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RNA silencing is a sequence-specific RNA degradation process that follows the recognition of double-stranded RNA.
Here, we show that virus vectors carrying parts of a green fluorescent protein (GFP) transgene targeted RNA silencing
in 

 

Nicotiana benthamiana

 

 and Arabidopsis against the entire GFP RNA. These results indicate that there was spreading
of RNA targeting from the initiator region into the adjacent 5

 

�

 

 and 3

 

�

 

 regions of the target gene. Spreading was accom-
panied by methylation of the corresponding GFP DNA. It also was dependent on transcription of the transgene and on
the putative RNA-dependent RNA polymerase, SDE1/SGS2. These findings indicate that SDE1/SGS2 produces double-
stranded RNA using the target RNA as a template. RNA silencing of ribulose-1,5-bisphosphate carboxylase/oxygenase
and phytoene desaturase was not associated with the spreading of RNA targeting or DNA methylation, indicating that
these endogenous RNAs are not templates for SDE1/SGS2.

INTRODUCTION

 

RNA silencing is a nucleotide sequence–specific process of
RNA degradation in higher plants (post-transcriptional gene
silencing), animals (RNA interference [RNAi]), and fungi (quell-
ing) as well as in unicellular eukaryotic algae. In higher plants,
a natural role of RNA silencing is to protect against viruses
(Covey et al., 1997; Ratcliff et al., 1997; Al-Kaff et al., 1998;
Hamilton and Baulcombe, 1999). A role in genome protection
also is likely because there is enhanced transposon mobility
in RNA silencing–defective mutants of 

 

Chlamydomonas
reinhardtii

 

 and 

 

Caenorhabditis elegans

 

 and because DNA
transposition is suppressed by RNA silencing in 

 

Drosophila
melanogaster

 

 (Jensen et al., 1999; Ketting and Plasterk,
2000; Wu-Scharf et al., 2000).

Double-stranded RNA (dsRNA) is a potent activator of
RNA silencing in 

 

C. elegans

 

, 

 

D. melanogaster

 

, and mam-
mals (Fire et al., 1998; Zamore et al., 2000; Elbashir et al.,
2001). Biochemical analyses of RNA silencing in 

 

D. melano-
gaster

 

 have shown that an RNase III (DICER) cleaves the
dsRNAs into 21- to 25-nucleotide RNAs (siRNAs) that then
associate with a second RNase in an RNA-induced silencing
complex (RISC) (Hammond et al., 2000; Bernstein et al.,
2001). RISC cleaves target single-stranded RNAs (ssRNAs)
at a site that is complementary to the (antisense) siRNA.
Thus, siRNAs provide sequence specificity to the RNA deg-

radation process (Elbashir et al., 2001). Plant DICER and
RISC have not yet been identified. However, siRNAs are
present in plants (Hamilton and Baulcombe, 1999), suggest-
ing that mechanisms are conserved across kingdoms.

In plants, RNA silencing is activated by viral RNAs that
replicate via double-stranded intermediates and by trans-
genes with inverted repeat (IR) structures that produce
dsRNA (Chuang and Meyerowitz, 2000; Smith et al., 2000;
Waterhouse et al., 2001). Single-copy transgenes without IR
structures also can activate RNA silencing (Elmayan and
Vaucheret, 1996; Jorgensen et al., 1996). In these cases, it
is possible that promoters in the transgene and the flanking
plant DNA result in the transcription of both strands of the
transgene DNA. However, it is possible as well that ssRNA
is converted to dsRNA by an RNA-dependent RNA polymer-
ase (RdRP) (Lindbo et al., 1993). In support of this hypothe-
sis, the activity of a putative RdRP encoded by the 

 

SDE1/
SGS2

 

 locus is required for RNA silencing in Arabidopsis
(Dalmay et al., 2000b; Mourrain et al., 2000).

Virus-induced gene silencing (VIGS) is a type of RNA si-
lencing that is initiated by virus vectors carrying portions of
host genes (Lindbo et al., 1993; Ruiz et al., 1998). When
plant transgenes are targeted by VIGS, sequence-specific
methylation of the transgene DNA occurs (Jones et al.,
1998, 1999). It is likely that this DNA methylation is directed
by RNA–DNA interactions, because it is induced by RNA vi-
ruses that do not have DNA intermediates in their replication
cycles. The interacting RNA species in RNA-directed DNA
methylation (RdDM) could be either dsRNA or siRNA de-
rived from the initiator of silencing (Wassenegger, 2000).
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In some cases of VIGS, RNA silencing leads to the elimi-
nation of the viral RNA (Lindbo et al., 1993; Ruiz et al.,
1998). However, despite the absence of the viral initiator,
RNA silencing of the target gene persists (Lindbo et al.,
1993; Ruiz et al., 1998; Jones et al., 1999). To explain this
initiator-independent silencing, we proposed that there is a
maintenance phase of RNA silencing that is distinct from ini-
tiation (Ruiz et al., 1998). Initiation requires the viral RNA ini-
tiator of silencing, whereas maintenance does not.

In Arabidopsis, these two phases are differentiated by mu-
tation analysis. In wild-type plants, RNA silencing of a green
fluorescent protein (GFP) transgene can be initiated by vi-
ruses and maintained in the absence of the viral initiator.
However, in silencing-deficient (

 

sde

 

) mutants, RNA silencing
can be initiated but the transition to maintenance does not
occur (Dalmay et al., 2001). Initiation and maintenance also
are observed as distinct processes when systemic RNA si-
lencing is initiated by the localized delivery of ectopic DNA into

 

Nicotiana benthamiana

 

 and tobacco (Voinnet and Baulcombe,
1997; Voinnet et al., 1998; Palauqui and Balzergue, 1999).
The systemic effect is caused by a signal that moves through
the plant, and the maintenance phase is inferred from the
persistence of silencing after removal of the tissue that re-
ceived the ectopic DNA (Voinnet et al., 1998). Thus, as with
VIGS, the persistence of silencing in the maintenance phase
did not require the continued presence of the initiator molecule.
Moreover, also as in VIGS of transgenes, the maintenance of
systemic silencing was associated with the methylation of the
targeted gene (Jones et al., 1999).

These and other examples involving the grafting of a non-
silenced scion onto a silenced stock (Palauqui et al., 1997;
Palauqui and Vaucheret, 1998) indicate that initiator-inde-
pendent maintenance is a feature of many RNA-silencing
systems. However, systems also exist in which maintenance
does not occur. For example, the VIGS of the phytoene de-
saturase (PDS) and ribulose-1,5-bisphosphate carboxylase/
oxygenase small subunit (Rubisco) endogenous genes was
not maintained in the absence of the virus and did not lead to
RdDM of the corresponding DNA (Jones et al., 1999; Dalmay
et al., 2001; Thomas et al., 2001).

In principle, the initiator-independent maintenance of RNA
silencing could be achieved by direct amplification of the
initiator dsRNA/siRNA molecules. Alternatively, mainte-
nance could reflect the recruitment of the target gene or its
RNA as a source of dsRNA/siRNA. The latter hypothesis
seems more likely than direct amplification because an initi-
ator from the 5

 

�

 

 or 3

 

�

 

 part of a target GFP sequence caused
systemic RNA silencing to be targeted along the entire
length of the transgene transcript (Voinnet et al., 1998). Cor-
respondingly, the entire transcribed region of the GFP trans-
gene was methylated (Jones et al., 1999). Thus, associated
with the RNA silencing of a GFP transgene, there is a pro-
cess that allows the influence of silencing to spread beyond
the initiator sequence. This effect is referred to as spreading
of RNA targeting because it is similar to the previously de-
scribed spreading of gene silencing and DNA methylation

between adjacent regions of chromosomal DNA (Jahner and
Jaenisch, 1985; Jones and Takai, 2001).

Here, we describe experiments that were designed to in-
vestigate the relationship of the spreading of RNA targeting
and the maintenance of RNA silencing. Our results confirm
that the maintenance of RNA silencing involves the spread-
ing of RNA targeting and of DNA methylation in Arabidopsis
and 

 

N. benthamiana

 

. Target site spreading and maintenance
both are features of GFP RNA silencing, but both of them
are absent in the RNA silencing of two endogenous genes.
We further show that target site spreading is dependent on
the SDE1/SGS2 putative RdRP and on the transcription of
the target RNA. From these data, we conclude that the main-
tenance of silencing involves the synthesis of dsRNA by
SDE1/SGS2 using the full-length target RNA as a template.

 

RESULTS

Spreading of siRNA Production

 

Spreading of RNA targeting has been described previously
in systemic RNA silencing that was triggered by DNA bom-
bardment (Voinnet et al., 1998). However, in VIGS, although
it is known that DNA methylation spreads beyond the initia-
tor sequence (Jones et al., 1999), the distribution of RNA-
silencing targets had not been investigated previously.
Therefore, to investigate target site spreading, we per-
formed VIGS of a 35S:GFP:nopaline synthase (NOS) trans-
gene in 

 

N. benthamiana

 

 (Ruiz et al., 1998) using a viral
vector carrying part of a GFP RNA. When the silencing of
GFP was established, we challenge-inoculated these plants
with an unrelated viral vector that also carried a region of
GFP RNA. We anticipated that the second virus would not
accumulate if it carried an insert that is a target for the si-
lencing triggered by the first virus.

The initiators of RNA silencing in this experiment were vec-
tors of 

 

Tobacco rattle virus

 

 (TRV) carrying the 5

 

�

 

 or 3

 

�

 

 half of
the GFP coding region (TRV:GF or TRV:P, respectively) or the
3

 

�

 

 untranslated region (TRV:NOS). As controls, plants were
infected with TRV without transgene sequence (TRV:00) or
with a portion of the promoter (TRV:35S). TRV:00 would not
cause silencing of the transgene, whereas TRV:35S would
trigger transcriptional silencing of the 35S:GFP transgene
(Jones et al., 1999, 2001). By 21 days after inoculation (DAI),
there was loss of green fluorescence, indicative of silencing in
plants infected with TRV:35S, TRV:GF, TRV:P, and TRV:NOS,
whereas plants infected with TRV:00 remained fully green flu-
orescent (Figure 1A).

Correspondingly, there was less GFP mRNA in silenced
plants than in nonsilenced plants (data not shown). The
TRV-infected plants (21 DAI) then were challenge-inoculated
with a vector of 

 

Potato virus X

 

 (PVX) carrying the 3

 

�

 

 half of
the GFP sequence (PVX:P), and levels of PVX:P RNA were
assessed 10 days later. Figure 1B shows that PVX:P accu-
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mulated to high levels in TRV:00- and TRV:35S-infected
plants and to low levels in TRV:GF-, TRV:P-, and TRV:NOS-
infected plants. Thus, the P region of GFP was a target irre-
spective of whether the initiator of RNA silencing was GF, P,
or NOS. Because there was no overlap of P with either GF
or NOS, this result shows that the spreading of RNA target-
ing is associated with VIGS.

To further investigate the spreading of RNA targeting, we
characterized the siRNA population. RNA was isolated from
TRV-infected tissue (at 21 DAI), and RNA gel blot analysis
was performed using a probe specific for the antisense 3

 

�

 

part of GFP (the P region). As shown in Figure 1C (top), anti-
sense P-specific siRNAs (P-siRNAs) were present in sam-
ples from TRV:GF-, TRV:P-, and TRV:NOS-infected plants
but not in TRV:00- or TRV:35S-infected plants. Similarly,
GF-siRNAs and NOS-siRNAs were present in samples from
TRV:GF-, TRV:P-, and TRV:NOS-infected plants (data not
shown). TRV-siRNAs were detected in all of the TRV-infected
plants (Figure 1C, bottom), as expected from the finding that
RNA silencing is a natural mechanism for virus resistance in
plants (Ratcliff et al., 1997, 1999; Hamilton and Baulcombe,
1999).

These combined results demonstrate in a VIGS system
that the target sites and the production of siRNA can spread
within the transcribed region of the GFP transgene from the
initiator region in both 3

 

�

 

 (from GF to P) and 5

 

�

 

 (from NOS to
P) directions. Moreover, because NOS-siRNAs were pro-
duced after initiation with GF and vice versa, we have
shown that spreading of RNA targeting can extend at least
through the 332 nucleotides corresponding to the P region
of the GFP RNA.

 

Spreading of RNA Targeting and the PDS and Rubisco 
Endogenous Genes

 

VIGS of GFP undergoes the transition from initiation to vi-
rus-independent maintenance (Ruiz et al., 1998). In contrast,
during VIGS of PDS and Rubisco endogenous genes, there
is no maintenance phase, because the silencing phenotype
persists only as long as the virus infection (Ruiz et al., 1998;
Jones et al., 1999; Thomas et al., 2001). If spreading of RNA
silencing is an integral process in maintenance, the silencing
of these endogenous genes would not exhibit spreading of
RNA targeting and siRNA would correspond only to the initi-
ator region. To test this prediction, we used the same ap-
proach we used with the 35S:GFP:NOS transgene. First, we
initiated VIGS in 

 

N. benthamiana

 

 plants with a TRV vector
carrying part of the transcribed region of an endogenous
gene. Then, when silencing was established, plants were
challenge-inoculated with a PVX vector also carrying part of
the transcribed region of the same gene. Spreading of RNA
targeting would cause plants to be resistant to the challenge
inoculum even if there were nonoverlapping inserts in the
initiator and challenge inocula.

The TRV vectors used in these experiments were TRV:PD

Figure 1. Spreading of siRNA Production.

(A) N. benthamiana 35S:GFP:NOS transgenic plants (line 16c) in-
fected with TRV:00, TRV:35S, TRV:GF, TRV:P, or TRV:NOS and
photographed 21 days later under UV light. Silencing of GFP is evi-
dent as red fluorescence, which is caused by the chlorophyll. Infec-
tion with TRV:35S induced transcriptional gene silencing of the
transgene, and infection with TRV:GF, TRV:P, or TRV:NOS induced
post-transcriptional gene silencing. Infection with the TRV vector
carrying no sequences of the transgene (TRV:00) did not trigger any
GFP silencing.
(B) PVX RNA levels in TRV-infected plants challenge-inoculated with
PVX:P. RNA samples were extracted from upper leaves of PVX:P-
challenged plants at 10 DAI, and a probe specific for PVX was used
in RNA gel blot analysis. At this time, TRV:00-infected plants were
not yet showing GFP silencing by PVX:P. Ethidium bromide (EtBr)–
stained rRNAs are shown at bottom.
(C) RNA gel blot analysis of siRNAs (21 to 25 nucleotides in length
[21/25]) from TRV-inoculated plants at 21 DAI. Sense RNA probes
were specific for antisense RNAs corresponding to the P region of
GFP (top) or TRV (bottom).
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and TRV:S, which carry contiguous but nonoverlapping re-
gions of the 

 

N. benthamiana

 

 PDS transcribed region. Plants
infected with TRV:00 were used as a control for nonspecific
effects of the virus inoculations. By 21 DAI, PDS silencing
was observed as photobleached tissue in plants infected
with TRV:PD or TRV:S, whereas the TRV:00-infected plants

remained nonsilenced (Figure 2A). The TRV-infected plants
then were challenge-inoculated with the PVX:PD or PVX:S
vector (carrying the PSD fragments of TRV:PD and TRV:S,
respectively), and the levels of PVX RNA were assessed 4
days later by RNA gel blot analysis.

Figure 2B shows that, in TRV:00-infected plants, both
PVX:PD and PVX:S accumulated to high levels. In TRV:PD-
infected plants, PVX:S accumulated to high levels. In con-
trast, PVX:PD accumulated to low levels as a consequence
of RNA silencing (Ratcliff et al., 1997, 1999). Likewise, in
TRV:S-infected plants, PVX:PD accumulated to high levels
and PVX:S accumulated to low levels. Similar results were
obtained when the endogenous target gene was the highly
expressed Rubisco endogenous gene (data not shown).
From these results, as predicted, it was inferred that VIGS of
PDS or Rubisco does not lead to target site spreading.

To confirm that spreading of RNA targeting had not oc-
curred, we characterized the siRNA population in plants in-
fected with the TRV vectors carrying the Rubisco and PDS
inserts. At 21 DAI, PD-siRNAs were present in samples from
TRV:PD-infected plants and absent in TRV:S-silenced plants.
Likewise, S-siRNAs were detected in TRV:S-infected plants
but not in TRV:PD-infected plants (Figure 2C, left). Analo-
gous results were obtained from plants infected with TRV
constructs carrying contiguous nonoverlapping fragments
from the 5

 

�

 

 (RU) or 3

 

�

 

 (BISCO) regions of the Rubisco tran-
script. Plants infected with a TRV:RU vector produced only
RU-siRNAs, and plants infected with a TRV:BISCO vector
produced only BISCO-siRNAs (Figure 2C, right). Therefore,
the finding that the silencing target corresponds only to the
initiator sequence shows that spreading does not occur if
the target genes do not support mainitenance.

 

Spreading of RNA Targeting and DNA Methylation 
Requires Transgene Transcription

 

To determine whether the spreading of RNA targeting and
DNA methylation depends on transcription, we silenced the
promoter of the 35S:GFP:NOS transgene. This transcrip-
tional gene silencing was induced by infection with
TRV:35S, as described previously (Jones et al., 1999, 2001).
After 21 days, these silenced plants were inoculated with
PVX vectors carrying the 5

 

�

 

 or 3

 

�

 

 half of the GFP sequence
(PVX:GF and PVX:P, respectively). siRNA and DNA methyla-
tion were assessed 28 days later.

As shown in Figure 3A, both GF- and P-siRNAs were pro-
duced in TRV:00-infected plants after PVX:GF or PVX:P in-
oculation. Thus, the spreading of RNA targeting occurred
with PVX vectors, as was observed for TRV vectors, and
was not affected by the presence of TRV:00. In contrast, in
TRV:35S-infected plants, only GF-siRNAs were detected in
PVX:GF-infected tissue, and likewise, only P-siRNAs were
detected in PVX:P-infected tissue (Figure 3A). From these
results, we conclude that the spreading of RNA targeting re-
quires transcription of the target GFP transgene.

Figure 2. Spreading and Endogenous Genes.

(A) N. benthamiana nontransgenic plants inoculated with TRV:00,
TRV:PD, or TRV:S and photographed at 21 DAI. Only infection with
TRV vectors carrying fragments of the PDS cDNA (TRV:PD or TRV:S)
induces PDS silencing, which was manifested as photobleaching of
the infected tissue.
(B) PVX RNA levels in TRV:00-, TRV:PD-, or TRV:S-infected plants
challenge-inoculated with PVX:PD or PVX:S. RNA samples were ex-
tracted from PVX-inoculated leaves at 4 DAI, and a probe specific for
PVX was used in RNA gel blot analysis. At this time, TRV:00-infected
plants were not yet showing PDS silencing by PVX:PD or PVX:S.
Ethidium bromide (EtBr)–stained rRNAs are shown at bottom.
(C) RNA gel blot analysis of siRNAs (21 to 25 nucleotides in length
[21/25]) from TRV:PD-, TRV:S-, TRV:RU-, or TRV:BISCO-inoculated
plants at 21 DAI. Sense RNA probes were specific for antisense
RNAs corresponding to the PD, S, RU, and BISCO regions of the
PDS and Rubisco genes.
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Spreading of DNA methylation was assessed by real-time
quantitative polymerase chain reaction (PCR) (TaqMan; PE–
Applied Biosystems) of DNA that had been digested with the
methylation-sensitive restriction enzyme Sau96I. A TaqMan
probe was designed to span a Sau96I site in either GF or P
(Figure 3B), and the progression of the PCR reaction was
monitored in real time using the TaqMan system. The thresh-
old cycle number, representing the cycle in which fluores-
cence increases above background, is inversely related to the
amount of amplifiable DNA in the initial sample. An amplifica-
tion value is calculated based on the inverse log of the thresh-
old cycle number and is directly proportional to the amount of
amplifiable DNA in the initial sample (see Methods). If the
template DNA is unmethylated, it would be digested with
Sau96I, and the amplification value would be lower than the
value for methylated DNA, which would be undigested.

Figure 3C shows that, after PVX:GF or PVX:P inoculation
of TRV:00-infected plants, the methylation of both GF and P
DNA was significantly higher than in the negative control
(PVX:00-infected) plants. Thus, when the 35S:GFP:NOS
transgene is transcribed, DNA methylation spreads from the
targeted region to adjacent sequences. It should be empha-
sized that the TaqMan procedure indicates only relative dif-
ferences between samples rather than the absolute level of
DNA methylation. However, equivalent results were previ-
ously obtained by Southern blot analysis (Jones et al.,
1999). Thus, the results shown in Figure 3C confirm the pre-
vious findings and validate the TaqMan approach for the
analysis of relative DNA methylation levels.

When the 35S:GFP:NOS transgene was silenced by
TRV:35S, DNA methylation was detected only in the GFP re-
gion being targeted by the recombinant PVX vector (Figure
3D). Thus, DNA methylation was restricted to GF after
PVX:GF infection and to P after PVX:P infection. Therefore,
the spreading of DNA methylation, like the spreading of
RNA targeting, is dependent on the transcription of the
35S:GFP:NOS transgene.

 

Spreading of RNA Targeting Requires SDE1/SGS2

 

To determine whether the SDE1/SGS2 putative RdRP is re-
quired for the spreading of RNA silencing, we analyzed

 

Figure 3.

 

Spreading Requires Transgene Transcription.

 

(A)

 

 RNA gel blot analysis of siRNAs (21 to 25 nucleotides in length
[21/25]) from nontranscriptionally silenced (TRV:00-infected) or tran-
scriptionally silenced (TRV:35S-infected) 35S:GFP:NOS 

 

N. bentha-
miana

 

 plants (line 16c) infected with PVX:GF or PVX:P. RNA samples
were extracted from upper leaves at 28 days after PVX infection. At
this time, TRV:00-infected control plants were showing full GFP si-
lencing by PVX:GF or PVX:P. Sense RNA probes were specific for
antisense RNAs corresponding to the GF or P region of GFP (top
and bottom, respectively).

 

(B)

 

 Structure of the GFP transgene, including the 35S promoter
(35S), the GF and P regions, the NOS terminator, and Sau96I sites
(S). Sau96I sites analyzed by TaqMan quantitative PCR are indicated
with arrowheads.

 

(C)

 

 and 

 

(D)

 

 Analysis of DNA methylation within the GF and P regions
by Sau96I digestion from TaqMan quantitative PCR. DNA samples
were prepared from TRV:00 

 

(C)

 

 or TRV:35S 

 

(D)

 

 plants infected with
PVX:00, PVX:GF, or PVX:P at 28 DAI. There is a linear relationship
between the amplification values and the amount of amplifiable
starting material. Because cytosine methylation inhibits Sau96I di-
gestion, the greater the degree of DNA methylation, the higher the
amplification value. Amplification values are the average of three
PCRs of three independent DNA samples. Error bars indicate 

 

�

 

SD

 

.
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VIGS in wild-type or 

 

sde1/sgs2

 

 Arabidopsis plants carrying
a 35S:GFP:NOS transgene (Dalmay et al., 2001). RNA si-
lencing was initiated with TRV:GF, and nucleic acid samples
were taken for siRNA analysis at 10 to 15 DAI when GFP si-
lencing was evident in both wild-type and mutant plants. In
wild-type plants, GFP silencing was maintained throughout
the life of the plant. However, as reported previously, GFP
silencing was transient in the 

 

sde1/sgs2

 

 background, and
the leaves were fully green fluorescent at 25 DAI and later
(Dalmay et al., 2001).

Figure 4A shows that, at 7 to 10 DAI, GFP mRNA levels
were lower in silenced plants than in nonsilenced, mock-
inoculated plants. The GF-siRNAs were present in both
samples (Figure 4B, bottom), but, corresponding to the level
of TRV:GF RNA (Figure 4A), they were more abundant in

 

sde1/sgs2

 

 plants. These results confirm our earlier finding
that SDE1/SGS2 is not necessary for siRNA production
(Dalmay et al., 2000b). The P-siRNAs were present in
TRV:GF-infected wild-type plants (Figure 4B, top), indicating
that spreading of siRNA production takes place in Arabidopsis
as in 

 

N. benthamiana

 

. However, P-siRNAs were not detected
in the TRV:GF-infected 

 

sde1/sgs2

 

 plants (Figure 4B, top).
To analyze the pattern of GFP DNA methylation in the

 

sde1/sgs2

 

 plants, the DNA was digested with Sau96I and
hybridized with a P-specific probe. Figure 4C shows the or-
ganization of the 35S:GFP:NOS transgene, the location of
Sau96I restriction enzyme sites, and the sizes of total and
relevant partial digestion products of the GFP transgene.
Figure 4D shows that, in mock-inoculated plants, there was
a single 0.28-kb P-specific fragment corresponding to the
unmethylated GFP DNA. In TRV:GF-infected wild-type
plants, the same probe detected 0.28-, 0.84-, and 1.29-kb
fragments. The 0.84-kb fragment indicates methylation in the
GF region, and the 1.29-kb fragment reflects methylation in
both GF and P regions. However, in the TRV:GF-infected

 

sde1/sgs2

 

 plants, the only fragment diagnostic of transgene
methylation (0.84 kb) was indicative of methylation in the GF
DNA. Thus, the spreading of DNA methylation, like the
spreading of targeting, is dependent on SDE1/SGS2. Re-
sults leading to the same conclusion were generated with
HaeIII-digested DNA as well (data not shown).

 

DISCUSSION

Spreading of RNA Targeting and
Maintenance Mechanisms

 

From previous analyses, it was concluded that the initiator-
independent maintenance of RNA silencing in plants re-
quires the putative RdRP encoded by 

 

SDE1/SGS2

 

 (Dalmay
et al., 2000b). Previous work also had described a spreading
phenomenon in which RNA-silencing target sites and DNA
methylation corresponded to all parts of a target transgene
transcript irrespective of whether the initiator was only a

part of the transgene (Voinnet et al., 1998; Jones et al.,
1999). However, there was no conclusive evidence that
spreading and the maintenance phase of RNA silencing
were related directly. From the data presented here, we
show that maintenance is a feature of systems that show
spreading of RNA targeting, whereas RNA silencing that
does not progress to maintenance is specific for the initiator
region. We also show that spreading is dependent on the
transcription of the target RNA and the putative RdRP
SDE1/SGS2.

These data can be explained if single-stranded GFP tran-
scripts are converted to dsRNA by the putative SDE1/SGS2
RdRP. This double-stranded transgene RNA would be pro-
cessed by a DICER homolog, and the resulting siRNAs
would confer sequence specificity on RISC. The effects of
RNA silencing would spread beyond the initiator because
the dsRNA synthesized by SDE1/SGS2 would be produced
on the transgene RNA template. The siRNAs generated by
processing of the dsRNA would target RISC to sequences
adjacent to the initiator region. In addition, either siRNAs or
dsRNAs would mediate RdDM throughout the transcribed
zone of the transgene. According to this mechanism, the
spreading of RNA targeting is an inevitable consequence
when amplification and maintenance of RNA silencing are
attributable to the SDE1/SGS2-mediated synthesis of dsRNA.

Why does SDE1/SGS2 use the transgene RNA as a tem-
plate only in the presence of the initiator of silencing? One
possibility is that siRNAs produced from the initiator anneal
to the GFP RNA and serve as primers of dsRNA synthesis.
This primer-dependent process was invoked recently to ex-
plain the spreading of RNA-silencing target sites in 

 

C. ele-
gans

 

 and 

 

D. melanogaster

 

 (Lipardi et al., 2001; Sijen et al.,
2001). However, primer-mediated production of dsRNA on a
sense RNA template would account for spreading only in
the 3

 

�

 

→

 

5

 

�

 

 direction. To explain the observed primer-depen-
dent spreading in the 5

 

�

 

→

 

3

 

�

 

 direction (Figures 1, 3, and 4)
(Voinnet et al., 1998), a full-length antisense RNA would be
needed as a template for SDE1/SGS2. Formally, we cannot
exclude the possibility that these antisense RNAs are
present. However, they have not been detected (A. Hamilton,
unpublished data), and it is notable that tomato RdRP does
not require primers to synthesize RNA in vitro (Schiebel et
al., 1993a, 1993b). Therefore, it is possible that a primer-
independent mechanism of spreading operates in addition
to, or in some systems, instead of, a primer-dependent
mechanism.

How could SDE1/SGS2 mediate spreading in a primer-
independent manner? One possibility is that sense tran-
scripts interact with the antisense siRNAs produced from
the initiator dsRNA molecule. This interaction, irrespective
of whether the initiator was from the 5

 

�

 

 or the 3

 

�

 

 region,
might change the structure of the RNA or of a ribonucle-
oprotein complex and thereby allow SDE1/SGS2 to access
the 3

 

�

 

 end of the target RNA. Synthesis of dsRNA from the
3

 

�

 

 end would result in siRNA production corresponding to
the entire transcript sequence. A second possibility requires
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that the dsRNA/siRNA from the initiator of silencing interact
directly with the DNA transgene and induce changes in the
structure of chromatin. Perturbation of transcription caused
by the chromatin change could lead to the production of ab-
errant RNAs that could be templates for SDE1/SGS2.

 

RNA-Silencing Systems without Spreading of
RNA Targeting

 

To explain the absence of maintenance in the RNA silencing
of PDS and Rubisco endogenous genes, we propose that
their RNA or DNA is protected from the mechanism that
leads to spreading. For example, the endogenous RNAs or
their associated proteins could have characteristics that in-
hibit SDE1/SGS2 or that prevent interactions with the initia-
tor of silencing. Alternatively, if spreading follows from RNA–
DNA interactions, it is possible that these endogenous
genes are resistant to interactions with RNA or do not ex-
hibit the RNA-mediated changes in chromatin that lead to
the perturbation of transcription.

In addition to silencing in these PDS and Rubisco genes,
there are examples of transgene RNA silencing that do not
exhibit spreading of RNA targeting and DNA methylation.
For example, in tobacco plants carrying a 

 

�

 

-glucuronidase
(GUS):viral RNA chimeric transgene, replication of the viral
RNA triggers RNA silencing. However, the siRNAs and DNA
methylation correspond only to the viral part of the trans-
gene sequence. They do not correspond to the GUS region,
as would be expected if spreading occurred (Wang et al.,
2001). In this system, the lack of spreading could be caused
by the factors that prevent spreading in PDS and Rubisco
RNA silencing. It also could be explained if the replicating vi-
ral RNA causes strong silencing of the target RNA. Low lev-
els of the target RNA would mean that the template RNA for
the SDE1/SGS2 RdRP is scarce, which would reduce the ef-
ficiency of spreading.

A second transgene system without spreading involves
GUS-silenced tobacco and Arabidopsis lines in which DNA
methylation and the target of silencing are restricted to the
3

 

�

 

 region of the transgene (English et al., 1996; Elmayan et

 

Figure 4.

 

Spreading Requires SDE1/SGS2.

 

(A)

 

 Detection of GFP and TRV:GF RNAs in mock-inoculated or
TRV:GF-inoculated wild-type (wt) or 

 

sde1/sgs2

 

 mutant (sde1)
35S:GFP:NOS Arabidopsis plants (top). RNA preparations were
made from pools of 10 plants at 7 to 10 DAI, and the probe used
was specific to the GF region of the GFP RNA. Ethidium bromide
(EtBr)–stained rRNAs are shown at bottom.

 

(B)

 

 RNA gel blot analysis of siRNAs (21 to 25 nucleotides in length
[21/25]) in wild-type (wt) and 

 

sde1/sgs2

 

 (sde1) TRV:GF-inoculated

plants at 7 to 10 DAI. Sense RNA probes were specific for antisense
RNAs corresponding to the GF or P region of GFP (bottom and top,
respectively).

 

(C)

 

 Scheme of the 35S:GFP:NOS transgene in Arabidopsis. Ex-
pected sizes (kb) for total and relevant partial Sau96I restriction en-
zyme digestions and the P probe used for DNA gel blot analysis are
indicated.

 

(D)

 

 DNA gel blot analysis of Sau96I-digested DNA extracted from
pooled plants as described in 

 

(A)

 

. Sizes (kb) of relevant DNA frag-
ments are indicated. Fragments marked with asterisks are attribut-
able to a low level of methylation at the Sau96I site within the 35S
promoter.
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al., 1998). Perhaps there are primary/secondary structure
features of the GUS transcript that would prevent SDE1/
SGS2 from using the 5

 

�

 

 region as a template. Alternatively,
SDE1/SGS2 may be able to synthesize RNA only for a dis-
tance of a few hundred nucleotides from the transcript 3

 

�

 

end. This distance would be a localized region of the

 

�

 

1800-nucleotide GUS RNA but would extend over most of
the 

 

�

 

800-nucleotide GFP RNA.

 

Spreading in Nonplant Systems

 

The initial analysis of RNAi in animals indicated that, unlike
RNA silencing in plants (Voinnet et al., 1998), there was no
spreading of RNA targeting (Fire et al., 1998). However,
more recently, it has become apparent that there is short-
range spreading of RNA targeting associated with RNAi in
both 

 

C. elegans

 

 and 

 

D. melanogaster

 

 (Lipardi et al., 2001;
Sijen et al., 2001). It seems likely that the plant and animal
phenomena are mechanistically similar because both are
dependent on putative RdRP. However, in animals, the
spreading operates over shorter distances than in our plant
systems, and only in the 3

 

�

 

→

 

5

 

�

 

 direction. We discussed
above how these differences may reflect the existence of
primer-dependent and primer-independent mechanisms.
However, we cannot say whether this difference reflects
fundamental differences in plants and animals. At present,
there are only a few examples of spreading, and it remains
possible that there are animal systems with primer-medi-
ated spreading in the 3

 

�

 

→

 

5

 

�

 

 direction and primer-indepen-
dent plant systems operating in both directions.

A second example of target site spreading in an animal
system is nonhomologous cosuppression in 

 

D. melanogaster

 

(Pal-Bhadra et al., 1999). The initiator sequence and target
sequences were transgenes with nonoverlapping but con-
tiguous 

 

Adh

 

 inserts, and the spreading was dependent on
the presence of the endogenous 

 

Adh

 

 gene. However, this
nonhomologous cosuppression appears to be RNA inde-
pendent and is unlikely to involve an RdRP.

The spreading of silencing target sites and GFP DNA
methylation is similar to certain epigenetic phenomena in
animals. For example, in heterochromatinization and X chro-
mosome inactivation, there are gene-silencing effects that
involve the spreading of DNA methylation from an initiator
region (reviewed by Jones and Takai, 2001). Similarly, ge-
nome-integrated retroelements nucleate DNA methylation
that spreads to the flanking host DNA and mediates silenc-
ing of the adjacent genes (Jahner and Jaenisch, 1985). The
current models for the spreading of methylation are based
on de novo methylation by DNA cytosine methyltransferases
(Lindsay and Adams, 1996). However, in the light of our re-
cent demonstration that RdDM can impose a heritable
methylation imprint in transgene DNA (Jones et al., 2001),
other mechanisms cannot be excluded. It is possible, for ex-
ample, that spreading of DNA methylation is mediated in
mammalian systems by transient production of dsRNA or

siRNA. Once established, the imprint could be maintained
by DNA cytosine methyltransferases so that continued pro-
duction of the dsRNA or siRNA would not be necessary.

 

Conclusion

 

At present, the evidence that SDE1/SGS2 is an RdRP is
based on the analysis of a related protein in tomato (Schiebel
et al., 1993a, 1993b). Also, there is no direct evidence that
SDE1/SGS2 and homologs have RdRP activity (Baulcombe,
1999). It is imperative, therefore, that the models of silencing
mechanisms be reinforced by direct analysis of the enzy-
matic activity of SDE1/SGS2 and related proteins.

An intriguing question remains regarding the identity of
natural targets of SDE1/SGS2 and why a mechanism for the
maintenance of RNA silencing exists. Our observation that
the spreading of RNA targets occurred on transgenes may
reflect a mechanism that allows foreign sequences to be
targeted and silenced permanently. However, it has been
reported recently that RNA silencing in animals is involved in
the regulation of endogenous genes (Aravin et al., 2001;
Hutvagner et al., 2001). It will be interesting to determine
whether these examples of natural RNA silencing are RdRP
dependent and associated with the spreading of RNA tar-
geting.

 

METHODS

Biomaterials

 

The 

 

Nicotiana benthamiana

 

 16c line and the 

 

Arabidopsis thaliana

 

green fluorescent protein (GFP) wild-type and 

 

sde1/sgs2

 

 lines were
described previously (Ruiz et al., 1998; Dalmay et al., 2000a, 2001).
GFP fluorescence was observed under UV light as described previ-
ously (Voinnet et al., 1998).

Upon request, all novel materials described in this article will be
made available in a timely manner for noncommercial research pur-
poses. No restrictions or conditions will be placed on the use of any
materials described here that would limit their use for noncommercial
research purposes. Requests should follow the procedures available
on our World Wide Web site (http://www.sainsbury-laboratory.ac.uk).

 

Viral Vectors and Virus Inoculations

 

The primers used in polymerase chain reaction (PCR) of the different
regions of the GFP, nopaline synthase (NOS), phytoene desaturase
(PDS), and ribulose-1,5-bisphosphate carboxylase/oxygenase genes
(and the sizes of the PCR products) are as follows: GFP1 and GFP4
for GF (400 bp), GFP5 and GFP8 for P (332 bp), TNOS1 and TNOS3
for NOS (154 bp), PDS-5-AS and PDS-MID3 for PD (213 bp), PDS-
MID5 and PDS-3-AS for S (216 bp), Rub-5-AS and Rub-MID3 for RU
(272 bp), and Rub-MID5 and Rub-3-AS for BISCO (250 bp) (see Ta-
ble 1 for sequences). These fragments were cloned into pGEM-T
Easy (Promega), excised with SalI-ApaI, and inserted into SalI-ApaI–



 

Spreading of RNA Silencing 865

digested pTRV.00 (Ratcliff et al., 2001) to produce pTRV:GF, pTRV:P,
pTRV:NOS, pTRV:PD, pTRV:S, pTRV:RU, and pTRV:BISCO, respec-
tively. The TRV:35S vector was described previously (Jones et al.,
2001). 

 

Tobacco rattle virus

 

 (TRV) inoculations of 

 

N. benthamiana

 

have been described previously (Ratcliff et al., 2001). For Arabidop-
sis TRV:GF inoculations, 7-day-old seedlings were vacuum-infil-
trated with a pTRV:GF/pBINTRA6 

 

Agrobacterium tumefaciens

 

suspension mixture (Ratcliff et al., 2001). pPVX:PD and pPVX:S vec-
tors were obtained by cloning the PD and S fragments into the SmaI
site of pGR107 (Jones et al., 1999). PVX:GF and PVX:P vectors were
described previously (Ruiz et al., 1998; Voinnet et al., 1998). 

 

Potato
virus X

 

 (PVX) inoculations of 

 

N. benthamiana

 

 were as described by
Ruiz et al. (1998), Voinnet et al. (1998), and Jones et al. (1999).

 

Nucleic Acid Analysis

 

RNA was extracted using Tri-reagent (Sigma) according to the man-
ufacturer’s instructions. Total RNA was used for both high-molecu-
lar-weight RNA and 21- to 25-nucleotide RNA (siRNA) analysis. RNA
gel blot analyses were performed as described previously (Jones et
al., 1998); siRNA analyses were performed as described (Hamilton
and Baulcombe, 1999). For siRNA detection, probes were made by
in vitro transcription from pKS (Stratagene) carrying the correspond-
ing fragments cloned into the SmaI site. The TRV probe corresponds
to the movement protein (encoded by the TRV RNA1) cloned into
pKS. Genomic DNA was extracted using the DNeasy plant DNA ex-
traction kit (Qiagen, Valencia, CA) according to the manufacturer’s
instructions.

DNA methylation analysis by Sau96I digestion and TaqMan quan-
titative PCR was performed as described previously (Jones et al.,
2001) using DNA prepared from upper leaves. PCR amplification was
performed using an ABI Prism 7700 sequence detection system (PE-
Applied Biosystems, Foster City, CA), and reactions were performed
in triplicate for each sample. Real-time plots were used to determine
the threshold cycle number (C

 

T

 

), The C

 

T

 

 value then was used to cal-
culate an amplification value, which is related directly to the amount

of amplifiable template DNA in the sample (TaqMan PCR protocol;
PE–Applied Biosystems, Foster City, CA). For all DNA samples, it
was confirmed that the levels of Sau96I digestion were approxi-
mately equal by using primer/probe combinations corresponding to
DNA with an unmethylated Sau96I site (Jones et al., 2001). Minor
variations in the level of digestion were corrected by normalization of
C

 

T

 

 to C

 

T

 

 of the nonmethylated DNA (Jones et al., 2001). Minor cor-
rections allowing for nonspecific effects of Sau96I were based on C

 

T

for DNA fragments that do not contain a Sau96I site (Jones et al.,
2001). The two primers and the probe used for the analysis of the GF
region were GF-5, GF-3, and GF probe, respectively (see Table 1 for
sequences). The primers and probes used for analysis of the P region
have been described (Jones et al., 2001).
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