS activity when using the AMV and PVX approaches. This points to a link between MP suppressor activity with 
possible prevention of systemic silencing. In this sense, we decided to investigate whether MP is able to block the cell-to-cell 
and long-distance spread of the silencing signal using the 16 c plants. To investigate whether the MP can inhibit the intercellular 
traffic of the silencing signal, we monitored the presence or not of a red patch at the edge of the infiltrated regions in the leaves 
of 16 c plants. As described by Yang et al. [55], in this system, the movement of the silencing signal from the agroinfiltrated area 
causes a strong reduction of GFP transgene expression in a zone of 10 to 15 adjacent cells, which can be visualized under UV 
light as a characteristic red ring around the infiltration area [56]. At 10 days p.i., an obvious red ring was observed in 16 c leaves 
co-expressing the 35S-GFP and OFV-citrus 35S-MP, similar to that visualized in leaves expressing 35S-GFP and empty pMOG 
vector (negative control) (Fig. 4a). As expected, leaves expressing the PVX p25, which was previously identified as a VSR acting 
in steps of systemic silencing, did not develop a red ring around the infiltrated zone (Fig. 4a). This finding suggests that MP has 
no ability to inhibit the short-range (cell-to-cell) spread of RNA silencing.

The silencing signal can travel over long distances through the phloem [57]. Systemic GFP silencing is visually indicated by the 
presence of a red fluorescence distributed throughout the plant. To assess whether MP affects this process, GFP fluorescence was 
monitored in newly upper leaves of 16 c plants infiltrated with 35S-GFP and 35S-MP or 35S-GFP and 35 S-p25 or 35S-GFP and 
empty pMOG vector. At 16 days p.i., in the plants infiltrated with 35S-GFP and pMOG empty, red fluorescence was visualized in 
upper non-infiltrated leaves, indicating systemic silencing. Ten out of 19 plants showed red fluorescence, a suppression efficiency 
of 47.3 % (Fig. 4b, table). In contrast, the plants infiltrated with 35S-GFP plus 35 S-p25 (positive control) or 35S-MP maintained 
GFP fluorescence with a suppression efficiency of 100 % (Fig. 4b). Taken together, these findings indicate that MP may be able to 
inhibit long-distance spread but does not block short cell-to-cell spread of RNA silencing signal.
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Fig. 3. Transient expression of OFV-citrus encoded proteins in Nicotiana benthamiana 16 c plants. (a) Fluorescent images of N. benthamiana 16 c 
leaves co-infiltrated with agrobacterium suspension carrying pMOG binary construct presented in panel (a) containing individual OFV-citrus ORFs 
and the eGFP that was used to trigger the silencing of the GFP transgene. The ORFs were cloned between CaMV 35S promoter and potato proteinase 
inhibitor terminator (PoPit). Agrobacterium cultures carrying the binary pMOG-HCPro or the empty pMOG constructs were co-infiltrated with the 
culture expressing GFP (pMOG-GFP) as positive and negative controls, respectively. GFP fluorescence was not observed in leaves expressing the five 
OFV-citrus proteins at 6 days post-infiltration. Three independent experiments were performed, each one including the infiltration of three plants 
per construct. (b) Western blot analysis of the accumulation of proteins carrying the HA epitope in N. benthamiana leaves at 5 days p.i. The estimated 
sizes of OFV-citrus proteins, disregarding the fusion with HA epitope are: N, ~49.3 kDa; P, ~26.4 kDa; MP, ~41.6 kDa; M, ~20 kDa; G, ~61.5 kDa. Red dots 
indicate the corresponding band for MP and G proteins. Unexpected bands for MP and G are visualized. Proteins stained with Coomassie blue indicate 
equal loading of samples. (c) Northern blot analysis of GFP mRNA extracted at 4 days p.i. from the leaves infiltrated with the combination constructs 
referred to above was performed using a DIG-riboprobe complementary to the GFP gene. rRNA stained with ethidium bromide indicates equal loading 
of samples. The graph represents the accumulation of mGFP RNAs corresponding to the average of three Northern blots from three independent 
experiments (see all blots in Fig. S2b). The bands were quantified using ImageJ version 2.0cr software with the ISAC plugin and error bars represent 
the standard deviation. Statistical analysis was performed using Student’s t-test. Asterisks (*) indicate significantly increased viral accumulation 
compared to the control. P**, P<0.01; Pns, no significant difference. P-values were obtained from pairwise comparisons between control vs viral 
factors. (d) Northern blot of GFP-specific siRNA extracted from N. benthamiana 16 c patches at 4 days p.i. co-infiltrated with constructs expressing the 
GFP plus constructs expressing the HCPro (positive control), N and MP OFV-citrus proteins. Membranes were hybridized using a mix of three 50 nt 
riboprobes complementary to the GFP gene. Negative control (empty) corresponds to patches co-infiltrated with agrobacterium cultures carrying the 
GFP construct and the empty binary plasmid. Small RNAs of 21 and 24 nt are indicated. rRNA stained with ethidium bromide indicates equal loading 
of samples. The graph represents the accumulation of GFP siRNA from three independent experiments (see all blots in Fig. S2c). Error bars represent 
the standard deviation. Statistical analyses were performed using Student’s t-test. Asterisks (*) indicate significantly decreased viral accumulation 
compared to the control. P**, P<0.01; Pns, no significant difference.
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Fig. 4. Effect of OFV-citrus MP on the short- and long-distance spread of systemic silencing GFP in N. benthamiana 16 c plants. (a) Fluorescent leaf 
images at 10 days p.i. expressing the 35S-GFP in combination with 35S-p25PVX (positive control), 35S-MP (OFV-citrus) and empty pMOG vector 
(negative control). The double-headed purple arrow together with white brackets points to red rings around the infiltrated zone. (b) Fluorescent 
images of N. benthamiana 16 c plants at 16 days p.i. expressing the protein combinations mentioned in panel (a). Red arrows indicate the silencing 
signal in upper non-infiltrated leaves. The table shows the numbers of infiltrated N. benthamiana 16 c plants systemically silenced and the percentage 
of suppression efficiency.
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DISCUSSION
Movement proteins play an essential role in the viral infection cycle by ensuring the intercellular spread of viral components or 
particles from the initial infected cell to the neighbouring cells and upper regions of the plant through the plasmodesmata and 
the vascular tissue [58, 59]. Furthermore, MPs may act in other important steps of the viral infection cycle. Currently, several 
studies have shown a role for MPs in suppressing the RNA silencing machinery [15, 23, 38, 60, 61]. A comprehensive study on the 
functionality of the dichorhaviruses MP suggests that this protein might guide the intracellular trafficking of the viral components 
and may be associated with the cell-to-cell movement mechanism of dichorhaviruses [33]. Here, we increased our knowledge 
concerning the functionality of the OFV-citrus MP. First using viral systems (AMV, PVX and TCV), and then the 16 c ‘patch’ 
technique for the analyses of local (GFP mRNA and siRNA accumulation), cell-to-cell (short-range spread of RNA silencing), 
and systemic (long-distance spread of silencing signal) GFP silencing, we evaluated the potential RSS activity for the OFV-citrus 
MP. The AMV and PVX systems clearly showed that the OFV-citrus MP protein is a strong viral suppressor of RNA silencing. 
To discern whether this activity operated at a local or systemic level, assays to complement the movement-defective TCV-sGFP 
constructs or to record GFP fluorescence in 16 c plants were carried out.

In the analysis of GFP mRNA expression (16 c system), MP and other OFV-citrus candidate proteins were unable to suppress local 
silencing. However, in the case of MP, the accumulation level of the GFP-derived siRNAs was significantly reduced, indicating 
that this protein probably targets upstream step(s) of dsRNA production. Similar RSS activity was observed with part of the 
proteins encoded by citrus leprosis virus C (CiLV-C), the type species of the genus Cilevirus, which converges evolutionarily 
with dichorhaviruses. Thus, three CiLV-C proteins (p15, p29 and p61) were identified as VSRs, allowing the reduction of the 
accumulation level of the GFP-derived siRNAs, but they were unable to suppress GFP overexpression in the infiltrated tissue 
[19]. An inverse correlation has been reported for the P protein of another member of the family Rhabdoviridae, the lettuce 
necrotic yellows cytorhabdovirus (LNYV). LNVY P protein acts as a local RSS but does not prevent GFP siRNA accumulation 
in N. benthamiana [36]. As proposed for LNVY P, the mode of action of OFV-citrus MP and RSS CiLV-C proteins could also be 
unlike those of the majority of viral RSS, which sequester small RNAs. These expressive divergences in the mechanism of action 
among different VSRs further reinforce the idea that a constant co-evolution between pathogens and organisms gives rise to a 
large variety of defence pathways and counter-acting virulence pathways.

MP was indeed unable to maintain increased GFP expression in infiltrated tissue for periods longer than 6 days, suggesting that 
it does not act as a local silencing suppressor, but given the ability of MP to block GFP siRNA production, we cannot exclude 
that this protein could act as a transient local VSR, showing weak suppressor activity. The hypothesis of weak local RSS activity 
for MP is further reinforced by the local suppressor activity observed for it in the P12 protoplasts (AMV system). Viral proteins 
with weak or no local suppressor activity have been constantly observed in several characterized viral suppressors [15, 37, 61–63].

Using a sensitive method to screen for RSS activity based on AMV RNA 3 derivative [18], we identified clear enhancement of 
AMV pathogenicity from cis expression of the OFV-citrus MP, indicating suppressor activity for this protein. This method has 
been applied to assist the characterization of VSRs. The CP of carnation mottle virus (CarMV), 2b of cucumber mosaic virus 
(CMV), HCPro of TEV, p19 of tomato bushy stunt virus (TBSV), and p15, p29 and p61 of CiLV-C are some examples of proteins 
assayed in this system that showed RSS activity, as well as in other well-characterized systems for RSS screening [18, 19].

Several VSR proteins enhanced the severity of PVX infection, a phenotype well known to be associated with RSS activity 
[15, 19, 22, 55, 64]. The PVX-MP infection resulted in severe viral symptoms and increased vRNA accumulation, resulting in 
the death of tobacco wild plants when compared to the control (PVX-empty). Enhancement of PVX virulence also has been 
described for the P6 of rice yellow stunt alphanucleorhabdovirus (RYSV), another member of the family Rhabdoviridae [37]. 
In addition to the enhancement of classical mosaic symptoms of PVX infection, the presence of small punctate necrotic lesions 
was noted in the upper leaves infected with PVX-MP, suggesting activation of programmed cell death (PCD). These systemic 
lesions were very similar to the phenotype of systemic necrosis associated with PCD observed from infection of PVX expressing 
the broad bean wilt virus 1 (BBWV-1) VP37 protein, which has a role in virus pathogenicity, host specificity and suppression of 
post-transcriptional gene silencing (PTGS) [64]. Investigating the upregulation of plant genes related to the production of toxic 
ROS (reactive oxygen species) from OFV-citrus MP expression should be a next step to confirm PCD and assess the potential 
role of this MP as a viral determinant of pathogenicity.

A TCV complementation test failed to identify RSS activity for the triple gene block 1 (TGB-p25) of PVX, which acts by blocking 
systemic silencing but is incapable of suppressing local silencing of replicating transgenes [15, 17]. A similar result was observed 
here for the expression of the OFV-citrus MP, which was unable to rescue TCV-sGFP movement and increase the sGFP signal. 
This points to the observation that, like the PVX p25, the OFV-citrus MP may more expressively affect the RNAi pathway at the 
systemic level, which was confirmed by the analysis with 16 c plants.

Although OFV-citrus MP could not prevent the short-distance spread of the silencing signal, it could interfere with the systemic 
long-distance spread. Similar behaviour has been reported for the V2 protein of mulberry mosaic dwarf-associated geminivirus 
(MMDaV) and the P protein of alfalfa dwarf cytorhabdovirus (ADV) [35, 55]. To unravel the mechanisms of suppression of RNA 
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silencing by OFV MP, it would be interesting to investigate whether MP suppresses systemic PTGS, impairing the RNA-dependent 
RNA polymerase 6 (RDR6) or co-factors, as a suppressor of gene silencing 3 (SGS3), implicated in the genesis of secondary siRNA 
[65–68]. Suppression of the PTGS, impairing the RDR6/SGS3 pathway, has been reported for the P6 of RYSV, the P of ADV 
and LNYV, and the P and P3 (movement protein) of barley yellow striate mosaic cytorhabdovirus (BYSMV), a group of viruses 
evolutionary related to the dichorhaviruses [35, 37–39].

In summary, our data establish that a dichorhavirus MP exhibits RSS activity. Furthermore, our findings suggest that MP likely 
acts more efficiently in step(s) of the systemic silencing pathway to prevent the spread of the long-distance silencing signal.
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