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Endogenous eukaryotic RNA-dependent RNA polymerases (RDRs) produce double-stranded RNA intermediates in

diverse processes of small RNA synthesis in RNA silencing pathways. RDR6 is required in plants for posttranscriptional

gene silencing induced by sense transgenes (S-PTGS) and has an important role in amplification of antiviral silencing.

Whereas RDR1 is also involved in antiviral defense in plants, this does not necessarily proceed through triggering

silencing. In this study, we show that Nicotiana benthamiana transformed with RDR1 from Nicotiana tabacum (Nt-RDR1

plants) exhibits hypersusceptibility to Plum pox potyvirus and other viruses, resembling RDR6-silenced (RDR6i)

N. benthamiana. Analysis of transient induction of RNA silencing in N. benthamiana Nt-RDR1 and RDR6i plants revealed

that Nt-RDR1 possesses silencing suppression activity. We found that Nt-RDR1 does not interfere with RDR6-dependent

siRNA accumulation but turns out to suppress RDR6-dependent S-PTGS. Our results, together with previously published

data, suggest that RDR1 might have a dual role, contributing, on one hand, to salicylic acid–mediated antiviral defense,

and suppressing, on the other hand, the RDR6-mediated antiviral RNA silencing. We propose a scenario in which the

natural loss-of-function variant of RDR1 in N. benthamiana may be the outcome of selective pressure to maintain a high

RDR6-dependent antiviral defense, which would be required to face the hypersensitivity of this plant to a large number

of viruses.

INTRODUCTION

Most eukaryotes possess an RNA silencing system that is

mediated by small RNAs of 21 to 24 nucleotides in length. RNA

silencing provides sequence-specific degradation or transla-

tional repression of target RNA and eliminates RNAs that are

sensed as aberrant through direct recognition or formation of

double-stranded RNA (dsRNA) (Baulcombe, 2004, 2005). In

plants as well as the nematode Caenorhabditis elegans, RNA

silencing, which is initiatedwith small amounts of initiator dsRNA,

involves an amplification process that requires RNA-directed

RNA polymerases (RDRs) for persistent silencing (Baulcombe,

2007). In plants, the initiator dsRNAs are processed by Dicer-like

proteins to produce small interfering RNAs (siRNAs). These

primary siRNAs bind to the Argonaute (AGO)-containing RNA-

induced silencing complex (RISC) that cleaves targeted RNA.

The cleaved RNA then recruits RDR to generate more dsRNA

from regions surrounding the primary trigger sequence, pro-

ducing secondary siRNAs (Axtell et al., 2006). One of the six

Arabidopsis thaliana RDRs, At-RDR6, has been shown to be

indispensable in transitive RNA silencing for producing endog-

enous trans-acting siRNAs (tasiRNAs) from a cleaved RNA (Allen

et al., 2005; Yoshikawa et al., 2005). RDR6 was also found to be

essential for sense transgene-induced posttranscriptional gene

silencing (S-PTGS), but it is not required for inverted repeat

dsRNA-induced PTGS (IR-PTGS) (Dalmay et al., 2000; Mourrain

et al., 2000; Vance and Vaucheret, 2001; Vaistij et al., 2002;

Parizotto et al., 2004).

In addition to transitive silencing of single-stranded RNA,

plant RDR6 is also required for spreading silencing through the

plant. This occurs via amplification of secondary siRNAs and

their movement from the original site of silencing via cell-to-cell

and systemic transport (Voinnet et al., 2000; Klahre et al., 2002;

Himber et al., 2003; Voinnet, 2005). This RDR6-dependent

amplification and systemic spread of silencing is a crucial

step toward achieving an efficient antiviral defense response in

plants. In many cases, restriction of virus movement, rather

than inability of the virus to replicate within cells, is responsible
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for host range limitations and such is the case with RNA

silencing–mediated plant defense (Baulcombe, 2004; Alamillo

et al., 2006). At-RDR6 is implicated in defense against Cucum-

ber mosaic cucumovirus (CMV) (Dalmay et al., 2000; Mourrain

et al., 2000). The RDR6 homolog in Nicotiana benthamiana

(Nb-RDR6) has been determined to have effects on the silenc-

ing signal during Potato potexvirus X (PVX) infection, such

that the systemic spread of PVX is limited (Schwach et al.,

2005).

RDR1 was found to be involved in separate but overlapping

viral resistance and PTGS mechanisms in plants. At-RDR1 and

Nt-RDR1 (the Nicotiana tabacum ortholog of At-RDR1) both are

elicited by salicylic acid (SA) treatment and virus infection, and

they influence susceptibility to Tobacco mosaic tobamovirus

(TMV) and Tobacco rattle virus (TRV) in Arabidopsis (Yu et al.,

2003) and to TMV and PVX in tobacco (Xie et al., 2001). Although

it has been suggested that At-RDR1’s role in the activation of

antiviral defenses is not through triggering virus-induced gene

silencing (VIGS) (Yu et al., 2003), a recent study using siRNA

deep sequencing revealed that At-RDR1 plays an important role

in the biogenesis of TMV siRNAs (Qi et al., 2009). At-RDR1–

dependent production of CMV siRNAs has also been foundwhen

the silencing suppressor of CMV is absent (Diaz-Pendon et al.,

2007).

N. benthamiana has an RDR1 gene that contains a 72-

nucleotide insert with consecutive in-frame stop codons in the

59 half of the RDR1 open reading frame. This natural loss-

of-function mutation was named Nb-RdRP1m (also called

Nb-RDR1m) (Yang et al., 2004). N. benthamiana transformed

with an SA-inducible RDR1 gene from Medicago truncatula

(Mt-RDR1) showed enhanced resistance to tobamoviruses

(e.g., TMV, Turnip vein-clearing virus [TVCV], and Sunn hemp

mosaic virus [SHMV]) but not to other viruses, such as CMV and

PVX (Yang et al., 2004). It has been suggested that the extreme

susceptibility of N. benthamiana to a wide range of viruses

(van Dijk and Huismans, 1987; van Dijk et al., 1987; Dawson and

Hilf, 1992) is because it lacks an SA- and virus-inducible

RDR1 (Yang et al., 2004).

In this study, N. benthamiana transformed with RDR1 from

N. tabacum (Nt-RDR1 plants) exhibited hypersusceptibility to

Plum pox potyvirus (PPV) in systemically infected leaves, re-

sembling PPV-infected RDR6-silencedN. benthamiana (RDR6i)

plants. Analysis of transient induction of RNA silencing in

N. benthamiana wild-type, Nt-RDR1, and RDR6i plants re-

vealed that Nt-RDR1 (1) possesses silencing suppressor activ-

ity and (2) suppresses RDR6-dependent S-PTGS, but (3) does

not interfere with RDR6-dependent siRNA and tasiRNA accu-

mulation. Our results suggest that RDR6-dependent antiviral

PTGS may be negatively regulated by functional RDR1 and that

the natural variant of RDR1 in N. benthamiana may be the

outcome of the pressure of its extreme susceptibility to certain

viruses (van Dijk and Huismans, 1987; van Dijk et al., 1987;

Dawson and Hilf, 1992) to accomplish the RDR6-dependent

antiviral defense successfully. The various possible mecha-

nisms by which Mt-RDR1 (Yang et al., 2004) and Nt-RDR1 (this

study) mediate viral resistance in N. benthamiana are dis-

cussed, as are the different effects of RDR1 in N. tabacum

and N. benthamiana.

RESULTS

Constitutive or Induced Expression of N. tabacum RDR1 in

N. benthamiana Results in Hypersusceptibility to

PPV Infection

N. benthamiana containing the natural loss-of-function mutation

Nb-RDR1m (Yang et al., 2004) was transformed with an RDR1

ortholog from N. tabacum (Nt-RDR1) fused to a myc-tag and

expressed under the control of the 35S promoter. Nt-RDR1 is

95 and 93% identical in nucleotide and amino acid sequence,

respectively, to Nb-RDR1m, not including the 72-nucleotide

insertion sequence (Yang et al., 2004). The accumulation of

myc-NtRDR1 protein in T1 progeny plants derived from eight

independent primary transformants that contained one or two

copies of the 35S-Myc-NtRDR1 DNA insert (see Supplemental

Figure 1 online) was detected with anti-c-myc antibody in six of

the eight lines (Figure 1A). The accumulation of myc-NtRDR1

RNA was detected in all eight lines at similar levels (Figure 2D).

Hereafter, the protein-expressing lines (lines 1 to 6) are referred

to as Nt-RDR1 plants, whereas the non-protein-expressing lines

(lines 7 and 8) are referred to as Nt-RDR1(-) plants. All transgenic

35S-NtRDR1 lines appeared normal by visual inspection.

To determine the effect of Nt-RDR1 expression in virus

infection, seven T1 plants from each transgenic line were

inoculated with PPV and green fluorescent protein (GFP)-

tagged PPV, a recombinant PPV encoding GFP (Alamillo

et al., 2006). Wild-typeN. benthamiana and vector-transformed

plants were used as controls. Similar striking chlorosis and

curling disease symptoms were observed in systemically in-

fected leaves of both wild-type and vector-transformed plants

infected with PPV or PPV-GFP, confirming that expression of

the GFP marker within the viral genome did not modify the

outcome of the infection (see Supplemental Figure 2 online)

(Alamillo et al., 2006). Systemic symptoms occurred mainly in

the four leaves above the inoculated ones but also reached

leaves further up, where virus accumulation was confirmed by

direct observation of GFP fluorescence (Figure 1B) and by RNA

gel blot analysis (Figure 1C). To our surprise, there was not

much difference between the inoculated leaves of the wild-type

plants and those of the transgenic Nt-RDR1 plants (Figure 1B,

inset). However, all Nt-RDR1 plants appeared to have stronger

GFP fluorescence in the noninoculated upper leaves (Figure 1B)

with higher levels of viral RNA [about 3 and 2 times that in the

wild-type and Nt-RDR1(-) plants at 10 d after inoculation [DAI]

and 28 DAI, respectively] (Figure 1C). The GFP fluorescence in

the lower systemically infected leaves of the Nt-RDR1 plants

was diffuse to agglomerate, whereas in wild-type and Nt-RDR1

(-) leaves at the same level, it was in small speckles (Figure 1B,

arrow). The upper systemically infected leaves of Nt-RDR1

plants were almost fully GFP fluorescent, while wild-type and

Nt-RDR1(-) leaves emerged with only a few areas of fluores-

cence (Figure 1B). The same results were obtained in three

independent experiments. These results ran counter to our

initial idea of using Nt-RDR1 in N. benthamiana to gain protec-

tion against PPV infection.

To determine whether the increased susceptibility to PPV

infection was due to the constitutive expression of Nt-RDR1 from
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Figure 1. Analysis of PPV Infection in the Transgenic N. benthamiana Plants Expressing Nt-RDR1.

(A) Protein immunoblot detection of myc-NtRDR1 with anti-c-myc antibody in pools of six T1 plants of different 35S-NtRDR1 and Pro-NtRDR1

transgenic lines. Wild-type N. benthamiana (Nb) was used as negative control.

(B) Wild-type control (Nb) or transgenic plants were inoculated with GFP-tagged PPV. Photographs were taken from line 1 and line 7 of 35S-NtRDR1

[each containing one copy of the 35S-Myc-NtRDR1 DNA insert, see Supplemental Figure 1 online, even though line 7, labeled 35S-NtRDR1(-), does not

express the transgenic protein] at 25 DAI (top panels) and line 1 of Pro-NtRDR1 at 18 DAI (bottom panels) under UV light to show the GFP expression

associated with PPV infection in systemically infected leaves. Local infected leaves were photographed at 4 DAI (insets in top panels).

(C) PPV RNA accumulation was examined at similar layers of systemically infected leaves of Nb, Pro-NtRDR1, and 35S-NtRDR1 collected at 10 and 28

DAI. Pools of six plants were analyzed for each plant line. Hybridization was done with a 32P-labeled PPV antisense cDNA probe. Methylene blue–

stained rRNA is shown as loading control. Quantification of PPV-GFP RNA relative to total RNA is shown at the right part of the panel. The value of Nb

was arbitrarily designated as 1.

(D) Protein immunoblot analysis with anti-c-myc antibody of myc-NtRDR1 induction in Pro-NtRDR1 plants after SA treatment or PPV infection. Pools of

four plants were analyzed for each time point. The result of representative line 3 was shown. Coomassie blue-stained total proteins are shown as loading

controls.
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the 35S promoter, the endogenous promoter from the natural

defective variant Nb-RDR1m was cloned to replace the 35S

promoter. Five individual transgenic lines (Pro-NtRDR1) were

obtained. All PPV-GFP–infected Pro-NtRDR1 plants (six plants

for each line in each assay, repeated more than three times)

showed less severe symptoms in newly emerged leaves and less

green fluorescence compared with the infected 35S-NtRDR1

plants but considerably stronger symptoms and fluores-

cence than the infected wild-type plants (Figure 1B). Viral

RNA accumulation was also about 2 to 3 times higher than

that in wild-type plants (Figure 1C). Protein immunoblots

showed that, regardless of the promoter, all transgenic lines

constitutively accumulated myc-NtRDR1 protein to compara-

ble levels (Figure 1A). To validate the Nb-RDR1m endogenous

promoter, which was shown to be induced by SA (Yang et al.,

2004), the induction of myc-NtRDR1 in Pro-NtRDR1 plants was

examined by application of SA and PPV infection. Figure 1D

shows that myc-NtRDR1 expression of representative line 3

was stimulated by SA treatment, reaching a maximum of;2.5-

fold at 24 h post-treatment (hpt), and it wasmaintained at a high

level up to 48 hpt. Myc-NtRDR1 was increased ;3.8-fold in

upper noninoculated PPV-infected leaves compared with

leaves at the same level in mock-inoculated plants at 20

DAI. There was a slight induction of myc-NtRDR1 at 8 hpt in

Figure 2. Analysis of PPV Infection in RDR6-Silenced (RDR6i) and SA-Deficient (NahG) Transgenic N. benthamiana Plants.

(A) GFP-tagged PPV was inoculated to wild-type (Nb), RDR6i, and NahG plants, and photographs were taken at 18 DAI under UV light to show the GFP

expression associated with PPV infection in systemically infected leaves.

(B) PPV-GFP RNA accumulation was examined at similar layers of systemic infected leaves of Nb, RDR6i, and NahG plants collected at 18 and 25 DAI.

The duplicated lanes are two pools of six plants. Hybridization was done as described in Figure 1C.

(C) Kinetics of induction of AOX-1 in response to PPV infection. Systemically infected leaves of Nb, NahG, and Pro-NtRDR1 transgenic plants infected

with PPV-GFP were collected at different days after inoculation. Pools of four plants were analyzed for each time point. The blot was probed for

accumulation of PPV RNA and AOX-1 transcripts using 32P-labeled specific cDNAs. Methylene blue–stained rRNA is shown as loading control.

(D) Detection of RDR1m, RDR2, and RDR6 mRNA accumulation in Nb, 35S-NtRDR1, and RDR6i plants. The RNA gel blots were probed for

accumulation of transgene Nt-RDR1 and endogenous RDR6 transcripts using 32P-labeled specific transcribed RNA. Pools of four plants were analyzed

for each plant line. Methylene blue–stained rRNA is shown as loading control. Quantitative real-time RT-PCR for the assessment of RDR1m, RDR2, and

RDR6 transcript levels in Nb and Pro-NtRDR1 plants were made on pools of four plants each. Error bars represent standard deviations for three

replicates. Relative transcript levels were calculated by the DDC(t) method (Livak and Schmittgen, 2001) using GAPDH transcripts (Schwach et al.,

2005) as the internal standard.
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35S-NtRDR1 plants in parallel SA treatment and no induction

with PPV infection assays (see Supplemental Figure 3 online).

These results suggest that the cloned Nb-RDR1m promoter

was correct and functional.

Thus, expression of Nt-RDR1 by either the 35S or the Nb-

RDR1m promoter in N. benthamiana enhanced systemic spread

of PPV-GFP, and this hypersusceptibility operated at the Nt-

RDR1 protein, rather than RNA, level.

The Hypersusceptibility to PPV-GFP in Nt-RDR1 Plants

Resembles That in RDR6i but Contrasts with the Normal

Susceptibility to PPV of NahG N. benthamiana Plants

To investigate whether the hypersusceptibility to PPV-GFP in

NtRDR1 plants results from interference with host RNA silencing

and/or SA-mediated defense pathway(s) that are known to

restrict the systemic spread of PPV in tobacco (Alamillo et al.,

2006), we performed the following experiments.

Nb-RDR6 has been shown to be required for the cell to

amplify the primary VIGS-derived signal to block systemic virus

spread (Schwach et al., 2005). RDR6iN. benthamiana plants, in

which Nb-RDR6 has been silenced by an RNA interference

(RNAi) hairpin construct (Schwach et al., 2005), were inoculated

with PPV-GFP. Inoculation was also performed in wild-type

plants as controls. Extensive green fluorescence and more

severe symptoms were observed in the systemically infected

leaves in RDR6i plants (Figure 2A) compared with those in the

infected wild-type plants, which displayed a few fluorescent

areas (Figure 2A), whereas there was no significant difference in

the GFP fluorescence of the inoculated leaves. Elevated viral

RNA levels, up to 4 to 6 times higher than those of infected wild-

type plants at 25 DAI, were detected in RDR6i plants (Figure

2B). These results indicate that RDR6 inhibits PPV systemic

spread.

Next, to examine whether the SA-mediated host defense

inhibits PPV systemic spread, N. benthamiana was transformed

with bacterial NahG, which encodes the SA-degrading enzyme

salicylate hydroxylase (Gaffney et al., 1993). Primary transform-

ants were confirmed by RNA gel blot analysis, indicating the

accumulation of NahG transcripts (see Supplemental Figure 4

online). Six T1 progeny plants from two individual lines were

inoculated with PPV-GFP. There was no significant difference in

symptoms or GFP fluorescence between the infected wild-type

and NahG plants (Figure 2A). Expression of the alternative

oxidase gene AOX-1, which is known to depend on SA accu-

mulation, was transiently induced in response to PPV-GFP

infection in wild-type plants but not in the NahG plants (Figure

2C), confirming that the NahG transgenic plants were SA defi-

cient. Similar infection phenotypes and viral RNA levels (Figures

2A and 2B) in the wild-type and NahG plants suggested that the

effect of SA-mediated defenses on PPV infection in N. ben-

thamiana, if it exists, is minor. Furthermore, we examined the

induction of AOX-1 in response to PPV-GFP infection in Pro-

NtRDR1 plants. The kinetics of AOX-1 RNA induction is compa-

rable to those observed in wild-type N. benthamiana in the

parallel infection, suggesting that overexpression of Nt-RDR1

does not appreciably perturb the SA-dependent defense re-

sponse in N. benthamiana (Figure 2C).

Taken together, our results argue against the possibility that

the hypersusceptibility to PPV-GFP in NtRDR1 plants was due to

disturbance of an SA-mediated defense pathway. However, the

hypersusceptibility to PPV-GFP in RDR6i resembled the pheno-

type of PPV-GFP–infected NtRDR1 plants, suggesting that the

RDR6-based VIGS antiviral resistance might be inhibited by the

expression of Nt-RDR1 in N. benthamiana.

Overexpression of Nt-RDR1 in N. benthamiana Did Not

Cause a General Cosuppression of Endogenous

Nb-RDR Genes

To examine whether the hypersusceptibility to PPV-GFP infec-

tion in NtRDR1 plants, which resembles that of RDR6i plants,

results from silencing of Nb-RDR6 transcripts by expression of

the Nt-RDR1 gene (the two RDR nucleotide sequences share

50.1% similarity), Nb-RDR6mRNA levels were examined. There

were no obvious differences in Nb-RDR6 mRNA levels between

the wild-type and NtRDR1 transgenic plants (Figure 2D). Quan-

titative real-time RT-PCR was also performed to examine

Nb-RDR1m, Nb-RDR6, and Nb-RDR2 transcript levels; similar

transcript levels were obtained for the three genes in wild-type

and Nt-RDR1 plants (Figure 2D). Taken together with the accu-

mulation of myc-NtRDR1 protein in the Nt-RDR1 transgenic

plants (Figure 1A), our results indicate that, if the hypersuscep-

tibility to PPV of the plants overexpressing Nt-RDR1 is caused by

interference with an RDR6-mediated antiviral resistance mech-

anism, this interference was not due to suppression of Nb-RDR6

transcripts.

Nt-RDR1 Delayed Transient Induction of GFP Silencing

The hypersusceptibility to PPV and the possibility of subvert-

ing RDR6-based VIGS antiviral resistance in Nt-RDR1 plants

prompted us to examine the silencing suppression activity of

Nt-RDR1. First, an Agrobacterium tumefaciens coinfiltration

assay was performed. In this system, an Agrobacterium strain

expressing 35S-GFP that is infiltrated to GFP-transgenic

N. benthamiana plants (line 16c) induces silencing of the GFP

transgene, resulting in red fluorescence, unless the plants are

coinfiltrated with another Agrobacterium strain expressing an

RNA silencing suppressor (Brigneti et al., 1998). 35S-GFP and

35S-NtRDR1, which encoded a GFP and an Nt-RDR1 expres-

sion cassette, respectively, were coinfiltrated to leaves of the 16c

GFP plants (Brigneti et al., 1998), leading to transient expression

of both genes in the infiltrated regions. Coinfiltrations of 35S-GFP

with an empty vector or with 35S-p19 (which encodes a viral

silencing suppressor from a tombusvirus) were also performed

as controls.

Induction of GFP silencing was evidenced by red fluorescence

in the areas coinfiltrated with 35S-GFP and the empty vector at

4 d post agroinfiltration (dpa) (Figure 3A), whereas patches

coinfiltrated with 35S-GFP and 35S-NtRDR1 showed slight

enhancement of GFP fluorescence at this time point (Figure

3A). Coinfiltration of 35S-GFP with 35S-p19 maintained strong

GFP fluorescence in infiltrated leaves (Figure 3A) to 9 to 10 dpa.

Finally, systemic spread of GFP silencing was observed in all

the samples, including plants coinfiltrated with 35S-GFP in
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combination with the empty vector or 35S-NtRDR1, except for

the samples coinfiltrated with 35S-GFP and 35S-p19. The GFP

silencing was confirmed by RNA gel blot analysis (Figure 3B) in

which degradation of GFP mRNA was detected together

with accumulation of GFP-specific siRNAs in the samples

coinfiltrated with 35S-GFP and vector. Accumulation of GFP-

specific siRNAs was also detected in the 35S-GFP/35S-NtRDR1

coinfiltrated sample (Figure 3B). This result suggested that Nt-

RDR1 might function as a suppressor of RNA silencing in this

coinfiltration assay, although its activity was not as strong as that

of p19.

The eukaryotic RDRs share a conserved motif DXDGD (X

represents any amino acid), which was shown to be at the

catalytic active site (Iyer et al., 2003). To test whether the Nt-

RDR1’s catalytic activity is required for its silencing suppression

activity, the Nt-RDR1 DLDGD sequence was replaced with

VMVEV by site-directed mutagenesis, giving 35S-NtRDR1m. In

addition, 35S-NtDRDR1 was constructed by replacing the start

codon of Nt-RDR1 with a stop codon. Coinfiltration of 35S-GFP

with 35S-NtRDR1m showed slight enhancement of GFP fluo-

rescence and mRNA accumulation at 4 dpa as found for

35S-NtRDR1 (Figures 3A and 3B); however, induction of GFP

silencing was observed in the areas coinfiltrated with 35S-GFP/

35S-NtDRDR1 at this time point (Figures 3A and 3B).

GFP-specific siRNAs were also detected in 35S-GFP/35S-

NtRDR1m and 35S-GFP/35S-NtDRDR1 coinfiltrated samples

(Figure 3B). These results suggest that the Nt-RDR1 protein, but

not RNA, possesses silencing suppression activity, and the

catalytic activity of the Nt-RDR1 is not required for its suppres-

sion function.

Next, we examined the possible silencing suppression activity

of constitutively expressed Nt-RDR1 in 16c/NtRDR1 transgenic

plants. The 16c/NtRDR1 line was generated by crossing 16c and

35S-NtRDR1 (line 1) plants. The expression of the GFP and

Nt-RDR1 transgenes in progeny plants was verified by green

fluorescence and Nt-RDR1 protein accumulation, respectively.

The 16c/RDR6i plants (Schwach et al., 2005) were also used in

the following assays. Agrobacterium containing 35S-GFP was

infiltrated to 16c, 16c/NtRDR1, and 16c/RDR6i plants. Induction

of GFP silencing was observed in the infiltrated areas in 16c

plants at 4 dpa (Figure 3C), while infiltrated leaves of 16c/NtRDR1

and 16c/RDR6i plants maintained a strong GFP fluorescence

at this time (Figure 3C). RNA gel blot analysis also showed

higher levels of GFP mRNA in infiltrated leaves of 16c/NtRDR1

and 16c/RDR6i plants than those in infiltrated leaves of 16c

plants (Figure 3D). Interestingly, GFP-specific siRNAs of 21,

22, and 24 nucleotides were detected in silenced 16c and

nonsilenced 16c/NtRDR1 leaves, whereas only 22- and 24-

nucleotide GFP-specific siRNAs were detected in 16c/RDR6i

leaves at 4 dpa (Figure 3D). These results suggest that accumu-

lation of the 21-nucleotide siRNAs and induction of GFP silencing

were RDR6 dependent, and the constitutive expression of

Nt-RDR1 in N. benthamiana did not reduce the accumulation of

the 21-nucleotide siRNAs but did suppress induction of GFP

silencing.

All these results indicate that, either transiently or constitutively

expressed, Nt-RDR1 might function as a silencing suppressor.

This further supports the idea that the hypersusceptibility to PPV

infection in NtRDR1 plants is not due to the cosuppression of

endogenous gene(s), such as Nb-RDR6, but rather to a direct

role of the Nt-RDR1 transgene.

Nt-RDR1SuppressedSensePTGSbutDidNot Interferewith

RDR6-Dependent Secondary siRNA Synthesis

Nb-RDR6 has an effect on blockage of virus systemic spread

(Schwach et al., 2005), and At-RDR6 has been shown to be

required for secondary siRNA synthesis, a process involved in

transitive amplification of RNA silencing (Vaistij et al., 2002;

Parizotto et al., 2004). To investigate further the possible molec-

ular basis of suppression of silencing by Nt-RDR1 in N. ben-

thamiana, we examined whether Nt-RDR1 was able to interfere

with RDR6-dependent secondary siRNA synthesis. A hairpin

construct, named 35S-Fi, containing only a central part of the

GFP target sequence (symbolized as “F” because it represents

the middle of GFP) was created to induce IR-PTGS.

The 16c, 16c/Nt-RDR1, and 16c/RDR6i plants were infiltrated

with 35S-Fi to induce silencing of the GFP transgene. Induction

Figure 3. Analysis of the Effect of Nt-RDR1 on Transient Induction of

Silencing in GFP-Transgenic 16c N. benthamiana Plants.

(A) Leaves of 16c GFP-transgenic plants were coinfiltrated with 35S-GFP

and either empty vector, 35S-p19, 35S-myc-NtRDR1, 35S-NtDRDR1, or

35S-NtRDR1m. Photographs were taken under UV light at 4 dpa.

(B) RNA gel blot analysis of GFP mRNA and GFP-derived siRNA

accumulation. 32P-labeled GFP DNA or RNA probes were used. Meth-

ylene blue–stained rRNA and U6 RNA hybridization are shown as loading

controls.

(C) Leaves of 16c, 16c/NtRDR1, and 16c/RDR6i plants infiltrated with

35S-GFP. Photographs were taken under UV light at 4 dpa.

(D) RNA gel blot analysis of GFP mRNA and GFP-derived siRNAs

accumulation as described in (B).
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ofGFP silencingwas observed as red areas in infiltrated leaves of

all three genotypes at 4 dpa, and similar levels and profiles

of F-specific siRNAs (including all sizes of 21-, 22- and 24-

nucleotide siRNAs) were detected (Figure 4A, lanes 1 to 3). The

detection of 21-nucleotide siRNAs and induction of GFP silenc-

ing in 16c/RDR6i samples infiltrated with 35S-Fi, together with

the above result that there were no 21-nucleotide siRNAs

detected and no GFP silencing induced upon infiltration of full-

length sense GFP transgene 35S-GFP in 16c/RDR6i plant sam-

ples (Figure 3D), suggests that the synthesis of 21-nucleotide

siRNAs is important for induction of PTGS. Our result is also

consistent with a previous finding that IR-PTGS is RDR6 inde-

pendent (Beclin et al., 2002). Neither 59 (upstream) nor 39 (down-

stream) secondary siRNAs of F (referred to as G and P siRNAs,

respectively) were detected in the three plant genotypes in this

assay (Figure 4A, lanes 1 to 3). GFP silencing spread to upper

noninfiltrated leaves at 7 dpa in all infiltrated plants (Figure 4B). In

16c/RDR6i plants, however, the GFP silencing spread only to

one or two upper leaves, and red fluorescence was displayed as

speckles or was restricted near veins. By contrast, GFP silencing

spread throughout 16c and 16c/Nt-RDR1 plants, suggesting

that RDR6-dependent responses to the systemic signal that

silence the GFP transgene in upper leaves were not inhibited by

Nt-RDR1 in 35S-NtRDR1 plants.

We next constructed 35S-F, which expresses the F sense

transcript to induce RDR6-dependent sense (S)-PTGS, and used

it to infiltrate 16c, 16c/Nt-RDR1, and 16c/RDR6i leaves. GFP

silencingwas observed at 4 dpa in infiltrated 16c leaves but not in

those of either 16c/Nt-RDR1 or 16c/RDR6i. Similar to the induc-

tion of GFP silencing by infiltration of 35S-GFP, F-specific

siRNAs were detected in silenced 16c and nonsilenced 16c/Nt-

RDR1 infiltrated leaf samples, and only 22- and 24-nucleotide

F-specific siRNAs were detected in 16c/RDR6i infiltrated leaves

(Figure 4A, lanes 4 to 6). Consistent with the above assay of full-

length GFP induction (Figure 3D), Nt-RDR1 suppressed RDR6-

dependent S-PTGS but did not block the synthesis of the

21-nucleotide siRNAs. G and P secondary siRNAs could not be

detected by RNA gel blot analysis at high enough levels to

distinguish differences among the three genotypes of plants

(Figure 4A, lanes 4 to 6).

Therefore, induction of silencing by transient expression of

35S-GFP coinfiltrated with 35S-Fi or 35S-F was performed to

examine further secondary siRNA accumulation. 35S-GFP/35S-

Fi coinfiltration caused rapid silencing of GFP, and there were no

differences in F-specific siRNA accumulation among wild-type,

Nt-RDR1, and RDR6i plants (Figure 4C, lanes 1 to 3). The

transitive RNA silencing of transiently expressed GFP was

evidenced by detection of both G and P specific secondary

siRNAs in infiltrated wild-type and Nt-RDR1 leaves (Figure 4C,

lanes 1 and 2). The 21- and 22-nucleotide species accumulated

at high levels, and 24-nucleotide secondary siRNAs were de-

tected at slightly lower levels in these plants. Reduced amount of

22-nucleotide and no 21-nucleotide G or P specific secondary

siRNAs were found in infiltrated RDR6i plants (Figure 4C, lane 3).

This result suggests that the RDR6-dependent accumulation of

21-nucleotide secondary siRNAs induced by primary IR-PTGS

was not disturbed by constitutive expression of Nt-RDR1 in

N. benthamiana.

Figure 4. Analysis of the Effect of Nt-RDR1 on S-PTGS and Secondary

siRNA Synthesis.

(A) and (B) Induction of silencing of the GFP transgene in 16c, 16c/

NtRDR1, and 16c/RDR6i plants. (A) shows an RNA gel blot analysis of

G-, F-, and P-derived siRNA accumulation in 16c, 16c/NtRDR1, and 16c/

RDR6i plants infiltrated with 35S-Fi or 35S-F at 4 dpa. 32P-labeled RNA

probes specific for each corresponding GFP portion were used. U6 RNA

hybridization is shown as loading control. (B) shows the systemic spread

to the whole plant of GFP silencing induced by transient expression of

35S-Fi in 16c and 16c/NtRDR1 plants and the limited silencing spread to

one or two upper leaves in a 16c/RDR6i plant. Photographs were taken

under UV light at 2 weeks after agroinfiltration.

(C) and (D) Induction of silencing of transiently expressed GFP in Nb, Nt-

RDR1, and RDR6i plants. (C) shows an RNA gel blot analysis of G-, F-,

and P-derived siRNA accumulation in plants coinfiltrated with 35S-GFP

and 35S-Fi or 35S-F as described in (A). (D) shows leaves of Nb, Nt-

RDR1, and RDR6i plants coinfiltrated with 35S-GFP and 35S-F. Photo-

graphs were taken under UV light at 4 dpa.
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35S-GFP/35S-F coinfiltration caused GFP silencing in wild-

type plants at 4 dpa. However, GFP silencing was blocked when

35S-GFP/35S-F were coinfiltrated to Nt-RDR1 or RDR6i plants

(Figure 4D), although the intensity of green fluorescence was

slightly lower in Nt-RDR1 than in RDR6i leaves, consistent with

the GFPmRNA accumulation detected by RNA gel blot analysis

(see Supplemental Figure 5 online). There were no obvious

differences in F-specific siRNA accumulation between wild-

type and NtRDR1 plants, but reduced amounts of 22- and

24-nucleotidet and no 21-nucleotide siRNAs were found in

infiltrated RDR6i plants (Figure 4C, lanes 4 to 6). This result

further confirmed that Nt-RDR1 suppresses RDR6-dependent

S-PTGS but does not block siRNA accumulation. Both G and P

secondary siRNAs accumulated at higher levels in Nt-RDR1

than in wild-type plants, especially the 21-nucleotide P siRNAs

(Figure 4C, lanes 4 and 5). However, the high levels of secondary

G and P siRNAs did not enhance GFP silencing in NtRDR1

plants, consistent with the above idea that Nt-RDR1 interferes

with RDR6-dependent S-PTGS at a level other than siRNA

accumulation.

Nt-RDR1 Suppressed Synthetic tasiRNA-Mediated

Silencing but Did Not Interfere with RDR6-Dependent

syn-tasiRNA Synthesis

In Arabidopsis, the production of tasiRNAs, which are generated

from TAS-derived transcripts after these are cleaved at a micro-

RNA (miRNA) target site, is fully dependent on RDR6 (Vazquez

et al., 2004; Allen et al., 2005; Yoshikawa et al., 2005). The

technology for production of artificial (synthetic) syn-tasiRNAs in

N. benthamianamediated by miR173-guided cleavage has been

recently developed (Montgomery et al., 2008; Felippes and

Weigel, 2009). To examine whether Nt-RDR1 interferes with

RDR6-dependent syn-tasiRNAs, we constructed 35S-173-P, in

which an miR-173 cleavage site was inserted upstream of the 39
part of the GFP sequence, P, and 35S-MIR173, which produces

active miR173 (Montgomery et al., 2008). Coinfiltration of 35S-

173-P/35S-MIR173/35S-GFP in wild-type, Nt-RDR1, and RDR6i

plants was conducted and GFP fluorescence was monitored. In

coinfiltratedwild-type plants, GFP fluorescencewas low at 3 dpa

(Figure 5A), and no GFP fluorescence was observed at 6 dpa.

There was no great difference in GFP fluorescence between

coinfiltrated Nt-RDR1 and RDR6i plants, which was clearly

higher than that of wild-type plants (Figure 5A). RNA gel blot

analysis confirmed the expression of miR173 in all three geno-

types (Figure 5B). Similar accumulation levels of 21-nucleotide

syn-tasiRNA were detected in wild-type and NtRDR1 plants at 3

and 6 dpa (Figure 5B), indicating that miR173-guided cleavage

and syn-tasiRNA production occurred efficiently in Nt-RDR1

plants. However, the syn-tasiRNA–mediated GFP silencing was

inhibited in Nt-RDR1 plants, consistent with the fact that the

syn-tasiRNA–specific probe detected 22-nucleotide siRNAs

only in the coinfiltrated wild-type plants at 6 dpa (Figure 5B).

No 21- or 22-nucleotide syn-tasiRNA were detected in the

coinfiltrated RDR6i plants (Figure 5B), consistent with the re-

quirement of RDR6 for tasiRNA biogenesis. Our results indicate

that Nt-RDR1 interferes with tasiRNA activity without distur-

bance of its synthesis.

Figure 5. Analysis of the Effect of Nt-RDR1 on Small RNA Accumulation

and syn-tasiRNA–Mediated Silencing.

(A) and (B) Induction of silencing of transiently expressed GFP in Nb, Nt-

RDR1, and RDR6i plants coinfiltrated with 35S-173-P/35S-MIR173/35S-

GFP. Photographs were taken under UV light at 3 dpa (A). (B) shows RNA

gel blot analysis ofGFP transcripts, syn-tasiRNAs, andmiR173 in Nb, Nt-

RDR1, and RDR6i plants at 3 and 6 dpa. 32P-labeled GFP DNA or

oligodeoxynucleotide probes specific for syn-tasiRNA and miR173 were

used, respectively. Methylene blue–stained rRNA and U6 RNA hybrid-

ization are shown as loading controls.

(C) RNA gel blot analysis of endogenous small RNAs in Nb and Nt-RDR1

plants. Oligodeoxynucleotide probes specific for each small RNA were

used. U6 RNA hybridization is shown as a loading control.

(D) Analysis of vsiRNAs in PPV-GFP–infected Nb and Nt-RDR1 plants.

The frequency of each nucleotide at the 59 end of vsiRNAs of different

lengths is indicated.
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Overexpression of Nt-RDR1 in N. benthamiana Did Not

Alter Accumulation of Endogenous Small RNAs

To examine whether the populations of endogenous small RNAs

are altered in Nt-RDR1 plants, the accumulation levels of some

conserved plant miRNAs and siRNAs with different nucleotides

at the 59 end were assessed by RNA gel blot analysis. Figure 5C

shows that there were no obvious differences for any of the

miRNAs/siRNAs tested, suggesting that the expression of Nt-

RDR1 in N. benthamiana does not disturb the biogenesis and

stability of the endogenous small RNAs. Sequence analysis of

viral siRNAs (vsiRNAs) showed that the ratio of the different

nucleotides at their 59 ends are similar in wild-type and Nt-RDR1

plants infected with PPV-GFP (Figure 5D), although total amount

of vsiRNAs was higher in PPV-GFP–infected NtRDR1 plants.

Taken together with the fact that transiently expressedmiR173 is

active in syn-tasiRNA production in Nt-RDR1 plants (Figure 5B),

these data argue against the possibility that hypersusceptibility

to PPV-GFP infection in Nt-RDR1 plants could be due to satu-

ration of AGO proteins by enhanced levels of endogenous small

RNAs, which might result in out-competition for RISC loading of

vsiRNAs or in the disturbance of the 59 nucleotide-related se-

lection of vsiRNAs by AGO proteins (Mi et al., 2008).

The Response of Nt-RDR1 Plants to Challenge by

Other Viruses

N. benthamiana expressing anRDR1 ortholog fromM. truncatula

(Mt-RdRP1), which has 62% identity with Nb-RDR1m and is

induced by SA treatment (Yang et al., 2004), displayed enhanced

resistance to several tobamoviruses (e.g., TMV, TVCV, and

SHMV) but not to viruses outside of the Tobamovirus genus

(e.g., CMV and PVX) (Yang et al., 2004). To test the virus

susceptibility spectrum in 35S-NtRDR1 plants, we inoculated

Nt-RDR1, RDR6i, andwild-typeN. benthamiana plants with CMV

(SD-CMV strain), PVX, PVY, TRV-PDS, and two tobamoviruses

(TMV-GFP and Tomato mosaic virus [ToMV]). Symptoms of

locally inoculated and systemically infected leaves were moni-

tored, and infected leaves were collected for viral RNA analysis.

Infection with SD-CMV caused more severe systemic symp-

toms in the NtRDR1 and RDR6i plants than in wild-type plants,

especially in newly developed systemically infected leaves (20

DAI). This virus caused leaf mosaic and curling in wild-type

plants, but it caused a strong aberrant, narrow, asymmetric

phenotype in both Nt-RDR1 and RDR6i plants, which rapidly

withered and became yellow (Figure 6A), consistent with viral

RNA levels that were about twofold higher in both Nt-RDR1 and

RDR6i plants than in wild-type plants (Figure 6B). PVX-infected

RDR6i and NtRDR1 plants were more stunted, and the devel-

opment of new leaves was delayed relative to the infected

wild-type plants (see Supplemental Figure 7 online). PVX RNA

analysis showed that virus accumulated at higher levels in Nt-

RDR1 and RDR6i plants (;1.8-fold) than in wild-type plants

(Figure 6B). The systemically PVY-infected leaves of RDR6i and

Nt-RDR1 plants were more crimped and curled down relative to

the infected wild-type plants (see Supplemental Figure 7 online).

PVY RNA analysis also showed that virus accumulated at higher

levels in Nt-RDR1 and RDR6i plants (about twofold) than in wild-

type plants (Figure 6B). TRV-PDS, a recombinant TMV encoding

PDS sequence (Liu et al., 2002), infection caused photobleach-

ing symptoms in systemically infected leaves resulting from

silencing of the endogenous PDS gene. The photobleaching

phenotype appeared to similar extents in the Nt-RDR1 and

RDR6i plants as in the wild-type plants (see Supplemental Figure

7 online), which correlated with similar viral RNA accumulation in

Figure 6. Analysis of the Infection of Several Viruses in Wild-Type, Nt-

RDR1, and RDR6i Plants.

(A) Symptoms of SD-CMV infection in wild-type (Nb), Nt-RDR1, and

RDR6i plants. Photographs were taken at 30 DAI.

(B) RNA gel blot analysis of viral RNA accumulation in Nb, Nt-RDR1, and

RDR6i plants infected with PPV-GFP, CMV, PVX, PVY, TRV-PDS, or

TMV-GFP. Total RNA was extracted from inoculated and systemically

infected leaves at 4 and 10 DAI. Blots were probed with 32P-labeled

cDNAs specific for the corresponding virus. Methylene blue–stained

rRNAs are shown as loading controls. Quantification of viral RNA relative

to total RNA is shown at the right part of the panel. The value of Nb was

arbitrarily designed as 1.

1366 The Plant Cell



plants of all three genotypes (Figure 6B). Similar to TRV-PDS

infection, there were no obvious differences in systemic symp-

toms (see Supplemental Figure 7 online) or in viral RNA accu-

mulation among the three genotypes infected with TMV-GFP

(Figure 6B). ToMV infection caused rapid death in all three

genotypes, and no viral RNA analysis was conducted. Taken

together, except for the two tobamoviruses (TMV-GFP and

ToMV), and TRV-PDS,whichwas shown not to hyperaccumulate

in the absence of RDR6 (Schwach et al., 2005), Nt-RDR1 and

RDR6i plants weremore sensitive thanwild-typeN. benthamiana

plants to all viruses tested in this study.

DISCUSSION

In this report, we have shown that N. benthamiana, a natural

RDR1 mutant, expressing a tobacco RDR1 transgene under the

control of either the 35S or the endogenous promoter of the

mutant gene (Nb-RDR1m) exhibited hypersusceptibility to PPV

and other viruses (CMV, PVX, and PVY) in systemically infected

leaves (Figures 1 and 6) probably due to interference with

the RDR6-mediated antiviral silencing pathway. In Nt-RDR1

plants, the expression of Nb-RDR1m, Nb-RDR2, and Nb-RDR6

and the induction by PPV infection of SA-dependent AOX-1

transcripts are comparable to those in wild-type N. benthamiana

(Figures 2D and 2C), suggesting that expressing Nt-RDR1

neither causes cosuppression of Nb-RDR genes nor perturbs

the SA-dependent defense pathway. The fact that enhanced

PPV was evident only in Nt-RDR1 plants that accumulate

high amount of transgene protein, regardless of transgene

RNA accumulation levels, indicates that Nt-RDR1 protein,

rather than RNA, is responsible for the hypersusceptibility

phenotype.

In GFP silencing assays, transiently expressed Nt-RDR1 ex-

hibited silencing suppression activity, although it was weak

compared with the strong viral suppressor p19 (Figures 3A and

3B). Mutation of the conserved DXDGD motif did not compro-

mise the silencing suppression activity of Nt-RDR1, suggesting

that RNA polymerase activity was not required for the ability to

suppress silencing of this protein (Figure 3A). The silencing

suppression activity of Nt-RDR1 was also evident when 35S-

GFP was infiltrated into 16c/Nt-RDR1 transgenic plants (Figures

3C and 3D). Using 16c/RDR6i plants, we confirmed that RDR6

was required for sense transgene-induced GFP 21-nucleotide

siRNA accumulation and GFP silencing (Figure 3D). In 16c/

Nt-RDR1 plants, in which sense silencing was suppressed, the

GFP 21-nucleotide siRNAs accumulated normally. These data,

together with the detection of syn-tasiRNA accumulation in

Nt-RDR1 plants in which the induction of GFP silencing by

miR173/syn-tasiRNA was suppressed (Figures 5A and 5B),

suggest that suppression of silencing by Nt-RDR1 acts down-

stream of RDR6-dependent siRNA production. Both the 59 (G)-

and 39 (P)-specific 21-nucleotide secondary siRNAs derived

from GFP RNA coexpressed with a sense F RNA accumulated

strongly in transgenic plants constitutively expressing Nt-RDR1

(Figure 4C), further supporting that RDR6-dependent synthesis

of siRNA was not inhibited by Nt-RDR1 in N. benthamiana. The

higher levels of G and P secondary siRNAs of transiently ex-

pressed GFP in Nt-RDR1 plants than in wild-type plants (Figure

4C) may result simply from the higher level of GFP transcripts

in Nt-RDR1 plants due to the silencing suppression activity of

Nt-RDR1. However, a contribution of Nt-RDR1 to transitive

spreading of siRNA synthesis via recognition of compromised

transcripts (for instance, the 59 and 39 cleaved G and F RNA

fragments) to produce more G and F dsRNAs cannot be

ruled out.

It was intriguing that high levels of secondary siRNAs (Figure

4C) fail in silencing of target transcripts. Similarly, in viral infection

assays, virus-derived siRNAs and viral genomic RNAs accumu-

lated to higher levels in Nt-RDR1 N. benthamiana than in wild-

type plants (Figure 6B). Increases in both small RNAs and target

transcripts in transgenic plants expressing a viral suppressor of

RNA silencing (for example, HC-Pro protein encoded by potyvi-

ruses) have been reported (Llave et al., 2000; Kasschau et al.,

2003). The silencing suppression activity of Nt-RDR1 expressed

in N. benthamiana is likely due to its specific biochemical

properties. In general, the biological specificity of RDR function

is proposed to require interacting factors assembled in com-

plexes termed as RDRCs (Motamedi et al., 2004; Duchaine et al.,

2006; Aoki et al., 2007; Lee et al., 2009). For example, the C.

elegans RDR family protein RRF-1 copurified with the putative

helicase DRH-1, and RRF-3 was copurified as one of several

proteins associated with DCR-1 (Duchaine et al., 2006; Aoki

et al., 2007). Assembly of distinct RDRCs could be responsible

for specific siRNA biogenesis and effector pathways. For in-

stance, plant RDR6 recruits cleaved transcripts targeted by

specific miRNAs to synthesize dsRNAs and then 21-nucleotide

tasiRNAs associated with silencing amplification (Allen et al.,

2005; Yoshikawa et al., 2005), while RDR2 recruits transcripts

generated by plant-specific RNA polymerase IV to produce

dsRNAs and then 24-nucleotide repeat-associated siRNAs as-

sociated with RNA-directed DNA methylation and histone mod-

ification (Xie et al., 2004; Huettel et al., 2006; Chinnusamy and

Zhu, 2009). The similar accumulation levels of endogenous small

RNAs in Nt-RDR1 and wild-type plants (Figure 5C) suggest that

expressing Nt-RDR1 in N. benthamiana is not likely to cause

saturation of AGO proteins by endogenous small RNAs in Nt-

RDR1plants. Increases in both small RNAs and target transcripts

in Nt-RDR1 transgenic plants suggest that the suppression

activity of Nt-RDR1 acts downstream of siRNA synthesis, and

it may involve assembly of RISC-like complexes that disturb

AGO1-containing RISC activity, which appears to be required for

RDR6-dependent silencing but not IR-PTGS in Arabidopsis and

N. benthamiana (Beclin et al., 2002; Jones-Rhoades et al., 2006).

The idea that one RDR-related process might inhibit the function

of another RDR pathway, as observed in this study, is supported

by the discovery of the negative regulation of RNA silencing in

C. elegans, in which the pathways for exogenous siRNA (exo-

siRNA) and endogenous siRNA (endo-siRNA) use separate RDR

homologs (RRF-1 and RRF-3, respectively) while sharing other

factors, including DCR-1 (Duchaine et al., 2006; Lee et al., 2006).

The finding that loss of RRF-3 causes C. elegans to be hyper-

active in the RRF1-related exo-siRNA pathway (Simmer et al.,

2002; Asikainen et al., 2007) suggests a competition between the

exogenous and endogenous RNAi pathways for shared rate-

limiting factors.
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RDR1 in tobacco andN. benthamiana are 95 and 93% identical

in nucleotide and amino acid sequence, respectively (Yang et al.,

2004). We therefore speculate that if RDR1 in N. benthamiana

was functional, it probably would interfere with RDR6-dependent

silencing as Nt-RDR1 does, especially the RDR6-dependent

antiviral silencing amplification and maintenance (persistence),

since viral multiplication in cells was likely to be closer to transient

agroinfiltration-mediated RNA production than to constitutive

transgene expression. We therefore extrapolate that the absence

of a functional RDR1 is averting a negative modulation of RDR6-

dependent antiviral PTGS in N. benthamiana.

N. benthamiana expressing Mt-RDR1 displays enhanced re-

sistance to tobamoviruses (e.g., TMV, TVCV, and SHMV) but not

to other viruses (e.g., CMV and PVX) (Yang et al., 2004). Our Nt-

RDR1 plants displayed no obvious differences in susceptibility to

two different tobamoviruses, but they were hypersusceptible to

species outside of the Tobamovirus group (e.g., PPV, CMV, PVX,

and PVY) (Figure 6). The lower sequence identity between Nb-

RDR1m and Mt-RDR1 (62%) than between Nb-RDR1m and Nt-

RDR1 (95%) might explain the different susceptibility to viruses

of Mt,RDR1 and Nt,RDR1 plants because of different specific

biochemical properties of the RDRs. At-RDR1 is 66% identical at

the nucleotide level to Nt-RDR1 and shows no silencing sup-

pressor activity in N. benthamiana (see Supplemental Figure 6

online), and it has been shown to play an important role in

biogenesis of TMV siRNAs (Qi et al., 2009). Therefore, sequence

specificity might be responsible for the lack of suppression of

antiviral silencing of Mt-RDR1 expressed in N. benthamiana. By

contrast, an increase in siRNAs precursors caused by Mt-RDR1

recognizing some aberrant RNA (e.g., derived from TMV but

not from CMV and PVX) might enhance anti-TMV defenses in

N. benthamiana.

An alternative but not mutually exclusive possibility is that

the anti-TMV defense response of Mt-RDR1 expressed in

N. benthamiana probably activates the SA-related defense

pathway upon virus infection. The pivotal anti-TMV pathway in

plants might rely more on an SA resistance pathway, for

example, the N gene–mediated signal transduction cascade

induced by TMV infection that leads to induction of the hyper-

sensitive response and restriction of virus spread in tobacco

(Whitham et al., 1994; Padgett et al., 1997; Abbink et al., 1998;

Erickson et al., 1999). TMV infection, SA, and biologically active

SA analogs can induce Nt-RDR1 activity in tobacco (Xie et al.,

2001). Moreover, TMV-infected Nt-RDR1–deficient transgenic

tobacco plants accumulated higher levels of viral RNA and

developed more severe symptoms compared with wild-type

tobacco (Xie et al., 2001). However, SA treatment inhibited TMV

RNA accumulation equally well in wild-type tobacco and RDR1-

deficient plants (Xie et al., 2001), suggesting that SA has both

RDR1-dependent and RDR1-independent anti-TMV effects in

tobacco. Nevertheless, all these results suggest that Nt-RDR1

plays an important role in anti-TMV defenses likely associated

with SA-mediated defense pathways in tobacco. However,

unlike Mt-RDR1, the ability of Nt-RDR1 to suppress the RDR6-

mediated antiviral silencing appears to compensate for its

SA-related anti-TMV activity in N. benthamiana, since TMV

infection appears not to be restricted in Nt-RDR1 transgenic

N. benthamiana plants (Figure 6).

The fact that downregulation of Nt-RDR1 in transgenic

tobacco enhanced susceptibility to PVX and PVY (Xie et al.,

2001; Rakhshandehroo et al., 2009) contrasts with our result

that PVX and PVY accumulation and symptoms were enhanced

in N. benthamiana expressing Nt-RDR1 compared with wild-

type N. benthamiana (Figure 6). These results suggest that

PVX and PVY are restricted in tobacco by an efficient RDR1-

and SA-mediated defense pathway, but this antiviral mecha-

nism was not able to compensate for the suppression of the

RDR6-mediated antiviral silencing in the Nt-RDR1–expressing

N. benthamiana plants. Similarly, both SA-mediated defenses

and the RNA silencing pathway could act together to limit

PPV infection in tobacco, although the possible role of Nt-RDR1

in anti-PPV protection has not been assessed (Alamillo

et al., 2006). The fact that PPV infection was not enhanced

in SA-deficient NahG transgenic N. benthamiana plants (Fig-

ure 2) suggests that the SA-mediated anti-PPV pathway in

N. benthamiana might not be as important as it is in tobacco.

This appears not to be exclusively the consequence of the

lack of a functional RDR1 gene because the transgenic

N. benthamiana plants expressing Nt-RDR1 were comparable

to the wild type in SA-dependent gene (AOX-1) induction

(Figure 2C) and hypersusceptible to PPV infection, similar to

the RDR6i N. benthamiana plants. Thus, RDR6-mediated

antiviral silencing, which could be counteracted by RDR1

silencing suppression activity, might be the main anti-PPV

defense in N. benthamiana. Our results, together with previ-

ously published data, suggest that RDR1might have a dual role,

contributing, on one hand, to SA-mediated antiviral defense,

and suppressing, on the other hand, the RDR6-mediated anti-

viral RNA silencing.

It has been reported that TRV vsiRNAs in single loss-

of-function rdr mutants were not substantially different from

those in wild-type Arabidopsis and that their amounts

were only slightly diminished in rdr1 rdr2 and rdr2 rdr6 mu-

tants; however, they were strongly reduced in the rdr1 rdr2

rdr6 triple mutant compared with wild-type Arabidopsis

(Donaire et al., 2008), suggesting that At-RDR1, 2 and 6

redundantly act on TRV siRNA biogenesis. Recently, using

the same rdr mutants, Wang et al. (2010) found some target

specificity for RDR1 and RDR6 in amplification of CMV-derived

siRNAs. We cannot rule out a role of Nt-RDR1 in vsiRNA

amplification in N. benthamiana in accordance with the current

thought that host RDRs act on viral RNA substrates to trigger

VIGS; however, our data suggest that another level of inter-

RDR regulation exists that appears to occur downstream of

siRNA biogenesis.

It has been suggested that the natural loss-of-function variant

of RDR1 in N. benthamiana would be the cause of the extreme

susceptibility of this species to virus infection (Yang et al., 2004).

By contrast, our results that expression of a functional RDR1

enhances the susceptibility of N. benthamiana to a number of

viruses from different families suggest that the natural dysfunc-

tional variant of RDR1 inN. benthamianamight be the outcome of

coevolution during a long-term host-virus arms race and strong

selection pressure for a fully active RDR6-mediated antiviral

system, as a consequence of the hypersensitivity of N. ben-

thamiana to many viruses.

1368 The Plant Cell



METHODS

Plant Material and Growth Conditions

The 16c GFP-transgenic Nicotiana benthamiana, RDR6i, and 16c/RDR6i

N. benthamianawere described previously (Brigneti et al., 1998; Schwach

et al., 2005). All transgenic plants and wild-type N. benthamiana were

grown in glass house at 258C and 16-h-light/8-h-dark cycles.

Plasmid Constructs

For the 35S-myc-NtRDR1 construction, according to the sequence of Nt-

RDR1, three DNA fragments were amplified with three pair of primers, Nt-

RDR1-F 59/Nt-RDR1-F 39, Nt-RDR1-M 59/Nt-RDR1-M 39 and Nt-RDR1-B

59/Nt-RDR1-B 39, and inserted into pGEM-T vector (Promega), giving

pGEM-NtRDR1(F), pGEM-NtRDR1(M), and pGEM-NtRDR1(B). The

EcoRV-SacI fragment of pGEM-NtRDR1(B) was inserted to EcoRV-

SacI–digested pGEM-NtRDR1(M) to give pGEM-NtRDR1(M-B). The

SacI-ScaI fragment of pGEM-NtRDR1(M-B) was then inserted into

SacI-ScaI–digested pGEM-NtRDR1(F) to get pGEM-NtRDR1, a full-

length clone of Nt-RDR1. The NcoI-SacI fragment of pGEM-NtRDR1

was inserted into pBA002 (Kost et al., 1998) digested with SmaI and SacI

to obtain a myc-tagged Nt-RDR1 sequence. Myc-NtRDR1 was then

inserted into pCAMBIA1300-221 digested with XbaI and SacI, giving the

final clone pCAMBIA-35S-myc-NtRDR1. pCAMBIA1300-221 was con-

structed by inserting a fragment of HindIII-EcoRI from pBI221 (Clontech)

into HindIII-EcoRI–digested pCAMBIA1300.

For Pro-myc-NtRDR1 construction, a fragment upstream of the ATG in

Nb-RDR1m (2144 bp) was obtained by PCR amplification with primers

Pro-Nb-RDR1m 59/Pro-Nb-RDR1m 39 to substitute for the 35S promoter

in pCAMBIA1-35S-myc-NtRDR1 digested with HindIII and SmaI, giving

pCAMBIA1-Pro-myc-NtRDR1.

pCAMBIA-F (35S-F) and pCAMBIA-Fi (35S-Fi) were constructed by

PCR amplification of the middle part of GFP with primers gFp 59 and gFp

39 and cloned into pCAMBIA1300-221 digested with XbaI and SacI to

obtain pCAMBIA-F. The F PCR fragment was cloned into the RNAi

intermediate vector pSK-int (Guo et al., 2003) digested with ApaI and

HindIII, giving pSK-F-int, then the F PCR fragment was cloned into XbaI-

SacI–digested pSK-F-int to give pSK-Fi. The NcoI-SacI fragment con-

taining the F hairpin sequence was inserted into pCAMBIA1300-221

digested with SmaI and SacI, giving the RNAi construct 35S-Fi.

pCAMBIA-MIR173 (35S-MIR173) and pCAMBIA-173-P (35S-173-P)

were constructed by PCR amplification of the Arabidopsis MIR173

precursor sequence with primers MIR173 59 and MIR173 39, and of the

39 part of the GFP sequence, P, of pSK-mGFP with primers 173-P 59 and

173-P 39 . The PCR fragments were cloned inter pGEM-Teasy vector

getting pGEM-MIR173 and pGEM-173-P, respectively. The XbaI-SacI

fragments containing MIR173 or 173-P were inserted into pCAM-

BIA1300-221 digested with XbaI and SacI to obtain pCAMBIA-MIR173

and pCAMBIA-173-P, respectively.

35S-NtRDR1m was constructed by amplification of DNA fragments

from pCAMBIA-1300-myc-NtRDR1 with primers Nt-RDR1m-F 59/Nt-

RDR1m F 39 and Nt-RDR1m-B 59/Nt-RDR1m-B 39. The PCR fragments

were then annealed and the recovered product was used as template in

next PCR amplification, using primersNt-RDR1m-F 59/Nt-RDR1m-B 39 to

get a fragment containing the mutant sequence, resulting in changing

the conserved domain DLDGD to VMVEV, and was cloned into pGEM-

Teasy vector, getting pGEM-NtRDR1m and confirmed by sequencing.

The NsiI-NcoI of pGEM-NtRDR1m was inserted into pCAMBIA-1300-

myc-NtRDR1 digested with NsiI and NcoI to get the final construct

35S-NtRDR1m.

35S-NtDRDR1 was constructed by amplification of PCD fragment

from pCAMBIA-1300-myc-NtRDR1 with primers Nt-RDR1-DATP 59 and

Nt-RDR1-DATP 39, and the fragment was cloned into pGEM-Teasy and

confirmed by sequencing. The fragment of XbaI-NsiI was used to replace

the fragment of pCAMBIA-1300-myc-NtRDR1 digested with XbaI and

NsiI, getting the final construct 35S-DRDR1.

35S-p19 construct was previously described (Liu et al., 2009).

NahG was amplified from transgenic Arabidopsis thaliana (van Wees

and Glazebrook, 2003) with primers NahG 59/NahG 39, then the PCR

fragment was inserted into pGEM-Teasy vector, making pGEM-Teasy-

NahG. A 1.3-kb XbaI-SacI fragment from pGEM-Teasy-NahG was

inserted into XbaI and SacI digested pCAMBIA1300-221, making

pCMBIA1300-NahG.

At-RDR1 was amplified by reverse transcript PCR using SuperScript III

reverse transcriptase following the manufacturer’s protocol (Invitrogen)

and LA Taq (Takara), with primers At-RDR1 59/At-RDR1 39. The PCR

product was inserted into pGEM-Teasy vector. The BanHI/klenow-XbaI

fragment from pGEM-Teasy-AtRDR1 was then inserted into pCAM-

BIA1300-221 digested with SacI/T4 and XbaI.

All primer sequences are listed in Supplemental Table 1 online.

Plant Transformation

After 2 d of culture on coculture medium (Murashige and Skoog medium

containing 1.2 mg/L 6-benzylaminopurine and 0.1 mg/L a-naphthalene

acetic acid [NAA]), sterilized leaf disks were cocultured with Agrobacte-

rium tumefaciens carrying different constructs and were transferred to

coculture medium for 2 d in the dark. Potential transformants were

selected with 40 mg/L hygromycin, 1 mg/L 6-benzylaminopurine, and 0.1

g/L NAA. Regenerated shoots were rooted on Murashige and Skoog

medium, adding 0.1 g/L NAA and 40 mg/L hygromycin. Rooted plants

were transferred to soil that was kept wet and were grown with a 16-h-

light/8-h-dark cycle.

Virus Inoculation and Transient Expression

Plants for virus inoculation were grown in a glasshouse with 16-h light and

8-h dark at 258C. For sap inoculation of PPV-GFP (Alamillo et al., 2006),

CMV (Du et al., 2007), PVX, and PVY (Schwach et al., 2005), 1 g of virus-

infected leaves was ground in 1 mL of 5mM phosphate buffer, pH 7.2, in

mortar prechilled on ice. Plants were inoculated with sap prepared freshly

by rubbingmechanically. For PPV or PPV-GFP Agrobacterium infiltration,

N. benthamiana plants were inoculated by infiltration with culture of

Agrobacterium EHA105 carrying PPV or PPV-GFP at OD 0.5. For TRV-

PDS inoculation, amixture ofAgrobacteriumGV2260 carrying pTRV1 and

pTRV-PDS at OD 0.8 at a ratio of 1:1 was used. Agrobacterium GV2260

carrying TMV-GFP at OD 0.5 (Liu et al., 2002) was used for inoculation.

For transient expression, Agrobacterium EHA105 carrying the indicated

DNA construct was cultured and adjusted to OD 0.8 for infiltration. For

coinfiltration of 35S-GFP and 35S-F, cultures of Agrobacterium carrying

35S-GFP andAgrobacterium carrying 35S-Fwere adjusted toOD 0.8 and

0.4, respectively, and equal volume mixed was used. For coinfiltratation

of 35S-GFP with 35S-Fi, the ODs of Agrobacterium cultures were 0.8 and

0.1, respectively, and equal volume mixed was used. For coinfiltration of

35S-GFP with 35S-NtRDR1 or 35S-p19, the ODs of Agrobacterium

cultures were 0.8 and 1.2, respectively, and equal volume mixed was

used. For coinfiltration of 35S-173-P/35S-MIR173/35S-GFP, the ODs of

Agrobacterium cultures were 0.4, 1.6, and 0.8, respectively, and equal

volume mixed was used.

SA Treatment

Pro-Nt-RDR1 plants were sprayed with a 2 mM SA solution at the eight-

leaf stage (Yang et al., 2004), and water treatment was used as the

control.
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GFP Imaging

GFP fluorescence in plants was photographed under UV light using a

Kodak Easy Share DX7440 digital camera and a B-100AP longwave-UV

lamp (Ultra-Violet Products).

Nucleic Acid Extraction and RNA Gel Blotting

For preparation of viral genomic RNA, total RNA was isolated from

inoculated plants by a hot-phenol method (Fernandez et al., 1997). Other

RNAwas extracted fromplants by Trizol. For hybridization, total RNAwas

separated on 1.2% agarose gels containing 6% formaldehyde and

transferred to a nylon N+membrane and UV cross-linked. The membrane

was then stained with methylene blue solution (0.5 N NaAc, pH 5.2, and

0.04%methylene blue) for several minutes and rinsed with distilled water

until the bands clearly visible. For detection of viral RNA andGFPmRNA,

DNA fragments were amplified by PCR with respective primers (see

Supplemental Table 1 online) and labeled with 32P using the Rediprime II

System (Amersham). Hybridization was performed in Church-gilbert

buffer at 658C overnight. For Nt-RDR1 and Nb-RDR6 detection, DNA

fragments corresponding to 1211 to 2539 of Nt-RDR1 and 114 to 1975 of

Nb-RDR6 were inserted into the pGEM-Teasy vector (Promega) for

transcription of RNA probes using the Maxiscript kit (Ambion). Hybridi-

zation was performed in buffer containing 50% formamide, 63 SSPE, 53

Denhardt’s, and 1% SDS at 658C overnight. Signal intensity was quan-

tified using ImageQuant TL software (GE). For detection of siRNAs, 30 mg

total RNA was separated on 15% polyacrylamide-8 M urea gels. After

electrophoresis, the RNA was electroblotted onto Hybond N+ mem-

branes with a semidry transfer cell with 13 TBE and fixed by UV cross-

linking. DNA fragments corresponding to three regions ofGFP (referred to

in the text as G, F, and P) were cloned into the pGEM-Teasy vector for

transcription of RNAprobes using theMAXIscript kit (Ambion). [g-32p]ATP

labeled oligodeoxynucleotide probes specific for miR173, syn-tasiRNA,

U6 control, and endogenous small RNAs (miR-159, miR160, miR164,

miR156g, miR172e, miR168, miR167, miR393, siRrRNA-1, siRSINA-1,

siRSINA-0, and siRgeno-2). All probe sequences are listed in Supple-

mental Table 1 online.

DNA Extraction and Blotting

Genomic DNA was extracted from the fully expand leaves of eight-leaf

stage plants via the CTAB method (Stewart and Via, 1993). Thirty

micrograms of DNA was digested in 300 mL of reaction buffer-K (Takara),

2.5 mM spermidine, and 200 units of HindIII at 378C for 6 h. After

precipitation, the digested DNA was separated on a 0.9% agarose gel

and transferred onto Hybond-N+ membrane (Amersham) by capillary

equipment with 203 SSC (3 N NaCl and 0.3 N trisodium citrate). After

prehybridization, hybridization was performed in Church-Gilbert buffer

(7% [w/v] SDS, 0.5 M phosphate buffer, pH 7.2, and 10 mM EDTA)

(Church and Gilbert, 1984) at 658C overnight with [a-32P]-labeled (Perkin-

Elmer) DNA probe using the Rediprime II System (Amersham). The DNA

probe was a 568-bp SacI-HindIII fragment from pGEM-Teasy-NtRDR1.

The membrane was washed with 23 SSC and 0.1% SDS twice at 658C,

each time 20 min, then washed with 13 SSC and 0.1% SDS for 20 min.

Protein Extraction and Immunoblotting

Plant leaves were ground to fine powder in liquid nitrogen for protein

extraction with buffer EB (50 mM sodium phosphate, pH 7.0, 200 mM

NaCl, 10 mMMgCl, 10% glycerol, adding one minicocktail tablets/10 mL

solution) at a ratio of 100 mg powder/100 mL EB and centrifuged at

13,000g for 30 min at 48C. The supernatant was transferred into a new

tube. Proteins were separated in a 10% polyacrylamide gel and trans-

ferred onto polyvinylidene fluoride membrane with a semidry transfer cell

(Bio-Rad). The membrane was blocked with 5% BSA in TBS-T at 48C

overnight and then incubated with the primary antibody c-Myc (9E10)

(Santa Cruz Biotechnology) for 3 h at room temperature and washed

with TBS-T three times, each time for 5min. After 0.5 h incubation with the

AP-labeled secondary antibody (Beijing Dingguo), the membrane was

washed thoroughly, and signals were detected with BCIP/NBT (Calbio-

chem). For Coomassie Brilliant Blue staining, the protein gel was im-

mersed in Coomassie Brilliant Blue R 250 solution (0.1% w/v Coomassie

Brilliant Blue R 250, 25% isopropyl alcohol, and 10% acetic acid)

overnight with gentle shaking. The stained gel was then treated with

solution (10% acetic acid and 5% ethanol) twice, each time for 30 min

with gentle shaking.

vsiRNA Cloning and Analysis

Small RNA were extracted from PPV-GFP–infected Nb- and Nt-RDR1 at

20 DAI. Small RNA fractions were purified and cloned as described

previously (Du et al., 2007). Analysis of the frequency of each nucleotide

was performed using Microsoft Office Excel 2007.

Real-Time RT-PCR

RDR1m, RDR2, and RDR6 transcript levels in N. benthamiana and Pro-

NtRDR1 plants were analyzed by quantitative real-time RT-PCR with a

PTC-200 Thermal Cycler (MJ Research/Bio-Rad). Total RNA was ex-

tracted from pools of four plants at the six-leaf stage for each plant line

using RNzol regent (Tiangen) and treated with DNaseI (Takara) and

exacted with phenol-chloroform. Synthesis of cDNA from 4 mg of treated

total RNA was performed with random hexanucleotides (Takara) and

Primescript reverse transcriptase (Takara). Reaction without template

was included as controls. For the quantitative real-time PCR, cDNA

corresponding to 200 ng of total RNA was used in 20-mL reactions using

SYBR green real-time PCR master mix (Toyobo) according to the man-

ufacturer’s instructions. Primers for RDR2, RDR6, and internal standard

GAPDH were as described (Schwach et al., 2005). Primers realtime-Nb-

RDR1m 59/realtime-Nb-RDRm 39 (see Supplemental Table 1 online) were

used for Nb-RDR1m amplification (amplicon length of 221 bp).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL

databases under the following accession numbers: Nt-RDR1 (AJ011576),

Nb-RDR1m (AY574374), At-RDR1 (AY148431), Nb-RDR2 (AY722009),

Nb-RDR6 (AY722008), MIR173 (NR_022764), NahG (X83926), pBI221

(AF502128), and pCAMBIA1300 (AF234296).
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Supplemental Figure 1. DNA Gel Blot Detection of Copy Numbers of

the Transgene 35S-Myc-NtRDR1 in Eight Independent Primary

Transformants.
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Supplemental Figure 3. No Induction of myc-NtRDR1 with PPV
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Supplemental Figure 6. Analysis of the Effect of At-RDR1 on

Transient Induction of Silencing in GFP-Transgenic 16c N. benthami-

ana Plants.

Supplemental Figure 7. Symptoms of SD-CMV, PVX, PVY, TRV-
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