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RNA silencing is a eukaryotic genome defence system
that involves processing of double-stranded RNA
(dsRNA) into 21-26 nt, short interfering RNA
(siRNA). The siRNA mediates suppression of genes
corresponding to the dsRNA through targeted RNA
degradation. In some plant systems there are add-
itional silencing processes, involving systemic spread
of silencing and RNA-directed methylation/transcrip-
tional suppression of homologous genomic DNA. We
show here that siRNAs produced in plants from a
green fluorescent protein (GFP) transgene are in short
(21-22 nt) and long (24-26 nt) size classes, whereas
those from endogenous retroelements are only in the
long class. Viral suppressors of RNA silencing and
mutations in Arabidopsis indicate that these classes of
siRNA have different roles. The long siRNA is dispens-
able for sequence-specific mRNA degradation, but cor-
relates with systemic silencing and methylation of
homologous DNA. Conversely, the short siRNA class
correlates with mRNA degradation but not with sys-
temic signalling or methylation. These findings reveal
an unexpected level of complexity in the RNA silencing
pathway in plants that may also apply in animals.
Keywords: DNA methylation/double-stranded RNA/
retroelements/RNA silencing/silencing suppressor/
systemic signalling

Introduction

In eukaryotic cells, gene silencing operating at the RNA
level has roles in adaptive protection against viruses
(Voinnet, 2001), in genome defense against mobile DNA
elements (Ketting et al., 1999; Wu-Scharf ez al., 2000) and
in developmental regulation of gene expression (Grishok
et al., 2001; Hutvagner et al., 2001; Ketting et al., 2001).
Many of these silencing systems involve double-stranded
RNA (dsRNA) that is generated by host- or virus-encoded
RNA-dependent RNA polymerases (Dalmay et al., 2000;
Mourrain et al., 2000; Sijen et al., 2001a), by transcription
either through inverted repeats (Grishok et al., 2001;
Hutvagner et al., 2001; Ketting et al., 2001) or from
converging promoters (Aravin et al., 2001). Various terms
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including RNA interference, post-transcriptional gene
silencing and quelling have been used to refer to these
examples of gene silencing. However, based on genetic
and molecular analyses, it seems that their mechanisms
share similarities and here we use the generic term ‘RNA
silencing’.

A second component of RNA silencing, in addition to
dsRNA, is a 21-26 nt RNA known as short interfering
RNA (siRNA) (Hamilton and Baulcombe, 1999; Elbashir
et al., 2001a). In Drosophila, the siRNA is derived from
dsRNA (Zamore et al., 2000) by the action of an RNaselll-
like enzyme named Dicer (Bernstein et al., 2001). The
siRNA guides a multi-subunit ribonuclease, referred to as
RNA-induced silencing complex (RISC) (Hammond et al.,
2000, 2001a; Elbashir et al., 2001a; Nykanen et al., 2001),
and ensures that it specifically degrades RNAs that share
sequence similarity with the dsRNA. It is thought that the
specificity is mediated by base pairing of the siRNA and
the target.

In addition to mRNA degradation, RNA silencing in
plants acts at several other levels, including DNA
methylation and transcriptional suppression (Wassenegger
and Pelissier, 1998; Mette et al., 2000; Jones et al., 2001),
pre-mRNA processing (Mishra and Handa, 1998) and
translation (VanHoudt et al., 1997). Aspects of RNA
silencing have also been implicated in translational control
in other eukaryotes (Grishok et al., 2001; Hutvagner et al.,
2001; Ketting et al., 2001). In many of these examples the
target nucleic acids share nucleotide sequence similarity
with the initial dsSRNA trigger, and it is likely therefore that
siRNAs are the specificity determinants. However, it is not
known whether RISC is involved and it remains possible
that different siRNA-containing complexes act at various
levels of gene expression.

As well as intracellular RNA silencing, there is also
transmission of the silencing state between cells (Palauqui
et al., 1997; Voinnet and Baulcombe, 1997; Voinnet et al.,
1998). In plants, a signal of silencing moves from cell to
cell through plasmodesmata and for greater distances
through the vascular system. The signal is likely to
incorporate a nucleic acid because it mediates a nucleotide
sequence-specific effect. A similar signal may exist in
Caenorhabditis elegans, where RNA silencing is also non-
cell autonomous (Fire et al., 1998; Winston et al., 2002).

One possible role of the extracellular signal of silencing
in plants is anti-viral. The signal would move together
with, or in advance of the virus, and mediate silencing of
the viral RNA in the newly infected cells. Consequently
the infection would progress slowly or would be arrested
(Voinnet et al., 2000). Many plant viruses produce
proteins that suppress RNA silencing in order to counter-
act this defence mechanism (Anandalakshmi ef al., 1998;
Brigneti ef al., 1998; Kasschau and Carrington, 1998).
These proteins share no obvious common structural
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Fig. 1. Differential accumulation of long and short siRNA in local and
systemic GFP silencing. (A) Local silencing (LS) of GFP (left) was in-
duced in leaves of wild-type (WT) N.benthamiana by agro-infiltration
of the 35S5-GFP construct. Local silencing also occurs in GFP trans-
genic N.benthamiana (right) and precedes systemic silencing (SS), in
which transgene expression is suppressed in new, emerging, non-infil-
trated tissues. (B—C) Low molecular weight RNA was hybridized with
GFP antisense-specific (B) or sense-specific (C) probes. Lanes ‘SS’
were from systemically silenced upper leaves of GFP transgenic
N.benthamiana. ‘5X’ indicates that the amount of RNA loaded in lanes
3 and 7 was 5-fold higher than the amount loaded in lanes 4 and 8. The
samples in lanes ‘LS’ were from leaves of wild-type N.benthamiana
exhibiting local silencing following infiltration with the 35S—GFP strain
of A.tumefaciens. Control samples (lanes ‘NS’) were from non-infil-
trated leaves of wild-type N.benthamiana. Both GFP siRNA classes
accumulate to similar, high levels in GFP transgenic and wild-type
plants (data not shown).

motifs and appear to act against different stages of the
RNA silencing mechanism (Voinnet et al., 1999;
Anandalakshmi et al., 2000; Llave et al., 2000; Mallory
et al., 2001), including synthesis or movement of the
systemic signal (Voinnet et al., 2000; Guo and Ding,
2002).

Here, we characterize siRNAs produced from a
transgene and from several endogenous retroelements,
and we investigate the effects of viral suppressors of
silencing. We show that there are two size classes of
siRNAs associated with RNA silencing of a green
fluorescent protein (GFP) transgene and that these
siRNAs are differentially affected by the viral suppressors
of RNA silencing. In contrast, siRNA from retroelements
is composed of only the long class. If the abundance of the
long siRNA was reduced by viral suppressors or by
mutation of the SDE4 Arabidopsis gene, systemic silen-
cing and methylation of genomic DNA were prevented or
reduced, whereas degradation of the target RNA was
unaffected. Conversely, if the short class was reduced in
abundance or was absent, there was no degradation of
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target RNAs corresponding to the siRNA. Based on these
results, we propose that the short siRNA is incorporated
into RISC and is involved in degradation of the target
RNA. We further propose that the long siRNA plays a
separate role that is associated with systemic signalling of
RNA silencing and RNA-directed DNA methylation.

Results

Agrobacterium-mediated silencing of GFP in plants
When a liquid culture of Agrobacterium tumefaciens is
pressure-injected into leaves, the transferred (T)-DNA of
the bacterial Ti plasmid is transferred into plant cells,
where transient expression of the T-DNA-encoded genes
procedes. Thus, in Nicotiana benthamiana, the ‘agro-
infiltration’ of a GFP transgene coupled to a cauliflower
mosaic virus 35S promoter (35S) results in strong green
fluorescence in the infiltrated zone that contrasts with the
surrounding red fluorescence from chlorophyll. GFP
fluorescence and GFP mRNA reach peak levels after
2-3 days in the infiltrated patch (Voinnet and Baulcombe,
1997) and then decline as a consequence of RNA silencing
activation (Johansen and Carrington, 2001; O.Voinnet,
S.Rivas, P.Mestre and D.C.Baulcombe, manuscript sub-
mitted). We refer to this phenomenon as ‘local silencing’
of GFP.

When a 35S-GFP transgene is agro-infiltrated into
plants that are already transformed with a GFP transgene,
the infiltrated patch appears bright green due to the
transient GFP expression superimposed on fainter green
fluorescence from the resident transgene (Voinnet et al.,
1998). As on the non-transformed plants, transient
expression of GFP peaks after 2—3 days and then declines.
At later times, the tissue becomes uniformly red fluores-
cent (Voinnet et al., 1998), indicating that the newly
infiltrated transgenes and the resident GFP transgene have
both become locally silenced. This local silencing pre-
cedes ‘systemic silencing’, in which GFP expression is
suppressed in newly emerging, non-infiltrated leaves of
the GFP transgenic plants (Voinnet et al., 1998).

Two classes of siRNA

Local and systemic silencing of GFP in N.benthamiana is
associated with two size classes of 21-25 nt GFP siRNA
(Figure 1), corresponding to both sense and antisense
strands. In the extracts of local silencing tissue, the longer
siRNAs (25 nt) are as abundant as the shorter species
(Figure 1B and C, lanes 4 and 8, respectively) whereas in
the systemic silencing tissue the shorter siRNAs (21-22 nt)
are by far the more abundant species (Figure 1B and C,
lanes 3 and 7, respectively). We can rule out that the
different size classes of siRNA are artefacts caused by
contaminants in the RNA preparations because labelled
marker RNA had the same electrophoretic mobility,
irrespective of whether it was analysed alone or after
mixing with the plant RNA (data not shown).

The effect of viral suppressors on local silencing

The onset of GFP silencing after agro-infiltration provides
a convenient system for induction of siRNA. Furthermore,
by infiltrating mixed A.fumefaciens cultures, the effect of
viral suppressors on GFP siRNA, mRNA and systemic
silencing can be assessed. In such an experiment one of the
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Fig. 2. The effects of viral suppressors on local RNA silencing.
(A) Local silencing was induced in leaves of GFP transgenic
N.benthamiana by infiltration of the 35S—GFP strain of Agrobacterium
together with a second strain designed to express a viral suppressor of
silencing. The onset of local silencing was then monitored and samples
were collected for GFP mRNA and siRNA analysis. RNA was ex-
tracted from the infiltrated leaves after 5 (B) and 11 days (C). GFP
mRNA was detected by hybridization with 32P-labelled GFP cDNA.
GFP siRNA was detected by hybridization with labelled GFP sense
RNA. The length of the siRNA is indicated as 21-22 nt (short class)
and 25 nt (long class). Lanes 2—6 and 9-12 are from plants in which
the GFP A.tumefaciens was mixed 1:1 with a second culture expressing
a viral suppressor. The suppressors were He-Pro (HC, lanes 2 and 9),
2b (lanes 3 and 10), P1 (lanes 4 and 11), AC2 (lanes 5 and 12) and P19
(lanes 6 and 13). Lanes 7 and 14 are from plants in which the
second A.tumefaciens culture carried the 35S—GUS transgene construct.
Lanes 1 and 8 correspond to non-infiltrated control leaves.

T-DNA constructs carries the 35S—GFP transgene as an
initiator of silencing and the second encodes a viral
suppressor (Figure 2A). The cultures are infiltrated into the
leaves of GFP transgenic N.benthamiana and the plants are
monitored for local and systemic GFP silencing. This
approach has been used previously to investigate suppres-
sors of silencing encoded in several viruses (Voinnet et al.,
2000; Johansen and Carrington, 2001; Dunoyer et al.,
2002; Guo and Ding, 2002).

The viral suppressors tested include the P1 protein of
rice yellow mottle virus (RYMYV), the P19 protein of
tomato bushy stunt virus (TBSV), the helper component
protease (Hc-Pro) of potato virus Y (PVY), the 2b protein
of cucumber mosaic virus (CMV) and the AC2 protein of
African cassava mosaic virus (ACMYV) (Voinnet et al.,
1999). We used an Agrobacterium culture carrying a 35S-
B glucuronidase (GUS) transgene as a non-suppressor
control. Both GFP mRNA and GFP siRNA levels were

Two classes of siRNAs in plants

monitored at 5 and 11 days post-infiltration (d.p.i.) in three
separate experiments.

Figure 2B and C illustrates that both GFP siRNA size
classes accumulated in tissues infiltrated with a GFP
Agrobacterium strain in the absence of a viral suppressor
(lanes 7 and 14, respectively). In contrast, in all GFP
combinations with viral suppressor constructs, the accu-
mulation of siRNA was reduced, although to different
extents (lanes 2-6 and 8-12). The strongest effect, with
P19, resulted in suppressed accumulation of both long and
short siRNAs for at least 11 days (lanes 6 and 13). Hc-Pro
suppressed both siRNA classes at 5 d.p.i., but by 11 d.p.i.
there was accumulation of the smaller class only (lanes 2
and 9). P1 suppressed accumulation of the longer class of
siRNA throughout the 11-day duration of the experiments,
but caused only a moderate reduction in the shorter class
(lanes 4 and 11). AC2 and 2b were the weakest suppressors
and caused a similar, moderate reduction of both siRNA
classes (lanes 5 and 12 and lanes 3 and 10, respectively).

The GFP mRNA levels were inversely related to the
abundance of the short siRNAs. Thus, in the samples
without a viral suppressor, agro-infiltration of 35S-GFP
induced a high level of short siRNAs, and the GFP mRNA
from the stable integrated transgene and from the
transiently expressed DNA was below the limit of
detection (Figure 2B and C, lanes 7 and 14, respectively).
In samples with intermediate levels of the short siRNA due
to the 2b, P1 and AC2 suppressors (Figure 2B, lanes 3-5),
the GFP mRNA at 5 d.p.i. was at approximately the same
level or was less abundant than in the non-silenced
controls (Figure 2B, lane 1). However, by 11 d.p.i., with
these intermediate suppressors, the GFP mRNA silencing
was as strong as in the absence of viral suppressors
(Figure 2C, lanes 10-12). The 11 d.p.i. sample with Hc-
Pro also represented the intermediate situation in which
the short siRNA class was moderately abundant and the
GFP mRNA was markedly reduced (Figure 2C, lane 9).
The extreme situation, in which short siRNA was reduced
to levels that were at or close to the detection limit, was
with Hc-Pro at 5 d.p.i. and with p19 at both time points. In
these samples (Figure 2B, lanes 2 and 6, and Figure 2C,
lane 13), there was strong suppression of silencing and the
GFP mRNA was more abundant than in the non-silenced
plants (Figure 2B and C, lanes 1 and 8, respectively).

In contrast, there was no obvious relationship between
the accumulation of the long siRNA and GFP mRNA
levels. Thus, GFP mRNA was suppressed if the long
siRNAs were detectable, as in the 2b and AC2 samples
(Figure 2B, lanes 3 and 5, and Figure 2C, lanes 10 and 12).
The GFP mRNA was also suppressed if the longer siRNAs
were not detected, as in the Hc-Pro (11 d.p.i.) and P1
samples (Figure 2B, lane 2, and Figure 2C, lanes 9 and 11).
Taken together, these RNA analyses indicate that the short
siRNA but not the long siRNA has a role in local silencing.

The effect of viral suppressors on

systemic silencing

Systemic silencing of GFP in the upper leaves of the
infiltrated plants (Figure 3) was strongly inhibited when
the 35S—GFP trigger of local silencing was co-expressed
with P1, Hc-Pro or P19. It was striking that the suppressors
were those affecting production of the longer siRNA
(Figure 2B, lane 2, 4 and 6, and Figure 2C, lanes 9, 11 and
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13). Conversely, the suppressors that had either a slight
(AC2) or moderate (2b) effect on systemic silencing
(Figure 3) in our experimental conditions were those with
only a slight effect on the level of the long siRNA
(Figure 2B, lanes 3 and 5, and Figure 2C, lanes 10 and 12).
These results were consistently reproduced in three
independent experiments involving 10 plants each. They
suggested a correlation between the production of the long
GFP siRNA species in the infiltrated patch and the
subsequent onset of systemic silencing.

To investigate this possible correlation between the
longer siRNA and systemic silencing further, we exploited
mutant forms of PVX incorporating a GFP gene
(PVX-GFP) (Figure 4A). Replication-competent forms
of PVX-GFP are able to initiate local silencing of the
GFP mRNA and siRNA production in GFP transgenic
N.benthamiana. However, only mutant forms of
PVX-GFP in which the P25 movement protein gene had
been deleted are able to initiate systemic silencing,
indicating that P25 is a suppressor of the systemic signal
but not of the local silencing triggered by virus replication
(Voinnet et al., 2000).

We have now extended these analyses using conditions
that, unlike those used previously (Voinnet et al., 2000),
allow resolution of long and short siRNAs. We inoculated
GFP transgenic N.benthamiana with forms of PVX-GFP
that either did or did not encode P25, and monitored
production of siRNAs and systemic silencing in the
infected plants. The PVX constructs were incapable of
moving out of the inoculated cells because they were
defective for coat protein (Figure 4A) (Voinnet et al.,
2000). Consequently, any systemic silencing would be due
to spread of the silencing signal rather than the virus.
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Fig. 3. The effects of viral suppressors on systemic RNA silencing.
GFP transgenic N.benthamiana plants were infiltrated with mixed
A.tumefaciens cultures as described in Figure 2, and were monitored
for the onset of systemic silencing at 5, 7, 11 and 20 d.p.i. For each
experimental treatment, a total of 30 individual seedlings (three separ-
ate experiments with 10 plants each) were tested. Abbreviations for the
viral suppressors are as shown in the legend to Figure 2. V.O., veins
only: this indicates that systemic silencing was incomplete and limited
to the veins of a few leaves.
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The results with these constructs show that there was
systemic silencing and long siRNA only if the PVX-GFP
had a deletion that included the P25 gene (Figure 4B, lanes
1 and 3). If the P25 gene was included as part of the
PVX-GFP genome (Figure 4B, lane 2) or was provided
in trans, there was suppression of systemic silencing and
the longer siRNA was absent (Figure 4B, lane 4). These
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Fig. 4. The effects of PVX P25 on siRNA accumulation and systemic
RNA silencing. (A) PVX-GFP has been described previously (Ruiz
et al., 1998; Voinnet et al., 2000). Expression of the inserts in the PVX
vector is controlled by a duplicated coat protein (CP) promoter, as indi-
cated in blue. The replicase ORF is essential for viral replication; the
25, 12 and 8 kDa proteins are all strictly required for viral cell-to-cell
movement and are collectively referred to as triple gene block (TGB)
proteins. The CP is essential for encapsidation as well as cell-to-cell
and systemic movement. PVX-GFP-ACP carries a deletion span-
ning the entire CP ORF. PVX-GFP-ATGB-ACP is based on
PVX-GFP-ACP and carries a deletion spanning the entire TGB
(Voinnet et al., 2000). These PVX—GFP mutants were inserted between
the 35S promoter and terminator of the pBin61 T-DNA, and viral
inocula were provided to plants by Agrobacterium-mediated transient
expression of the above-mentioned T-DNAs. (B) Four-week-old seed-
lings of GFP transgenic N.benthamiana were inoculated with
PVX-GFP-based replicons. After 5 days, RNA was extracted from the
inoculated leaf and antisense GFP siRNA was assayed as described in
Figure 2. The onset and progression of systemic GFP silencing was
monitored in 10 plants for each inoculum and the number of plants
showing systemic silencing is indicated. The asterisk at the bottom of
lane 2 indicates partial systemic silencing that was only restricted to a
few leaf veins in this particular plant. The viral inocula were either
PVX-GFP-ATGB-ACP (lanes 1, 3 and 4) or PVX-GFP-ACP (lane 2).
The 35S-P25-AATG (lane 3) and 35S-P25 (lane 4) constructs were
transiently co-expressed in the inoculated tissue, as described in
Figure 2.



data therefore reinforce the association of the long siRNA
with systemic silencing. They further suggest that P25
blocks systemic silencing by interfering with production of
this long siRNA.

Retrotransposon siRNA

We also investigated the size distribution of endogenous
plant siRNAs. Although there are no known natural targets
of RNA silencing in plants, it was originally suggested
(Flavell, 1994) that the mechanism is a natural defence
against transposable elements in plants. This idea is
supported by recent molecular and genetic evidence from
animals and lower plants (Ketting et al., 1999; Tabara
et al., 1999; Wu-Scharf et al., 2000; Aravin et al., 2001).
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Two classes of siRNAs in plants

To find out whether plants also have transposon siRNA-
like species, we probed extracts of Arabidopsis thaliana
and Nicotiana species for siRNAs corresponding to three
different retroelements. In each instance, as shown below,
we detected RNA of both sense and antisense polarities
and of a size similar to transgene siRNA (Figures 5 and 6).
However, unlike transgene siRNA, in each case the small
RNA corresponded only to the longer size class.

The Tntl element in Nicotiana tabacum is an active
retrotransposon (Grandbastien et al., 1989). Sense and
antisense specific probes from the long terminal repeat
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Fig. 6. Retroelement siRNA and DNA methylation in Arabidopsis.
(A) RNA was extracted from wild-type and silencing-defective mutants
of 6-week-old A.thaliana (landrace C24) seedlings. The mutations were
at the sdel/sgs2, sgs3, sde3 and sde4 loci (Dalmay et al., 2000, 2001;
Mourrain et al., 2000). AtSN1 siRNA was detected by hybridization
with sense RNA transcribed from the cloned AtSNI1 sequence. After
probe stripping, the filter was reprobed with antisense RNA from the
cloned AtSN1 sequence. (B) DNA was extracted from the lines of
A.thaliana as in (A) and digested with the methylation-sensitive
enzymes Haelll or Sau3Al. Similar extent of digestion was confirmed
by electrophoresis and ethidium staining of digested DNA. Each sample
of digested DNA was used as template for PCR with AtSN-specific
primers and primers that would amplify an unrelated sequence (to
control for variations in efficiency of individual PCR). The AtSN
primers would only amplify AtSN DNA if it had remained undigested.

Fig. 5. Retroelement siRNA in Nicotiana sp. (A) Low molecular
weight RNA from N.benthamiana (lanes ‘N.b."); 5-week-old
N.tabacum var. Petite Havana (lanes ‘N.t.”) and 6-week-old A.thaliana
landrace C24 (lanes ‘A.t.") were hybridized with 3?P-labelled Tntl LTR
sense or antisense RNA. Samples in lanes ‘S’ and ‘NS’ were as de-
scribed in Figure 1 and the siRNA was detected by hybridization with
a GFP antisense-specific probe. (B) RNA was extracted from the leaves
of 1-, 5- and 9-week-old N.tabacum var. Petite Havana. Low molecular
weight RNA was hybridized with a 3?P-labelled sense or antisense
RNA corresponding to a cloned TS SINE. The two panels show hybri-
dization to the same filter stripped of probe between hybridizations.
(C) Leaves of N.benthamiana were inoculated with TRV:00 or
TRV:TS and total RNA was extracted from the inoculated leaves after
2, 4 and 7 days. RNA was hybridized with a 3?P-labelled, 617-bp DNA
fragment of TRV RNA2 generated by EcoRI digestion of vector
pTV00. This fragment corresponds to the 3 UTR of RNA2 and thus
cross-hybridizes with RNA1. The multiple RNA species hybridizing to
the probe are genomic and subgenomic RNAs that are typically
associated with TRV infection (Ratcliff er al., 2001). The size shift
of the TRV:TS RNA species (lanes 7-9) confirms detection of the
recombinant virus.
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(LTR) of this sequence detected 24-26 nt RNA in
N.tabacum (var. Samsun) and N.benthamiana (Figure 5A,
lanes 6, 7, 10 and 11) but not in A.thaliana (Figure 5A,
lanes 8 and 12), which does not harbour elements of the
Tntl family. These longer siRNAs corresponded, in equal
abundance, to both sense and antisense strands (Figure 5A)
and were also detected using probes from the Gag gene of
Tntl (data not shown). We did not detect Tntl siRNA of
the small class (21-22 nt).

To determine whether siRNA was produced from other
retroelements, we used as a probe the TS SINE element
of tobacco (Yoshioka et al., 1993). TS siRNAs in
N.benthamiana and N.tabacum were detected with both
sense and antisense probes corresponding to the entire
length of a cloned TS element (Figure 5B). As with the
Tntl element, these TS siRNAs corresponded only to the
24-26 nt long class. We infer that the TS siRNAs are
abundant because they were detected with the same short
fluorographic exposure times used to detect GFP siRNA in
systemically silenced leaves (Figure 5B).

The siRNAs associated with transgene silencing
mediate resistance against virus infection. Thus,
N.benthamiana plants exhibiting virus-induced and trans-
gene-induced systemic silencing of a GFP transgene are
resistant against recombinant viruses carrying a GFP insert
(Voinnet and Baulcombe, 1997; Ruiz et al., 1998).
However, the TS siRNAs did not confer resistance to
N.benthamiana against recombinant tobacco rattle virus
carrying a TS insert (TRV:TS), because this vector was
able to accumulate as rapidly and as extensively as the
recombinant TRV without an insert (Figure 5C, lanes 4-6
compared with lanes 7-9).

To test whether abundant siRNA production is a general
feature of SINEs, we used the AtSN1 of Arabidopsis as a
probe. As with the TS SINE, both sense and antisense
siRNA (Figure 6A) were found but detection required
much longer exposure time than for the tobacco TS
element, suggesting that they are less abundant. The strong
siRNA signal obtained with the TS probe is more likely a
reflection of the high copy number of the TS element
[50 000 copies per genome (Yoshioka et al., 1993)
compared with 70 copies of the AtSN1 (Myouga et al.,
2001)]. RNA blot analysis indicated the presence of sense
and antisense AtSN1 siRNAs (Figure 6A) which, as with
the Tntl and TS elements, were of the longer class. These
AtSN1 siRNAs were present in wild-type plants and in
sdel/sgs2, sgs3 and sde3 mutants that are defective for
transgene silencing (Elmayan et al., 1998; Dalmay et al.,
2000) (Figure 6A). However, in an sde4 mutant back-
ground, the AtSN1 siRNAs were absent (Figure 6A, lanes
4 and 10). Based on these results it seemed likely that
retroelement siRNAs are produced by mechanisms that are
similar but not identical to those involved in transgene
RNA silencing.

RNA silencing of transgenes and retroelements in plants
is often associated with sequence-specific methylation
(Ingelbrecht et al., 1994; English et al., 1996; Jones et al.,
1999; Mette et al., 2000; Morel et al., 2000; Miura et al.,
2001). Because siRNAs are strong candidates for the
molecules that direct methylation, we tested whether
methylation of an AtSN1 element was affected in the sde4
mutant. The methylation analysis of AtSN1 DNA was
carried out by PCR of genomic DNA from wild-type and
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silencing-defective mutants of A.thaliana. The primers
were based on the A.thaliana (landrace Columbia) DNA
that flanked an AtSN1 insertion and the PCR was carried
out on DNA that had been digested independently with
two separate methylation-sensitive enzymes, Sau3A1 and
Haelll. These enzymes cut within the AtSN1 sequence so
that if the template DNA was unmethylated, the amount of
PCR product would be less than with methylated DNA. As
an internal control, the PCR also included a pair of primers
for a DNA fragment that did not contain Sau3A1 or Haelll
sites. Figure 6B shows the results of this analysis and
confirms that in the sde4 genotype, the AtSN1 DNA was
less methylated than in wild-type plants or any of the other
silencing-defective mutants tested. Thus, based on this
sde4 phenotype, there is a correlation of long AtSN1
siRNA and methylation of the corresponding DNA.

Discussion

Two classes of siRNA in plants

In this paper we demonstrate that the short RNAs
associated with transgene RNA silencing are heterogenous
in both size and function. Thus, these RNAs are not a
single class of ~25 nt, as reported previously (Hamilton
and Baulcombe, 1999), but instead are two distinct
species, co-migrating with 21-22 nt and 25 nt markers.
The discrepancy between the present and the previous
analysis is most likely due to improved electrophoretic
resolution, shorter exposure times and the nature of the
size markers. We previously used DNA oligonucleotide
markers migrating ~10% faster than the RNA markers
used here (Sambrook et al., 1989). We refer to the two
classes as short and long siRNAs. However, until we have
sequenced these molecules and determined their length,
we acknowledge that the apparent size difference may be
due to RNA modifications affecting electrophoretic
mobility.

In the presence of viral suppressors, the short GFP
siRNAs correlated with degradation of the target GFP
mRNA (Figure 2). We propose, therefore, that this
21-22 nt siRNA represents the siRNA that guides the
RISC ribonuclease to the target of RNA silencing (Zamore
et al., 2000; Elbashir et al., 2001a). The long class of
siRNA is similar to the short class in that it corresponds to
both RNA strands (Figure 1) and, therefore, is probably
derived from dsRNA. However, it is unlikely that the two
classes of siRNA have the same function because they
accumulate differentially in locally and systemically
silenced tissue or in the presence of viral suppressor
proteins (Figures 1-3). In addition, there are two lines of
evidence indicating that the long siRNA is not the guide
for RISC. First, in our assay of the P1 and Hc-Pro
suppressors, there was silencing of a GFP target RNA in
the absence of long GFP siRNA (Figure 2B and C). The
second line of evidence is based upon experiments with
TRV:TS showing that targeted RNA degradation does not
occur in the presence of abundant, long TS siRNA
(Figure 5C). Consistent with the idea that the long
siRNA is not a guide for RISC, synthetic siRNAs are
inactive in an RISC assay if they are longer than 23 nt
(Elbashir et al., 2001b).

Our finding that long siRNA is associated with both
SDE4-mediated DNA methylation (Figure 6B) and sys-



temic silencing (Figures 3 and 4) could mean that this class
of siRNA is directly involved in these processes. For
example, it could be that long siRNA is the systemic signal
of silencing. This long siRNA molecule could also
mediate the nucleotide sequence-specific methylation of
DNA often associated with systemic RNA silencing in
plants. However, our data could also accommodate the
possibility that the long siRNA is either a derivative or
precursor of the RNAs species that are directly involved in
systemic silencing and RNA-directed DNA methylation.

To assess the precise function of the different classes of
siRNA in plants, it will be necessary to establish the ways
in which these RNAs differ physically and whether they
are produced by the same Dicer activity. The Arabidopsis
genome encodes at least four proteins with the helicase,
PAZ and dsRNA binding domains that are characteristic of
the Drosophila Dicer (Y .Klaue and D.Baulcombe, unpub-
lished data), and one possibility is that different members
of this protein family produce the short and long siRNAs.
Loss for each of these proteins will allow us to assess this
scenario. Loss of the true Dicer function would lead to loss
of the primary RNA silencing mechanism. Suppression of
Dicer paralogues would leave the primary silencing
mechanism intact but may prevent production of the
long siRNA. If systemic signalling and DNA methylation
are dependent upon long siRNA, the loss of Dicer
paralogue function would lead to suppression of these
aspects of RNA silencing. Other RNA silencing processes
such as amplification and transitivity (Sijen et al., 2001a;
Vaistij et al., 2002) may also be dependent on the long
siRNA.

RNA silencing and the control of retroelements
Mutations in C.elegans, Drosophila and Chlamydomonas
that impair RNA silencing of transgenes or host regulatory
genes also result in elevated activity of transposable
elements (Ketting et al., 1999; Wu-Scharf et al., 2000;
Aravin et al., 2001). Based on these observations, there is
now widespread agreement that an important natural
function of RNA silencing is to restrict transposons
(Plasterk and Ketting, 2000; Sharp and Zamore, 2000;
Hammond et al., 2001b). It is somewhat ironic that
although RNA silencing was discovered in higher plants,
(Napoli et al., 1990), there has been no direct evidence of
such a function. The data presented here provide this
evidence by demonstrating the presence of siRNA corres-
ponding to three different retrotransposons in Nicotiana
spp. and A.thaliana (Figures 5 and 6). It will be interesting
to determine whether the sde4 mutant, which does not
accumulate siRNA of at least one type of retroelement, has
a mutator phenotype like mut7 and other silencing-
defective lines of C.elegans.

In C.elegans, there is only partial overlap in the RNA
silencing-related mechanisms that control retroelement
activity and mediate dsRNA interference. Some mutations
suppress both processes whereas others affect only one
(Ketting et al., 1999; Tabara et al., 1999). Clearly there are
degrees of complexity in RNA silencing that are not
apparent from the well studied dsSRNA/Dicer/RISC-based
process. In plants there is probably a similar degree of
complexity because both classes of siRNA are associated
with transgene silencing, whereas retrotransposon siRNA
belongs only to the long class. Similarly, of the four loci

Two classes of siRNAs in plants

identified in a mutant screen as being required for
transgene-induced RNA silencing, only sde4 has any
effect on AtSN1 siRNA. Moreover, sgs2 and sdel, -3 and
-4 interfered with transgene methylation (Dalmay et al.,
2000), but only sde4 interfered with methylation of AtSN1
DNA (Figure 6). Presumably, the classes of siRNA or
RNA silencing genes are not involved equally in different
branches of the silencing pathway. Some of the complex-
ity may simply be a result of compartmentalization with,
for example, RNA turnover degradation in the cytoplasm
and DNA methylation in the nucleus (Mette et al., 2001).
Retrotransposon DNA in plants is often methylated and
transcriptionally silent (Hirochika et al., 2000; Miura et al.,
2001). To account for this situation it is likely, from the
data here and from prior analyses of RNA-mediated
transcriptional silencing (Mette et al., 2000; Sijen et al.,
2001b), that the transcriptional inactivation involves RNA
silencing. A double-stranded form of the retroelement
RNA would be processed into siRNA and there would be
RNA-mediated methylation of the corresponding DNA.
There is little information about both the transcriptional
status and genomic organization of the three elements we
tested, and we cannot predict how the putative dsRNA
precursor of the siRNAs arose in each case. One possibility
is that an RNA-dependent RNA polymerase converted
retrotransposon  RNA into double-stranded form. The
dsRNA derived in this way would include promoter
sequences of the retroelement and could target transcription.
A second model to account for retroelement dsRNA
invokes transcription through inverted repeat retro-
elements. In this second model, transcription would be
initiated from either an adjacent host promoter or within
the retroelement, and the dsRNA would be produced
independently of an RdRP. However, irrespective of the
mechanism for retroelement dsRNA production, our data
show that RNA silencing has the potential to protect plant
genomes against foreign DNAs. Given the abundance of
retroelements in many plant genomes, the activity of RNA
silencing is likely to have played a major role in
determining plant genome size and structure.

Materials and methods

Plant and Agrobacterium material, and growth conditions

Wild-type N.tabacum (var. Samsun and Petite Havana), N.benthamiana
and the GFP transgenic 16c line of N.benthamiana were grown as
described previously (Marano and Baulcombe, 1998; Voinnet et al.,
1998). Arabidopsis thaliana landrace C24 and transgenic and mutant
lines derived from this were grown as described previously (Dalmay et al.,
2000). The previously described sde? mutant is allelic with sgs3
(Mourrain et al., 2000) (A.Herr, personal communication). GFP
fluorescence was monitored visually under ultra-violet epi-illumination
(Voinnet et al., 1998). Recombinant A.tumefaciens strain C58C1 was
grown to stationary phase at 29°C in L-broth with 50 pg/ml kanamycin
and 5 pug/ml tetracycline, collected by centrifugation (5000 g for 15 min at
20°C) and re-suspended in 10 mM MgCl, and 150 pg/ml acetosyringone.
Cells were left in this medium for 3 h and then infiltrated into the
abaxial airspaces of 2- to 4-week-old N.benthamiana plants. All the
Agrobacterium strains used harboured the pCH32 helper plasmid
(Hamilton et al., 1996) and were used undiluted in the experiments
described here, except for the P25 strain which was maintained at an
optical density (ODgq) of 1.0 to avoid toxicity (Voinnet et al., 2000).

Constructs for transient expression, viral constructs and
viral inoculation procedures

35S-GFP, 355-25K, 35S-25KAATG, PVX-GFP-ACP and PVX-GFP-
ATGB-ACP constructs were described previously (Voinnet et al., 2000).
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The other suppressor cDNAs were amplified with primer sequences
(available on request) from previously described plasmids (Brigneti et al.,
1998; Voinnet et al., 1999) and inserted into the Smal site of pBin61
(Bendahmane et al., 2000), and confirmed by sequencing. The control
35S-GUS construct was from Jonathan Jones (Sainsbury Laboratory).
TRV:TS is based on recombinant, bipartite tobacco rattle virus, (Ratcliff
etal.,2001). RNAI encodes the viral replicase, a movement protein (MP)
and a 16 kDa protein of unknown function. The replicase open reading
frame (ORF) contains an intron (int). RNA2 encodes the viral coat protein
(CP) and was modified to carry the TS SINE insert as a 3” transcriptional
fusion. RNA1 and RNA2 share nucleotide sequence homology in their 3
UTRs. The cloned RNA1 of TRV:TS was inserted between the 35S
promoter and the terminator of the pBin61 T-DNA. The cloned TRV:TS
RNAZ2 was inserted between the 35S promoter and the Nos terminator of
the pGreen binary vector T-DNA (Hellens et al., 2000). Viral inocula
were provided to plants by Agrobacterium-mediated transient co-
expression of the above-mentioned T-DNAs.

RNA isolation

Leaves were harvested and frozen in liquid nitrogen, ground to a fine
powder and mixed with RNA extraction buffer (4 M guanidine
isothiocyanate, 25 mM Na Citrate pH 7, 0.1% Sarkosyl) (Figures 1, 5
and 6). The resulting slurries were extracted twice with phenol/
chloroform/isoamylalcohol (equilibrated at pH 8; Sigma). Alternatively
(Figures 2 and 4), the frozen leaf powder was mixed with Tri-reagent
(Sigma), extracted once with 1/5 volume of chloroform and then once
with an equal volume of phenol/chloroform/isoamylalcohol. RNA was
precipitated with the addition of an equal volume of isopropanol and
incubated at —20°C for 30 min. mRNA and rRNA (high molecular weight
RNAs) were precipitated with 10% polyethylene glycol (mol. wt 8000),
0.5 M NaCl (4°C for 30 min) and redissolved in 50% formamide. Low
molecular weight RNAs including siRNA were precipitated from the
PEG/NaCl supernatant (3 vol. ethanol at —20°C for 2 h) and redissolved in
50% formamide. Relative quantification of the low molecular weight
fraction was by ethidium bromide staining.

RNA analysis

High molecular weight RNA was analysed as described previously
(Figures 1, 2 and 4). For the experiments shown in Figure 5, high
molecular weight RNA in 50% formamide was denatured with 3.7%
formaldehyde in 1X TAE and separated by electrophoresis in a 0.8%
agarose/1 X TAE gel run at 50°C. Analysis of siRNA was as described
previously (Hamilton and Baulcombe, 1999). Low molecular weight
RNA markers were produced by RNase T1 digestion of 32P-labelled GFP
sense in vitro transcripts yielding fragments of 27 nt, 24 nt (X2), 18 nt
and 15 nt. Strand-specific hybridization controls were oligonucleotides
spotted onto hybridization membranes and hybridized under the same
conditions as described for northern blotting. All hybridization signals
were detected by phosphorimaging.

Retroelements

Retroelements corresponding to Tntl LTR from N.tabacum (var.
Samsun), the TS element (Yoshioka et al., 1993) from N.tabacum (var.
Samsun) and the AtSN1 sequence of A.thaliana were PCR-amplified and
cloned into plasmid vectors. Direct sequence analysis showed that the
Tntl sequence corresponded to DDBJ/EMBL/GenBank accession No.
X13777, that the TS clone corresponded to the TSa subfamily of SINEs
(Yoshioka et al., 1993) and that the AtSN1 sequence corresponded most
closely to genomic sequence on BAC clone T15B3.

DNA methylation analysis

Genomic DNA from 5-week-old plants (DNeasy plant DNA extraction
kit; Qiagen) was digested with Haelll or Sau3Al (New England Biolabs).
The sequence flanking the cloned AtSN1 insertion was amplified by PCR
(30 cycles at 95°C for 30 s, at 55°C for 15 s and at 72°C for 30 s)
with primers (ACTTAATTAGCACTCAAATTAAACAAAATAAGT;
TTTAAACATAARAARAARTTCCTTTTTCATCTAC) from ~400 ng
of this DNA. Internal PCR control primers based on the Arabidopsis
(landrace Columbia) sequence Ar2g19920 (A.Herr, personal communi-
cation) span a region lacking Haelll or Sau3Al sites.
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