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Recent studies of gene silencing in plants have revealed two
RNA-mediated epigenetic processes, RNA-directed RNA
degradation and RNA-directed DNA methylation. These
natural processes have provided new avenues for developing
high-efficiency, high-throughput technology for gene
suppression in plants.
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Abbreviations
dsRNA double-stranded RNA
GUS β-glucuronidase 
hpRNA hairpin RNA
ihpRNA intron-containing hpRNA
i/r inverted-repeat
nt nucleotide
PTGS posttranscriptional gene silencing 
RdDM RNA-directed DNA methylation
RNAi RNA interference 
TGS transcriptional gene silencing
VIGS virus-induced gene silencing

Introduction
Significant progress has been made in the past year in
understanding the molecular basis of gene silencing in
plants. For instance, an RNA helicase, SDE3 (SILENC-
ING DEFECTIVE3), has been isolated and shown to be
associated with posttranscriptional gene silencing (PTGS)
[1]. A chromomethylase, CMT3, was found to be required
for non-CG methylation [2,3], and therefore implicated in
RNA-directed DNA methylation (RdDM). Small double-
stranded RNAs (dsRNAs) of 21–25 nucleotides (nt), which
are hallmarks of PTGS, were shown to be associated 
with RdDM [4•,5,6]. Hence, such small dsRNAs provide a 
possible link between PTGS and transcriptional gene
silencing (TGS) in plants. It has been shown that the viral
PTGS-suppressing protein, HC-Pro, cannot inhibit the
transmission of systemic silencing or methylation 
signals [7]. Furthermore, HC-Pro is unable to block the 
production of the 21–25 nt RNAs from inverted-repeat (i/r)
transgene-derived dsRNAs [8], suggesting a complex 
pathway for RNA-induced silencing in plants. In this
review, however, we focus on our current understanding of
the role of dsRNA in gene silencing. We then examine the
exploitation of dsRNA-mediated processes in the develop-
ment of technology for gene suppression, and the potential
applications of this technology in the genetic improvement
of crops and in functional genomic studies. 

Double-stranded RNA as the trigger for both
RNA degradation and DNA methylation 
Gene silencing in plants occurs at both transcriptional and
posttranscriptional levels [9]. The primary cause of TGS is
thought to be cytosine methylation of promoter sequences,
but the exact role of promoter methylation in TGS remains
unclear. Methylation presumably inactivates the promoter by
blocking its proper interactions with transcription factors or by
attracting chromatin-remodeling proteins, which could lead to
the heterochromatinization of the promoter sequence. 

PTGS was first observed in 1990. It was initially referred to
as ‘cosuppression’ because the transformation of petunia
with a sense chalcone synthase transgene suppressed the
expression of both the transgene and the endogenous gene
[10,11]. A number of theories have been proposed to explain
the mechanism of PGTS and how such a mechanism could
be induced [12,13]. It is now widely accepted, however, that
dsRNA is the effective trigger of PTGS in plants and RNA
interference (RNAi) in animals, and that both of these
processes operate by sequence-specific RNA degradation. 

This mechanism was first demonstrated in plants by the
use of transgene systems that were targeted against both an
RNA virus and a nuclear transgene [14]. Although tobacco
plants expressing either a sense or an antisense potato virus
Y (PVY) transgene alone showed no resistance to PVY,
those expressing both the sense and antisense transgenes
were completely resistant to the virus. Similarly, an i/r
β-glucuronidase (GUS) transgene that was designed to
express RNA with self-complementarity (i.e. a hairpin
RNA [hpRNA]) was shown to be much more effective at
silencing a resident GUS gene than were simple sense and
antisense GUS transgenes or a promoterless i/r GUS 
transgene. The presence of a 79-basepair i/r sequence in a
1-aminocyclopropane-1-carboxylate (ACC) oxidase transgene
that efficiently suppressed ACC oxidase expression in
tomato was further evidence of the involvement of dsRNA
in gene silencing [15]. This involvement is also implicated
in petunia by the perfect correlation between the silencing
of a chalcone synthase gene and presence of i/r insertions of
two or more transgene copies of the same gene [16]. Such
transgene insertions could potentially produce dsRNA by
read-through transcription [14,17,18]. 

The role of dsRNA in PTGS that is associated with 
single-copy transgenes is unclear, but it is possible that
some transgenes, such as the chalcone synthase [19] and
nitrite reductase genes [20], contain dsRNA structures in
their coding regions that can trigger silencing when their
RNAs are highly abundant. Another possibility is that the
plant-encoded RNA-dependent RNA polymerase [21,22],
which is essential for sense cosuppression but not for
hpRNA-induced silencing [23], uses single stranded RNA
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as a template to synthesize dsRNA, which then triggers
the silencing.

Small dsRNAs of 21–25 nt appear to be a hallmark of
PTGS in plants [24]. By analogy with RNAi, these 
molecules are generated from dsRNA by a nuclease called
Dicer and used as guides to target the nuclease complex to
cognate single-stranded RNA [25].

Recent studies on PTGS have revealed another function
for dsRNA in plants: it can induce sequence-specific DNA
methylation, known as RdDM. This phenomenon was first
observed in 1994, when it was shown that replication of the
potato spindle tuber viroid induced the hypermethylation
of the viroid transgene sequence in the nucleus of 
transgenic tobacco [26]. Subsequent studies showed that
potyviruses or potexviruses [27,28], viral satellite RNA [5],
and i/r transgene-derived RNAs [4•,29] were all capable of
inducing hypermethylation in the homologous nuclear
transgene sequences, at both symmetric (CpG or CpNpG)
and non-symmetric sites. Sequence as short as 30 basepairs
can be targeted for RdDM [30•,31•]. RNA analysis
revealed that 21–25 nt small dsRNAs were associated with
methylation induced by i/r transgenes or satellite RNA
[4•,5,6]. This suggests that dsRNA, derived from replicating
viral RNAs and i/r transgenes, is the inducer of RdDM,
although much less is known about the molecular basis 
of the RdDM process than of the PTGS process. The 
recognition of dsRNA as the common inducer of PTGS
and RdDM in plants has provided a possible link between
PTGS and TGS, both of which are being exploited for the
targeted inhibition of gene expression.

RNA-directed RNA degradation
hpRNA-induced silencing
Transgenes encoding hpRNA are highly effective at inducing
the silencing of both endogenous genes and transgenes, and
at conferring virus resistance in plants [6,17,32,33•,34,35•,36].
They have also been shown to induce RNAi in animals
[37–39] and may be particularly useful for silencing mam-
malian genes. In mammals, the use of long extragenous
dsRNAs is problematic, and the use of short synthetic
dsRNAs may fail to bring about consistent RNAi. The 
presence of a spliceable intron in the hpRNA transgene
appears to enhance its silencing efficiency [34,35•], although
the exact role of introns in gene silencing remains to be
understood. Sequences from almost all exon regions, not only
from coding regions, appear to be good targets for hpRNA-
induced silencing. In plants, introns seem to be poor targets
for PTGS, yet synthetic dsRNAs of introns have been shown
to induce efficient RNAi in Caenorhabditis elegans [40]. 

Silencing appears to be most efficient when sequences 
of more than 300 basepairs are used to target hpRNA 
constructs. However, synthetic 21-nt dsRNAs with two non-
target nucleotide 3′-overhangs have been used to induce
RNAi [41••,42•], suggesting that hpRNA transgenes with
sequence stretches of 19-basepair identity to the target gene

may be effective. The efficiency of silencing using such
short sequences of identity might be enhanced by fusing
the sequences with long non-target sequences in the
hpRNA constructs or by incorporating repeats of the target
sequence within the construct.

Consistent and profound inhibition of the expression of
numerous endogenous genes by hpRNA transgenes has
been demonstrated [6,32,33•,34,35•], giving rise to pheno-
types that resemble those of the null alleles of the target
genes. Selective inhibition of genes that are involved in
multistep metabolic pathways is potentially useful in the
improvement of agronomic traits in crop plants. For example,
the fatty acid contents of cotton seed oil have been 
modified through the inhibition of desaturase genes [43].
It should be possible to achieve the simultaneous inhibition
of two or more genes by cloning the sequences of the 
individual genes into one hpRNA construct or by trans-
forming plants with several constructs. However, it is not
yet known whether silencing in plants is subject to saturation.
The specific inhibition of individual members of a multi-
gene family could be achieved through the use of
sequences in less conserved regions, such as the 5′ or 3′
untranslated regions. However, a variable region of 
sufficient size must be present to permit specific inhibition.
Tissue- or cell-specific silencing would be desirable in
some situations, for example, to alter the oil, carbohydrate
or protein compositions of the seed without affecting
metabolism in the stem and leaves of the plant. However,
tissue- or cell-specific silencing may be difficult to achieve
as cell-to-cell and long-distance spread of PTGS have been
shown to occur in plants [44]. 

Transgenes encoding virus-derived hpRNAs appear to be
more efficient than conventional sense or antisense viral
transgenes in conferring virus resistance upon plants.
Although conventional viral transgenes usually yield 
partial and sometimes unstable resistance, which often
depends on the presence of multiple-copy transgenes, 
single-copy hpRNA transgenes are sufficient to induce
immunity to virus infection [36]. Another advantage of
hpRNA transgenes over conventional protein-mediated
resistance transgenes is that they minimize the risks 
associated with recombination between transgene RNA
and viral RNA because short viral sequences of non-coding
regions can be used.

One area of research in which hpRNA transgene technology
should be a powerful tool is functional genomics. Existing
approaches for studying the functions of genes in plants
are mainly based on loss-of-function mutations that result
from T-DNA or transposon insertions, or from chemical- or
radiation-induced sequence variations. These approaches
are limited by the untargeted nature of the mutagenesis,
the time required to saturate a genome, and the difficulty
in relating individual genes to phenotypes. A further 
limitation is that genes that are essential for plant viability
will not be recovered in the homozygous mutagenesis 
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population. Most of these limitations should be overcome
by hpRNA-induced gene silencing, especially if the 
transgene constructs are placed under the control of an
inducible/transactivatable promoter [33•]. 

Although high-throughput functional analysis involving
RNAi has been achieved in C. elegans [45–47], the successful
use of hpRNA constructs in plant functional genomics 
will depend on the availability of fast and efficient systems
to generate the constructs and carry out the transforma-
tions. A recently developed vector, ‘pHELLSGATE’
[35•], may facilitate high-throughput construction of
hpRNA transgenes. This vector contains two pairs of 
the recombination sites attP1 and attP2 used in the
GatewayTM cloning system, which are arranged in inverse
orientation interrupted by an intron (Figure 1). PCR 
products flanked by the attB1 and attB2 sites can be 
directionally recombined into pHELLSGATE in one 
simple step and subsequently selected for. High-throughput
transformation of plants with hpRNA transgenes is feasible
in species such as Arabidopsis, and possibly japonica rice,
that are readily transformable using Agrobacterium tumefa-
ciens. It cannot be achieved, at least for the time being, in
species such as wheat for which efficient and reproducible
transformation systems are still lacking. Virus-induced
gene silencing (VIGS) could, however, provide a means of
high-throughput functional analysis in species that are not
readily transformable with hpRNA transgenes.

Virus-induced gene silencing 
The infection of a plant with a recombinant virus that 
contains a sequence from a nuclear gene that is endo-
genous to the plant can result in the silencing of that gene
[48,49]. This has obvious applications and advantages in

functional genomics. The system does not rely on plant
transformation, although it still requires the cloning of 
target gene sequences into the recombinant viral genome.
Phenotypes can be scored according to whether or not the
target gene has been silenced one to three weeks after
virus inoculation. However, there are some drawbacks with
this system. VIGS systems are only available for a small
number of viruses that have relatively narrow dicot host
ranges. The most extensively used VIGS system, which is
based on potato virus X, does not provide silencing in seed,
in the meristem, and in some floral organs. Furthermore, it
is difficult to use VIGS against genes that are involved in
early plant development. However, a newly developed
VIGS system, based on tobacco rattle virus, that invades
meristems and is seed transmissible [50••] may overcome
some of these problems.

RNA-directed DNA methylation
Both hpRNAs and viral RNAs have been shown to cause
the hypermethylation of homologous promoter sequences,
leading to the transcriptional silencing of transgenes
[4•,6,28,29]. Such RdDM may be useful for the targeted
inhibition of gene expression through transcriptional 
inactivation. It remains to be seen, however, whether
endogenous genes can be reliably switched off by RdDM
of their promoter sequences. The few reports of viral
RdDM appear to suggest that endogenous sequences are
less susceptible to RdDM than transgene sequences
[28,31•]. However, if viral RdDM can be perfected and the
de novo methylation retained in the next generation in the
absence of the virus, this strategy would enable the modi-
fication of heritable traits without transgenesis. A more
attainable scenario is the use of hpRNAs that contain a
stem comprised of promoter and exon sequences from the

Figure 1

Map and cloning strategy for the high-
throughput ihpRNA vector, pHELLSGATE.
PCR products are amplified from the target
gene using primers that add the attB1 and
attB2 sites. A single step in vitro
GATEWAYTM recombination reaction (into
attP1/2 sites) replaces the 5′ ccdB unit with a
sense-orientated PCR product and the
3′ ccdB unit with an antisense-orientated
PCR product to generate the ihpRNA
construct for plant transformation. The lethal
ccdB units allow easy selection of the desired
recombinant plasmid. CaMV::35S, the
cauliflower mosaic virus promoter sequence;
Nos promoter and Nos terminator, the
promoter and terminator sequences of the
Agrobacterium nopaline synthase gene,
respectively; OCS terminator, the terminator
sequence of the Agrobacterium octopine
synthase gene. Right border and left border
represent the T-DNA border sequences of the
Agrobacterium Ti plasmid. ‘CAM resistance’
represents the coding sequence of the
chloramphenicol resistance gene.
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target gene. This ‘belt and braces’ approach might provide
a highly efficient gene-silencing strategy because it would
simultaneously produce PTGS and TGS. 

Conclusions
Plant genomic studies have produced large quantities of
sequence information that await functional analysis. The
recent discoveries of RNA-mediated PTGS and RdDM have
provided new avenues for high-throughput reverse genetics
approaches to determine the functions of plant genes. The
use of intron-containing hpRNA (ihpRNA) and VIGS as
high-throughput technologies in a wide range of species
depends on the development of efficient plant transformation
systems and wide-spectrum infectious viral vectors. Even
with their current limitations, RNA-mediated PTGS and
RdDM are set to revolutionize investigative plant biology.
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