
HAL Id: hal-02116029
https://hal.science/hal-02116029

Submitted on 25 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Arabidopsis RNASE THREE LIKE2 Modulates the
Expression of Protein-Coding Genes via 24-Nucleotide

Small Interfering RNA-Directed DNA Methylation
Emilie Elvira-Matelot, Mélanie Hachet, Nahid Shamandi, Pascale Comella,

Julio Sáez-Vasquez, Matthias Zytnicki, Herve H. Vaucheret

To cite this version:
Emilie Elvira-Matelot, Mélanie Hachet, Nahid Shamandi, Pascale Comella, Julio Sáez-Vasquez, et
al.. Arabidopsis RNASE THREE LIKE2 Modulates the Expression of Protein-Coding Genes via 24-
Nucleotide Small Interfering RNA-Directed DNA Methylation. The Plant cell, 2016, 28 (2), pp.406-
425. �10.1105/tpc.15.00540�. �hal-02116029�

https://hal.science/hal-02116029
https://hal.archives-ouvertes.fr


Arabidopsis RNASE THREE LIKE2 Modulates the
Expression of Protein-Coding Genes via 24-Nucleotide
Small Interfering RNA-Directed DNA MethylationOPEN

Emilie Elvira-Matelot,a Mélanie Hachet,b Nahid Shamandi,a,c Pascale Comella,d,e Julio Sáez-Vásquez,d,e

Matthias Zytnicki,b and Hervé Vauchereta,1

a Institut Jean-Pierre Bourgin, UMR 1318, INRA AgroParisTech CNRS, Université Paris-Saclay, 78000 Versailles, France
bURGI, INRA, 78000 Versailles, France
cUniversité Paris-Sud, Université Paris-Saclay, 91405 Orsay, France
dCNRS, UMR 5096, LGDP, 66860 Perpignan, France
eUniversité de Perpignan Via Domitia, UMR 5096, LGDP, 66860 Perpignan, France

ORCID IDs: 0000-0002-4017-6436 (E.E.-M.); 0000-0002-4643-0642 (N.S.); 0000-0002-2717-7995 (J.S.-V.)

RNaseIII enzymes catalyze the cleavage of double-stranded RNA (dsRNA) and have diverse functions in RNA maturation.
Arabidopsis thaliana RNASE THREE LIKE2 (RTL2), which carries one RNaseIII and two dsRNA binding (DRB) domains, is
a unique Arabidopsis RNaseIII enzyme resembling the budding yeast small interfering RNA (siRNA)-producing Dcr1 enzyme.
Here, we show that RTL2 modulates the production of a subset of small RNAs and that this activity depends on both its
RNaseIII and DRB domains. However, the mode of action of RTL2 differs from that of Dcr1. Whereas Dcr1 directly cleaves
dsRNAs into 23-nucleotide siRNAs, RTL2 likely cleaves dsRNAs into longer molecules, which are subsequently processed
into small RNAs by the DICER-LIKE enzymes. Depending on the dsRNA considered, RTL2-mediated maturation either
improves (RTL2-dependent loci) or reduces (RTL2-sensitive loci) the production of small RNAs. Because the vast majority of
RTL2-regulated loci correspond to transposons and intergenic regions producing 24-nucleotide siRNAs that guide DNA
methylation, RTL2 depletion modifies DNA methylation in these regions. Nevertheless, 13% of RTL2-regulated loci
correspond to protein-coding genes. We show that changes in 24-nucleotide siRNA levels also affect DNA methylation
levels at such loci and inversely correlate with mRNA steady state levels, thus implicating RTL2 in the regulation of protein-
coding gene expression.

INTRODUCTION

RNaseIII enzymes are defined by the presence of a highly con-
served stretch of nine amino acid residues known as the RNaseIII
signaturemotif, which catalyzes the cleavage of double-stranded
RNA (dsRNA) (Blaszczyk et al., 2001; Nicholson, 2014). RNaseIII
proteins vary widely in length, from 200 to 2000 amino acids, and
have been subdivided into four classes based on the number and
nature of the other domains carried by the proteins (Filippov et al.,
2000). Class I RNaseIII enzymes are found in bacteria and bac-
teriophage and present one RNaseIII domain and one dsRNA
bindingdomain (DRB).Class IIRNaseIII enzymesdiffer fromclass I
by the presence of a highly variable N-terminal domain extension
and, in some cases, the presence of a second DRB. Saccharo-
myces cerevisiaeRtn1 andSaccharomyces pombePac1 arewell-
characterized members of class II RNaseIII enzymes carrying
a single DRB domain, which are found in fission yeasts, whereas
Saccharomyces castellii, Candida albicans, and Kluyveromyces
polysporusDcr1 exemplify class II RNaseIII enzymes carrying two

DRB domains, which are found in budding yeasts. Class III
RNaseIII enzymes, also referred to as Drosha, have two RNaseIII
and two DRB domains and are found in animals. Finally, class IV
RNaseIII enzymes, also referred to as Dicer, display one RNA
helicasedomain, aPAZdomain, twoRNaseIII domains, andoneor
two DRB domains and are found in fungi, animals, and plants.
Class I and class II RNaseIII enzymes carrying a single DRB

domain are involved in the processing of several classes of RNAs,
including rRNA, small nuclear RNA, and small nucleolar RNA.
Class I and class II RNaseIII enzymes are also involved in mRNA
processing, leading to inhibition or activation of gene expression.
Inhibition generally occurs through the cleavage of protective
stem loop structures in the 59UTR (untranslated region) (Emory
and Belasco, 1990), whereas activation occurs through the
cleavage of stem loop structures in the 59UTR, which occludes
ribosomebinding sites (DunnandStudier, 1975;Kameyamaet al.,
1991). In budding yeasts, the class II RNaseIII Dcr1 enzymes,
which carry two DRB domains, also process dsRNA into small
interfering RNAs (siRNAs), which modulate gene expression
(Drinnenberg et al., 2009). Class III RNaseIII Drosha enzymes are
involved in the first step of the processing of microRNA (miRNA)
precursors in animals by cleaving the stem-loop structure ;10
nucleotides from its base. Class IV RNaseIII Dicer enzymes per-
form the second step of the processing of miRNA precursors in
animalsbycleaving thestem-loopstructure;22nucleotides from
theDrosha cleavage site. Note that in plants, which donot contain
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Drosha, all steps of the processing of miRNA precursors are
performed by Dicer enzymes. In animals and plants, Dicer en-
zymes also produce siRNAs from long, perfect dsRNA. In this
case, Dicer enzymes recognize 2-nucleotide 39 overhang struc-
tures at the endof dsRNAsubstrate through their PAZdomain and
cleave at the distance spanning the terminus binding PAZ domain
andRNaseIII activesites (21 to24nucleotides) (Zhangetal., 2004).

In the model plant Arabidopsis thaliana, there are four class IV
RNaseIII enzymes called DICER-LIKE (DCL). DCL1 produces
miRNAs, mostly 21 nucleotides in length, whereas DCL2, DCL3,
and DCL4 produce siRNAs of 22, 24, and 21 nucleotides, re-
spectively (Vaucheret, 2006). DCL1-dependent 21-nucleotide
miRNAs are processed from the transcripts of MIR (MICRORNA)
genes, which adopt a fold-back stem-loop structure and asso-
ciate with ARGONAUTE1 (AGO1), AGO2, AGO7, or AGO10 to
guide cleavage or translation repression of homologous mRNAs
(Mallory and Vaucheret, 2010). DCL4-dependent 21-nucleotide
siRNAs and DCL2-dependent 22-nucleotide siRNAs derive from
dsRNA that originate either from the transcription of long inverted
repeats (IRs) or from the action of the RNA-dependent RNA
polymerases RDR1 or RDR6 on single-stranded RNA. Endoge-
nous siRNAs that derive from long IR are referred to as endog-
enous IR-derived siRNAs (endoIR-siRNAs), whereas siRNAs that
derive from the action of RDR1 or RDR6 form different classes of
siRNA depending on the type of RNA from which they derive.
Trans-acting siRNAs (ta-siRNAs) derive from the primary tran-
scripts of non-protein-coding genes referred to as TAS genes.
Similar to most miRNAs, 21-nucleotide ta-siRNAs associate with
AGO1 to guide cleavage of homologous mRNAs. RNA quality
control siRNAs (rqc-siRNAs) and coding transcript siRNAs
(ct-siRNAs) derive from the aberrant forms of mRNAs encoded by
protein-coding genes,which are converted into dsRNAby cellular
RNA-dependent RNA polymerases (RDR) when decapping ac-
tivity or 5-to-39 and 39-to-59 RNA decay is impaired (Martínez de
Alba et al., 2015; Zhang et al., 2015). Virus-activated siRNAs
(vasiRNAs) are produced from mRNAs encoded by protein-
coding genes, which are converted into dsRNA, mostly by RDR1,
when plants are infected by viruses (Cao et al., 2014). Note that
rqc-siRNAs, ct-siRNAs, and vasiRNAs are not found in wild-type
plants grown under regular conditions. Finally, DCL3-dependent
24-nucleotide siRNAs constitute the most abundant class of
endogenoussiRNAs (Luetal., 2006). Their productiondependson
Polymerase IV (PolIV), so they are usually referred to asp4-siRNAs
(Mosher et al., 2008). A large fractionof 24-nucleotide siRNAsalso
requires RDR2 for the production of the DCL3 dsRNA substrate.
p4-siRNAs mostly derive from transposons and repeats, and
direct DNA methylation and transcriptional gene silencing (TGS),
via the RNA-directed DNA methylation (RdDM) pathway. Para-
doxically, TGS requires transcription by both PolIV and PolV at
these loci. Briefly, PolIV transcripts are transformed into dsRNA
through the action of RDR2. Then, dsRNA is processed by DCL3
into 24-nucleotide siRNAs duplexes. One strand of the duplex is
loaded onto AGO4, AGO6, or AGO9 protein, which directs DNA
methylation at specific DNA target loci by interacting with PolV-
derived scaffold transcripts. Beside miRNAs, endoIR-siRNAs,
tas-siRNAs, rqc-siRNA, ct-siRNAs, vasiRNAs, and p4-siRNAs,
there are other classes of small RNAs, whose genetic require-
ments partially overlap with those of several of the above classes.

For example, a classof 21- to 22-nucleotide siRNAswasshown to
be involved inDNAmethylationatasubsetof specificgenomic loci
independent of the RdDM pathway. Instead, this class requires
RDR6, DCL2, AGO2, and NERD, a member of the GW repeat
protein family, which generally binds to AGO proteins. NERD is
thought to bind unmethylated histone H3 lysine 9 at specific
genomic target loci and direct DNA methylation via its interaction
with AGO2 bound to 21- to 22-nucleotide siRNAs (Pontier et al.,
2012).
Beside the four DCLs, the Arabidopsis genome potentially

encodes five other RNaseIII enzymes, which are referred to as
RNASE THREE LIKE (RTL) proteins. While RTL4 and RTL5 bear
only one RNaseIII domain, RTL1, RTL2, and RTL3 carry one
RNaseIII domain and one, two, or three conserved DRB domains,
respectively. RTL2 is widely expressed (Comella et al., 2008), as
areRTL4 andRTL5 (AtGenExpress data). In contrast,RTL1 is only
weakly expressed in roots (Comella et al., 2008), and the ex-
pression of RTL3 has not been detected in any tissue tested,
suggesting that it is a pseudogene (Comella et al., 2008). RTL1 is
the most characterized of these five enzymes. Indeed, in vivo and
in vitro assays revealed that RTL1 cleaves near-perfect dsRNA
before they are processed by the DCLs, resulting in decreased
siRNA accumulation at 6089 out of 6102 siRNA-producing ge-
nomic loci when RTL1 is constitutively expressed, whereas
miRNA levels remain unchanged. RTL1 expression is induced in
leaves upon virus infection, suggesting that it could participate in
plant antiviral defenses by cleaving viral dsRNA intermediates of
replication. However, RTL1 activity is inhibited by viral sup-
pressors of RNA silencing, indicating that viruses use the same
toolbox to counteract both RNA silencing and RTL1 activity
(Shamandi et al., 2015). Little is known about the four other RTL
proteins. RTL2 processes, both in vivo and in vitro, the 39external
transcribed spacer (ETS) from ribosomal 45S pre-rRNA (Comella
et al., 2008). The targets of RTL4 are not known, but mutants
defective in RTL4 are impaired in male and female gametophyte
formation (Portereiko et al., 2006). RTL5 likely is the ortholog of
maize (Zea mays) RNC1, which is required for the splicing of
several chloroplast group II introns (Watkins et al., 2007). Struc-
turally, RTL2 is very similar to the class II RNaseIII found in yeasts,
and it shares some of their functional properties. Indeed, RTL2
processes ribosomal45Spre-rRNA,similar toRnt1 inS.cerevisiae
(Elela et al., 1996) or Dcr1 in C. albicans (Bernstein et al., 2012).
Interestingly, RTL2 has two DRB domains, similar to S. castellii,
C. albicans, or K. polysporus Dcr1 proteins, which are able to
process dsRNAs substrates into 22- to 23-nucleotide siRNAs,
although they lack PAZ and RNA helicase domains of canonical
Dicer enzymes (Drinnenberg et al., 2009; Weinberg et al., 2011).
Given thatRTL2enhances theproductionofexogenoussiRNAs

when transiently overexpressed in plants (Kiyota et al., 2011), we
investigatedwhether RTL2 could have an endogenous function in
theprocessingofsiRNAs.UnlikeDcr1,RTL2 isnotable toproduce
siRNAs by itself. Rather, it processes certain dsRNA into mole-
cules larger than 24 nucleotides, which are subsequently diced
into siRNAs by DCL enzymes. Sequencing of the small RNA
repertoire of an Arabidopsis rtl2 loss-of-function mutant revealed
a modified accumulation of siRNAs at 481 discrete loci. The vast
majority of these loci produce DCL3-dependent 24 nucleotides,
resulting in DNA methylation changes in the rtl2 mutants. As
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expected for loci targetedbyRdDM, loci regulatedbyRTL2mostly
consist of transposons and nonannotated intergenic regions
(IGRs). However, 13% of these loci correspond to protein-coding
genes, and we show that in these cases, mRNA levels inversely
correlate with DNA methylation levels, indicating that RTL2
modulates the expression of a subset of protein-coding genes.
Whereas rtl2mutants exhibit a short root phenotype, a wild-type
root phenotype is restored in the rtl2 nrpd1a double mutant, in-
dicating that in wild-type plants, RTL2 prevents the production of
24-nucleotide siRNAs that trigger DNA methylation and silencing
of genes involved in the regulation of root development.

RESULTS

RTL2 Cannot Substitute for DCL2, DCL3, or DCL4

To determine if, like budding yeast Dcr1, Arabidopsis RTL2 pro-
duces siRNAs by itself, we tested if RTL2 overexpression could
compensate the deficiency in certain DCL enzymes. At first,
a ProUBQ10:RTL2 construct (carrying RTL2 driven by the
UBIQUITIN10 promoter) was introduced into a dcl2 dcl4 double
mutant carrying the L1 locus. The L1 locus consists of a Pro35S:
GUS transgene that spontaneously undergoes sense transgene-
induced posttranscriptional gene silencing (S-PTGS) in the wild-
type background. As a result, GUS activity is null, GUS mRNA is
degraded, and 21- and 22-nucleotideGUS siRNAs accumulate in
L1 plants, due to the action of DCL4 and DCL2, respectively. In
dcl2 and dcl4 single mutants, S-PTGS still functions, but in a dcl2
dcl4 doublemutant, high levels of GUSactivity are detected,GUS
mRNA accumulates, and GUS siRNAs are absent (Parent et al.,
2015). L1/dcl2 dcl4/ProUBQ10:RTL2 transformants exhibited
levels ofGUSactivity similar to that of L1/dcl2 dcl4untransformed
controls (Figure 1A), suggesting that RTL2 cannot substitute for
DCL2 or DCL4. In a second round, theProUBQ10:RTL2 construct
was introduced into a dcl3 mutant carrying the T+S transgenes
(Kanno et al., 2008). In T+S plants, the target transgene (T) ex-
pressesGFP under the control of an upstream enhancer while the
silencer transgene (S) expresses the enhancer dsRNA under
the control of the35Spromoter. In the absenceof theS transgene,
the T transgene expresses GFP in root apical meristems. Tran-
scriptional gene silencing of GFP expression due to the S
transgene is associatedwithDNAmethylation at anddownstream
of the T enhancer. In adcl3mutant, the T+S loci do not produce 24
nucleotides, lack DNA methylation, and express GFP (Daxinger
et al., 2009). T+S/dcl3/ProUBQ10:RTL2 transformants expressed
GFP similar to T+S/dcl3 plants (Figure 1B), suggesting that RTL2
cannot substitute for DCL3.

The observation that ectopic RTL2 expression cannot com-
plement dclmutants could be due either to the incapacity of RTL2
to cleave long dsRNA or to a RTL2-mediated cleavage into RNA
molecules that are not 21, 22, or 24 nucleotides long. To address
this question, RNA gel analyses were performed on L1/dcl2 dcl4/
ProUBQ10:RTL2 and T+S/dcl3/ProUBQ10:RTL2 transformants.
No 21-, 22-, or 24-nucleotide siRNAs were detected in L1/dcl2
dcl4/ProUBQ10:RTL2 (Figure 1C). Moreover, no 24-nucleotide
siRNAs were detected in T+S/dcl3/ProUBQ10:RTL2 trans-
formants, while the level of 21- and 22-nucleotide siRNAs pro-
duced by DCL4 and DCL2 remained unchanged (Figure 1D).

Together, these results indicate that ectopic RTL2 expression
cannot restore S-PTGS in a dcl2 dcl4 double mutant or TGS in
a dcl3 mutant, likely because RTL2 cannot produce 21-, 22-, or
24-nucleotide siRNAs by itself. Nevertheless, most T+S/dcl3/
ProUBQ10:RTL2 transformants accumulated an RNA molecule
that is larger than an siRNA (see blue arrow in Figure 1D), sug-
gesting that RTL2 could process dsRNA into molecules >24
nucleotides.

RTL2 Modulates the Production of siRNAs from dsRNA
through Its RNaseIII and DRB Domains

The results presented above suggest that RTL2 does not produce
21-,22-,or24-nucleotidesiRNAspersebut ratherprocessdsRNA
into molecules >24 nucleotides. Whether these molecules could
besubsequentlyprocessed into21-, 22-, or24-nucleotide siRNAs
by the DCLs is not known. However, Kiyota et al. (2011) showed
that coinfiltration of Pro35S:RTL2 and Pro35S:GFP constructs in
leaves of the Nicotiana benthamiana 16c line, which carries
a Pro35S:GFP transgene that is prone to trigger S-PTGS, en-
hanced the production of GFP siRNAs. To further analyze the
function ofRTL2, aPro35S:IR-GUS construct carrying an inverted
repeat of the 59 end of GUS was infiltrated in wild-type N. ben-
thamiana leaves together with Pro35S:GFP or Pro35S:RTL2
constructs. The levels of 21- and 24-nucleotide GUS siRNAs
producedby thePro35S:IR-GUSconstructwerehigher inPro35S:
IR-GUS + Pro35S:RTL2 infiltrated leaves compared with Pro35S:
IR-GUS + Pro35S:GFP infiltrated leaves (Figure 2B), suggesting
thatRTL2stimulatestheproductionofsiRNAsduring IR-PTGS.Note
that an RNA product larger than a siRNA reproducibly accumulated
in Pro35S:IR-GUS + Pro35S:RTL2 infiltrated leaves (see blue arrow
in Figures 2B to 2D), similar to the product that accumulates in
T+S/dcl3/ ProUBQ10:RTL2 transformants (see blue arrow in Figure
1D). Therefore, it is likely that RTL2 processes dsRNA into molecules
larger than siRNAs and that these larger molecules are subsequently
processed into 21-, 22-, or 24-nucleotide siRNAs by the DCLs.
To determine if an intact RNaseIII domain is required for RTL2

effect on siRNA production, the conserved amino acids Glu-93 and
Asp-100, which are integral of the conserved catalytic site of
RNaseIII enzymesand required forRNaseIII activity (Blaszczyket al.,
2001), were both mutagenized to Ala, thus creating the RTL2mR3
construct (Figure2A).Then,N.benthamiana leaveswerecoinfiltrated
with Pro35S:IR-GUS and either Pro35S:GFP, Pro35S:RTL2, or
Pro35S:RTL2mR3. The increased accumulation of 21- and
24-nucleotide siRNAs and the larger molecule observed in Pro35S:
IR-GUS +Pro35S:RTL2 infiltrated leaves were not found inPro35S:
IR-GUS+Pro35S:RTL2mR3 infiltrated leaves (Figure 2C), indicating
that a functional RNaseIII domain is required for RTL2 activity.
To further determine if the two DRB domains are required for

stimulating siRNA production, the second DRB domain was de-
leted, thus creating the RTL2DDRB construct (Figure 2A). Then,
N.benthamiana leaveswerecoinfiltratedwithPro35S:IR-GUSand
either Pro35S:GFP, Pro35S:RTL2, or Pro35S:RTL2DDRB. The
increased accumulation of 21- and 24-nucleotide siRNAs and the
larger molecule observed in Pro35S:IR-GUS + Pro35S:RTL2 in-
filtrated leaves were not found in Pro35S:IR-GUS + Pro35S:
RTL2DDRB infiltrated leaves (Figure 2D), indicating that the
second DRB domain is required for RTL2 activity.
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To ensure that the absence of RTL2 activity of the Pro35S:
RTL2mR3 and Pro35S:RTL2DDRB constructs was not due to
destabilization or impaired production of the mutant proteins, an
epitope tag was added to the constructs to compare RTL2,
RTL2mR3, and RTL2DDRB protein accumulation levels in N.
benthamiana infiltrated leaves. At first, aMyc tagwasadded to the
N terminus or C terminus of the wild-type RTL2 protein, and
Pro35S:Myc-RTL2 or Pro35S:RTL2-Myc constructs were in-
dividually infiltrated in N. benthamiana leaves. Protein gel blot
analysis using anti-Myc antibodies revealed that the RTL2-Myc
protein accumulates, whereas the Myc-RTL2 protein does not
accumulate (Figure 2E), suggesting that modifying the RTL2 N
terminus destabilizes the protein. Then, the Pro35S:RTL2-Myc
constructwasmutagenizedat theRNaseIII siteordeleted from the
second DRB domain to produce the Pro35S:RTL2mR3-Myc and

Pro35S:RTL2DDRB-Mycconstructs, respectively.Proteingelblot
analysis of N. benthamiana infiltrated leaves revealed that neither
the mutation in the RNaseIII domain nor the deletion of the
secondDRBdomain prevents the production of a protein (Figures
2E and 2F). Together, these results indicate that the absence of
RTL2 activity of the Pro35S:RTL2mR3 and Pro35S:RTL2DDRB
constructs is due to the mutations imposed to these essential
domains of the protein and not to destabilization or impaired
production of the mutant proteins.

RTL2 Effect Likely Depends on dsRNA Sequence
and/or Structure

The results presented in Figure 2B and the results by Kiyota et al.
(2011) suggest that RTL2 ectopic expression stimulates the

Figure 1. RTL2 Cannot Substitute for DCL2, DCL3, or DCL4.

(A) GUS activity in 15 L1/dcl2 dcl4 untransformed controls and 15 independent L1/dcl2 dcl4/ProUBQ10:RTL2 transformants. GUS activity is expressed
as units of fluorescence/min/µg protein.
(B) GFP visualization in T+S and T+S/dcl3 controls and T+S/dcl3/ProUBQ10:RTL2 transformants using a fluorescent zoom microscope.
(C) Gel blots of total RNA from plants of the indicated genotypes were hybridized with the indicated probes. nt, nucleotides.
(D)Gelblotsof totalRNA fromplants of the indicatedgenotypeswerehybridizedwith the indicatedprobes. Thebluearrow indicatesputativeRTL2products
>24 nucleotides. U6 was used as a loading control.
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production of siRNAs from GUS and GFP sequences. However,
RTL2 ectopic expression in T+S/dcl3/ProUBQ10:RTL2 trans-
formants did not affect the level of 21- and 22-nucleotide siRNAs
(Figure 1D), suggesting that the stimulating effect of RTL2 on
siRNA production may not be general. To address this question,
the Pro35S:RTL2 construct was coinfiltrated with another IR

construct (Pro35S:IR-NAC ), which carries a fragment of the
NAC52 transcription factor gene. Contrasting the effect of RTL2
on the Pro35S:IR-GUS construct, RTL2 overexpression reduced
the production of siRNAs from the Pro35S:IR-NAC construct
(Figure2G).Given thedifferent effectsofRTL2ondifferent artificial
IR constructs, we decided to test the effect of RTL2 on natural IRs.

Figure 2. RTL2 Modulates siRNA Production from dsRNA Substrates through Its RNaseIII and Its DRB Domains.

(A)Schematic representation of intact RTL2, RTL2mR3carrying twomutations in the catalytic site of theRNaseIII domain, andRTL2DDRBdeleted from the
second DRB domain.
(B)Gelblots of total RNA fromN.benthamiana leaves coinfiltratedwith thePro35S:IR-GUS construct andeitherPro35S:GFPorPro35S:RTL2. Twodifferent
exposures of the same blot are shown to visualize the presence of >24-nucleotide RNA products. nt, nucleotides.
(C) Gel blots of total RNA from N. benthamiana leaves coinfiltrated with the Pro35S:IR-GUS construct and either Pro35S:GFP, Pro35S:RTL2, or Pro35S:
RTL2mR3.
(D) Gel blots of total RNA from N. benthamiana leaves coinfiltrated with the Pro35S:IR-GUS construct and either Pro35S:GFP, Pro35S:RTL2, or Pro35S:
RTL2DDRB.
(E)and (F)Gelblotsof totalproteins fromN.benthamiana leavescoinfiltratedwithPro35S:IR-GUSandeitherPro35S:GFP,Pro35S:RTL2-myc,Pro35S:myc-
RTL2, or Pro35S-RTL2mR3-myc (E), or Pro35S:RTL2DDRB-myc (F). Membranes were incubated with an anti-Myc antibody. Ponceau staining serves as
a loading control.
(G)and (H)Gel blotsof total RNA fromN.benthamiana leavescoinfiltratedwith thePro35S:IR-NACorPro35S:At3g18145construct andeitherPro35S:GFP,
Pro35S:RTL1, or Pro35S:RTL2. Blots were hybridized with the indicated probes and with U6 as a loading control. The blue arrows indicate putative RTL2
products >24 nucleotides.
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At first, we used the Arabidopsis MIR168a and MIR168b genes,
in which hairpins are efficiently processed into 21- and/or
22-nucleotide miR168 molecules. Infiltration of Pro35S:MIR168a
or Pro35S:MIR168b constructs into N. benthamiana leaves re-
sulted in the production ofmiR168 species,whose levelswere not
affected by coexpressing Pro35S:RTL2 (Supplemental Figure 1).
Then, we used the At3g18145 gene, whose 39UTR forms an al-
most perfect hairpin that is inefficiently processed by DCL1 into
a single 21-nucleotide molecule (referred to as miR3440b), but
which is more efficiently processed by DCL3 into a single
24-nucleotide siRNA upon cleavage of the At3g18145 39UTR
by RTL1 (Shamandi et al., 2015). Coinfiltration of a Pro35S:
At3g18145 construct with either Pro35S:RTL1 or Pro35S:RTL2
resulted in the production of an abundant 24-nucleotide species,
which was not detected when infiltrating the Pro35S:At3g18145
construct alone (Figure 2H). Two RNA molecules of larger sizes
(see blue arrow) were detected in plants coinfiltrated withPro35S:
RTL2, but not Pro35S:RTL1, suggesting that RTL2 processes the
At3g18145 39UTR into molecules >24 nucleotides, which are
subsequently processed into 24-nucleotide siRNAs, likely by
DCL3. These results also indicate that RTL1 and RTL2 do not
cleave At3g18145 39UTR in the same way.

Because the various IR constructs tested produce dsRNA
molecules that differ in sequence and structure, it is likely that the
effect of RTL2 (stimulation or reduction of siRNA production)
depends on the sequence or structure of its dsRNA substrates.
This result and theobservation that theaccumulation of all sizes of
siRNAs is affected by RTL2 suggest that RTL2 does not directly
produce siRNAs from dsRNA. Rather, it suggests that RTL2
cleaves certain dsRNAs intomolecules larger than 24 nucleotides
and that thesemoleculesareeitherbetterorworsesubstrates than
the original dsRNA molecules for the endogenous DCLs.

Impairment of RTL2 Affects the Accumulation of siRNAs
from the 45S rRNA Genes

The results presented above indicate that RTL2 overexpression
modulates theprocessingofdsRNAprecursors intosiRNAsby the
DCLs. However, they do not indicate if cellular RTL2 levels are
critical for endogenous small RNA (sRNA) production. RNA gel
blot analysis using a few RNA probes revealed that the amount of
siRNAs derived from the intergenic spacer of the 45S pre-rRNA is
reduced in rtl2whereas levelsofa representativemiRNA (miR159),
a representative ta-siRNA (TAS4), and a representative PolIV-
siRNA (SN1) are unchanged (Figure 3A), suggesting that RTL2
plays limited role in the production of endogenous sRNAs. To
further examine the contribution of RTL2 to the sRNA repertoire,
the sRNA population of an Arabidopsis rtl2 null allele (Comella
et al., 2008) was sequenced and compared with that of wild-type
(Col) plants. A dcl2 dcl3 dcl4 triple mutant was also sequenced as
acontrol. Sequencingwasdone in triplicate. Thecharacteristicsof
each library are shown in Supplemental Table 1.

Because RTL2 is required for cleavage of the 39ETS of the 45S
pre-rRNA (Comella et al., 2008) andbecauseRNAgel blot analysis
indicated a reduction of 45S siRNAs (Figure 3A), we first examined
45S siRNA accumulation. The 45S rRNA genes (encoding 18S,
5.8S, and 25S rRNA) are arranged in tandem arrays separated by
an intergenic spacer (IGS).Not all rRNAgenesareactive.Selective

activation or silencing of individual rRNA genes is regulated by
epigenetic mechanisms, and DCL3-dependent siRNAs match the
45S IGS and promoter rDNA sequences to maintain the silencing
stateof inactive rDNAgenes (Preusset al., 2008;Tuckeret al., 2010).
Analysis of the size distribution of 17- to 30-nucleotide reads
matching the 45S39ETS, IGS, and59ETSsequences (Supplemental
Figure 2) revealed decreased accumulation of siRNA of all sizes in
rtl2 compared with Col, although not to the level observed in the
dcl2 dcl3 dcl4 triple dicer mutant (Figure 3B). Analysis of the ge-
nomicdistributionof17- to30-nucleotide readsmatching the39ETS,
IGS, and 59ETS revealed peaks of siRNAs near the gene promoter
(GP), the spacer promoter 1 (SP1), andSP2, andwithin the 59ETS, in
particular close to the 18S rRNA (Figure 3C). The abundance of
siRNAs from these various regions was strongly decreased in rtl2
comparedwith Col plants, suggesting that the absence of cleavage
of the 45S pre-rRNA by RTL2 globally reduced siRNA production.

Impairment of RTL2 Affects the Accumulation of
Endogenous sRNAs at Discrete Loci

Then, we examined the distribution of sRNAs that perfectlymatch
the Arabidopsis genome excluding rRNA and tRNA. No major
difference in the global size distribution of total reads was ob-
served between rtl2 and Col, whereas dcl2 dcl3 dcl4 exhibited an
expected decreased accumulation of 22-, 23-, and 24-nucleotide
sRNAs (Figure 4A). To further examine if RTL2couldhaveaneffect
at specific loci, the accumulation of sRNAs that match a unique
position in the genome was analyzed using 100-bp sliding win-
dows (see Methods). Sliding windows showing an at least 2-fold
ratio between Col and rtl2 were identified (Supplemental Data
Set 1). Overlapping differential sliding windows were assembled
into loci. A total of 463 differential loci were identified with a
P value < 5E-2, including 175 loci showing a Col/rtl2 ratio superior
to two (subsequently referred to as RTL2-dependent loci) and 288
loci showing a rtl2/Col ratio superior to two (subsequently referred
to as RTL2-sensitive loci). Among the 175 RTL2-dependent loci,
119 showed a fold ratio between Col and rtl2 greater than five,
including 50 loci that show a fold change greater than 50, pointing
to an essential role of RTL2 in the production of sRNAs from these
loci. Similarly, 144outof the288RTL2-sensitive loci showeda fold
ratio between rtl2 and Col greater than five, including 58 loci that
show a fold change greater than 50, confirming the importance
of RTL2 in regulating the production of small RNA at discrete loci.
Analysisof thegenomicdistributionanddensityof readsaround

the differential loci revealed several types of situations (Figure 5).
For the majority of the 463 loci, the differential region coincided
with the entire siRNA-producing region (see a representative
RTL2-dependent locus in Figure 5A and a representative RTL2-
sensititive locus in Figure 5B). For the remaining loci, the differ-
ential region was adjacent to a nondifferential region or to
a differential region that varied in the opposite direction (see
a representative RTL2-dependent locus adjacent to a non-
differential region in Figure 5C, a representative RTL2-sensititive
locus adjacent to a nondifferential region in Figure 5D, and rep-
resentativeRTL2-dependent loci adjacent toRTL2-sensititive loci
in Figures 5E and 5F). To explain these results, one can imagine
that adjacent regions that behave differently toward RTL2 define
distinct transcription units and that the resulting RNAs are either
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cleaved by RTL2 (RTL2-dependent loci and RTL2-sensititive loci)
or not (nondifferential loci). Alternatively, it is possible that these
adjacent regions define a single transcriptional unit but that the
different regions do not produce the same amount of small RNAs
depending on whether the original transcribed RNA is cleaved or
not by RTL2 before processing by the DCLs.

If the latter hypothesis holds true, the sliding window method
used previously could have missed differential loci if they corre-
spond to small regions that are closely adjacent to regions pro-
ducing large amounts of small RNAs or if reduced and increased
numbersof readswithin thewindowcompensate for eachother so
that the number of reads is similar in Col and rtl2. Therefore, we
developed a method based on the analysis of reads at each
position of the genome (see Methods). This method identified
18 additional loci, including eight RTL2-dependent loci and
10 RTL2-sensitive loci (Supplemental Data Set 1). As predicted,
these loci were short and surrounded or adjacent to non-
differential regions producing large amounts of small RNAs that
masked these differential loci in the sliding window analysis (see

representative loci in Figures 5Gand5H).Overall, 481differential
loci, including 183RTL2-dependent loci and 298RTL2-sensitive
loci were identified.
Of the 481 loci producing siRNAs that are regulated by RTL2,

252 correspond to annotated transposable elements, 61 corre-
spond to annotated protein-coding genes (PCGs), and five cor-
respond to annotated non-protein-coding genes (non-PCG),
including one pseudogene, three MIR genes, and one gene
producing a noncoding RNA of unknown function (Supplemental
Table 2). The remaining 163 loci correspond to nonannotated
regions, hereafter referred to as IGRs. The respective proportions
of each class were not different between RTL2-dependent and
RTL2-sensitive loci (Supplemental Table 2; Figure 4B).

RTL2 Does Not Produce siRNAs but Rather Processes
dsRNA Substrates of the DCLs

The results of transient assays suggested that RTL2 does not
directly produce siRNAs from dsRNA molecules, but rather it

Figure 3. RTL2 Impairment Affects the Accumulation of 45S siRNAs.

(A) RNA gel blot analysis of small RNAs. Total RNA from leaves of 18-d-old seedlings of wild-type (Col) and rtl2 plants were hybridized with the indicated
probes. U6 was used as a control.
(B)Normalized size distribution of 17- to 30-nucleotide sRNAsmatching the 39ETS, IGS, and 59ETS of the 45S rDNA in Col, rtl2, and dcl2 dcl3 dcl4 plants.
Sizes are represented by different colors (listed in order): 21 nucleotides (blue), 22 nucleotides (green), 23 nucleotides (pink), and 24 nucleotides (red).
(C)Normalized abundance of siRNAs spanning the 39ETS, IGS, and 59ETS of the 45S rDNA in Col, rtl2, and dcl2 dcl3 dcl4 plants. SP1, SP2, GP, and A123B
sequences are defined in Supplemental Figure 2. The red bar corresponds to the probe used in (A).
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cleaves dsRNAs before they are processed by the DCLs, thus
generating shorter molecules that are either better or less effi-
ciently processedby theDCLs than theoriginal dsRNAmolecules.
To determine if RTL2 actually acts upstream of the DCLs, the
accumulation of RTL2-dependent siRNAs was examined in the
dcl2 dcl3 dcl4 mutant. Ninety-nine percent of the 183 RTL2-
dependent loci produced siRNAs whose accumulation was re-
duced in dcl2 dcl3 dcl4 (Figure 6A; Supplemental Data Set 1),
indicating that these siRNAs actually require DCL2, DCL3, or

DCL4 for their production. In the case of RTL2-sensitive loci, only
those producing at least 10 reads per million in Col were con-
sidered. Ninety-four percent of these loci exhibited reduced siRNA
accumulation in dcl2 dcl3 dcl4 (Figure 6A; Supplemental Data Set
1). Therefore, it is likely that RTL2 acts upstream of DCL2, DCL3,
and DCL4 at both RTL2-dependent and RTL2-sensitive loci.
Given that RTL2 carries functional RNaseIII and DRB domains
(Figure 2), it is likely that RTL2 processes certain dsRNAs
before they are diced into siRNAs by the DCLs. Depending on the

Figure 4. RTL2 Affects the Accumulation of Endogenous siRNAs at Discrete Loci.

Small RNAs from flowers of the wild type (Col), rtl2, and dcl2 dcl3 dcl4 mutants were subjected to high-throughput sequencing.
(A)Sizedistribution andnumberof reads that perfectlymatch theArabidopsis nuclear genome inCol, rtl2, ordcl2dcl3dcl4, excluding rRNAand tRNA.Color
code (listed in order): <19 nucleotides (yellow), 19 nucleotides (light pink), 20 nucleotides (light blue), 21 nucleotides (blue), 22 nucleotides (green), 23
nucleotides (pink), 24 nucleotides (red), 25 nucleotides (dark red), and >25 nucleotides (black).
(B) Number of RTL2-dependent and RTL2-sensitive loci matching annotated transposable elements (TE), nonannotated IGRs, annotated PCGs, or
annotated non-PCGs.
(C)Size distribution and number of reads in the different categories of RTL2-dependent (upper part) and RTL2-sensitive (lower part) loci. Color code is as in
(A). For (B) and (C), data are taken from the wild-type Col libraries.
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Figure 5. Abundance and Distribution of siRNAs at Representative RTL2-Dependent and RTL2-Sensitive Loci.

(A) Representative RTL2-dependent locus corresponding to the entire siRNA-producing region.
(B) Representative RTL2-sensititive locus corresponding to the entire siRNA-producing region.
(C) Representative RTL2-dependent locus adjacent to a nondifferential region.
(D) Representative RTL2-sensititive locus adjacent to a nondifferential region.
(E) and (F) Representative RTL2-dependent loci adjacent to RTL2-sensititive loci.
(G) Representative RTL2-dependent locus surrounded by nondifferential regions identified by the single position method.
(H) Representative short RTL2-sensititive locus adjacent to a nondifferential region identified by the single position method. The differential regions are
boxed.
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dsRNA considered, RTL2-mediated maturation either improves
(RTL2-dependent loci) or reduces (RTL2-sensitive loci) their
processing by the DCLs.

Most RTL2-Dependent and RTL2-Sensitive Loci Produce
24-Nucleotide siRNAs through PolIV

Taken as a whole, the 481 loci regulated by RTL2 produce small
RNAs that are predominantly 24 nucleotides long (Figure 4C).
Such predominance of 24-nucleotide siRNAs is observed when
considering either RTL2-dependent or RTL2-sensitive (Figure 4C)
and is consistent with transposons and IGR representing 86% of
the loci regulatedbyRTL2 (Figure4B). Interestingly, PCGandnon-
PCG loci regulated by RTL2 also predominantly produce
24-nucleotide siRNAs, and only two RTL2-sensitive MIR genes
produce21-nucleotidemiRNAs (Figure4C;Supplemental Table2)

Because the vast majority of endogenous 24-nucleotide
siRNAs require PolIV for their production, the dependence of
RTL2-dependent and RTL2-sensitive siRNAs toward PolIV was
examined in public databases (Law et al., 2013). Ninety-nine
percent of the RTL2-dependent loci and 99.4% of the RTL2-
sensitive loci producedsiRNAswhoseaccumulationwas reduced
in the nrpd1 mutant (Figure 6B; Supplemental Data Set 2),
indicating that almost all loci regulated by RTL2 produce
24-nucleotide siRNAs via PolIV.

RTL2 Likely Cleaves a Subset of PolIV-RDR2-Dependent
dsRNAs

It has long been known that 21-nucleotide ta-siRNAs are pro-
duced by DCL4-mediated sequential processing of long dsRNA
precursorsgeneratedbyRDR6 (Allenetal., 2005;Yoshikawaetal.,
2005). In contrast, it has only been recently revealed that single
24-nucleotide siRNAs are produced by DCL3-mediated pro-
cessing of a single short precursor, 27 to 50 nucleotides in length,
generated by PolIV and RDR2 and referred to as P4R2 RNA
(Blevins et al., 2015; Zhai et al., 2015). Because 24-nucleotide
siRNAs coincidewith P4R2RNAs at either their 59 or 39 end, these
short precursors likely are cut once by DCL3 to generate a single
siRNA. Although this model explains the biogenesis of most 24-
nucleotide siRNAs, the authors wondered if a yet to be identified
RNaseIII was at play between the biosynthesis of some P4R2
RNAsbyPolIVandRDR2and their processingbyDCL3 (Zhai et al.,
2015). At the whole-genome level, reads 27 to 50 nucleotides in
length,which likelyareP4R2RNAs,overaccumulate indcl234, but
not in rtl2 (Figure 4A), ruling out that all the reads >26 nucleotides
detected in dcl234 could be RTL2 products. Rather, the finding
that RTL2 regulates the production of siRNAs at only a subset of
PolIV loci and sometimes within a limited region of PolIV loci
(Figure 5) is more likely explained by RTL2 recognizing and
cleaving a subset of P4R2 RNAs, resulting in better or worse
processing by DCL3 than uncut P4R2 RNAs. To test this hy-
pothesis, the number of reads of mature 24-nucleotide siRNAs
and 27- to 50-nucleotide precursor RNAs derived from RTL2-
dependent and RTL2-sensitive loci were counted in Col and rtl2,
and the precursor/siRNA ratio was calculated (Figure 7A). Re-
markably, the precursor/siRNA ratio at RTL2-dependent loci was
lower in Col than in rtl2 (0.4% versus 0.64%), whereas the

precursor/siRNA ratioatRTL2-sensitive lociwashigher inCol than
in rtl2 (0.3% versus 0.18%). These results therefore suggest that
precursors derived from RTL2-dependent loci are better pro-
cessed in Col than in rtl2, whereas precursors derived from
RTL2-sensitive loci are better processed in rtl2 than in Col,
strongly supporting our hypothesis. To further test the hy-
pothesis that P4R2 RNAs derived from RTL2-dependent and
RTL2-sensitive loci are cleaved by RTL2, we analyzed base
frequencies at the 59 and 39 ends of 27- to 50-nucleotide pre-
cursors in Col and rtl2. Indeed, previous reports indicated that
P4R2 RNAs preferentially start with an A or aG and preferentially
endwith aU (Blevins et al., 2015; Zhai et al., 2015). Analysis of the
59 and 39 ends of the 27- to 50-nucleotide reads derived from the
7000 PolIV loci in our Col libraries (Figures 7B and 7C, PolIV/Col)
confirmed published data. This hierarchy was unchanged in rtl2
(Figures 7B and 7C, PolIV/rtl2), indicating that the absence of
RTL2 does not generally affect the P4R2 RNAs derived from the
7000 PolIV loci. In contrast, the 479 PolIV loci regulated by RTL2
exhibited a different hierarchy at both 59 and 39 ends in Col
(Figures 7B and 7C, RTL2/Col). Indeed, the 59 ends of precursors
derived from RTL2 loci exhibited a G>A>U>C hierarchy in Col,
whereas an A>G>U>C hierarchy was observed for precursors
derived from the 7000 PolIV loci. In addition, the 39 ends of
precursors derived from RTL2 loci exhibited an A>U>C>G hi-
erarchy in Col, whereas a U>A>C>G hierarchy was observed for
precursors derived from the 7000 PolIV loci. Note that the two
RTL2-sensitive loci producing 21-nucleotide miRNA (Figure 4C)
were excluded from this analysis. Remarkably, the differences
observed at RTL2-regulated loci in Col were reverted by the rtl2
mutation (Figures 7B and 7C, RTL2/rtl2). Indeed, the 59 ends of
precursors derived from RTL2 loci in rtl2 exhibited the same
A>G>U>C hierarchy as precursors derived from the 7000 PolIV
loci, and the 39 ends of precursors derived from RTL2 loci in rtl2
exhibited the same U>A>C>G hierarchy as precursors derived
from the7000PolIV loci. Theobservation that precursorsderived
from RTL2-regulated loci exhibit in rtl2, but not in Col, the same
59 and 39 end signatures as precursors derived from PolIV loci
strongly suggests that precursors derived from RTL2-regulated
loci are cleaved by RTL2 in Col, resulting in a truncation of their
59 and/or 39 ends and a general modification of 59 and 39 end
compositions in Col.

RTL2-Dependent and RTL2-Sensitive 24-Nucleotide siRNAs
Guide DNA Methylation

PolIV-dependent 24-nucleotide siRNAs generally guide DNA
methylation at the locus of origin via the RdDM pathway, which
requiresPolV andDRM2 (Lawet al., 2013).Moreover,mutations in
the PolV subunit NRPE1 or in DRM2 generally reduce siRNA
accumulation at these loci. To determine if RTL2-regulated loci
belong to the category of PolIV-PolV-DRM2-dependent loci, the
dependence of RTL2-dependent and RTL2-sensitive siRNAs
toward PolV and DRM2 was examined in public databases (Law
et al., 2013); 87.6% and 92.6% of RTL2-dependent and RTL2-
sensitive loci producedsiRNAswhoseaccumulationwas reduced
in the nrpe1 mutant, respectively (Figure 6C; Supplemental Data
Set 2).Moreover, 90.7%of theRTL2-dependent loci and95.7%of
the RTL2-sensitive loci produced siRNAs whose accumulation
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was reduced in the drm2 mutant (Figure 6D; Supplemental Data
Set 2). These results therefore suggest that the vastmajority of the
loci regulated by RTL2 produce siRNAs that guide DNA methyl-
ation via PolV and DRM2.

To determine if these 24-nucleotide siRNAs actually guide DNA
methylation, representative RTL2-dependent and RTL2-sensitive
loci containing at least one site for the methylation-dependent
restriction enzyme McrBC were examined in Col and rtl2. At
first, two RTL2-dependent loci (Chr2:11739900. . .11740391 and
Chr5:486722. . .487047), subsequently referred to as K2-11739
and K5-486 and corresponding to one transposon and one IGR,
respectively, were analyzed. McrBC digestion followed by either
PCR or quantitative RT-PCR revealed that the decrease in the
amount of siRNAs at these loci in rtl2 is accompanied by a de-
crease in DNA methylation (Figure 8A). Although DNA methyla-
tion was not always completely eliminated in rtl2, these results
indicate that RTL2-dependent siRNAs guide DNA methylation.
Then, two RTL2-sensitive loci (Chr3:14761569. . .14762447 and
Chr5:2656025. . .2656210), subsequently referred to asK3-14761
and K5-2656 and corresponding to one transposon and one IGR,
respectively, were analyzed. McrBC digestion followed by either
PCR or quantitative RT-PCR revealed that the increase in the
amount of siRNAs at these loci in rtl2provokes an increase in DNA
methylation (Figure 8B). Note that despite the absence of de-
tectable siRNAs inCol, DNAmethylationwas not null at these loci.
Moreover, DNA methylation did not reach 100% in rtl2. Never-
theless, these results indicate that like RTL2-dependent siRNAs,
RTL2-sensitive siRNAs guide DNA methylation.

RTL2 Regulates the Expression of Protein-Coding Genes via
NRPD1-Dependent 24-Nucleotide siRNA-Guided
DNA Methylation

Most RTL2-dependent and RTL2-sensitive loci correspond to
transposons or IGR (Figure 4B), which are well-known targets of
the RdDM pathway. However, 13% of the RTL2-dependent and
RTL2-sensitive loci correspond to protein-coding genes, raising
the question of whether RTL2 plays a role in the regulation of
protein-coding genes via a modulation of 24-nucleotide siRNA
andDNAmethylation levels. To test this hypothesis, we examined
DNA methylation and mRNA accumulation at representative
RTL2-dependent and RTL2-sensitive loci. The RTL2-dependent
locus Chr3:129926. . .130082, referred to as K3-130 in Figure 9A,
is internal to the transcribed regionofAT3G01345, which encodes
a putative glycoside hydrolase. This locus produces a higher
number of 24-nucleotide siRNAs in Col than in rtl2 and is more
methylated in Col than in rtl2. Analysis of mRNA levels revealed
that AT3G01345 mRNA accumulates at lower level in Col than
in rtl2 (Figure 9A), suggesting an inverse correlation between
DNA methylation and mRNA levels. The RTL2-sensitive locus
Chr1:8335199. . .8336154, referred to as K1-8335 in Figure 9B, is
internal to the transcribed region of AT1G23480, which encodes
the cellulose synthase CSLA3. This locus produces a higher
number of 24-nucleotide siRNAs in rtl2 than in Col and is more
methylated in rtl2 than in Col, yet the AT1G23480 mRNA accu-
mulates at lower levels in rtl2 than inCol (Figure 9B), pointing again
to an inverse correlation between DNA methylation and mRNA

Figure 6. Most RTL2-Dependent and RTL2-Sensitive siRNAs Are Dependent on the RdDM Pathway.

Accumulation of RTL2-dependent and RTL2-sensitive siRNAs was examined in dcl2 dcl3 dcl4 (A), nrpd1 (B), nrpe1 (C), and drm2 (D)mutants. Data from
nrpd1a, nrpe1, and drm2mutants were obtained from public databases (Law et al., 2013). RTL2 siRNAs were defined as DCL2DCL3DCL4, PolIV, PolV, or
DRM2dependentwhenanat least 2-fold reductionof their accumulationwasobserved in thecorrespondingmutants. Results are shownasapercentageof
the number of RTL2-dependent or RTL2-sensitive loci presenting a minimum of 10 reads in Col. The criteria for the dependency upon DCL2DCL3DCL4,
NRPD1, NRPE1, or DRM2 are similar to those for the dependency on RTL2 (see Methods).
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levels. There is little chance that the decrease in AT1G23480
mRNA accumulation is due to posttranscriptional gene silencing.
Indeed, only two 21-nucleotide siRNAs appear at this locus in
rtl2. Therefore, we propose that the decreased accumulation of
AT1G23480 mRNA is due to increased DNA methylation caused
by increased amounts of 24-nucleotide siRNAs. To test this hy-
pothesis, we examined AT1G23480 mRNA accumulation and
DNA methylation levels at the K1-8335 locus in the rtl2 nrpd1
doublemutant because the nrpd1mutation blocks the production
of 24-nucleotide siRNAs. DNA methylation was increased from
83% in Col to 98% in rtl2, and it returned to 83% in the rtl2 nrpd1
double mutant (Figure 10A), indicating that the increase in DNA
methylation at the K1-8335 locus in rtl2 actually depends on the
RdDM pathway. Conversely, AT1G23480 mRNA accumulation,
whichwasdecreased in rtl2,wasalmost restored to theCol level in
the rtl2 nrpd1 double mutant (Figure 10B), confirming that the
increased DNA methylation in rtl2 actually causes a decrease in
mRNA accumulation. The inverse correlation between mRNA
accumulation and 24-nucleotide siRNAs/DNA methylation at
protein-codinggenes therefore suggests thatRTL2participates in
the regulation of gene expression.

RTL2 Loss-of-Function Affects Root Growth in an NRPD1-
Dependent Manner

To determine if RTL2-mediated regulation of siRNA production
plays a physiological role, Col and rtl2 plants were grown on
various substrates and under various growth conditions. We
observed that 8-d-old rtl2 seedlings have shorter roots (Figure
10C) when plated on saccharose-free medium. The root length of
the rtl2 nrpd1 double mutant was similar to Col (Figure 10C), in-
dicating that the nrpd1 mutation suppresses this developmental
defect. This result therefore suggests that in wild-type plants,
RTL2 prevents the production of 24-nucleotide siRNAs that, via
the RdDMpathway, target DNAmethylation and silencing of gene
(s) involved in root development.

DISCUSSION

Arabidopsis RTL2 carries one RNaseIII and two DRB domains,
which makes it structurally similar to the noncanonical Dicer
enzyme Dcr1 found in budding yeasts. At first glance, their bi-
ological functions also look similar. Indeed, both Dcr1 and RTL2
are involved in rRNAmaturation by cleaving the 39ETSof the rRNA
precursor (Comella et al., 2008; Bernstein et al., 2012), and both
participate in the production of siRNAs (Drinnenberg et al., 2009;
Weinberg et al., 2011; this work). However, they likely act in
siRNA production through different mechanisms. Indeed, the
noncanonical Dicer enzyme Dcr1 binds cooperatively along
dsRNA molecules and cleaves them every 23 nucleotides, which
corresponds to the distance between consecutive active sites
(Weinberg et al., 2011). This is in contrast with the action of
canonical Dicer enzymes from animals and plants, which suc-
cessively remove siRNA duplexes from the dsRNA termini. It is
likely that canonical Dicer enzymes recognize the end of dsRNA
molecules through their PAZ domain and cleave at a distance
spanning the terminus binding PAZ domain and RNaseIII active
sites, resulting in siRNA molecules whose size varies between

Figure 7. Precursor RNAs Derived from RTL2-Regulated Loci Differ from
Canonical PolIV P4R2 Precursor RNAs.

(A) Precursor/siRNA ratio at RTL2-dependent and RTL2-sensitive loci in
Col and rtl2.
(B) Frequencies at which the four nucleotides are present at the 59 end of
precursorsderived fromall PolIV loci or fromPolIV loci regulatedbyRTL2 in
Col and rtl2.
(C) Frequencies at which the four nucleotides are present at the 39 end of
precursorsderived fromall PolIV loci or fromPolIV loci regulatedbyRTL2 in
Col and rtl2.
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21and24nucleotidesdependingon theDicer enzymeconsidered
(Zhang et al., 2004). Here, we show that, despite its structural
similaritieswith thenoncanonical Dicer enzymeDcr1, Arabidopsis
RTL2 does not produce siRNAs by itself. Nevertheless, rtl2 mu-
tations modify the repertoire of endogenous siRNAs. Apart from
a general reduction of the amount of siRNAs derived from the 45S
pre-rRNA (Figure 3), RTL2 impairment does not result in a general
change in siRNA size distribution or in a general change in siRNA
genomic distribution (Figure 4A). Instead, RTL2 impairment spe-
cifically affects the abundance of siRNAs produced at a subset of

loci, resulting either in increased or decreased siRNA accumu-
lation (Figure 5). Indeed, among a total of 481 differential loci
identified with a P value < 5E-2, 183 loci show a decreased ac-
cumulation of siRNAs (RTL2-dependent loci), while 298 loci show
an increased accumulation of siRNAs (RTL2-sensitive loci).
Similarly, increased or decreased accumulation of siRNAs was
observed when overexpressing RTL2 inN. benthamiana together
with artificial or natural dsRNA substrates. Indeed, RTL2 over-
expression increased the production of siRNAs fromGFP dsRNA
(Kiyota et al., 2011), GUS dsRNA, and At3g18145 39UTR hairpin

Figure 8. RTL2-Dependent and RTL2-Sensitive 24-Nucleotide siRNAs Guide DNA Methylation.

Size distribution and number of reads and DNAmethylation visualized by PCR and quantitative PCR in Col and rtl2 bulks of flowers at two selected RTL2-
dependent loci (A) and two selected RTL2-sensitive loci (B). Percentage of DNAmethylation is calculated as follows:%DNAmethylation = (12 (2 ^2Dct))
*100withDct=ct(McrBC) –ct(mock).Results are theaverageof three to four independent bulksof flowers. Thedifferent bulksweregrownandcollected and
RNAextractedatdifferent times.Error bars represent SEof themean.Asterisks indicate asignificantdifferencebetweenCol and rtl2 (t test: *P<0.05and **P<
0.005).
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(Figures 2B and 2H), while it decreased the production of siRNAs
from AT3G10490 dsRNA (Figure 2G). Given that this effect de-
pends on functional RNaseIII and DRB domains (Figures 2C and
2D), we propose that RTL2 recognizes the sequence or structure
of certain dsRNAs and that following cleavage, the products are

either more efficiently or less efficiently processed by the DCLs
than the original dsRNA.
Two RNaseIII domains are required to cleave double-stranded

RNA,with onedomain acting on each strandof thedsRNAsubstrate
(Zhang et al., 2004; MacRae and Doudna, 2007). For this reason,

Figure 9. Modulation of siRNA Accumulation by RTL2 Affects mRNA Steady State Level.

Abundance, size, and distribution of small RNA reads, DNAmethylation visualized by PCR and quantitative PCR, andmRNA steady state level analyzed by
qRT-PCRandnormalized toGAPDHexpressionatoneselectedRTL2-dependent protein-codinggene (A)andoneselectedRTL2-sensitiveprotein-coding
gene (B). The differential regions are boxed. Percentage of methylation is calculated as described in Figure 8. Results are the average of four independent
bulks of flowers. The different bulkswere grown and collected andRNAextracted at different times.mRNAaccumulation is the average of two independent
experiments on three to five flower samples. Error bars represent SE of themean, and asterisks indicate a significant difference between Col and rtl2 (t test:
*P < 0.05, **P < 0.005, and ***P < 0.001).
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RNaseIII enzymes that exhibit a single RNaseIII domain generally act
ashomodimers. Inbuddingyeasts,Dcr1 formshomodimersthatstart
cleaving dsRNAs from the interior and work outward every 23 nu-
cleotides, which corresponds to the distance between consecutive
active sites (Weinberg et al., 2011). Arabidopsis RTL2 also forms
homodimers (Comella et al., 2008), suggesting that it could cleave
dsRNA on both strands. However, the number of cleavages per-
formed by RTL2 on a dsRNA molecule and the size of the resulting
productsarenot known.Weobserved that certainhairpinsgive rise to
RNA products larger than 25 nucleotides when they are coexpressed
with RTL2 in N. benthamiana (Figures 2D and 2H) or when RTL2 is
overexpressed in Arabidopsis dcl3 mutants (Figure 1D). Based on
their migration relative to 21- and 24-nucleotide siRNAs, the size of
these products appear to vary between hairpins, suggesting that,
unlike Dcr1, RTL2 dos not produce a unique size of molecules.

With the exception of two MIR genes (MIR843 and MIR863),
the endogenous loci that are differentially regulated by RTL2
predominantly produce 24-nucleotide siRNAs, which are pro-
duced by DCL3. Interestingly, biochemical characterization of
Arabidopsis DCL3 and DCL4 revealed that DCL3 preferentially
cleaves short dsRNAs (37 to 50 nucleotides), whereas DCL4
preferentially cleaves long dsRNAs (Nagano et al., 2014). This
result is consistent with DCL4 producing phased 21-nucleotide
siRNAs over a long distance on TAS genes (Vazquez et al., 2004;
Allen et al., 2005), whereas DCL3 does not. Nevertheless, DCL3-
dependent 24-nucleotide siRNAs sometimes originate from long
genomic regions. Two recent reports revealed that these long
genomic regions produce short, often overlapping, dsRNA pre-
cursors, 27 to 50 nucleotides in length, referred to as P4R2 RNAs
because theyaregenerated through theactionofPolIVandRDR2.

Figure 10. The nrpd1Mutation Suppresses Increased DNAMethylation, Reduced mRNA Accumulation, and Short Root Phenotype Triggered by the rtl2
Mutation.

(A) DNA methylation at K1-8335 locus visualized by quantitative PCR. Percentage of methylation is calculated as in Figures 8 and 9.
(B) AT1G23480 mRNA accumulation analyzed by qRT-PCR and normalized to GAPDH.
(C)Root lengthphenotypeof representativeCol, rtl2, and rtl2nrpd1doublemutantseedlings.Resultsare representedas thepercentageof root length inCol.
Root analyses were performed three times. Error bars represent SE of themean, and asterisks indicate a significant difference betweenCol and rtl2 (ANOVA
test followed by Sidak’smultiple tests betweenCol and rtl2) and between rtl2 and rtl2 nrpd1. The asterisks represent the different levels of confidence (*P <
0.05; **P < 0.005, and ***P < 0.001).
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These short precursors are each processed into a single
24-nucleotide siRNA by DCL3, resulting in a one-precursor, one-
siRNA model (Blevins et al., 2015; Zhai et al., 2015). Because our
results suggest that RTL2 produce RNAmolecules of a size larger
than 24nucleotides,weaskedwhether 27- to 50-nucleotideP4R2
RNAsweredirect products ofPolIVandRDR2orproducts ofPolIV
and RDR2 that have been cleaved by RTL2. When looking at the
7000 PolIV genomic loci, we did not observed an increased ac-
cumulationofproducts larger than24nucleotides in rtl2compared
with Col (Figure 4A). Moreover, the 59 and 39 end signatures of P4R2
RNAs were unchanged between Col and rtl2 (Figures 7B and 7C),
which goes against the hypothesis that all 27- to 50-nucleotide
P4R2 RNAs could be products of RTL2. Rather, the finding that
RTL2 regulates the production of siRNAs at only a subset of PolIV
loci and sometimes within a limited region of PolIV loci (Figure 5) is
more likelyexplainedbyRTL2 recognizingaspecificsequenceand/
or structure present in only a subset of P4R2 RNAs and by the
resultingcleavageproductbeingbetteror lessefficientlyprocessed
by DCL3 than the original uncut P4R2 RNAs. Supporting this
hypothesis, we found that the precursor/siRNA ratio at RTL2-
dependent loci was lower in Col than in rtl2, whereas the precursor/
siRNA ratio at RTL2-sensitive loci was higher in Col than in rtl2
(Figure7A).Moreover,we foundthatprecursorsderived fromRTL2-
regulated loci havedifferent 59 and39 end signatures inCol and rtl2,
whereas the 59 and 39 end signatures of the 7000 PolIV loci are
similar in Col and rtl2 (Figures 7B and 7C). The observation that
RTL2-regulated loci have signatures in rtl2 that resemble those of
the 7000 PolIV loci strongly suggests that precursors derived from
RTL2-regulated loci are cleaved by RTL2 in Col, resulting in
a truncation of their 59 and/or 39 end, and a general modification
of 59 and 39 end compositions in Col.

DCL3-dependent 24-nucleotide siRNAs guide DNA methyla-
tion andchromatin remodeling at transposable elements, repeats,
and pseudogenes (Chan et al., 2005; Kasschau et al., 2007).
Accordingly, we observed that RTL2 impairment provokes
changes in DNA methylation that correlate with changes in
24-nucleotide siRNA accumulation at such loci (Figure 8). Un-
expectedly, we also observed changes in DNA methylation and
mRNA steady state levels at loci that produce 24-nucleotide
siRNAs fromprotein-codinggenes (Figure9). Little is knownabout
the role of 24-nucleotide siRNAandDNAmethylation in regulating
protein-coding gene expression. Previous analyses revealed that
1204genesare found inproximity to 24-nucleotide siRNAclusters
and that siRNAs originate from the transcribed region in 8.6% of
them (Kasschau et al., 2007). However, even though hundreds of
genes are deregulated in the rdr2 or dcl3 mutants, no significant
overlap was found between genes producing 24-nucleotide
siRNAs and genes deregulated in rdr2 or dcl3 (Kasschau et al.,
2007). The authors concluded that 24-nucleotide siRNAs do not
generally regulate protein-coding genes. However, they did not
exclude thepossibility that thiscouldbe thecase forsomeof them.
Another study showed that among the 70 genes that are upreg-
ulated in rdr2, 26 produce 24-nucleotide siRNAs (Kurihara et al.,
2008), suggesting that24-nucleotidesiRNAscouldparticipate in the
regulation of protein-coding genes. We did not find these 26 genes
in the list of protein-coding genes producing 24-nucleotide siRNAs
that are regulated by RTL2, indicating that if these 24-nucleotide
siRNAs regulate protein-coding genes, their production is not

modulated by RTL2. However, we found that RTL2 impairment
affects24-nucleotide siRNAaccumulationat several protein-coding
genes, which results in changes in DNA methylation and mRNA
steady state levels (Figure 9). Importantly, wemonitored changes in
both directions, i.e., we found loci at which 24-nucleotide siRNA
accumulation and DNA methylation are reduced and mRNA levels
increased in rtl2and lociatwhich24-nucleotidesiRNAaccumulation
andDNAmethylationare increasedandmRNAlevels reduced in rtl2,
thus implicating 24-nucleotide siRNAs in the regulation of protein-
coding gene expression.
To conclude, class II RNaseIII enzymes still have biological

functions andmechanisms of action that have yet to be revealed.
Originally, they were known for their role in processing structural
RNAs such as small nuclear RNA, rRNA, or tRNA. Then, budding
yeast Dcr1 was shown to both maturate structural RNAs and
process dsRNAs into siRNAs, similar to Dicer enzymes. Our work
extends the diversity of class II RNaseIII functions by showing that
ArabidopsisRTL2modulates theproductionof siRNAsat asubset
of endogenous loci, including protein-coding genes, resulting in
either promotion or repression of gene expression depending on
the substrate considered. This is reminiscent of recent studies
showing that mutations in Escherichia coli RNaseIII result in in-
creasedanddecreased levelsof 9and3%ofmRNAs, respectively
(Stead et al., 2011). Finally, we show that the rtl2mutant exhibits
a short root phenotype that is suppressed by the nrpd1mutation
(Figure 10), indicating that this developmental defect is caused by
de novo 24-nucleotide siRNAs produced in the absence of RTL2.
Our results therefore indicate that one of the functions of RTL2 in
wild-type plants is to prevent the production of 24-nucleotide
siRNAs that target DNA methylation of protein-coding genes in-
volved in root development. Whether RTL2 plays a role in other
aspects of development or stress responses remains to be de-
termined.

METHODS

Plant Material

Arabidopsis thaliana plants were in the Col-0 ecotype. The rtl2 (GA-
BI_568D10), nrpd1a-5, and dcl2 dcl3 dcl4 mutants and the lines L1, L1/
dcl2 dcl4, T+S, and T+S/dcl3 have been previously described (Elmayan
et al., 1998; Henderson et al., 2006; Smith et al., 2007; Comella et al., 2008;
Kanno et al., 2008; Parent et al., 2015). The conditions in the controlled-
environment chambers were as follows: 150 mE$m22$s21 irradiance
provided by Osram Lumilux Cool Daylight L 36W/865 fluorescent tubes,
16 h of light, 60% relative humidity, 18°C night temperature, and 20°C day
temperature. For root growth measurements, plants were grown vertically
for 8 d in vitro on nutrient agar-solidified medium without sucrose (Estelle
and Somerville, 1987).

Plasmid Constructs

The ProUBQ10:RTL2, Pro35S:RTL2, Pro35S:Myc-RTL2, and Pro35S:
RTL2-Myc constructs were produced using Gateway technology (In-
vitrogen) as follows. RTL2 genomic sequences starting at the ATG and
ending at the stop codon were PCR amplified using attB1RTL2F and
attB2RTL2R Gateway adapted oligonucleotides (Supplemental Table 3).
After recombination into pDONR-207 vector through the Gateway BP
recombinase reaction (Invitrogen) and verification by sequencing, final
recombination into pUB-DEST, pGWB2, pGWB17, or pGWB18 through
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the Gateway LR recombinase reaction (Invitrogen) created ProUBQ10:
RTL2, Pro35S:RTL2, Pro35S:RTL2-Myc, and Pro35S:Myc-RTL2, re-
spectively.

Point mutations in the conserved amino acids of the RTL2 RNaseIII
domain were introduced into Pro35S:RTL2 and Pro35S:RTL2-Myc using
a QuikChange site-directed mutagenesis kit (Stratagene). The Glu-93 and
Asp-100 amino acids were replaced by an Ala using the RTL2m-F and
RTL2m-R oligonucleotides (Supplemental Table 3). The RTL2DDRB se-
quence was amplified using the attB1RTL2F and attB2RTL2-DRB1-R
oligonucleotides (Supplemental Table 3), recombined into the pDONR207
(Gateway technology; Invitrogen), and then transferred to pGWB2 and
pGWB17 to create Pro35S:RTL2DDRB and Pro35S:RTL2DDRB-Myc.

The Pro35S:IR-NAC construct was produced as follows. NAC52
genomic sequences were PCR amplified using attB1-NAC-F and attB-
NAC-R Gateway adapted oligonucleotides (Supplemental Table 3). After
recombination into pDONR-207 vector through the Gateway BP re-
combinase reaction (Invitrogen) and verification by sequencing, final
recombination into p35S:Hellsgate vector through the Gateway LR re-
combinase reaction (Invitrogen) created the Pro35S-IR-NAC construct.
The Pro35S:MIR168a and Pro35S:MIR168b constructs have been de-
scribed before (Vaucheret, 2009). The Pro35S:AT3G18145 construct
was produced as follows. The AT3G18145 genomic sequence was PCR
amplified using attB1-AT3G18145-F and attB-AT3G18145-R Gateway
adaptedoligonucleotides (Supplemental Table 3). After recombination into
pDONR-207 vector through the Gateway BP recombinase reaction (In-
vitrogen) and verification by sequencing, final recombination into PGWB2
vector through the Gateway LR recombinase reaction (Invitrogen) created
the Pro35S:AT3G18145 construct. The Pro35S:RTL1 construct has been
described before (Shamandi et al., 2015).

Arabidopsis Transformation and Nicotiana
benthamiana Agroinfiltration

Agrobacterium tumefaciens strains carrying plasmids of interest were
grown overnight at 28°C in Luria-Bertani medium containing the appro-
priate antibiotics to a final OD600 between 1 and 2. For Arabidopsis
transformation, the bacteria were pelleted and resuspended in 300 mL of
infiltrationmedium (5%sucrose, 10mMMgCl2, and0.015%Silwet L-77) to
afinalOD600of 1,whichwasused forfloral dipping (CloughandBent, 1998).
For N. benthamiana agroinfiltration, the bacteria were pelleted and re-
suspended in 1 mL of infiltration medium (10 mM MgCl2, 10 mM MES pH
5.2, and 150 mM acetosyringone) to a final OD600 of 0.1. The solution
containing the bacteria was injected into the abaxial side leaves using
a 1-mL syringe, and samples were harvested 3 d after infiltration for
fluorescence observation using a fluorescent zoom microscope (Axio
Zoom; Zeiss) or for RNA analysis.

GUS Extraction and Activity Quantification

GUS protein was extracted and GUS activity was quantified as described
before (Elmayan et al., 1998) from 12-d-old seedlings grown in vitro by
measuring the quantity of 4-methylumbelliferone product generated from
the substrate 4-methylumbelliferyl-b-D-glucuronide (Duchefa) on a fluo-
rometer (Fluoroscan II; Thermo Scientific).

RNA Extraction and RNA Gel Blot Analysis

For RNA gel blot analyses, frozen tissue was homogenized in a buffer
containing0.1MNaCl, 2%SDS, 50mMTris-HCl, pH9.0, 10mMEDTA, pH
8.0, and 20 mM b-mercaptoethanol, and RNAs were extracted two times
with phenol and recovered by ethanol precipitation. Total RNA was sep-
arated on a 15%denaturing PAGEgel, stainedwith ethidiumbromide, and
transferred to nylon membrane (HybondNX; Amersham). For siRNA de-
tection, blots were hybridized with a radioactively labeled random-primed

DNA probe at 37°C in PerfectHyb Plus buffer (Sigma-Aldrich). For U6
detection, blots were hybridized with an end-labeled oligonucleotide at
50°C with hybridization buffer containing 53 SSC, 20 mM Na2HPO4, pH
7.2, 7% SDS, 23 Denhardt’s solution, and denatured sheared salmon
sperm DNA (Invitrogen). A FLA9500 phosphor imager (Typhoon) and LAS-
4000 Fujifilm were used to quantify the hybridization signals. Oligonu-
cleotides used for DNA probe amplification and for U6 oligo-probe are
listed in Supplemental Table 3.

RNA Extraction and Quantitative RT-PCR

Total RNA from flowers was extracted using an RNeasy plant mini kit
(Qiagen). One microgram of total RNA was digested with DNaseI
(Fermentas) and converted to cDNA using the RevertAid H minus reverse
transcriptase (Thermo Scientific) and oligo(dT). Gene expression was
measured using SsoAdvancedUniversal SYBRGreen Supermix (Bio-Rad)
and normalized to the housekeeping geneGAPDH. Primer sequences are
listed in Supplemental Table 3.

Protein Extraction and Protein Gel Blot Analysis

Plant protein extraction and protein gel blot analysis were performed as
previously described (Mallory et al., 2009). Briefly, 50 µg of crude protein
extract was loaded on a 10% denaturing SDS-PAGE gel. Proteins were
transferred to nitrocellulose membrane by semidry electroblotting. For
detection, monoclonal anti-c-MYC antibody (purified mouse immuno-
globulin clone 9E10 from Sigma-Aldrich; M4439) and a goat anti-mouse
IgG-HRP conjugated (Santa Cruz; sc-2005) were used at 1:5000 and
1:10,000, respectively. Blots were developed using an ECL kit (Pierce
Thermo; 32106), and the emitted chemiluminescence was directly quan-
tified by an ImageQuant LAS4000 biomolecular imager (GE Helthcare).

Methylation Analysis

DNAwasextracted from flowers using aDNeasyplantmini kit (Qiagen) and
250 ngDNAwasmock orMcrBCdigested (Biolabs) overnight at 37°C. Ten
percent of mock or McrBC-digested DNAwas used for PCR amplification.
Quantitative PCR was also performed as above. Percentage of DNA
methylation was calculated as follows:%DNAmethylation = (1-2 ^2Dct)
*100 with Dct = ct(McrBC) – ct(mock). Primer sequences are listed in
Supplemental Table 3.

Bioinformatics

The39adaptersof the readswere removedwithS-MART tools (Zytnicki and
Quesneville, 2011) and then sequences were mapped with Bowtie
(Langmeadetal., 2009) to theTAIR10assembly. For the45S rRNAanalysis,
all reads that matched the genome perfectly were kept, regardless of the
number of loci at which they mapped. For the rest of the analyses, only
reads that matched at a unique position in the genome were kept. To
identify differential loci, a sliding windowmethod was first used. Basically,
we split the genome into 100-bp-long chunks, with a 50-bp overlap. All
chunks with no more than 100 (normalized) reads in any condition were
discarded, and the remaining chunksweremerged if they overlapped. The
chunks were then trimmed in order to keep the smallest region that
contained all the reads found in a chunk. We clustered the reads of all
replicates to form a putative transcript.We then proceeded using the usual
mRNA-seq data. We quantified the expression of each putative transcript
bycounting thenumberof reads, andweused thestandardDESeqmethod
to finddifferentially expressed regions.We kept regionswithP value < 0.05
and foldchangeof2.Regionsdistantbynomore than100bpweremerged.
To identify shorter differential loci, we used a secondmethod based on the
analysisof readsateachpositionof thegenome.Wecounted thenumberof
reads in wild-type and mutant replicates and submitted these figures to
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DESeq as if theywere usual gene counts to estimate the negative binomial
parameters. For consistency, we kept the library size factor found in the
sliding window analysis, and we performed the standard DESeq test to
obtain an adjusted P value for each position of the genome. We decided
that regions with adjusted P values less than 1023 were differentially ex-
pressed. To refine boundaries, the regions were extended as much as
possible, so that noPvalue of the regionswasgreater than 0.5.Wemerged
regions if they were distant by less than 100 bp. Finally, we kept all the
regions that exhibited aminimumof 100 reads in at least one condition and
a minimum fold change of 2, for consistency with the previous analysis.
Graphs were produced with S-MART tools and ad hoc scripts. Data were
normalizedwith respect to Col under the assumption that the 27 canonical
miRNA genes (miR156, 157, 159, 160, 162, 164, 165, 166, 167, 168, 169,
170, 171, 172, 319, 390, 391, 393, 394, 395, 396, 397, 398, 399, 403, 408,
and 472) (Fahlgren et al., 2007) were globally unaffected. For normalization
purpose, unique and nonunique miRNA reads were taken into account.
miRNA annotation was downloaded from RFAM (Burge et al., 2013).
EndoIR-siRNAs were annotated using the sRNA-producing loci predicted
by Lindow et al. (2007), excluding those matching RFAM miRNAs. Loci
producing siRNAs in a PolIV-dependent manner were retrieved from
Mosher et al. (2008). Young miRNAs were defined as DCL1-independant
sRNA: We downloaded the sRNAs produced by Lu et al. (2006) and dis-
cardedall of thosemiRNAs that containedat least one read from thisdata set.
To quantify the precursor/siRNA ratio, we weighted the replicates using the
normalization factors previously computed and pooled the three replicates of
each condition. For 59 and 39 end precursor analysis, we computed the
nucleotidic distribution of the 59-most (or 39-most) position of the reads. Each
position was counted once, even if the same sequence was found in several
reads, or several reads started (or ended) at the same position.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL li-
braries under the following accession numbers: At3g20420 (RTL2),
AT3G10490 (NAC52), AT3G18145, AT3G01345, AT1G23480 (CSLA3),
and AT1G13440 (GAPDH). The data reported in this article have been
deposited in the Gene Expression Omnibus database (www.ncbi.nlm.nih.
gov/geo) under accession number GSE71782.
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