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Double-stranded RNA (dsRNA) has been shown to play a key role as an inducer of different interference
phenomena occurring in both the plant and animal kingdoms. Here, we show that dsRNA derived from viral
sequences can interfere with virus infection in a sequence-specific manner by directly delivering dsRNA to leaf
cells either by mechanical inoculation or via an Agrobacterium-mediated transient-expression assay. We have
successfully interfered with the infection of plants by three viruses belonging to the tobamovirus, potyvirus, and
alfamovirus groups, demonstrating the reliability of the approach. We suggest that the effect mediated by
dsRNA in plant virus infection resembles the analogous phenomenon of RNA interference observed in animals.
The interference observed is sequence specific, is dose dependent, and is triggered by dsRNA but not single-
stranded RNA. Our results support the view that a dsRNA intermediate in virus replication acts as efficient
initiator of posttranscriptional gene silencing (PTGS) in natural virus infections, triggering the initiation step

of PTGS that targets viral RNA for degradation.

Gene sequences derived from different plant viruses have
been introduced into a wide variety of plant species to produce
transgenic plants protected against virus infection. In a number
of cases, it is known that the mechanism of resistance is a
posttranscriptional, RNA-mediated process that targets both
the viral RNA and the transgene mRNA for degradation in a
sequence-specific manner (11, 19). RNA-mediated virus resis-
tance is a manifestation of posttranscriptional gene silencing
(PTGS), a more general phenomenon which was first de-
scribed as a coordinated and reciprocal inactivation of host
gene and transgenes encoding the same sense RNA (reviewed
in references 33 and 41). More recently, three components in
the dynamics of PTGS have been proposed: initiation, propa-
gation of a systemic silencing signal, and maintenance (27, 31).
For the last step, a nuclear component sharing sequence ho-
mology with the target mRNA is absolutely required (8, 28).
PTGS also takes place in nontransgenic plants as a natural
defense mechanism against virus infection. According to this
idea, following the onset of virus replication, viral RNA or a
derivative would be perceived as a pathogenic agent by the
host, triggering a process that could be responsible for the
progressive slowdown in virus accumulation observed at late
stages in the infection process of some viruses (7, 29, 30). In
this scenario, viruses counteract the host response by encoding
suppressors of PTGS in their genomes, which seems to be a
widespread strategy used by RNA and DNA viruses of plants
(42).

RNA interference (RNAi) was originally observed in Cae-
norhabditis elegans, where injection of double-stranded RNA
(dsRNA) leads to PTGS of homologous sequences (13).
dsRNA blocks specific gene expression even when expressed
by bacteria fed to the worms (38) or transcribed from trans-
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genes carrying an internal inverted repeat (36). Recently,
RNAI has been reported in a wide variety of animals, and in
these cases the organism exhibits gene-specific phenocopies of
loss-of-function mutations (2, 14). A similar phenomenon in
Neurospora crassa is termed quelling (5). Considering that the
interference process occurs posttranscriptionally and involves
mRNA degradation (22, 26), RNAI, quelling, and PTGS in
plants have been proposed to be related phenomena that could
play an important biological role in protecting the organism’s
genome against foreign nucleic acids. Moreover, the analysis of
mutants defective in those processes has revealed the involve-
ment of similar gene products in different organisms (6, 9, 12,
23, 34).

A growing body of evidence suggests that plants, animals,
and yeasts share related mechanisms of specific degradation of
RNAs in which double-stranded forms of RNA are involved
(5, 33). It has been shown that PTGS in plants can be triggered
at high efficiency by the presence of an inverted repeat in the
transcribed region of a transgene (4, 15, 18). Moreover, to-
bacco plants transformed with constructs that produce RNAs
capable of duplex formation induce virus immunity or gene
silencing with almost 100% efficiency when targeted against
virus or endogenous genes (35, 43). Globally, strong evidence
supports a key role for dSRNA as an inducer of PTGS in both
the plant and animal kingdoms. However, there is not yet a
direct probe of the formation of dsRNA in vivo in transgenic
plants expressing palindromic sequences. Here, we expanded
previous findings on RNAI in animals by using dsRNA to
specifically interfere with viral sequences in plants. We show
that exogenously applied dsRNA can act as a trigger of RNA-
mediated virus resistance and elicit a local response in non-
transgenic plants. To assess the potential of dsSRNA-mediated
interference in plant virus infections, we used pepper mild
mottle virus (PMMoV), tobacco etch virus (TEV), and alfalfa
mosaic virus (AMV). These three viruses belong to distinct
taxonomic groups of positive-strand RNA viruses (21). dsSRNA-
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mediated interference in plants recapitulates many of the fea-
tures of RNAI in animals: the interference observed is se-
quence specific and dose dependent, is triggered by dsRNA
but not single-stranded RNA, and seems to require a minimum
length of dsRNA.

MATERIALS AND METHODS

RNA synthesis and inoculation. For the production of dsRNA, sense and
antisense RNAs were synthesized in vitro from the corresponding DNA plasmids
by using T3 and T7 RNA polymerase. Sense and antisense RNA strands (2.5
M) in 25 mM sodium phosphate (pH 7) were heated at 95°C for 3 min and then
cooled and annealed at 37°C for 30 min. Formation of dsSRNA was confirmed by
testing a shift in gel mobility of the annealed material compared to each single-
stranded RNA and by resistance to RNase A under high-salt conditions. For
PMMoV dsRNAs, fragments corresponding to positions 3411 to 4388, 5086 to
5682, and 3454 to 3769 in the PMMoV sequence (1) were subcloned into pT3T7
(Boehringer Mannheim Biochemicals), yielding after transcription and anneal-
ing 977-bp (54-kDa-protein segment), 596-bp (30-kDa-protein segment), and
315-bp (one-third of a 54-kDa-protein segment) dsRNAs, respectively. For TEV
dsRNA, a fragment corresponding to positions 845 to 2328 in the TEV sequence
(10) was subcloned into pBluescript SK(—) (Stratagene), yielding a 1,483-bp
dsRNA (TEV-HC dsRNA). For AMV dsRNA, a fragment corresponding to
positions 369 to 1493 in the AMV RNA 3 sequence (24) was subcloned into
pBluescript SK(—), yielding a 1,124-bp dsRNA (AMV-3 dsRNA). Two nonviral
dsRNAs were synthesized corresponding to the SstI fragment (300 bp) from the
Nicotiana plumbaginifolia Cab-E gene and the Asull-BamHI fragment (413 bp)
from the binary plant transformation vector pGSJ780A cloned in pT3T7 (37). All
plasmids were linearized with appropriate restriction enzymes and used as tem-
plates for in vitro transcription reactions to generate sense and antisense RNAs.
An exact cDNA copy of the PMMoV 54-kDa-protein gene (nt 3499 to 4908) was
produced by PCR using primers corresponding to the relevant positions of the
54-kDa-protein gene as previously described (37). This cDNA product was tested
for its interfering activity on PMMoV infection.

In the experiments with PMMoV, the standard inoculum was 10 pg of purified
virus per ml (1). The plasmid pTEV-7D (a generous gift from J. C. Carrington,
Washington State University), containing a full-length clone of TEV, was linear-
ized and transcribed in vitro with SP6 RNA polymerase as described previously
(10). Transcription with T7 RNA polymerase of full-length clones of AMV RNA
1 (pUT17A), RNA 2 (pUT27A), and RNA 3 (pAL3) (kindly provided by J. F.
Bol, Leiden University) was performed as described previously (25). Inoculation
mixtures were made by adding 5 pl of each dsRNA to an equal volume of
purified virus (PMMoV) or to 10 wl of viral transcripts (TEV and AMV). With
AMV, 10 pg of purified AMV coat protein (CP) was added to the inoculation
mixture. Inoculation of plants was done on two fully expanded leaves of at least
two plants per assay by gently rubbing the leaf surface with the inoculum using
Carborundum as an abrasive (21). For comparisons of sense RNA, antisense
RNA, dsRNA, and cDNA effects on virus infection, equal molar concentrations
of each molecule were used. The inoculated plants were kept in growth chambers
with a 16-h light-8-h dark cycle at 25°C, and the development of symptoms of
viral infection in systemic hosts was monitored for the duration of their life
cycles. For local lesion hosts, inoculated leaves were photographed 5 days after
inoculation.

Analysis of viral RNA in plants. Total RNA was extracted from inoculated
leaves between 6 and 10 days postinoculation (dpi) and from upper leaves 6 to
21 dpi as previously described (20). RNA samples (1 to 5 pg) were electropho-
resed on 1 to 1.2% agarose formaldehyde gels and transferred to Hybond-N
membranes. Ethidium bromide staining of the agarose gels prior to blotting was
done to confirm integrity of the RNA and loading of similar amounts of RNA.
Northern blot hybridization was carried out with digoxigenin (DIG)-labeled
riboprobes (Boehringer Mannheim Biochemicals) as described previously (25).
Virus-specific riboprobes were used to detect the respective viruses. PMMoV
RNA was detected with a probe complementary to PMMoV nucleotides (nt)
3411 to 4388, which was transcribed from pT3T7/54 kDa (37). TEV RNA was
detected with a probe complementary to TEV nt 845 to 2328, which was tran-
scribed from pBluescript SK(—)/HC (a gift from C. Llave). AMV RNAs 3 and 4
were detected with a probe complementary to nt 369 to 1493 of AMV RNA 3,
which was transcribed from pBluescript SK(—)/AMV-3 (see above).

Agrob ium fi diated transient expression. The region of
PMMoV RNA encoding the 54-kDa protein and flanking regions (nt 3411 to
5016) were inserted in either sense or antisense orientation between the 35S
promoter of cauliflower mosaic virus and the transcriptional terminator of
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TL-DNA gene 7 in binary vector pGSJ780A as previously described (37). These
constructs were introduced into A. tumefaciens strain LBA 4404 by direct trans-
formation. Recombinant A. tumefaciens was grown overnight at 28°C in tubes
containing 10 ml of Luria-Bertani medium supplemented with 50 wg of rifampin
and 40 pg of streptomycin per ml. Cells were precipitated and resuspended to a
final concentration corresponding to an optical density at 600 nm of 0.5 in a
solution containing 10 mM MgCl,, 10 mM MES (morpholinepropanesulfonic
acid, pH 5.6), and 150 pM acetosyringone. Cultures were incubated at 28°C for
2 to 3 h before infiltration. Two leaves per plant were infiltrated in their entirety
with a 1-ml syringe without a needle, and the whole plant was covered with a
transparent plastic bag for 2 days. For the coinfiltration of Agrobacterium cultures
carrying the PMMoV 54-kDa-protein construct in sense and antisense orienta-
tions, equal volumes of both cultures were mixed before infiltration.

RESULTS

dsRNA causes specific inhibition of PMMoV infection. As
mentioned above, dSRNA can confer extreme virus resistance
when sense and antisense virus-derived transgenes are simul-
taneously expressed in a plant. Therefore, we investigated
whether direct delivery by mechanical inoculation of dsRNA
together with the virus could interfere with infection in a se-
quence-specific manner. Sense RNA and antisense RNA cor-
responding to part of the readthrough domain of the replicase
gene of PMMoV were transcribed in vitro and annealed to
each other to produce the dsSRNA (54-kDa-protein dsRNA).
The dsRNA and the single-stranded RNAs with either sense or
antisense orientation were each tested for their ability to in-
hibit local lesion development elicited by PMMoV in Nicotiana
tabacum cv. Xanthi nc, a hypersensitive host. Half-leaves were
inoculated with virus alone, and opposite halves were inocu-
lated with virus plus either sense RNA, antisense RNA,
dsRNA (each at 0.62 uM, final concentration), or in vitro
transcription buffer. Figure 1 shows a representative outcome
taken as an example of several experiments carried out with
RNAs produced in different transcription reactions and sum-
marized in Table 1. Infectivity was completely blocked by co-
inoculation with a 977-bp dsRNA that includes part of the
replicase gene of PMMoV, whereas the opposite half of the
leaf inoculated only with an equivalent amount of PMMoV
displayed more than 50 local lesions (Fig. 1A and Table 1).
Neither antisense RNA nor sense RNA derived from the same
region of PMMoV affected local lesion formation by the virus
(Fig. 1B and Table 1). Furthermore, coinoculation with TEV
dsRNA (see below), a dsRNA of viral origin but unrelated to
PMMoV, did not have any effect on PMMoV infectivity (Fig.
1C and Table 1). We carried out experiments similar to those
described above but using Capsicum chinense instead of N.
tabacum. PMMoV induces a hypersensitive reaction on this
pepper indicator plant that was completely prevented by the
presence of 54-kDa-protein dsSRNA in the inoculum (Table 1).
Thus, PMMoV infection was specifically inhibited by its cog-
nate dsRNA in two different local lesion hosts belonging to
different genera.

To evaluate the capability of dSRNA to interfere with PMMoV
infection in a systemic host, Nicotiana benthamiana plants were
inoculated with mixtures of PMMoV and one of the transcrip-
tion products derived from PMMoV used above. In addition, a
c¢DNA PCR product corresponding to the region of the virus
transcribed in the in vitro reactions was included. By 7 dpi,
most plants were susceptible to virus infection. Interestingly,
only plants coinoculated with PMMoV plus 54-kDa-protein
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FIG. 1. Specific interference with PMMoV infection by dsRNA in a hypersensitive host. Response of N. tabacum cv. Xanthi nc to PMMoV (5
wg/ml) alone (left halves of leaves) or to a combination of PMMoV plus either 54-kDa-protein dsRNA (A), 54-kDa-protein antisense (As) RNA
(B), TEV-HC dsRNA (C), or in vitro transcription buffer (D) (right halves of the leaves). Leaves were photographed at 5 dpi. Similar numbers
of local lesions (arrowheads) were observed in both halves of the leaves in panels B, C, and D. No visible local response was observed in the

half-leaf inoculated with PMMoV plus 54-kDa-protein dsRNA.

dsRNA were protected against infection, since they did not
display disease symptoms. Consistent with the above results,
Northern blot analysis of total RNA extracted from inoculated
or systemic leaves at 7 dpi showed that plants coinoculated
with either sense RNA, antisense RNA, or DNA molecules
homologous to the virus accumulated PMMoV positive-strand
RNA at levels that were comparable to those of the control
plant (Fig. 2A). However, when dsRNA was present in the
inoculum, PMMoV multiplication was apparently blocked in

the inoculated leaves (Fig. 2A, lane 2) and the virus did not
accumulate to detectable levels in upper leaves (lane 8), even
after extended exposure of the autoradiogram. Furthermore,
biologically active virus was not detected in homogenates of
the upper leaves of these plants when used to back-inoculate
the local lesion host, N. tabacum cv. Xanthi nc. In addition,
there was no evidence of accumulation of PMMoV negative-
strand RNA in these samples (data not shown). In total, more
than 10 independent assays with 22 plants have been done,

TABLE 1. Interference with PMMoV infection by dsRNA in a hypersensitive host*

No. of lesions on leaves inoculation with:

Expt PMMoV/PMMoV PMMoV/PMMoV PMMoV/PMMoV PMMoV/PMMoV PMMoV/PMMoV +
+ 54-kDa dsRNA + 54-kDa S RNA + 54-kDa As RNA + TEV dsRNA buffer
1 54/0 38/55 42/48 60/20 15/31
2 56/0 43/37 39/47 42/58 56/46
3 29/0 31/40
4 32/0
5 51/0

“ Values are the numbers of local lesions elicited by PMMoV (5 wg/ml) alone (left halves of leaves) or by a combination of PMMoV plus either 54-kDa-protein
dsRNA, 54-kDa-protein sense (S) RNA, 54-kDa-protein antisense (As) RNA, TEV-HC dsRNA, or in vitro transcription buffer inoculated in the right halves of the
leaves. Lesions were counted at 5 dpi. Experiments 1 to 4 were carried out on N. tabacum cv. Xanthi nc; experiment 5 was done on C. chinense.
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FIG. 2. dsRNA-mediated interference with PMMoV infection in a systemic host. (A) Specificity of interference with PMMoV infection by
dsRNA. Northern blot analysis of total RNA extracted from inoculated (lanes 1 to 6) or uppermost systemic (lanes 7 to 13) leaves of N.
benthamiana. Plants were mock inoculated or were inoculated with PMMoV (5 pg/ml) alone (—), with 54-kDa-protein dsRNA alone, or with
PMMoV plus either 54-kDa-protein dsRNA, sense (S) 54-kDa-protein RNA, antisense (As) 54-kDa-protein RNA, or 54-kDa-protein cDNA, as
indicated. Leaf tissues were harvested at 7 dpi, except for the samples in lanes 12 and 13, which were harvested at 21 dpi. The samples in lanes
2, 8, and 12 were taken from the same plant, which did not display symptoms of infection until its life cycle was completed. The sample in lane
13 was taken from another individual showing disease symptoms at 21 dpi. The 54-kDa-protein dsRNA used in the inoculum was run in lane 15
for comparison. (B) Time course analysis of dSRNA stability on plant leaves. The 54-kDa-protein dsRNA (10 pl, 0.62 wM) was inoculated on fully
expanded leaves of N. benthamiana (three- to four-leaf stage). After the inoculated leaves had been washed with Triton X-100 (0.05%) for 30 min,
RNA was extracted at the indicated times. Mock, RNA extracted from a mock-inoculated plant. (C) Interference with PMMoV infection by
homologous dsRNAs. RNA was extracted from upper leaf tissue of plants inoculated with PMMoV (5 pg/ml) alone (—) or with PMMoV plus the
indicated RNAs. (D) Interference seems to require a minimum length of dSRNA. RNA was extracted from inoculated (lanes 1 and 4) or upper
(lanes 2, 3, 5, and 6) leaf tissue of plants infected with PMMoV (5 pg/ml) alone or with PMMoV plus 1/3 54-kDa-protein dsRNA at 7 (lanes 1,
2,4 and 5) or 12 dpi (lanes 3 and 6). The 1/3 54-kDa-protein dsRNA used in the inoculum was run in lane 7 for comparison. Similar amounts (1
ng) of RNA samples were fractionated by 1% agarose gel electrophoresis in all panels, and a DIG-labeled 54-kDa-protein RNA was used as a
probe. The positions of PMMoV RNA and RNA species derived from partially denatured input dsRNA are indicated. Ethidium bromide staining
of 258 rRNA was used as a loading control for the RNA blots (bottom panels).
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corroborating the interference with PMMoV infection by 54-
kDa-protein dsRNA. However, in a low percentage (about
18%) of individuals, the virus overcame the protection con-
ferred by dsRNA and plants displayed disease symptoms with
a delay of 1 to 3 weeks compared to the control plants. PM-
MoV RNA accumulated in the uppermost leaves of these
plants at moderate levels (Fig. 2A, lane 13). The remaining
plants were free of symptoms until their life cycles were com-
pleted, and viral RNA did not accumulate at detectable levels
up to 3 weeks postinoculation (Fig. 2A, lane 12), nor was virus
infectivity recovered by back-inoculation up to 40 dpi.

Consistently, hybridization bands corresponding to what
seems to be partially denatured 54-kDa-protein dsSRNA were
observed in RNA preparations obtained from the inoculated
leaves of plants challenged with virus plus 54-kDa-protein
dsRNA (Fig. 2A, lane 2) or with 54-kDa-protein dsRNA alone
(lane 14), as judged by comparison with the behavior on gels of
the dsRNA preparation used as the inoculum (Fig. 2A, lane
15). Furthermore, the same hybridization pattern was observed
when RNA samples were treated with RNase A, which will
degrade any ssRNA, and when a 54-kDa-protein RNA probe
specific for the negative strand was used (data not shown).
Several experiments have been done in order to determine the
origin and location of these dsSRNA molecules. They include
an extended wash step of the inoculated leaves just before
RNA extraction and an analysis of the stability of these mol-
ecules after delivery into leaves. The data support the idea that
most of the input dsRNA was relatively stable and persisted in
the leaf, probably inside the leaf cells, at detectable levels at
least 7 days after inoculation (Fig. 2B).

The interference with viral infection exhibited by a dsRNA
corresponding to the readthrough region of the gene encoding
the replicase of PMMoV could reflect any kind of inhibitory
effect of this sequence in particular on virus replication. We
investigated whether dsRNA generated from a different region
of the PMMoV genome could specifically block PMMoV in-
fection when delivered simultaneously with the virus into the
plant. To address this question, a dsSRNA covering a 596-nt
segment of the 30-kDa-protein gene of PMMoV was produced
and its effect on virus infection was compared with that of
54-kDa-protein dsRNA derived from PMMoV or a nonho-
mologous, viral dsRNA. Like 54-kDa-protein dsRNA, the
presence of 30-kDa-protein dsRNA in the inoculum prevented
expression of viral symptoms on N. benthamiana plants at
times when control plants displayed disease symptoms. Corre-
spondingly, accumulation of viral RNA was not detectable in
RNA extracted from upper leaf tissue of these plants (Fig. 2C,
lanes 2 and 3). However, coinoculation of PMMoV together
with a 1,483-bp dsRNA corresponding to most of the helper
component gene of TEV (TEV-HC dsRNA) had no effect on
symptom expression, and PMMoV RNA accumulated in upper
leaves as in control plants (Fig. 2C, lanes 1 and 4). This failure
of nonhomologous dsRNA to interfere with PMMoV infection
has also been observed with different nonviral dsRNA seg-
ments of various lengths, precluding any effect concerning mo-
lar stoichiometry on the lack of interference observed with
nonhomologous dsRNA (see Materials and Methods; also data
not shown). Thus, we found interference with PMMoV infec-
tion only when dsRNA molecules shared sequence identity
with the virus. At present, it is not known how effective the
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protection conferred by dsRNA is when the challenging virus
and the protective molecules share a lower degree of sequence
homology.

While the 54-kDa- and 30-kDa-protein dsRNAs (977 and
596 nt, respectively) were effective in protecting plants against
PMMoV infection, a smaller dSRNA covering approximately
one-third (315 nt) the length of 54-kDa-protein dsRNA (1/3
54-kDa-protein dsRNA) had a marginal effect. The appear-
ance of viral symptoms on these plants was delayed by 1 to 2
days compared to plants inoculated only with PMMoV, and
viral RNA accumulated at levels similar to that of the control
(Fig. 2D). So this result may indicate that the ability of dSRNA
to specifically interfere with PMMoV infection could be length
dependent.

To evaluate the protective effect against PMMoV infection
at different times after delivery of dsRNA to plant leaves,
54-kDa-protein dsRNA and PMMoV were sequentially inoc-
ulated into the same leaves. It was not necessary to mix PMMoV
and 54-kDa-protein dsRNA in a tube just before mechanical
coinoculation to observe inhibition of virus infection. Although
the immediate, sequential inoculation of virus and dsRNA was
also able to protect plants against infection, a interval of 24 h
(and up to 96 h) between consecutive inoculations, did not
result in interference with PMMoV infection (data not shown).

dsRNA inhibits infection by different plant viruses. To de-
termine whether the use of dSRNA molecules could be a gen-
eral strategy to prevent infection by plant viruses other than
PMMoV, we assessed the effects of specific dSRNA on the
infectivity of two viruses unrelated to the Tobamovirus genus:
TEV, which belongs to the family Potyviridae, and AMYV,
within the family Bromoviridae (21).

Potyviruses are a positive-strand RNA virus group with a
monopartite genome organization similar to that of the picor-
navirus superfamily. N. tabacum plants were inoculated either
with SP6 transcripts of a cDNA clone of TEV alone or with a
mixture containing both TEV RNA transcripts and TEV-HC
dsRNA. By 2 weeks postinoculation, neither localized lesions
nor systemic symptoms appeared on the inoculated or upper
leaves of 10 plants inoculated with the mixture, whereas plants
inoculated only with TEV displayed typical disease symptoms
of vein-clearing and etching at 6 dpi. Figure 3A shows a North-
ern blot analysis of total RNA extracted from two representa-
tive plants per treatment at 6 dpi. TEV RNA accumulated in
both the inoculated leaf tissue (Fig. 3A, lanes 1 and 2) and the
upper leaf tissue (lanes 5 and 6) of the control plants, whereas
viral RNA levels were below the limit of Northern blot detec-
tion in plants coinoculated with the virus and the protective,
homologous dsRNA (lanes 3, 4, 7, and 8), even after a longer
exposure of the autoradiogram. As before, hybridization bands
of variable intensity corresponding to TEV-HC dsRNA were
observed in the inoculated leaves of plants challenged with
virus plus dsRNA.

Alfamoviruses are a positive-strand RNA virus group with a
multipartite genome organization similar to that of members
of the Sindbis-like virus superfamily. A distinctive property of
the alfamoviruses is that a mixture of the three genomic RNAs
of AMV is not infectious to plants unless AMV CP is added in
the inoculum (3). Ten N. benthamiana plants were inoculated
either with a mixture of T7 transcripts of AMV RNAs 1, 2, and
3 and AMV CP or with this mixture plus a dsSRNA covering a
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FIG. 3. Interference of dsSRNA with the infection of different plant
viruses. (A) dsRNA-mediated interference with TEV. Northern blot
analysis of total RNA extracted from inoculated (lanes 1 to 4) or
systemic (lanes 5 to 8) leaves of N. tabacum plants challenged with
TEV alone or with TEV plus TEV-HC dsRNA at 6 dpi. Similar
amounts (5 pug) of each RNA sample were fractionated by 1% agarose
gel electrophoresis, and the filter was hybridized with a DIG-labeled
RNA probe specific for TEV. The positions of TEV RNA and RNA
species derived from partially denatured input TEV-HC dsRNA are
indicated. Differences in stability between different RNA samples
could probably account for variations in the intensity of the dsRNA
bands. Ethidium bromide staining of 25S rRNA was used as a loading
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1,124-nt segment of AMV RNA 3 (AMV-3 dsRNA). Figure
3B shows a Northern blot analysis of total RNA extracted from
inoculated or systemic leaves of these plants using a probe
specific for both the genomic RNA 3 and the subgenomic RNA
4 of AMV. In vitro-transcribed RNAs 3 and 4 and AMV-3
dsRNA used in the inoculum were loaded as controls (Fig. 3B,
lanes 2 and 5, respectively). By 6 dpi, none of the plants
inoculated with the mixture of AMV RNAs plus AMV-3
dsRNA showed disease symptoms, whereas all of the plants
inoculated only with AMV RNAs were susceptible to virus
infection, showing severe stunting and mosaic on systemically
infected leaves. In agreement with the observed symptoms,
accumulation of AMV RNAs was not detectable in plants
inoculated with the mixture of AMV RNAs plus dsRNA (Fig.
3B, lanes 4 and 7), whereas plants inoculated only with AMV
RNAs accumulated RNAs 3 and 4 in both the inoculated (Fig.
3B, lane 3) and upper (lane 6) leaf tissue.

Inhibition by dsRNA is dose dependent and acts inside
plant cells. To obtain a semiquantitative assessment of the
relationship between dsRNA dose and inhibition of virus in-
fection, a series of log dilutions (10° to 10~*) were made from
the 54-kDa-protein dsRNA preparation (0.8 pg/ul) typically
used in the experiments with PMMoV. The dilutions were
mixed in equal volumes with a fixed concentration of PMMoV
(10 pg/ml), and the mixtures were tested for their ability to
inhibit PMMOoV infection on N. benthamiana plants. At the
highest dose tested (undiluted dsRNA), the amount of dSRNA
corresponds to a 5,240-fold molar excess of dSRNA over viral
RNA. In accord with previous results, PMMoV accumulation
was completely inhibited by a concentration of 54-kDa-protein
dsRNA corresponding to undiluted dsRNA preparation,
whereas lowering the dsRNA concentration 10-fold had a
slight effect on viral infection (Fig. 4). Symptom expression in
these plants was delayed by only 3 days compared to that in
plants inoculated with PMMoV alone. PMMoV RNA accumu-
lated at very low levels in the inoculated leaves of these plants
at 6 dpi (Fig. 4, lane 3) (visible after longer exposure of the
blot) but reached a moderate level in upper leaf tissue at 15 dpi
(Fig. 4, lane 9). The dsRNA diluted 100-fold or more showed
no effect on virus infection, and PMMoV RNA accumulated in
both the inoculated and upper leaves of these plants at levels
comparable to that of the control plant. Thus, the ability of
54-kDa-protein dsRNA to provoke inhibition of PMMoV mul-
tiplication was dose dependent.

One possible explanation for the observation that coinocu-
lation of dsRNA with either viral RNA or virus particles spe-

control for the RNA gel blot (bottom panel). (B) dsRNA-mediated
interference with AMV. Northern blot analysis of total RNA extracted
at 6 dpi from inoculated (lanes 1, 3, and 4) or systemic (lanes 6 and 7)
leaves of N. benthamiana plants challenged with AMV RNAs 1, 2, and
3 alone (—) or with this mixture plus AMV-3 dsRNA. M, RNA ex-
tracted from a mock-inoculated plant. In vitro-transcribed AMV
RNAs 3 and 4 (lane 2) and AMV-3 dsRNA (lane 5) used in the
inoculum were run for comparison. Similar amounts (1 ng) of RNA
samples were fractionated by 1.2% agarose gel electrophoresis, and
the filter was hybridized with a DIG-labeled RNA probe specific for
AMYV RNAZ3. The positions of AMV RNAs 3 and 4 and input AMV-3
dsRNA are indicated. Ethidium bromide staining of 25S rRNA was
used as a loading control for the RNA blot (bottom panel).
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FIG. 4. Dose-dependent interference with PMMoV infection by
dsRNA. Northern blot analysis of total RNA extracted from inocu-
lated (lanes 1 to 6) or uppermost systemic (lanes 7 to 12) leaves of N.
benthamiana at 6 and 15 dpi, respectively. Plants were inoculated with
PMMoV (5 pg/ml) alone (=) or with PMMoV plus a series of log
dilutions (10° to 10™*) of the 54-kDa-protein dsRNA, as indicated.
Similar amounts (1 wg) of RNA samples were fractionated by 1%
agarose gel electrophoresis, and the filter was hybridized with a DIG-
labeled 54-kDa-protein RNA probe. The positions of PMMoV RNA
and RNA species derived from partially denatured, input 54-kDa-
protein dsRNA are indicated. The minor, low-molecular-weight bands
in lanes 4 and 6 are probably degradation products of genomic RNA.
Ethidium bromide staining of 25S rRNA was used as a loading control
for the RNA blot (bottom panel).

cifically prevents infection by different plant viruses is that
some kind of inhibitory interaction occurs in the mixture be-
fore the virus penetrates into the cell. We used an Agrobacte-
rium-mediated transient-expression assay (agroinfiltration)
(40) to test if dSRNA could inhibit virus infection when ex-
pressed directly inside plant cells. We cloned the entire 54-
kDa-protein coding region and flanking sequences of PMMoV
(nt 3411 to 5016) in either the sense or antisense orientation
under the control of the caulifiower mosaic virus 35S consti-
tutive promoter in a binary plasmid vector. A. tumefaciens
cultures carrying the sense and antisense 54-kDa-protein
RNA-expressing vectors were mixed in a 1:1 ratio and coinfil-
trated into N. benthamiana leaves in their entirety. For com-
parative purpose, plants were agroinfiltrated with single cul-
tures carrying plasmids encoding the sense or the antisense
54-kDa-protein RNA. At 4 days postinfiltration, plants were
challenged with PMMoV that was directly inoculated on the
entire infiltrated leaves. In three independent experiments, all
the plants transiently expressing sense or antisense 54-kDa-
protein RNA displayed disease symptoms in upper leaves at 10
days after inoculation, whereas plants that were agroinfiltrated

J. VIROL.

with vectors expressing the sense-antisense mixture showed no
symptoms or symptoms that were delayed 1 to 3 weeks com-
pared to the controls. Figure 5 shows a Northern blot analysis
of the accumulation of PMMoV RNA in total RNA prepara-
tions extracted from two individuals per treatment at 15 dpi.
PMMoV accumulated at very low level, if any, in the inocu-
lated leaves of plants infiltrated with the mixture of single-
stranded 54-kDa-protein RNAs, which could have annealed to
each other to form a dsRNA structure inside the plant cell.
There was no signal of PMMoV RNA in upper leaf tissue of
these plants. In contrast, neither sense nor antisense 54-kDa-
protein RNA expressed by Agrobacterium prevented PMMoV
accumulation in either the inoculated or systemic leaves of the
control plants. Thus, the specific interference with virus infec-
tion exhibited by homologous dsRNA seems to operate inside
the plant cell and to not be due to some other inhibitory effect
occurring in vitro. Furthermore, the interference effect on
PMMoV infection took place even when a longer interval (up
to 7 days) between agroinfiltration with 54-kDa-protein
dsRNA and virus inoculation was tested. However, cointroduc-
tion of dSRNA and virus into the same leaves seemed critical,
because dsRNA-agroinfiltrated plants challenged with PMMoV
in upper, noninfiltrated leaves became susceptible to virus in-
fection without any apparent delay in symptom expression
(data not shown).

DISCUSSION

We have shown that dsRNA derived from viral sequences
can interfere with virus infection in a sequence-specific manner
by directly delivering dsSRNA to leaf cells by mechanical inoc-
ulation. This approach differs from strategies based on trans-
genic expression of RNAs with the potential to form duplexes
which confer protection against potato virus Y through a
PTGS mechanism (35, 43). Our results support the view sug-
gested by others that the dsRNA intermediate in virus repli-
cation acts as an efficient initiator of PTGS in natural virus
infections (29, 30). In our study, we targeted three viruses
(PMMoV, TEV, and AMV) that represent extremes in the
evolution of positive-strand RNA viruses in plants with the
corresponding dsRNAs. We did not detect any reduction of
virus accumulation in plants inoculated in the presence of
either sense single-stranded RNA, antisense single-stranded
RNA, DNA, or nonhomologous dsRNA. This specificity in
both sequence and structure of the interfering molecule argues
against hypothetical artifacts produced by the inoculation pro-
cedure. Also, the interference phenotype was not restricted to
a particular plant species but was expressed in different host
and nonhost plants, demonstrating the reliability of the phe-
nomenon. Furthermore, we have been able to demonstrate
interference with virus infection by two different strategies: (i)
direct, mechanical inoculation of dsRNA together with the
virus and (ii) delivery of plasmid constructs via Agrobacterium
whose transcription products are predicted to form dsRNA in
vivo in a process separate from virus entry. Both approaches
protected plants against virus infection, making it very unlikely
that in vitro interactions between dsRNA and virus inocula
were the cause of the protective effect. Therefore, we suggest
that the effects mediated by dsRNA in plant virus infection
reflect the phenomenon of RNAI, a particular case of PTGS,
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FIG. 5. Agrobacterium-mediated transient expression of 54-kDa-protein dsRNA interferes with PMMoV infection. Leaves of N. benthamiana
plants were initially infiltrated as indicated with A. fumefaciens cultures carrying either the sense (S) or the antisense (As) 54-kDa-protein
RNA-expressing vector, or a mixture of both cultures. After 4 days, the agroinfiltrated leaves of these plants were challenge inoculated with
PMMoV or were mock inoculated (M). After another 15 days, accumulation of PMMoV RNA was assessed on inoculated (lanes 1 to 7) and upper
(lanes 8 to 14) leaves of two plants per treatment by Northern blot analysis. Similar amounts (1 ng) of RNA samples were fractionated by 1%
agarose gel electrophoresis, and the filter was hybridized with a DIG-labeled 54-kDa-protein RNA probe. A faint degradation product of genomic
RNA is observed in RNA extracts containing PMMoV RNA. Ethidium bromide staining of 25S rRNA was used as a loading control for the RNA

blot (bottom panel).

observed in animals (2, 14). In support of this view, the helper
component proteinase of potyviruses, a well-known suppressor
of PTGS in plants (42), prevents the interfering activity on
PMMoV infection by dsSRNA when both this proteinase and
54-kDa-protein dsRNA are delivered into plant cells via
Agrobacterium (unpublished data). In addition, preliminary
data on interference with PMMoV infection observed here
using RNA duplexes of different lengths is in agreement with
results obtained with RNAI in C. elegans (13) and Drosophila
(16).

The results obtained in a dilution series of 54-kDa-protein
dsRNA suggest that a 500-fold excess of dSRNA over PMMoV
RNA is the threshold required for limited interference with
virus multiplication. Threshold concentrations of dsRNA re-
quired for RNAI have also been reported for plants (32) and
animals (39). In our case, this may reflect a minimum amount
of dsRNA required for the onset of RNAI associated with a
highly replicating pathogen. Alternatively, because input
dsRNA itself cannot move between cells at detectable levels in

the inoculated leaves (unpublished data), this dose effect prob-
ably reflects a minimum amount of dsSRNA required to ensure
that most viral RNA penetrates into the cell in combination
with dsRNA. Taking into account the interference of dsRNA
with PMMoV infection on a hypersensitive host, we favor the
hypothesis that dsSRNA interferes with virus infection at the
cell level in the inoculated leaves. Indeed, in cases where the
virus is able to overcome the protection conferred by dsSRNA
in a systemic host, there is a delay in symptom expression from
1 to 3 weeks, suggesting a reduced number of competent in-
fection foci in the inoculated leaves. In plants, analysis of the
dynamics of virus-induced gene silencing, a particular case of
PTGS, revealed that there are separate initiation and mainte-
nance stages (31). In our scenario, dSRNA delivered by inoc-
ulation or expressed directly inside plant cells would act as the
dsRNA intermediate involved in viral replication, triggering
the initiation step of PTGS, which targets viral RNA for deg-
radation. As the maintenance step of PTGS requires a nuclear
component (transgene or DNA homologous to the target) that



12296 TENLLADO AND DIAZ-RUIZ

is absent in our plants, the sequence-specific signal involved in
PTGS does not propagate to upper parts of the plant, and
PTGS would not progress beyond the initiation stage (8, 17). It
has been shown that biolistic introduction of 35S nitrate re-
ductase cDNA constructs induces local but not systemic PTGS
in nontransgenic plants (28). Thus, in our case, once a few
infectious particles penetrate into the cells alone, without
dsRNA, the virus spreads and moves to the upper leaves, the
infection progresses, and the plant become susceptible to the
virus. In support of this lack of a PTGS systemic signal, when
dsRNA-agroinfiltrated plants were challenged with PMMoV
in upper, noninfiltrated leaves, they became susceptible to vi-
rus infection.

Although coinoculation and rapid sequential inoculation of
dsRNA and virus produced interference with PMMoV infec-
tion, a long interval (24 h) between sequential inoculations
resulted in a complete susceptibility to virus infection. There-
fore, it seems likely that some kind of interaction must occur
between the protective dsRNA, or derivatives, and the viral
RNA before dsSRNA becomes degraded or inaccessible to the
RNAIi machinery. One question arises regarding the fate of
dsRNA delivered on the leaf. It has been reported that in
Drosophila, dsRNA is processed efficiently to 21- to 23-nt frag-
ments that may be the active agents in initiating gene silencing
(44). In our work, evidence indicating partial persistence of
undegraded, input dsRNA on the leaf for at least 7 days after
inoculation has been obtained. However, initial attempts to
determine whether input dsRNA is cleaved to small RNAs did
not yield positive results. The absence of a nuclear component
and/or a replicating virus in our system could preclude the
accumulation of detectable levels of these RNA species (8).

The direct delivery of dsSRNA by mechanical inoculation or
via Agrobacterium adds to the tools available for induction of
RNAI in plants. Our approach provides an alternative to ge-
netic transformation of plant species with dsRNA-expressing
constructs able to produce interference with endogenous plant
genes (4, 18). In principle, it should be possible to silence
specific host sequences by direct delivery of dsRNA with ho-
mology to the target gene, as has been done recently in cereals
by a biolistic procedure (32). In this case, the maintenance
stage of PTGS would operate because of the presence of a
nuclear component (endogenous gene), and the dsSRNA-me-
diated genetic interference would be expressed in the whole
plant. In addition, this strategy would also allow the study of
the initiation stage of PTGS in cases involving transgenic re-
sistance against virus infection. Our results suggest that homol-
ogous dsRNA could serve as protective molecules against virus
infections, provided that inexpensive and effective means of
production and delivery of adequate interference products
onto plant surfaces are developed. Further research will help
to identify the limits and uses of such strategies.
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