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RNA polymerase V (Pol V) long noncoding RNAs
(lncRNAs) have been proposed to guide ARGONAUTE4
(AGO4) to chromatin in RNA-directed DNAmethylation
(RdDM) in plants. Here, we provide evidence, based on la-
ser UV-assisted zero-length cross-linking, for functionally
relevant AGO4–DNA interaction at RdDM targets. We
further demonstrate that Pol V lncRNAs or the act of their
transcription are required to lock Pol V holoenzyme into
a stable DNA-bound state that allows AGO4 recruitment
via redundant glycine–tryptophan/tryptophan–glycine
AGOhookmotifs present on both Pol V and its associated
factor, SPT5L. We propose a model in which AGO4–DNA
interaction could be responsible for the unique specifici-
ties of RdDM.
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In fungi, plants, and animals, repeats and transposable
elements (TEs) are transcriptionally silenced by packaging
of their DNA in a condensed chromatin state (referred to
as heterochromatin), established by a set of conserved
and specific chromatin-modifying enzymes and charac-
terized by DNA methylation and/or histone modifica-
tions (Law and Jacobsen 2010). In addition, small RNAi
silencing pathways are universally used by eukaryotes to
promote heterochromatin formation and transcriptional
gene silencing (TGS) at TEs and repeats (Holoch and
Moazed 2015). Central to the activity of these nuclear
RNAi pathways are Argonaute (AGO)/PIWI members of
the AGO family that bind TE/repeat-derived single-
stranded small RNAs to formRNA-induced transcription-
al silencing (RITS) complexes that transmit the silencing
signal (Holoch and Moazed 2015).
Historically, two models involving base-pairing with

target DNA or nascent RNA transcribed at the target
loci have been invoked to describe the guiding action of
small RNAs in TGS (Matzke and Birchler 2005). However,
the detection in fission yeast of RNA polymerase II (Pol II)
scaffold RNAs required for RITS recruitment and hetero-
chromatin formation tilted the balance in favor of a RNA-
based mode of RITS action known as the “nascent tran-
script model” (Verdel et al. 2004; Holoch and Moazed
2015). Subsequent studies onRNA-directedDNAmethyl-
ation (RdDM) in plants and nuclear RNAi in animals,
many of them inspired by the yeast model, generalized
the notion of a requirement of transcription for the estab-
lishment of TGS at target loci (Wierzbicki et al. 2009;
Sienski et al. 2012).
RdDM is unique among small RNA-mediated chroma-

tin modification pathways in eukaryotes because it relies
on Pol IV and Pol V (two plant-specific homologs of Pol II)
for activity (Lahmy et al. 2010). Pol IV long noncoding
RNA (lncRNA) precursors are thought to contribute—
via the concerted activities of RNA-dependent RNA
Pol 2 (RDR2) and DICER-like 3 (DCL3)—to the biogenesis
of 24-nucleotide (nt) siRNAs that, upon loading into
AGO4-clade proteins, lead to the assembly of an AGO–
siRNARITS-type complex that guides theDOMAINSRE-
ARRANGED METHYLTRANSFERASE 2 (DRM2) for
DNA methylation of homologous genomic sequences at
cytosines in all sequence contexts (CG, CHG, and CHH,
where H is A, T, or C) (Zhong et al. 2014; Matzke et al.
2015). Recent studies also revealed that Pol IV lncRNAs
can also guide RdDMwithout being subject to anyDICER
cleavage (Yang et al. 2016; Ye et al. 2016). Epistasis analy-
sis revealed that Pol V, which does not contribute directly
to 24-nt siRNA accumulation, acts downstream from Pol
IV to enable RdDM at 24-nt siRNA targeted sites (Kanno
et al. 2005; Pontier et al. 2005). The subsequent detection
of Pol V lncRNAs and the demonstration of their associa-
tion with downstream components of the RdDM path-
way, including AGO4, led to the proposal of an RNA-
based mechanism for RITS guiding to target loci (Wierz-
bicki et al. 2008, 2009). The generality of a Pol V-based
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targeting model was further supported by whole-genome
studies that revealed a high degree of overlap between
the sets of genomic regions bound and transcribed by
Pol V and those harboring 24-nt siRNA-dependent DNA
methylation (Wierzbicki et al. 2012; Zhong et al. 2012;
Böhmdorfer et al. 2016).

Despite recent progress, several aspects of the function
of Pol V in RdDM remain to be clarified. In particular,
due to the presence of large compositionally conserved
glycine–tryptophan/tryptophan–glycine (GW/WG)-rich
AGO anchor regions in their C-terminal domains
(CTDs), both NRPE1 (the largest subunit of Pol V) and
SPT5L (a Pol V auxiliary protein) are likely endowed
with high AGO4-binding abilities (El-Shami et al. 2007;
Bies-Etheve et al. 2009). In-depth phylogenetic analysis re-
veals a strict conservation ofGW/WGmotifs in allNRPE1
and SPT5L orthologs, suggesting that these motifs are
functionally relevant (Ma et al. 2015). However, to date,
the functional importance of these conserved AGO4-
binding platforms in RdDM remains unclear, an issue
that we address in this study and that led us to revisit var-
ious aspects of Pol V and AGO4 activities in RdDM and
propose an alternativemodel inwhichAGO4–DNA inter-
actions could be responsible for the highly specific se-
quence DNA methylation pattern of RdDM.

Results and Discussion

Pol V and SPT5L AGO hook motifs are functionally
redundant and essential for RdDM

To assess the role of Pol V/SPT5L AGO hook motifs in
vivo, we generated independent plant variants either har-
boring [NRPE1-WG/Pol V+(1/2) and SPT5L/SPT+(1/2)] or
missing [NRPE1-AG/PolV−(1/2) and SPT5Ltr/SPT−(1/2)]
these motifs (Supplemental Figs. S1A, S2A) and tested
their ability to restore the DNA methylation defects re-
sulting from the loss of either NRPE1 or SPT5L, respec-
tively (Pontier et al. 2005; Bies-Etheve et al. 2009). Using
Chop PCR, McrBC-based methylation, and locus-specific
bisulfite sequencing analyses, we found that both Pol V
and SPT5L variants were able to rescueDNAmethylation
defects at all RdDM loci tested (Fig. 1A; Supplemental
Figs. S1B, S2B). This observation was confirmed and ex-
tended by whole-genome bisulfite sequencing analyses
(Fig. 1C). Likewise, gene silencing and 24-nt siRNA pro-
duction at RdDM loci were also restored in plants express-
ing both PolV variant types (Supplemental Fig. S1C–E). As
expected from their intrinsic capacity to restore RdDM,
both Pol V variants were associated with chromatin and
displayed a similar capacity to recruit AGO4 at target
loci (Supplemental Fig. S1F,G). Taken together, our re-
sults indicate that Pol V and SPT5L AGO hook motifs
are dispensable for DNA methylation and gene silencing
at RdDM loci.

To further test the hypothesis of a functional redundan-
cy between Pol V and SPT5L AGO hook motifs, we
crossed the Pol V−(2) and SPT−(1) lines and identified F2
Pol V−/SPT− offspring lacking both AGO hook platforms.
Western blot analysis confirmed that levels of Pol V−(2)
and SPT−(1) variants remain almost unchanged in the
Pol V−/SPT− line compared with its crossing parents
(Fig. 1B, bottom panel). Chop PCR analysis and locus-spe-
cific bisulfite sequencing indicated that CHG and CHH
DNA methylation levels at all RdDM target loci tested

were reduced in Pol V−/SPT− compared with parent lines,
to a level similar to that found in the nrpe1-null mutant
(Fig. 1B, top panel; Supplemental Fig. S3A). To assess the
generality of these findings, we performed whole-genome
bisulfite sequencing analyses and confirmed an almost
complete loss of CHHDNAmethylation at Pol V-binding
sites in Pol V−/SPT− compared with parental lines (Fig.
1C), indicating that RdDM is abolished in the AGO
hook-minus line. As expected, the decrease in DNA
methylation in PolV−/SPT−was accompanied by a release
of gene silencing at various RdDM loci (Fig. 1B, middle
panel).

To unambiguously demonstrate that the loss of RdDM
in Pol V−/SPT− results from AGO hook motif depletion
but not from an indirect effect, we crossed the Pol V+(2)
and SPT−(1) lines and identified Pol V+/SPT−, a plant dif-
fering from the AGO hook-minus line only by the pres-
ence of Pol V AGO hook motifs (Supplemental Fig. S3B,
bottom panel). Functional analyses indicated that DNA
methylation and gene silencing at RdDM loci were sig-
nificantly restored in Pol V+/SPT−, confirming that the de-
fects observed in the Pol V−/SPT− line are directly related

Figure 1. Pol V and SPT5LAGOhookmotifs are functionally redun-
dant and essential for RdDM. (A, left panel) Analysis of DNAmethyl-
ation by Chop PCR at SB2-2 and soloLTR loci in Col-0, nrpe1, Pol
V+(1,2), and Pol V−(1,2) lines. Genomic DNA digested with HaeIII,
DdeI, and AluI methylation-sensitive enzymes was used as a tem-
plate for PCR. Undigested DNA (input) was used as a control. (Right
panel) Analysis of DNA methylation by Chop PCR at RdDM targets
in nrpe1, spt5l, Col-0, SPT+(1,2), and truncated SPT−(1,2) lines. Geno-
mic DNA digested with AluI and HaeIII methylation-sensitive en-
zymes was used as a template for PCR. The At2g19920 locus was
used as a control. (B, top panel) Analysis of DNA methylation by
Chop PCR at RdDM targets in Col-0, spt5l, nrpe1, Pol V−/SPT−,
SPT−(1), and Pol V−(2) lines. Genomic DNAwas digested with HaeIII
and AluI methylation-sensitive enzymes. The At2g19920 locus was
used as a control. (Middle panel) Transcript levels at two RdDM tar-
gets (IGLINE and AT3g48131) in Col-0, spt5l, nrpe1, Pol V−/SPT−,
SPT−(1), and Pol V−(2) lines. ACTIN2 was used as a loading control,
and −RT reactions show the absence of genomic DNA contamina-
tion. (Bottom panel) Detection of Pol V/NRPE1 and SPT variants by
Western blot. Coomassie blue staining was used as a loading control.
(C ) Whole-genome bisulfite analysis of DNA methylation in Col-0,
nrpe1, spt5l, Pol V−(2), Pol V+(2), SPT−(1), SPT+(1), Pol V−/SPT−, and
Pol V+/SPT− lines. Box plots represent whole-genome CHHmethyla-
tion ratios at regions previously identified as targeted by Pol V (Zhong
et al. 2012). A dependent two-group Wilcoxon signed rank test was
run on methylation at the Pol V sites for Pol V−/SPT− versus Pol
V+/SPT− and revealed that there is a significant difference in methyl-
ation levels. P < 2.2 × 10−16.

Lahmy et al.

2566 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on January 14, 2017 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289553.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289553.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289553.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289553.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289553.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289553.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289553.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289553.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289553.116/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com


to the loss of AGO hook motifs (Fig. 1C; Supplemental
Fig. S3B,C). Taken together, our results support themodel
of a compensatory yet essential role of SPT5L and Pol V
AGO hook motifs for RdDM, providing a rationale to
explain their conservation in all NRPE1 and SPT5L
orthologs.

AGO hook motifs are essential determinants of AGO4
recruitment to RdDM loci

To assess the exact contribution of the AGO hook motifs
to RdDM, we first compared the chromatin association of
Pol V in AGO hook-plus, AGO hook-minus, and control
nrpe1 lines by chromatin immunoprecipitation (ChIP) as-
say using antibodies directed against NRPE5, a Pol V-spe-
cific subunit (Lahmy et al. 2009). Despite some variations
in ChIP signal strength, all lines showed specific Pol V sig-
nals at RdDM loci compared with the nrpe1-null mutant,
indicating that Pol V binding is not overly affected by the
depletion of the AGO hook motifs (Fig. 2A, top panel). In
contrast, a ChIP assay using anti-AGO4 antibodies re-
vealed that the chromatin association of AGO4 was
strongly decreased in the AGO hook-minus (Pol V−/
SPT−) line compared with the AGO hook-plus [Pol V+(2);
SPT−(1) and Pol V+/SPT−] lines, a loss not due to an intrin-
sic instability of AGO4 in corresponding plant back-
grounds (Fig. 2A, bottom panel; Supplemental Fig. S4A,
B). Northern blot analyses also indicated that the lack of
AGO4 association with chromatin is not due to an indi-
rect loss of siRNA accumulation in the AGO hook-minus
line compared with wild type (Supplemental Fig. S4C).
Taken together, these results suggest that the RdDM de-

fects observed in the AGO hook-minus line are correlated
with a global loss of AGO4 chromatin association at tar-
geted loci.
Although our previous data support the idea of a direct

role for AGO hook motifs in AGO4 recruitment to chro-
matin, the loss of AGO4 binding in the AGO minus line
could result from a global decrease of Pol V lncRNA levels
due to a Pol V transcriptional dysfunction incurred by
AGO hook motif depletion. To address this point, we as-
sessed Pol V lncRNA accumulation in AGO hook-plus,
AGO hook-minus, and control nrpe1 mutant lines using
quantitative RT–PCR (qRT–PCR). Interestingly, Pol V
lncRNAs accumulate to closely similar levels in both
AGO hook-plus and AGO hook-minus lines, indicating
that the loss of DNA methylation and AGO4 chromatin
binding is not directly attributable to a general impair-
ment of Pol V-mediated transcription (Fig. 2B top panel;
Supplemental Fig. S4D, top panel). More interestingly,
Chop PCR analyses performed directly on Pol V
lncRNA-generating loci confirm that the AGO hook mo-
tif mutation causes the functional uncoupling of Pol V
transcription andAGO4-dependentDNAmethylation ac-
tivities (Fig. 2B, bottom panel; Supplemental Fig. S4D,
bottom panel), indicating that AGO hook motifs are es-
sential determinants of AGO4 recruitment to RdDM loci.

Pol V lncRNAs or the act of their transcription mediate
the association of Pol V to chromatin

Since our results point out the importance of the Pol V/
SPT5L AGO hook motifs in the binding of AGO4 to chro-
matin, we investigated their contribution in securing
AGO4 recruitment to chromatin with Pol V lncRNAs
and focused our analysis on the nrpe1-3/drd3-3 catalytic
mutant allele of Pol V (Fig. 3A; Kanno et al. 2005), a mu-
tant line in which the loss of RdDM was associated with
a general defect of Pol V lncRNA production at RdDM

Figure 2. AGO hook motifs are essential determinants of AGO4 re-
cruitment to RdDM loci. (A) ChIP analysis of Pol V (top panel) and
AGO4 (bottom panel) binding in nrpe1, Pol V−(2), and SPT−(1) com-
plemented lines and a Pol V−/SPT− cross line. The tested targets are
indicated at the right. Actin2 and Actin7 were used as negative con-
trols. After formaldehyde cross-link, Pol V complexes were immuno-
precipitated using either the anti-NRPE5 or anti-AGO4 antibodies.
Values are means ± SD from two independent amplifications. (B, top
panel) Quantitative RT–PCR (qRT–PCR) analysis of Pol V lncRNA
levels. IGN5, P9, IGN22, IGN23, and IGN27 transcript accumulation
was tested in nrpe1, Pol V−(2), and Pol V−/SPT− lines. (Rel. Tran. Lev.)
Relative transcript level normalized to Actin and Pol V−(2) using the
ΔΔCtmethod. (Bottom panel) Analysis of DNAmethylation by Chop
PCR at IGN23, IGN25, and IGN27 loci. Genomic DNAwas digested
with HaeIII or MscI methylation-sensitive enzymes and used as a
template for PCR. The At2g19920 locus has no HaeIII site and was
used as a control (cont). DNA methylation was assessed in Col-0,
nrpe1, Pol V−(2), and Pol V−/SPT− lines.

Figure 3. Pol V lncRNAs or the act of their transcription primarily
mediate the association of Pol V to chromatin. (A) Amino acid se-
quences of the catalytic sites (metal A) of different polymerase sub-
units from Arabidopsis thaliana, Saccharomyces cerevisiae, and
Escherichia coli. (B) qRT–PCR analysis of Pol V lncRNA levels in
Col-0 and nrpe1-11 and nrpe1-3 mutants. (Rel. Tran. Lev.) Relative
transcript level. Values represent the means ± SD of three indepen-
dent experiments. (C ) ChIP analysis of Pol V binding in nrpe1-11
and nrpe1-3 mutants at different RdDM targets, as indicated at the
right. Actin2 and Actin7 were used as controls. Values are means ±
SD of two independent amplifications. After formaldehyde cross-
link, Pol V complexes were immunoprecipitated using either the
anti-NRPE5 or anti-NRPE1 antibody.
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loci (Wierzbicki et al. 2008). In line with these previous
results, the nrpe1-3 mutation abolishes Pol V lncRNA
production and AGO4 chromatin binding (Fig. 3B; Sup-
plemental Fig. S5A). However, ChIP analyses performed
with anti-NRPE1 and anti-NRPE5 antibodies also re-
vealed that Pol V binding to RdDM loci is abrogated in
the catalytic nrpe1-3 mutant (Fig. 3C), an effect that is
not due to a general decrease in the stability of Pol V sub-
units or associated factors in nrpe1-3 (Supplemental Fig.
S5B). Although this observation precluded us from provid-
ing any definitive conclusion regarding the concerted im-
plication of both Pol V AGO hook motifs and lncRNAs
into AGO4 recruitment to chromatin, our data provide
new insights into Pol V function during RdDM, indicating
that transcription initiation and productive elongation are
essential to lock the Pol V holoenzyme into a stable and
productive DNA-bound state. Although the underlying
mechanism remains unclear, the RNA–DNA hybrid
formed within the transcription bubble as Pol V elongates
could directly stabilize Pol V via the establishment of
extensive RNA–DNA hybrid/polymerase contacts, as
shown previously in the structure of the yeast Pol II elon-
gation complex (Kettenberger et al. 2004).

Evidence for AGO4–DNA interactions at RdDM loci

Despite itswideacceptance, the“nascent transcript”mod-
el does not easily explain the strand-biased nature and ex-
quisite degree of specificity displayed by siRNA-guided
DNA methylation in RdDM, and other models involving
AGO4/siRNA–DNA interaction have been invoked to
describe the guiding action of RITS in RdDM (Zhong
et al. 2014;Matzke et al. 2015;Wang et al. 2015). Assessing
the interaction between AGO4 and DNA using conven-
tional formaldehyde-based cross-linking approaches
would be difficult given the existence of the intricate net-
work of molecular interactions among components of
theactivePolVholoenzymerevealedbythis study. Indeed,
these approaches generate extensive protein–protein and
protein–nucleic acid cross-links that reveal both direct
and indirect interactions (Zentner and Henikoff 2014;
Hoffman et al. 2015). To unambiguously assess the DNA-
binding specificity of AGO4 in vivo, we performed ChIP
on UV laser cross-linked chromatin (LChIP) (Fig. 4A). The
benefit of laser UV light lies in the fact that it is a zero-
length cross-linking agent that generates only direct
DNA–protein cross-links when performed under “single-
hit” conditions (i.e., no more than 5%–10% of DNA–pro-
tein noncovalent complexes are cross-linked) and does
not form protein–protein cross-links (Mutskov et al.
1997; Altintas et al. 2011). Because Pol V has been shown
to transcribe bipartite synthetic DNA templates in vitro
(Haag et al. 2012), we first developed LChIP by looking at
PolV/DNAinteractionatbothcontrolandRdDMloci.Un-
der optimal conditions for photochemical cross-linking,
LChIPanalysis using Flag tag antibodies indicated a specif-
ic and reproducible enrichment of Flag-NRPE1 on RdDM
targetsversuscontrol loci (Fig. 4B).Asexpected fora specif-
ic LChIP signal,DNAwasnot significantly enriched in the
nonirradiated samples (Fig. 4B). These data confirm that
PolVcontactsDNAatRdDMloci andprovideproofof con-
cept data for the use of a UV laser device in assessing pro-
tein–DNA interaction at RdDM targets in vivo.

To follow up on this observation, we assessed AGO4–
DNA interaction by performing LChIP experiments on

an epitope-tagged cmyc-AGO4 (mAGO4) line whose
functionalitywas confirmed previously by its ability to re-
store DNA methylation of RdDM targets in the ago4-1
mutant line (Li et al. 2006). We found that the mAGO4
LChIP signal was reproducibly enriched over the RdDM
loci compared with control loci, as was the Pol V LChIP
signal, suggesting that AGO4 also contacts DNA at these
loci (Fig. 4C). To assess the specificity of the AGO4 LChIP
signal, we crossed the mAGO4 and nrpe1 lines and re-
trieved both E1/mAGO4 and e1/mAGO4 offspring ex-
pressing similar levels of epitope-tagged AGO4 in either
a wild-type or nrpe1 mutant background (Supplemental
Fig. S6A). Chop PCR analysis confirmed that DNAmeth-
ylation at RdDM loci was abolished in e1/mAGO4 com-
pared with the E1/mAGO4 parent line, in keeping with
the idea that Pol V is essential to guide AGO4 to RdDM
loci (Supplemental Fig. S6B). While LChIP experiments
performed on the parent line showed a statistically signif-
icant enrichment of mAGO4 over the RdDM loci, there
was no statistical difference in the binding of mAGO4
on RdDM versus control loci in e1/mAGO4 lines (Fig.
4D), confirming that the AGO4 LChIP signal is specific
and that AGO4 contacts DNA in a Pol V-dependent
manner.

Our results shed new light on the previously underap-
preciated contribution of the conservedAGOhookmotifs
present on Pol V and SPT5L CTDs, emphasizing the

Figure 4. Detection of AGO4–DNA interactions at RdDM loci by
LChIP. (A) Scheme of LChIP. (B) LChIP analysis of Pol V binding in
a Pol V+-complemented line. Nonirradiated (NI) or irradiated [I (UV)]
nuclei were used to prepare chromatin. ChIP was then performed us-
ing anti-Flag antibodies. The RdDM target loci tested are indicated at
the right. Cont1 and Cont2 correspond to two independent regions lo-
cated 2 kb from the At4g04920 gene and represent negative controls.
Values of DNA enrichment were calculated as percentage of input
and were normalized to At5g52070. Error bars are SEM of three inde-
pendent ChIP experiments. (C ) LChIP analysis of mAGO4 binding in
an E1/mAGO4-complemented line. Nonirradiated (NI) or irradiated [I
(UV)] nuclei were used to prepare chromatin. ChIP was then per-
formed using anti-myc antibodies. The RdDM target loci tested are
indicated at the right. Cont1 and Cont2 represent negative controls.
Values of DNA enrichment were calculated as percentage input and
were normalized to At5g52070. Error bars are SEM of three indepen-
dent ChIP experiments. (D) LChIP analysis of mAGO4 binding in
E1/mAGO4-complemented versus e1/mAGO4-complemented lines.
ChIP was then performed using anti-myc antibodies on irradiated nu-
clei. The RdDM target loci tested are indicated at the right. Cont1 and
Cont2 correspond to two independent regions located 2 kb from the
At4g04920 gene and represent negative controls. Values of DNA en-
richment were calculated as the percentage of input andwere normal-
ized to Cont1. Error bars are SEM of three independent ChIP
experiments. (∗) P < 0.05 compared with Cont1. n = 3.
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redundant yet essential implication of these motifs in
RdDM. In particular, our results suggest that AGO4 is re-
cruited to the Pol Vholoenzyme via a protein-basedmech-
anism (Fig. 5) involving multiple AGO hook motifs that
are likely to contribute to DNA methylation by the
mass action effect of concentrating AGO4 to its site of ac-
tion. The AGO hook motif-mediated mechanism of
AGO4 recruitment proposed in our study provides an ex-
planation for the emergence of a unique transcriptional
machinery dedicated to RdDM in plants. We also show
that Pol V transcription and/or elongation is essential to
lock this enzyme into a productive DNA-bound state
(Fig. 5). This result may explain why the Pol V catalytic
mutant fails to display the characteristic punctate immu-
nostaining pattern shown by the wild-type enzyme in
Arabidopsis nuclei (Haag et al. 2009). These data suggest
an intrinsic lack of stability of Pol V on DNA that could
be linked to the single-stranded nature of the Pol V tem-
plate, as proposed recently in a transcription fork model
(Pikaard et al. 2012; Matzke et al. 2015). Whatever the
mechanism, a functional consequence of transcription-
dependent stabilization of Pol V would be to increase
the local concentration of AGO4 through the AGO hook
platforms, thus potentiating interactions with DNA tar-
gets. Consistent with this idea, we provide, through laser
UV-assisted cross-linking experiments, the first evidence
for specific AGO4–DNA interaction at RdDM loci. We
propose a model (Fig. 5A) in which, as Pol V proceeds
through transcription elongation, AGO4 would interact
with Pol V lncRNAs, likely generating a metastable
multimeric complex that would serve as an intermediate
for the transfer of AGO4 to the DNA template. Following
the interaction with the complementary ssDNA, AGO4–
siRNA complexes would recruit DRM2 to the opposite
siRNA-like DNA strand for DNA methylation. Such a
mechanism, suggesting a possible role for DNA in specify-
ing AGO4-dependent DNA methylation, could easily ac-
count for the strand-biased nature and high degree of

specificity of DNA methylation in RdDM. One could
imagine that the pool of AGO4–siRNA effector complex-
es associated with the AGO hook platforms would
directly inspect both DNA strands for complementary
base pairing as Pol V proceeds through transcription elon-
gation (Fig. 5B). Further studies will help to answer these
fundamental questions.

Materials and methods

Establishment of NRPE1 and SPT5L gene constructs, plant
material, and growth conditions

NRPE1-WG (Pol V+) and NRPE1-AG (POL V−) were obtained by swapping
the amino acid 1258–1708 region of NRPE1 with multimers of wild-type
WG or mutant AG consensus motifs (Pontier et al. 2005) in a 2xFlag-con-
taining pCambia 1300 vector. SPT+ and SPT− constructs were based on a
genomic fragment, including the SPT5L promoter and ORF with or with-
out the AGO hook platform. Further details and plant material are de-
scribed in the Supplemental Material.

Protein extraction, immunodetection, and immunoprecipitation

Conventional methods for protein extraction, immunodetection, and im-
munoprecipitation were used as described in the Supplemental Material.

DNA methylation analysis and whole-genome bisulfite
sequencing

Genomic DNA used in the Chop PCR, locus-specific, and whole-genome
bisulfite sequencing experimentswas extracted from flowers buds. Further
details are in the Supplemental Material.
Sequencing data were deposited to the NCBI Gene Expression Omnibus

with accession number GSE67216.

ChIP on formaldehyde cross-linked samples

For each plant line, 2 g of inflorescences was used for conventional ChIP
experiments. The ChIP procedure was adapted from Wierzbicki et al.
(2008) and is detailed in the Supplemental Material.

LChIP

The LChIP procedure was adapted from the conventional ChIP protocol
described above. The washed nuclei were resuspended in 25 mL of Honda
buffer without Triton. UV laser cross-linking was performed as described
inMutskov et al. (1997). Briefly, nuclei were subjected to a single UV laser
pulse (E = 0.2 J/cm2) provided by the fourth harmonic generation (λ = 266
nm) of a nanosecond Nd:YAG laser (Surelite II, Continuum) operating at
a 10-Hz repetition rate. To ensure homogenous irradiation, nuclei were ir-
radiated in a laminar flowthrough quartz cuvette at a flow rate of 2 mL/
min, corresponding to 35 μL/sec (3.5 μL per pulse), provided by a peristaltic
pump. They were then pelleted by centrifugation at 1500g for 15 min,
lysed in nucleus lysis buffer, and processed as described above. Immuno-
precipitation was performed as for conventional ChIP with slight modifi-
cations as described in the Supplemental Material.
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on single-stranded target DNA requires active transcription and the
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A) As Pol V elongates, AGO4 would interact with Pol V lncRNAs,
likely generating a metastable multimeric complex that would serve
as the intermediate for the transfer of AGO4 to the DNA template.
(Model B) Alternatively, one could imagine that the pool of AGO4–
siRNA effector complexes associated with the AGO hook platforms
would directly inspect both DNA strands for complementary base
pairing as Pol V proceeds through transcription elongation. Following
the interaction with the complementary ssDNA, AGO4–siRNA
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Materials and Methods 

Establishment of NRPE1 and SPT5L Gene constructs, plant material and growth 

conditions. 

The NRPE1(Pol VFL) construct was previously described in El-Shami et al. 2007. NRPE1-

WG (PolV+) and NRPE1-AG (POLV-) were obtained by swapping the WG rich region of the 

CTD with synthetic multimers of wild-type WG or mutant AG motifs from the consensus (El-

Shami et al. 2007 ) in a 2xFlag-containing pCambia 1300 vector. SPT+ and SPT- constructs 

are based on a genomic fragment including the SPT5L promoter and ORF with or without the 

AGO-hook platform. A full-length SPT5L DNA fragment (SPT+) was amplified using 

primers 721 and 722 cloned into the pGEM-T easy vector (Promega) and then excised with 

SalI/SmaI to be cloned into a binary vector CTL235 (a Flag HA derived pCambia 1300 

vector). To generate the SPT- truncated version, the 3’ end of the SPT+ construct was 

swapped by NheI and SmaI digest and insertion of the 643-1011 PCR fragment, previously 

digested with the same enzymes. Plants were transformed by the floral dipping method using 

Agrobacterium tumefaciens GV3121 transformed strains (Clough and Bent 1998). All primers 

used are referenced in Supplemental_Table_S1. 

For plant growth, seeds were stratified at 4°C for 2 days before growth on soil at 23°C with 

16-h light and 60-70 % relative humidity. nrpe1-11, nrpe1-3, and spt5l-1 were respectively 

described in (Bies-Ethève et al 2009; El-Shami et al 2007; Lahmy et al 2009). The two mutant 

backgrounds (nrpe1-11 and spt5l-1) were used to generate transgenic plants. The myc-

Ago4 line (mAGO4) and ago4-1 were previously reported (Li et al 2006; Zilberman et al 

2003). E1/mAGO4 and e1/mAGO4 lines were obtained by crossing an mAgo4 line that had 

been backcrossed in a Col0 genetic background with the nrpe1-11  mutant line. We then 

retrieved both offsprings, expressing similar levels of cmycAGO4 in either a WT or nrpe1 

mutant backgrounds. 



 

 

 



 

 

Supplemental Fig. S1: NRPE1 AGO hooks are not mandatory for RdDM 

A) Schematic representation and western blot analysis of four independent Flag-tagged 

NRPE1-WG/PolV+(1/2) and NRPE1-AG/PolV-(1/2) variant lines. Coomassie blue is used 

as loading control. B) Bisulfite analysis of DNA methylation in CHG and CHH contexts 

at several RdDM targets in Col-0, nrpe1, PolV+(2) and PolV-(2) lines. C) Quantitative 

RT-PCR analyses of IG/LINE and SB2-2 loci in Col-0, nrpe1, PolV+(1,2) and PolV-(1,2) 

lines. qRT-PCR values were normalized to ACTIN7 and to nrpe1 values. Rel. Tran. Lev. 

stands for Relative Transcript Level. Data represent the means of 3 independent 

experiments and error bars the corresponding standard deviation values. D) 

Semiquantitative RT-PCR analyses of AT4TE20140 and AT3g48131 loci in Col-0, 

nrpe1, PolV+(1,2) and PolV-(1,2) lines. EF1α was used as loading control. Minus RT (-

RT) reactions are controls for genomic DNA contamination. E) Analysis of siRNA levels 

by Northern blot in Col-0, nrpe1, PolV+ (pool of variant lines PolV+(1,2)) and PolV- 

(pool of variant lines PolV-(1,2)) lines. Mir159 is used as a loading control. F) ChIP 

analysis of Pol V variants using the anti-Flag antibody in nrpe1, PolV+(2), and PolV-(2) 

lines. Actin 2 and actin 7 are used as negative controls. Values are means +/-SD from 

three independent amplifications. G) ChIP analysis of AGO4 binding in nrpe1, PolV+(2) 

and PolV-(2) lines. Actin 2 and actin 7 are used as negative controls. Values are means 

+/-SD from three independent amplifications. 

 



 

Protein extraction, immunodetection and immunoprecipitation 

Total plant protein extracts (up to 100mg) were ground in liquid nitrogen with 200l SDS-

PAGE loading buffer. Coomassie staining was used to calibrate loadings. Proteins were 

separated on SDS/PAGE gels and blotted onto PVDF membrane (Immobilon-P, Millipore). 

Protein blot analysis was performed using the Immobilon Western chemiluminescent HRP 

substrate (Millipore). The antibodies used in this study were HRP-coupled HA-specific 

antibody (H6533, Sigma), HRP-coupled FLAG-specific antibody (A8592, Sigma), HRP-

coupled myc-specific antibody (A5598, Sigma) at 1/10000 dilution.  Antibodies against 

SPT5L, AGO4, NRPE1, NRPE5 and DRD1 were engineered by Eurogentec and used at 

specific dilutions (S1 Text). Mouse or rabbit secondary antibodies (Cat #1706516 and 

1706515, Biorad) were used at 1/10000 dilution.  

For protein immunoprecipitation, 200mg of inflorescences were homogenized in BC100 (50 

mM Tris-HCl at pH 7.5, 100 mM KCl, 5 mM MgCl2, 0.1% v/v NP40, 10% glycerol, 10 nM 

MG132, Complete EDTA-free protease inhibitor cocktail from Roche. Cell debris were 

removed by centrifugation at 18,000g for 30 min at 4°C. The clarified lysate (750l) was 

incubated for 2 h at 4°C at 5 rpm, with anti-Flag M2 agarose beads (A2220, Sigma). After 

centrifugation at 1,800 g x for 1 min, the resin was washed 3 times with 1ml extraction buffer 

and resuspended in 50l of SDS-PAGE loading buffer. Aliquots of these fractions and from 

inputs were subjected to protein analysis by Western blotting.  

 

DNA methylation analysis and Whole-Genome Bisulfite Sequencing 

Genomic DNA was extracted from 100mg of flowers with DNeasy Plant mini Kit (Qiagen). 

For Chop-PCR experiments, 20ng of digested or undigested DNA were amplified with 

primers indicated in Supplemental_Table_S1. For bisulfite sequencing analysis at specific 



loci, the bisulfite conversion was performed on 500ng of DNA using the Epitect bisulfite kit 

(Qiagen) according the manufacturer's instructions with slight modifications. Samples were 

submitted to bisulfite conversion (95° 2min, followed by 8 cycles of 75°C 2 hrs, 95°C 1min). 

DNA was eluted with 2x20l of elution buffer. PCR reactions were performed with 1,5 μl of 

treated DNA with Hot start Takara polymerase (Takara) in 25μl reaction (94°C 5 min, 

followed by 40 cycles of 94°C (45s), 50°C to 53°C depending on the primers (45s) and 72°C 

(1min), with a final elongation of 10min at 72°C). PCR products purified with Geneclean kit 

(MP Biochemicals) were cloned into pGEM-T Easy vector (Promega). 16 to 24 clones per 

sample were sequenced and analyzed using the web application Cymate (Hetzl et al 2007). 

Whole-genome bisulfite sequencing libraries were made using TruSeq DNA LT kit (Illumina) 

and Epitect Bisulfite Kit (Qiagen) as described previously (Du et al ; 2015). All libraries were 

sequenced by HiSeq 2000 system (Illumina) per manufacture instructions. Single-end 50-bp-

long reads were obtained from the sequencer. Bioinformatic processing of the sequencing 

data was carried out as previously described in Zhong et al 2014. When calculating percent 

methylation at RdDM targets, RdDM targets were defined as NRPE1 binding sites previously 

identified in Zhong et al 2012. Briefly, sequencing reads were mapped to the TAIR10 

assembly of the Arabidopsis genome using BSseeker pipeline (Chen et al 2010) and 

methylation ratios of cytosines were calculated as #C/(#C+#T).  

 

Chromatin immunoprecipitation on formaldehyde crosslinked samples 

The ChIP procedure was adapted from (Wierzbicki et al 2008). 2g of inflorescences were 

homogenized in 25mL of Honda buffer and filtered onto two layers of Miracloth (Millipore). 

1% formaldehyde was added and the samples were rotated 15 min at 4°. The crosslink was 

stopped by adding glycine (0,125N final) and rotating for 10 min at 4°C. Following a 15 min 

centrifugation (2000g, 4°C), the nuclei were washed three times in Honda buffer, lysed in 



1mL of Nuclei Lysis buffer and sonicated using a Bioruptor (Diagenode). 20 g of chromatin 

was diluted and incubated with 5l of monoclonal anti-Flag M2 antibody (F1804, Sigma), 

anti-AGO4, anti-NRPE5 or anti-NRPE1 antibodies (the peptides used to generate the 

antibodies are listed in Supplemental_Table_S1) on a rotator overnight, at 4°C. 50l of 

washed Dynabeads ProteinA/G (LifeTechnologies) were then added and incubated for 2h at 

4°C before the washes. After reversing the cross-link by a 10 min incubation at 95°C 

followed by a 1h treatment with ProteinaseK, the immunoprecipitated DNA was subjected to 

qPCR analysis using primers listed in Supplemental_Table_S1, using the Takyon no ROX 

SYBR Master Mix blue dTTP kit (Eurogentec) on a Light Cycler 480 II machine (Roche 

Diagnostics).  

 

Chromatin immunoprecipitation on UV laser crosslinked samples (LChIP). 

After UV laser crosslink of nuclei and lysis in Nuclear Lysis Buffer, immunoprecipitation was 

performed as for conventional ChIP with slight modifications. Two additional washes with 

LiCl wash buffer (0,25M LiCl, 1% NP-40, 1% sodium deoxycholate, 1mM EDTA, 10mM 

Tris-HCl pH8) were performed before the two washes with TE. The immunoprecipitated 

DNA was recovered from 2 or 3 immunoprecipitations started with 20mg of chromatin either 

by addition of 100 µl of Chelex 100 followed by a 10 min incubation at 95°C, an extensive 

treatment with 2µl of Proteinase K at 55°C for 2h and a 10 min incubation at 95°C or by 

elution at 65°C in elution buffer (1% SDS, 0,1M NaHCO3) followed by a 2h treatment with 

Proteinase K, phenol-chloroform extraction and ethanol precipitation. The 

immunoprecipitated DNA was subjected to qPCR as described for conventional ChIP, using 

primers described in the Supplemental_Table_S1.  

 

RNA Extraction and Analysis 



RT-PCR analysis. Total RNAs isolated from inflorescences with the RNeasy Plant kit 

(Qiagen) were subjected to DNAse treatment (RQ1 Promega) and used to synthesize first-

strand cDNAs using GoScript reverse transcriptase (Promega). 400 ng of treated RNAs and 

random primers were employed to synthetize cDNAs according to manufacturer's 

instructions. Equal amounts of cDNAs were controlled by actin transcript amplification. 

qRT-PCR analysis. RNAs were isolated from inflorescences using 1ml of TRIzol reagent 

(Invitrogen) for 200mg tissues (Law et al. 2013). Absence of DNA contamination was 

determined with no reverse transcriptase added to the reaction. 1,2 to 1,5 g of RNA w  

used for reverse transcription with gene specific primers and Superscript III (Invitrogen). 

Real-time qPCR analyses were performed using the Takyon no ROX SYBR Master Mix blue 

dTTP kit (Eurogentec) on a Light Cycler 480 II machine (Roche Diagnostics). Relative 

transcript accumulation was calculated using the ΔΔCt methodology, and ACTIN2 as internal 

control (Livak and Schmittgen, 2001). Average ΔΔCt represents three experimental replicates 

with standard errors. Primers used are listed in Supplemental_Table_S1.  

Northern blot. RNAs were isolated from inflorescences using 1ml of TRIzol reagent 

(Invitrogen) for 100mg tissues, according to manufacturer's instructions. A PEG precipitation 

step was added to enrich in siRNAs. 10-15 μg of total RNAs or 5 μg of siRNAs were run on 

15% polyacrylamide-7M urea gels, transferred onto Hybond-NX membranes (Amersham 

Biosciences) and cross-linked with EDC (Sigma). Membranes were blocked using 10ml of 

PerfectHyb™ Plus Hybridization Buffer (Sigma) and probed either with 5’end radiolabeled 

oligonucleotides or with α−32P dCTP probes (Prime-a-Gene. Labeling System, Promega). 10 

pmoles of each oligonucleotide probe was end-labelled with [γ-32P]ATP by using T4 

polynucleotide kinase (Promega). Other probes are labelled with 25ng as recommended by 

manufacturer's instructions. The probes used are reported in Supplemental_Table_S1. 
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Supplemental Fig. S2: SPT5L AGO hooks are not mandatory for RdDM 

A) Schematic representation and western blot analysis of four independent HA-tagged 

SPT5L/SPT+(1/2) and truncated SPT5Ltr/SPT-(1/2) variant lines. Coomassie staining is 

used as a loading control. B) Analysis of DNA methylation at Simple Hat, siRNA02, 

5SrDNA loci into nrpe1, spt5l, Col-0, SPT+(1,2) and SPT-(1,2) lines. Genomic DNA was 

digested with the McrBC methylation sensitive enzyme and used as a template for PCR. 

Undigested DNA at the 5SrDNA was used as a loading control. 

 

 

 



 

 

 



 

 

Supplemental Fig.S3: Methylation analysis of RdDM targets. 

A) Analysis of DNA methylation by bisulfite sequencing in CHG and CHH contexts at 

four RdDM targets (namely AT3g48131, SB2-2, AT1g56090 and AT5g52070) in wild-

type (Col-0), nrpe1, spt5l, PolV-/SPT- cross line and two SPT-(1) and PolV-(2) 

complemented lines. B) Top panel: Transcript level analysis by RT PCR at RdDM targets 

in Col-0, PolV-/SPT-  and  PolV+/SPT- cross lines. ACTIN2 is used as a loading control 

and –RT reactions are used to assess genomic DNA contamination. Bottom panel: 

Detection of NRPE1 and SPT5L variants by western blots in the crosses lines. NRPE1 

and SPT5L variants were detected respectively with anti-Flag and anti-HA antibodies. 

Coomassie blue staining indicates equal loading. C) Analysis of DNA methylation by 

bisulfite sequencing in CHG and CHH contexts at 4 RdDM targets in Col-0, and the 

PolV-/SPT-  and  PolV+/SPT- cross lines.  

 



 

 



 

 

 

 

 

 

Supplemental Fig. S5: Molecular analysis of the nrpe1-3 catalytic mutant. 

A) Chromatin immunoprecipitation analysis of AGO4 binding in nrpe1-11 and nrpe1-3 

Pol V mutants at different RdDM targets, as indicated on the right. Actin2 and Actin7 

were used as controls. Values are means +/-SD of two independent amplifications. B) 

Analysis by western blot of the accumulation levels of RdDM actors in Col-0, nrpe1-11 

and nrpe1-3 PolV mutants. Antibodies against NRPE1, NRPE5, DRD1, SPT5L and 

AGO4 were used as indicated on the right. NS indicates a non-specific band that is used 

as a loading control. 

 



 

 

Supplemental Fig. S4: AGO hooks and not P5RNAs are the major determinants of 

AGO4 recruitment to RdDM loci 

A) Chromatin immunoprecipitation analysis of AGO4 binding using anti-AGO4 

antibodies in nrpe1, PolV+/SPT- and PolV-/SPT- lines.  The tested targets are indicated 

on the right. Actin2 and Actin7 are used as negative controls. Values are means +/-SD 

from two independent amplifications. B) Analysis of the AGO4 protein accumulation by 

western blots in ago4, Col-0, nrpe1, the PolV-(2) and SPT-(1) complemented lines and in 

PolV-/SPT- and PolV+/SPT- cross lines. Coomassie blue staining is used as a loading 

control. C) Analysis of siRNA levels by Northern blot in Col-0, nrpd1, nrpe1, and PolV- 

/SPT- lines. Mir159 is used as a loading control. D) Top panel P9, IGN23, IGN23, 

IGN27 transcript accumulation was tested in nrpe1, PolV+/SPT- and PolV-/SPT- lines. 

Rel. Tran. Lev. stands for Relative Transcript Level normalized to Actin and PolV+/SPT- 

using the ΔΔCt method. Bottom panel:  Analysis of DNA methylation by Chop-PCR at 

IGN23, IGN25 and IGN27 loci. Genomic DNA was digested with HaeIII or MscI 

methylation sensitive enzymes and used as template for PCR. The RDRP gene has no 

HaeIII site and was used as control (cont). DNA methylation was assessed in 

PolV+/SPT- and PolV-/SPT- cross lines in the right panel. Col-0 and nrpe1 mutant were 

used as controls.  

 

 



 

 

 

 

Supplemental Fig. S6: Molecular analysis of cmycAGO4 lines used in LChIP. 

A) Analysis by western blot of the accumulation levels of NRPE1 and AGO4 proteins in 

Col-0, ago4-1, E1/mAGO4 and e1/mAGO4 lines. Antibodies against NRPE1, AGO4 and 

Cmyc tag were used as indicated on the right. B) Analysis of DNA methylation by Chop 

PCR at SB2-2 and soloLTR loci in E1/mAGO4 and e1/mAGO4 lines. Genomic DNA 

digested with HaeIII and AluI methylation sensitive enzymes (D) was used as template 

for PCR. Undigested DNA (ND) was used as a control. 



Supplemental_Table_S1

Primers Target Sequence Application

977 F Actin2 TCATACTAGTCTCGAGAGATGACTCAGATCATGTTTGAG RT-PCR
978 R Actin2 TCATTCTAGAGGCGCGCCACAATTTCCCGTTCTGCGGTAG RT-PCR

1346 F Actin2 GCCATCCAAGCTGTTCTCTC ChIP
1347 R Actin2 CCCTCGTAGATTGGCACAGT ChIP
1270 F Actin7 TCGTGGTGGTGAGTTTGTTAC qPCR
1271 R Actin 7  CAGCATCATCACAAGCATCC qPCR
2287 R Actin 7  AGCACGGATCGAATCACATA ChIP
2288 F Actin 7  CTCGCTGCTTCTCGAATCTT ChIP
412 F AtSNI ACTTAATTAGCACTCAAATTAAACAAAATAAGT chop PCR
413 R AtSNI TTTAAACATAARAARAARTTCCTTTTTCATCTAC chop PCR

1928 F AT2TE82000 CCAGTGGTGGGAGAAGATTTGGGG Chop-PCR
1929 R AT2TE82000 ACCACCACACTGTCTGTCCCGA Chop-PCR
2046 F AT3G48131 GAGTGTTATACGCCTCAAAGGA RT- PCR
2047 R AT3G48131 CCTGAGATCTTGAAGTTCGTT RT- PCR
2289 F AT3G48131 TTTGTGAGGGATAAGGTATTTT bisulfite
2290 R AT3G48131  CACATAAATCTAAAAAAATTTCTCC bisulfite
2840 F AT4G04920 CTTAAGCAGCCCAATTCCAA ChIP
2841 R AT4G04920 TACGGCACAATTCAGGAACA ChIP
2048 F AT4TE20140 GTAACAGTTTGGTGAGAAGCC RT- PCR
2049 R AT4TE20140 GCGAACCTACATCTTGGTCTAT  RT- PCR
2720 F AT1g56090 CGCCCGTGTATTTGTTTTCG ChIP
2721 R AT1g56090 TGCCTAAACGTGTCACATTCC ChIP
2777 F AT1g56090 ATTTGGATTGGATTATAATTATATGAATT bisulfite
2778 R AT1g56090 AAAAAAAAAAAAAAAAAAAAAACRT bisulfite
2840 F At4g04920 (Cont 1) CTTAAGCAGCCCAATTCCAA ChIP
2841 R At4g04920 (Cont 1) TACGGCACAATTCAGGAACA ChIP
2842 F At4g04920 (Cont 2) GCCCTCAGATCAAGATTCCA ChIP
2843 R At4g04920 (Cont 2) GGAAACCGGTGAGCAACTTA ChIP
2698 F AT5g52070 CATCTGATTCTTAACACCACCTACTCA ChIP
2699 R AT5g52070 ATGTCCTGAGCTGCCACGTT ChIP
2779 F AT5g52070 TGTAATYGAAAATGAATTTTATTTAAA bisulfite
2780 R AT5g52070 TAATAAAACTCCACTTCAAACTTCA bisulfite
862 F IG-line AACTAACGTCATTACATACACATCTTG qPCR, RT- PCR
863 R IG-line AATTAGGATCTTGTTTGCCAGCTA qPCR, RT- PCR

1707 F IGN5 AAGCCCAAACCATACACTAATAATCTAAT qRT PCR
1708 R IGN5 CCGAATAACAGCAAGTCCTTTTAATA qRT PCR
2185 F IGN22 CGGGTCCTTGGACTCCTGAT ChIP,  qRT PCR
2186 R IGN22 TCGTGACCGGAATAATTAAATGG ChIP, qRT PCR
2245 F IGN23  ACTGAAAATTGTAAACAAAGAAACGGCACTACA chop PCR
2246 R IGN23 GATCGGTCCATAAACTTGTTGGGTTT chop PCR
2692 F IGN23 GCCATTAGTTTTAGATGGACTGCAA qRT PCR
2693 R IGN23 GGGCGAACCTGGAGAAAGTT qRT PCR
2247 F IGN25 CTTCTTATCGTGTTACATTGAGAACTCTTTCC chop PCR
2248 R IGN25  ATTCGTGTGGGCTTGGCCTCTT chop PCR
2816 F IGN25 TCAAACCAAACCCCGAACTT qRT PCR
2817 R IGN25 ATGCCAGAGCCTGGTGCTA qRT PCR
2718 F IGN27 GGATTTAACGACATTTTTCCCTTCA qRT PCR
2719 R IGN27 GGCTTAGGGCCCGTAACTAATAAAT qRT PCR
2858 R IGN27 CTTCTTCTTCTCCGGCGAGC chop PCR
2859 F IGN27 CGACGCGTATAATGTGGCCTCG chop PCR
2187 F  P9 CCGTTTCTGGGTAGGTCGGC  qRT PCR
2188 R P9 CCAATTCTTGACTGGAGTGGAC  qRT-PCR
410 F  RdRP GGAGAGAGGCTTGTTGGATACTGC chop PCR
411 R  RdRP GAACACGCATGACAGTGGGTGGAG chop PCR

1696 F SB2-2 GAATACCAGGAGGTTCTGGG qRT PCR
1697 R SB2-2 AACCAAGTGTCGTTAGCTCA qRT PCR
2306 F SB2-2 ATTTGTTAGTGTTAATTTATAAGTTTGAAG bisulfite
2307 R SB2-2 ATACAAAATAAAAAATAAACTCTCTAATCA bisulfite
2282 F SB2-2 ATAAGAGATTTGTTGTATTAATGG ChopPCR
2283 R  SB2-2 TGAAAGGTGAGCTCTCTAATC ChopPCR
769 F soloLTR AATGCATTACAAAAACCTTCTGA chop PCR
770 R soloLTR GGATCCACGATTAGAGAACGTAGA chop PCR

1705 F soloLTR GGATAGAGATGAATGATGGATAATGACA ChIP
1706 R soloLTR TTATTTTGATCAGTGTT ATAAACCGGATA ChIP
721 F Spt5 GTCGACGAGAATGATGCTTGGTTAGAGCTC cloning
722 R Spt5 CCCGGGCCATCCGGTTTTTTTGTCACCGGTTCCCC cloning
643 F Spt5 GCATCTTGCTGAGGTTCGCG cloning
1011 R Spt5 TACCCGGGACTGCCGCCGAATGGGTTCCTGTAAGGAGGACATG cloning

 Probes
739 45S GTCTGTTGGTGCCAAGAGGGAAAAGGGCTAAT
421 miR159 TAGAGCTCCCTTCAATCCAAA
791 Rep2 GCGGGACGGGTTTGGCAGGACGTTACTTAAT

2353 SB2-2 AAGCTTAGAGGTCGCCGGTTCGAGTAATGCTTGGAACGAAACT
427 siRNA02 GTTGACCAGTCCGCCAGCCGAT

3306 IGN27-F TTAACCTATAAACGTCACCG
3307 IGN27-R CATCAACTTACAATTGACTAAC
3300 AT5g52070-F GATTAGACTACTCTCCACATG
3301 AT5g52070-R AGTATTGATAGCCGCATTAC
3302 At1g56090-F TTTAGGCATTTTACGCCCGTG
3303 At1g56090-R ATGTTTGATTTTGCAAGGAAAG

 Peptides
AGO4 ELKKRNPNENGEFE 1/15000
NRPE1 CDKKNSETESDAAAWG 1/3000
NRPE5 KHSLKPQHQVLNDE 1/1500
DRD1 VHKRKQNQVDDGPEAC 1/1000
SPT5l GKQNDGGGGSSWGKQ 1/1000
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