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In plants, Potato spindle tuber viroid (PSTVd) replication triggers post-transcriptional gene silencing (PTGS) and RNA-
directed DNA methylation (RdDM) of homologous RNA and DNA sequences, respectively. PTGS predominantly occurs in
the cytoplasm, but nuclear PTGS has been also reported. In this study, we investigated whether the nuclear replicating
PSTVd is able to trigger nuclear PTGS. Transgenic tobacco plants carrying cytoplasmic and nuclear PTGS sensor
constructs were PSTVd-infected resulting in the generation of abundant PSTVd-derived small interfering RNAs (vd-
siRNAs). Northern blot analysis revealed that, in contrast to the cytoplasmic sensor, the nuclear sensor transcript was
not targeted for RNA degradation. Bisulfite sequencing analysis showed that the nuclear PTGS sensor transgene was
efficiently targeted for RdDM. Our data suggest that PSTVd fails to trigger nuclear PTGS, and that RdDM and nuclear
PTGS are not necessarily coupled.

Introduction

Viroids are non-encapsidated, non-coding single-stranded
(ss), 250–400 nucleotide (nt)-long circular RNA molecules,
causing devastating diseases to several plant species.1 They are
classified into the Pospiviroidae and Avsunviroidae families, whose
members replicate in the nucleus and the chloroplast, respec-
tively.2,3 Isolates of the Potato spindle tuber viroid (PSTVd), the
Pospviroidae’ s type species, typically have a 359-nt circular
ssRNA genome. Upon entering the plant cell, PSTVd is trans-
ported into the nucleus by the nuclear localization signal (NLS)-
and bromodomain-containing VIROID RNA-BINDING PRO-
TEIN1 (VIRP1).4–6 In the nucleus, PSTVd is replicated via the
asymmetric rolling circle pathway7 by DNA-DEPENDENT
RNA POLYMERASE II (POLII).8 The involvement of addi-
tional POLs and/or RNA-DIRECTED RNA POLYMERASES
(RDRs) in Pospiviroidae replication can not be excluded.9 The
circular monomeric ssRNA(C) is transcribed into linear multi-
meric ssRNA(¡) that serves as the template for the production of
linear multimeric ssRNA(C) that traffics into the nucleolus to be
finally processed into mature unit-length circular RNAs,10,11

The mature viroid moves to neighboring cells through

plasmodesmata and to distant parts of the plant through the
phloem.12,13

In their hosts, viroids elicit the RNA silencing machinery
(Fig. 1).14,15 The mature viroid and/or its double stranded RNA
(dsRNA) replication intermediates are processed by the Dicer-
like enzymes, DCL1/DCL4, DCL2 and DCL3, into 21, 22 and
24 nt viroid-derived siRNAs (vd-siRNAs).16 Similar to plant-
derived siRNAs and miRNAs, vd-siRNAs are phosphorylated at
their 5’ and methylated at their 3’ end.17 Interestingly, similar
concentrations of both polarities of vd-siRNAs have been
detected.9,15-20 Predominantly 21-nt vd-siRNAs are loaded onto
ARGONAUTE 1 (AGO1) and target homologous transcripts
for degradation, in a process termed post-transcriptional gene
silencing (PTGS).21-24 Yet, similar to viral satellites, and presum-
ably due to their secondary structure, mature viroids seem to be
resistant to cleavage in some15 but not all cases.25-27 In addition
to PTGS, replicating viroids trigger RNA-directed DNA methyl-
ation of cognate DNA sequences.28-32 According to the current
model, AGO4-loaded 24-nt siRNAs recognize the target DNA
by hybridizing with nascent POLII/POLV transcripts triggering
the recruitment of de novo methyltransferases to impose cytosine
methylation in every sequence context.33
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The molecular basis of symptom development in viroid-
infected plants is still elusive.34 It is reasonable to assume that
host genes sharing sequence homology with viroids are transcrip-
tionally or post-transcriptionally silenced. In this view: (1)
expression of a hairpin RNA (hpRNA) transgene encoding a
nearly full length sequence of PSTVd in tomato induced PSTVd
disease symptom-like phenotypes.24 (2) In Nicotiana species, an
artificial miRNA corresponding to the PSTVd virulence modu-
lating region directed PTGS of a soluble inorganic pyrophospa-
hatase gene and led to the development of abnormal
phenotypes.35 (3) In PSTVd-infected tomato, the accumulation
of several endogenous miRNAs is suppressed, suggesting vd-
siRNA-induced downregulation of the respective pre-miRNAs.36

(4) Of those genes that are downregulated early in PSTVd infec-
tion in tomato, 2 are involved in gibberellin and jasmonic acid
biosynthesis and contain binding sites for vd-siRNAs in their
respective ORFs.37 (5) In cucumber plants, Hop stunt viroid
(HSVd) infection induced dynamic changes in the DNA methyl-
ation of rRNA genes.38 Whether viroids lead to PTGS and
RdDM of other host genes is still elusive. It is also not clear
whether viroid-induced PTGS is solely a cytoplasmic process39,40

or whether it may also take place in the nucleus.41,42 The nuclear
co-localization of plant DCLs with the replication and matura-
tion of PSTVd, would render the replicating and abundantly

siRNA-producing viroid a promising
candidate to trigger nuclear PTGS. In
this study, however, we showed that
PSTVd infection indeed triggered
RdDM and cytoplasmic PTGS but
failed to trigger nuclear PTGS in Nico-
tiana tabacum.

Results

Generation of GFPint98 and its
introduction into tobacco plants

In order to generate a nuclear PTGS
sensor construct, we reasoned that the
target transcript should be retained in
the nucleus. After splicing of an intron-
containing pre-mRNA, the polyadeny-
lated mRNA is exported to the cyto-
plasm while the intronic lariat is
retained in the nucleus.43 Thus, a chi-
meric intron was produced, where a
98 bp PSTVd subfragment (serving as
target site for vd-siRNAs) was inserted
in plus (int98(C)) and in minus (int98
(¡)) orientation into the Solanum lyco-
persicum RNA-DIRECTED RNA
POLYMERASE 1 (SeRDR1) intron 3,
respectively.44,45 We inserted the 98 bp
subfragment in both orientations to
exclude that any insensitivity to nuclear
PTGS would be due to the either plus-
only or minus-only polarity of the vd-

siRNAs (Fig. 1). Subsequently, int98(C) and int98(¡) were
inserted into the GFP5 cDNA46 producing the nuclear PTGS
sensor constructs GFPint98(C) and GFPint98(¡), respectively
(Fig. 2). GFPint89(C)/(¡) constructs were cloned into the
expression cassette of the pPCV702SM binary vector and the
corresponding plasmids were introduced into Agrobacterium
tumefaciens, that was then used to transform Nicotiana tabacum
(Nt) plants. In order to show that in PSTVd-infected tobacco

Figure 1. PSTVd and RNA silencing. Upon inoculation, mature PSTVd molecules enter the plant cell
nucleus. During the asymmetric replication cycle, POLII transcribes oligomeric RNA of (¡)-orientation
from the circular viroid RNA. In the nucleoplasm, this RNA is transcribed into oligomeric (C) RNA, again
by POLII. Subsequently to its transport into the nucleolus, a type III-like RNase and a DNA ligase are
recruited to assemble the mature viroid molecule. Oligomeric (C) and (¡) replication intermediates
may form dsRNA molecules. Alternatively, dsRNA molecules may be produced by RDR6-mediated tran-
scription of mature viroid RNA and/or of oligomeric (¡) in the nucleoplasm. In addition, it cannot be
excluded that in the nucleolus, dsRNA is synthesized by RDR2 transcription of oligomeric (C) RNA. All
four DCLs produce vd-siRNAs. However, it is not clear if only dsRNAs or, due to the high capacity of
viroid RNA to form intermolecular secondary structures, also single stranded viroid RNA, (mature viroid
or oligomeric intermediates) is DCL-processed. Both polarities of vd-siRNAs could be loaded onto sev-
eral AGOs and initiate PTGS in the cytoplasm and RdDM in the nucleus.

Figure 2. Schematic representation of transgenes. P35S: Cauliflower
mosaic virus 35S promoter; TNOS: nopaline synthase (NOS) terminator;
GFP: green fluorescent protein; intron: S. lycopersicum intron 3; 98: 98 bp
PSTVd subfragment: PSTVd: full-length PSTVd cDNA; (C): plus orienta-
tion; (¡): minus orientation.
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plants, vd-siRNAs with the potential to target the 98-nt PSTVd
sequence are accumulating, the transgenic tobacco Nt-GFP98
(C) line, harbouring the full length GFP5 cDNA fused to the
98 bp PSTVd subfragment22 (Fig. 2) was employed. The polya-
denylated GFP98(C) mRNA is transported into the cytoplasm,
and upon PSTVd infection, it is silenced by vd-siRNAs.22 Thus,
transcripts of the GFP98 transgene constructs could be consid-
ered as an ideal cytoplasmic PTGS sensor.

The 98 bp PSTVd subfragment did not abolish intron
functionality

Plant introns do not have absolute requirements for branch
sites and polypyrimidine tracts. An A/U-rich base composition, a
minimal size of 70-nt and the presence of 5�-GU and 3�-AG splice
sites are sufficient for intron functionality.47–49 Thus, chimeric
introns should be functional in plants. However, secondary struc-
tures within introns could potentially inhibit pre-mRNA splicing
in dicotyledons.50 Viroids and long viroid subfragments, as for
example the 98-nt PSTVd RNA, form extensive secondary struc-
tures. Nevertheless, Northern blot analysis showed that spliced
GFP mRNA (797-nt) was highly abundant indicating that the
98-nt PSTVd RNA did not significantly interfere with the splic-
ing process. Some unspliced GFPint98(C)/(¡) pre-mRNA
(1365-nt) was also detected at low levels (Fig. 4), reflecting most
probably the steady state levels investigated by Northern blot
analysis.

Viroid infection failed to trigger nuclear PTGS of GFPint98
transcripts

Mechanical inoculation-mediated viroid infection does not
exclude the presence of non-infected cells in systemic leaves.51 In
order to achieve PSTVd infection in presumably every cell, ‘Nt-
Nbdi(¡) plants were genetically crossed with Nt-GFP98(C) and
Nt-GFPint98(C)/(¡). Nt-Nbdi(¡) plants carry an infectious,
dimeric full-length PSTVd cDNA transgene in (¡)-orientation
(Fig. 2).52 As a mock control, the Nt-GFP98(C) and Nt-
GFPint98(C)/(¡) plants were crossed with Nt-WT. For each
crossing, the presence of transgenes was validated by PCR (data
not shown) and viroid infection was validated by Northern blot
analysis. In infected plants, the mature 359-nt PSTVd RNA as
well as the 21–24-nt vd-siRNAs were detected (Fig. 3).

In order to investigate whether vd-siRNAs targeted the
nuclear PTGS sensor constructs, Northern blot analysis was con-
ducted using the full-length GFP cDNA as a hybridization probe
(Fig. 4). Our data showed that, in PSTVd-infected GFPint98
(C)/(¡) plants, neither the spliced GFP mRNA (797-nt) nor the
unspliced GFPint98(C)/(¡) pre-mRNA (1365-nt) were targeted
for cleavage (Fig. 4). In plants, cleaved transcripts may be further
processed by RDR6 into dsRNA and subsequently by DCLs into
secondary siRNAs. Thus, silencing may spread to 5�and 3�direc-
tion, in a process termed transitive silencing.53–56 In the case that
nuclear vd-siRNA-targeting of the int98 sequence occurred prior
to splicing, transitive silencing into the GFP sequence could not
be ruled out. Thus, it was important to show that GFP mRNA
accumulated to the same degree in PSTVd-infected and non-
infected GFPint98(C)/(¡) plants. The failure to detect

Figure 3. Northern blot analysis for validation of PSTVd replication. Total
RNA (2 mg) was extracted from PSTVd-infected and non-infected plants
and subjected to long and small RNA analysis using the full-length PSTVd
cDNA as a hybridization probe. Actin and U6 hybridization of the
stripped membranes served as loading controls. Hybridization took place
at 64�C and the blot was exposed for 12 hrs to phosporimager screen. At
these hybridization conditions, PSTVd probe did not hybridize with
GFP98(C) or GFPint98(C)/(¡).

Figure 4. Northern blot analysis for pre-mRNA processing and degrada-
tion. Total RNA (7 mg) was extracted from PSTVd-infected and non-
infected plants and subjected to long and small RNA analysis using the
full-length GFP cDNA as a hybridization probe. Hybridization took place
at 64�C and the blot was exposed for 24 hrs to phosporimager screen.
Actin and U6 hybridization of the stripped membranes served as loading
controls.
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secondary GFP siRNAs, at least under the applied conditions,
may underpin that no transitive silencing process was activated
(Fig. 4). In contrast, the mRNA of the cytoplasmic PTGS sensor
GFP98(C) was efficient silenced by vd-siRNAs. However, also in
this case, secondary 21–24-nt GFP siRNAs were not detected
which was in agreement with previous data, where viroid sequen-
ces were proposed to inhibit RDR6 processing and initiation of
transitivity.22

In order to monitor the RNA levels of the post-spliced int98
(C)/(¡) lariat (568-nt) in PSTVd-infected plants, Northern blot
analysis was performed using the 3’ region of the intron (-ron) as
a hybridization probe (Fig. 5). Our data revealed that in the
PSTVd-infected plants, also the int98(C)/(¡) splicing products
were not targeted for degradation. Moreover, intronic secondary
21–24-nt siRNAs were not detectable (Fig. 5). These data sug-
gest that vd-siRNAs fail to trigger nuclear PTGS of intronic
sequences.

Viroid infection efficiently triggered RdDM of GFPint98
transgene

DsRNA-induced PTGS is tightly related to RdDM57 and rep-
licating viroids trigger both mechanisms.22,32 So far, and at least
in the case of transgenes, PTGS is always associated with RdDM
of transgene coding regions.22,56–64 RdDM seems be interwoven
with PTGS in a mutual-reinforcing loop, but whether RdDM
acts upstream or downstream of PTGS or whether one is a pre-
requisite of the other is not clear. We were thus interested to

investigate whether the failure to post-transcriptionally silence
the GFPint98(C)/(¡) transgenes was, nevertheless, accompanied
by RdDM. In order to analyze the 98 bp PSTVd subfragment
methylation status at a single-base resolution, bisulfite sequencing
was performed. Treatment of DNA with sodium bisulfite results
in the conversion of non-methylated cytosine to uracil and dur-
ing PCR amplification uracil is replaced by thymine. Thus, in
the case of non-methylated cytosines, sequencing of PCR prod-
ucts from bisulfite-treated DNA reveals thymines instead of cyto-
sines. DNA from non-infected and PSTVd-infected GFPint98
(C) was subjected to bisulfite sequencing and the upper strand of
the 98 bp viroid DNA region was analyzed. In non-infected
plants, cytosine conversion of this strand was complete (Fig. 6),
indicating that it was not methylated, at all, and that it did not
form secondary structures that affect bisulfite conversion. In con-
trast, in the infected plants, the 98 bp subfragment of the
GFPint98(C) transgene was densely methylated in all sequence
contexts (84% mCG, 85% mCHG and 51% mCHH) (Fig. 6),
indicating ongoing de novo DNA methylation.30 Our data thus
show that viroid infection efficiently triggered RdDM of intronic
sequences but failed to target the corresponding transcripts for
cleavage.

Discussion

Plant RNA viruses replicating in the cytoplasm serve as trig-
gers and targets of PTGS.65,66 In Nicotiana benthamiana, the
exons but not the introns of the phytoene desaturase (PDS)
endogene could be efficiently targeted by virus-induced gene
silencing (VIGS) suggesting that, rather than nuclear pre-
mRNAs, cytosolic mature mRNAs are targeted by PTGS.40

Most plant miRNAs are generated in the nucleus but are
exported to the cytoplasm where they trigger PTGS of target
mRNAs through transcript cleavage and/or translational inhibi-
tion.67,68 These data led to the view that PTGS is exclusively a
cytoplasmic process.39 In support of this assumption, AGO1-
containing processing bodies (P-bodies) and AGO7-containing
siRNA bodies in Arabidopsis thaliana are localized in the
cytoplasm.69,70

However, recent data have demonstrated that also nuclear
PTGS takes place in plants. In soybean, siRNAs originating from
an inverted repeat (IR) corresponding to the FAD2–1A desatur-
ase intron efficiently silenced FAD2–1A expression, suggesting
that siRNAs targeted the nuclear pre-mRNA rather than the
cytosolic mRNA.41,42 However, it cannot be excluded that non-
spliced FAD2–1A transcripts were transported into the cyto-
plasm, at first, and then targeted by IR-derived siRNAs. In a
more recent report, several miRNAs appeared to target the
introns of pre-mRNAs in the nucleus of rice cells.71 Whether
RNA degradation of intron-containing pre-mRNA is a post-tran-
scriptional or co-transcriptional process is not clear. Co-tran-
scriptional gene silencing (CTGS) has been well documented in
Neurospora crassa72 but conclusive data on CTGS in plants are
lacking. Interestingly, in Arabidopsis, the flowering-time

Figure 5. Northern blot analysis for int98(C)/(¡) spliced intronic lariat
degradation. Total RNA (7 mg) was extracted from PSTVd-infected and
non-infected plants and subjected to long and small RNA analysis using
the 3� part of S. lycopersicum intron (‘-ron’) as a hybridization probe.
Hybridization took place at 64�C and the blot was exposed for 72 hrs to
phosporimager screen. Actin and U6 hybridization of the stripped mem-
branes served as loading controls. An unexpected band of unknown
nature of approximate 1000-nt in size was detected below the 1365-nt
GFP pre-mRNA. We suggest that this RNA is most probably reflecting an
intermediate splicing product.
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regulators FCA and FPA target aber-
rant RNA for nuclear silencing, most
probably, in a co-transcriptional
manner.73

Immunofluorescence analysis
revealed that the functionally redun-
dant Arabidopsis DCL1, DCL2,
DCL3 and DCL4 co-localize in the
nuclear periphery.74 DCL-produced
small RNAs (sRNAs) are exported to
the cytoplasm, where they are loaded
onto AGO proteins. While AGO1
loaded with 21-nt siRNAs seems to
operate predominantly in the cyto-
plasm, at least AGO4 loaded with
24-nt siRNAs is transported into the
nucleus.75 Similar to AGO1, AGO4
exhibits the characteristic DDH
motif which is essential for RNA
cleavage.76 In current RdDM mod-
els, 24-nt siRNA-loaded AGO4 is
considered to hybridize with nascent
POLII/POLV transcripts, presum-
ably cleaving them to enable RDR2
to copy the cleaved transcript into
dsRNA.33,77,78

The above observations suggest
that in plants, nuclear PTGS may be
more common than previously
assumed. Yet, it is striking that vd-
siRNAs of the nucleus-replicating
PSTVd failed to trigger nuclear
PTGS. We could exclude, (1) that
the vd-siRNAs were not produced,
(2) that they were not PTGS-compe-
tent and (3) that the PTGS machin-
ery itself was negatively affected by
environmental conditions such as
light or temperature79,80 since
GFP98(C) transcripts were effi-
ciently targeted for degradation. We
thus conclude that PSTVd infection
indeed fails to trigger nuclear PTGS
of intronic sequences in plants. Why
nuclear PTGS takes place in some
cases41,42,71 while not in others,40 is
not clear. Though, it is reasonable to
assume that the nature of sRNAs
which are produced in various bio-
synthetic pathways (MIR gene, IR
gene, VIGS, viroid replication) may
greatly differ in terms of size, struc-
ture, chemical composition/modifi-
cation. Importantly, different AGO
proteins appeared to have various
impacts on silencing processes. In

Figure 6. Bisulfite sequencing analysis for the methylation status of the 98 bp region of the GFPint98(C)
transgene. DNA was extracted from non-infected (upper panel) and PSTVd-infected (crossed with Nt-
Nbdi) (lower panel) Nt-GFPint98(C) plants and subjected to bisulfite sequencing. In each case, 10–
15 clones were sequenced and data were interpreted with CyMate software.88 ‘Ref’ corresponds to the
reference sequence (not bisulfite treated). Open symbols denote unmethylated and filled symbols meth-
ylated cytosines, respectively. Circles, squares and triangles symbolize cytosines in CG, CHG and CHH con-
text, respectively.

272 Volume 12 Issue 3RNA Biology



Arabidopsis, 9 functional AGOs were detected and some of them
have very specific functions, e.g. AGO7 was reported to specifi-
cally bind miR390 which is essential for TAS3 mRNA process-
ing.21,81 Since loading of sRNAs onto different AGO proteins is
dependent on their sizes, 5’ nucleotides, structures and probably
also on their biosynthesis pathway one may speculate that proc-
essing of PSTVd RNA into sRNAs does not include the produc-
tion of nuclear PTGS-competent vd-siRNAs. Interestingly, in N.
benthamiana vd-siRNAs seem to associate with all AGOs except
AGO6, AGO7 and AGO10.82

Both, Pospiviroidae and Avsunviroidae infections result in
the production of abundant siRNAs.20,83 Yet, in contrast to
viruses, viroids do not encode any suppressors of RNA silenc-
ing. Thus, one may hypothesize that for reasons of fitness,
viroids must replicate in an organelle (nucleus and chloro-
plast, respectively) where they avoid attack by the host silenc-
ing machinery. In tomato, the host VirP1 protein ensures
PSTVd’s transport into the nucleus.6 Deep sequencing of
sRNA from viroid-infected tomato plants suggested that
both, mature viroid and dsRNA viroid replication intermedi-
ates are processed by nuclear DCLs into vd-siRNAs.15,18,19,37

Nevertheless, vd-siRNAs were reported to accumulate in the
cytoplasm but not in the nucleus of tomato cells.84 In our
case, the cytoplasmic restriction of vd-siRNAs may explain
the inability of vd-siRNAs to trigger nuclear PTGS of
GFPint98(C)/(¡). Yet, it fails to explain how the GFPint98
(C) transgene was targeted for dense RdDM in the nucleus.
Challenging the siRNA-guided RdDM models, several lines
of evidence suggested that siRNAs are involved in the pro-
duction and amplification of but are not representing the
actual RdDM-guide RNA. Thus, RdDM may be triggered by
double-stranded PSTVd replication intermediates even in the
absence of nuclear vd-siRNAs85,86 (Fig. 1). Alternatively, and
in accordance with siRNA-guided RdDM models, it cannot
be excluded that AGO4-loaded vd-siRNAs which were not
detectable under the experimental conditions applied in pre-
vious studies,84 are re-directed into the nucleus and are
involved in RdDM.75 In any case, our data suggest that these
AGO4-loaded 24-nt vd-siRNAs are unable to trigger nuclear
PTGS. Collectively, our data show that viroid replication
leads to RdDM and cytoplasmic PTGS but not nuclear
PTGS.

Materials and Methods

Plasmid construction
The plasmid pPCV702SM-GFP9822 served as a PCR tem-

plate. The 98 fragment corresponds to bases 292–359 and 1–30
of PSTVd strain KF440–2 (accession number X58388). For
int98(C) the primer pair 5�-AGC TTC TAG AAC TCC GCT
TTT-3�/5�-GAA GAT CTT TGA ACC ACA GGA-3� and for
int98(¡) the primer pair 5�-AGC TTT TAG ATC TCC GCT
TTT-3�/5�-GTC TAG ATT TGA ACC ACA GGA-3�were used.

PCR products were cleaved with XbaI and BglII and ligated into
the XbaI/BglII-cleaved pPCV702SM-GFPintron plasmid.44 The
resulting plasmids, pPCV702SM-GFPint98(C) and
pPCV702SM-GFPint98(¡), were introduced into Agrobacte-
rium tumefaciens GV3101. The generated GVGFPint98(C) and
GVGFPint98(¡) strains were used for leaf-disc transformation
of N. tabacum as previously described by Horsch et al.87

RNA extraction and Northern blot analysis
Total RNA was extracted from N. tabacum leaves with Peq-

Gold TriFast (PeqLab, www.peqlab.de). For long RNA molecule
analysis, 7 mg of total RNA were separated on a 1.2% agarose/
formaldehyde gel while for small RNA molecule analysis 25 mg
of total RNA were separated on a 20% Tris-Borate-EDTA
(TBE)-acrylamide gel (Anamed, www.anamed-gele-com). Capil-
lary blotting of long RNAs, electro-blotting of small RNAs, and
hybridization with radiolabelled probes were performed as previ-
ously described.58 In the cases of GFP and PSTVd probes, full-
length cDNAs were used. For the intron (‘-ron’) probe, the
410 bp fragment amplified by PCR with the primers 5�-TCT
AAA GGC ATA TTG AAA TAC-3� and 5�-TCA TCA AAG
TTT TAA CAC TTG-3�was used. The mRNA of the N. taba-
cum actin gene (GQ339768.1) served as a loading control for
cytoplasmic RNA. For actin RNA detection a 592 bp long
cDNA fragment was amplified in a reverse-transciptase PCR
reaction using the primers 5’-ATG TAT GTT GCT ATT CAG
GCT GTC C-3’ and 5’-CCT TAA TCT TCA TGC TGC TAG
GAG C-3’ and used as a probe. The U6 snRNA was used as a
loading control for nuclear RNA. In order to detect U6 snRNA,
the end-labeled 5�-AGG GGC CAT GCT AAT CTT CTC-3
oligo, was used as a probe.58

DNA extraction and bisulfite sequencing analysis
Genomic DNA was extracted from N. tabacum leaves with

DNEasy Plant mini kit (Qiagen, www.qiagen.com) and sub-
jected to bisulfite treatment and PCR as previously described44

using the primers 5�-TTA TGG TGT TYA ATG YTT TTY
AAG ATA-3� and 5�-TTT CCT CCC ATA ART TAG TRT
ARA ATA T-3�. Bisulfite PCR products were cloned into the
pJET vector (ThermoScientific, www.thermoscientificbio.com),
10–15 clones were sequenced for each experiment and the CyM-
ate software88 was used for interpretation of data.
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