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RNA silencing plays an important antiviral role in plants and invertebrates. To counteract antiviral RNA silencing, most plant
viruses have evolved viral suppressors of RNA silencing (VSRs). TRIPLE GENE BLOCK PROTEIN1 (TGBp1) of potexviruses is
a well-characterized VSR, but the detailed mechanism by which it suppresses RNA silencing remains unclear. We demonstrate
that transgenic expression of TGBp1 of plantago asiatica mosaic virus (PIAMV) induced developmental abnormalities in Arabidopsis
thaliana similar to those observed in mutants of SUPPRESSOR OF GENE SILENCING3 (SGS3) and RNA-DEPENDENT RNA
POLYMERASEG6 (RDR6) required for the trans-acting small interfering RNA synthesis pathway. PIAMV-TGBp1 inhibits SGS3/
RDR6-dependent double-stranded RNA synthesis in the trans-acting small interfering RNA pathway. TGBp1 interacts with SGS3
and RDR6 and coaggregates with SGS3/RDR6 bodies, which are normally dispersed in the cytoplasm. In addition, TGBp1 forms
homooligomers, whose formation coincides with TGBp1 aggregation with SGS3/RDR6 bodies. These results reveal the detailed
molecular function of TGBp1 as a VSR and shed new light on the SGS3/RDR6-dependent double-stranded RNA synthesis

pathway as another general target of VSRs.

INTRODUCTION

Sequence-specific RNA degradation in RNA silencing plays an
important antiviral role in plants and invertebrates (Ding and
Voinnet, 2007). Previous studies have identified a variety of factors
involved in this antiviral mechanism, triggered by double-stranded
RNA (dsRNA) intermediates of cytoplasmically replicating vi-
ruses or structured regions of viral RNA. In plants, dsRNAs are
processed by DICER-LIKE (DCL) RNase Ill enzymes into small
21- to 24-nucleotide products termed virus-derived small in-
terfering RNAs (vsiRNAs). In Arabidopsis thaliana, DCL4, DCL2,
and DCL3 produce 21-, 22-, and 24-nucleotide vsiRNAs, re-
spectively, in a hierarchical and redundant manner (Blevins et al.,
2006; Deleris et al., 2006; Diaz-Pendon et al., 2007). vsiRNAs
incorporated into an RNA-induced silencing complex (RISC)
containing ARGONAUTE1 (AGO1), one of 10 AGO proteins that
possess ribonuclease activity, lead to cleavage of homologous
RNAs (Morel et al., 2002; Baumberger and Baulcombe, 2005;
Wang et al., 2011).

Antiviral RNA silencing in plants can be partitioned into three
phases: initiation, amplification, and systemic spread (Ding and
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Voinnet, 2007). Once RNA silencing is initiated in a plant cell with
the production of primary vsiRNAs from dsRNAs, it can be am-
plified through a process referred to as transitive silencing. During
this amplification phase, viral RNA fragments generated by pri-
mary vsiRNA- and RISC-mediated cleavage serve as a template
for the host SUPPRESSOR OF GENE SILENCING3 (SGS3)/
RNA-DEPENDENT RNA POLYMERASE6 (RDR6) complex to
produce de novo dsRNA, which is subsequently processed into
21-nucleotide secondary vsiRNAs by DCL4 (Wang et al., 2011).
Indeed, accumulation of cucumber mosaic cucumovirus (CMV)
is markedly increased in Arabidopsis rdr6 or sgs3 mutants, in-
dicating that amplification of RNA silencing plays an important
role in antiviral defense (Wang et al., 2011). Furthermore, am-
plification of RNA silencing has been implicated in the spread of
an RNA silencing signal (Himber et al., 2003; Schwach et al.,
2005; Kalantidis et al., 2008). This signal can move between cells
via plasmodesmata and over long distances through phloem,
triggering sequence-specific RNA silencing in distant tissues
(Voinnet and Baulcombe, 1997; Voinnet et al., 1998). This signal
can prime antiviral RNA silencing in surrounding naive cells prior
to viral infection (Schwach et al., 2005). The requirement of
RDR6 for systemic movement of a silencing signal suggests that
amplification of RNA silencing is involved in antiviral defense in
uninfected systemic tissues.

In addition to its antiviral role, RNA silencing in plants plays
essential roles in endogenous biological processes such as plant
development, maintenance of genome stability, and response to
environmental stresses. These processes are mediated by en-
dogenous 21- to 24-nuclecotide small RNAs (sRNAs) such as
microRNA (miRNA), trans-acting small interfering RNA (tasiRNA),
and natural antisense small interfering RNA. miRNAs are processed
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from imperfect stem-loop regions of long primary transcripts of
miRNA genes by DCL1 (Bartel, 2004). tasiRNAs are generated
from noncoding TAS transcripts after miRNA-mediated cleavage
by AGO1/miRNA or AGO7/miRNA complexes (Montgomery et al.,
2008a, 2008b). The cleaved fragment is then stabilized by SGS3
and converted into dsRNA by RDR6. The resulting dsRNA is
sequentially processed by DCL4 into a 21-nucleotide tasiRNA
(Peragine et al., 2004; Nakazawa et al., 2007). The tasiRNA is
incorporated into AGO1-loaded RISC to guide sequence-specific
cleavage of the target mRNA. Thus, despite their functional dif-
ferences, antiviral and tasiRNA silencing pathways share com-
mon components such as RDR6, SGS3, and DCLA4.

To counteract antiviral RNA silencing, the majority of plant
viruses have evolved viral suppressors of RNA silencing (VSRs).
The most common strategies to suppress RNA silencing by VSRs
are double-stranded small interfering RNA (siRNA) sequestration
and interaction with AGO1. Tombusviral p19 protein sequesters
siRNA duplexes and inhibits their loading into a RISC (Vargason
et al., 2003; Ye et al., 2003), and several VSRs also suppress RNA
silencing through direct binding to siRNAs (Lakatos et al., 2006;
Meérai et al., 2006). On the other hand, sweet potato mild mottle
virus P1 protein and turnip crinkle virus P38 protein prevent RISC
assembly through a physical interaction with AGO1 by mimicking
as yet unidentified Gly/Trp host proteins required for RISC function
(Azevedo et al., 2010; Giner et al., 2010). Moreover, CMV 2b pro-
tein inhibits AGO1 activity through a physical interaction with its
PAZ and PIWI domains (Zhang et al., 2006). Furthermore, beet
western yellows virus PO protein and cymbidium ringspot virus
(CymRSV) p19 protein can decrease the accumulation of AGO1
protein (Baumberger et al., 2007; Bortolamiol et al., 2007; Vérallyay
et al., 2010). Thus, siRNA binding and AGO1 inactivation have
been regarded as general mechanisms of RNA silencing sup-
pression and studied in detail. However, few studies have iden-
tified VSRs that target other components in the RNA silencing
pathway, especially during the amplification step involving RDRS,
SGS3, and DCL4. siRNA binding VSRs and AGO1-targeting
VSRs are known to interfere with (as a side effect) endogenous
RNA silencing pathways (Kasschau et al., 2003; Chapman et al.,
2004; Dunoyer et al., 2004; Zhang et al., 2006; Moissiard et al.,
2007). For example, siRNA binding VSRs such as the p19 pro-
tein also bind miRNA and tasiRNA duplexes, thereby preventing
RISC assembly (Chapman et al., 2004; Moissiard et al., 2007).
Moreover, AGO1-targeting VSRs such as the 2b protein increase
the accumulation of miRNA- or tasiRNA-targeted mRNAs (Zhang
et al., 2006). In agreement with these findings, transgenic plants
expressing a VSR often show developmental defects. Therefore,
the morphological symptoms caused by plant viruses such as
stunt, proliferation, leaf crinkle, and leaf curl are generally as-
sumed to be consequences of perturbing endogenous RNA si-
lencing by VSRs.

The TRIPLE GENE BLOCK PROTEIN1 (TGBp1) of potato X
potexvirus (PVX), the type species of the genus Potexvirus, is
a well-characterized VSR used for various analyses similar to the
tombusviral p19 and potyviral HC-Pro. However, the detailed
mechanism by which TGBp1 suppresses RNA silencing remains
unclear, likely due to the low silencing suppression activity of
PVX TGBp1. Indeed, PVX was not originally thought to encode
a VSR, because PVX did not suppress RNA silencing during viral
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infection (Brigneti et al., 1998; Voinnet et al., 1999). Nevertheless,
subsequent studies showed that PVX TGBp1 suppresses RNA
silencing of the green fluorescent protein (GFP) gene in agro-
infiltrated leaves (local silencing) and spread of the silencing into
upper noninoculated tissues in GFP transgenic plants (systemic
silencing) (Voinnet et al., 2000). In a previous study, we showed
that the levels of RNA silencing suppressor activity differ de-
pending on the virus species and that of PVX is relatively low
among potexviruses (Senshu et al., 2009).

Therefore, we used the TGBp1 of plantago asiatica mosaic virus
(PIAMV), which shows much higher suppressor activity than PVX,
to investigate the mechanism by which potexvirus TGBp1 sup-
presses RNA silencing. Using PIAMV-TGBp1 transgenic Arabi-
dopsis, we showed that TGBp1 inhibits RDR6/SGS3-dependent
dsRNA synthesis in plants. Further functional analysis of TGBp1
showed that TGBp1 interacts with SGS3 and RDR6 to coaggregate
and enwrap SGS3-containing bodies (SGS3/RDR6 bodies). These
results revealed the detailed molecular function of TGBp1 as a VSR
and shed new light on the SGS3/RDR6-dependent dsRNA syn-
thesis pathway as another general target of VSRs.

RESULTS

In Arabidopsis, TGBp1 Induces Developmental Defects
Resembling Those Observed in tasiRNA-Deficient Mutants

To identify the component that TGBp1 inhibits in the antiviral
RNA silencing pathway, we observed the phenotype of the TGBp1
transgenic Arabidopsis. As described previously, Arabidopsis
transformants expressing p19 of tomato bushy stunt tombusvirus
(TBSV) and 2b of CMV exhibited severe developmental defects in
both leaves and flowers (Figure 1A; Chapman et al., 2004; Zhang
et al., 2006). Approximately 60% (27 of 46) of TGBp1 trans-
formants (1F, 7A, and 10D) had downward-curled leaf margins
compared with wild-type Columbia-0 (Col-0) or B-glucuronidase
(GUS) transformants (Figure 1A). However, no developmental
defects occurred in other organs, including seeds, although
flowers tended to bloom earlier. Immunoblot analysis showed
that extensive expression of TGBp1 was detected in transgenic
lines with severe curled phenotypes (1F, 7A, and 10D), while low
levels of TGBp1 expression were detected in a line with a mild
phenotype (7D), indicative of a correlation between the pheno-
type and expression of the TGBp1 protein (Figure 1B). Down-
ward curling of leaf margins is a characteristic phenotype of
tasiRNA-deficient mutants such as sgs3, rdr6, dcl4, and ago7
(Figure 1A; Adenot et al., 2006), suggesting that TGBp1 may
prevent some specific steps in the tasiRNA pathway.

TGBp1 Significantly Reduces tasiRNA Accumulation

To examine the effects of TGBp1 on sRNA accumulation, we
performed deep sequencing of sRNA populations extracted
from TGBp1 and GUS transformants and compared them
(Supplemental Table 1). The normalized, size-specific distribution
of sRNAs showed a significant increase in the proportion of 23-
and 24-nucleotide sRNAs and a decrease in the proportion of 21-
nucleotide sRNAs in TGBp1 transformants compared with GUS
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Figure 1. TGBp1 Induces Developmental Defects Resembling Those Observed in tasiRNA-Deficient Mutants and Significantly Reduces tasiRNA
Accumulation.

(A) Photographs of 4-week-old TGBp1 transgenic lines (1F, 7A, 10D, and 7D), tasiRNA-deficient mutants (sgs3, rdr6, dcl4, and ago7), TBSV p19, CMV
2b, and GUS transformants, and a wild-type Col-0 plant.

(B) Immunoblot analysis with anti-TGBp1 polyclonal antibody to detect TGBp1 protein levels in ~5-week-old TGBp1 transgenic lines. Coomassie
Brilliant Blue (CBB) staining is shown as a loading control.

(C) RNA gel blot analysis of TAS2 and TAS3 tasiRNAs, miR173, miR390, and miR171. Total RNA was prepared from the indicated transformants or
mutants. The numbers below each lane show accumulation levels relative to wild-type Col-0, after normalization against ethidium bromide-stained low-
molecular-weight (LMW) RNAs.

(D) Quantitative real-time RT-PCR analysis of PPR and ARF3 mRNA levels in plants at the reproductive stage. Relative expression values (means * sb,

n = 3) were normalized against ACTIN2 mRNA levels.
[See online article for color version of this figure.]

transformants (Supplemental Figure 1). miRNAs were differentially
regulated, because 88 miRNAs were upregulated more than twice
and 75 miRNAs were downregulated less than one-half in TGBp1
transformants compared with GUS transformants (Supplemental
Data Set 1). Levels of 41 miRNAs were not changed significantly.
Remarkably, we found that all the tasiRNA family members, in-
cluding TAS1a, TAS1b, TAS1c, TAS2, TAS3a, TAS3b, TAS3c, and
TAS4 tasiRNAs, showed significant decreases in TGBp1 trans-
formants (Supplemental Table 2). These results indicated that
TGBp1 decreased the accumulation of tasiRNAs but did not
exert a uniform effect on the populations of miRNAs.

To confirm the deep sequencing result and examine the effects
of TGBp1 on the tasiRNA pathway, we investigated the accu-
mulation of tasiRNA pathway-related sRNAs in TGBp1 trans-
formants, including tasiRNAs and miRNAs required for cleavage
of the initial transcripts of TAS genes (miR173 for TAS1 and TAS2
and miR390 for TAS3) (Allen and Howell, 2010). RNA gel blot
analysis revealed that TAS2 and TAS3 tasiRNAs were signifi-
cantly decreased or undetectable in severe TGBp1 transformants
(1F, 7A, and 10D) but readily detectable in a mild transformant
(7D) (Figure 1C). This decrease of tasiRNAs was similar to those in
sgs3, rdr6, and dcl4 reported previously (Figure 1C; Xie et al.,
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2005; Yoshikawa et al., 2005). miR173, an initiator of TAS1 and
TAS2 tasiRNA production, was decreased to some extent in
severe TGBp1 transformants; however, we observed no effect on
miR390, an initiator of TASS3 tasiRNA production, or on miR171,
a control miRNA (Figure 1C). In tasiRNA-deficient mutants (sgs3,
rdr6, dcl4, and ago7), the levels of miR173, miR390, and miR171
were not significantly altered (Figure 1C, lanes 8 to 12). The
specific decrease of TAS3 tasiRNA in ago7 was also reproduced,
indicating that AGO? is involved in TAS3 tasiRNA production, as
described previously (Figure 1C, lane 12) (Allen and Howell, 2010).
These results were consistent with the deep sequencing result
that TGBp1 caused a uniform decrease in the accumulation of
tasiRNAs but not in the accumulation of miRNAs.

We next investigated whether the reduced tasiRNA accumu-
lation in TGBp1 transformants affected their target mRNAs.
Levels of PPR (At1g63130) and ARF3 (At2g33860) mRNAs,
targets of TAS2 and TAS3 tasiRNAs (Montgomery et al., 2008a,
2008b), were elevated 2.1 to 3.6 and 2.5 to 3.6 times, respectively,
in TGBp1 high-expression lines (1F, 7A, and 10D) compared with
wild-type Col-0 (Figure 1D). These elevations were comparable to
PPR and ARF3 mRNA levels in sgs3, rdr6, and dc/4 mutants, 2.9
to 4.3 and 2.4 to 4.0 times higher, respectively. These results
suggested that TGBp1-mediated inhibition of tasiRNA accumu-
lation increased the accumulation of tasiRNA target mRNAs.

TGBp1 Does Not Affect miRNA-Directed Cleavage of
TAS Transcripts

To examine which step of the tasiRNA biosynthesis pathway
TGBp1 inhibits, we first investigated whether miRNA-guided
primary cleavage of TAS transcripts occurred in TGBp1-expressing
plants. Considering that miR173, an initiator of TAS1 and TAS2
tasiRNA, was decreased to some degree in TGBp1 transformants
while miR390, an initiator of TAS3 tasiRNA, was not affected
(Figure 1C), it is still possible that the inhibition of tasiRNA
synthesis by TGBp1 is caused by the reduced efficiency of pri-
mary cleavage of the TAS transcript. Thus, we performed RNA
ligase-mediated 5’ rapid amplification of cDNA ends (RLM-5’
RACE) PCR (Liu and Gorovsky, 1993) to detect the 3’ cleavage
products of the primary TAS transcripts. In wild-type Col-0 and
GUS transformants, primary cleavage products of TAS2 and
TASS precursors guided by miR173 and miR390, 313 and 77 bp,
respectively, were nearly undetectable (Figures 2A and 2B, lanes
1 and 2). This may be because these cleaved products are im-
mediately converted to dsRNA and subsequently processed
to tasiRNA (Yoshikawa et al., 2005). Instead, in these control
plants, we detected a band corresponding to a secondary 3’
cleavage product from the TASS3 transcript, guided by TAS3
tasiRNA (110 bp) (Figures 2A and 2B, lanes 1 and 2; Allen et al.,
2005; Montgomery et al., 2008a). In the tasiRNA-deficient mu-
tants rdr6 and dcl4, the primary 3’ cleavage products, 313 and
77 bp, were detected while the secondary cleavage product,
110 bp, was not (Figure 2B, lanes 7 and 8), indicating that they
are involved in downstream steps of the tasiRNA pathway, dsRNA
synthesis, and processing of dsRNA, respectively. Similar to
these mutants, the primary 3’ cleavage products, 313 and 77 bp,
were detectable in TGBp1 transformants while the secondary 3’
cleavage product, 110 bp, was not (Figure 2B, lanes 3 to 5).
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These results were confirmed by RNA gel blot analysis detecting
the primary TAS2 transcript and its cleavage products (Supplemental
Figure 2). In wild-type Col-0 and GUS-expressing plants, the 5’
cleavage product of the TAS2 precursor was detected but the 3’
cleavage product was not, while both the 5 and 3’ cleavage
products were detected in TGBp1 transformants as well as in rdr6
mutants. These findings were consistent with the results of the
RLM-5" RACE PCR assay. We noted that both the 5’ and 3’
cleavage products were absent in the sgs3 mutant, indicating that
SGS3 stabilizes the cleavage products, as reported previously
(Yoshikawa et al., 2005; EImayan et al., 2009). Considering these
results, TGBp1 is likely to block downstream steps in tasiRNA
synthesis, such as RDR6-mediated dsRNA synthesis or DCL4-
mediated processing of dsRNA to tasiRNA.

TGBp1 Inhibits dsRNA Synthesis

To further analyze whether TGBp1 blocks dsRNA synthesis, the
conversion of miRNA-cleaved TAS fragments into dsRNA by
SGS3/RDR6, we performed RNase protection assays (Zheng
et al.,, 2010) to detect dsRNA. While in both TAS2 and TAS3
panels, DNA bands were detected even after treatment with
RNase | in dcl4 mutants, indicating the existence of dsRNA,
those bands were not detected in TGBp1 transformants or in
wild-type Col-0 and rdr6 mutants (Figure 2C). These results
suggest that dsRNA exists in dc/4 but not in TGBp1 transformants,
rdr6, and Col-0 plants. The absence of dsRNAs in Col-0 was be-
cause they are immediately processed into tasiRNAs in the pres-
ence of DCL4, as reported previously (Yoshikawa et al., 2005).
These results were confirmed by RNA gel blot analysis detecting
the complementary RNA of TAS2, indicating the existence of
dsRNA. The complementary RNA accumulated only in the dcl4
mutants and not in wild-type Col-0 plants, rdr6 mutants, or
TGBp1 transformants (Figure 2D). These results indicate the ab-
sence of dsRNA in TGBp1 transformants, but the possibility re-
mains that dsRNAs are synthesized but rapidly processed into
tasiRNAs by DCL4. However, this seems unlikely, because the
accumulation of tasiRNAs was nearly undetectable in TGBp1
transformants. Collectively, these data suggest that TGBp1 in-
hibits dsRNA synthesis in the tasiRNA biogenesis pathway.

TGBp1 Interacts with SGS3 and RDR6 in Planta

Since SGS3 and RDR6 are involved in dsRNA synthesis in the
tasiRNA biogenesis pathway (Allen and Howell, 2010), we in-
vestigated whether TGBp1 targets these factors. We first per-
formed coimmunoprecipitation immunoblot analyses to determine
whether TGBp1 interacts with SGS3 and RDR6. When SGS3-
3myc and Flag-RDR6 were transiently expressed in Nicotiana
benthamiana leaves via agroinfiltration and coimmunoprecipitation
immunoblot analyses were conducted on total proteins from in-
filtrated leaves, SGS3-3myc was detected in Flag-RDR6 im-
munoprecipitates, indicative of an interaction between SGS3 and
RDR6, as reported previously (Figure 3A, lane 12; Kumakura
et al., 2009). Similarly, TGBp1-3myc coimmunoprecipitated with
both Flag-SGS3 and Flag-RDR6 (Figure 3A, lanes 9 and 11,
respectively). These results showed that TGBp1 interacts with
both SGS3 and RDR6.
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Figure 2. TGBp1 Does Not Affect miRNA-Directed Cleavage of the TAS Transcripts but Represses dsRNA Synthesis.

(A) Schematic representation of detection of the 3’ cleavage products (thick lines) of the primary TAS transcripts using RLM-5" RACE PCR. In the TAS2
pathway, a 313-bp product generated from the TAS2 primary transcript by the AGO1/miR173 complex could be detected. In the TAS3 pathway, a 77-
bp product generated from the TAS3 primary transcript by the AGO7/miR390 complex, as well as a 110-bp product generated by the AGO1/TAS3

tasiRNA [5'D2(-)] complex, could be detected.

(B) RLM-5’" RACE PCR analysis of the 3’ cleavage product of the primary TAS2 and TAS3 transcripts in wild-type Col-0 plants, GUS transformants, the
TGBp1 transgenic lines, the p19 transformants, and the rdr6 and dc/4 mutants at the reproductive stage. Black and white arrowheads indicate the
bands corresponding to the 3’ cleavage product generated from the TAS primary transcript by the AGO/miRNA complex and that generated from the
TAS3 primary transcript by the AGO1/TAS3 tasiRNA [5'D2(-)] complex, respectively. ACTIN2 was used as a control.

(C) Detection of double-stranded TAS2 and TAS3 RNAs using the RNase protection assay. Total RNAs were treated with DNase | and subsequently
treated with 0, 1, and 5 units (U) of RNase |, which digests single-stranded RNA and leaves dsRNA intact, followed by RT-PCR amplification.

(D) RNA gel blot analysis performed on 20 pg of a high-molecular-weight RNA fraction from plants at the reproductive stage to detect complementary
RNA derived from the TAS2 transcript. Relative gel loadings are shown by ethidium bromide staining of rRNA.

We further analyzed these interactions in vivo using bimolecular
fluorescence complementation (BiFC) assays in transiently trans-
formed N. benthamiana epidermal cells. Coexpression of TGBp1-
YFPN and SGS3-YFPC led to the generation of intracellular
fluorescent aggregates of varying sizes and forms (Figure 3B,
left panel). Closer observation at higher magnification revealed
that the aggregates were composed of minute vesicles (Figure
3B, right panel). These results demonstrated that TGBp1 in-
teracts with SGS3. We also investigated the interaction be-
tween TGBp1 and RDR6 by BiFC but were unable to detect any
yellow fluorescent protein (YFP) fluorescence (Supplemental
Figures 3A and 3B). Moreover, coexpression of RDR6-YFPN
and SGS3-YFPC failed to reconstitute YFP fluorescence, al-
though the interactions between RDR6 and TGBp1 or SGS3
were demonstrated by the coimmunoprecipitation analysis (Fig-
ure 3A). Taking these findings into consideration, the inter-
action between RDR6 and TGBp1 or SGS3 may be below the

detection limits of BiFC due to the low expression levels of
RDR6 in plants.

TGBp1 Alters the Subcellular Localization of SGS3

Next, we examined the subcellular localization of TGBp1, SGS3,
and RDR6. When YFP-tagged SGS3 (SGS3-YFP) was expressed
in N. benthamiana leaves via agroinfiltration, the signals localized
in discrete granules in the cytoplasm (Figures 4A and 4B). Based
on their size (~2 to 8 pm in diameter), shape, and cytoplasmic
localization, these granules were likely to be SGS3/RDR6 bodies,
as reported previously (Kumakura et al., 2009). We next attempted
to express RDR6-YFP in N. benthamiana leaves but failed to de-
tect any signal (Supplemental Figures 3C and 3D), presumably
due to the low expression level of RDR6-YFP. Cyan fluorescent
protein (CFP)-tagged TGBp1 (TGBp1-CFP) localized to the cell
periphery and to the nucleus (Figure 4C). Closer observation at
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Figure 3. TGBp1 Interacts with RDR6 and SGS3 in Planta.

(A) Coimmunoprecipitation immunoblot analyses. Dual combinations of SGS3, RDR6, and GUS tagged with Flag epitope and those tagged with triple
c-myc epitope were coexpressed in N. benthamiana leaves. Coimmunoprecipitation analyses were performed by using anti-Flag antibody, and the
input and immunoprecipitated (IP) proteins were analyzed by immunoblot analysis using anti-Flag («-Flag) and anti-myc (a-myc) antibodies. Coomassie
Brilliant Blue (CBB) staining is shown as a loading control.

(B) BiFC assays between TGBp1 and SGS3. TGBp1-YFPN and SGS3-YFPC were coexpressed by agroinfiltration in leaf epidermal cells of N. ben-
thamiana plants. The left panel shows a YFP fluorescence image showing the generation of the intracellular fluorescent aggregate (arrowhead). The
middle panel shows an overlay of a bright-field image and the left panel. The right panel shows a higher magnification view of the left panel, showing the
aggregate composed of minute vesicles. Bars in the left and middle panels = 25 um; bar in the right panel = 5 pm.

(C) Agrobacterium-mediated RNA silencing suppression assay of TGBp1 mutants. Wild-type N. benthamiana leaves were coinfiltrated with Agro-
bacterium mixtures containing a vector expressing GFP and GUS (top left patches of each panel), wild-type TGBp1 (bottom left patches), or TGBp1
mutant (TGBp1 pxr, TGBP1ggoa, TGBP1py1g, and TGBp144g,4; right patches) expression vectors. GFP fluorescence was visualized under UV light at 4

d after inoculation.
(D) BiFC assay to detect the interaction between TGBp1 mutants and SGS3. SGS3-YFPN and TGBp1 - YFPC, TGBp1ggoa-YFPC, TGBp1p,10.-YFPC, or
TGBp111go4-YFPC were coexpressed in leaf epidermal cells of N. benthamiana plants. Arrowheads indicate the intracellular fluorescent aggregates.

Bars = 25 pm.

higher magnification of the peripheral areas of the cell showed Next, we coexpressed SGS3-YFP and TGBp1-CFP and ex-
that fluorescence was also visible as puncta embedded in the amined whether coexpression of both proteins affected their
cell walls (Figure 4D). These punctate structures colocalized with subcellular localization. Unexpectedly, SGS3-YFP bodies, which
PDLP1-YFP (Amari et al., 2011), indicating the localization in were dispersed in the cytoplasm when expressed alone, gath-
plasmodesmata (Supplemental Figures 4A to 4C). Moreover, ered together when coexpressed with TGBp1-CFP (Figure 4F;
TGBp1-CFP was also localized throughout the entire nucleus Supplemental Figure 4G). TGBp1-CFP, which localized to the
with punctate structures and formed aggregates adjacent to the nucleus, cytoplasm, and plasmodesmata when expressed alone,
nucleus (Figure 4E; Supplemental Figures 4D to 4F). formed large amorphous aggregates in the cytoplasm when
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Figure 4. TGBp1 Alters the Subcellular Localization of SGS3.

(A) to (E) Confocal sections of N. benthamiana leaves expressing SGS3-YFP alone ([A] and [B]) or TGBp1-CFP alone ([C] to [E]). (B) shows an overlay of
a bright-field image and the fluorescence image of (A). (D) shows a higher magnification view of lower right boxed region in (C). The arrowheads in (D) indicate
puncta embedded in cell walls. (E) shows a higher magnification view of upper left boxed region in (C). Arrows indicate aggregates adjacent to the nucleus.
(F) to (K) Confocal sections of N. benthamiana leaves coexpressing SGS3-YFP and TGBp1-CFP. In (F) to (H), the yellow and cyan signals of the same
plane are presented in (F) and (G), and both signals are merged and overlaid with the bright-field image in (H). Arrowheads show the region where
TGBp1-CFP coaggregates with SGS3-YFP bodies. (I) to (K) show higher magnification views of the boxed regions in (F) to (H), respectively.

(L) to (O) Confocal sections of N. benthamiana leaves coexpressing SGS3-YFP and each TGBp1-CFP mutant, TGBp1,xr (L), TGBpl1ggs (M),
TGBp1py10. (N), and TGBp1 g4 (0). The panels show overlays of bright-field and fluorescence images.

Bars in (A) to (C), (F) to (H), and (L) to (O) = 25 um; bars in (D) and (E), (l) to (K), and insets in (L) to (O) = 5 pm.



coexpressed with SGS3-YFP (Figure 4G; Supplemental Figure
4H). These TGBp1 aggregates were located in close proximity to
the SGS3-YFP granule mass (Figures 4F to 4H; Supplemental
Figures 4G to 4l). Notably, closer observation at higher magni-
fication revealed that the TGBp1-CFP fluorescence wrapped
around the SGS3-YFP granules (Figures 41 to 4K; Supplemental
Figures 4J to 4L). We also found that, upon longer exposure,
we could visualize TGBp1-CFP localized to plasmodesmata
(Supplemental Figures 4M to 40). These results indicated that,
when coexpressed with SGS3, TGBp1 coaggregates with and
enwraps SGS3/RDR6 bodies, which normally occur dispersed in
the cytoplasm.

Analyses of TGBp1 Mutants

Next, we conducted a series of experiments using TGBp1
mutants. We introduced amino acid substitutions in the GKS/T
motif of the NTPase/RNA helicase domain (Morozov and Solovyev,
2003) to generate TGBp1,,;. In addition, based on the previously
characterized mutation of PVX TGBp1, we constructed three other
PIAMV-TGBp1 mutants; TGBp1gg,, is predicted to retain RNA
silencing suppressor activity, while TGBp1p41o. and TGBp11goa
are predicted to have lost the activity (Bayne et al., 2005).
Agroinfiltration-mediated transient coexpression assays of GFP
and TGBp1 mutants showed that TGBp1g4,, retained RNA si-
lencing suppressor activity whereas TGBp1,xr and TGBp1p44q.
lost it (Figure 3C). In the patch expressing TGBp1yygpn, Weak-
ened GFP fluorescence was observed, indicating partial loss of
RNA silencing activity in TGBp11gpa-

We next analyzed the interaction between TGBp1 mutants
and SGS3 using a BiFC assay. Coexpression of TGBp1gg,,-YFP®
or TGBp111go4-YFPC with SGS3-YFPN led to the generation of
intracellular fluorescent aggregates, whereas coexpression of
TGBp1 z«-YFPC or TGBp1p,4q -YFPC with SGS-YFPN failed to
reconstitute YFP fluorescence (Figure 3D). These results sug-
gested that TGBp1 mutants showing detectable RNA silencing
suppressor activity can interact with SGS3, which suggests
that the interaction between TGBp1 and SGS3 is involved in
RNA silencing suppression by TGBp1.

We next examined the subcellular localization of TGBp1
mutants. We expressed each of the four CFP-fused TGBp1
mutants in N. benthamiana leaves and observed TGBp1gg,,-CFP
signal localized to the nucleus and cell periphery, similar to that of
wild-type TGBp1-CFP (Supplemental Figures 4Q, 4S, and 4T). By
contrast, TGBp1144,-CFP, TGBp1,-CFP, and TGBp1p4;o -CFP
signals lost the characteristic localization pattern of TGBp1
(Supplemental Figures 4P, 4R, and 4U to 4X). Next, we coex-
pressed each of the CFP-fused TGBp1 mutants and SGS3-
YFP to determine whether coexpression of these proteins
affects their subcellular localization. In this case, TGBp1gg,,-CFP
retained the ability to aggregate SGS3 bodies like wild-type
TGBp1 (Figure 4M), whereas TGBp1144,-CFP, TGBp1,4-CFP,
and TGBp1p44o -CFP lost this ability (Figures 4L, 4N, and 40).
These results indicated that only TGBp1gg,,, Which retains RNA
silencing suppressor activity, coaggregates with SGS3 bodies,
whereas TGBp1yg,, TGBp1 47, and TGBp1p,4q., Which par-
tially or completely lost suppressor activity, do not form such
coaggregates.

RNA Silencing Suppression Mechanism by TGBp1 2175

TGBp1 Forms Homooligomers

Previous reports showed that PVX TGBp1 forms homooligomers
(Leshchiner et al., 2008); therefore, we investigated the relation-
ships among TGBp1 homooligomerization, suppression of RNA
silencing, and coaggregation with SGS3. We first determined
whether PIAMV-TGBp1 forms homooligomers. In N. benthamiana
leaves where TGBp1 was agroinfiltrated, three distinct bands with
molecular masses of ~25, 50, and 75 kD were detected (Figure
5A, lane 2), corresponding to the monomer, dimer, and trimer of
TGBp1, respectively. Only TGBp1 monomers were detected in
the insoluble P30 fraction, while TGBp1 oligomers as well as
monomers were detected in the soluble S30 fraction (Figure 5A).
These data showed that PIAMV-TGBp1, like PVX-TGBp1, forms
homooligomers and they accumulate as soluble proteins in the
cell.

We next examined the ability of the four TGBp1 mutants
(TGBp1 gy TGBp1ggoa, TGBP1py1qL, and TGBp114g,4) to form ho-
mooligomers by immunoblotting. Only TGBp1gg,, formed oligomers,
while TGBp1 5« TGBP1p410., and TGBp114g,4 did not (Figure 5B).
This result was confirmed by the quantification of each band rep-
resenting the monomer (25 kD), dimer (50 kD), and trimer (75 kD) in
Figure 5B (Figure 5C). Taken together, we demonstrated that only
TGBp1ggu, Which retains RNA silencing suppressor activity and
coaggregates with SGS3, could form homooligomers.

TGBp1 Increases Accumulation of the 2b Deletion Mutant
of CMV

To examine whether TGBp1 actually suppresses SGS3/RDR6-
dependent dsRNA synthesis to facilitate viral infection, we in-
oculated wild-type Col-0 plants, sgs3 and rdr6 mutants, and the
TGBp1 transformants (1F and 7A) with a 2b deletion mutant of
CMV (CMV-A2b), which induces severe symptoms and elevated
levels of virus accumulation in sgs3 and rdr6 compared with
those in wild-type Col-0 (Wang et al., 2011). Inoculation of CMV-
A2b to rdr6 and sgs3 indeed caused severe symptoms (Figure
6A). RNA gel blot analysis showed that the levels of CMV-A2b
genomic and subgenomic RNA in rdr6 and sgs3 plants were ~5
to 11 times higher compared with those in GUS transformants
(Figure 6B). Inoculation of CMV-A2b to TGBp1 transformants
caused even more severe symptoms than those in rdr6 and sgs3
mutants (Figure 6A). Accordingly, the accumulations of CMV-A2b
RNA were ~12 to 38 times higher in TGBp1 transformants com-
pared with those in GUS transformants (Figure 6B). These data
indicated that the TGBp1 transformants showed enhanced sus-
ceptibility to CMV-A2b, similar to that observed in the rdr6 and
sgs3 mutants. This suggested that TGBp1 suppresses antiviral
RNA silencing by inhibiting the functions of SGS3 and RDR6.

DISCUSSION

In this study, we show that potexviral TGBp1, a well-known VSR,
interferes with dsRNA synthesis by interacting with and aggre-
gating SGS3/RDR6 bodies. So far, siRNA binding and AGO1 in-
activation have been regarded as general means to suppress
RNA silencing. Inhibition of dsRNA synthesis and subsequent
secondary siRNA synthesis can be another candidate for the
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Figure 5. TGBp1 Forms Homooligomers.

(A) Immunoblot analysis of fractionated proteins extracted from N. benthamiana leaves transiently expressing TGBp1. Total proteins extracted from
agroinfiltrated leaves at 3 d after inoculation were subjected to ultracentrifugation at 30,000g for 30 min to obtain the insoluble protein fraction (P30) and
the soluble protein fraction (S30) and were analyzed by immunoblotting using anti-TGBp1 antibody. Coomassie Brilliant Blue (CBB) staining is shown as

a loading control.

(B) Immunoblot analysis of TGBp1 mutants. Total proteins extracted from agroinfiltrated leaves were analyzed by immunoblotting using anti-TGBp1

antibody. Coomassie blue staining is shown as a loading control.

(C) Quantification of each band representing monomers (25 kD), dimers (50 kD), and trimers (75 kD) in (B) by ImagedJ software version 1.40. The bars
show accumulation levels relative to the monomer of each TGBp1 mutant.

general strategy employed by VSRs, because some VSRs have
been supposed to be involved in that pathway. p2 of rice stripe
tenuivirus and p6 of rice yellow stunt rhabdovirus interacted with
SGS3 and RDR6, respectively (Du et al., 2011; Guo et al., 2013).
V2 encoded by tomato yellow leaf curl geminivirus also interacted
with and colocalized with SGS3 (Glick et al., 2008). However, in
another study, V2 interacted with dsRNA to prevent SGS3 from
accessing its substrate (Fukunaga and Doudna, 2009). In addi-
tion, cauliflower mosaic virus transactivator (CaMV TAV) interferes
with DCL4 to perturb secondary siRNA synthesis (Shivaprasad
et al., 2008). Thus, some VSRs seem to inhibit dsRNA and sec-
ondary siRNA synthesis, but biological characterization of their
functions is still limited. Here, we characterized the molecular
mechanism of TGBp1 to suppress dsRNA synthesis. The 5’ rapid
amplification of cDNA ends, RNA gel blot analysis, and RNase
protection assays presented clear evidence that TGBp1 blocks
dsRNA synthesis (Figure 2). This result was supported by the
biological evidence that CMV-A2b accumulation was elevated in
TGBp1 transgenic plants, indicating that TGBp1 suppresses
dsRNA synthesis to enhance viral infectivity (Figure 6). Further
immunoprecipitation assays and microscopy observations re-
vealed that TGBp1 interacts with both SGS3 and RDR6 and
coaggregates and enwraps SGS3/RDR6 bodies (Figures 3, 4,
and 7). These findings will advance our understanding of the
molecular functions of VSRs that suppresses dsRNA synthesis
in host antiviral RNA silencing to enhance viral infectivity.

We found that the TGBp1 transgenic Arabidopsis plants show
noticeable developmental abnormalities, such as downward curling
of leaf margins. To date, some VSRs have been shown to interfere

with (as a side effect) endogenous RNA silencing pathways, which
is probably due to sharing of common factors between antiviral
and endogenous RNA silencing pathways (Kasschau et al., 2003;
Chapman et al., 2004; Dunoyer et al., 2004; Zhang et al., 2006;
Moissiard et al., 2007). For example, transgenic expression of CMV
2b, which inhibits AGO1 cleavage activity to block endogenous
miRNA pathways, leads to developmental abnormalities similar to
those of dcl1, hyl1, se, and ago? mutants defective in the miRNA
pathway. Similarly, the phenotypes displayed on TGBp1 trans-
genic plants resembled those of tasiRNA mutants, another class of
endogenous plant sSRNAs (sgs3, rdr6, dcl4, and ago?) (Figure 1A).
Indeed, in the TGBp1 transgenic plants, the levels of tasiRNA were
significantly reduced (Figure 1C; Supplemental Table 2), and the
levels of tasiRNA target mRNA increased (Figure 1D). Although
previous reports have indicated that PVX-TGBp1 transformants
do not exhibit any visible developmental abnormalities (Dunoyer
et al., 2004), this may be due to the low level of suppressor activity
of PVX TGBp1 (Senshu et al., 2009).

We showed that silencing suppression by TGBp1 is dependent
not only on interaction with SGS3/RDR6 but also its homo-
oligomerization. All TGBp1 mutants incapable of oligomerization
could not aggregate SGS3/RDR6 bodies, indicating that TGBp1
oligomerization is required for the aggregation of SGS3/RDR6
bodies (Supplemental Table 3). However, TGBp19,, could not
form homooligomers; therefore, it could not aggregate SGS3/RDR6
bodies, but it still retained the interaction with SGS3. TGBp11gpa
showed a partial silencing suppression activity, indicating that
both interaction with SGS3 and oligomerization are required for
TGBp1 to exhibit the intact silencing suppression activity.
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Figure 6. TGBp1 Increases the Accumulation Level of the 2b Deletion
Mutant of CMV.

(A) Symptoms of Arabidopsis plants (GUS transformants, the TGBp1
transgenic lines 1F and 7A, and the rdr6 and sgs3 mutants) infected with
CMV-A2b. Plants were mechanically inoculated using sap from CMV-
A2b-infected N. benthamiana leaves and photographed 3 weeks after
inoculation.

(B) RNA gel blot analysis of CMV-A2b RNAs in the plants shown in (A)
using a DIG-labeled RNA probe specific for the 3’ untranslated region
conserved in all four CMV RNAs. rRNA was used as the loading control.
The numbers below each lane show average signal intensities of RNA1,
RNA2, and RNAS3 relative to the GUS transformants.

RNA Silencing Suppression Mechanism by TGBp1 2177

Coimmunoprecipitation immunoblot assays demonstrated that
TGBp1 interacts with SGS3 and RDR6. Moreover, the interaction
between TGBp1 and SGS3 was confirmed using BiFC analysis.
The reason that we could not detect the interaction of TGBp1 with
RDR6 using the BiFC assay could be due to the low expression
level of RDR®. It is possible that Agrobacterium tumefaciens—
mediated transient expression of RDR6, a factor involved in
transgene-induced RNA silencing, may lead to unexpectedly
strong RNA silencing against RDR6 itself (Vaucheret, 2006).
However, both of these interactions may not necessarily be di-
rect, since SGS3 and RDR6 are known to interact with each
other (Kumakura et al., 2009).

The amplification of RNA silencing plays an important role in
antiviral defense. Indeed, the accumulation of some plant viruses
is markedly increased in sgs3 and rdr6 mutants (Garcia-Ruiz
et al., 2010; Wang et al., 2011). Although increased accumulation

SGS3/RDR6-body

Figure 7. A Model Explaining the Mechanism of RNA Silencing Inhibition
Mediated by TGBp1.

TGBp1 inhibits dsRNA synthesis by interacting with RDR6 and SGS3,
which are localized to SGS3/RDR6 bodies dispersed in the cytoplasm,
and by forming the aggregates with SGS3/RDR6 bodies as a result of its
ability to form homooligomers.
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of CMV-A2b is expected to generate larger amounts of dsRNA
replicative intermediates, the accumulation of total vsiRNA of
CMYV was significantly decreased in sgs3 and rdr6 plants. This
suggests that the vast majority of vsiRNAs accumulating in
CMV-A2b-infected wild-type plants are secondary, not primary,
vsiRNAs, which were produced by SGS3/RDR6 (Wang et al.,
2011). In this study, we showed that the level of CMV-A2b RNA in
TGBp1 transformants was significantly higher compared with that
in GUS transformants (Figure 6). This revealed that TGBp1 pro-
motes virus infection, possibly by preventing the amplification of
RNA silencing against viral RNA.

Thus, we showed that both the interaction of TGBp1 and
SGS3/RDR6 and the coaggregation of SGS3/RDR6 bodies by
TGBp1 have important roles for the inhibition of dsRNA synthesis
by TGBp1. However, we detected 5’ and 3’ cleaved products of
TAS2 and TAS3 precursors in TGBp1 transformants by RLM-5’
RACE assay and RNA gel blot analysis (Figure 4B; Supplemental
Figure 2). Since SGS3 has been shown to interact with 5’ and
3’ cleaved products of TAS1 and TAS2 and to stabilize them
(Yoshikawa et al., 2005), detection of 5’ and 3’ cleaved RNA of
TAS precursors in TGBp1 transformants may indicate that SGS3
still has a partial function to protect the 5’ and 3’ cleaved product
of TAS precursor RNA from degradation in the presence of
TGBp1. Therefore, TGBp1 may have some additional role(s) to
inactivate components or reactions downstream from SGS3 for
the inhibition of dsRNA synthesis, and the aggregation of SGS3/
RDR6 bodies may facilitate these roles.

One hypothesis for TGBp1’s additional function is that since
TGBp1 of potexviruses contains a set of seven conserved heli-
case motifs and has unwinding activity on partially duplexed RNA
in vitro (Kalinina et al., 2002), this RNA helicase activity of TGBp1
may be associated with the inhibition of dsRNA synthesis. It is
attractive to think that TGBp1 may interact physically with and
unwind the dsRNA synthesized by SGS3/RDR6 immediately after
their synthesis. The unwinding of dsRNA was suggested in studies
of SDES3, an RNA helicase-like protein identified as a factor re-
quired for RNA silencing (Dalmay et al., 2000, 2001). SDE3 is
involved in antiviral silencing and the spread of RNA silencing
by facilitating the amplification of RNA silencing by unwinding
dsRNA synthesized by RDR6 and interacting with AGO1 or
AGO2 to provide additional sets of aberrant RNA templates to
RDR6 (Himber et al., 2003; Garcia et al., 2012), although SDES3 is
not involved in the tasiRNA pathway (Vazquez et al., 2004). It will
be intriguing to examine whether TGBp1 competes with the activity
of SDES.

Another scenario is that TGBp1 may inhibit RNA transfer from
SGS3/RDR6 bodies. In the current model, the dsRNAs synthe-
sized by SGS3/RDR6 are also transported from SGS3/RDR6
bodies into the nucleus (Kumakura et al., 2009; Jouannet et al.,
2012). Since SDE5 encodes a putative RNA export protein re-
quired for the sense transgene-induced RNA silencing (S-RNAI)
and tasiRNA pathways, but not for the inverted repeat transgene-
induced RNA silencing (IR-RNAI), similar to SGS3 and RDR6
(Hernandez-Pinzon et al., 2007; Jauvion et al., 2010), SDE5 may
play a role in RNA transport in conjunction with SGS3 and RDR6,
although it remains unknown whether SDE5 participates in the
export of RNA from the nucleus to the cytoplasm or import from
the cytoplasm to the nucleus (Jauvion et al., 2010). Therefore,

TGBp1 may interfere with the role of SDE5 to transport RNAs
required for the amplification phase of RNA silencing.

A recent study suggested that PVX-TGBp1 interacts with
AGO1 and leads to its degradation via a proteasome-dependent
pathway (Chiu et al., 2010). Although we have not investigated
whether PIAMV-TGBp1 interacts with AGO1, we showed that
the TAS2 primary transcript was normally cleaved in the PIAMV-
TGBp1 transformants (Figure 2B, lanes 3 to 5; Supplemental
Figure 2), suggesting that PIAMV-TGBp1 does not significantly
inhibit the slicing activity of AGO1. Moreover, unlike other VSRs
that target AGO1, transgenic expression of PVX TGBp1 in plants
neither induced developmental abnormalities nor exerted any
noticeable effect on miRNA accumulation (Dunoyer et al., 2004;
Moissiard et al., 2007). However, it is possible that TGBp1 of
potexviruses targets multiple components in the antiviral RNA
silencing pathway like CymRSV p19 and CMV 2b (Burgyan and
Havelda, 2011), and AGO1 inactivation by PVX TGBp1 may not
be sufficient to produce ago? phenotypes.

In support of the notion that TGBp1 may have multiple targets,
we showed that the levels of CMV-A2b in TGBp1 transformants
were much higher compared with those in the sgs3 and rdr6
mutants (Figure 6B). This indicates that TGBp1 may target other
components of RNA silencing, such as AGO1, AGO2, DCL2,
and DCL4. Moreover, miR822 is a DCL4-dependent miRNA
(Rajagopalan et al., 2006). The accumulation of miR822 was sig-
nificantly reduced in TGBp1 transformants compared with that in
GUS transformants (Supplemental Data Set 1). Therefore, it is
possible that TGBp1 has another role, to interfere with DCL4,
similar to CaMV TAV (Shivaprasad et al., 2008), in addition to the
inhibition of dsRNA synthesis.

In this study, we revealed that TGBp1 oligomers were detected
in the soluble fraction by subcellular fractionation while the in-
soluble membrane-associated fraction consisted only of TGBp1
monomers (Figure 5A). This result suggested the existence of at
least two distinct pools of TGBp1, one composed of homo-
oligomers, likely to suppress RNA silencing in the cytoplasm,
and the other predominantly consisting of monomers, likely to
be involved in other aspects of viral infection, such as cell-to-cell
movement through plasmodesmata (Figure 4D; Supplemental
Figures 4A to 4C). This feature may be analogous to the case of
the 130-kD replication protein (130K) of tomato mosaic tobamovirus
(ToMV), which also functions as a VSR (Hagiwara-Komoda et al.,
2008). While the membrane-associated form of 130K is involved
in viral replication, the residual soluble form of 130K suppresses
RNA silencing in the cytoplasm (Nishikiori et al., 2006). Since
ToMV 130K has been suggested to possess optimal affinity with
membrane to maintain balanced accumulation of its membrane-
bound form and soluble form, TGBp1 may be properly regulated
to promote efficient viral propagation.

The aggregates composed of TGBp1 and SGS3/RDR6 bodies
observed in this study closely resemble amorphous inclusion
bodies, induced by PVX infection and localized next to the nu-
cleus (Figures 4F to 4K; Tilsner et al., 2012). The inclusion body
was reported to include PVX TGBp1 aggregates surrounded by
recruited host actin, endoplasmic reticulum, and Golgi apparatus.
Moreover, the inclusion body included viral replicase and non-
encapsidated viral RNA incorporated within TGBp2/3-containing
endoplasmic reticulum—derived granular vesicles, suggesting that
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the inclusion body is a highly organized virus replication “factory.”
Since characteristics of the inclusion body, such as its size and
shape, agree with those of PIAMV-TGBp1 aggregates with SGS3/
RDR6 bodies, inclusion bodies formed within infected cells
by potexviruses may include SGS3/RDR6 as well as viral RNA,
replicase, TGBps, and other host components required for viral
replication and movement.

The inhibition of dsRNA synthesis observed in this study
might be a general strategy of RNA silencing suppression. TGBp1
suppresses S-RNAi but not IR-RNAI (Senshu et al., 2009). This is
consistent with the finding that TGBp1 inactivates SGS3/RDR6-
mediated dsRNA synthesis because SGS3 and RDR6 are only
involved in S-RNAI, but AGO1 and DCL4 are involved in both
S-RNAi and IR-RNAI. Several examples of VSRs, such as p69
encoded by turnip yellow mosaic tymovirus and NSs encoded by
tomato spotted wilt tospovirus, suppress S-RNAi but not IR-RNAI,
suggesting that these VSRs may target SGS3 and/or RDR6
(Takeda et al., 2002; Chen et al., 2004). Such suppression of SGS3/
RDR6-mediated dsRNA synthesis resulting in the production of
secondary siRNAs may be beneficial for plant virus infection.

Furthermore, amplification of RNA silencing by RDR6 has been
implicated in the spread of an RNA silencing signal (Schwach
et al., 2005). This signal is supposed to prime the antiviral RNA
silencing in surrounding naive cells ahead of the viral infection
front. Hence, the ampilification of RNA silencing by RDR6 is also
important in terms of inhibiting virus movement, suggesting that
inhibition of this process may have a significant beneficial effect
on plant viruses. Therefore, VSRs that prevent the systemic spread
of RNA silencing, such as TGBp1 of potato carlavirus M, p50 of
apple chlorotic leaf spot trichovirus, and the coat protein of citrus
tristeza closterovirus, may also inhibit the function of SGS3/RDR6
(Lu et al., 2004; Yaegashi et al., 2007; Senshu et al., 2011). Future
studies will make it clear whether these VSRs actually suppress the
activities of SGS3 and/or RDRG, thereby inhibiting the ampilification
of RNA silencing, to facilitate the escape of plant viruses from
secondary siRNAs in both replicating and newly entered cells.

Targeting of SGS3/RDR6 may have an additional beneficial
effect on plant viruses, namely, very mild developmental defects
in host plants (Figure 1A). In contrast, VSRs targeting sRNAs or
AGO1 induce severe developmental defects, similar to those ob-
served in the ago? mutant (Figure 1A; Chapman et al., 2004;
Dunoyer et al., 2004; Zhang et al., 2006). Because viruses are ob-
ligate parasites and rely aimost entirely on the host cell machinery,
severe developmental perturbations by a VSR may not be advan-
tageous to the virus. In support of this hypothesis, a large number
of plant viruses infect their host plants latently or with very mild
symptoms. Taken together, targeting of SGS3/RDR6, which plays
an important role in antiviral defense but has relatively few effects
on plant development, could be highly advantageous for viruses.

METHODS

Plant Materials

Seeds of Arabidopsis thaliana mutants sgs3-117 (CS24289), rdr6-11 (CS24285),
dcl4-2e (CS6954), zip-1 (which has a defect in AGO7) (CS24281), and dcl71-9
(CS3828) were provided by the ABRC. Arabidopsis and Nicotiana ben-
thamiana plants were grown in growth chambers under 16-h-light/8-h-dark
conditions at 23 and 25°C, respectively.
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Plasmid Construction

All primers used in this study are listed in Supplemental Table 4.
pCAMBIA1301-PIAMV-TGBp1, a binary vector expressing PIAMV-TGBp1,
was described previously (Senshu et al., 2009). To generate binary vectors
expressing TGBp1 mutants, we introduced mutations into pPCAMBIA1301-
PIAMV-TGBp1 by performing recombinant PCR using sets of two partially
complementary primers: PITGBp1AKT-F and PITGBp1AKT-R, PITGBp1E92A-
F and PITGBp1E92A-R, PITGBp1P110L-F and PITGBp1P110L-R, and
PITGBp1T192A-F and PITGBp1T192A-R for CAMBIA1301-PIAMV-TGBp1 o«
-TGBp1ggon, -TGBP1py1, @nd -TGBp1gpa, respectively.

To construct epitope-tagged expression vectors, we used LR Clonase
(Invitrogen) reaction-mediated recombination into pEarleyGate vectors
(Earley et al., 2006). The GUS fragment was amplified from pCAMBIA1301
using the primers ENTA-GUS-F and ENTA-GUS-R. PIAMV-TGBp1 and
derivatives were amplified from the pCAMBIA1301-based TGBp1 expres-
sion vectors described above using primers ENTA-TGBp1-F and ENTA-
TGBp1-R. SGS3, RDR6, and PDLP cDNA was amplified from Arabidopsis
Col-0 total RNA using the primers ENTA-SGS3-F and ENTA-SGS3-R,
ENTA-RDR6-F and ENTA-RDR6-R, and ENTA-PDLP-F and ENTA-PDLP-R,
respectively. The PCR-amplified fragments were cloned into the entry vector
pPENTA (Himeno et al., 2010) to generate pENTA-GUS, -TGBp1, -TGBp1 s«
-TGBp1ggon ~-TGBP1p11gL, ~-TGBP1 11924, ~SGS3, -RDR6G, and -PDLP. pENTA-
GUS, -TGBp1, -SGS3, and -RDR6 were recombined using the LR Clonase
reaction into pEarleyGate202 to generate the binary vectors pEarley-GUS-
FLAG, -TGBp1-FLAG, -SGS3-FLAG, and -RDR6-FLAG, respectively. Sim-
ilarly, pPENTR-GUS, -TGBp1, -SGS3, and -RDR6 were recombined into
pEarleyGateC3myc, a pEarleyGate-based vector modified to express triple
c-myc-tagged proteins, to generate pEarley-GUS-myc, -TGBp1-myc,
-SGS3-myc, and -RDR6-myc, respectively.

To construct vectors for fluorescence microscopy, we also used LR
Clonase reaction-based recombination. pENTA-TGBp1 and -SGS3 were
recombined into pEarleyGateCBiFCN, a pEarleyGate-based vector modified
to express proteins fused to the N-terminal half of YFP at their C terminus,
to generate pEarley-TGBp1-YFPN and -SGS3-YFPN, respectively. pENTA-
TGBp1, -TGBp1 skt -TGBp1ggon, -TGBP1pi1o, ~TGBP11g0a, -SGS3, and
-RDR6 were recombined into pEarleyGateCBiFCC, a vector modified to
express proteins fused to the C-terminal half of YFP at their C terminus, to
generate pEarley-TGBp1-YFPC, -TGBp1,-YFPC, -TGBplgga-YFPC,
-TGBp1py1g-YFPC, -TGBp14g0-YFPC, -SGS3-YFPC, and -RDR6-YFPC,
respectively. pENTA-TGBp1, -TGBp1xr, -TGBp1gga, -TGBp1pi1o, and
-TGBp114g4 Were recombined into pEarleyGate102 (Earley et al., 2006)
to generate pEarley-TGBp1-CFP, -TGBp1,x-CFP, -TGBp1gg,n-CFP,
-TGBp1py19.-CFP, and -TGBp114g4-CFP, respectively. pENTA-SGS3,
-RDR6, and -PDLP were recombined into pEarleyGate101 to generate
pEarley-SGS3-YFP, -RDR6-YFP, and -PDLP-YFP, respectively.

To generate CMV-A2b, infectious full-length cDNA clones of the CMV-
Y strain under the control of the 35S promoter sequences were modified
as described previously (Wang et al., 2011).

Plant Transformation and Agroinfiltration

Arabidopsis Col-0 plants were transformed with Agrobacterium tumefaciens
EHA105 carrying pCAMBIA1301 and pCAMBIA1301-PIAMV-TGBp1 to
generate GUS and TGBp1 transformants, respectively, using a floral dip
method as described previously (Yamaiji et al., 2012). Agroinfiltration was
performed as described elsewhere (Senshu et al., 2009).

RNA Isolation and Detection

RNA isolation and RNA gel blot analysis of sSRNAs and mRNAs were
performed as described previously (Senshu et al., 2009). Digoxigenin
(DIG)-labeled RNA probes corresponding to nucleotides 180 to 767 of
TAS2 (At2g39680) and nucleotides 58 to 863 of TAS3 (At3g17185) were
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used to detect TAS2 tasiRNA and TAS3 tasiRNA, respectively. The se-
quences of DIG-labeled cDNA probes to detect miR173 and miR171 were
as follows: miR173, 5'-GTGATTTCTCTCTGCAAGCGAA-3’; and miR171,
5'-GATATTGGCGCGGCTCAATCA-3'. The probe for TAS2 tasiRNA was
also used to detect TAS2 precursor complementary RNA. A DIG-labeled
RNA probe corresponding to the 3’ terminal 240 nucleotides of CMV
RNA2 was used to detect the four CMV RNAs. The primary TAS2 tran-
script and its cleavage products were detected from total RNAs of flowers
using a DIG-labeled RNA probe corresponding to nucleotides 128 to 934
of TAS2 as described previously (Yoshikawa et al., 2013).

Quantitative real-time PCR was performed as described previously
(Komatsu et al., 2010). The primers used to detect PPR (At1963130), ARF3
(At2g33860), and ACTIN2 (At3g18780) mRNAs are listed in Supplemental
Table 4.

RLM-5" RACE and RNase Protection Assay

The 3’ cleavage products of the primary TAS transcripts were detected by
RLM-5" RACE using the GeneRacer kit (Invitrogen) following the manu-
facturer’s instructions. Total RNA (5 ng) from Arabidopsis plants treated
with DNase | was ligated to an RNA oligo adaptor using T4 RNA ligase and
reverse-transcribed using oligo(dT) primers to synthesize cDNA. The
resultant cDNA pool was used as a template for PCR using GeneRacer 5’
primer and TAS2-767R or TAS3-931R and was again PCR-amplified
using GeneRacer 5’ nested primer and TAS2-725R or TAS3-910R primer
(Supplemental Table 4). Amplified fragments were electrophoresed on
a native 4% polyacrylamide gel and stained with ethidium bromide.
The dsRNAs of TAS2 and TAS3 precursor RNAs were analyzed using
the RNase protection assay. Total RNA (5 wg) from Arabidopsis plants
treated with DNase | was incubated with appropriate concentrations of
RNase ONE Ribonuclease (Promega) for 1 h at 37°C. RNase-treated RNA
was reverse-transcribed with random primer (N)9 and amplified by PCR
with primers TAS2-450F and TAS2-570R for TAS2 and TAS3-704F and
TAS3-841R for TAS3 (Supplemental Table 4). Amplified fragments were
electrophoresed on a 3% agarose gel and stained with ethidium bromide.

Immunoblot Analysis and Immunoprecipitation

Protein extraction and immunoblot analysis were performed as described
previously (Senshu et al., 2009). To prepare antibody against TGBp1,
hexahistidine-tagged TGBp1 was expressed in Escherichia coli and purified
as described previously (Yamaji et al., 2006). Polyclonal antibody against
TGBp1 was raised in a rabbit using the purified protein as antigen.

For immunoprecipitation, 6 mL of total proteins was mixed with 150 p.L of
anti-FLAG M2 affinity gel (50% suspension; Sigma-Aldrich). After an over-
night incubation, the resin was washed 10 times with PBS containing 0.05%
Tween 20 and eluted in 750 p.L of PBS containing 0.05% Tween 20 and 150
rg/mL 3X FLAG peptide (Sigma-Aldrich). Mouse monoclonal antibody to the
FLAG peptide tag (clone M2) and rabbit polyclonal anti-c-myc antibody were
obtained from Sigma-Aldrich and Cell Signaling Technology, respectively.

Fluorescence Microscopy

Confocal laser scanning microscopy analysis to detect CFP and YFP was
performed as described previously (Senshu et al., 2011). For the BiFC
assay, Agrobacterium tumefaciens culture with a binary vector expressing
YFPN-tagged protein and a vector expressing YFPC-tagged protein was
infiltrated into N. benthamiana leaves. Leaves were analyzed with con-
focal laser scanning microscopy to observe YFP fluorescence.

Construction of sRNA Libraries and Deep Sequencing

Construction of sRNA libraries and deep sequencing were performed
according to the lllumina version 1.5 preparation kit protocol. Briefly,

sRNAs (18 to 30 nucleotides) were purified from 5 pg of total RNA using
PAGE. RNA adaptors were then ligated to the sSRNAs followed by reverse
transcription into cDNA. These cDNAs were amplified by 12 cycles of PCR
and subjected to lllumina sequencing.

The sRNA reads were generated from lllumina Genome Analyzer lIx
analysis using the lllumina Sequencing Kit version 4. After removing the
adaptor sequences, the sequence data were preprocessed to remove
low-quality reads including reads of <17 nucleotides and contaminating
sequences formed by adaptor-adaptor ligation. The quality-filtered reads
were aligned to the Arabidopsis genome allowing one mismatch using
Bowtie software (http://bowtie-bio.sourceforge.net/index.shtml), followed
by trimming of the last base at the 3’ end of unmapped reads and sec-
ondary alignment using the same parameters. This procedure was re-
peated until the length of unmapped reads was 17 nucleotides. Only reads
that aligned to at most 29 positions in the genome were used in the fol-
lowing procedure. The mapped sRNAs were annotated with reference to
miRBase (version 16; http://www.mirbase.org) for miRNA sequences and
Ensembl Plants (http://plants.ensembl.org/index.html) for rRNA, tRNA,
small nuclear RNA, small nucleolar RNA, and miscellaneous RNA sequences.
All read counts were normalized to adjust for differences in library size and
coverage to reads per kilobase of the exon model per million mapped reads
(RPKM) according to the total read count in each library.

Accession Numbers

sRNA sequence data sets were deposited at the DNA Database of
Japan (http://www.ddbj.nig.ac.jp/index-e.html) under accession num-
ber DRA001183.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Size Distribution of Arabidopsis sRNAs in the
GUS and the TGBp1 Transformants.

Supplemental Figure 2. RNA Gel Blot Analysis to Detect the Primary
TAS2 Transcript and Its Cleavage Products.

Supplemental Figure 3. Confocal Laser Scanning Microscopy Ob-
servation of RDR6.

Supplemental Figure 4. Subcellular Localizations of SGS3, TGBp1,
and TGBp1 Mutants.

Supplemental Table 1. RPKM Value of sRNA Reads Mapped to the
Arabidopsis Genome.

Supplemental Table 2. Comparison of RPKM Values of tasiRNAs
from the GUS and TGBp1 Transformant sRNA Libraries.

Supplemental Table 3. Characteristics of TGBp1 Mutants Used in
This Study.

Supplemental Table 4. Primers Used in This Study.

Supplemental Data Set 1. Comparison of RPKM Value of Known
miRNAs from the GUS and TGBp1 Transformant sRNA Libraries.
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