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ABSTRACT

Short interfering RNA (siRNA)-mediated RNA silen-
cing plays an important role in cellular defence
against viral infection and abnormal gene expression
in multiple organisms. Many viruses have evolved
silencing suppressors for counter-defence. We have
developed anRNA silencing systemin the protoplasts
of Nicotiana benthamiana to investigate the functions
of viral suppressors at the cellular level. We showed
that RNA silencing againstagreen fluorescent protein
(GFP) reporter gene in the protoplasts could be
induced rapidly and specifically by co-transfection
with the reporter gene and various silencing inducers
[i.e. siRNA, double-stranded RNA (dsRNA) or plasmid
encoding dsRNA]. Using this system, we uncovered
novel roles of some viral suppressors. Notably, the
Cucumber mosaic virus 2b protein, shown previously
to function predominantly by preventing the long-
distance transmission of systemic silencing signals,
was a very strong silencing suppressor in the proto-
plasts. Some suppressors thought to interfere with
upstream steps of siRNA production appeared to
also act downstream. Therefore, a viral suppressor
can affect multiple steps of the RNA silencing path-
way. Our analyses suggest that protoplast-based
transient RNA silencing is a useful experimental sys-
tem to investigate the functions of viral suppressors
and further dissect the mechanistic details of the
RNA silencing pathway in single cells.

INTRODUCTION

Short interfering RNA (siRNA)-mediated gene silencing plays
essential roles in cellular defence against viral infection and
abnormally expressed genes in plants and animals (1–7). This
RNA silencing pathway involves many distinct steps (8,9),
which generally starts with the detection of long double-
stranded RNAs (dsRNAs) that may arise from a variety of

sources including viral replication intermediates, dsRNA
made from viral RNAs by a cellular RNA-dependent RNA
polymerase (RdRP), aberrant cellular RNAs, over-expressed
transgenes and transposons. A long dsRNA is cleaved into
21–26 nt siRNA duplexes by RNase III Dicer in animals
and by Dicer-like (DCL) proteins in plants. Upon unwinding
using an RNA helicase, one strand is incorporated into the
RNA-induced silencing complex (RISC), and the other strand
is degraded. Using the siRNA as a guide, the RISC then carries
out sequence-specific cleavage of a target RNA or repression
of translation. Some siRNAs also act to promote further pro-
duction of long dsRNAs and their cleavage into siRNAs to
enhance silencing (10,11). In plants, RNA-containing signals
can move from the cell of origin into neighboring cells or even
distant organs to cause systemic silencing [reviewed in (12)].
Furthermore, two size-classes of siRNAs appear to have func-
tional divisions. The 24–26 nt siRNAs seem to be involved in
systemic silencing and homology-dependent DNA methyla-
tion, whereas the 21–22 nt siRNAs are involved in sequence-
specific mRNA cleavage (13).

As a counter-defence strategy, many plant and animal
viruses studied to date encode suppressors of RNA silencing
[reviewed in (6,7,14)]. The functions of plant viral suppressors
have been studied in plants by stable transgenic expression,
viral vector-based expression and Agrobacterium-mediated
transient expression as well as by in vitro protein–RNA inter-
actions [reviewed in (6)]. These RNA silencing suppressors
function at distinct steps of the RNA silencing pathway,
providing important insights into the mechanisms of viral
counter-defence and establishing viral suppressors as valuable
tools to probe the inner workings of the silencing pathways.
The specific functions of many viral suppressors remain to be
fully understood. For some suppressors, inconsistent or even
opposing results have been reported. As has been well dis-
cussed (6,15–17), there are limitations for each in planta-
based experimental system: constitutive expression of a
suppressor in a transgenic plant makes it difficult to separate
early and late events of silencing; and transient expression by
viral or bacterial infection may introduce effects of other viral
components as well as elicit plant defence/stress responses.
There may be additional complications. The cells in a plant
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or plant organ may not be homogeneous in RNA silencing
function at a given time. The dynamic aspects of suppressor
function may be masked or compromised by unknown plant
reactions during the long periods of time, days to weeks,
between silencing initiation and sampling. All in planta
methods are limited to the use of DNA constructs. Therefore,
one is forced to examine the entire pathway from dsRNA
production to siRNA function, making it difficult to dissect
individual steps.

A recent study demonstrated that RNA silencing targeted
towards a reporter gene and DNA virus could be induced in
tobacco BY2 cells by the delivery of synthetic siRNAs, offer-
ing the promise to complement in planta systems to dissect
mechanistic details of the silencing pathway (18). Here, we
have expanded on these observations to establish a RNA
silencing system in cultured cells of Nicotiana benthamiana,
a plant species that has been extensively used to study the
phenomenon of RNA silencing as well as the function of viral
suppressors at the whole plant level, previously. We used
green fluorescent protein (GFP) as a reporter for RNA silen-
cing and DsRed as an internal control. Co-expression of GFP
and DsRed was achieved by co-electroporation of plasmids
carrying their respective genes, as established previously in
tobacco BY2 cells (18). Protein expression, as monitored by
fluorescence microscopy, became readily visible within 20 h
of electroporation and peaked at 36 h post electroporation.
Specific silencing of GFP could be achieved by co-delivery
of in vitro synthesized GFP siRNA (siGFP), in vitro synthe-
sized double-stranded GFP RNA (dsGFP), or plasmid encod-
ing dsGFP RNA, greatly expanding the possibilities to dissect
specific steps of the silencing pathway by using different forms
of silencing inducers. Using this system, we tested the effects
of five viral suppressors, which have been shown to have
diverse effects on RNA silencing, within 36 h of electropora-
tion. Our results revealed novel functions for some suppres-
sors. Furthermore, our analyses suggest that a viral suppressor
may interfere with multiple steps of the RNA silencing path-
way to cause suppression of silencing. Finally, our analyses
also suggest that protoplast-based RNA silencing offers a
versatile experimental system to probe the mechanisms of
RNA silencing in single cells.

MATERIALS AND METHODS

DNA constructs and preparation

Plasmid pRTL2 contains an enhanced 35S promoter of
Cauliflower mosaic virus (CaMV) and was described by
Restrepo et al. (19). pRTL2:smGFP and pRTL2:dsGFP,
which contain the coding region of the soluble-modified
GFP (smGFP) gene and an inverted repeat of smGFP respect-
ively, were described in the study of Johansen and Carrington
(16). pRTL2:0027 carries the Tobacco etch virus (TEV)
P1/HC-Pro coding region and was described by Carrington
et al. (20). The above plasmids were kindly provided by
Dr James Carrington (Oregon State University, Corvallis,
OR). pRTL2:TBSV P19 and pRTL2:TCV CP, which carry
coding regions for the P19 protein of Tomato bushy stunt
virus (TBSV) and the coat protein of Turnip crinkle virus
(TCV) respectively, were described by Qu et al. (21) and
were kindly provided by Dr Feng Qu and Dr Jack Morris

(University of Nebraska-Lincoln, Lincoln, NE). The smGFP
gene was PCR-amplified using pRTL2:smGFP as template
and cloned into pSP72 vector (Promega, Madison, WI), giving
rise to pSP:smGFP that was used as template to generate sense
and antisense smGFP RNAs. The 2b coding region of
Cucumber mosaic virus (CMV) was PCR-amplified from con-
struct Fny 201 (22) and inserted into NcoI and BamHI sites of
pRTL2 to obtain pRTL2:2b. Fny 201 was kindly provided by
Dr Marilyn Roossinck (The Samuel Roberts Noble Founda-
tion, Ardmore, OK). pRTL2:AL2 contains Tomato golden
mosaic virus (TGMV) AL2 coding region at NcoI and
BamHI sites and was kindly provided by Dr David Bisaro
(The Ohio State University, Columbus, OH). pRTL2:mDsRed,
which contains a copy of DsRed gene, was described by
Qi et al. (23). pTGA443, which carries insert CP[-657]-
GUS that has b-glucuronidase (GUS) gene under the control
of a minimal sequence of TGMV coat protein (CP) promoter
necessary and sufficient for AL2 activation (24), was a gift
from Dr David Bisaro. All plasmid DNAs were prepared
by using Qiagen Plasmid Midi Kit (Qiagen, Valencia, CA),
concentrated by ethanol precipitation and dissolved in
double-distilled water. DNA concentration was determined
by UV spectrometry.

RNA preparation

Sense and antisense smGFP RNAs were produced by in vitro
transcription (MEGAscript; Ambion, Austin, TX) using EcoRI
or HindIII-digested pSP:smGFP as template and with SP6 and
T7 RNA polymerases, respectively. RNA transcripts were
purified by using MEGAClear kit (Ambion). Equal amounts
of sense and antisense RNAs were mixed in an annealing
buffer (100 mM potassium acetate, 4 mM MgCl2 and
60 mM HEPES–KOH, pH 7.4), boiled for 5 min and incubated
overnight at 37�C to produce dsGFP. The dsGFP was purified
by ethanol precipitation and dissolved in distilled water. To
generate siGFP, dsGFP RNA was incubated with recombinant
Dicer enzyme (Gene Therapy Systems, San Diego, CA)
following manufacturer’s instructions. The reactions were
stopped by adding equal volumes of RNA loading buffer
(95% formamide, 0.025% xylene cyonal, 0.025% bromo-
phenol blue, 18 mM EDTA and 0.025% SDS), boiled for
5 min, and loaded onto 15% polyacrylamide/8 M urea gel.
The gel was stained by ethidium bromide and visualized under
UV light. The band of 20–25 nt was cut, and soaked in the
annealing buffer at room temperature overnight. After phenol
extraction, the aqueous phase was transferred to a new tube,
and RNA was precipitated by ethanol and dissolved in distilled
water.

Protoplast isolation and electroporation

Cultured cells of N.benthamiana were maintained as described
previously (24,25). Protoplast isolation and electroporation
were performed essentially as described by Qi and Ding
(25). Cultured cells were collected by centrifugation at 70 g
for 5 min, resuspended in 1.5% cellulase ‘Onozuka’ RS
(Yakult Pharmaceutical Ind. Co., Ltd, Tokyo, Japan) and
0.2% macerozyme (Calbiochem-Novabiochem, La Jolla, CA)
in solution I [0.5 M mannitol and 3.6 mM 2-(N-morpholino)
ethanesulfonic acid, pH 5.5]. After incubation at room
temperature for 3–4 h when over 90% of the cells became
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round-shaped, the protoplasts were filtered through 40 mm
nylon mesh, washed twice with solution I, and resuspended
in solution II (solution I plus 0.1 mM CaCl2) to a density of
2 · 106 protoplasts/ml. The protoplasts were kept on ice for 1 h
before electroporation. Plasmids and RNA transcripts were
mixed with 1 · 106 protoplasts on ice in a cuvette with a
0.4 cm of gap (Bio-Rad Laboratories, Hercules, CA) and elec-
troporated with an ElectroporatorTM Plus (BTX, San Diego,
CA) at 0.2 kV. After electroporation, protoplasts were trans-
ferred to a new eppendorf tube containing 1 ml of solution II
and incubated on ice for 30 min. The protoplasts were
collected by centrifugation at 70 g for 5 min, and then cultured
in 1 ml of culture solution (30 g/l of sucrose, 256 mg/l of
KH2PO4, 100 mg/l of myo-inositol, 1 mg/l of thiamine,
0.2 mg/l and 0.45 M of 2,4-D mannitol) in Costar1 6-well
cell cultured cluster (Corning Incorporated, Corning, NY). For
each electroporation, 1 · 106 protoplasts (in 400–500 ml of
medium) were transfected with 5 mg of pRTL2:smGFP in the
presence of 30 mg Herring sperm DNA. RNA silencing was
induced by co-transfecting protoplasts with pRTL2:dsGFP,
siGFP RNA or dsGFP RNA (see figures for amounts used).
For viral suppressor assays, 10 mg of respective suppressor
plasmids (pRTL2:suppressor) were co-transfected. At 36 h
post transfection, protoplasts were collected for fluorescence
measurement or RNA extraction.

Fluorescence measurement and fluorescence
microscopy

Total fluorescence of 0.2 · 106 cells for each experiment was
measured by CytofluorTM 2350 Fluorescence Measurement
System with the associated software (Millipore, Billerica,
MA). Excitation (EX) and emission (EM) parameters were
set as follows: EX 485 nm and EM 530 nm for GFP; EX
530 nm and EM 645 nm for DsRed. The fluorescence values
of GFP and DsRed from pRTL2:smGFP and pRTL2:mDsRed
transfected cells were arbitrarily set to 1. Fluorescence
measurements from all other treatments were shown as
relative values.

Transfected protoplasts were examined under an E600
fluorescence microscope (Nikon, Tokyo, Japan). GFP fluores-
cence was visualized with a filter set consisting of an excita-
tion filter of 450–490 nm, a dichroic mirror of 510 nm, and a
barrier filter of 520–560 nm. DsRed fluorescence was visua-
lized with a filter set consisting of an excitation filter of
540–580 nm, a dichroic mirror of 595 nm, and a barrier filter
of 600–660 nm. Images were captured with a SPOT 2 Slider
charge-coupled device camera and the associated software
(Diagnostics Instruments, Sterling Heights, MI).

RNA gel blot analysis

Total RNA was isolated from the protoplasts by using RNeasy
Plant Mini Kit (Qiagen) and quantified by UV spectrometry.
An aliquot of 3 mg of total RNA from each sample were loaded
on 0.8% agarose–formaldehyde gels. After electrophoresis,
the RNAs were transferred onto Hybond-XL nylon membrane
(Amersham Biosciences Corp., Piscataway, NJ) and UV cross-
linked. Sense and antisense GFP RNA probes were prepared
as described above except in the presence of [a-32P]UTP
(Perkin Elmer, Boston, MA). DNA probes specific for each
RNA silencing suppressor were prepared by using the

Rediprime II random prime labeling system (Amersham
Biosciences Corp.) and suppressor gene fragments excised
by NcoI and XbaI digestion from pRTL2:suppressor con-
structs. The membranes were hybridized in ULTRAhyb1

Ultrasensitive Hybridization Buffer (Ambion) at 65�C
(RNA probes) or 42�C (DNA probes) overnight, washed
twice in 2· SSC/0.1% SDS at 65�C or 42�C for 15 min,
and twice in 0.2· SSC/0.1% SDS at 65�C or 42�C for 15 min.

For siRNA detection, the small RNA species were isolated
from the protoplasts by using mirVana miRNA isolation kit
(Ambion). An aliquot of 10 mg of small RNA were loaded on
15% polyacrylamide gels containing 0.5· TBE and 8 M urea
and transferred onto nylon membrane. The hybridization was
performed in ULTRAhyb1-Oligo Hybridization Buffer
(Ambion) at 37�C overnight. The membranes were washed
twice in 2· SSC/0.1% SDS at 37�C for 15 min and twice in
0.1· SSC/0.1% SDS at 42�C for 15 min.

For all experiments, the washed membranes were exposed
to Storage Phosphor Screen (Kodak, Rochester, NY). The
Phosphor Screen was scanned by Molecular Imager FX
using Quantity One-4.1.1 software (Bio-Rad, Hercules, CA).

Assay of b-glucuronidase (GUS) expression

N.benthamiana protoplasts were transfected with plasmid
pTGA443 (expressing GUS), together with plasmid pRTL2
(empty vector) or pRTL2:AL2 (expressing AL2). After
incubation in the dark for 36 h, 0.2 · 106 cells were harvested
and GUS activity assay was performed as described by
Grotewold et al. (26). The GUS activity from protoplasts co-
transfected by plasmids pTGA443 and pRTL2 was arbitrarily
set to 1. The GUS activity from protoplasts co-transfected with
pTGA443 and pRTL2:AL2 was expressed as a relative value.
Data presented are from two independent experiments.

RESULTS

Multiple inducers could each trigger rapid transient
RNA silencing in protoplasts

To study RNA silencing in the protoplasts of N.benthamiana
cultured cells, we first established co-expression of GFP and
DsRed as reporter genes in the same cells. We co-electro-
porated plasmids pRTL2:smGFP (16) and pRTL2:mDsRed
(23) in equal parts into the protoplasts. Driven by the con-
stitutive 35S promoter of CaMV, the smGFP and mDsRed
open reading frames expressed soluble-modified GFP and
monomeric DsRed, respectively. Fluorescence microscopy
revealed co-expression of these proteins in the same cells
within 20 h of post-electroporation. By 36 h post-electropora-
tion, the protein expression reached nearly maximal levels in
�50% of the protoplasts (Figure 1A). In subsequent experi-
ments, the GFP reporter was used to test the effects of silen-
cing, and the DsRed reporter served as an internal control. For
consistency, samples were taken at 36 h post-electroporation
for analyses. Furthermore, fluorescence images of GFP- and
DsRed-expressing cells in all treatments were taken with the
same illumination intensity and exposure time.

After establishing the co-expression system, we tested the
function of three types of silencing inducers to trigger specific
silencing against GFP expression. These included (i) siGFP
RNA generated in vitro by Dicer cleavage of dsGFP RNAs,
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(ii) in vitro synthesized dsGFP RNA and (iii) plasmid
pRTL2:dsGFP (16). This plasmid carries a cassette containing
35S promoter-driven full-length GFP coding sequences in the
sense and antisense orientations spaced by an intron. RNA
splicing of a transcript derived from this gene would
generate a dsGFP RNA that functions as a potent silencing
inducer (16).

When siGFP RNA was co-electroporated at increasing
amounts (ranging from 0.5 to 5.0 mg) with plasmids expressing
the GFP and DsRed reporters, GFP fluorescence decreased

accordingly during the 36 h experimental period
(Figure 1A). When dsGFP RNA or plasmid pRTL2:dsGFP
was co-electroporated at increasing amounts with the reporter
plasmids, GFP fluorescence also decreased (Figure 1B and C).
Co-electroporation of an empty vector with the reporter
plasmids had no effect on GFP fluorescence (Figure 1C).
The DsRed fluorescence, in contrast, remained constant in
all treatments (Figure 1A–C). Results from these control
experiments demonstrated that the reduced GFP expression
was a specific response to RNA silencing triggers. Four

Figure 1. Co-delivery of multiple silencing inducers each triggers RNA silencing targeted to reporter GFP expression in protoplasts of N.benthamiana cultured cells.
Increasing amounts of co-delivered siGFP RNA (A), dsGFP RNA (B) and 35S:dsGFP DNA (C) enhance silencing. Expression of DsRed in the same cells is not
altered, demonstrating specificity of silencing against GFP. (D) Quantitative analysis of fluorescence intensities of GFP (green bars) and DsRed (red bars). The
intensities in untreated cells are arbitrarily set to a value of 1, and those in treated cells are presented as relative values to the controls.
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independent experiments produced essentially the same
results. Thus, specific and efficient RNA silencing could be
induced rapidly in the protoplasts.

As an independent approach to measure GFP and DsRed
expression, the fluorescence levels of both proteins in all experi-
ments were quantitatively analyzed using fluorometry. Fluor-
escence intensities from equal amounts of protoplasts from each
experiment were measured and normalized relative to the
intensity from control experiment without silencing inducers.
As shown in Figure 1D, with increasing amounts of the silencing
inducers used, the GFP fluorescence intensity decreased. Direct
introduction of dsGFP RNA caused stronger silencing of GFP
expression (80–90% reduction) than the introduction of either
siGFP RNA or 35S:dsGFP DNA. The fluorescence intensity of
DsRed was not altered. These quantitative measurement data
are fully consistent with microscopic observations.

To confirm that the reduced fluorescence intensity of GFP in
the presence of silencing inducers was attributed to RNA
silencing targeted to the GFP mRNA, we performed RNA
gel blot analyses. As shown in Figure 2, the accumulation
of GFP mRNA was drastically reduced in the presence of
each of the silencing inducers. Thus, we concluded that the
various RNA silencing inducers elicited efficient and specific
RNA silencing in the protoplasts.

Distinct functions of viral suppressors to interfere
with silencing in single cells

Having established the protoplast RNA silencing protocols, we
tested the functions of five viral suppressors on silencing sup-
pression. These suppressors included the TEV P1/HC-Pro
(27–29), CMV 2b (29), TBSV P19 (30), TCV CP (21,31)
and TGMV AL2 (David Bisaro, personal communication),
a homolog of African cassava mosaic virus (ACMV) AC2
(30). Previous studies showed that these suppressors seemed
to interfere with the RNA silencing pathway in different man-
ners. Plasmids carrying the open reading frames encoding each
of these suppressors were co-electroporated with the GFP
reporter plasmid into the protoplasts, with or without co-
delivery of siGFP RNA (5 mg), dsGFP RNA (5 mg) or
35S:dsGFP DNA (10 mg). Each of these suppressors was
expressed under the control of the CaMV 35S promoter.
Expression of all suppressors was confirmed by northern
blots (Figure 3A–E).

As shown in Figure 4A, except for AL2, all suppressors
enhanced the expression of GFP in the absence or presence
of siGFP RNA, dsGFP RNA and 35S:dsGFP DNA. Co-
electroporation of plasmid vector alone had no effect on GFP
expression, indicating that the enhanced GFP expression was
attributed to the biological activity of the viral suppressors. The
results were quantified and presented in Figure 4B. According
to fluorescence visualization and measurement, 2b and P19
were more potent than P1/HC-Pro and CP to suppress silencing.

RNA gel blots showed that the presence of P1/HC-Pro, 2b,
P19 and CP each increased dramatically the accumulation of
GFP mRNA in the absence of silencing inducers, whereas
presence of an empty vector or AL2 had little effect, when
compared with the accumulation with 35S:smGFP construct
delivered alone (Figure 5A). In the presence of siGFP
RNA (Figure 5B), dsGFP RNA (Figure 5C) or 35S:dsGFP
DNA (Figure 5D), these suppressors also enhanced GFP
mRNA accumulation when compared with the controls
(35S:smGFP alone or 35S:smGFP+vector), but to a lesser
extent than in the absence of these silencing inducers. Presence
of AL2 did not enhance GFP mRNA accumulation when
compared with the controls.

These data indicate that the enhanced GFP fluorescence in
the presence of P1/HC-Pro, 2b, P19 and CP was attributed to
enhanced stability of GFP mRNA. AL2 had little effect on
silencing suppression in such assays. Significantly, although
GFP fluorescence was much stronger in the presence of 2b
than in the presence of P1/HC-Pro and CP, GFP mRNA levels
were not higher. In fact, the GFP mRNA level in the presence
of 2b was consistently lower than that in the presence of other
suppressors (see Figure 5A, C and D), except in the case of co-
delivery of siGFP RNA as the silencing inducer (Figure 5B).
GFP mRNA showed similar levels in the presence of P19 and
CP (Figure 5A–D). However, the GFP fluorescence was much
higher in the presence of P19 than in the presence of CP
(Figure 4B).

The correlation between biological activities and expression
profiles for P1/HC-Pro, 2b, P19 and CP indicated that these
suppressors were fully functional in the protoplasts. However,
the lack of suppressor activity of AL2 raised the question of
whether the expressed protein was biologically active. To
answer this question, we tested the function of AL2 in

Figure 2. Reduced accumulation of GFP mRNA in the presence of increasing
amounts of silencing inducers: siGFP RNA (A), dsGFP RNA (B) and
35S:dsGFP DNA (C).
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activating the TGMV coat protein promoter (32), using an
established protocol in N.benthamiana protoplasts (24). We
transfected N.benthamiana protoplasts with plasmid
pTGA443, which carries insert CP[-657]-GUS that has
b-glucuronidase (GUS) gene under the control of a minimal
sequence of the promoter necessary and sufficient for AL2-
mediated activation (24), in the presence or absence of AL2.
Co-expression of AL2 boosted GUS expression by more than
10-fold (Figure 3F), as reported by Sunter and Bisaro (24).
Therefore, we concluded that AL2 expressed in the protoplasts
in our silencing experiments was biologically active; however,
it had little silencing suppression activity.

Different effects of viral suppressors on the
accumulation of siRNA

To learn about how the viral suppressors function in single
cells, we examined their effects on the production of siRNA. In
these experiments, we used 35S:dsGFP expression to induce
silencing, which may permit synchronized expression of
dsGFP and suppressors in our assays. At 36 h after electro-
poration, total RNA was extracted from protoplasts, which
were confirmed microscopically to exhibit silencing suppres-
sion functions of the suppressors, and subjected to RNA gel
blot analysis. As shown in Figure 6A, our current protocol
did not detect siRNA accumulation in untreated protoplasts
(lane 1) as well as when GFP was expressed in the absence of

35S:dsGFP (lane 2) or in the presence of an empty vector
(lane 3). The siRNA was not visible either when GFP was
co-expressed with P1/HC-Pro, P19, 2b or CP, in the absence
of 35S:dsGFP (lanes 4–7).

When protoplasts were co-transfected with 35S:smGFP and
35S:dsGFP, there was prominent accumulation of siRNA
(lane 8). Presence of an empty vector, P1/HC-Pro, P19 or
2b did not cause obvious alterations in the accumulation
levels of the siRNA (lanes 9, 10, 11 and 12). Presence of
CP, however, did lead to significantly reduced accumulation
of siRNA (lane 13).

To determine whether the different effects of CP versus the
other suppressors on siRNA accumulation were attributed to
their different effects on dsGFP RNA cleavage, we analyzed
the accumulation of antisense GFP RNA, which serves as a
marker for dsGFP RNA. As shown in Figure 6B, the expres-
sion of CP led to significant accumulation of antisense GFP
RNA (lane 13). The antisense GFP RNA was barely visible in
all other treatments. These data indicate that CP blocked cleav-
age of dsGFP RNA into siGFP RNA, whereas the other
suppressors had little or no such effect.

DISCUSSION

We have demonstrated that an RNA silencing machinery oper-
ates in protoplasts of N.benthamiana cultured cells, as it does

Figure 3. Expression of viral suppressors in N.benthamiana protoplasts. (A–E) Northern blots showing expression of the suppressor mRNAs in protoplasts
co-transfected by plasmid expressing GFP and empty vector pRTL2 (lanes marked with the ‘�’ sign) or by plasmid expressing GFP and plasmids expressing viral
suppressors. (F) Assay of TGMV AL2 function by activation of TGMV coat protein promoter-driven GUS reporter expression. The level of GUS expression in
protoplasts co-transfected by plasmids pTGA443 and pRTL2 was arbitrarily set to 1. The level of GUS expression in protoplasts co-transfected with pTGA443
and pRTL2:AL2 was expressed as a relative value. Data presented are the mean – SE.
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in a plant. First, a basal level silencing must be occurring in the
absence of exogenously supplied inducers, as shown by the
greatly increased expression of GFP when four of the five viral
suppressors (P1/HC-Pro, 2b, P19 and CP) were each co-
expressed. This observation is in accordance with previous
findings from in planta studies (16,33). Second, and more
significantly, enhanced silencing against GFP expression in

the protoplasts could be triggered rapidly by multiple inducers
that include siRNA, dsRNA or plasmid expressing the dsRNA.
Among all inducers, direct delivery of dsRNA was the most
potent in triggering the silencing. This could be explained by
the following possibilities. Studies on RISC assembly in
Drosophila showed that the generation of siRNAs by Dicer-
2 is closely coupled with RISC assembly and Dicer-2 becomes
a component of RISC (34). Therefore, the siRNAs derived
from the dsRNAs in vivo may be more efficiently incorporated
into RISC than the exogenously supplied siRNAs.

Figure 4. Effects of viral suppressors on RNA silencing against GFP
expression in protoplasts. (A) Fluorescence images of GFP expression in the
absence or presence of different silencing inducer and suppressor combinations.
To express GFP, 5 mg of plasmid carrying the reporter gene was used in
protoplast transfection. To induce GFP-specific silencing, 5 mg of siGFP
RNA, 5 mg of dsGFP RNA or 10 mg of 35S:dsGFP DNA was used in
co-transfection. To assay the effects of viral suppressors, 10 mg of plasmid
encoding each of the suppressors was used in co-transfection. (B) Quantitative
analysis of fluorescence intensities of GFP in the absence or presence of
silencing inducer and suppressor combinations.

Figure 5. Viral suppressors, except AL2, increase the accumulation of GFP
mRNA in the absence of silencing inducers (A) or in the presence of siGFP
RNA (B), dsGFP RNA (C) and 35S:dsGFP DNA (D).
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Furthermore, dsRNA production from a plasmid involves
transcription, RNA processing and nuclear export and may
therefore be less efficient in generating siRNAs than the direct
use of dsRNAs.

Our analyses demonstrated that the rapid induction of RNA
silencing in protoplasts offered distinct advantages to charac-
terize the functions of viral suppressors within a short time
frame, when compared with the prolonged incubation periods
with in planta systems. Furthermore, transient expression of
viral suppressors from plasmids avoids potential complica-
tions of plant responses to viral or bacterial infection. Our
analyses have revealed novel information regarding the
function of some suppressors.

Our results on CMV 2b were most surprising. Several stud-
ies showed that it is a weak suppressor of RNA silencing
in planta when it is expressed from DNA constructs
(13,21,35,36) and viral vectors (29). Its main function was
proposed to be inactivation of the mobile RNA silencing signal
and interference with DNA methylation in the nucleus (35).
Our results show that 2b is a very potent suppressor of silen-
cing in single cells. It did not affect siRNA accumulation.
Thus, this suppressor may act at levels that directly interfere
with siRNA-mediated mRNA degradation or siRNA-mediated
signal amplification, in addition to the well-established role in
interfering with the propagation of systemic silencing.
Another intriguing observation is that although the GFP fluor-
escence in the presence of 2b was one of the strongest, the GFP
mRNA level was relatively low. This observation raises the
question of whether 2b also has a role in enhancing translation,
for instance by suppressing translational repression caused by
siRNA (37). The similar accumulation levels of GFP mRNA
in the presence of P19 and CP, but the much higher level of
GFP fluorescence in the presence of P19 also suggest the
possibility of translational regulation via viral suppressor–
siRNA interactions. Further studies are required to address
this important issue.

Qu et al. (21) and Chapman et al. (36) showed non-
accumulation of siRNA in the presence of TCV CP in planta,
concluding that the CP blocks RNA silencing at an initiation
step, specifically the cleavage of dsRNA into siRNA. Our data
showing reduced accumulation of siRNA and enhanced accu-
mulation of antisense GFP RNA in the presence of CP pro-
vided strong support of this hypothesis. However, we showed
that TCV CP still suppressed the silencing induced by the
direct delivery of siGFP RNA, suggesting that this suppressor
also functions at a step downstream of silencing initiation.
This could be at a step of siRNA incorporation into RISC
or at a step of silencing amplification, or both.

Extensive studies on P1/HC-Pro using different in planta
approaches have yielded different accounts of its effect on
siRNA accumulation. For instance, this suppressor has been
reported to eliminate siRNA production (15,38,39), suppress
production of the long 24–26 nt siRNA but not the short
21–22 nt RNA (13), cause significant reduction of the short
siRNA but have less effect on the long one (17), or have no
effect on siRNA accumulation (16,21,36). Thus, P1/HC-Pro
has been proposed to interfere with the processing of dsRNA
into siRNA (17), accumulation of siRNA and DNA methyla-
tion (15), accumulation of siRNA but not DNA methylation
(38), prevention of systemic silencing signal spread (13) or
interference with siRNA incorporation in RISC (36). Our
experiments from protoplasts showed that P1/HC-Pro sup-
pressed silencing, but did not affect accumulation of both
the short and long siRNAs within 36 h of electroporation.
Consistent with this observation, there was no accumulation
of antisense GFP RNA in the presence of P1/HC-Pro, suggest-
ing that production of siRNA, at least at the initiation step, is
not affected by P1/HC-Pro in the protoplasts. These data sug-
gest that P1/HC-Pro functions downstream of siRNA produc-
tion, consistent with the findings of Johansen and Carrington
(16), Qu et al. (21) and Chapman et al. (36) from in planta
analyses.

Figure 6. Different effects of viral suppressors on the accumulation of siRNA (A) and antisense GFP RNA (B). The arrow in (B) indicates the position of
antisense GFP.
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There are also different observations on the effect of P19 on
siRNA accumulation. There is evidence that P19 drastically
reduces or eliminates the accumulation of siRNAs in
transgene-induced silencing and in viral-infected systemic
leaves of N.benthamiana (13,21,40), but not in inoculated
leaves or viral-infected protoplasts (40). In chalcone synthase
(CHS)-based RNA silencing in Arabidopsis, P19 reduces the
accumulation of the short siRNA but has less effect on the long
siRNA (17). P19 does not affect siRNA accumulation in
N.benthamiana with agroinfiltration (36). In the protoplasts,
we showed that P19 could elicit strong silencing of GFP
expression with mild effect on the accumulation of siGFP
RNAs. Together with the observation that expression of P19
did not lead to the accumulation of antisense GFP RNA, these
data indicate that P19 does not interfere with siRNA produc-
tion. Rather, it functions downstream of siRNA production.
It has been demonstrated that the P19 binds siRNAs in vitro
(40–42) and in vivo (17,36,43), as a possible mechanism to
sequester siRNAs to prevent its incorporation into RISC. This
sequestration may lead to subsequent degradation of siRNAs.

RNA silencing could be suppressed by agrobacterium-
mediated transient expression of TGMV AL2 in
N.benthamiana leaves (David Bisaro, personal communica-
tion). ACMV AC2, a homolog of TGMV AL2, could also sup-
press the silencing of a sense transgene when it was expressed
from a Potato virus X (PVX) vector in N.benthamiana plants
(30). However, in our protoplast-based silencing system, AL2
did not suppress RNA silencing triggered by siRNA, dsRNA,
plasmid encoding dsRNA or by overexpression of a sense
gene. Our finding suggests that this suppressor does not func-
tion at the pathway that leads to RISC-mediated mRNA cleav-
age or translation inhibition; rather, it is consistent with the
notion that AL2 functions at the DNA methylation level
(David Bisaro, personal communication). This finding further
demonstrates that the different behaviors of the viral suppres-
sors in the protoplasts can be qualitatively attributed to their
intrinsic biochemical modes of interactions with the RNA
silencing pathway.

In summary, our analyses revealed new functions of viral
suppressors in silencing suppression at the cellular level. The
new findings may be explained in several ways. First, the
protoplast system provided snapshot insights that may have
been missed with in planta systems. Thus, a viral suppressor
may interfere with multiple steps of the RNA silencing path-
way(s), and it is crucial to employ multiple experimental sys-
tems to dissect these steps. Second, cells within a plant body
and as protoplasts may have biological differences that affect
quantitatively or even qualitatively, the operation of the RNA
silencing pathway. Therefore, some of the differing results
between protoplasts and in planta studies may represent
unique features of each system.

The protoplast system offers many unique advantages to
study RNA silencing in plants. First, the cells are more homo-
geneous than in a plant body, thereby allowing consistent data
to be obtained. Second, synthetic siRNAs or their RNA pre-
cursors can be directly delivered into the protoplasts, greatly
expanding the possibilities of experimentation with different
types of inducers to dissect the various steps of the RNA
silencing pathway. Third, different combinations of testing
agents can be introduced together with the targets to learn
about the effect of a particular agent on silencing. Fourth,

detailed time-course studies may be performed to learn
about the kinetic features of the RNA silencing pathway.
This may be further enhanced by quantitative analyses to
correlate the production level of a viral suppressor (or other
factors to be discovered) with efficiency of silencing suppres-
sion. Fifth, the system may also be developed to incorporate
biochemical analysis. Finally, the method may be applied to
other plant species including A.thaliana whose mutants can be
used for mechanistic studies of RNA silencing at the cellular
level. The system may also be used to study the biogenesis and
function of microRNAs, another class of small RNAs that play
important roles in gene regulation (44–47). An obvious lim-
itation of the protoplast system is that it does not allow studies
of systemic RNA silencing. It can be predicted that a com-
bination of in planta, in vitro and single cell studies will be
necessary to develop a full understanding of the mechanisms
of RNA silencing, as well as the specific role of a viral
suppressor in this process.

ACKNOWLEDGEMENTS

We are indebted to David Bisaro, James Carrington, Jack
Morris, Feng Qu and Marilyn Roossinck for generously pro-
viding us with research materials. We express our gratitude to
Marcela Hernandez for her gracious assistance with GUS
assays. We thank David Bisaro for discussions and the sug-
gestion to use reporter GUS expression assay for functional
analysis of AL2. We also thank Desh Pal Verma for the use
of his Fluorescence Measurement System. This work was
supported by grants from the National Science Foundation
(IBN-0238412) and from the United States Department of
Agriculture National Research Initiative Competitive Grants
Program (2002-35304-12272 and 2004-35304-15005).

REFERENCES

1. Waterhouse,P.M., Wang,M.B. and Lough,T. (2001) Gene silencing as
an adaptive defence against viruses. Nature, 411, 834–842.

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

3. Vance,V. andVaucheret,H. (2001)RNA silencing in plants—defense and
counterdefense. Science, 292, 2277–2280.

4. Baulcombe,D. (2002) Viral suppression of systemic silencing. Trends
Microbiol., 10, 306–308.

5. Lecellier,C.H. and Voinnet,O. (2004) RNA silencing: no mercy for
viruses? Immunol. Rev., 198, 285–303.

6. Roth,B.M., Pruss,G.J. and Vance,V.B. (2004) Plant viral suppressors of
RNA silencing. Virus Res., 102, 97–108.

7. Ding,S.W., Li,H., Lu,R., Li,F. and Li,W.X. (2004) RNA silencing:
a conserved antiviral immunity of plants and animals. Virus Res.,
102, 109–115.

8. Hutvagner,G. and Zamore,P.D. (2002) RNAi: nature abhors a
double-strand. Curr. Opin. Genet. Dev., 12, 225–232.

9. Denli,A.M. and Hannon,G.J. (2003) RNAi: an ever-growing puzzle.
Trends Biochem. Sci., 28, 196–201.

10. Lipardi,C., Wei,Q. and Paterson,B.M. (2001) RNAi as random
degradative PCR: siRNA primers convert mRNA into dsRNAs that are
degraded to generate new siRNAs. Cell, 107, 297–307.

11. Sijen,T., Fleenor,J., Simmer,F., Thijssen,K.L., Parrish,S., Timmons,L.,
Plasterk,R.H. and Fire,A. (2001) On the role of RNA amplification in
dsRNA-triggered gene silencing. Cell, 107, 465–476.

12. Mlotshwa,S., Voinnet,O., Mette,M.F., Matzke,M., Vaucheret,H.,
Ding,S.W., Pruss,G. and Vance,V.B. (2002) RNA silencing and the
mobile silencing signal. Plant Cell, 14 (Suppl.), S289–S301.

PAGE 9 OF 10 Nucleic Acids Research, 2004, Vol. 32, No. 22 e179



13. Hamilton,A., Voinnet,O., Chappell,L. and Baulcombe,D. (2002) Two
classes of short interfering RNA in RNA silencing. EMBO J., 21,
4671–4679.

14. Carrington,J.C., Kasschau,K.D. and Johansen,L.K. (2001) Activation
and suppression of RNA silencing by plant viruses. Virology, 281, 1–5.

15. Llave,C., Kasschau,K.D. and Carrington,J.C. (2000) Virus-encoded
suppressor of posttranscriptional gene silencing targets a maintenance
step in the silencing pathway. Proc. Natl Acad. Sci. USA, 97,
13401–13406.

16. Johansen,L.K. and Carrington,J.C. (2001) Silencing on the spot.
Induction and suppression of RNA silencing in the Agrobacterium-
mediated transient expression system. Plant Physiol., 26, 930–938.

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

18. Vanitharani,R., Chellappan,P. and Fauquet,C.M. (2003) Short interfering
RNA-mediated interference of gene expression and viral DNA
accumulation in cultured plant cells. Proc. Natl Acad. Sci. USA, 100,
9632–9636.

19. Restrepo,M.A., Freed,D.D. and Carrington,J.C. (1990) Nuclear transport
of plant potyviral proteins. Plant Cell, 2, 987–998.

20. Carrington,J.C., Freed,D.D. and Oh,C.S. (1990) Expression of potyviral
polyproteins in transgenic plants reveals three proteolytic activities
required for complete processing. EMBO J., 9, 1347–1353.

21. Qu,F., Ren,T. and Morris,T.J. (2003) The coat protein of turnip crinkle
virus suppresses posttranscriptional gene silencing at an early initiation
step. J. Virol., 77, 511–522.

22. Rizzo,T.M. and Palukaitis,P. (1990) Construction of full-length cDNA
clones of cucumber mosaic virus RNAs 1, 2 and 3: generation of
infectious RNA transcripts. Mol. Gen. Genet., 222, 249–256.

23. Qi,Y., Pelissier,T., Itaya,A., Hunt,E., Wassenegger,M. and Ding,B.
(2004) Direct role of a viroid RNA motif in mediating directional RNA
traffickingacross a specific cellular boundary.Plant Cell, 16, 1741–1752.

24. Sunter,G. and Bisaro,D.M. (2003) Identification of a minimal sequence
required for activation of the tomato golden mosaic virus coat protein
promoter in protoplasts. Virology, 305, 452–462.

25. Qi,Y. and Ding,B. (2002) Replication of potato spindle tuber viroid in
cultured cells of tobacco and Nicotiana benthamiana: the role of specific
nucleotides in determining replication levels for host adaptation.
Virology, 302, 445–456.

26. Grotewold,E., Drummond,B.J., Bowen,B. and Peterson,T. (1994) The
myb-homologous P gene controls phlobaphene pigmentation in maize
floral organs by directly activating a flavonoid biosynthetic gene subset.
Cell, 76, 543–553.

27. Kasschau,K.D. and Carrington,J.C. (1998) A counterdefensive strategy
of plant viruses: suppression of posttranscriptional gene silencing. Cell,
95, 461–470.

28. Anandalakshmi,R., Pruss,G.J., Ge,X., Marathe,R., Mallory,A.C.,
Smith,T.H. and Vance,V.B. (1998) A viral suppressor of gene silencing in
plants. Proc. Natl Acad. Sci. USA, 95, 13079–13084.

29. Brigneti,G., Voinnet,O., Li,W.X., Ji,L.H., Ding,S.W. and
Baulcombe,D.C. (1998) Viral pathogenicity determinants are

suppressors of transgene silencing in Nicotiana benthamiana. EMBO J.,
17, 6739–6746.

30. Voinnet,O., Pinto,Y.M. and Baulcombe,D.C. (1999) Suppression of gene
silencing: a general strategy used by diverse DNA and RNA viruses of
plants. Proc. Natl Acad. Sci. USA, 96, 14147–14152.

31. Thomas,C.L., Leh,V., Lederer,C. and Maule,A.J. (2003) Turnip crinkle
virus coat protein mediates suppression of RNA silencing in Nicotiana
benthamiana. Virology, 306, 33–41.

32. Sunter,G. and Bisaro,D.M. (1991) Transactivation in a geminivirus: AL2
gene product is needed for coat protein expression. Virology, 180,
416–419.

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

34. Pham,J.W., Pellino,J.L., Lee,Y.S., Carthew,R.W. and Sontheimer,E.J.A.
(2004) Dicer-2-dependent 80s complex cleaves targeted mRNAs during
RNAi in Drosophila. Cell, 117, 83–94.

35. Guo,H.S. and Ding,S.W. (2002) A viral protein inhibits the long range
signaling activity of the gene silencing signal. EMBO J., 21, 398–407.

36. Chapman,E.J., Prokhnevsky,A.I., Gopinath,K., Dolja,V.V. and
Carrington,J.C. (2004) Viral RNA silencing suppressors inhibit the
microRNA pathway at an intermediate step. Genes Dev., 18, 1179–1186.

37. Doench,J.G., Petersen,C.P. and Sharp,P.A. (2003) siRNAs can function
as miRNAs. Genes Dev., 17, 438–442.

38. Mallory,A.C., Ely,L., Smith,T.H., Marathe,R., Anandalakshmi,R.,
Fagard,M., Vaucheret,H., Pruss,G., Bowman,L. and Vance,V.B. (2001)
HC-Pro suppression of transgene silencing eliminates the small RNAs but
not transgene methylation or the mobile signal. Plant Cell, 13, 571–583.

39. Mallory,A.C., Reinhart,B.J., Bartel,D., Vance,V.B. and Bowman,L.H.
(2002) A viral suppressor of RNA silencing differentially regulates the
accumulation of short interfering RNAs and micro-RNAs in tobacco.
Proc. Natl Acad. Sci. USA, 99, 15228–15233.

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

41. Vargason,J.M., Szittya,G., Burgyan,J. and Tanaka Hall,T.M. (2003) Size
selective recognition of siRNA by an RNA silencing suppressor. Cell,
115, 799–811.

42. Ye,K., Malinina,L. and Patel,D.J. (2003) Recognition of small interfering
RNA by a viral suppressor of RNA silencing. Nature, 426, 874–878.

43. Lakatos,L., Szittya,G., Silhavy,D. and Burgyan,J. (2004) Molecular
mechanism of RNA silencing suppression mediated by p19 protein of
tombusviruses. EMBO J., 23, 876–884.

44. Carrington,J.C. and Ambros,V. (2003) Role of microRNAs in plant and
animal development. Science, 301, 336–338.

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

46. He,L. and Hannon,G.J. (2004) MicroRNAs: small RNAs with a big role in
gene regulation. Nature Rev. Genet., 5, 522–531.

47. Baulcombe,D. (2004) RNA silencing in plants. Nature, 431, 356–363.

e179 Nucleic Acids Research, 2004, Vol. 32, No. 22 PAGE 10 OF 10


