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SUMMARY

The cucumber mosaic virus (CMV) 2b protein is an RNA silencing
suppressor protein that can also play direct and indirect roles in
symptom induction. Previous work has shown that a hybrid virus,
FRad352b-CMV (renamed here as CMV-FRad2b-Pro), generated by
replacement of the 2b gene of strain Fny-CMV with that from
Rad35-CMV, displays markedly lower pathogenicity than Fny-CMV
on Nicotiana species. However, the replacement of proline with
leucine at position 55 of the 2b protein of CMV-FRad2b-Pro
(protein Rad2b-Pro) created a virus (CMV-FRad2b-Leu) that
induced severe symptoms. Infection of Arabidopsis thaliana
mutants defective in the expression of DICER-like (DCL) endoribo-
nucleases 2 and 4, which mediate antiviral RNA silencing, as well
as of dcl3 and dcl2/3/4 triple-mutant plants, indicated that Rad2b-
Pro was a weaker RNA silencing suppressor than the protein
Rad2b-Leu. This was confirmed in Nicotiana benthamiana using
agroinfiltration assays, showing that, compared with either Rad2b-
Leu or the Fny2b protein, Rad2b-Pro was ineffective at inhibiting
local or systemic silencing of expression of a green fluorescent
protein reporter gene.Transgenic expression of Rad2b-Leu, but not
of Rad2b-Pro, in Arabidopsis induced symptom-like phenotypes
and rescued the accumulation of the 2b-deletion mutant Fny-
CMVD2b. Bimolecular fluorescent complementation indicated
that, in planta, Rad2b-Leu, but not Rad2b-Pro, self-interacts. Thus,
self-interaction is crucial to the ability of the 2b protein to suppress
silencing and induce a symptom-like phenotype, and is dependent
on the properties of the residue at position 55.

INTRODUCTION

Cucumber mosaic virus (CMV) infects a remarkably broad range of
wild and cultivated plants, and is an increasingly important model
for studies of plant–virus interactions (Jacquemond, 2012;
Palukaitis and Garcia-Arenal, 2003; Scholthof et al., 2011). The
CMV genome comprises three single-stranded plus-sense RNAs.

RNA1 acts as the mRNA for the 1a protein, a component of the
viral replicase complex with methyltransferase and helicase activi-
ties. RNA2 has two open reading frames that encode the 2a
protein (a replicase component with RNA-dependent RNA
polymerase activity) and the 2b suppressor of RNA silencing.
RNA3 also has two open reading frames encoding the 3a move-
ment protein and the coat protein (CP). RNAs 2 and 3 are the
translation templates for proteins 2a and 3a, respectively, but the
2b and CP proteins are translated from the subgenomic mRNAs 4A
and 4 (Ding et al., 1994; Palukaitis and Garcia-Arenal, 2003).

In Arabidopsis thaliana, 21- and 22-nucleotide short-interfering
(si)RNAs, generated by DICER-like (DCL) endoribonucleases 2 and
4, act redundantly to confer antiviral RNA silencing against CMV
(Deleris et al., 2006; Diaz-Pendon et al., 2007; Ziebell and Carr,
2009). The CMV 2b protein is an effective viral suppressor of RNA
silencing (VSR), preventing the initiation of gene silencing and the
systemic spread of silencing (Brigneti et al., 1998; Guo and Ding,
2002). Diaz-Pendon et al. (2007) provided evidence that the sub-
group II strain Q-CMV 2b protein efficiently suppresses 21- and
22-nucleotide viral siRNA-mediated antiviral silencing by reducing
the production of viral siRNA in Arabidopsis ecotype Col-0. Zhang
et al. (2006) initially found that, by direct interaction, the 2b
protein of the subgroup IA strain Fny-CMV weakens in vitro slicer
activity of Argonaute 1 (AGO1), a core component of the RNA-
induced silencing complex (RISC). Consistent with a previous
analysis of the Fny-CMV 2b protein by Gonzalez et al. (2010), Duan
et al. (2012) reported that a domain of the 2b protein from another
subgroup IA strain SD-CMV, which is thought to be required for
interaction with AGO1, is spatially separated from the double-
stranded (ds)RNA binding domain, and interaction of 2b with
AGO1 is dispensable for the suppression of siRNA-mediated RNA
silencing. Very recently, they found that the 2b–AGO1 interaction
affects the biogenesis of trans-acting siRNA by inhibiting AGO1
slicer activity in vivo (Feng et al., 2013). Moreover, the inhibition of
AGO1 by the 2b protein triggers increased expression and activity
of AGO2 (Harvey et al., 2011), but the 2b protein’s ability to inhibit
antiviral silencing is most probably mediated through the seques-
tration of siRNAs rather than the binding of AGO1 (Gonzalez et al.,*Correspondence: Email: jpc1005@hermes.cam.ac.uk; duzhiyou@yahoo.com.cn
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2010, 2012). In Arabidopsis, the third class of siRNA with a size of
24 nucleotides, produced in vivo via cleavage of dsRNA by DCL3, is
incorporated into AGO4 in the cytoplasm to guide RNA-dependent
DNA methylation (RdDM) in the nucleus (Ye et al., 2012). CMV 2b
proteins can also interfere with RdDM by sequestering the
24-nucleotide siRNA, as well as by binding the AGO4 protein to
reduce this factor’s slicer activity (Duan et al., 2012; Gonzalez
et al., 2010; Guo and Ding, 2002; Hamera et al., 2011).

Another important biological effect of the CMV 2b protein is the
disruption of the micro (mi)RNA-mediated regulation of the turn-
over and translation of cellular mRNAs (Lanet et al., 2009; Lewsey
et al., 2007). In transgenic Arabidopsis, constitutive expression of
the Fny2b gene, but not of the 2b genes from milder subgroup II
strains Q or LS, caused symptom-like developmental defects
(Lewsey et al., 2007; Zhang et al., 2006). These effects may be
mediated by the effects of the Fny2b protein on AGO1, by direct
binding of 2b to miRNA duplexes or through both activities
(Gonzalez et al., 2010, 2012; Goto et al., 2007; Zhang et al., 2006).

The molecular basis of how the CMV 2b protein binds siRNA
and miRNA duplexes is still unclear. The tombusviral P19 protein,
a well-studied silencing suppressor, forms head-to-tail homodim-
ers that sequester siRNA duplexes to prevent siRNA recruitment
into RISC (Ye et al., 2003). The orthologous 2b protein encoded by
another Cucumovirus, Tomato aspermy virus (TAV), forms hook-
like homodimers in vitro that bind siRNA duplexes (Chen et al.,
2008). Subsequently, Gonzalez et al. (2010) demonstrated the
self-interaction of the Fny2b protein in Nicotiana benthamiana
using bimolecular fluorescence complementation (BiFC) assays,
consistent with the idea that self-interaction is required for the
silencing of suppressor activity in vivo.

Experiments with CMVD2b mutants, CMV-derived constructs
lacking either the 2b open reading frame or the ability to express
it, have shown that the 2b protein is a pathogenicity determinant
(Ding et al., 1996; Shi et al., 2002; Soards et al., 2002). Further-
more, differential virulence exhibited by subgroup IA, IB or II CMV
strains can be attributed in part to their respective 2b genes (Du
et al., 2007; Shi et al., 2002). Specific domains within the 2b
protein affecting viral symptoms have been documented (Ding
et al., 1996; Goto et al., 2007; Lewsey et al., 2009). Previously, we
found that, when the 2b gene of the subgroup IB CMV strain
Rad35 was substituted for the Fny-CMV 2b gene, the resulting
chimeric virus (FRad352b-CMV, but referred to in the present study
as CMV-FRad2b-Pro) induced milder symptoms than Fny-CMV on
plants of several Nicotiana species (Du et al., 2007). Subsequently,
it was found that replacement of a proline residue by leucine at
position 55 of the Rad35 2b protein produced a chimeric CMV
of increased pathogenicity (originally called FR/2b-T2582, but
referred to in this study as CMV-FRad2b-Leu) (Du et al., 2008). In
this work, we further investigate the effects of amino acid position
55 and its effects on silencing suppression, pathogenicity and 2b
self-association.

RESULTS

Either DCL2- or DCL4-dependent antiviral RNA
silencing is sufficient to inhibit the production of viral
symptoms induced by CMV-FRad2b-Pro

The effects of CMV-FRad2b-Pro and CMV-FRad2b-Leu on plants
of wild-type Arabidopsis ecotype Col-0 were consistent with
those seen previously with N. glutinosa (Du et al., 2008). Specifi-
cally, CMV-FRad2b-Pro induced no obvious signs of disease,
whereas CMV-FRad2b-Leu induced severe symptoms of stunting
and distortion of rosette leaves (Fig. 1A). We tested the induction
of symptoms by CMV-FRad2b-Pro and CMV-FRad2b-Leu in
mutant Arabidopsis plants deficient in siRNA biosynthesis. These
were dcl2, dcl3 and dcl4 single-mutant and dcl2/3/4 triple-
mutant plants. Infection of CMV-FRad2b-Leu caused severe
symptoms on plants of all mutant lines. However, only dcl2/3/4
triple-mutant plants displayed severe symptoms after infection
with CMV-FRad2b-Pro, which were similar to the symptoms
induced by CMV-FRad2b-Leu in dcl2/3/4 triple-mutant plants, and
slightly more severe than the symptoms induced by CMV-
FRad2b-Leu in wild-type or single-mutant plants. Furthermore,
infection of CMV-FRad2b-Leu caused slightly more severe disease
symptoms in all single mutants than in wild-type plants (Fig. 1A).
RNA gel blot analysis showed that CMV-FRad2b-Pro accumulated
at a much lower level than CMV-FRad2b-Leu in systemic leaves
of wild-type Arabidopsis at 14 days post-inoculation (dpi)
(Fig. 1B), which is consistent with that observed on N. glutinosa
(Du et al., 2008). We observed that the accumulation of CMV-
FRad2b-Pro increased to a limited extent in dcl2, dcl3 and dcl4
single-mutant compared with wild-type plants. However, the
accumulation of CMV-FRad2b-Pro increased dramatically in dcl2/
3/4 triple-mutant plants, which was much higher than the accu-
mulation of CMV-FRad2b-Leu in wild-type plants, and similar to
that of CMV-FRad2b-Leu in dcl2/3/4 triple-mutant plants. We
noted that the accumulation of CMV-FRad2b-Leu increased to a
different extent in each of the three dcl single mutants compared
with wild-type plants (Fig. 1B). These results demonstrate that
the low virulence of CMV-FRad2b-Pro is associated with failure
to inhibit siRNA-mediated antiviral defence, and suggest that the
high virulence of CMV-FRad2b-Leu results from an ability to
strongly, but not completely, suppress silencing, even in wild-type
plants. The results indicate that symptom severity is related to
virus titre, mainly depending on 2b’s capability to suppress RNA
silencing.

Rad2b-Leu, but not Rad2b-Pro, causes developmental
defects in Arabidopsis

To test the effects of the 2b proteins Rad2b-Pro and Rad2b-Leu
on plants, but in isolation from other CMV-encoded factors, we
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Fig. 1 Rad2b-Pro did not suppress efficiently either Dicer-like 2- (DCL2-) or DCL4-dependent short-interfering (si)RNA-guided antiviral RNA silencing. Arabidopsis
thaliana Col-0 wild-type (WT) and dcl mutants were inoculated with the Fny-CMV/Rad35-CMV chimera CMV-FRad2b-Pro, its derivative CMV-FRad2b-Leu or mock
inoculated (Mock). (A) Viral disease symptoms on Arabidopsis WT, dcl2, dcl3, dcl4 single-mutant and dcl2/3/4 triple-mutant plants with virus infection as indicated.
Plants were photographed at 14 days post-inoculation (dpi). (B) Northern blotting analysis of accumulation of viral progeny RNAs. Total RNA samples were
extracted from a pool of five plant individuals at 14 dpi. Five micrograms per RNA sample were separated on 1.5% agarose gel with formaldehyde. rRNAs were
used as a loading control. M indicates Mock, P indicates CMV-FRad2b-Pro and L indicates CMV-FRad2b-Leu. The numbers below lanes represent the relative
accumulation (RA) of CMV. The RA value of CMV from the wild-type plant with infection of CMV-FRad2b-Pro was set as unity.
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generated lines of transgenic Arabidopsis plants harbouring either
the Rad2b-Pro or Rad2b-Leu gene sequence under the transcrip-
tional control of the constitutive 35S promoter from cauliflower
mosaic virus. Of the 35 primary transformed lines of Rad2b-Pro-
transgenic plants, none exhibited any alteration in phenotype
(Fig. 2A). We confirmed the expression of Rad2b-Pro in these lines
by Western blot using anti-2b serum (Fig. S1, see Supporting Infor-
mation). Moreover, variation in the expression level of the Rad2b-
Pro protein was observed among these lines. However, primary
transformed lines of Rad2b-Leu-transgenic plants showed pleo-
morphic phenotypes, which were classified into three tiers
(Fig. 2A). Of 36 primary transformed lines, 16 showed no obvious
phenotypic changes (Tier I), nine were smaller than nontransgenic
plants (Tier II), and showed obvious serration at the edge of
rosette leaves, and 11 exhibited extreme developmental defects,
such as narrow, serrated and strongly upward-curled leaves (Tier
III) (Fig. 2A, Table 1). Furthermore, we found that the intensity of
developmental defects caused by Rad2b-Leu was related to the
expression level of the 2b protein (Fig. 2B). As 2b proteins are
known to induce changes in plant phenotype by disrupting
miRNA-regulated gene expression, these results suggest that the
ability of the Rad2b-Leu protein to interact with AGO1 or with
miRNA duplexes in Arabidopsis is superior to that of the protein
Rad2b-Pro, from which it was derived.

Constitutive expression of the Rad2b-Leu, but not
Rad2b-Pro, protein in transgenic plants rescues the
accumulation of a CMV mutant lacking the 2b gene

As shown above, CMV-FRad2b-Pro could not overcome either
DCL2- or DCL4-dependent antiviral silencing sufficiently to allow
the virus to induce viral symptoms (Fig. 1). This suggests that
Rad2b-Pro is a weak silencing suppressor. To determine the rela-
tive strengths of Rad2b-Pro and Rad2b-Leu as RNA silencing sup-
pressors, we tested the effect of both 2b proteins, when expressed
in transgenic Arabidopsis, on the accumulation of the 2b-deletion

mutant Fny-CMVD2b. First, we screened five and four putative
transformed lines for the expression of Rad2b-Pro and Rad2b-Leu,
respectively, by western blot analysis using anti-2b serum. Four
Rad2b-Pro-transgenic (3.3a, 3.6b, 3.8d, 3.12c) and four Rad2b-
Leu-transgenic (4.2a, 4,3d, 4.4d, 4.7e) lines were identified by the
presence of detectable levels of 2b protein (Fig. S2, see Supporting
Information).The Rad2b-Pro-transgenic lines 3.3a, 3.6b and 3.12c,
and the Rad2b-Leu-transgenic lines 4.2a and 4.4d, were subse-
quently used for virus challenge. The Rad2b-Leu-transgenic lines
4.2a and 4.4d were selected as they exhibited no obvious devel-
opmental anomalies that could confound the identification of any
symptoms induced by virus infection (Fig. S3, see Supporting Infor-
mation). Fny-CMVD2b was inoculated onto the lower leaves of
nontransgenic plants and the transgenic lines 3.3a, 3.6b, 3.12c,
4.2a and 4.4d. None of these lines showed viral symptoms, even
by 30 dpi. Virus titres were estimated by western immunoblot
using anti-CMV CP at 14 dpi. The results showed that, in plants of
all three Rad2b-Pro-transgenic lines, similar levels of CMV CP
accumulated, and this level was similar to that which accumulated
in nontransgenic plants. In contrast, higher levels of CP accumu-
lated in plants of both Rad2b-Leu-transgenic lines (Fig. 3). These
results further demonstrated that the presence of proline at
residue 55 was responsible for the weak silencing suppressor
activity of Rad2b-Pro.

Fig. 2 Constitutive expression of
Rad2b-Leu, but not Rad2b-Pro, caused
morphological changes to phenotype in
transgenic Arabidopsis. Pleomorphic
phenotypes of Rad2b-Leu-transgenic
plants could be classified into three tiers
(I, II, III; Table 1). Four-week-old plants
were photographed. (B) Levels of
Rad2b-Leu protein in transgenic lines
with different phenotypes. Polyclonal
antibody against Fny2b was used. A line
(3.13F) of Fny2b-transgenic Arabidopsis
with a severe phenotype was used as a
control. NT indicates nontransgenic
plant.

Table 1 Alteration of developmental phenotype in transgenic Arabidopsis
caused by constitutive expression of Rad2b-Leu, but not Rad2b-Pro, in
transgenic lines.

Transgene

Number of
primary
transformed
lines

Plants with
no obvious
defects*

Plants with
moderate
defects†

Plants with
severe
defects‡

Rad2b-Pro 35 35 0 0
Rad2b-Leu 36 16 9 11

See Fig. 2A for examples of plants expressing no (*Tier I), moderate (†Tier II) or
severe (‡Tier III) Rad2b-Leu-induced effects on phenotype.

806 A. XU et al .

MOLECULAR PLANT PATHOLOGY (2013) 14(8 ) , 803–812 © 2013 BSPP AND JOHN WILEY & SONS LTD



The residue at position 55 is critical to the ability of a
IB subgroup CMV 2b protein to inhibit induction of
local and systemic RNA silencing

The 2b protein of the subgroup II CMV strain Q (Q2b) possesses the
ability to block the systemic spread of silencing (Guo and Ding, 2002),
and both Q2b and the 2b protein of the subgroup IA strain Fny
(Fny2b) have been shown to inhibit the initiation of local RNA silenc-
ing (Gonzalez et al., 2010). To assess the effectiveness of 2b proteins
derived from CMV subgroup IB strains as inhibitors of localized silenc-
ing, we used the co-infiltration of Agrobacterium tumefaciens cells
harbouring a plasmid encoding a green fluorescent protein (GFP)
reporter (p35S:GFP), together with A. tumefaciens cells transformed
with plasmids carrying Rad2b-Pro, Rad2b-Leu or Fny2b coding
sequences and a control plasmid carrying the gene for the bacterial
b-glucuronidase (p35S:GUS) (Fig. 4). Agroinfiltration was carried out
using plants of the GFP-transgenic N. benthamiana 16c line. These
plants express GFP and are therefore susceptible to the induction of
systemic silencing of GFP expression (Brigneti et al., 1998), allowing
us to examine the effects of 2b proteins on local and systemic silenc-
ing in the same plants.

As expected, at 5 days post-infiltration, leaf patches
co-infiltrated with A. tumefaciens carrying the control plasmid
p35S:GUS and bacteria carrying p35S:GFP showed weak green
fluorescence, whereas patches co-infiltrated with bacteria har-
bouring p35S:Fny2b exhibited strong green fluorescence. Patches
co-agroinfiltrated with p35S:Rad2b-Leu plus p35S:GFP displayed
strong GFP fluorescence, comparable with that seen in the pres-
ence of p35S:Fny2b. However, when co-agroinfiltrated with
p35S:GFP, p35S:Rad2b-Pro did not enhance fluorescence, indicat-
ing that Rad2b-Pro was a poor inhibitor of silencing induction
(Fig. 4A). This conclusion was supported by northern blot analysis
of GFP transcript accumulation in these agroinfiltrated patches
(Fig. 4B). Steady-state accumulation of GFP was enhanced
to a similar extent in patches co-agroinfiltrated with p35S:GFP

plus p35S:Rad2b-Leu or p35S:Fny2b, whereas, in areas
co-agroinfiltrated with p35S:GFP, together with p35S:Rad2b-Pro,
the accumulation of the GFP transcript appeared to be no greater
than that observed in patches agroinfiltrated with the control
plasmid pBI121 (for clarity, referred to here as p35S:GUS) or
patches infiltrated with infiltration solution alone (Fig. 4). Presum-
ably, CMV 2b suppresses RNA silencing by the sequestration and
stabilization of small RNAs in planta. To further understand the
differential effects of Rad2b-Pro and Rad2b-Leu on the suppres-
sion of local RNA silencing, we monitored GFP-derived siRNA
accumulation in patch agroinfiltration experiments. The results
showed that GFP-specific siRNA accumulated at a slightly higher
level in patches co-agroinfiltrated with p35S:Rad2b-Pro than
those co-agroinfiltrated with p35S:GUS, but at a lower level than
in patches co-agroinfiltrated with p35S:Rad2b-Leu or p35S:Fny2b
(Fig. 4B). This suggests that, compared with either Rad2b-Leu or
Fny2b, Rad2b-Pro has a relatively weak ability to bind siRNA,
which is not sufficient to suppress local GFP silencing. However,
Rad2b-Leu, as well as Fny2b, could efficiently bind GFP siRNA,
leading to relatively high accumulations of GFP siRNA and mRNA.

As shown above, Rad2b-Pro appeared to have little or no ability
to suppress the initiation of local silencing of GFP in N. bentha-
miana, but its mutant variant Rad2b-Leu did (Fig. 4). We found
that Rad2b-Pro and Rad2b-Leu also have different impacts on
systemic silencing, which is mediated by the spread of small RNA
duplexes (Dunoyer et al., 2010; Molnar et al., 2010).We examined
the induction of systemic silencing of green fluorescence and GFP
transcript accumulation in the upper, noninfiltrated leaves of
plants of the GFP-transgenic N. benthamiana line 16c, which is
primed for the induction of silencing of GFP gene expression
(Brigneti et al., 1998). Fourteen days following co-agroinfiltration
of the lower leaves with p35S:GFP, plus either p35S:Fny2b or
p35S:Rad2b-Leu, there was no diminution of green fluorescence in
the upper leaves. However, the upper leaves of plants previously
co-agroinfiltrated in the lower leaves with p35S:GFP, plus either
p35S:GUS or p35S:Rad2b-Pro, showed decreased green fluores-
cence by this time point (Fig. 4C). Silencing was confirmed by
northern blot analysis of GFP transcript and siRNA accumulation
in the upper leaves (Fig. 4D). Thus, in plants co-agroinfiltrated in
the lower leaves with p35S:GFP plus either p35S:Rad2b-Leu or
p35S:Fny2b, steady-state accumulation of GFP transcripts in the
upper leaves was undiminished and no GFP-specific siRNAs were
evident (Fig. 4D). However, in plants co-agroinfiltrated with
p35S:GFP and either the control plasmid p35S:GUS or
p35S:Rad2b-Pro, systemic silencing was induced, resulting in
increased detectable accumulation of GFP-specific siRNAs and
decreased accumulation of GFP transcripts (Fig. 4D). Taken
together, these results demonstrate that the Rad2b-Pro protein
has no ability to inhibit either the initiation of localized RNA
silencing or the systemic transmission of the silencing signal. This
suggests that, normally, subgroup IB strains would have a proline

Fig. 3 Accumulation of CMVD2b in 2b-transgenic Arabidopsis. Three lines
expressing Rad2b-Pro and two lines expressing Rad2b-Leu, expressing a
similar level of respective 2b proteins, were inoculated with purified virions of
Fny-CMVD2b. Virus accumulation was analysed by immunoblotting using
polyclonal anti-coat protein (CP) serum in the upper noninoculated leaves of
virus-inoculated or mock-inoculated plants at 14 days post-inoculation.
Ponceaus S staining was used to monitor equivalence of protein loading and
transfer. NT indicates nontransgenic plant.
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Fig. 4 Comparison of Rad2b-Pro and Rad2b-Leu in suppression of local and systemic silencing of green fluorescence protein. (A) GFP fluorescence (5 days
post-infiltration) in leaves of Nicotiana benthamiana GFP transgenic line 16c with agroinfiltration of reporter plasmid p35S:GFP, together with control plasmid
p35S:GUS, or a pBI121-derived vector encoding 2b proteins, as indicated. (B) Northern blot analyses of GFP mRNA and GFP-derived short-interfering (si)RNA from
the agroinfiltrated patches, and the patch treated with infiltration solution. Total RNA was extracted at 5 days post-infiltration. (C) GFP fluorescence (14 days
post-infiltration) in the upper noninfiltrated leaves of N. benthamiana GFP transgenic line 16c with agroinfiltration as in (A). Photographs were taken under UV
light. (D) Northern blot analyses of GFP mRNA and siRNAs from the upper noninfiltrated leaves in (C). Total RNA was extracted at 14 days post-infiltration. Total
RNAs for detection of GFP mRNA and GFP-derived siRNA were visualized by staining with ethidium bromide. The numbers above the detection of GFP siRNA
represent the relative accumulation (RA) of GFP siRNA. The RA value of GFP siRNA from the patch expressing b-glucuronidase (GUS) was set as unity.
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at position 55 of 2b proteins. However, as stated later here and
also shown by Du et al. (2008) and Ye et al. (2009), Rad35 was the
only strain (within subgroup IB or among CMV strains in general)
that had a proline at position 55 of the 2b protein. Thus, Rad35 is
itself a natural mutant variant.

Rad2b-Leu, but not Rad2b-Pro, interacts itself in planta

The TAV 2b forms homodimers in vitro which possess a pair of hook-
like structures that provide a perfect domain for the binding of siRNA
duplexes (Chen et al., 2008). Furthermore, Chen et al. (2008) estab-
lished a correlation between dsRNA binding and suppression of RNA
silencing by TAV 2b. Subsequently, Gonzalez et al. (2010) demon-
strated self-interaction in vivo of the CMV 2b protein in N. benthami-
ana using BiFC, and proposed that CMV2b, like TAV2b, functions as a
suppressor of RNA silencing in the form of a homodimer or higher
order oligomer. Based on the findings that Rad2b-Pro is unable to bind
sRNAs, whereas Rad2b-Leu works efficiently, we hypothesized that
the amino acid at position 55 affects silencing suppression by govern-
ing the ability of the Rad2b-Pro protein to self-interact in vivo. To test
the hypothesis using BiFC, we constructed plasmids encoding fusion
proteins of Rad2b-Pro and Rad2b-Leu with either the N- or C-terminal
domain of a split yellow fluorescent protein (sYFP), termed sYFPN and
sYFPC, respectively. We carried out BiFC experiments in transgenic
N. benthamiana RDR6i plants (Schwach et al., 2005).These plants are
compromised in NbRDR6 expression and silencing, and allow
maximal expression of our constructs following introduction by
agroinfiltration. Results from the BiFC experiments showed that no
fluorescence was observable by microscopic imaging in cells within
leaf patches co-infiltrated with A. tumefaciens cells expressing
pRad2b-Pro-YFPN and pRad2b-Pro-YFPC, but strong YFP fluorescence
was detected in both the cytoplasm and nucleus when tran-
siently co-expressing Rad2b-Leu-YFPN and Rad2b-Pro-YFPC. When
co-expressing Rad2b-Leu-YFPN with YFPC or co-expressing YFPN with
Rad2b-Leu-YFPC, no fluorescence was detected. Moreover, we also did
not detect fluorescence by co-expression of Rad2b-Pro-YFPN with
Rad2b-Leu-YFPC (Fig. 5).This observation confirms that the amino acid
residue at position 55 controls the self-association of the IB 2b protein,
and suggests that self-association is a requirement for effective
2b-mediated silencing suppressor activity.

DISCUSSION

Previously, we found that the 2b gene of the subgroup IB strain
Rad35-CMV mediates low virulence on Nicotiana species when
exchanged for the homologous gene of the subgroup IA strain
Fny-CMV (Du et al., 2007). In this work, we have shown that
Rad2b-Pro is an extremely weak VSR (Figs 2–4), resulting in the
low virulence of viruses carrying this 2b gene in A. thaliana and
Nicotiana species (Fig. 1 and Du et al., 2007). Furthermore, the
weak VSR activity of this 2b protein is attributed to the absence of
self-interaction in planta (Fig. 5).

In Arabidopsis, the DCL2, 3 and 4 endoribonucleases are
responsible for the production of various siRNAs in vivo (Xie et al.,
2004, 2005). siRNA-mediated antiviral defence against CMV
mainly depends on DCL4 and DCL2 in a hierarchical manner
(Deleris et al., 2006; Diaz-Pendon et al., 2007; Ziebell and Carr,
2009). Infection of the CMV 2b deletion mutant CMVD2b in the
Arabidopsis dcl2/4 double-mutant plants caused severe symp-
toms, which were similar to those in wild-type Arabidopsis plants
with infection of wild-type CMV (Diaz-Pendon et al., 2007; Ziebell
and Carr, 2009). In dcl2 and dcl4 single-mutant plants, CMV-
FRad2b-Pro caused symptoms similar to that in wild-type plants,
and its accumulation was increased to a very limited extent
(Fig. 1). In transgenic Arabidopsis, constitutive expression of the
Fny2b protein, an effective VSR, rescued the accumulation of the
2b-deletion mutant Fny-CMVD2b by inhibiting antiviral silencing
(Lewsey et al., 2009). Similarly, the virus titre of Fny-CMVD2b was
increased in Rad2b-Leu-transgenic Arabidopsis plants, compared

Fig. 5 Self-interaction of 2b proteins in vivo. Nicotiana benthamiana RDR6i
was co-agroinfiltrated to transiently express together 2b proteins (Rad2b-Pro
and Rad2b-Leu) fused to either the N (Rad2b-Pro-YFPN and Rad2b-Leu-YFPN)
or C (Rad2b-Pro-YFPC and Rad2b-Leu-YFPC) terminus of yellow fluorescent
protein (YFP). Also shown are controls in which the unfused YFP fragments
(YFPC and YFPN) were co-expressed, or expressed with one or other of the
2b-YFP fusion proteins. Cells in infiltrated tissues were imaged at 5 days after
agroinfiltration by confocal scanning laser microscopy for YFP fluorescence
and under bright field microscopy. The bar represents 25 mm.
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with that in wild-type plants (Fig. 3). However, transgenic expres-
sion of Rad2b-Pro did not rescue the accumulation of CMV-
FRad2b-Pro (Fig. 3). All of these results indicate that Rad2b-Pro
could not efficiently suppress antiviral silencing governed by DCL2
or DCL4.

In independent studies, the 2b proteins from a subgroup IA
strain (Fny-CMV) and the subgroup II strains LS-CMV and
Q-CMV have both been shown to inhibit effectively the initiation
of silencing (Guo and Ding, 2002; Lewsey et al., 2007). Likewise,
Ye et al. (2009) found that SD2b (subgroup IB) is an effective
VSR, which exhibits stronger suppression of post-transcriptional
gene silencing (PTGS) than Q2b. The present work showed that
Fny2b exhibits much stronger suppression of PTGS than does
Rad2b-Pro. All of these comparisons demonstrate that differen-
tial CMV 2b genes possess variable VSR activities. Although
Rad2b-Pro did not show effective suppression of antiviral RNA
silencing in Nicotiana species or A. thaliana when expressed in
the heterologous Fny-CMV background (Fig. 1; Du et al., 2007),
we cannot rule out the possibility that it may have VSR activity
in its parent Rad35-CMV context. Indeed, the infection of Rad35-
CMV caused obvious viral symptoms in the Nicotiana species
tested, and these were more severe than symptoms caused by
the hybrid virus CMV-FRad2b-Pro (Du et al., 2007). If we assume
that virulence is linked with effective VSR activity (either directly
or indirectly by increasing the viral titre), this suggests that, for
Rad2b-Pro to function as an effective VSR, it may need to inter-
act with other viral components encoded by its parent, Rad35-
CMV. Potential interactions of CMV 2b with other CMV
components have been proposed previously (Ding et al., 1996;
Shi et al., 2002).

Gonzalez et al. (2010) provided evidence that Fny2b self-
interacts in planta, but that the deletion of domains affecting
nuclear localization, including NLS1, NLS2 and KSPSE, does not
affect Fny2b self-association. Here, we showed that the substitu-
tion of proline with leucine of Rad2b-Pro at position 55 rescued
the self-interaction of the 2b protein (Fig. 5), indicating that posi-
tion 55 of CMV 2b proteins is of pivotal importance to 2b self-
interaction. All CMV 2b genes identified to date encode proteins
with a leucine residue at position 55, with the exception of the
Rad35-CMV 2b gene (Du et al., 2008). The high conservation at
position 55 demonstrates the importance of CMV2b self-
interaction. It seems unlikely that proline at position 55 affects
the local secondary structure of Rad2b-Pro because the residue
at position 56 is also proline. We speculate that it alters higher
order structures, which are responsible for 2b self-interaction. The
TAV 2b forms homodimers in vitro, producing a pair of hook-like
structures that provide a perfect domain for the binding of siRNA
duplexes, which correlates with the suppression of RNA silencing
(Chen et al., 2008). Gonzalez et al. (2010) provided evidence that
Fny2b self-interacts in planta, which was supported by subse-
quent experimental data showing that Fny2b binds small RNA

with high affinity at a 2:1 molar ratio (Gonzalez et al., 2012). The
substitution of proline with leucine renders Rad2b-Pro self-
interactive and dramatically enhances its VSR activity, indicating
strongly that self-interaction of CMV 2b is a requirement for VSR
activity.

In addition to controlling physical 2b self-interaction, the amino
acid at position 55 could be involved in 2b function. One of the
biological functions of CMV 2b is the inhibition of AGO1 activity by
direct interaction (Duan et al., 2012; Feng et al., 2013; Gonzalez
et al., 2010; Zhang et al., 2006). The 2b–AGO1 interaction is
needed to affect trans-acting siRNA by the inhibition of AGO1
(Feng et al., 2013), but is dispensable for CMV 2b to suppress
PTGS (Duan et al., 2012; Gonzalez et al., 2010). Moreover, posi-
tion 55 is not covered by the AGO binding and nucleolar localiza-
tion signal domains, which are required for the inhibition of in vivo
AGO1 slicer activity (Duan et al., 2012; Feng et al., 2013). These
findings allow us to conclude that the change in amino acid at
position 55 does not affect the 2b–AGO1 interaction or inhibition
of AGO1 slicer function. Recently, several studies have demon-
strated the importance of binding to small RNA for 2b to suppress
RNA silencing, as 2b VSR activity is compromised when mutations
or deletions are created in the small RNA binding domain, the
N-terminal 61-amino-acid sequence of CMV 2b (Duan et al., 2012;
Gonzalez et al., 2010, 2012; Goto et al., 2007). Our present data
do not allow us to completely rule out the possibility that the
effects of a single amino acid change at position 55 could be
pleiotropic, for example by affecting small RNA sequestration, as
well as controlling dimerization.

EXPERIMENTAL PROCEDURES

Plant materials and viruses

Arabidopsis thaliana Heyn. ecotype Col-0 wild-type and lines carrying
single dcl2-1, dcl3-1, dcl4-2 or triple dcl2/3/4 mutations have been
described previously (Deleris et al., 2006; Henderson et al., 2006; Xie
et al., 2004, 2005), as has Fny2b-transgenic Arabidopsis line 3.13F
(Lewsey et al., 2007). Nicotiana benthamiana transgenic line 16c, consti-
tutively expressing enhanced GFP, has been described previously (Ruiz
et al., 1998), as has N. benthamiana transgenic line RDR6i (Schwach
et al., 2005). Arabidopsis plants were grown under an 8-h photoperiod
and a light intensity of 150–200 mE/m2/s at 22 °C. N. benthamiana plants
were grown under a 16-h photoperiod with a light intensity of 150–
200 mE/m2/s at 25 °C.

CMV-FRad2b-Pro and CMV-FRad2b-Leu, which have been described
previously (Du et al., 2008), were propagated in N. clevelandii, and puri-
fied using the method described by Ng and Perry (2004). Purified virions at
a concentration of 100 ng/mL were rub inoculated onto Arabidopsis seed-
lings at the five to six true-leaf stage. Successful infection was confirmed
by symptom observation for CMV-FRad2b-Leu, and by double antibody
sandwich enzyme-linked immunosorbent assay (DAS-ELISA) detection for
CMV-FRad2b-Pro.
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Plasmid construction and Arabidopsis transformation

A pBI121-derived plasmid with the GFP sequence under the control of the
cauliflower mosaic virus 35S promoter (p35S:GFP) has been described
previously (Brigneti et al., 1998). For transient and stable expression of
2b-derived transgenes, plasmid constructs p35S:Fny2b, p35S:Rad2b-Pro
and p35S:Rad2b-Leu were generated by replacement of the GUS gene in
the binary plasmid pBI121 by Fny2b, Rad2b-Pro and Rad2b-Leu, respec-
tively, which were obtained by polymerase chain reaction (PCR) from the
corresponding infectious cDNA clones (Du et al., 2007, 2008) using 2b
gene-specific primers (Table S1, see Supporting Information). For BiFC
assays, Rad2b-Pro and Rad2b-Leu sequences were PCR amplified using 2b
gene-specific primers (Table S1), and then introduced into plasmids
pSPYNE-35S and pSPYCE-35S (Walter et al., 2004) to generate pRad2b-
Pro-YFPN, pRad2b-Pro-YFPC, pRad2b-Leu-YFPN and pRad2b-Leu-YFPC. Prior
to their use in plant transformation, plasmid construction was authenti-
cated by DNA sequencing. Plasmids were transformed into A. tumefaciens
GV3101 by electroporation using a Gene Pulser (Bio-Rad, Hercules, CA,
USA) according to the manufacturer’s instructions, and positive transform-
ants were selected on appropriate antibiotic-containing medium. Transfor-
mation was performed by floral dipping (Clough and Bent, 1998), and
transformed Arabidopsis plant lines were selected on kanamycin-
containing solid Murashige and Skoog medium and checked by western
blotting using anti-2b serum (Gonzalez et al., 2010).

Assay of suppressor activity

To test the suppressor activities of wild-type Rad35-2b and its mutant,
A. tumefaciens cells carrying p35S:GFP were equally mixed with an equal
volume of cells carrying p35S:Rad2b-Pro, p35S:Rad2b-Leu, p35S:Fny2b or
p35S:GUS (control plasmid: for clarity, referred to in this work as p35S:GUS).
A. tumefaciens (at a final cell density equivalent to A600 = 1.0) was infil-
trated into the fifth and sixth true leaves of GFP-transgenic line 16c
N. benthamiana plants.The infiltration solution employed was composed of
10 mM MgCl2, 10 mM 2-(N-morpholino)ethanesulphonic acid (MES) and
100 mM acetosyringone, and was used alone as a control in some experi-
ments. GFP fluorescence in the infiltrated and noninfiltrated leaves was
recorded under UV light using a Nikon Coolpix digital camera (Nikon,Tokyo,
Japan) at 5 and 14 days post-infiltration, respectively.

BiFC assays

All plasmids used for BiFC assays were separately transformed into A. tu-
mefaciens GV3101. A. tumefaciens cultures of cells carrying plasmids with
the corresponding sYFPN and YFPC fusions to the same 2b genes were
co-infiltrated together into the fifth and sixth true leaves of N. benthami-
ana RDR6i plants (Schwach et al., 2005). At 5 days post-infiltration, YFP
fluorescence was observed using a Leica SP5 confocal laser scanning
microscope (Leica Microsystems, Mannheim, German).

Western immunoblotting

To solubilize 2b proteins from the nuclear/cytoskeletal fraction in one step,
leaf tissue was pulverized in liquid nitrogen and the proteins were extracted
in phosphate-buffered saline (0.14 M NaCl, 0.010 M potassium phosphate,
pH 7.4) supplemented with 2% (v/v) 2-mercaptoethanol. CMV CP was

extracted as described previously (Naylor et al., 1998). Protein extracts
were separated by electrophoresis on sodium dodecylsulphate (SDS)-
containing 15% polyacrylamide gels and transferred electrophoretically to
nitrocellulose membranes (Whatman, Ltd., Maidstone, UK). Protein transfer
and lane loadings were checked by Ponceau S staining. Membranes were
probed using polyclonal anti-2b mouse (Gonzalez et al., 2010) or anti-CP
rabbit sera, and primary antibody binding was detected using horseradish
peroxidase (HRP)-conjugated anti-mouse or anti-rabbit immunoglobulin G
(IgG) and a chemiluminescence reagent kit (Perkin-Elmer, Norwalk, CT,
USA), as described previously (Lewsey and Carr, 2009; Naylor et al., 1998).

Northern blot analysis

Total RNA was extracted from leaf tissues using TRIzol (Invitrogen-Life
Technologies, Inc., Carlsbad, CA, USA) according to the manufacturer’s
instructions. Northern blotting for the analysis of CMV genomic RNAs and
GFP mRNA was carried out according to the procedure described previously
(Du et al., 2007). The DNA oligonucleotide ProbeI-40, described previously
(Du et al., 2007), was labelled with biotin at its 3′ end to probe CMV
genomic RNAs. The biotin-labelled probe was detected using a Biotin-
Labelling Detection Kit (Beyotime, Beijing, China). 32P-Labelled probe for
GFP transcripts was made using a random-priming DNA labelling kit
(Takara, Dalian, China) and a[32P]-dCTP. Signal intensities of CMV-specific
bands were quantified using the program Gel Pro Analyzer 4.0 (Media
Cybernetics, Rockville, MD, USA), and employed to calculate the relative
accumulations of CMV. For the analysis of GFP-specific siRNA, northern
blotting was performed according to the protocol described in the instruc-
tion manual of the miRVana miRNA Isolation Kit (Ambion: http://
products.invitrogen.com/ivgn/product/AM1560, Austin, TX, USA). GFP-
derived siRNAs were detected using a mixture of four DNA oligonucleotides
(Table S2, see Supporting Information), 32P-labelled at their 5′ ends usingT4
polynucleotide kinase (NEB, Inc., Beverly, MA, USA) and g[32P]-ATP. The
signal intensities of bands corresponding to GFP siRNAs were quantified
using the program Gel Pro Analyzer 4.0 (Media Cybernetics).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1 Identification of primary Rad35-Pro transgenic lines using
immunoblot detection of 2b proteins employing a polyclonal anti-
body raised against Fny2b. NT indicates nontransgenic plant.
Fig. S2 Phenotypes of plants of transgenic lines expressing
similar levels of the 2b proteins Rad2b-Pro and Rad2b-Leu. Plants
were photographed when they were 4 weeks old.
Fig. S3 Comparison of expression levels of 2b proteins in trans-
genic lines harbouring Rad2b-Pro and Rad2b-Leu transgenes.
Four-week-old plants were used for immunoblot detection of 2b
proteins employing a polyclonal antibody raised against Fny2b.
Table S1 Primers used for the generation of plasmids.
Table S2 Oligonucleotide probes used for the detection of green
fluorescent protein (GFP)-derived short-interfering (si)RNAs.
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