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A B S T R A C T

Citrus psorosis virus and Mirafiori lettuce big-vein virus are two members of the genus Ophiovirus, family
Ophioviridae. So far, how these viruses can interfere in the antiviral RNA silencing pathway is not known. In
this study, using a local GFP silencing assay on Nicotiana benthamiana, the 24K–25K and the movement protein
(MP) of both viruses were identified as RNA silencing suppressor proteins. Upon their co-expression with GFP in
N. benthamiana 16c plants, the proteins also showed to suppress systemic RNA (GFP) silencing. The MPCPsV and
24KCPsV proteins bind long (114 nucleotides) but not short-interfering (21 nt) dsRNA, and upon transgenic
expression, plants showed developmental abnormalities that coincided with an altered miRNA accumulation
pattern. Furthermore, both proteins were able to suppress miRNA-induced silencing of a GFP-sensor construct
and the co-expression of MPCPsV and 24KCPsV exhibited a stronger effect, suggesting they act at different stages of
the RNAi pathway.

1. Introduction

RNA silencing, also named RNA interference (or simply RNAi), is a
highly conserved gene regulation mechanism present in almost all
eukaryotes. This mechanism relies on the production of small (s)RNA
molecules of 21–24 nt in size, that play an important role in plant
development and genome integrity by regulation of endogenous mRNA
expression. That regulation can be exerted post-transcriptionally via
sequence specific mRNA cleavage or translational repression, or at a
transcriptional level through histone methylation and heterochromatin
formation (Brodersen and Voinnet 2006).

RNAi has also been recognized as an (adaptive) antiviral defence
mechanism (Voinnet, 2001). Virus infections usually lead to the
formation of dsRNA molecules resulting from viral replicative inter-
mediates, secondary RNA folding structures in genomic or mRNA
molecules or from the conversion of aberrant viral RNA molecules into
dsRNA by the action of host RNA-dependent RNA polymerases (RDRs)
(Wang et al., 2012; Baulcombe, 2004). Their processing into viral (v)
siRNAs leads to subsequent activation of an antiviral RISC complex that
is able to sense and degrade viral RNA target molecules. In plants, but
not in mammals nor insects, the primary siRNA signal is being further
amplified. Aberrant RNA molecules, e.g. those resulting from the first

siRNA-guided cleavage, are converted into dsRNA by host RDRs, and
further processed to generate a population of secondary siRNAs.
Without this amplification, the antiviral RNAi response is generally
weak, and plants highly susceptible to virus infection (Vaistij et al.,
2002). Small RNAs can move systemically/long distance and thereby
also trigger the non-cell autonomous systemic silencing pathway
(Himber et al., 2003).

MicroRNAs (miRNAs) present another class of sRNAs that structu-
rally resemble siRNAs but differ in their biogenesis. Plant miRNAs are
encoded from host genes as primary miRNAs (pri-miRNA) (Lee et al.,
2004; Xie et al., 2005) that fold into imperfect stem-loop structures.
These are processed into miRNA precursors (pre-miRNAs) and ulti-
mately into mature miRNA/miRNA* duplexes (Kurihara and Watanabe,
2004; Park et al., 2002). Several miRNA families are fundamental gene
regulatory players to fine-tune correct plant development (Bartel, 2004;
Jones-Rhoades et al., 2006; Schwab et al., 2005), but they also have
important functions in response to biotic stress (Katiyar-Agarwal and
Jin, 2010). Both plant and animal viruses can interfere with miRNA-
mediated regulation in the host through different mechanisms exerted
at transcriptional or posttranscriptional levels (Cazalla et al., 2010;
Chapman et al., 2004; Chen et al., 2004; Kasschau et al., 2003; Pfeffer
and Voinnet, 2006; Reyes et al., 2016; Silhavy and Burgyan, 2004),
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involving, in some cases, miRNA processing alteration, accumulation
and activity.

Plant viruses are able to counteract antiviral RNA silencing, and
most are doing so by encoding for a protein, often referred to as viral
suppressor of RNA silencing (VSR), that employs a myriad of diverse
strategies to interfere at different phases of the RNA silencing pathway.
Commonly, two main VSR strategies are distinguished: 1) binding of
long dsRNA and/or sRNA to prevent their processing into sRNAs or
loading into RISC respectively, and 2) activity inhibition of host protein
components of the RNAi machinery by direct or indirect protein–pro-
tein interaction. Representatives of the first class of VSR proteins are
tombusvirus p19, Cucumber mosaic virus (CMV) 2b and Turnip crinkle
virus (TCV) p38 (Lakatos et al., 2006; Silhavy et al., 2002; Deleris et al.,
2006; Goto et al., 2007; Merai et al., 2006). Examples of VSR proteins
that employ the second strategy are the Sweet potato mild mottle virus
(SPMMV) p1 protein, the polerovirus P0 protein, and also p38 which
target the AGO1 component of RISC (Zhang et al., 2006; Azevedo et al.,
2010; Csorba et al., 2010; Giner et al., 2010). Some VSR proteins even
employ both strategies, like CMV 2b and TCV p38. VSR proteins that
bind sRNAs also prevent them from moving long distance to activate
the systemic silencing pathway (Dunoyer et al., 2010) but are often
observed to interfere in the miRNA pathway as well, altering their
processing, accumulation and activity (Csorba et al., 2015; Incarbone
and Dunoyer, 2013; Csorba and Burgyan, 2016). Many studies have
focused on posttranscriptional mechanisms where increased miRNA
levels were associated with the presence of VSR silencing (Chapman
et al., 2004; Chen et al., 2004; Dunoyer et al., 2004; Lakatos et al.,

2006; Silhavy and Burgyan, 2004). Most viral suppressors have also
been identified as pathogenicity determinants interacting with host
factors (Anandalakshmi et al., 2000; Endres et al., 2010; de Ronde
et al., 2013).

Psorosis is a graft-transmissible and widespread disease, affecting
most citrus varieties worldwide and sources for commercial resistance
breeding are lacking (Moreno et al., 2015). It is caused by Citrus psorosis
virus (CPsV) the type member of the genus Ophiovirus, family Ophiovir-
idae (Vaira et al., 2011). Another member of this family,Mirafiori lettuce
big-vein virus (MiLBVV), is the causal agent of lettuce big vein disease
and one of the most serious olpidium-transmitted viral diseases (Lot
et al., 2002). The ophiovirus genome is divided into three (CPsV) or
four (MiLBVV) ssRNA segments of negative polarity that code for the
putative RNA-dependent RNA polymerase and a 24–25K protein in the
RNA1, the 54–55K cell-to-cell movement protein (MP) in the RNA2, the
coat protein (CP) in the RNA3, and the 37K protein in the RNA4 (van
der Wilk et al., 2002; Hiraguri et al., 2013; Naum-Ongania et al., 2003;
Peña et al., 2012; Robles Luna et al., 2013; Sanchez de la Torre et al.,
2002, 1998). Although a transgenic, RNAi-mediated resistance ap-
proach has been developed against CPsV and MiLBVV (Reyes et al.,
2011; Kawazu et al., 2010), so far no VSR protein of ophioviruses has
been identified. Recently the processing and accumulation of miRNAs
has been shown to become affected during a CPsV infection in Citrus
sinensis plants. Furthermore, the 24K protein was observed to co-
immunoprecipitate with miRNA precursors from Nicotiana benthamiana
(Reyes et al., 2016), altogether suggesting a possible role of CPsV 24K
as VSR. In this study, not only the 24–25K but also the MPs of CPsV and

Fig. 1. Local silencing suppression activity of MPCPsV and 24KCPsV proteins.Panel A. GFP fluorescence of N. benthamiana wild type representative leaves agroinfiltrated with binary
constructs coding for GFP and viral proteins as indicated, monitored at 5 days post infiltration. Leaves infiltrated with the empty vector (pGD) or the p19 construct, were used as negative
and positive controls, respectively.Panel B. Percentage of suppression of CPsV proteins expressed as percentage of fluorescence for each construct. Fluorescent values were set as high
(100%), moderate (50%) and low (0%), based on the scale shown at the right of the panel. The average percentage of five independent experiments is shown here. * Indicates significant
differences with pGD (negative control) at P < 0.05 using a t-test.Panel C. Western immunoblot detection of GFP protein from infiltrated leaf patches (upper panel). Total protein was
stained with Coomassie brilliant blue (CBB) and used to verify for protein loading (lower panel). The amount of GFP was calculated relative to the CBB signal and is indicated below the
panel. (Although not contiguous, lanes correspond to the same gel).Panel D. Left; Accumulation of mRNA-GFP determined by RT-semiquantitative PCR relative to actin as reference gene.
Representative results are shown. Empty vector and p19 were included as negative and positive controls, respectively. The relative amount of mRNA-GFP to mRNA-Actin, is shown at the
bottom. Right; Northern blot detection of GFP-siRNAs. Ethidium bromide-stained rRNA and tRNA were included as loading controls. Empty vector and p19 were used as negative and
positive controls, respectively. The relative amount of siRNA was calculated using rRNA as internal control, and is indicated below the panel.
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MiLBVV have been identified as VSR. CPsV proteins have been shown
to act by binding long dsRNA and have inhibitory effects in miRNA-
induced silencing. In vivo and in vitro experiments designed to identify
the different RNAi stages and silencing mechanisms targeted by these
proteins are presented and discussed.

2. Material and methods

2.1. Local and systemic GFP RNA silencing assays

To test for local GFP silencing suppression, Nicotiana benthamiana
plants were infiltrated in the abaxial side of the leaf with GV3101
Agrobacterium tumefaciens cultures bearing pBIN19-GFP5 at an
OD600nm = 0,4 and binary constructs coding for CPsV (Fig. 1) and
MiLBVV (Supplementary Fig. S1 in the online version at DOI: http://dx.
doi.org/10.1016/j.virusres.2017.04.013) non tagged proteins as
previously described (Peña et al., 2012; Robles et al., 2013). RNA-
silencing suppressor constructs coding for tombusvirus p19, and CMV
2b (Q strain, Ding et al., 1995) were infiltrated in N. benthamiana plants
at an OD600 = 0.2–0.3. To increase the level of viral protein expression,
A. tumefaciens cultures bearing viral gene constructs were infiltrated
24hs prior to agroinfiltation with a binary GFP construct. The% of
suppression was assigned for each leaf according to the scale showed in
Fig. 1B based on the GFP fluorescence intensity. The% of suppression
was calculated taken 4–6 leaves (one leaf per plant) for each protein, in
each experiment. Five independent experiments were plotted in Fig. 1B
and analyzed using the t-test (α= 0,05).

For the analysis of systemic GFP silencing suppression, N. benthami-
ana 16c plants (Ruiz et al., 1998), constitutively expressing GFP, were
agroinfiltrated (locally) with binary constructs coding for GFP and CPsV
proteins and monitored for GFP RNA silencing and suppression in
systemic leaf tissues. The% of suppression was calculated as the number
of suppressed plants (Fig. 2A, pictures iii and iv) divided by the total
number of plants (10–15 plant per experiment) assayed for each protein
evaluated. The% of suppression of five independent experiments for
each protein were plotted as showed in Fig. 2B, and subject to statistical
analysis (t-test; α= 0,05).

Northern blotting was performed as described in Reyes et al. (2011)
and Western blotting as described in Peña et al. (2012).

2.2. MiRNA-induced GFP silencing assay

Transient miRNA-induced RNA silencing was performed using GFP
sensor construct GFP171.1, containing a miR171 binding site down-
stream the stop codon of the GFP open reading frame (Parizotto et al.,
2004). GFP sensor construct GFP171.2, containing a mutated miR171
target site, was included as negative control (Parizotto et al., 2004).
(GFP171.1 and GFP171.2 constructs were kindly provided by Dr.
Patrice Dunoyer). To test for suppression of miRNA-induced GFP
silencing, GFP171.1 was co-infiltrated with binary constructs coding
for CPsV proteins. As a positive control on VSR activity, the Tomato
spotted wilt virus (TSWV) NSs gene was used (Schnettler et al., 2010). N.
benthamiana were infiltrated with of A. tumefaciens strain GV3101,
harboring GFP171.1 or GFP171.2, at OD600 = 0.2. CPsV proteins or
TSWV NSs were co-infiltrated with the sensor constructs at
OD600 = 0.4. When MPCPsV and 24 KCPsV were co-expressed half-dose
of each culture was used. Infiltrated patches were used for total RNA
and protein extraction, then analyzed by Northern blotting as described
in Reyes et al. (2011) and by Western blotting as described in Peña et al.
(2012).

2.3. Semiquantitative RT-PCR

Total RNA was extracted from N. benthamiana leaves using
TriReagent® (Molecular Research Center, Inc. Cincinnati, OH, USA.).
Semi quantitative RT-PCR was performed on RNA samples treated with

DNAse (Promega, USA) according to the manufacturer’s instructions.
Reverse transcriptase reactions were performed with MMLV-RT
(Promega, USA) and oligo-dT as reverse primer. PCR was performed
with primers for GFP (GFP5_forw: 5′-dGTGCAGGAAAGGACCATCTTCT-
3′; GFP5 rev: 5′-dGATTCCCTTAAGCTCGATCCTGTT-3′) and actin
(ActinL: 5′-dGATGGACAAGTCATCACCATTG-3′ ActinR: 5′-
dCTGAGGACAATGTTTCCGTACA-3′). RT-PCR conditions and resolu-
tion limits were evaluated using samples expressing pGD (empty
vector) and p19 as negative and positive controls for VSR activity and
thus lower and upper gfp detection limits were set. The PCR amplifica-
tion was adjusted and stopped at cycle 20. Densitometric analysis was
carried out with ImageJ software (https://imagej.nih.gov/ij/) normal-
ized to actin as internal control.

2.4. Recombinant protein expression and purification

His-tagged MPCPsV protein was expressed in E. coli BL21(DE3)-
CodonPlus-RIL and His-tagged 24 KCPsV protein was expressed in
Trichoplusia ni Hi5 cells, using the Bac-to-Bac® Baculovirus Expression
System. Both proteins were extracted from cells using 6 M guanidinium
chloride and subsequently purified by affinity column chromatography
using a Ni-NTA His·Bind® Resin (Novagen) under denaturing conditions.
Protein samples were dialyzed against PBS buffer to remove final traces
of urea. Protein fractions were flash frozen in aliquots in liquid nitrogen
and stored at −80 °C until further use. Protein concentrations were
determined by the Bio-Rad protein assay according to the manufac-
turer’s protocol and the quality of protein purification analyzed by SDS-
PAGE and subsequent staining with Coomassie brilliant blue (Fig. 3C).

2.5. In vitro synthesis of radio-labelled dsRNA

Long dsRNA molecules 114-nt in size were generated by T7 RNA
polymerase (Promega) transcription on a gel-purified (High Pure PCR
purification kit; Roche) eGFP template, containing T7 RNA polymerase
promoter sequences at both ends, in the presence of [α-32P]CTP (Perkin
Elmer) essentially as described in Schnettler et al. (2010). Preparation
of radio-labelled siRNAs was performed via end-labelling. To this end
100 pmol of double-straded siRNAs 21-nt long coming from hygromycin
gene were dephosphorylated with Calf intestinal alkaline phosphatase
(CIAP) (New England Biolabs) following the manufactureŕs recommen-
dation. Next, dephosphorylated siRNAs were end-labelled with
[γ-32P]ATP (Perkin Elmer) using T4 polynucleotide kinase (New
England Biolabs) and then PAGE purified essentially as previously
described (Schnettler et al., 2010).

2.6. Electrophoretic mobility shift assay (EMSA)

EMSA procedures with purified his-tagged viral proteins were
performed as described (Hemmes et al., 2007), in which each 15 ul
binding reaction contained 100 pM radio-labelled dsRNA and purified
MPCPsV, 24 KCPsV or Groundnut ringspot tospovirus (GRSV) NSs. Binding
reactions were incubated for 10 min at 4 °C and then loaded on gel.
Complexes of viral proteins with dsRNAs were resolved on a non-
denaturing acrylamide gel (5% for long dsRNAs or 8% for siRNAs) in
0.5× TBE running buffer at 4 °C at 150 V for 1.5 h. After electrophor-
esis, gels were vacuum-dried at 80 °C for 30 min and exposed overnight
to a phosphor image screen (Molecular Dynamics Typhoon Phosphor-
imager; Amersham Biosciences).

2.7. Production of transgenic 24KCPsV N. benthamiana transgenic plants

Transgenic N. benthamiana plants were generated by infection of
leaf disks with A. tumefaciens GV3101 carrying pBinGFP/24 (Zanek
et al., 2008) as previously described by Peña et al. (2012). 24KCPsV

protein was detected with anti–24KCPsV antiserum followed by anti-
rabbit-IgG conjugated to alkaline phosphatase (GibcoBRL, Life Tech-
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nologies).

2.8. miRNA detection

For miRNA analysis by Northern blot, total RNA was extracted from
N. benthamiana leaves using TriReagent® (Molecular Research Center,
Inc. Cincinnati, OH, USA.). Total RNA was resolved on denaturing
polyacrylamide gels, transferred to a positively charged nylon mem-
brane (Roche Diagnostics Corporation, Indianapolis, IN, USA) using a
Bio-Rad (Hercules CA, USA) transfer unit and chemically fixated
according to Pall and Hamilton (2008). Northern blots were hybridized
to 32P-radiolabelled oligodeoxynucleotides complementary to the ma-
ture miRNA or to the U6 snRNA sequence as internal loading control.
Hybridizations were performed at 50 °C overnight and signals were
detected by autoradiography. The signals for miRNAs were quantified
using ImageJ software normalized to U6.

3. Results

3.1. MPs and 24–25K proteins of CPsV and MiLBVV suppress local GFP
RNA silencing

To test for VSR activity of CPsV or MiLBVV proteins, an agro-
infiltration leaf patch assay (Li and Ding, 2006) was performed in wild
type N. benthamiana plants. To this end, Agrobacterium tumefaciens
carrying a binary GFP gene construct was co-infiltrated with A.
tumefaciens containing binary constructs coding for 24K (24KCPsV),
48K (CPCPsV) or 54K (MPCPsV) as described in Materials and Methods. As
negative and positive controls for VSR activity, a binary vector without
an insert (pGD) or containing the Tomato bushy stunt virus (TBSV) p19

gene respectively (Voinnet et al., 2003), were included. Leaf patches
agroinfiltrated with a binary GFP construct in the presence of the empty
binary vector (pGD), revealed a very weak GFP fluorescence 5 days post
infiltration (pi) and indicating the effective induction of GFP RNA
silencing (Fig. 1A, first panel). A similar result was obtained when GFP
was expressed in the presence of a binary construct coding for CPCPsV

(Fig. 1A, third panel). In the presence of the 24KCPsV and MPCPsV

proteins GFP signals were consistently stronger compared to the
negative control (Fig. 1A, second and fourth panels) although not as
strong as observed with the TBSV p19 positive control (Fig. 1A, fifth
panel). The results clearly indicated that the 24KCPsV and MPCPsV

proteins were both able to suppress local GFP RNA silencing. In order
to quantify these observations, the level of suppression was measured
using the fluorescence scale showed in Fig. 1B and the average for the
total number of leaves calculated from the 5 independent experiments.
The CP did not show suppressor activity (0%), while the 24KCPsV and
MPCPsV proteins exhibit similar suppression activity (50% and 47,5%
respectively). The results were further supported by Western blot
detection of GFP at 5 days post agroinfiltration from leaf patches
agro-infiltrated with GFP and 24KCPsV or MPCPsV, and the positive
(p19) control, while hardly any GFP was detected during co-expression
with CPCPsV, similar to the negative control (Fig. 1, panel C). When the
GFP protein signal was quantified relative to the Coomassie brilliant
blue (CBB)-stained protein load, values for the ratio GFP/CBB from
samples containing 24KCPsV or MPCPsV were in between those from the
negative (0.07) and positive p19 (0.8) control (0.2 and 0.3 for 24KCPsV

and MPCPsV, respectively). To rule out that the absence of any GFP
silencing suppression with CPCPsV was due to the absence of viral
protein expression, CPCPsV was detected by western blot, as well as all
other viral proteins (data not shown). As further proof for the

Fig. 2. Systemic silencing suppression activity of MPCPsV and 24KCPsV proteins.Panel A: N. benthamiana 16c plants were agroinfiltrated for the expression of GFP together with empty
vector (pGD) or the viral genes in leaves L1 and L2. 14 days after infiltration plants were monitored under UV light to evaluate suppression of systemic GFP silencing on top leaves (L4, L5,
L6 and L7). Representative plants with different degree of silencing suppression are shown in i-iv). i) and ii) were considered as not suppressed plants, the plants showed here were
agroinfiltrated for the expression of GFP + empty vector (pGD). iii) and iv) were considered as suppressed plants, the plants showed here were agroinfiltrated for the expression of GFP
+ 2b. Arrows in iii) indicate small regions with GFP silencing. Panel B: The percentage (%) of systemic silencing suppression was calculated by counting the number suppressed plants
over the total number of plants. The% of suppression of five independent experiments is shown here (15 plants per treatment).* indicates significant differences with pGD (negative
control) at P < 0.05 using a t-test. Panel C: Northern blot detection of GFP-mRNA. Ethidium bromide-stained rRNAs is shown as loading control. The relative amount of GFP mRNA was
calculated using the signal for rRNAs as internal control, and is indicated at the bottom.
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occurrence of GFP silencing and suppression by 24KCPsV and MPCPsV,
the accumulation of GFP-mRNA and derived siRNA was assessed by
semiquantitative RT-PCR and Northern blot, respectively. While the
relative level of GFP mRNA normalized to actin (internal control) for
samples containing CPCPsV was about 0.6 and similar to the negative
control, those in samples containing 24KCPsV or MPCPsV were signifi-
cantly higher (1.0–1.2), although less than the positive p19 control
(2.3) (Fig. 1D, left panel). Concomitantly, the accumulation of GFP-
derived siRNAs in the samples containing 24KCPsV or MPCPsV was
consistently lower than in the samples containing the negative (empty
pGD vector) control or CPCPsV (Fig. 1D, right panel). In the presence of
the strong VSR p19, hardly any siRNAs were visualized (Fig. 1D, right
panel). Altogether, these results indicated that 24KCPsV and MPCPsV

proteins, but not CPCPsV, were able to suppress local RNA silencing.
To further strengthen these observations and simultaneously verify

whether this behaviour was generic for other ophiovirus, the homo-
logous 25KMiLBVV and MPMiLBVV proteins of MiLBVV were likewise
tested on VSR activity during local GFP silencing assays. The results
obtained (Supplementary Fig. S1 in the online version at DOI: http://
dx.doi.org/10.1016/j.virusres.2017.04.013) indicated that similar to
CPsV, the 25KMiLBVV and MPMiLBVV proteins, but not CPMiLBVV, were
able to suppress local RNA silencing (Supplementary Fig. S1A and B in
the online version at DOI: http://dx.doi.org/10.1016/j.virusres.2017.
04.013). Results from GFP Western blot analysis (Supplementary Fig.
S1C in the online version at DOI: http://dx.doi.org/10.1016/j.virusres.
2017.04.013) and semiquantitative RT-PCR on GFP mRNA were in

agreement with this finding (Supplementary Fig. S1D in the online
version at DOI: http://dx.doi.org/10.1016/j.virusres.2017.04.013).

3.2. MPCPsV and 24KCPsV proteins suppress systemic GFP RNA silencing in
N. benthamiana 16c plants

To determine whether the CPsV proteins also were able to impede
the spread of the systemic silencing signal, cultures bearing binary
constructs coding for CPCPsV, 24KCPsV, and MPCPsV were co-infiltrated
with cultures bearing a GFP construct on leaves of N. benthamiana 16c.
After 14 days pi, the plants were observed under UV light (Fig. 2A) and
percentage of suppression was calculated (Fig. 2B), as described in
Material and Methods. Results from 5 independent experiments showed
a 49% and 45% systemic silencing suppression for 24KCPsV and MPCPsV

respectively. Significant differences in systemic GFP silencing between
CP and the negative control was observed (Fig. 2B), suggesting that
CPCPsV somehow enhance systemic RNA silencing. To further support
the occurrence of GFP silencing suppression, the production and
relative levels of GFP-mRNA were analyzed in the systemic leaves
(Fig. 2C). Hardly any GFP mRNA was detectable by Northern blot in the
negative control, indicative of strong systemic GFP silencing. However,
in the presence of 24KCPsV or MPCPsV higher levels of GFP-mRNA were
accumulating in systemic leaves. Concomitant with these, a decrease in
the levels GFP-siRNA was observed on these leaves (data not shown).
Systemic leaves from the positive CMV 2b control, as expected,
contained high levels of GFP mRNA and concomitant low levels of

Fig. 3. Affinity of MPCPsV and 24KCPsV for 114-nt dsRNA. and 21-nt siRNAs.Electrophoretic mobility shift assays of long and small dsRNA in the presence of purified recombinant MPCPsV

protein at two concentrations (2.7 μM or 1.12 μM), or 24 KCPsV at 1.12 μM. Proteins were incubated 20 min at room temperature, with 100 pmol of a synthetic radio-labelled dsRNA of
114 nt (panel A) or siRNA (panel B). The NSs protein of Groundnut ringspot virus (GRSV) was used as positive control. Two negative controls were analyzed in parallel: RNA incubated with
buffer reaction, or with MBP expressed in E. coli and purified by chromatography. Position of Protein-dsRNA complexes and free dsRNA are indicated. Panel C: SDS-PAGE analysis of the
purified MPCPsV and 24 KCPsV proteins. M: protein maker, * indicate MPCPsV cleavage products (Robles Luna unpublished results).
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GFP-siRNAs. These data altogether indicate that 24KCPsV and MPCPsV,
but not CPCPsV, also exert suppression of systemic RNA silencing.

3.3. MPCPsV and 24KCPsV proteins exhibit affinity for long but not short
dsRNAs

Many viral proteins exert VSR activity through binding of long and/
or small dsRNA to prevent their processing into siRNAs and/or loading
into RISC and systemic spread (Deleris et al., 2006; Goto et al., 2007;
Merai et al., 2005). To analyse whether the two viral proteins showing
suppression activity (MPCPsV and 24KCPsV) were also able to bind short
and/or long dsRNA molecules, electrophoretic mobility shift assays
(EMSAs) were performed. To this end, MPCPsV and 24KCPsV were
expressed in E. coli or insect cells respectively, and purified by affinity
chromatography via a His-tagged fusion. After purification, proteins
were incubated with radiolabeled 114-nt dsRNA or 21-nt siRNA
molecules and subsequently analyzed by EMSA on native acrylamide
gels (Materials and Methods). The results revealed a shift for the 114-nt
dsRNA in the presence of MPCPsV and 24KCPsV (Fig. 3A) but not for 21 nt
siRNAs (Fig. 3B) indicating that both MPCPsV and 24KCPsV were able to
bind only long dsRNA. Very faint shifted bands were observed for
siRNAs and MPCPsV, but such a poor binding at that high protein
concentrations (2700 nM or 1120 nM) reflects very low or no signifi-
cant siRNA binding affinity. As a positive control the Groundnut ringspot
virus (GRSV) NSs protein showed a shift with siRNAs and dsRNAs, as
previously reported (Schnettler et al., 2010) at concentrations as low as
35 nM and long dsRNA at 140 nM (Hedil and Kormelink, 2016).
Purified N-terminally His-tagged maltose binding protein (MBP), used
as negative control, did not reveal any shift with dsRNAs or siRNAs,
even at the highest concentrations tested (Fig. 3A and B).

3.4. Transgenic expression of 24KCPsV and MPCPsV proteins in N.
benthamiana produces developmental defects and alters miRNA
accumulation

Viral proteins exhibiting VSRs have been expressed as transgenes in
different host plants to study their role. Some of these transgenes
severely disturb plant phenotypes through alteration of miRNA accu-
mulation (Lewsey et al., 2009; Soitamo et al., 2011, 2012; Siddiqui
et al., 2008). To analyse whether the CPsV proteins indeed also
interfere in the miRNA pathway and cause for abnormal plant
phenotypes, N. benthamiana plants expressing CPCPsV, MPCPsV (Peña
et al., 2012) or 24KCPsV (generated in this work) were analyzed.
Independent F0 transgenic lines were self-pollinated to obtain seeds
of the next generations (F1 and F2). Seedlings from those were tested
for viral protein expression and they were detected in all the selected
transgenic plants. Lines CP:02 and 54:06 showed the highest expression
levels for CPCPsV and 54KCPsV respectively (Peña et al., 2012). 24KCPsV

lines had similar protein accumulation (Supplementary Fig. S2 in the
online version at DOI: http://dx.doi.org/10.1016/j.virusres.2017.04.
013). Two lines corresponding to each construct were selected and were
phenotypically examined and categorized according to Siddiqui et al.
(2008). Whereas lines expressing CPCPsV (CP:02 and CP:04) did not
show any developmental alterations comparing to wild type plants
(data not shown), those expressing MPCPsV (54:01 and 54:06) exhibited
clear changes in phenotype. Plants from line 54:01 showed mild
stunting, rolling of the leaf blades into a mild cup-shaped form and
blistered leaf epidermis (Fig. 4A and B). Plants of line 54:06 also
showed mild stunting and cup shaped leaves (Fig. 4C and D).
Phenotypic alterations caused by the expression of 24KCPsV (lines
24:46 and 24:52) included mild stunting and multiple branching as
well as small and malformed flowers (Fig. 4E and F) and scarce seed
production.

To analyse whether the transgenic expression of MPCPsV and 24KCPsV

indeed interfere in the miRNA pathway altering their processing,
accumulation and activity as recently described in citrus (Reyes et al.,

2016), leaf samples were collected from the transgenic N. benthamiana
lines (CP, 54 and 24) and total RNA prepared. Northern blots analysis
were performed using probes against two conserved and well-charac-
terized miRNAs, i.e. miR156 and miR167. The level of miRNA expres-
sion in transgenic lines was quantified and normalized to the accumula-
tion in non-transgenic control lines (Fig. 5). Whereas CP-transgenic
lines did not show significant differences with the non-transgenic
control, the expression levels of miR156 and miR167 were clearly up-
regulated in the transgenic plants expressing 24KCPsV. In the lines
expressing the MPCPsV only miR156 was up-regulated (Fig. 5). Com-
pared to non-transgenic control, miR156 increased two folds in lines 24
and three folds in lines 54. In lines 24 a two folds up-regulation of
miR167 was observed. Considering that transgenic lines 24 showed
floral abnormalities and miR172 was earlier reported to regulate the
floral homeotic gene Apetala2 (Mlotshwa et al., 2006), lines 24 were
also assessed for accumulation of miR172 (Fig. 5). Relative to the non-
transgenic control plants, an up-regulation of miR172 was observed in
line 24:52 (2.0 folds).

3.5. Co-expression of 24KCPsVand MPCPsV exerts a collaborative
inhibition on miRNA-induced RNA silencing

Viral proteins might compromise either the biogenesis or a later
stage of the miRNA pathway like the RISC assembly and/or the final
effector function. To further substantiate the findings that 24KCPsV and
MPCPsV interfere in the miRNA-induced RNA silencing pathway,
transient silencing assays were performed with sensor constructs
(Parizotto et al., 2004). To this end, leaves of N. benthamiana were
agroinfiltrated for the expression of GFP171.1 and GFP171.2 target
constructs with or without the viral suppressors candidates 24KCPsV

and/or MPCPsV. In these sensors a full complementary miR171 binding
site was placed downstream of the STOP codon of GFP ORF allowing
miR171-mediated silencing of the GFP171.1 mRNA, while GFP171.2
possesses a mutant miR171 target site (negative control) and does not
drive miR171-guided RNA silencing (Parizotto et al., 2004). As a
positive control for suppression of miRNA-induced RNA silencing, the
NSs of Tomato spotted wilt virus (TSWV) was included (Schnettler et al.,
2010). At five days pi GFP fluorescence was monitored under UV light
(Fig. 6A), and the infiltrated leaf patches collected for RNA and protein
isolation. As expected, endogenous miR171-driven RNA silencing
downregulated GFP171.1, but not the negative control GFP171.2
(Fig. 6A, upper panel), that coincided with reduced levels of the GFP
mRNA and protein (Fig. 6B). When 24KCPsV or MPCPsV were expressed,
miR171-induced GFP silencing was clearly suppressed (Fig. 6A, second
and third panel), and even stronger when both VSRs were combined
(Fig. 6A, fourth panel). These results were consistent in three indepen-
dent assays., Besides, ratios of GFP mRNA and protein levels for
GFP171.1 relative to GFP171.2 detected in samples infiltrated with
VSRs was higher compared with the control. GFP mRNA GFP171.1/
GFP171.2 ratios were very low for the control (silenced) sample with a
value of 0.1. Ratios from samples additionally infiltrated with 24KCPsV

or MPCPsV were substantially higher (0.54 and 0.5, respectively) and
more in the range found with TSWV NSs (0.7) (Fig. 6B). When 24KCPsV

and MPCPsV were combined at half-dose, the relative level went even up
to 1.2 (Fig. 6B), indicating a collaborative ability to suppress miRNA-
induced RNA silencing. Western blots results were consistent with those
of Northern blots.

4. Discussion

Nowadays virtually all plant viruses analyzed encode at least one
silencing suppressor. The enormous diversity in sequence and structure
of VSRs indicate that they likely have evolved independently (Csorba
and Burgyan, 2016). Here, we have identified the cell movement
protein (54K/55K) and the 24/25K proteins from two different
ophioviruses, in casu CPsV and MiLBVV, as VSR. They were not only
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shown to suppress GFP silencing during transient A. tumefaciens co-
infiltration assays in N. benthamiana plants, but also able to impede the
spread of a systemic silencing signal, although in both situations less
strong than TBSV p19 and CMV 2b. The silencing enhancement (instead
of suppression) observed by CPCPsV in the systemic assays, could
indicate a mechanism by which CP modulate CPsV accumulation or/
and alter cellular environment to a more suitable for viral proliferation,
maintaining the equilibrium between efficient virus multiplication and
preservation of the host integrity. Mechanisms by which this effect is
carried out could be diverse including targeting host defence factors by

viral siRNAs and virus-induced RNA silencing (Miozzi et al., 2013; Qi
et al., 2009; Shimura et al., 2011) or through enhancing cell-to-cell or
systemic spread of RNA silencing (Zhou et al., 2008; Lacombe et al.,
2010).

VSRs have been demonstrated to inhibit practically all steps of the
RNA silencing machinery to establish a successful infection. Those
include the silencing initiation-, effector- and, amplification phase
during post transcriptional gene silencing (PTGS) of RNA viruses, but
also chromatin modification and modulation of host gene transcription
during transcriptional gene silencing (TGS) by DNA viruses (Csorba and

Fig. 4. Ectopic expression of MPCPSV and 24KCPSV proteins in N. benthamiana plants.Panel A: Alterations in the transgenic line 54:01 (right) expressing the MPCPsV including mild stunting,
rolling of the leaf blades into mild cup-shaped form and blistered leaf epidermis (see right inset) compared to wild type plants (left). Panel B: detail of the phenotype of a representative
plant of line 54:01. Panel C: alterations in the transgenic line 54:06 (right) expressing MPCPsV including mild stunting, cup-shaped form (see right inset) compared to wild type plants
(left). Panel D: detail of the phenotype of a representative plant of line 54:06. Panel E: alterations in the transgenic line 24:46 (right) expressing 24 KCPsV including mild stunting,
branched, and small, malformed flowers (right inset) compared to wild type plants (left, left inset). Panel F: detail of the phenotype of a representative plant of line 24:46.
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Burgyan, 2016). Sequestration of siRNAs is one of the most widely used
strategies of VSRs (p19, Hc-Pro, P21, NS3, NSs) (Hemmes et al., 2007;
Lakatos et al., 2006; Merai et al., 2006; Silhavy et al., 2002; Hedil and
Kormelink, 2016). The MPCPsV and 24KCPsV proteins, in contrast, only
exhibit affinity for long dsRNAs and not significant or very low affinity
(for the case of MPCPsV) for siRNAs in vitro (Fig. 3B) and, GFP-derived
siRNAs are still observed to accumulate in local silencing assays
(Fig. 1D). The binding of long dsRNA by MPCPsV and 24KCPsV could
lead to inhibition of the initiation silencing phase by preventing dsRNA
dicing. Earlier, TCV p38 and CMV 2b have been shown to bind long
dsRNA and thereby block the biogenesis of vsiRNAs (Deleris et al.,
2006; Goto et al., 2007). Considering that siRNAs are still accumulating
at detectable levels during GFP RNA silencing assays in the presence of
MPCPsV and 24KCPsV, we can infer that the affinity of these proteins for
long dsRNA is not strong enough to prevent all dicing events. Binding
long dsRNA by MPCPsV may also be related to the cell-to-cell movement
function of this protein (Robles Luna et al., 2013). However, other
functions related to the long dsRNA binding capacity of MPCPsV and

24KCPsV cannot be ruled out. In agreement with the affinity for long
dsRNA is the earlier observed in vivo association of 24KCPsV protein
fused to GFP to pre-miRNA precursors in N. benthamiana plants, causing
their misprocessing and altered miRNA biogenesis profile (Reyes et al.,
2016).

Interference at the RDR-mediated amplification cycle by VSRs is
another strategy being used by viruses. Blocking this step leads to
inhibition of the cell-autonomous silencing amplification, required to
mount a strong local antiviral RNAi response, and to activate systemic
silencing, the non-cell autonomous branch of the RNAi pathway in
distant tissues (Csorba and Burgyan, 2016; Ren et al., 2010; Schwach
et al., 2005). Since 24KCPsV and MPCPsV proteins do not bind siRNAs,
and therefore do not prevent their movement to activate systemic
silencing, the observation that these proteins are still able to suppress
systemic silencing tempts us to speculate on a possible interference
during the RNAi amplification cycle as well. An example for this is V2
from Tomato yellow leaf curl virus (TYLCV) that may compete with SGS3
(the RDR6 cofactor) for dsRNA binding. Long dsRNAs are RDR6/SGS3
substrates or intermediates during vsiRNA amplification (Fukunaga and
Doudna 2009; Kumakura et al., 2009). Whether this applies to the CPsV
VSRs as well, in light of their long dsRNA binding ability remains to be
investigated.

Another way in which VSR proteins may interfere during the
effector stage of silencing is to block the maturation of a functional
RISC assembly or inhibit the activity of an activated si/miRNA-loaded
RISC complex (Csorba and Burgyan, 2016). P1 from Sweet potato mild
mottle virus (SPMMV) interacts directly with siRNA and/or miRNA-
loaded AGO1 present in the holo-RISC but not minimal-RISC through
GW/WG-motifs (AGO-hook) and thereby inhibits RISC activity (Csorba
and Burgyan, 2016; Giner et al., 2010; Szabo et al., 2012). The NSs
protein from TSWV also contains WG residues and is postulated to be
involved in AGO-interaction since mutation of this motif abrogated its
VSR activity in a local GFP silencing assay (de Ronde et al., 2014; Hedil
et al., 2015). GW motifs are lately described as implicated in nucleolar
localization and also sRNA binding capability (Pérez-Cañamás and
Hernández, 2015). Interestingly, the 24KCPsV protein similarly contains

Fig. 5. MicroRNA accumulation in transgenic N. benthamiana lines expressing CP (lines
CP), MPCPsV (lines 54) and 24KCPsV (lines 24).The average level of miRNAs, and standard
error, are calculated from three independent samples. The graphs were plotted as log2 of
the ratio transgenic/wild type; * Indicates significant differences with non transgenic
control samples at P < 0,05 using a two tailed paired t-test.

Fig. 6. MPCPSV and 24KCPSV interference on the miRNA pathway in N. benthamiana plants as visualized by a GFP-miRNA sensor assay.Constructs expressing MPCPSV and 24 KCPSV proteins
were agroinfiltrated with GFP-171.1 (left side of the leaf) or GFP-171.2 (right side of the leaf) sensor constructs and monitored under UV light after 5 days post-infiltration (Panel A).
Northern blot detection of GFP mRNA from leaf samples shown in A, and quantified relative to rRNA as internal control (B, upper panel). Western immunoblot detection of GFP from the
infiltrated leaf patches. Protein samples were CBB stained to verify for protein load (B, lower panel). GFP-171.1/GFP-171.2 band density ratios is shown under both panels.
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a GW motif, but whether this would mediate binding and subsequent
destabilization of AGO1 or any other effect in RNAi is not known yet.

We show that 24KCPsV and MPCPsV also exhibit inhibition on miRNA-
induced RNA silencing as revealed through the sensor assay. The effect
on miRNA effector function exerted by 24KCPsV could be explained by
inhibition of miRNA171 maturation as already reported (Reyes et al.,
2016). Although in this study MPCPsV has been observed to bind long
dsRNA, this protein was earlier not observed to interact with pre-
miRNA171 (Reyes et al., 2016). Whether the interference in the miRNA
pathway by MPCPsV is thus a consequence of an inhibitory effect along
the effector phase of RNA silencing, such as AGO1 degradation/
inhibition, remains to be investigated. Although speculative, consider-
ing that a collaborative effect in suppression of miRNA-induced RNA
silencing was manifested when both CPsV proteins were present, it
supports the possible idea that each protein may target different steps of
the RNAi machinery and would render accumulating suppression
during a co-expression. It could also be the case that an interaction
between 24KCPsV and MPCPsV is needed to act in miRNA-induced RNA
silencing.

In agreement with the interference of MPCPsV and 24KCPsV on the
miRNA pathway, is the observation that their constitutive expression in
N. benthamiana plants leads to abnormal plant phenotypes associated to
alteration in miRNA accumulation. Transgenic expression of VRSs can
cause developmental abnormalities resembling disease symptoms
(Kasschau et al., 2003; Dunoyer et al., 2004; Siddiqui et al., 2008).
Tang et al. (2010) reported early leaf-curl phenotype in Arabidopsis
thaliana plants overexpressing miR156b, coinciding with the phenotype
observed for transgenic lines 54. In the case of lines 24 a significant up-
regulation of miR167, related to the floral abnormalities, was observed.
Many reports in these cases have shown an increment on miRNA levels
after expression of VSRs (HC-Pro from potyviruses, NSs from tospo-
viruses), explained by stabilization of the miRNA duplexes in protein
viral complexes that may include RISC reducing miRNA turnover
(Kasschau et al., 2003; Schnettler et al., 2010). This apparent discre-
pancy occurs between two different expression systems: transgenic N.
benthamiana, a symptomless herbaceous host expressing only one viral
protein, and the natural host systemically infected, where all viral
components are present. Changes in temporal and/or subcellular
localization, interactions with host component together with the
complete viral machinery may contribute to the observed differences.

In conclusion, VSRs from ophioviruses, as shown for CPsV and
MiLBVV, would be capable to modulate the antiviral RNAi defence at
various points, by their 24/25K and cell-to-cell movement protein
(MP). In light of the nuclear localization of the 24K protein, long dsRNA
binding would mostly comprise pri/pre-miRNA binding and misproces-
sing (Reyes et al., 2016). MPCPsV protein in contrast, would involve
dsRNA binding to inhibit the siRNA pathway and possibly competing
for substrates during the RNAi amplification cycle in the cytoplasm.
Whether, in light of their subcellular localization, both VSRs act strictly
separate on different branches of the RNAi pathway, and are able to
interact at a certain stage in the cytoplasm to exert a combined stronger
RNAi suppression, will be challenging questions for the future.

Acknowledgements

We thank Dr. Marcio Hedil (Laboratory of Virology, Department of
Plant Sciences, Wageningen University, The Netherlands) for the help
with the EMSA assays and Dr. Patrice Dunoyer (Institut de Biologie
Moléculaire des Plantes du CNRS, Université de Strasbourg, France) for
kindly providing GFP171.1 and GFP171.2 target constructs. We also
thank Tec. Agr. Claudio Mazo (IBBM, CCT-La Plata-CONICET-UNLP) for
providing N. benthamiana plants.

MLG, CAR, GRL, EP, EEO, and MBB belong to the staff of IBBM,
CCT-La Plata-CONICET-UNLP. RK belongs to the staff of the Laboratory
of Virology, Department of Plant Sciences, Wageningen University, The
Netherlands.

This work was supported by grants from Agencia Nacional de
Promoción Científica y Tecnológica, Argentina (BID802-OC-AR, PICT-
2008-1094, PICT-2010-1726, PICT-2011-1019 and PICT-2014-1007).

References

Anandalakshmi, R., Marathe, R., Ge, X., Herr Jr., J.M., Mau, C., Mallory, A., Pruss, G.,
Bowman, L., Vance, V.B., 2000. A calmodulin-related protein that suppresses
posttranscriptional gene silencing in plants. Science 290, 142–144.

Azevedo, J., Garcia, D., Pontier, D., Ohnesorge, S., Yu, A., Garcia, S., Braun, L., Bergdoll,
M., Hakimi, M.A., Lagrange, T., Voinnet, O., 2010. Argonaute quenching and global
changes in Dicer homeostasis caused by a pathogen-encoded GW repeat protein.
Genes Dev. 24, 904–915.

Bartel, D.P., 2004. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116,
281–297.

Baulcombe, D., 2004. RNA silencing in plants. Nature 431, 356–363.
Brodersen, P., Voinnet, O., 2006. The diversity of RNA silencing pathways in plants.

Trends Genet. 22 (5), 268–280.
Cazalla, D., Yario, T., Steitz, J.A., 2010. Down-regulation of a host microRNA by a

Herpesvirus saimiri noncoding RNA. Science 328, 1563–1566.
Chapman, E.J., Prokhnevsky, A.I., Gopinath, K., Dolja, V.V., Carrington, J.C., 2004. Viral

RNA silencing suppressors inhibit the microRNA pathway at an intermediate step.
Genes Dev. 18, 1179–1186.

Chen, J., Li, W.X., Xie, D., Peng, J.R., Ding, S.W., 2004. Viral virulence protein suppresses
RNA silencing-mediated defense but upregulates the role of microrna in host gene
expression. Plant Cell 16, 1302–1313.

Csorba, T., Burgyan, J., 2016. Antiviral silencing and suppression of gene silencing in
plants. In: Wang, A., Zhou, X. (Eds.), Current Research Topics in Plant Virology.
Springer, pp. 1–33.

Csorba, T., Lozsa, R., Hutvagner, G., Burgyan, J., 2010. Polerovirus protein P0 prevents
the assembly of small RNA-containing RISC complexes and leads to degradation of
ARGONAUTE1. Plant J. 62, 463–472.

Csorba, T., Kontra, L., Burgyan, J., 2015. viral silencing suppressors: tools forged to fine-
tune host-pathogen coexistence. Virology 479–480, 85–103.

Deleris, A., Gallego-Bartolome, J., Bao, J., Kasschau, K.D., Carrington, J.C., Voinnet, O.,
2006. Hierarchical action and inhibition of plant Dicer-like proteins in antiviral
defense. Science 313, 68–71.

Ding, S.W., Rathjen, J.P., Li, W.X., Swanson, R., Healy, H., Symons, R.H., 1995. Efficient
infection from cDNA clones of cucumber mosaic cucumovirus RNAs in a new plasmid
vector. J. Gen. Virol. 76, 459–464.

Dunoyer, P., Lecellier, C.H., Parizotto, E.A., Himber, C., Voinnet, O., 2004. Probing the
microRNA and small interfering RNA pathways with virus-encoded suppressors of
RNA silencing. Plant Cell 16, 1235–1250.

Dunoyer, P., Schott, G., Himber, C., Meyer, D., Takeda, A., Carrington, J.C., Voinnet, O.,
2010. Small RNA duplexes function as mobile silencing signals between plant cells.
Science 328, 912–916.

Endres, M.W., Gregory, B.D., Gao, Z., Foreman, A.W., Mlotshwa, S., Ge, X., Pruss, G.J.,
Ecker, J.R., Bowman, L.H., Vance, V., 2010. Two plant viral suppressors of silencing
require the ethylene-inducible host transcription factor RAV2 to block RNA silencing.
PLoS Pathog. 6, e1000729.

Fukunaga, R., Doudna, J.A., 2009. dsRNA with 5' overhangs contributes to endogenous
and antiviral RNA silencing pathways in plants. EMBO J. 28, 545–555.

Giner, A., Lakatos, L., Garcia-Chapa, M., Lopez-Moya, J.J., Burgyan, J., 2010. Viral
protein inhibits RISC activity by argonaute binding through conserved WG/GW
motifs. PLoS Pathog. 6, e1000996.

Goto, K., Kobori, T., Kosaka, Y., Natsuaki, T., Masuta, C., 2007. Characterization of
silencing suppressor 2b of cucumber mosaic virus based on examination of its small
RNA-binding abilities. Plant Cell Physiol. 48, 1050–1060.

Hedil, M., Kormelink, R., 2016. Viral RNA silencing suppression: the enigma of
bunyavirus NSs proteins. Viruses 8 (7), 208.

Hedil, M., Sterken, M.G., de Ronde, D., Lohuis, D., Kormelink, R., 2015. Analysis of
tospovirus NSs proteins in suppression of systemic silencing. PLoS One 10, e0134517.

Hemmes, H., Lakatos, L., Goldbach, R., Burgyan, J., Prins, M., 2007. The NS3 protein of
Rice hoja blanca tenuivirus suppresses RNA silencing in plant and insect hosts by
efficiently binding both siRNAs and miRNAs. RNA 13, 1079–1089.

Himber, C., Dunoyer, P., Moissiard, G., Ritzenthaler, C., Voinnet, O., 2003. Transitivity-
dependent and −independent cell-to-cell movement of RNA silencing. EMBO J. 22,
4523–4533.

Hiraguri, A., Ueki, S., Kondo, H., Nomiyama, K., Shimizu, T., Ichiki-Uehara, T., Omura,
T., Sasaki, N., Nyunoya, H., Sasaya, T., 2013. Identification of a movement protein of
Mirafiori lettuce big-vein ophiovirus. J. Gen. Virol. 94, 1145–1150.

Incarbone, M., Dunoyer, P., 2013. RNA silencing and its suppression: novel insights from
in planta analyses. Trends Plant Sci. 18, 382–392.

Jones-Rhoades, M.W., Bartel, D.P., Bartel, B., 2006. MicroRNAS and their regulatory roles
in plants. Annu. Rev. Plant Biol. 57, 19–53.

Kasschau, K.D., Xie, Z., Allen, E., Llave, C., Chapman, E.J., Krizan, K.A., Carrington, J.C.,
2003. P1/HC-Pro, a viral suppressor of RNA silencing, interferes with Arabidopsis
development and miRNA unction. Dev. Cell 4, 205–217.

Katiyar-Agarwal, S., Jin, H., 2010. Role of small RNAs in host-microbe interactions. Annu.
Rev. Phytopathol. 48, 225–246.

Kawazu, Y., Fujiyama, R., Noguchi, Y., Kubota, M., Ito, H., Fukuoka, H., 2010. Detailed
characterization of Mirafiori lettuce virus-resistant transgenic lettuce. Transgenic
Res. 19, 211–220.

Kumakura, N., Takeda, A., Fujioka, Y., Motose, H., Takano, R., Watanabe, Y., 2009. SGS3

G. Robles Luna et al. Virus Research 235 (2017) 96–105

104

http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0005
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0005
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0005
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0010
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0010
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0010
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0010
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0015
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0015
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0020
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0025
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0025
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0030
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0030
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0035
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0035
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0035
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0040
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0040
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0040
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0045
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0045
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0045
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0050
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0050
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0050
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0055
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0055
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0060
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0060
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0060
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0065
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0065
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0065
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0070
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0070
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0070
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0075
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0075
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0075
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0080
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0080
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0080
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0080
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0085
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0085
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0090
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0090
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0090
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0095
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0095
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0095
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0100
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0100
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0105
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0105
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0110
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0110
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0110
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0115
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0115
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0115
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0120
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0120
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0120
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0125
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0125
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0130
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0130
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0135
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0135
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0135
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0140
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0140
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0145
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0145
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0145
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0150


and RDR6 interact and colocalize in cytoplasmic SGS3/RDR6-bodies. FEBS Lett. 583,
1261–1266.

Kurihara, Y., Watanabe, Y., 2004. Arabidopsis micro-RNA biogenesis through Dicer-like 1
protein functions. Proc. Natl. Acad. Sci. U. S. A. 101, 12753–12758.

Lacombe, S., Bangratz, M., Vignols, F., Brugidou, C., 2010. The rice yellow mottle virus
P1 protein exhibits dual functions to suppress and activate gene silencing Plant. J.
Cell Mol. Biol. 61, 371–382.

Lakatos, L., Csorba, T., Pantaleo, V., Chapman, E.J., Carrington, J.C., Liu, Y.P., Dolja,
V.V., Calvino, L.F., Lopez-Moya, J.J., Burgyan, J., 2006. Small RNA binding is a
common strategy to suppress RNA silencing by several viral suppressors. EMBO J. 25,
2768–2780.

Lee, Y., Kim, M., Han, J., Yeom, K.H., Lee, S., Baek, S.H., Kim, V.N., 2004. MicroRNA
genes are transcribed by RNA polymerase II. EMBO J. 23, 4051–4060.

Lewsey, M., Surette, M., Robertson, F.C., Ziebell, H., Choi, S.H., Ryu, K.H., Canto, T.,
Palukaitis, P., Payne, T., Walsh, J.A., Carr, J.P., 2009. The role of the Cucumber
mosaic virus 2b protein in viral movement and symptom induction. Mol. Plant
Microbe Interact. 22, 642–654.

Li, F., Ding, S.W., 2006. Virus counterdefense: diverse strategies for evading the RNA-
silencing immunity. Annu. Rev. Microbiol. 60, 503–531.

Lot, H., Campbell, R.N., Souche, S., Milne, R.G., Roggero, P., 2002. Transmission by
Olpidium brassicae of Mirafiori lettuce virus and Lettuce big-vein virus, and Their
Roles in Lettuce Big-Vein Etiology. Phytopathology 92, 288–293.

Merai, Z., Kerenyi, Z., Molnar, A., Barta, E., Valoczi, A., Bisztray, G., Havelda, Z.,
Burgyan, J., Silhavy, D., 2005. Aureusvirus P14 is an efficient RNA silencing
suppressor that binds double-stranded RNAs without size specificity. J. Virol. 79,
7217–7226.

Merai, Z., Kerenyi, Z., Kertesz, S., Magna, M., Lakatos, L., Silhavy, D., 2006. Double-
stranded RNA binding may be a general plant RNA viral strategy to suppress RNA
silencing. J. Virol. 80, 5747–5756.

Miozzi, L., Pantaleo, V., Burgyan, J., Accotto, G.P., Noris, E., 2013. Analysis of small RNAs
derived from tomato yellow leaf curl Sardinia virus reveals a cross reaction between
the major viral hotspot and the plant host genome. Virus Res. 178, 287–296.

Mlotshwa, S., Yang, Z., Kim, Y., Chen, X., 2006. Floral patterning defects induced by
Arabidopsis APETALA2 and microRNA172 expression in Nicotiana benthamiana.
Plant Mol. Biol. 61, 781–793.

Moreno, P., Guerri, J., García, M.L., 2015. The psorosis disease of citrus: a pale light at the
end of the tunnel. J. Citrus Pathol. 2 (1) iocv_journalcitruspathology_28860.

Naum-Ongania, G., Gago-Zachert, S., Peña, E., Grau, O., Garcia, M.L., 2003. Citrus
psorosis virus RNA 1 is of negative polarity and potentially encodes in its
complementary strand a 24 K protein of unknown function and 280 K putative RNA
dependent RNA polymerase. Virus Res. 96, 49–61.

Pérez-Cañamás, M., Hernández, C., 2015. Key importance of small RNA binding for the
activity of a glycine-tryptophan (GW) motif-containing viral suppressor of RNA
silencing. J. Biol. Chem. 290, 3106–3120.

Pall, G.S., Hamilton, A.J., 2008. Improved northern blot method for enhanced detection
of small RNA. Nat. Protoc. 3, 1077–1084.

Parizotto, E.A., Dunoyer, P., Rahm, N., Himber, C., Voinnet, O., 2004. In vivo
investigation of the transcription, processing, endonucleolytic activity, and functional
relevance of the spatial distribution of a plant miRNA. Genes Dev. 18, 2237–2242.

Park, W., Li, J., Song, R., Messing, J., Chen, X., 2002. CARPEL FACTORY, a Dicer
homolog, and HEN1 a novel protein, act in microRNA metabolism in Arabidopsis
thaliana. Curr. Biol. 12, 1484–1495.

Peña, E.J., Robles Luna, G., Zanek, M.C., Borniego, M.B., Reyes, C.A., Heinlein, M.,
Garcia, M.L., 2012. Citrus psorosis and Mirafiori lettuce big-vein ophiovirus coat
proteins localize to the cytoplasm and self interact in vivo. Virus Res. 170, 34–43.

Pfeffer, S., Voinnet, O., 2006. Viruses, microRNAs and cancer. Oncogene 25, 6211–6219.
Qi, X., Bao, F.S., Xie, Z., 2009. Small RNA deep sequencing reveals role for Arabidopsis

thaliana RNA-dependent RNA polymerases in viral siRNA biogenesis. PLoS One 4,
e4971.

Ren, B., Guo, Y., Gao, F., Zhou, P., Wu, F., Meng, Z., Wei, C., Li, Y., 2010. Multiple
functions of Rice dwarf phytoreovirus Pns10 in suppressing systemic RNA silencing.
J. Virol. 84, 12914–12923.

Reyes, C.A., De Francesco, A., Peña, E.J., Costa, N., Plata, M.I., Sendin, L., Castagnaro,
A.P., Garcia, M.L., 2011. Resistance to Citrus psorosis virus in transgenic sweet
orange plants is triggered by coat protein-RNA silencing. J. Biotechnol. 151,
151–158.

Reyes, C.A., Ocolotobiche, E.E., Marmisolle, F.E., Robles Luna, G., Borniego, M.B.,
Bazzini, A.A., Asurmendi, S., Garcia, M.L., 2016. Citrus psorosis virus 24K protein
interacts with citrus miRNA precursors, affects their processing and subsequent
miRNA accumulation and target expression. Mol. Plant Pathol. 17, 317–329.

Robles Luna, G., Peña, E.J., Borniego, M.B., Heinlein, M., Garcia, M.L., 2013.
Ophioviruses CPsV and MiLBVV movement protein is encoded in RNA 2 and interacts
with the coat protein. Virology 441, 152–161.

Ruiz, M.T., Voinnet, O., Baulcombe, D.C., 1998. Initiation and maintenance of virus-

induced gene silencing. Plant Cell 10, 937–946.
Sanchez de la Torre, M.E., Riva, O., Zandomeni, R., Grau, O., Garcia, M.L., 1998. The top

component of citrus psorosis virus contains two ssRNAs, the smaller encodes the coat
protein. Mol. Plant Pathol. On-Line. http://www.bspp.org.uk/mppol/1998/
1019sanchez (Accessed 3rd January 2017).

Sanchez de la Torre, M.E., Lopez, C., Grau, O., Garcia, M.L., 2002. RNA 2 of Citrus
psorosis virus is of negative polarity and has a single open reading frame in its
complementary strand. J. Gen. Virol. 83, 1777–1781.

Schnettler, E., Hemmes, H., Huismann, R., Goldbach, R., Prins, M., Kormelink, R., 2010.
Diverging affinity of tospovirus RNA silencing suppressor proteins, NSs, for various
RNA duplex molecules. J. Virol. 84, 11542–11554.

Schwab, R., Palatnik, J.F., Riester, M., Schommer, C., Schmid, M., Weigel, D., 2005.
Specific effects of microRNAs on the plant transcriptome. Dev. Cell 8, 517–527.

Schwach, F., Vaistij, F.E., Jones, L., Baulcombe, D.C., 2005. An RNA-dependent RNA
polymerase prevents meristem invasion by potato virus X and is required for the
activity but not the production of a systemic silencing signal. Plant Physiol. 138,
1842–1852.

Shimura, H., Pantaleo, V., Ishihara, T., Myojo, N., Inaba J.-i. Sueda, K., Burgyán, J.,
Masuta, C., 2011. A viral satellite RNA induces yellow symptoms on tobacco by
targeting a gene involved in chlorophyll biosynthesis using the RNA silencing
machinery. PLoS Pathog. 7, e1002021.

Siddiqui, S.A., Sarmiento, C., Truve, E., Lehto, H., Lehto, K., 2008. Phenotypes and
functional effects caused by various viral RNA silencing suppressors in transgenic
Nicotiana benthamiana and N tabacum. Mol. Plant Microbe Interact. 21, 178–187.

Silhavy, D., Burgyan, J., 2004. Effects and side-effects of viral RNA silencing suppressors
on short RNAs. Trends Plant Sci. 9, 76–83.

Silhavy, D., Molnar, A., Lucioli, A., Szittya, G., Hornyik, C., Tavazza, M., Burgyan, J.,
2002. A viral protein suppresses RNA silencing and binds silencing-generated: 21- to
25-nucleotide double-stranded RNAs. EMBO J. 21, 3070–3080.

Soitamo, A.J., Jada, B., Lehto, K., 2011. HC-Pro silencing suppressor significantly alters
the gene expression profile in tobacco leaves and flowers. BMC Plant Biol. 11, 68.

Soitamo, A.J., Jada, B., Lehto, K., 2012. Expression of geminiviral AC2 RNA silencing
suppressor changes sugar and jasmonate responsive gene expression in transgenic
tobacco plants. BMC Plant Biol. 12, 204.

Szabo, E.Z., Manczinger, M., Goblos, A., Kemeny, L., Lakatos, L., 2012. Switching on RNA
silencing suppressor activity by restoring argonaute binding to a viral protein. J.
Virol. 86, 8324–8327.

Tang, Y., Wang, F., Zhao, J., Xie, K., Hong, Y., Liu, Y., 2010. Virus-based microRNA
expression for gene functional analysis in plants. Plant Physiol. 153, 632–641.

Vaira, A.M., Gago-Zachert, S., Garcia, M.L., Guerri, J., Hammond, J., Milne, R.G., Moreno,
P., Morikawa, T., Natsuaki, T., Navarro, J.A., Pallas, V., Torok, V., Verbeek, M.,
Vetten, H.J., 2011. Ophioviridae. King, A., Adams, M., Carstens, E., Lefkowitz, E.
(Eds.), 9th ICTV Report of the International Committee on Taxonomy of Viruses.

Vaistij, F.E., Jones, L., Baulcombe, D.C., 2002. Spreading of RNA targeting and DNA
methylation in RNA silencing requires transcription of the target gene and a putative
RNA-dependent RNA polymerase. Plant Cell 14, 857–867.

Voinnet, O., Rivas, S., Mestre, P., Baulcombe, D., 2003. An enhanced transient expression
system in plants based on suppression of gene silencing by the p19 protein of tomato
bushy stunt virus. Plant J. 33, 949–956.

Voinnet, O., 2001. RNA silencing as a plant immune system against viruses. Trends Genet.
17, 449–459.

Wang, M.B., Masuta, C., Smith, N.A., Shimura, H., 2012. RNA silencing and plant viral
diseases. Mol. Plant Microbe Interact. 25, 1275–1285.

Xie, Z., Allen, E., Fahlgren, N., Calamar, A., Givan, S.A., Carrington, J.C., 2005.
Expression of arabidopsis MIRNA genes. Plant Physiol. 138, 2145–2154.

Zanek, M.C., Reyes, C.A., Cervera, M., Peña, E.J., Velazquez, K., Costa, N., Plata, M.I.,
Grau, O., Peña, L., Garcia, M.L., 2008. Genetic transformation of sweet orange with
the coat protein gene of Citrus psorosis virus and evaluation of resistance against the
virus. Plant Cell Rep. 27, 57–66.

Zhang, X., Yuan, Y.R., Pei, Y., Lin, S.S., Tuschl, T., Patel, D.J., Chua, N.H., 2006.
Cucumber mosaic virus-encoded 2b suppressor inhibits Arabidopsis Argonaute1
cleavage activity to counter plant defense. Genes Dev. 20, 3255–3268.

Zhou, Y., Ryabov, E., Zhang, X., Hong, Y., 2008. Influence of viral genes on the cell-to-cell
spread of RNA silencing. J. Exp. Bot. 59, 2803–2813.

de Ronde, D., Butterbach, P., Lohuis, D., Hedil, M., van Lent, J.W., Kormelink, R., 2013.
Tsw gene-based resistance is triggered by a functional RNA silencing suppressor
protein of the Tomato spotted wilt virus. Mol. Plant Pathol. 14, 405–415.

de Ronde, D., Pasquier, A., Ying, S., Butterbach, P., Lohuis, D., Kormelink, R., 2014.
Analysis of Tomato spotted wilt virus NSs protein indicates the importance of the N-
terminal domain for avirulence and RNA silencing suppression. Mol. Plant Pathol. 15,
185–195.

van der Wilk, F., Dullemans, A.M., Verbeek, M., van den Heuvel, J.F., 2002. Nucleotide
sequence and genomic organization of an ophiovirus associated with lettuce big-vein
disease. J. Gen. Virol. 83, 2869–2877.

G. Robles Luna et al. Virus Research 235 (2017) 96–105

105

http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0150
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0150
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0155
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0155
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0160
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0160
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0160
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0165
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0165
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0165
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0165
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0170
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0170
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0175
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0175
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0175
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0175
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0180
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0180
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0185
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0185
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0185
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0190
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0190
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0190
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0190
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0195
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0195
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0195
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0200
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0200
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0200
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0205
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0205
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0205
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0210
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0210
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0215
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0215
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0215
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0215
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0220
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0220
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0220
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0225
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0225
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0230
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0230
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0230
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0235
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0235
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0235
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0240
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0240
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0240
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0245
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0250
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0250
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0250
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0255
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0255
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0255
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0260
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0260
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0260
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0260
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0265
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0265
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0265
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0265
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0270
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0270
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0270
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0275
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0275
http://www.bspp.org.uk/mppol/1998/1019sanchez%20(Accessed%203rd%20January%202017)
http://www.bspp.org.uk/mppol/1998/1019sanchez%20(Accessed%203rd%20January%202017)
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0285
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0285
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0285
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0290
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0290
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0290
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0295
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0295
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0300
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0300
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0300
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0300
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0305
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0305
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0305
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0305
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0310
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0310
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0310
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0315
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0315
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0320
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0320
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0320
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0325
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0325
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0330
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0330
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0330
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0335
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0335
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0335
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0340
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0340
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0345
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0345
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0345
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0345
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0350
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0350
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0350
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0355
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0355
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0355
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0360
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0360
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0365
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0365
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0370
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0370
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0375
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0375
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0375
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0375
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0380
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0380
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0380
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0385
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0385
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0390
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0390
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0390
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0395
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0395
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0395
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0395
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0400
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0400
http://refhub.elsevier.com/S0168-1702(17)30003-5/sbref0400

	Identification and characterization of two RNA silencing suppressors encoded by ophioviruses
	Introduction
	Material and methods
	Local and systemic GFP RNA silencing assays
	MiRNA-induced GFP silencing assay
	Semiquantitative RT-PCR
	Recombinant protein expression and purification
	In vitro synthesis of radio-labelled dsRNA
	Electrophoretic mobility shift assay (EMSA)
	Production of transgenic 24KCPsV N. benthamiana transgenic plants
	miRNA detection

	Results
	MPs and 24–25K proteins of CPsV and MiLBVV suppress local GFP RNA silencing
	MPCPsV and 24KCPsV proteins suppress systemic GFP RNA silencing in N. benthamiana 16c plants
	MPCPsV and 24KCPsV proteins exhibit affinity for long but not short dsRNAs
	Transgenic expression of 24KCPsV and MPCPsV proteins in N. benthamiana produces developmental defects and alters miRNA accumulation
	Co-expression of 24KCPsVand MPCPsV exerts a collaborative inhibition on miRNA-induced RNA silencing

	Discussion
	Acknowledgements
	References


