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ABSTRACT

In higher plants, RNA–DNA interactions can trigger de novo methylation of genomic sequences via a process that is
termed RNA-directed DNA methylation (RdDM). In potato spindle tuber viroid (PSTVd)-infected tobacco plants, this
process can potentially lead to methylation of all C residues at symmetrical and nonsymmetrical sites within chro-
mosomal inserts that consist of multimers of the 359-bp-long PSTVd cDNA. Using PSTVd cDNA subfragments, we
found that genomic targets with as few as 30 nt of sequence complementarity to the viroid RNA are detected and
methylated. Genomic sequencing analyses of genome-integrated 30- and 60-bp-long PSTVd subfragments demon-
strated that de novo cytosine methylation is not limited to the canonical CpG, CpNpG sites. Sixty-base-pair-long
PSTVd cDNA constructs appeared to be densely methylated in nearly all tobacco leaf cells. With the 30-bp-long
PSTVd-specific construct, the proportion of cells displaying dense transgene methylation was significantly reduced,
suggesting that a minimal target size of about 30 bp is necessary for RdDM. The methylation patterns observed for
two different 60-bp constructs further suggested that the sequence identity of the target may influence the methyl-
ation mechanism. Finally, a link between viroid pathogenicity and PSTVd RNA-directed methylation of host sequences
is proposed.
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INTRODUCTION

The regulation of gene expression is a vital process for
living cells+ The hypothesis that RNA can regulate gene
expression in eukaryotes through epigenetic modifica-
tion was recently proposed, after the identification of
RNA-directed DNA methylation (RdDM) (Wassenegger
et al+, 1994a; Pélissier et al+, 1999)+ In these studies,
heavy de novo methylation of viroid cDNA transgenes
was demonstrated to occur only in tobacco plants dis-
playing viroid accumulation+ Because viroids consist of
untranslated RNA molecules that autonomously repli-
cate in the nucleus via the RNA–RNA pathway (for
review see Sänger, 1987), it was proposed that methyl-
ation can be mediated by the recognition of unusual
RNA–DNA pairing structures (Wassenegger et al+,
1994a)+ The demonstration that the methylation was
essentially coextensive with the length of the viroid cDNA

sequences strongly supported this proposal (Pélissier
et al+, 1999)+

In transgenic plants, RdDM was considered as an
attractive mechanism to account for the frequent asso-
ciation of DNA methylation with posttranscriptional gene
silencing (PTGS) (Ingelbrecht et al+, 1994; Dougherty
& Parks, 1995;Meyer, 1995; Baulcombe, 1996; Prins &
Goldbach, 1996; Sijen et al+, 1996; Depicker & Van
Montagu, 1997; Stam et al+, 1997; Wassenegger &
Pélissier, 1998)+ More recent investigations showing
that RdDM is not peculiar to the viroid system (Jones
et al+, 1998; Mette et al+, 1999) have reinforced the
speculation that RdDM represents a broadly important
mechanism for gene regulation (Wassenegger & Pé-
lissier, 1998)+

Transgenes and cytoplasmic RNA viruses can both
activate PTGS, resulting in a sequence-specific degra-
dation of potentially all the RNA species with sufficient
homology to the triggering RNA molecules (Stam et al+,
1997; Ruiz et al+, 1998)+ This activation has been pro-
posed to proceed via excessive accumulation of a par-
ticular RNA(Lindbo et al+, 1993) or production of aberrant
RNA (abRNA) molecules (English et al+, 1996)+ Al-
though both hypotheses could be valid, a general re-
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quirement for accumulation of abRNA above a critical
threshold is now favored (Depicker & Van Montagu,
1997; Vaucheret et al+, 1998;Wassenegger & Pélissier,
1998; Waterhouse et al+, 1998)+ Aberrant RNAs may
correspond to truncated or incorrectly processed
mRNAs, but the demonstration of the involvement of
double-stranded RNAs (dsRNA) in initiating PTGS
has gained in importance (Montgomery & Fire, 1998;
Waterhouse et al+, 1998;Wassenegger & Pélissier, 1999;
for recent and attractive reviews see Fire, 1999; Kooter
et al+, 1999)+ Aberrant RNAs would represent preferred
templates for a cellular RNA-directed RNA polymerase
(RdRP) (Schiebel et al+, 1998)+ As a consequence,
,100-nt-long complementary RNAs (cRNAs) would be
synthesized, and these cRNAs would ultimately target
cytoplasmic mRNAs for degradation by dsRNA-specific
RNases+

It is possible that a feedback effect of the cRNAs (or
abRNAs) in the nucleus could lead to transgene methyl-
ation via RdDM (Dougherty & Parks, 1995; Sijen et al+,
1996; Depicker & Van Montagu, 1997;Wassenegger &
Pélissier, 1998)+ As a result, methylation may enhance
the synthesis of abRNAs and enhance the stability of
PTGS+ In addition, cRNAs may be a component of the
sequence-specific silencing signal+ Such a signal is re-
quired for the spread of silencing from single cells,where
PTGS was initiated, to the whole plant (Jorgensen et al+,
1998; Voinnet et al+, 1998; Palauqui & Balzergue, 1999;
Wassenegger & Pélissier, 1999)+ In nonsilenced receiv-
ing cells, cRNA-directed DNA methylation may alter
(trans)gene transcription, allowing permanent produc-
tion of the silencing signal and maintenance of PTGS
(Voinnet et al+, 1998; Palauqui & Balzergue, 1999)+

Further evidence for a role of RdDM in silencing came
from a study of PTGS-mediated virus resistance in trans-
genic pea plants+ In these plants, sequence-specific de
novo methylation of the viral transgene and resistance
occurred as a consequence of the presence of homol-
ogous RNA (Jones et al+, 1998)+ Interestingly, Mette
et al+ (1999) recently reported an example of transcrip-
tional gene silencing (TGS) for which an aberrant RNA
transcribed from a locus containing promoter sequences
was responsible for the methylation of an unlinked
homologous promoter in trans+ Although homology-
dependent TGS was thought to be based on DNA–
DNA interactions (for review see Matzke et al+, 1996),
the work of Mette et al+ (1999) supports the hypothesis
that TGS and PTGS can operate through a similar RNA-
based mechanism (Park et al+, 1996; Wassenegger &
Pélissier, 1998)+

To investigate the minimal target size for RdDM, we
introduced PSTVd-specific cDNAs of 30, 60, 98, and
160 bp into the tobacco genome+ After mechanical in-
oculation with PSTVd, the methylation state of the trans-
genes was characterized by Southern blot and bisulphite
analyses+ Our results show that a DNA target with as
few as 30 nt of sequence complementarity to the PSTVd

RNA is specifically methylated, demonstrating the re-
markably high efficiency of the process+De novo methyl-
ation at symmetrical and nonsymmetrical sites was
detected for all integrates+ The methylation patterns
also suggest that the identity of the target may influ-
ence the mechanism+ These results strengthen the view
that short cRNAs play a central role in both the deg-
radation and the methylation steps associated with
homology-dependent silencing phenomena+

RESULTS

Analysis of RdDM in transformed plants

Our rationale was to investigate the minimal target size
necessary for RdDM by introducing PSTVd subfrag-
ments of various lengths into the tobacco SRI genome+
The five transgene constructions that were used are
shown in Figure 1A+ To initiate PSTVd infection, a cut-
ting of each individual transformant was mechanically
inoculated and autonomous PSTVd RNA replication was
monitored by Northern blot analysis+ After the plants
were proved to be PSTVd-infected (data not shown),
genomic DNA was extracted from leaves that emerged
from infected tissues+ For control experiments, geno-
mic DNA was isolated from viroid-free transformants+

Methylation of genome-integrated PSTVd
cDNA subfragments

To obtain initial evidence for PSTVd RNA-directed de
novo methylation of PSTVd cDNA subfragments,
genomic DNAs from the PSTVd-30- (TR1) and PSTVd-
60BH- (TR15) transformed plants were used for South-
ern blot analysis+ Hybridization patterns typically
obtained with a p35S-specific probe on DraI-SmaI re-
stricted DNAs are shown in Figure 1B+ For the DNA
from viroid-free plants, a single hybridizing band of
;5+3 kb was detected (Fig+ 1B, lanes 2 and 4), indicat-
ing that the restriction site of the methylation-sensitive
SmaI endonuclease located within the PSTVd sequence
was not methylated (Fig+ 1A)+ In contrast, an additional
band of ;7+3 kb was detected with DraI-SmaI re-
stricted DNA from the PSTVd-infected TR1 and TR15
plants (Fig+ 1B, lanes 1 and 3)+ The ;7+3-kb fragment
was expected if the SmaI site within the PSTVd se-
quences was not cleaved (Fig+ 1A)+ Although most of
the TR1 plant DNA was digested at the SmaI site within
the 30 bp PSTVd-specific transgene sequences (Fig+ 1B,
lane 1), this site appeared to be extensively methylated
within the overlapping 60-bp-long PSTVd subfragment
(see Fig+ 1A) carried by the TR15 plant (Fig+ 1B, lane 3)+
Characterization of the PSTVd-infected TR6 plant con-
taining the PSTVd-60 construct (Fig+ 1A) is presented
in Figure 1C+ Hybridization of SspI-Nci I-digested DNA
with a p35S-specific probe (Fig+ 1C, lane 1) revealed
that the methylation-sensitive Nci I endonuclease failed
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to completely cleave the unique Nci I site within the
60-bp PSTVd-specific cDNA sequence (see Fig+ 1A)+
Similar results were obtained using plants that har-
bored the PSTVd-98 and PSTVd-160 transgene con-
structs (Fig+ 1A; data not shown)+ These transgenes
both displayed a longer sequence homology with the
PSTVd genome+ Altogether, these results suggested
that the PSTVd RNA can specifically target transgenes
with as few as 30 bp homology to the viroid genome for

methylation+ To confirm this assumption, the methyl-
ation pattern of the transgenes was examined in detail
using the bisulphite method+ Bisulphite treatment al-
lows the conversion of all cytosines to uracil, except
those that are 5-methylated (Frommer et al+, 1992)+
Following strand-specific PCR amplification and se-
quencing, all modified cytosines appear as thymine res-
idues, whereas 5-methylated cytosines (m5Cs) are still
resolved as cytosines+

FIGURE 1. Evidence for methylation of the genome-integrated PSTVd-specific cDNA subfragments by Southern analysis+
A: Schematic representation of the transgene constructions+ The subfragments used to generate the PSTVd-30, PSTVd-
60BH, PSTVd-60, PSTVd-98, and PSTVd-160 constructs are shown under a schema of a (1)-oriented BamHI PSTVd KF
440-2 cDNA unit+ The positions of the subfragments within the PSTVd cDNA unit are indicated by numbers (numbering
according to Schnölzer et al+, 1985)+ The SmaI and Nci I sites that were used to analyze the methylation status of the
PSTVd-specific cDNA constructs are indicated in bold+A simplified map of the binary plant transformation vector pPCV702SM
is shown at the bottom+ The orientations of the PSTVd cDNA subfragments relate to the cauliflower mosaic virus 35S
promoter (p35S), and are indicated by arrows+ Cloning of the subfragments into the expression cassette is described in
Materials and Methods+ The termination region of the nopaline synthase gene is referred as pAnos+ B: Southern blot of
DraI-SmaI-digested genomic DNA of transformants TR1 and TR15+ TR1 and TR15 plants were transformed with the
PSTVd-30 and PSTVd-60BH construct, respectively+ Lane 1: PSTVd-infected TR1; lane 2: viroid-free TR1; lane 3: PSTVd-
infected TR15; lane 4: viroid-free TR15+ C: Southern blot of SspI-Nci I genomic DNA of the PSTVd-infected (lane 1) and
viroid-free (lane 2) TR6 plants+ The TR6 transgenic plant carries the PSTVd-60 construct+ The size of hybridizing DNA
fragments are indicated+ Filters were probed with an a-32P-dCTP-labeled p35S-specific DNA fragment+

Length requirement for RNA-directed methylation of DNA 57



Methylation status of the PSTVd-60BH
and PSTVd-60 transgenes

SspI-digested DNA from viroid-free and PSTVd-infected
TR15 and TR6 plants were used for bisulphite treat-
ment+ At first, 31 independent clones, corresponding to
upper or lower strands, were amplified from bisulphite-
treated DNAs of noninfected TR15 (21 clones) and TR6
(10 clones) plants+ The amplified products covered the
PSTVd cDNA subfragments as well as part of the p35S
and pAnos adjacent regions+Sequence analysis of these
clones showed that, for both DNAs, this region was
virtually free of cytosine methylation (data not shown)+
For the viroid-free TR15 plant, only three cytosines,
each at different positions, appeared as potentially
methylated on a total of 1,430 C residues examined+ A
similar frequency of cytosine methylation of ;0+2% was
detected for the viroid-free TR6 plant (1m5C/380 C
positions analyzed), indicating that the 60-bp-long
PSTVd-specific transgene sequences are hypomethy-
lated in the viroid-free TR15 and TR6 plants+

This absence of methylation represented an ideal
control for the analysis of the PSTVd-infected sister
plants+ Indeed, it substantiated the efficiency of the bi-
sulphite treatment and demonstrated that none of the
analyzed C positions is intrinsically resistant to bisul-
phite conversion in the genomic context of the TR15
and TR6 plants+

Sequence compilation of the strand-specific PCR am-
plifications obtained from the PSTVd-infected TR15
plants is presented in Figure 2, and these results are
summarized in Table 1+ Three additional DNA mol-
ecules with a methylation pattern identical to that of
CL794 and one identical to CL795 are not included in
Figure 2+ In the upper and lower strands of the viroid-
specific part, 85 and 61+9% of all C residues appeared
to be methylated, that is, an overall methylation level of
76+6% (Table 1)+Only 3 out of 29 individual DNA strands
did not show any detectable methylation in this PSTVd
sequence, but one (CL 722) of these molecules dis-
played m5Cs in the region immediately downstream of

the PSTVd-specific sequence region (Fig+ 2)+ For the
other DNA samples, upper-strand methylation ranged
from 64 to 92% and lower-strand from 42+9 to 92+9%+
m5Cs were distributed at both symmetrical and non-
symmetrical sites over the entire PSTVd sequence+ The
SmaI site within this region was found to be methylated
for most of the DNA strands (Fig+ 2) and this DNA was
resistant to SmaI digestion+ These findings were con-
sistent with the results obtained from Southern blot
analysis (Fig+ 1B, lane 3)+

For the PSTVd upstream region, cytosine methyl-
ation was restricted to the 23 bp (upper strand) and
11 bp (lower strand) lying next to the PSTVd-specific
part (Fig+ 2; Table 1)+Although the lower-strand-specific
methylation pattern was analyzed up to position 2159
(Fig+ 2), no further methylation was detected+ By con-
trast, cytosine methylation was found to extend up to
50 bp downstream of the viroid sequence (Fig+ 2;
Table 1)+ In this region, two individual strands showed
no methylation, whereas all of the others displayed
methylation levels ranging from 7+7 to 80%+ This cor-
responded to an overall methylation within this 39 re-
gion of 40%, which was significantly lower than that
observed in the 60-bp-long viroid sequence (76+6%)+
DNA regions downstream of position 150 were ana-
lyzed, but no significant methylation could be detected
(Fig+ 2)+ Finally, no bias in favor of the symmetrical
positions was found, neither in this proximal 39 region,
nor in the PSTVd-specific sequence+

Data of 20 independent clones, representing the
methylation pattern of the PSTVd-60 transgene se-
quences in the PSTVd-infected TR6 plant, are summa-
rized in Table 1+ Cytosine methylation was essentially
restricted to the 60-bp-long viroid region, with an over-
all methylation frequency of 35+3%+ A similar degree
of methylation was found in the proximal 39 region
(Table 1)+Within the viroid sequence,m5Cs were present
in 18 out of the 20 individual strands, and 54+9% of
them were located in symmetrical sites, which contain
43+1% of all the C residues+ It should be noted that the
observed methylation was not homogeneous along the

TABLE 1 + Overview of the methylation of the different PSTVd transgenes+

% m5C
per

individual
strand for

PSTVd cDNA

Overall
methylation
levela for

PSTVd cDNA
(%)

Methylation
in

PSTVd-
upstream
regionb

Methylation
in

PSTVd-
downstream

regionb

PSTVd-3(1) (SRI-3(1)-9)c 90–100 .95 up to 221 up to 1117
PSTVd-60 (TR6) 0–75 35+3 none up to 114
PSTVd-60BH (TR15) 0–92+9 76+6 up to 223 up to 150
PSTVd-30 (TR1) 0–58+3 16 none up to 122
PSTVd-30 (TR1)d 16+7–100 63+5 up to 221 up to 127

aPercentage of m5C for the set of DNA strands analyzed+
bAt least two different strands displaying methylation at the same position+
cThese data are from Pélissier et al+ (1999)+
dPrior to bisulphite treatment, DNA was digested by SspI-SmaI+
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FIGURE 2. Methylation pattern of the PSTVd-60BH construct+ For the upper strand, PSTVd-flanking regions ranging from
21 to 248 (p35S) and from 11 to 185 (pAnos) were examined+ For the lower strand, the analyzed regions ranged from 21
to 2159 (p35S) and from 11 to 1226 (pAnos) (only partially presented)+ The PSTVd-specific sequence is printed in bold
and the location of the SmaI site is shown+ Cytosine methylation at symmetrical CpG and CpNpG sequences is indicated
by filled squares, whereas methylation of nonsymmetrical C residues is indicated by asterisks+ Nonmethylated C residues
at symmetrical and nonsymmetrical positions are represented by open squares and circles, respectively+ When the target
sequence of the PCR primers (see Materials and Methods) is presented, C or T indicate the nucleotide residues that were
found at degenerate positions+
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viroid sequence+ The 25-bp-long region that is located
59 to the Nci I site (see Fig+ 1A) displayed an overall
methylation of 16+5%, and only 7 out of the 20 individ-
ual strands showed m5Cs+ In contrast to this poorly
methylated region, the 39 region comprising 35 bp dis-
played an overall methylation level of 42+1%, and 18
out of the 20 clones contained unconverted C resi-
dues+ Finally, as expected from the Southern blot analy-
sis of PSTVd-infected TR6 DNA (Fig+ 1C, lane 1), the
Nci I site appeared to be methylated and was resistant
to Nci I digestion in 10 out of the 20 analyzed DNA
strands+

Methylation pattern of the 30-bp-long
PSTVd cDNA subfragment

Bisulphite analysis of genomic DNA isolated from the
viroid-free TR1 plant revealed no transgene methyl-
ation (data not shown)+ However, as for the TR15 and
TR6 plants, PSTVd infection of the TR1 plant was as-
sociated with specific methylation of the PSTVd cDNA
and the immediately flanking sequences (Fig+ 3;Table 1)+
In contrast to the 60-bp cDNA fragments, the 30-bp-
long viroid cDNA displayed a significantly reduced over-
all methylation (Table 1)+ This is largely due to the

fraction of DNA molecules (9/20) that did not contain
any m5C within this region (Fig+ 3)+ Among those mol-
ecules that contained m5C, the level of methylation
within the PSTVd region mainly ranged from 8+3 to
37+5%+ In particular, methylation at the SmaI site was
found in a limited number of strands, confirming the
results obtained by Southern blot analysis (Fig+ 1B,
lane 1)+ The 39 flanking region, for which 10 out of the
20 characterized DNA molecules contained m5Cs, pre-
sented an overall methylation frequency comparable to
that of the viroid-specific part (Table 1)+Moreover, three
of the upper DNA strands exhibited m5Cs exclusively
within this 39 flanking region (Fig+ 3, CL 864, 867, and
868)+

Interestingly, the SmaI site of the 30 bp fragment was
found to be nonmethylated in all upper strands of the
TR1 plant (Fig+ 3)+ To investigate whether these C po-
sitions can be methylated in a subgroup of leaf cells,
bisulphite analysis was intentionally biased+ Prior to
bisulphite treatment, the genomic DNA of the PSTVd-
infected and viroid-free TR1 cuttings was digested with
SmaI+ No PCR products could be amplified from the
viroid-free plant DNA, which confirmed that methyl-
ation, at least at the SmaI site, was absent from the
PSTVd transgenic sequences in the noninfected leaves+

FIGURE 3. State of cytosine methylation of the PSTVd-30 construct+ For the upper strand, PSTVd-adjacent regions
ranging from 21 to 234 (p35S) and from 11 to 161 (pAnos) were examined+ For the lower strand, the analyzed regions
ranged from 21 to 2145 (p35S) and from 11 to 1202 (pAnos) (only partially presented)+ The PSTVd-specific sequence and
the SmaI site are indicated in bold+ Symbols are used as in Figure 2+
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The data obtained from the DNA of the PSTVd-infected
TR1 plant are reported in Table 1+ An overall methyl-
ation level of 63+5 and 43+3% could be detected within
the viroid sequence and the 39 flanking region, respec-
tively (Table 1)+ For both the upper- and lower-specific
strands, the majority of the individual DNA molecules
analyzed (17/20) showed m5Cs distributed over the
complete PSTVd sequence, with a methylation fre-
quency ranging from 50 to 100%+ In contrast to the
methylation patterns previously observed (see, for ex-
ample, the methylated upper-strand-specific molecules,
Fig+ 3), this suggests that widely divergent patterns of
methylation were present in the PSTVd-infected TR1
plant cells+ Thus, densely methylated transgene se-
quences appeared to be present in a subgroup of leaf
cells+

DISCUSSION

In eukaryotes, DNA methylation is thought to play an
essential role in various biological processes and is
often correlated with gene inactivation+ Despite its im-
portance, information about the mechanisms that tar-
get particular regions of eukaryotic genomes for de
novo methylation is scarce+ We recently reported that
transgenes corresponding to multimeric cDNA units of
the 359-nt-long PSTVd RNA acquired a specific and
dense methylation, probably as a consequence of pair-
ing interactions between the PSTVd RNA and the
genome-integrated cDNA copies (Wassenegger et al+,
1994a; Pélissier et al+, 1999)+ In the present study, we
show that constructs comprising PSTVd-cDNA subfrag-
ments with a size varying from 160 to only 30 bp were
all specifically methylated in PSTVd-infected plants+
Southern blot analysis revealed that a methylation-
sensitive diagnostic site within the viroid sequences
was partially protected against digestion+ Bisulphite
treatment of DNA from the TR1, TR6, and TR15 plants
substantiated these data and gave insight into the RdDM
process+

In viroid-free plants, no significant methylation could
be detected for any of the 30- and 60-bp constructs+ In
contrast, when these plants were infected with PSTVd,
all constructs displayed cytosine methylation that was
not confined to canonical CpG and CpNpG sites+ The
two 60-bp constructs containing different parts of the
PSTVd cDNA showed different methylation patterns+
Methylation levels within the PSTVd sequence mainly
ranged from 43 to 93% for PSTVd-60BH and from 12
to 50% for the PSTVd-60 construct+ Significant methyl-
ation was detected up to 50 bp downstream of the
PSTVd region for the PSTVd-60BH transgene,whereas
methylation within the PSTVd-60 construct was almost
entirely restricted to the viroid sequence+ In contrast
to the PSTVd-60BH construct, m5Cs were concen-
trated within the 39 region of the viroid sequence of the
PSTVd-60 transgene+ Taken together, these observa-

tions strongly suggested that the sequence identity of
the target influenced the methylation process+

The replication pathway of viroids implies that ma-
ture, circular plus-stranded, viroid RNAs and oligo-
meric minus- and plus-stranded molecules exist in the
nucleus of infected cells (Sänger, 1987)+ Although any
of these molecules could be potentially involved in RNA–
DNA interactions,we proposed that mature PSTVd mol-
ecules actually trigger the methylation process (Pélissier
et al+, 1999)+ Mature molecules adopt a highly double-
stranded rod-like secondary structure+ Thermodynamic
studies showed that viroids can undergo structural tran-
sitions from this rod-like structure to a metastable,
branched structure with a marked loss of base pairing
(Loss et al+, 1991)+ This structure displays three partic-
ularly stable hairpins which, at higher temperatures,
dissociate independently from each other in order of
their individual thermal stability+ Assuming that such
metastable, partially denatured PSTVd RNA molecules
interact with genomic DNA, the occurrence of viroid
cDNA subfragment-specific methylation patterns can
be explained+ Three major factors may have an impact
on the PSTVd RNA–DNA interaction and as a conse-
quence of this on methylation: (1) RNA–DNA pairing
requires a single-stranded RNA that is complementary
to the target DNA+ Thus, a genome-integrated cDNA
could be more prone for interactions with the PSTVd
RNA when the cDNA sequence corresponds to a pre-
melting region of the viroid RNA+ Vice versa, sequences
corresponding to the stable hairpins may be less tar-
geted by the PSTVd RNA+ (2) Provided that RNA–DNA
pairing is once established, the stability of this duplex
could be dependent on the stability of the metastable
structure of the PSTVd RNA+ Transition of the PSTVd
RNA proceeds stepwise from the rod-like structure to
the completely open structure+ However, this transition
is strongly biased toward the rod-like RNA molecule+
Thus, PSTVd RNA folding into the rod-like structure
counterbalances the stability of the RNA–DNA duplex+
(3) Finally, the stability of an RNA–DNA duplex could
be influenced by the sequence context+ Stability of the
duplex will increase with the GC content of the hybrid-
izing nucleic acids+ It should be noted that the assump-
tions made above do not involve nucleic acid–protein
interactions+ However, it is conceivable that binding of
proteins to the PSTVd RNA, as, for example, histones
or RNA polymerase II, may also contribute to stabiliza-
tion or destabilization of particular structures+ Although
there is only little information about viroid–protein in-
teractions, the dependence of PSTVd replication (Schind-
ler & Mühlbach, 1992) and processing (Tabler et al+,
1992) on host enzymes is well documented+ Sequence
comparisons of the two 60-bp transgenes with the
PSTVd genome (not shown) showed that partial hy-
bridization of the PSTVd RNA with the genomic 39 flank-
ing region may extend the length of the interacting region
in the PSTVd-60BH transgene+ This could, at least par-
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tially, explain the frequent occurrence of m5Cs within
this area (Fig+ 2; Table 1)+

Target sequences consisting of multimeric PSTVd
cDNA units displayed a homogeneous and heavy pat-
tern of cytosine methylation+ Almost all the cytosines
within the viroid sequences appeared to be methylated
(Pélissier et al+, 1999; see Table 1, first line)+ In con-
trast, transgenes comprising PSTVd-cDNA subfrag-
ments displayed lower levels of cytosine methylation
(Table 1)+ The assumption that RdDM efficiency is de-
pendent on the length of the target sequence is fur-
ther supported by the comparison of the methylation
patterns of the PSTVd-60BH and the PSTVd-30 con-
structs+ Although the viroid sequences of the PSTVd-
60BH construct completely overlapped the 30-bp-long
PSTVd cDNA (see Fig+ 1A), 30-bp-long PSTVd-specific
DNA molecules that were methylated (i+e+, subjected to
RdDM) displayed a reduced level of methylation as
compared to the 60-bp PSTVd subfragment+ Applica-
tion of the “biased bisulphite analysis” suggested that
only a subgroup of leaf cells of the TR1 plant contained
densely methylated PSTVd-specific 30-bp transgene
(see Results; Table 1, line 5)+ Most importantly, short-
ening of the sequence complementarity from 60 to 30 nt
caused a significant increase in the frequency of un-
methylated DNA strands+ This may reflect that the min-
imal target size for RdDM is close to 30 nt+ Importantly,
our data demonstrated a remarkably high efficiency of
the RdDM process+ It cannot be ruled out that a par-
ticular integration locus might have an effect on the
efficiency of the RdDM process+ This, however, does
not challenge our data that demonstrate that small seg-
ments of genomic DNA can be targeted for methylation
by RNA+

In situ hybridization studies suggested that the ma-
jority of leaf cells (.80%) are viroid free in mechani-
cally inoculated plants (Harders et al+, 1989)+ For the
60-bp constructs, dense methylation was found for the
vast majority of the analyzed DNA strands, and no
marked bias was detected in favor of symmetrical sites
(Fig+ 2)+As previously discussed in detail (Pélissier et al+,
1999), our results show that the viroid-specific RNAs
seem to reach most of the leaf cells+ Even if they are at
a concentration too low to be detectable by in situ hy-
bridization, these PSTVd RNA molecules could be
capable to direct de novo methylation+ Alternatively,
initiation of methylation in highly infected cells might
produce a novel sequence-specific methylation signal,
which could then systemically propagate (Pélissier et al+,
1999)+

Despite numerous attempts over the past 20 years,
the molecular mechanism of viroid-induced pathoge-
nicity is still enigmatic and unresolved+ As viroids do
not encode any proteins, their pathogenicity must be
based on specific interactions between the viroid RNA
molecules and a host cell component(s)+ The nature of
the host target(s) is not known+ It could be a protein(s),

RNA,DNA, or complexes of these molecules+ The iden-
tification of the RdDM mechanism prompted us to pro-
pose a model to explain viroid pathogenicity (Sänger
et al+, 1996), and our present data support this hypoth-
esis+ A host gene(s), exhibiting as few as 30 nt of se-
quence complementarity with the PSTVd RNA, could
be partially methylated upon viroid infection+Methylation-
mediated silencing of the corresponding gene(s) would
then initiate disease symptom expression+ In this con-
text, an intriguing feature of PSTVd infection in tomato
has to be considered+ Various PSTVd strains, which
show remarkable difference in their pathogenicity,
possess only subtle sequence alterations along the
virulence-modulating(VM)region+Thermodynamicanaly-
ses of different PSTVd strains revealed that bending of
the VM region was enhanced in severe strains when
compared to intermediate strains+ Bending might influ-
ence the affinity of the viroid to a host protein and
modulate the pathogenic response of the infected plant
(Schmitz & Riesner, 1998)+ Alternatively, we propose
that bending could affect the capability of PSTVd RNA
to recognize and/or to pair with complementary DNA+
Conceivably, the stability of the VM region or its poten-
tial to bind a host factor(s) both might influence in vivo-
specific transitions from the extended rod-like structure
to “melted” structures+As a consequence, each PSTVd
strain could be associated with a specific expression
pattern of the putative target gene(s)+ According to the
expression pattern(s), symptoms may vary from mild
to severe PSTVd strains+

DNA sequences of ;30 bp are subject to cytosine
methylation, and methylation is not restricted to sym-
metrical sequence contexts+ This efficiency of the RdDM
process contrasts with the potential sensitivity of DNA
pairing-mediated de novo methylation mechanisms+The
most convincing evidence for such a DNA-mediated
mechanism comes from the MIP (methylation induced
premeiotically) process acting in Ascobolus immersus+
In this filamentous fungus, duplicated sequences are
readily detected and methylated+ The observations that
methylation is exactly coextensive with the duplicated
sequence and that either both repeats are affected, or
neither of the two is, suggests that MIP involves a di-
rect pairing between the duplications (Rossignol &
Faugeron, 1994)+ In duplications longer than 400 bp,
the methylation resulting from MIP affects all the cyto-
sines (Goyon et al+, 1994) whereas mainly CpG dinu-
cleotides were methylated in 300–400-bp-long repeats
(Goyon et al+, 1996)+ In Ascobolus as well as in higher
eukaryotic genomes, a minimal size of ;300 bp is prob-
ably required to enable direct interactions of homolo-
gous DNAs (Rossignol & Faugeron, 1994)+

In plants, it appeared likely that most of the methyl-
ation patterns being associated with processes such
as homology-dependent gene silencing (HdGS) or con-
trol of parasitic sequence elements [e+g+, transposable
elements, (TEs); proviral DNA] result from DNA–DNA
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or RNA–DNA interactions (Kooter et al+, 1999)+ Never-
theless, in most of the studies, the involvement of ei-
ther of these interactions lacks definitive evidence+ For
example, a key role for a DNA–DNA pairing mecha-
nism was often favored to account for the control of
TEs (Bestor & Tycko, 1996;Matzke et al+, 1996; Bender,
1998)+ It was assumed that physical interactions be-
tween ectopic TE sequences promote either de novo
methylation of both interacting repeats or directional
transfer of methylation from a methylated repeat to an
unmethylated one (Matzke & Matzke, 1995; Bestor &
Tycko, 1996)+ However, recent data indicated that re-
pression of the I element in Drosophila, an organism
lacking methylation, could be mediated by RNA mol-
ecules (Jensen et al+, 1999)+ Particularities in the
establishment of repression and its transmission to prog-
eny could best be explained if the triggering RNA mol-
ecules induce changes in chromatin structure of the
homologous nuclear sequences (Jensen et al+, 1999)+
This study indicates that RNA-directed DNA methyl-
ation and/or RNA-directed chromatin structure modifi-
cation could contribute to regulate the activity of some
TE families in eukaryotes+ In plants, this might include
elements like SINEs (short interspersed nuclear ele-
ments) (Yoshioka et al+, 1993; Deragon et al+, 1994),
whose length is too short to trigger direct DNA pairing
(see also Kooter et al+, 1999)+

Finally, our results support the hypothesis for a dual
function of short cRNAs in PTGS+ Although we cannot
exclude that the full-size PSTVd RNA is required to
direct methylation, we propose that RNA molecules
smaller than 359 nt would be sufficient to trigger RdDM+
The fact that viroids accumulate in the nucleus argues
for the importance of concentrating the methylation-
directing RNA molecules within the nucleus+ Assuming
a feedback mechanism (Dougherty & Parks, 1995; Sijen
et al+, 1996; Wassenegger & Pélissier, 1998; Kooter
et al+, 1999), RdRP-synthesized cRNAs can be trans-
ported from the cytoplasm to the nucleus+ Subsequently,
cRNAs could directly induce methylation of genomic
sequences+Alternatively, cRNA and hnRNA could form
partially double-stranded molecules (Metzlaff et al+,
1997) that might be more prone to direct genomic
methylation (Pélissier et al+, 1999; for review see Kooter
et al+, 1999)+

In this context, a simplistic analysis using methylation-
sensitive endonucleases might not be sufficient to dem-
onstrate the absence of transgene methylation (Van
Blokland et al+, 1994; Goodwin et al+, 1996)+ However,
amplification of bisulphite-treated genomic DNA seg-
ments of more than 500 bp is often problematic+ In
addition, the bisulphite method requires large-scale con-
trols to demonstrate complete conversion of all non-
methylated Cs+ Therefore, utilization of endonucleases
remains a suitable method to assess the methylation
status of large DNA regions+ If appropriate restriction
sites are located within the DNA segment of interest,

restriction analysis can give a rough survey about the
methylation status of a great number of different tis-
sues or individuals+ By contrast, genomic sequencing
may provide basic data about the mechanisms of de
novo methylation+ In the case of our studies on RdDM,
detection of all m5Cs was essential to substantiate the
high specificity of the methylation machinery for RNA–
DNA hybrid structures (Pélissier et al+, 1999; this article)+

To date, evidence for the implication of RNA as a
sequence-specific methylation signal is reported only
for plants (Wassenegger et al+, 1994a; Jones et al+,
1998; Mette et al+, 1999; Pélissier et al+, 1999)+ How-
ever, RNA-directed epigenetic modifications are sug-
gested to be involved in processes of gene silencing in
fungi (Cogoni et al+, 1996; Schuurs et al+, 1997), in the
control of TEs in fruit flies (Jensen et al+, 1999), and in
imprinting (Reik & Constancia, 1997) and X inactiva-
tion (Lee et al+, 1999) in mammals+ Future studies will
show whether such a mechanism functions through-
out eukaryotes as a mechanism of epigenetic gene
regulation+

MATERIALS AND METHODS

Plasmid constructions

Constructs containing cDNA subfragments of the PSTVd vari-
ant KF440-2 genome (Schnölzer et al+, 1985) were gener-
ated as follows: for the 30-bp construct (PSTVd-30), two
complementary primers were annealed to create a EcoRI-
HindIII fragment comprising nt 87–116 of the PSTVd RNA
genome (for nomenclature see Schnölzer et al+, 1985), which
was cloned into the EcoRI-HindIII sites of the binary plant
transformation vector pPCV702SM (Wassenegger et al+,
1994b)+ The 60-bp BamHI-HaeIII fragment (nt 87–146) was
obtained after BamHI-HaeIII digestion of a multimeric PSTVd-
3(1) cDNA construct (Wassenegger et al+, 1994a); after sub-
cloning into BamHI-SmaI-restricted pT3T7 vector (Boehringer
Mannheim), the viroid segment was introduced into the EcoRI-
HindIII sites of pPCV702SM (construct PSTVd-60BH)+ The
other 60-bp (nt 292–351), 98-bp (nt 292–359 and 1–30), and
160-bp (nt 292–359 and 1–92) PSTVd-specific fragments
were PCR amplified using the multimeric PSTVd-3(1) cDNA
construct as template+ PCR products were first subcloned
into vector pTPCR (Wassenegger et al+, 1994b), then intro-
duced into the EcoRI-Sal I sites of pPCV702SM (constructs
PSTVd-60, PSTVd-98, and PSTVd-160, respectively)+

Plant tissue culture and transformation

Introduction of the T-DNA into the tobacco genome (Nicoti-
ana tabacum cv+ Petit Havana SRI) was performed as pre-
viously described (Wassenegger et al+, 1994a)+

Viroid infection, RNA, and DNA analyses

For viroid infection, one cutting was taken from each primary
transformant+ After they had been rooted, cuttings were me-
chanically inoculated and PSTVd replication was monitored
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by Northern analysis (Wassenegger et al+, 1994a)+ Plant nu-
clear DNA was isolated from leaf material after Bedbrook
(1981)+ Southern hybridization was carried out according to
Amasino (1986)+ Sequencing analyses were performed using
an automated sequencer (ALFexpress; Pharmacia Biotech)
and the Cy5 AutoRead Sequencing Kit (Pharmacia Biotech)+

Bisulphite analysis

“Classical” bisulphite treatment was performed on 1 mg of
SspI-digested DNAs essentially as described (Pélissier et al+,
1999), but in the presence of urea (Paulin et al+, 1998); the
reaction mixture included sodium metabisulphite, urea, and
hydroquinone to final concentrations of 1+74 M, 5+42 M, and
0+5 mM, respectively+

PCR was performed under standard conditions using 100
ng of treated DNA as template+ Upper-strand-specific ampli-
fication was performed with the primers p710 BiUS: 59-
AAGYAAGTGGATTGATGTG-39 and pNOS1020 BiUS: 59-
CTCTAATCATAAAAACCCATCTC-39; to obtain products for
cloning, a second round of PCR was performed with the
nested primers p800 BiUS: 59-GTTYATTTYATTTGGAG
AGG-39 and pNOS910 BiUS: 59-CAATCTTAARAAACTTTA
TTRCC-39+ For PSTVd-60BH-specific amplification only one
round of PCR with the primers p800 BiUS-pNOS910 BiUS
was performed+ For the lower strand, PCR primers were as
follows: p700BiLS: 59-ACRTTCCAACCACRTCTTC-39 and
pNOS1050BiLS: 59-GTATTAAATGTATAATTGYGGG-39+ PCR
products were subcloned into pGEM-T Easy vector (Pro-
mega) before sequencing+
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