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ABSTRACT

Spontaneous post-transcriptional silencing of sense
transgenes (S-PTGS) is established in each gener-
ation and is accompanied by DNA methylation, but
the pathway of PTGS-dependent DNA methylation
is unknown and so is its role. Here we show that
CHH and CHG methylation coincides spatially and
temporally with RDR6-dependent products derived
from the central and 3′ regions of the coding se-
quence, and requires the components of the RNA-
directed DNA methylation (RdDM) pathway NRPE1,
DRD1 and DRM2, but not CLSY1, NRPD1, RDR2 or
DCL3, suggesting that RDR6-dependent products,
namely long dsRNAs and/or siRNAs, trigger PTGS-
dependent DNA methylation. Nevertheless, none of
these RdDM components are required to establish S-
PTGS or produce a systemic silencing signal. More-
over, preventing de novo DNA methylation in non-
silenced transgenic tissues grafted onto homolo-
gous silenced tissues does not inhibit the triggering
of PTGS. Overall, these data indicate that gene body
DNA methylation is a consequence, not a cause,
of PTGS, and rule out the hypothesis that a PTGS-
associated DNA methylation signal is transmitted in-
dependent of a PTGS signal.

INTRODUCTION

RNA-mediated gene silencing is a widely conserved mech-
anism in eukaryotes, and different classes of small RNAs
with specialized roles in gene silencing have been identified.
In plants, the majority of small RNAs derived from endoge-
nous loci consist of short interfering RNAs (siRNAs) that
are 24 nucleotides (nt) in length. These 24-nt siRNAs pro-
duced by DICER-LIKE 3 (DCL3) processing of double-

stranded RNA (dsRNA) are loaded onto ARGONAUTE
3 (AGO3), AGO4, AGO6 or AGO9 to guide transcriptional
gene silencing (TGS) and RNA-directed DNA methylation
(RdDM) of homologous DNA, mostly at transposon and
repetitive loci (1–3). The second largest class of plant en-
dogenous small RNAs consists of microRNAs (miRNAs),
which are produced by DCL1 and loaded onto AGO1,
AGO2, AGO7 or AGO10 to guide the cleavage and/or
translational repression of complementary mRNAs (4).
The third class of endogenous small RNAs consists of 21-
nt trans-acting siRNAs (ta-siRNAs), which are produced
by DCL4 and loaded onto AGO1 to guide the cleavage of
complementary mRNAs (4).

dsRNA derived from viruses and transgenes is also pro-
cessed into 21-, 22- and 24-nt siRNAs by DCL4, DCL2 and
DCL3, respectively. Like their endogenous counterparts,
24-nt exogenous siRNAs trigger RdDM and TGS of ho-
mologous promoter sequences, whereas 21- and 22-nt siR-
NAs trigger post-transcriptional gene silencing (PTGS) of
homologous transcribed sequences (5). It is generally ac-
cepted that spontaneous, sense transgene-induced PTGS
(S-PTGS) results from over-abundant transcription of aber-
rant mRNAs that lack a 5′ cap (6,7) or poly A tail (8).
Likely, these aberrant RNAs are protected from degrada-
tion by SGS3 (9), and serve as substrates for endogenous
RNA-dependent RNA polymerase 6 (RDR6). The result-
ing dsRNA is diced into primary siRNAs by DCL4 or
DCL2, which are loaded onto AGO1 to guide the cleav-
age of homologous mRNAs. During transgene S-PTGS, the
production of siRNAs is generally initiated at one end of the
mRNA and progresses toward the other end (10), a phe-
nomenon referred to as transitivity (11,12). Transitivity is
also observed when targeting the 5′ or 3′ end of transgenes
with siRNAs produced from a hairpin (IR-PTGS) or a virus
(VIGS), and it occurs in both 5′-to-3′ and 3′-to-5′ direc-
tions (11,12). Remarkably, transitivity occurs on silenced
transgenes, but generally not when endogenous genes are
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targeted by primary siRNAs produced from a hairpin or a
virus (12). Therefore, it is unlikely that mRNA fragments
produced by primary siRNA-guided cleavage of transcripts
are substrates for RDR6 alone. More likely, transitivity re-
sults from recruitment of RDR6 to transgene RNAs in a
complex with complementary primary siRNAs, in partic-
ular 22-nt siRNAs produced by DCL2 (10–11,13). In sup-
port of this hypothesis, ago1 mutants that can bind to small
RNAs but not carry out small RNA-guided cleavage of tar-
get RNA, can nevertheless initiate transitive biogenesis of
secondary siRNA using uncleaved target RNA as a tem-
plate (14).

The formation of an aberrant RNA from a transgene
locus does not necessarily result in S-PTGS, as these ab-
normal RNAs can be intercepted and degraded by RNA
quality control (RQC) pathways. Indeed, S-PTGS and RQC
compete for transgene-derived aberrant RNAs. Accord-
ingly, genetic defects in RQC, including nonsense-mediated
decay, deadenylation, decapping or XRN- or exosome-
mediated degradation, allows the accumulation of aber-
rant RNAs and results in increased rates of spontaneous S-
PTGS in Arabidopsis (6–7,15–19). Importantly, mutations
in decapping components DPC1, DPC2 and VCS (VARI-
COSE), or dual impairment of XRN and exosome com-
ponents, provokes the production of siRNAs from thou-
sands of endogenous mRNA, ultimately causing the death
of the plant, and this effect is suppressed by impairing
DCL2, RDR6 or SGS3 (16,20). These reports clearly indi-
cate that RQC is essential for eliminating endogenous aber-
rant RNAs that could otherwise induce PTGS.

Even before the discovery of siRNAs, it was demon-
strated that a silencing signal was able to move and act
throughout the plant during transgene S-PTGS (21,22). Us-
ing Nicotiana species, it was shown that a transgene-specific
silencing signal could not only travel across a graft junction,
but also through a segment of intervening non-transgenic
stem to mediate graft-induced PTGS (G-PTGS) (21,22).
Surprisingly, and adding further to the complexity of gene
silencing pathways in plants, components of TGS have also
been implicated in G-PTGS (23). RNA polymerase (Pol) IV
and V are essential components of the RdDM/TGS path-
way in plants. NRPD1 encodes the largest sub-unit of Pol
IV, which in a complex with RDR2, is involved in the bio-
genesis of dsRNA and 24-nt siRNAs (24). NRPE1 is the
largest sub-unit of Pol V, and nascent Pol V transcripts in-
teract with complementary 24-nt siRNAs to recruit DO
MAINS REARRANGED METHYLTRANSFERASE 2
(DRM2) to methylate the associated DNA (25,26). The role
of promoter DNA methylation in blocking transcription
during TGS is well established (27). In contrast, the role of
DNA methylation of the transcribed portion of the gene (i.e.
the gene body), which is observed in transgene S-PTGS (28),
remains elusive. Recently, it was shown that DNA methy-
lation is also triggered at TAS loci producing 21–22-nt ta-
siRNAs (29). Furthermore, the initial silencing of active
transposons involves 21–22-nt siRNAs produced by RDR6,
a component of the S-PTGS pathway, before DNA methy-
lation and TGS become established and maintained by the
canonical RdDM pathway (30–33). These results indicate
that the establishment of TGS involves a cross-talk between
S-PTGS and TGS via DNA methylation. However, whether

DNA methylation induced by S-PTGS plays an active role
in preventing, establishing, propagating or maintaining S-
PTGS remains to be determined.

In the present work, we have deciphered the contribution
of components of the RdDM pathway to PTGS-dependent
DNA methylation, and whether DNA methylation is re-
quired or not for spontaneous and systemic PTGS in Ara-
bidopsis. We used two transgenic lines carrying a 35S:GUS
(�-glucuronidase) transgene: L1, which spontaneously trig-
gers GUS S-PTGS, and 6b4, which constitutively expresses
the GUS protein in a wild-type background but triggers S-
PTGS when RQC is impaired, suggesting that, like L1, it
produces aberrant RNAs but at a lower level (7,10,17,19).
Previously, we showed that when 6b4 scions are grafted onto
L1 rootstocks they undergo a form of PTGS hereafter re-
ferred to as G-PTGS (13). To elucidate how the silencing
signal is transmitted or perceived/received, we grafted var-
ious mutants in both the 6b4 (expressing scions) and L1
(silenced rootstocks) genetic backgrounds. Further to the
findings that RDR6 is required in the rootstock for systemic
transmission of PTGS (13), we show that RDR6 is also re-
quired for establishing G-PTGS in scions. We also show that
preventing de novo DNA methylation by impairing DRM2
in either the silenced rootstocks or expressing scions has
no impact on S-PTGS or G-PTGS, indicating that DNA
methylation is a consequence and not a cause of PTGS.

MATERIALS AND METHODS

Plant material

35S:GUS lines 6b4 and L1 and mutants rdr6(sgs2–1),
clsy1–6, nrpd1a-5, rdr2–5, dcl3–3, nrpe1(drd3–7), drd1–6,
cmt3–7, drm2–3 and vcs-8 have been described previously
(16,28,34–40). To generate transgene/mutant combination
lines, 6b4 and L1 were crossed to the corresponding mu-
tants, and F2 progenies were genotyped to identified plants
homozygous for both the transgene and the mutation(s). To
avoid potential effects of unlinked EMS mutations, two in-
dependent transgene/mutant combination lines were iden-
tified for each genotype (L1 rdr6, L1 nrpd1, L1 rdr2, L1 dcl3,
L1 nrpe1, L1 drd1, L1 drm2, L1 drm2 cmt3, 6b4 rdr6, 6b4
drm2), and all experiments were done using the two inde-
pendent batches of seeds, providing the two biological repli-
cates analyzed in every figure and in Table 1.

Growth conditions

Arabidopsis seeds were sown in vitro on a nutritive medium
(1.3% S-medium Duchefa, 1% Phytoblend agar) and vernal-
ized at 4◦C for at least 2 days before being transferred to soil
in culture chambers. Plants were grown at 23◦C, 70% hu-
midity, 120 �E.m−2 lighting and 16 h light/8 h dark (long-
days) or 8 h light/16 h dark (short-days) photoperiod.

Grafting techniques

Grafting was performed as described in (41). Briefly, Ara-
bidopsis seedlings are sown in vitro, and grown under long-
day conditions for 6 days. Grafting is performed in 9 cm
Petri dishes on Bouturage medium (Duchefa) added with a
layer of nitrocellulose filter (Hybond) on the top. Seedlings
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were cut transverse with a fresh razor blade across the
hypocotyl (90◦ butt graft). The scions and rootstocks of in-
terest were then placed on the nitrocellulose filter. Under
a binocular, scions and rootstocks hypocotyls were intro-
duced into a silicon microtube (2 mm long) so that both at-
tach tight to each other. Tube was used as collar to maintain
the hypocotyls junction. The Petri dishes were incubated
under short-day conditions (8 h light, 16 h dark) for 7–14
days. The grafts integrity was checked and grafted seedlings
without adventitious roots were then transferred to soil and
grown under short-day conditions.

GUS activity and GUS RNA analysis

GUS protein was extracted and GUS activity was quanti-
fied as described before (7) from plant leaves by monitoring
the quantity of 4-methylumbelliferone products generated
from the substrate 4-methylumbelliferyl-b-D-glucuronide
(Duchefa) on a fluorometer (Thermo Scientific fluoroskan
ascent).

RNA extraction and HMW or LMW RNA gel blot anal-
yses were performed as described before (7). All RNA gel
blot analyses were performed using 5–10 �g of total RNA.
GUS, U6 and 25S probes have been described before (7).

DNA methylation analysis

DNA was extracted using the Nucleospin Plant II kit from
Macheray-Nagel (REF740770.50). A total of 150 ng of
DNA was digested with HaeIII, PagI, MspI or ScrFI DNA
methylation-sensitive enzymes from ThermoFisher Scien-
tific in 50 �l overnight at 37◦C. Undigested DNA was used
as control. DNA was diluted three times before quantita-
tive polymerase chain reaction (qPCR). For qPCR DNA
methylation assays, the fold change between digested and
undigested DNA for the tested region is normalized to the
fold change between digested and undigested DNA for a
region that is not recognized by the enzymes. Results are
expressed as (2∧-(Cq non digested DNA – Cq digested DNA) [se-
quence of the tested region] / 2∧-(Cq non digested DNA –
Cq digested DNA) [sequence not cleaved by the enzymes]). All
primers are listed in Supplementary Table S1.

For whole-genome bisulfite sequencing (WGBS), bisulfite
treatment, library preparation and whole-genome sequenc-
ing (final depth of 20×) were performed by the BGI (China)
using the HiSeq technology (Illumina) producing 100 bp
paired-end reads. Reads were trimmed with Trim Galore
(Babraham Bioinformatics) and aligned to the Col-0 Ara-
bidopsis thaliana TAIR10 reference genome and the T-DNA
sequence with Bismark version 0.20.0 (Babraham Bioinfor-
matics) using standard options (Bowtie2; 1 mismatch al-
lowed). Identical pairs were collapsed.

RESULTS

The pattern of PTGS-induced DNA methylation coincides
with RDR6 products

Using methylation-sensitive enzymes and Southern blot
analyses, we previously reported that in adult L1 plants, S-
PTGS correlates with CHH, CHG and CG methylation of
the GUS coding sequence (28). However, the large probes

used for these experiments did not allow determining the
exact pattern of GUS DNA methylation. Moreover, sRNA-
seq analyses revealed that RDR6-dependent siRNAs do
not originate from the entire GUS sequence. Indeed, siR-
NAs were found in the central and 3′ part of GUS, but not
in the 250 bases at its 5′ end (10,13). To determine if the
pattern of GUS DNA methylation coincides with the pat-
tern of GUS RDR6-dependent siRNA production, a whole-
genome bisulfite sequencing (WGBS) was performed on si-
lenced L1 and non-silenced L1 rdr6 adult plants. At first, the
quality of our analysis was verified by looking at the DNA
methylation profile of endogenous TAS genes, where DNA
methylation occurs in regions producing RDR6-dependent
siRNAs (29). Consistent with previous observations, CHH
and CHG methylation was observed in TAS regions pro-
ducing siRNAs in L1 wild-type plants, and was lost in L1
rdr6 mutants (Supplementary Figure S1). When looking
at the GUS coding sequence, methylation was detected at
CHH, CHG and CG sites in L1 plants with the exception of
sites located in the first 250 bases at the 5′ end (Figure 1A),
from which siRNAs are not produced (Figure 1B, C). L1
rdr6 plants, which lack GUS siRNAs, did not show CHH or
CHG methylation in any part of the GUS coding sequence
(Figure 1D). Nevertheless, CG methylation was observed
in L1 rdr6 plants, although at a level lower than that in L1,
confirming previous results obtained by southern blot anal-
yses (28). Because CG methylation in coding sequences is
found in both silenced transposons and actively transcribed
genes, the level of CG methylation observed in the GUS cod-
ing sequence of L1 rdr6 plants reflects either the high level
of transcription of the L1 locus or the fact that the GUS
coding sequence has been targeted for DNA methylation in
the past (i.e. in L1 plants prior to their exposure to EMS
mutagenesis, which yielded L1 rdr6 mutants), and that CG
methylation has been passively inherited. In any case, the
results presented above strongly suggest that RDR6 prod-
ucts, either dsRNAs or siRNAs, guide DNA methylation in
a homologous manner at CHH and CHG sites in the GUS
coding sequence.

PTGS-induced CHH and CHG DNA methylation is estab-
lished de novo in each generation

To further address the relationship between CHH/CHG
methylation and S-PTGS in L1 plants, we analyzed CHH
and CHG methylation during the onset of S-PTGS at each
generation and in various mutant backgrounds. To avoid
using WGBS on a large scale, we assessed if a quantitative
assay based on methylation-sensitive enzymes reflects the
data obtained by WGBS. For this purpose, the level of DNA
methylation at HaeIII and PagI sites (CHH) and MspI and
ScrFI (CHG) sites distributed all over the GUS sequence
(Supplementary Figure S2A) was monitored in silenced L1
and non-silenced L1 rdr6 adult plants. Methylation was not
detected in L1 rdr6, but was detected at all tested CHH and
CHG sites in L1 at a level similar to that observed in the
methylome analysis (Supplementary Figure S2B), indicat-
ing that this simple method is a robust and reliable tool to
monitor S-PTGS-induced DNA methylation.

We previously reported that GUS activity and GUS
mRNA levels rapidly decrease in L1 during the first three
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Figure 1. PTGS-induced DNA methylation is established de novo in each generation. (A) Average DNA methylation levels at CG, CHG and CHH sites of
the GUS coding sequence in leaves of 8-week-old L1 and L1 rdr6 plants grown under short day conditions. The methylation levels correspond to the ratios
of methylated cytosines over the total number of cytosines based on WGBS. The screenshots were obtained with the Integrative Genome Browser (IGB).
(B) Distribution of GUS siRNAs in L1 and L1 rdr6 plants. The graphic represents the normalized aligned reads per million, and is based on previously
published data (10). (C) Close-up of data in (B), except only showing the distribution of siRNAs that were less abundant than 10000 RPM. (D) Time
course of DNA methylation in L1 and L1 rdr6 plants using representative CHH and CHG methylation-sensitive enzymes in the 5′, central and 3′ regions
of the GUS coding sequence. Plants were sown in vitro and the aerial part was harvested 4, 11 or 18 DAG. Analyses were performed at the following sites:
HaeIII-49, MspI-126, MspI-813, HaeIII-966, HaeIII-1467, MspI-1529 (see Supplementary Figure S2). The percentage of DNA methylation at each site
is based on the difference in qPCR amplification between digested and mock template. Mean and standard deviation bars are based on two biological
replicates.
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weeks following germination, while GUS siRNA levels in-
versely increase (10,28). Whether DNA methylation is in-
herited through meiosis and precedes the establishment of
S-PTGS during the development of the next generation, or
is re-established in each generation concurrently with the
establishment of S-PTGS has not been examined so far. To
address this question, DNA methylation at representative
HaeIII sites (CHH) and MspI sites (CHG) sites of the 5′,
central and 3′ regions of the GUS coding sequence was mon-
itored at 4, 11 and 18 days after germination (DAG) in si-
lenced L1 and non-silenced L1 rdr6 plants of the fourth and
fifth generations. CHH and CHG methylation were absent
in L1 plants at 4 DAG, but progressively appeared in the 3′
and central regions of the GUS coding sequence with the
onset of S-PTGS at about 10 DAG (Figure 1D). In con-
trast, CHH and CHG methylation remained absent in L1
rdr6 during this time course. These results therefore indi-
cate that CHH methylation and CHG methylation are not
inherited through meiosis in L1 plants but are re-established
in each generation concurrently with the onset of S-PTGS.

S-PTGS-induced DNA methylation is locus-independent

To investigate whether the pattern of DNA methylation es-
tablished during spontaneous L1 S-PTGS is locus indepen-
dent or specific to the L1 locus, we assayed DNA methyla-
tion at another 35S:GUS locus called 6b4. In a wild-type
background, the 6b4 does not trigger S-PTGS. Monitor-
ing the level of DNA methylation at HaeIII and PagI sites
(CHH) and MspI and ScrFI (CHG) sites distributed all
over the GUS sequence (Supplementary Figure S2A) in 6b4
plants showed that, like non-silenced L1 rdr6 plants, 6b4
plants show no CHH methylation and very low levels of
CHG methylation (Supplementary Figure S2B), confirm-
ing the correlation between S-PTGS and gene body CHH
and CHG methylation.

The 6b4 locus triggers S-PTGS in RQC-deficient mutant
backgrounds, for example, in the RNA decapping-defective
vcs mutant (16). As shown by the analysis of GUS activity,
GUS mRNA and GUS siRNA levels, 6b4 vcs plants trigger
S-PTGS during the early development, similar to L1 plants
(Figure 2A and B), indicating that the 6b4 locus actually
produces aberrant RNAs, but at a rate insufficient to bypass
RQC-mediated degradation and trigger S-PTGS in a wild-
type background. DNA methylation analysis revealed that
the CHH and CHG methylation profile of the GUS cod-
ing sequence in silenced 6b4 vcs plants is similar to that of
spontaneously silenced L1 plants, i.e. at the 3′ but not 5′ end
of the GUS coding sequence (Figure 2C), indicating that
the pattern of S-PTGS-induced DNA methylation is locus-
independent.

PTGS-induced DNA methylation requires RDR6, NRPE1,
DRD1, DRM2 and CMT3

Next, we investigated the effect of RdDM mutations on S-
PTGS triggering and PTGS-induced DNA methylation in
L1 plants. Unlike L1 rdr6 plants, which exhibited high GUS
activity and lacked GUS siRNAs, L1 clsy1, L1 nrpd1, L1
rdr2, L1 dcl3, L1 nrpe1, L1 drd1 and L1 drm2 plants lacked
GUS activity and accumulated GUS siRNAs, similar to L1

Figure 2. The pattern of PTGS-induced DNA methylation is locus-
independent. (A) Time course of S-PTGS in plants of the indicated geno-
types grown under long day conditions. GUS activity was measured in
leaves of 16 plants, and is expressed in fluorescent units per minute per mi-
crogram of total proteins. Error bars: standard deviation. (B) GUS siRNA
and mRNA accumulation in 17-day-old plants of the indicated genotypes.
The ethidium bromide signal is shown as loading control. (C) Percent-
age of DNA methylation at representative CHH and CHG methylation-
sensitive enzymes of the 5′ and 3′ regions of the GUS coding sequence in
leaves of 17-day-old plants of the indicated genotypes. Analyses were per-
formed at HaeIII-49, MspI-126, HaeIII-1467 and MspI-1529 (see Supple-
mentary Figure S2). The percentage of DNA methylation was calculated
as described in Figure 1D. Mean and standard deviation bars are based on
two biological replicates.

control plants (Figure 3A), indicating that RdDM muta-
tions do not compromise the establishment or maintenance
of S-PTGS in L1. These results are consistent with the fact
that none of these mutations were recovered in the exten-
sive genetic screen for S-PTGS-deficient mutants in the L1
genetic background (28,38–39,42–45).

Although none of the RdDM mutations compromised
spontaneous S-PTGS in L1, analysis of CHH and CHG
methylation within the GUS coding sequence of L1 re-
vealed that the nrpe1, drd1 and drm2 mutations abolish
CHH methylation, and for most of these mutations, also
decrease the level of CHG methylation (Figure 3B). By
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Figure 3. Specific components of the RdDM pathway are required for
PTGS-induced DNA methylation but not PTGS establishment. (A) GUS
siRNA accumulation and GUS activity in leaves of 8-week-old plants of
the indicated genotypes grown under short day conditions. RNA was ex-
tracted from a bulk of four plants for small RNA gel blots, and ethidium
bromide staining is shown as loading control. Distinct boxes indicate that
the samples were separated by tracks that are not relevant for this work.
The original blot is presented in Supplementary Figure S3. GUS activity is
expressed as fluorescent units per minute per microgram of total proteins
quantified by Bradford. Averages and standard deviations correspond to
16 plants. (B) Percentage of DNA methylation at representative CHH and
CHG methylation-sensitive enzymes of the 5′ and 3′ region of the GUS
coding sequence in leaves of plants of the indicated genotypes grown under
short day conditions. Analyses were performed at HaeIII-49, MspI-126,
HaeIII-1467 and MspI-1529 (see Supplementary Figure S2). The percent-
age of DNA methylation was calculated as described in Figure 1D. Mean
and standard deviation bars are based on two biological replicates.

contrast, CHH and CHG methylation was not greatly af-
fected in clsy1, nrpd1, rdr2 or dcl3 mutants (Figure 3B).
Thus, PTGS-induced DNA methylation at CHH and CHG
sites requires NRPE1, DRD1 and DRM2, but not CLSY1,
NRPD1, RDR2 and DCL3. Considering that: i) 97.5% of
the 21-to-24-nt GUS siRNA population in L1 consists in
21- and 22-nt long molecules (10,13), and ii) CHH and
CHG methylation is abolished in L1 rdr6 (Figure 1A),
the PTGS-induced DNA methylation observed at the L1
GUS locus appears reminiscent of DNA methylation in-
duced at endogenous TAS loci and at actively transcribed
transposon loci producing RDR6-dependent 21- and 22-nt
siRNAs (30–33). Most likely, the CLSY1-NRPD1-RDR2-
DCL3 steps of the RdDM pathway are dispensable because
PTGS-related DNA methylation relies on RDR6 products.

Of note, CHH methylation is equally reduced in rdr6,
nrpe1, drd1 and drm2 mutants, whereas CHG methylation
is less reduced in nrpe1, drd1 and drm2 compared with rdr6.
This suggests that the RDR6-NRPE1-DRD1-DRM2 path-
way contributes to the establishment and maintenance of
CHH methylation, and only to the establishment of the
CHG methylation. CMT3 is most likely responsible for the
maintenance of CHG methylation induced by DRM2 dur-

ing S-PTGS. Supporting this hypothesis, analysis of a L1
drm2 cmt3 double mutant revealed a reduction in CHG
methylation similar to that observed in L1 rdr6 (Figure 3B),
but still without abolishing L1 S-PTGS (Figure 3A).

Impairing CHH and CHG methylation does not affect the
production of a systemic PTGS signal

We previously reported that PTGS is transmitted from
p35S:GUS tobacco rootstocks undergoing S-PTGS to non-
silenced p35S:GUS scions (21). The same phenomenon is
observed in Arabidopsis when grafting non-silenced scions
of line 6b4 onto silenced rootstocks of line L1 (13). Indeed,
seven weeks after grafting, all 6b4 scions grafted onto L1
rootstocks show low GUS activity and high GUS siRNA
accumulation (Figure 4), indicating that they had become
silenced by a type of PTGS hereafter referred to as G-PTGS.
Self-grafted L1 (L1//L1) controls remained silenced, indi-
cating that grafting per se does not compromise L1 S-PTGS.
In addition, self-grafted 6b4 (6b4//6b4) controls remained
non-silenced, indicating that grafting per se does not trigger
6b4 G-PTGS.

To determine if, like during L1 and 6b4 vcs S-PTGS, G-
PTGS induction in 6b4 scions grafted onto L1 rootstocks
induces CHH and CHG methylation of the 3′ but not 5′ of
GUS coding sequence, we assessed CHH and CHG methy-
lation at 5′ and 3′ regions of the GUS coding sequence in
6b4 controls and 6b4 scions grafted onto L1 rootstocks. Re-
sults indicate that G-PTGS induction in 6b4 scions grafted
onto L1 rootstocks induces a CHH and CHG methyla-
tion pattern similar to that of spontaneously silenced L1
plants (Figure 4C versus Figure 3B), confirming that PTGS-
induced DNA methylation occurs at the 3′ region, but not
the 5′ region of GUS coding sequence, independent of the
locus considered (L1 and 6b4) and independent of the way
PTGS is triggered (S-PTGS and G-PTGS).

Because spontaneous triggering of S-PTGS and associ-
ated DNA methylation is impaired in L1 rdr6 plants (Fig-
ure 3), we tested if the production or amplification of the
silencing signal was also impaired. None of the 6b4 scions
grafted onto L1 rdr6 roots became silenced (Table 1 and Fig-
ure 4A), indicating that rdr6 prevents the production of the
systemic silencing signal. CHH and CHG methylation were
not observed in 6b4 scions grafted onto L1 rdr6 rootstocks
(Figure 4C), indicating that grafting per se does not induce
DNA methylation in the scions. Rather, DNA methylation
in 6b4 scions grafted onto L1 rootstocks likely results di-
rectly from the triggering of G-PTGS in grafted 6b4 scions.

In contrast to grafts involving L1 rdr6 rootstocks, G-
PTGS was triggered in all 6b4 scions grafted onto L1 clsy1,
L1 nrpd1, L1 rdr2, L1 dcl3, L1 nrpe1, L1 drd1 and L1 drm2
rootstocks (Table 1 and Figure 5A), indicating that these
mutations do not prevent the production of the mobile si-
lencing signal in the root. Moreover, 6b4 scions grafted onto
L1 drm2 cmt3 rootstocks also triggered G-PTGS (Figure
5A), establishing that PTGS-induced DNA methylation is
not necessary for the production of the systemic silencing
signal. Notably, CHH and CHG methylation were observed
in 6b4 scions grafted onto L1 clsy1, L1 nrpd1, L1 rdr2, L1
dcl3, L1 nrpe1, L1 drd1, L1 drm2 and L1 drm2 cmt3 roots
(Figure 5B), ruling out that the induction of CHH and
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Table 1. Efficiency of transmission of S-PTGS from L1 rootstocks to 6b4 scions

Number of silenced scions/total plants

Grafting combination Exp 1 Exp 2 % of S-PTGS transmission

6b4 // L1 35/35 24/24 100
6b4 // L1rdr6 0/13 0/8 0
6b4 // L1clsy1 6/6 5/5 100
6b4 // L1nrpd1 5/5 6/6 100
6b4 // L1rdr2 9/9 8/8 100
6b4 // L1dcl3 15/15 7/7 100
6b4 // L1nrpe1 12/12 16/16 100
6b4 // L1drd1 8/8 8/8 100
6b4 // L1drm2 7/7 6/6 100
6b4 // L1drm2 cmt3 6/6 16/16 100
6b4 rdr6 // L1 0/8 0/8 0
6b4 drm2 // L1 6/6 22/22 100

For each grafting combination, two biological replicates were analyzed. Shoots were considered silenced when exhibiting GUS activity < 20 fluorescent
units per minute per microgram of total proteins, eight weeks after grafting. The efficiency of S-PTGS transmission is expressed as the percentage of silenced
plants when summing the results of two replicates.

CHG methylation in 6b4 scions grafted onto L1 rootstocks
is due to the transmission of a systemic DNA methylation
signal from the rootstock. Rather, DNA methylation is most
likely induced in 6b4 scions grafted onto L1 rootstocks as
a consequence of the triggering of G-PTGS in response to
the signal transmitted from L1 rootstocks.

Impairing DNA methylation in recipient tissues does not af-
fect the triggering of PTGS upon reception of a systemic
PTGS signal

To test further the above hypothesis, G-PTGS triggering
and PTGS-induced methylation were examined in 6b4 rdr6
scions grafted onto L1 rootstocks. Indeed, 6b4 rdr6 scions
cannot produce RDR6-dependent dsRNAs or siRNAs and
only receive those produced by the L1 rootstocks. None of
the 6b4 rdr6 scions grafted onto L1 rootstocks became si-
lenced (Table 1). Moreover, no GUS siRNAs were detected
by northern analysis in 6b4 rdr6 scions grafted onto L1
rootstocks (Figure 6A). This result indicates that if GUS
dsRNAs or siRNAs are transmitted from silenced L1 root-
stocks to 6b4 rdr6 scions, they are not sufficiently abundant
to be detected by northern blots, and clearly not present in
sufficient amounts to degrade a significant amount of the
GUS mRNA in 6b4 rdr6 scions. Therefore, it is likely that,
upon reception of the silencing signal, G-PTGS needs to be
initiated via RDR6 in scions to ensure the production of
siRNAs in amounts sufficient for degrading all of the GUS
mRNA and the triggering GUS DNA methylation.

To determine if, upon reception of the systemic signal
produced by L1 rootstocks, G-PTGS initiation in 6b4 scions
requires first the induction of GUS DNA methylation by
GUS dsRNAs or siRNAs transmitted from the L1 root-
stocks, 6b4 drm2 scions were grafted onto L1 rootstocks.
If G-PTGS initiation required the establishment of GUS
DNA methylation, one would expect 6b4 drm2 to not trig-
ger G-PTGS when grafted onto L1 rootstocks. However,
6b4 drm2 scions grafted onto L1 rootstocks triggered G-
PTGS as efficiently as 6b4 scions grafted onto L1 rootstocks
(Table 1 and Figure 6A) and produced similarly high levels
of GUS siRNAs (Figure 6A), indicating that DNA methy-
lation is not required for the G-PTGS initiation in grafted

scions. Lastly, unlike in 6b4 scions grafted onto L1 root-
stocks, G-PTGS triggering in 6b4 drm2 scions grafted onto
L1 rootstocks was not accompanied by CHH and CHG
methylation of the GUS coding sequence (Figure 6B), an
effect stronger than that observed in L1 drm2 (Figure 3B),
confirming that DRM2-mediated de novo DNA methyla-
tion is a dispensable consequence of the establishment of
PTGS.

DISCUSSION

DNA methylation is instrumental for TGS in plants
(27). It is maintained by the RdDM pathway, which
uses CLSY1/2/3/4-NRPD1-RDR2-DCL3-dependent 24-
nt siRNAs to target homologous DNA via the action of
AGO4/6/9, NRPE1, DRD1 and DRM2. DNA methyla-
tion is also observed during PTGS, but the way it is triggered
and its role have long remained mysterious. Here we show
that during PTGS of a sense transgene, CHH and CHG
methylation is established de novo in the central and 3′ por-
tions of the transcribed region in each generation, following
the same profile of siRNA production along the transcript
(Figure 1). CLSY1, NRPD1, RDR2 and DCL3 are dis-
pensable, whereas NRPE1, DRD1 and DRM2 are required
for PTGS-induced DNA methylation (Figure 3). Because
methylation in the transcribed portion of the transgene also
requires RDR6 (Figure 3), these results suggest that PTGS-
induced DNA methylation depends on RDR6 products,
long dsRNAs and/or 21–22-nt siRNAs produced by DCL2
and DCL4, and not on 24-nt siRNAs, thus explaining why
CLSY1, NRPD1, RDR2 and DCL3 are dispensable. This
result is consistent with the fact that very low levels of 24-
nt siRNAs are produced during S-PTGS (10,13). There-
fore, it is likely that during S-PTGS, RDR6 products play
two roles: i) RDR6-derived long dsRNAs are processed
into 21- and 22-nt siRNAs by DCL4 and DCL2, which are
loaded onto AGO1 to guide mRNA cleavage (44), and ii)
RDR6 products, long dsRNAs and/or 21–22-nt siRNAs,
guide the methylation of homologous DNA in an NRPE1-
, DRD1- and DRM2-dependent manner. Such a situation
resembles that of endogenous TAS genes, which produce
21–22-nt ta-siRNAs that are loaded onto AGO1 to regu-
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Figure 4. PTGS transmission from L1 rootstocks to 6b4 scions requires
siRNA amplification in L1 and triggers PTGS-induced DNA methyla-
tion in 6b4. (A) Kinetics of S-PTGS establishment in leaves of 6b4 shoots
grafted onto L1 and L1 rdr6 roots and grown under short day conditions.
GUS activity was measured in scion leaves every week. The graph repre-
sents the average of two independent experiments involving at least eight
plants each (see Table 1). S-PTGS transmission efficiency is expressed as
the percentage of silenced scions, i.e. scions exhibiting GUS activity <20
fluorescent units per minute per microgram of total proteins, whereas con-
trol 6b4 plants exhibits GUS activity ∼350 fluorescent units per minute per
microgram of total proteins. (B) GUS activity and GUS siRNA accumula-
tion in scion leaves of plants of the indicated genotypes grown under short
day conditions for eight weeks after grafting. GUS activity is expressed as
fluorescent units per minute per microgram of total proteins quantified by
Bradford. Averages and standard deviations correspond to the number of
plants indicated in Table 1. RNA was extracted from a bulk of four plants.
Ethidium bromide staining is shown as loading control. (C) Percentage of
DNA methylation at representative CHH and CHG sites in the 5′ and 3′
regions of the GUS coding sequence in scion leaves of plants of the indi-
cated genotypes grown under short day conditions for eight weeks after
grafting. Analyses were performed at HaeIII-49, MspI-126, HaeIII-1467
and MspI-1529 restriction sites (see Supplementary Figure S2). The per-
centage of DNA methylation was calculated as described in Figure 1D.
Mean and standard deviation bars are based on two biological replicates.

late their targets by PTGS (46) and which undergo DNA
methylation in a RDR6-AGO4-AGO6-NRPE1-dependent
but NRPD1-RDR2-DCL3-independent manner (29). Very
few 21–22-nt ta-siRNAs were found loaded onto AGO4
and AGO6, compared to AGO1. Nevertheless, it has been
proposed that AGO4 and AGO6 guide DNA methylation
of TAS loci, mostly because DNA methylation is reduced
in ago4 and ago6 mutants (29). Adding to the complex-
ity of the system, de novo DNA methylation of the en-
dogenous FWA promoter triggered by VIGS, which in-
volves predominantly 21- and 22-nt siRNAs, was shown to
be NRPE1-DRM2-dependent but NRPD1-RDR2-DCL3-

Figure 5. PTGS transmission from L1 roots to 6b4 scions and PTGS-
induced DNA methylation in 6b4 do not require any RdDM component
in L1. (A) GUS siRNA accumulation and GUS activity in scion leaves of
plants of the indicated genotypes grown under short day conditions for
eight weeks after grafting. RNA was extracted from a bulk of four plants
for small RNA gel blots, and ethidium bromide staining is shown as load-
ing control. GUS activity is expressed as fluorescent units per minute per
microgram of total proteins quantified by Bradford. Averages and stan-
dard deviations correspond to the number of plants indicated in Table 1.
(B) Percentage of DNA methylation at representative CHH and CHG sites
in the 5′ and 3′ regions of the GUS coding sequence in scion leaves of plants
of the indicated genotypes grown under short day conditions for 8 weeks
after grafting. Analyses were performed at HaeIII-49, MspI-126, HaeIII-
1467 and MspI-1529 restriction sites (see Supplementary Figure S2). The
percentage of DNA methylation was calculated as described in Figure 1D.
Mean and standard deviation bars are based on two biological replicates.

AGO4-independent (47), but this may be due to the redun-
dancy between AGO4 and AGO6. Lastly, WGBS analy-
sis revealed that the quadruple dcl1 dcl2 dcl3 dcl4 mutant
still exhibit de novo DNA methylation in Arabidopsis (48),
suggesting that dsRNAs that are longer than siRNAs can
trigger DNA methylation (49). Therefore, whether RDR6-
derived long dsRNAs guide the methylation of homologous
DNA independently of AGO4/6 proteins or after process-
ing into 21–22-nt siRNAs that are loaded onto AGO4/6 re-
mains an open question.

The PTGS-induced DNA methylation pathway also re-
sembles the mechanism involved in the re-silencing of reac-
tivated transposons (30–33). However, in the case of trans-
posons, PTGS-dependent DNA methylation of the transpo-
son coding sequences or body appears as a first step toward
the establishment of TGS through de novo methylation of
the transposon promoter sequences, which is subsequently
maintained by the canonical RdDM pathway and its associ-
ated 24-nt siRNAs. This contrasts transgene PTGS-induced
DNA methylation, which does not transform into TGS, at
least at the L1 locus. Remarkably, during the establishment
of L1 S-PTGS, siRNA production starts from the 3′ end of
the GUS transgene, followed by methylation of the corre-
sponding DNA sequences, and progresses in the 5′ direc-
tion. However, siRNA and DNA methylation correspond-
ing to the 5′ end of the GUS coding sequence were not ob-
served (Figure 1). This suggests either a mechanism lim-
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Figure 6. PTGS transmission from L1 rootstocks to 6b4 scions requires
RDR6 but not DRM2 in 6b4. (A) GUS activity and GUS siRNA accu-
mulation in scion leaves of plants of the indicated genotypes grown under
short day conditions for eight weeks after grafting. GUS activity is ex-
pressed as fluorescent units per minute per microgram of total proteins
quantified by Bradford. RNA was extracted from a bulk of four plants.
Ethidium bromide staining is shown as loading control. Distinct boxes
indicate that the samples were separated by tracks that are not relevant
for this work. The original blot is presented in Supplementary Figure S4.
(B) Percentage of DNA methylation at representative CHH and CHG
methylation-sensitive enzymes in the 5′ and 3′ regions of the GUS cod-
ing sequence in scion leaves of plants of the indicated genotypes grown
under short day conditions for eight weeks after grafting. Analyses were
performed at HaeIII-49, MspI-126, HaeIII-1467 and MspI-1529 (see Sup-
plementary Figure S2). The percentage of DNA methylation was calcu-
lated as described in Figure 1D. Mean and standard deviation bars are
based on two biological replicates.

iting transitivity or the fact that only aberrant RNAs are
used to produce siRNAs via RDR6. Indeed, if the 5′ end of
the GUS coding sequence is not part of the aberrant RNAs
produced by the transgene locus, it is normal to not find
siRNAs corresponding to this region. In any case, the ab-
sence of RDR6 products at the 5′ end of the GUS coding se-
quence may prevent the spreading of DNA methylation into
the promoter and the subsequent transformation of PTGS-
induced DNA methylation into TGS at the L1 locus. Al-
though this hypothesis remains to be proven, the fact that
TAS genes, which also produce siRNAs from the 3′ and cen-
tral, but not the 5′ parts of their transcribed regions, do not
undergo TGS and do not exhibit DNA methylation in their
promoter sequences makes it a reasonable hypothesis.

The grafting experiments performed in this study also ad-
dress whether a systemic signal for DNA methylation mi-
grates independently of a systemic PTGS signal. Indeed, it
was previously shown that both 21-, 22- and 24-nt siRNAs
move through graft-unions (50), but only mobile 24-nt siR-
NAs are assumed to trigger DNA methylation at distance
(51). The GUS siRNAs produced by the L1 locus consist in
97.5% of 21–22-nt siRNAs and only 2,5% of 24-nt siRNAs

Figure 7. Alternative models for PTGS-induced DNA methylation. S-
PTGS is induced owing to the production of transgene aberrant RNAs
that escape complete degradation by RQC pathways and are transformed
into dsRNAs by RDR6, processed into primary 21–22-nt siRNAs by
DCL2/DCL4, methylated by HEN1 and loaded onto AGO1 to guide the
cleavage of regular mRNA. The binding of 22-nt siRNAs produced by
DCL2 to mRNA may favor the recruitment of RDR6, leading to the pro-
duction of secondary siRNAs and to amplifying the degradation process.
To explain the pattern of DNA methylation in the transgene body, two hy-
potheses can be evoked: (A) RDR6-derived long dsRNAs directly trigger
transgene DNA methylation through Pol V (NRPE1), DRD1 and DRM2,
or (B) Part of the PTGS-derived siRNAs are loaded onto AGO4 and/or
AGO6 and trigger transgene DNA methylation through Pol V (NRPE1),
DRD1 and DRM2.

(10,13). Because DNA methylation is unchanged in L1 dcl3
compared to L1 (Figure 3), it is likely that RDR6 products,
long dsRNAs and/or 21–22-nt siRNAs produced by DCL2
and DCL4 trigger GUS DNA methylation, and that 24-nt
siRNAs play a very minor role in this process. However, it
remained possible that these 24-nt siRNAs migrate at long
distance and participate in the systemic triggering of DNA
methylation. To test this hypothesis, 6b4 scions were grafted
onto L1 or L1 dcl3 rootstocks. GUS DNA methylation was
similarly triggered in both cases (Figure 5), suggesting that
DNA methylation is triggered in 6b4 scions grafted onto L1
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rootstocks as a consequence of the triggering of G-PTGS
in 6b4 scions and not as the consequence of the movement
of a DCL3-dependent DNA methylation signal produced
by L1 rootstocks. Supporting this hypothesis, GUS DNA
methylation was not observed in 6b4 rdr6 scions grafted
onto L1 rootstocks (Figure 6), likely because the 24-nt siR-
NAs transmitted from the L1 rootstock are insufficient to
trigger GUS DNA methylation in the scion, just like the
21–22-nt siRNAs transmitted from the L1 rootstock are in-
sufficient to trigger the degradation of GUS mRNA in the
scion. Moreover, the fact that the drm2 mutation prevents
PTGS-induced DNA methylation but not G-PTGS initia-
tion in 6b4 drm2 scions grafted onto L1 rootstocks (Table
1 and Figure 6), confirms that DNA methylation is not re-
quired for PTGS to occur.

To conclude, our results strongly suggest that in line L1,
RDR6 dsRNA and/or siRNA products are sufficient to
trigger GUS S-PTGS and GUS DNA methylation using the
RdDM components NRPE1, DRD1 and DRM2 (Figure
7). GUS RDR6 products also are able to migrate through
graft unions to elicit G-PTGS and GUS DNA methylation
in grafted 6b4 scions. Nevertheless, DNA methylation ap-
pears dispensable for PTGS to occur either spontaneously
or upon grafting, indicating that gene body DNA methyla-
tion is a consequence and not a cause of PTGS.
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