
A Dicer-Independent Route for Biogenesis of siRNAs that Direct 
DNA Methylation in Arabidopsis

Ruiqiang Ye1,2,6, Zulong Chen1,3,4,6, Bi Lian1,2,6, M. Jordan Rowley5, Ning Xia1,2, Jijie 
Chai1,2, Yan Li1,2, Xin-Jian He4, Andrzej T. Wierzbicki5, and Yijun Qi1,2,*

1Tsinghua-Peking Center for Life Sciences, Beijing 100084, China

2Center for Plant Biology, School of Life Sciences, Tsinghua University, Beijing 100084, China

3School of Life Sciences, Peking University, Beijing 100871, China

4National Institute of Biological Sciences, Beijing 102206, China

5Department of Molecular, Cellular, and Developmental Biology, University of Michigan, Ann 
Arbor, MI 48109, USA

SUMMARY

DNA methylation directed by 24-nucleotide (nt) small interfering RNAs (siRNAs) plays critical 

roles in gene regulation and transposon silencing in Arabidopsis. Twenty-four-nt siRNAs are 

known to be processed from double-stranded RNAs by Dicer-like 3 (DCL3) and loaded into the 

effector Argonaute 4 (AGO4). Here we report a distinct class of siRNAs independent of DCLs 

(sidRNAs). sidRNAs are present as ladders of ~20 to 60 nt in length, often having same 5’ ends 

but differing in 3’ ends by 1-nt steps. We further show that sidRNAs are associated with AGO4 

and capable of directing DNA methylation. Finally we show that sidRNA production depends on 

distributive 3’-5’ exonucleases. Our findings suggest an alternative route for siRNA biogenesis: 

precursor transcripts are bound by AGO4 and subsequently subjected to 3’-5’ exonucleolytic 

trimming for maturation. We propose that sidRNAs generated through this route are the initial 

triggers of de novo DNA methylation.
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INTRODUCTION

Cytosine DNA methylation is an epigenetic modification that regulates gene expression, 

represses transposable elements (TEs), and maintains genome integrity. In plants, DNA 

methylation is mainly found in TEs and occurs in three sequence contexts: CG, CHG and 

CHH (where H is either A, T, or C) (Law and Jacobsen, 2010). Arabidopsis thaliana has 

evolved specific DNA methyltransferases to maintain methylation in each context. 

Methylation at CG and CHG sites is maintained primarily by Methyltransferase 1 (MET1, 

an ortholog of DNMT1 in mammals) and Chromomethylase 3 (CMT3), respectively; 

whereas the maintenance of CHH methylation is catalyzed by Domain Rearranged 

Methyltransferase 2 (DRM2, an ortholog of DNMT3 in mammals) and CMT2 (Stroud et al., 

2013; Zemach et al., 2013).

The establishment of DNA methylation in all sequence contexts is mediated by a specialized 

RNA interference (RNAi) pathway referred to as RNA-directed DNA methylation (RdDM) 

(Law and Jacobsen, 2010; Matzke et al., 2009). RdDM entails the transcription of target loci 

by the plant-specific RNA polymerase IV (Pol IV) (Herr et al., 2005; Kanno et al., 2005; 

Onodera et al., 2005). The resulting transcripts (P4RNAs) serve as templates for RNA-

dependent RNA polymerase 2 (RDR2) to make double-stranded RNAs (dsRNAs) (Haag et 

al., 2012; Xie et al., 2004), which are processed by Dicer-Like 3 (DCL3) into 24-nt small 

interfering RNAs (siRNAs) (Blevins et al., 2015; Qi et al., 2005; Xie et al., 2004; Zhai et al., 

2015). These Pol IV-dependent siRNAs (P4siRNAs) are loaded into Argonaute 4 (AGO4) 

(Li et al., 2006; Qi et al., 2006; Ye et al., 2012; Zilberman et al., 2003). Likely through base-

pairing between siRNAs and nascent scaffold transcripts generated by another plant specific 

RNA polymerase, Pol V (Wierzbicki et al., 2008), AGO4/siRNA complexes are recruited to 

target loci to direct DRM2-catalyzed DNA methylation (Wierzbicki et al., 2009; Zhong et 

al., 2014).

In addition to DCL3, Arabidopsis contains three other DCLs for generating distinct small 

RNA (sRNA) species. DCL1 acts in the maturation of 21-nt microRNAs (miRNAs) or 

siRNAs from hairpin-structured precursors (Kurihara and Watanabe, 2004; Rogers and 

Chen, 2013), DCL2 functions primarily in the production of 22-nt viral siRNAs (vsiRNAs) 

(Blevins et al., 2006; Bouche et al., 2006; Xie et al., 2004), whereas DCL4 mainly acts in the 

biogenesis of 21-nt trans-acting siRNAs (ta-siRNAs) (Gasciolli et al., 2005; Xie et al., 2005; 

Yoshikawa et al., 2005). DCL2, DCL3 and DCL4 also function partially redundantly in 

P4siRNA production as well as the establishment and maintenance of DNA methylation 

(Henderson et al., 2006).

In this study, we identified a class of siRNAs that are independent of DCLs (named 

“sidRNA” for siRNAs independent of DCLs). sidRNAs are mainly originated from 

transposons and intergenic sequences as well as transgenes. sidRNAs interact with and 

recruit AGO4 to target loci to direct DNA methylation. Intriguingly, sidRNAs require 3’-5’ 

exonucleases for their production. Our study reveals an unexpected siRNA biogenesis 

pathway, which may act in the initiation of RdDM.
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RESULTS

Genome-Wide Identification of Small RNAs that Are Independent of DCL Proteins in 
Arabidopsis Seedlings

The biogenesis of all sRNA species discovered so far in plants requires DCL proteins. In an 

attempt to examine whether there are DCL-independent sRNAs in Arabidopsis, we gel-

purified RNAs between 18 and 30 nt from three-week-old seedlings of wild-type (Col-0), 

the triple mutant dcl2-1 dcl3-1 dcl4-2 (referred to as dcl2/3/4 hereafter) carrying null alleles 

of DCL2, DCL3 and DCL4 (Henderson et al., 2006), and the quadruple mutant dcl1-9 
dcl2-1 dcl3-1 dcl4-2 (referred to as dcl1/2/3/4 hereafter) carrying an additional hypomorphic 

allele of DCL1 (Jacobsen et al., 1999) (Figure S1A), and prepared cDNA libraries for deep 

sequencing on an Illumina high-throughput sequencing platform (Table S1).

Analyses of sequenced reads revealed that miRNAs were reduced by ~98% in abundance in 

dcl1/2/3/4 relative to Col-0 or dcl2/3/4, and ta-siRNAs were reduced by ~99% in abundance 

in both dcl2/3/4 and dcl1/2/3/4 relative to Col-0 (Figure S1B), consistent with the 

demonstrated roles of DCL1 and DCL4 in processing miRNAs and ta-siRNAs, respectively 

(Kurihara and Watanabe, 2004; Xie et al., 2005). Intriguingly, considerable amounts of other 

siRNAs including P4siRNAs were still detected in dcl2/3/4 and dcl1/2/3/4 (Figure S1B). 

This was surprising because the biogenesis of P4siRNAs is known to be dependent mainly 

on DCL3 and partially on DCL2 and DCL4 (Henderson et al., 2006). In order to examine 

the origins of their biogenesis, after the removal of miRNAs and ta-siRNAs, siRNAs 

obtained from dcl1/2/3/4 were mapped to the Arabidopsis nuclear genome, and 14,360 

siRNA-producing loci were identified using the following criteria: 1) length ≥ 100 nt; 2) 

number of unique sRNAs ≥ 5, each separated from nearest neighbors by a maximum of 50 

nt; 3) expression level ≥ 15 RPKM (reads per kilobase per million) (Figure 1A; Table S2). 

These loci were mainly located in annotated TEs and repeats (74.4%) as well as intergenic 

regions (14.5%) (Figure 1A). Distinct from the siRNAs in Col-0 that are predominantly 24 

nt in length, siRNAs in dcl1/2/3/4 and dcl2/3/4 exhibited a relatively even size distribution 

ranging from 18 to 30 nt, with a mild peak at 21 nt (Figure 1B). This suggests that the 

detected siRNAs were unlikely produced by DCLs, as DCLs are known to generate sRNAs 

of discrete sizes (Qi et al., 2005; Xie et al., 2004). Moreover, in contrast to the dramatic 

reduction of miRNA accumulation in dcl1/2/3/4 relative to dcl2/3/4, siRNAs generated from 

these loci accumulated at comparable levels in dcl2/3/4 and dcl1/2/3/4 (Figure 1C), 

suggesting that they were not products of the residual DCL1 activity in dcl1/2/3/4. We 

therefore named them sidRNAs for siRNAs independent of DCLs.

Further analyses indicated that total siRNAs produced from the sidRNA-generating loci in 

Col-0 were about five times more than those in dcl2/3/4 and dcl1/2/3/4 (Figure 1D). 

Interestingly, siRNAs of 25 nt or larger that very likely represent the production of sidRNAs, 

were also detected in Col-0, albeit at much lower levels than those in dcl2/3/4 and dcl1/2/3/4 
(Figure 1D). Most intriguingly, considerable amounts of sidRNAs produced from each locus 

appeared as ladders in size, often having the same 5’ ends but differing in 3’ ends by 

singlent steps (Figure 1E and F). Northern blot analysis confirmed that sidRNAs generated 

from several representative loci (AtREP2, SIMPLEHAT2, AtSN1, and At4TE27090) over-
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accumulated in dcl2/3/4 and dcl1/2/3/4 and displayed a wide size distribution between 20 

and 60 nt, with most being in the range of 30–40 nt (Figure 1G). RNA species of 30–60 nt 

were also detected in dcl2/3/4 and dcl1/2/3/4 by deep sequencing analysis (Figure S1C).

Effects of Pol IV/RDR2 Mutations on sidRNA Production

A comparison of profiles of sidRNAs in dcl1/2/3/4 and P4siRNAs in Col-0 revealed that 

over 85% of the sidRNA loci overlapped with the loci that produced P4siRNAs in Col-0 

(Figure 2A). The generation of P4siRNAs relies on coupled actions of Pol IV and RDR2 

(Haag et al., 2012). To examine whether sidRNA production is also dependent on Pol IV and 

RDR2, we introduced null mutation of NRPD1 (encoding the largest subunit of Pol IV) or 

RDR2 into the dcl2/3/4 mutant. Considering that dcl2/3/4 produces nearly equal amounts of 

sidRNAs as dcl1/2/3/4 and it is more convenient to combine mutations in dcl2/3/4 (Figure 

1C, D and G), we used dcl2/3/4, instead of dcl1/2/3/4, in the following studies. The deep 

sequencing results showed that sidRNA production at 1,229 loci was independent of NRPD1 
and RDR2, whereas that at 12,992 loci was dependent on both NRPD1 and RDR2 (Figure 

2B and Table S3) and dysfunction of either NRPD1 or RDR2 resulted in severe reduction of 

sidRNA production at these loci (Figure 2C and Table S3). Intriguingly, vast majority of the 

NRPD1/RDR2-dependent sidRNA loci were located in repeat regions and only 7% of them 

resided in genic regions, whereas 38% of NRPD1/RDR2-independent sidRNA loci were 

located in genic regions (Figure 2D). Northern blot results confirmed that mutation in Pol IV 
or RDR2 had a dramatic effect on the generation of sidRNAs at representative loci AtREP2 
and SIMPLEHAT2 (Figure 2E). Expression of wild-type NRPD1, but not an active site 

mutant (ASM) of NRPD1 (Haag et al., 2009), was able to restore the sidRNA levels in 

dcl2/3/4 (Figure 2E), further indicating that functional NRPD1 is essential for sidRNA 

generation at these loci. We noticed that, however, low levels of sidRNAs could still be 

detected at many of the NRPD1/RDR2-dependent sidRNA loci in nrpd1 dcl2/3/4 or rdr2 
dcl2/3/4 and they appear to have a strong strand bias (Figure 2F).

Detection of sidRNAs in Other Systems

The existence of sidRNAs in Arabidopsis seedlings prompted us to determine whether 

sidRNAs are also prevalent in other systems. First, Arabidopsis endosperm is a specialized 

tissue that supplies nutrients for the developing embryo. There exists a large population of 

P4siRNAs in Arabidopsis endosperm (Mosher et al., 2009). These P4siRNAs are 

predominantly, if not exclusively, derived from the maternal allele and the expression of a 

subset of these siRNAs is restricted to flowers and young siliques (Mosher, 2010; Mosher et 

al., 2009). Through deep sequencing of endosperm and embryo tissues of Col-0, dcl2/3/4 
and nrpd1 dcl2/3/4 (Table S1), we found the existence of Pol IV-dependent and endosperm-

specific sidRNAs at 140 loci (Table S3), represented by a population of laddered 25–30-nt 

siRNAs (Figure S2A–C).

Second, the production of siRNAs can be induced by actively transcribed transgenes (Beclin 

et al., 2002; Mourrain et al., 2000). To explore whether sidRNA production can be detected 

in a transgene system, we transformed Arabidopsis with a 35S:GUS construct and monitored 

the production of sidRNAs derived from the transgenic region over six generations by deep 

sequencing (Table S1). sidRNAs expressed in the same ladder-like pattern were detected in 
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each generation of transgenic lines (Figure S3A–C), suggesting that, like endogenous loci, 

transgenic loci can also produce sidRNAs. Intriguingly, Pol IV was dispensable for the 

generation of sidRNAs at the transgenic loci (Figure S3A and B), hinting that other RNA 

polymerase, presumably Pol II, is responsible for transcribing these sidRNAs.

Third, active transposons often trigger the production of sRNAs that direct the establishment 

of DNA methylation and inactivation of their transposition (Ito, 2012; Kim and Zilberman, 

2014). To determine whether sidRNAs can be derived from active transposable elements, we 

took advantage of an epigenetic recombinant inbred line (epi15), in which a retrotransposon 

called EVD became active and invasive from the eighth generation (F8) of inbreeding due to 

the loss of DNA methylation at its 5’ long-terminal repeat (LTR) region (Mari-Ordonez et 

al., 2013). DCL-dependent siRNAs that are 21–22 nt or 24 nt long were found to be 

produced to initiate DNA methylation and suppress EVD mobilization from F8 to F14 

(Mari-Ordonez et al., 2013). Analyses of the published sRNA datasets (Mari-Ordonez et al., 

2013) revealed that high levels of laddered sidRNAs were also detected in the generations 

F11 and F14 (Figure S3D–F). The generation of sidRNAs derived from 3’ gag region 

appeared to precede the production of sidRNAs transcribed from 5’ LTR (Figure S3E), 

coinciding with the 3’-5’ spreading of DNA methylation.

sidRNAs Are Associated with AGO4

In light of the prevalence of sidRNA expression, we asked whether sidRNAs could be 

functional via associating with AGO proteins. Since the loci generating sidRNA and 24-nt 

siRNA largely overlap, and the majority of sidRNAs depend on Pol IV and RDR2 for their 

biogenesis, we hypothesized that a large proportion of sidRNA may be channeled to binding 

with AGO4. To test this, we immunoprecipitated AGO4 from transgenic lines expressing N-

terminally GFP-tagged AGO4 (GFP-AGO4) in Col-0 or dcl2/3/4 background and purified 

sRNAs associated with GFP-AGO4. Deep sequencing of purified sRNAs revealed that 

AGO4 predominantly bound 24-nt siRNAs in Col-0 but bound sidRNAs that were mainly 

21–26 nt in length in dcl2/3/4 (Figure 3A). A considerable fraction of AGO4-associated 

sidRNAs generated from each locus also appeared as ladders (Figure 3B and C), albeit to a 

lesser extent compared to the bulk of sidRNAs (Figure 1E and F) . Confirming the deep 

sequencing results, Northern blot analysis revealed that AGO4 bound sidRNAs at AtREP2 
and SIMPLEHAT2 loci, although the sizes of AGO4-associated sidRNAs were smaller, 

compared to those detected in total extract in dcl2/3/4 (Figure 3D). We speculate that the 

longer forms of RNA species are precursors of mature sidRNAs associated with AGO4. It is 

noteworthy that a small fraction of presumed sidRNA precursors was also detected in AGO4 

immunoprecipitates (Figure 3D), suggesting that these transcripts are loaded onto AGO4 

before being processed into mature sidRNAs. In summary, our findings suggest that AGO4 

is an effector protein of sidRNAs.

sidRNAs Are Capable of Directing DNA Methylation

The association of sidRNAs with AGO4 prompted us to examine whether sidRNAs are 

capable of guiding AGO4 to target loci. To this end, we performed ChIP-qPCR to assess the 

occupancy of AGO4 at several representative loci in Col-0 as well as in mutants including 

dcl2/3/4, nrpd1 dcl2/3/4 and ago4. As expected, AGO4 was enriched at these loci in Col-0 
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(Figure 4A). However, locus-specific AGO4 occupancy in dcl2/3/4 was moderately reduced, 

but not eliminated (Figure 4A), suggesting that factors other than 24-nt siRNAs, presumably 

sidRNAs, are involved. Indeed, AGO4 occupancy was further decreased by mutation of 

NRPD1 that is important for sidRNA biogenesis at these loci and by mutation of AGO4 that 

binds sidRNAs (Figure 4A). Thus, our data suggest that sidRNAs are capable of targeting 

AGO4 to chromatin.

We next examined whether sidRNAs play a role in directing DNA methylation. By 

performing locus-specific bisulfite sequencing, we found that nrpd1 dcl2/3/4 and rdr2 
dcl2/3/4, mutants deficient in both 24-nt siRNA and sidRNA biogenesis, exhibited greater 

defects in DNA methylation than dcl1/2/3/4 and dcl2/3/4 (Figure 4B), suggesting that 

sidRNAs play a role in directing DNA methylation. Although the extent of reduction in 

DNA methylation caused by loss of sidRNAs appeared to vary in a locus-specific manner, 

for all loci examined, DNA methylation in CHG and CHH contexts was more severely 

affected than that in CG context (Figure 4B).

To investigate the impact of sidRNA deficiency on DNA methylation genome-wide, we 

carried out whole genome bisulfite sequencing and found that the overall CHG and CHH 

DNA methylation levels in nrpd1 dcl2/3/4 and rdr2 dcl2/3/4 are significantly lower than 

those in dcl1/2/3/4 and dcl2/3/4 (Figure 4C and D). The level of CG methylation was 

slightly reduced by NRPD1 or RDR2 mutation (Figure 4C and D). Here our findings are in 

agreement with previous methylome surveys showing that dcl2/3/4 is a mutant causing 

reduced CHH methylation whereas nrpd1 and rdr2 are mutants leading to eliminated CHH 

methylation (Stroud et al., 2013). Taken together our data suggest that sidRNAs primarily 

contribute to CHG and CHH methylation.

Probing the Mechanism Underlying sidRNA Biogenesis

The ladder-like expression pattern of sidRNAs is reminiscent of the products of distributive 

3’-5’ exonucleases. Distributive exonuclease are known to cleave, release, and engage 

another substrate, creating laddered products (Deutscher and Li, 2001). We thus hypothesize 

that the biogenesis of sidRNAs might involve binding of the 5’-end of sidRNA precursor 

transcripts to AGO4 and subsequent trimming from the 3’-end by a 3’-5’ distributive 

exonuclease (Figure 5A).

In accordance with this hypothesis, we found that the sidRNA level in dcl2/3/4 was 

dramatically reduced by mutation of ago4, suggesting the involvement of AGO4 in sidRNA 

production (Figure 5B). Moreover, transgenic expression of wild-type AGO4, but not a 

mutant AGO4 (AGO4YFAA) that is defective in sRNA binding (Ye et al., 2012), was able to 

restore the generation of sidRNAs in ago4 dcl2/3/4 (Figure 5B), suggesting that the sRNA 

binding activity of AGO4 is important for sidRNA generation. Locus-specific examination 

of sidRNA production by northern blot also revealed that sidRNA generation required 

AGO4 and its sRNA binding activity (Figure 5C). It is known that some components acting 

at the effector stage of RdDM pathway are also required for siRNA production, likely 

through a feedback regulation. We cannot exclude the possibility that the role of AGO4 in 

sidRNA production could also be indirect,
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To gain insights into the mechanism of sidRNA biogenesis, we investigated the features of 

sidRNAs. We first examined whether sidRNAs have 5’ triphosphate or monophosphate ends. 

Total RNAs or AGO4-bound RNAs were prepared from Col-0 and dcl2/3/4 and treated with 

a 5’ to 3’ exonuclease Terminator that specifically degrades RNAs with 5’ monophosphate 

ends. sRNAs generated from AtREP2 locus were detected by northern blot. As expected, 

Terminator treatment dramatically reduced the abundance of 24-nt siRNAs in Col-0 that 

bear a 5’ monophosphate (Figure 5D). Interestingly, sidRNA levels in dcl2/3/4 were also 

greatly reduced by Terminator treatment (Figure 5D), suggesting that sidRNAs primarily 

have 5’ monophosphate ends.

We next examined whether sidRNAs are double-stranded or single-stranded by treating 

sidRNAs with RNase T1, an endoribonuclease that degrades single-stranded RNAs. Control 

double-stranded RNA (dsRNA) migrated faster in gel because of the degradation of 2-nt 3’ 

overhangs whereas control single-stranded RNAs (ssRNAs) became disappeared after 

RNase T1 treatment (Figure 5E). Consistent with our previous finding that 24-nt siRNAs in 

total extract are mainly double-stranded and become single-stranded when associated with 

AGO4 (Ye et al., 2012), 24-nt siRNAs in total extract but not those associated with AGO4 

were resistant to RNase T1 digestion (Figure 5E). Interestingly, we found that a fraction of 

the sidRNAs in total extract were single-stranded, whereas AGO4-associated sidRNAs were 

exclusively single-stranded (Figure 5E), suggesting that the process of sidRNA maturation 

involves the conversion of dsRNAs to ssRNAs and subsequent loading of ssRNAs onto 

AGO4. Taken together, we uncovered several important features of sidRNAs, which support 

our trimming model.

Distributive 3’-5’ Exonucleases Are Required for sidRNA Accumulation and DNA 
Methylation

As proposed above, the production of sidRNAs needs 3’-5’ distributive exonucleases for 

trimming, we thus sought to identify the exonucleases that are required for sidRNA 

biogenesis. Since sidRNAs play a role in CHG and CHH DNA methylation, we attempted to 

search for candidate exonucleases involved in sidRNA production by performing 

methylation-specific Chop-PCR, a rapid way to examine CHH methylation levels at 

representative loci (Zhang et al., 2014b). Among thirteen mutants carrying null mutations of 

3’-5’ distributive exonucleases, two mutants, with mutations mapped to At1g54440 and 

At1g56310, respectively, had reduced CHH methylation levels at IGN5 (Figures 6A and S4). 

At1g54440 encodes AtRRP6L1, a nuclear subunit that associates with the exosome core 

complex. AtRRP6L1 has been reported to function in the processing of long non-coding 

RNAs (lncRNAs) involved in epigenetic silencing (Shin and Chekanova, 2014). It also 

participates in the retention of Pol V transcribed scaffold lncRNAs through a pathway 

independent of exosome-mediated RNA degradation (Zhang et al., 2014a). At1g56310 
encodes an uncharacterized exonuclease. Considering their possible involvement in 

trimming sidRNAs, we named AtRRP6L1 and the uncharacterized ribonuclease Atrimmer1 

and Atrimmer2, respectively. Both Atrimmer1 and Atrimmer2 contain a conserved 3’-5’ 

exonuclease domain (Figure 6A).
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To better investigate the functions of Atrimmer1 and Atrimmer2 in sidRNA biogenesis, we 

carefully examined the change of DNA methylation levels at sidRNA-generating loci in 

several mutants. The CHH methylation levels at IGN5 and AtSN1 in nrpd1 and nrpe1 
(NRPE1 encodes the largest subunit of Pol V) are lower than those in dcl2/3/4 (Figure 6A), 

suggesting that IGN5 and AtSN1 are sidRNA-generating loci. Surprisingly, the extents of 

reduction in IGN5 CHH DNA methylation levels in atrimmer1 and atrimmer2 were greater 

than that in dcl2/3/4 and comparable to those in nrpd1 and nrpe1 (Figure 6A), indicating that 

Atrimmer1 and Atrimmer2 dysfunction likely abolished DCL-dependent DNA methylation 

as well as sidRNA-mediated DNA methylation. One explanation for our results could be that 

sidRNA biogenesis is required for DCL-dependent biogenesis of 24-nt siRNAs.

To further explore whether Atrimmer1 and Atrimmer2 are required for sidRNA biogenesis 

genome-wide, we performed sRNA deep sequencing analysis with atrimmer1 and atrimmer2 
mutants to identify Atrimmer1 and/or Atrimmer2 dependent sidRNA loci. We found that 

Atrimmer1 and Atrimmer2 regulated the production of sidRNAs at 715 and 107 loci, 

respectively, with 41 loci being regulated by both (Figure 6B). In atrimmer1 and atrimmer2, 

the levels of sidRNAs at the regulated loci were dramatically reduced (Figure 6C). To 

determine whether Atrimmers regulate sidRNA production and eventually regulate DNA 

methylation, we chose several loci with sidRNA production impaired by Atrimmer 

dysfunction (Figure 6D and E) and performed locus-specific bisulfite sequencing. 

Importantly, we found that dysfunction of Atrimmer1 or Atrimmer2 caused further reduction 

of DNA methylation levels at some loci compared to dysfunction of DCLs. CHG and CHH 

DNA hypomethylation was always detected at loci where sidRNAs were produced at low 

levels in atrimmer1 and atrimmer2 (Figure 6F). Our data suggest that Atrimmer1 and 

Atrimmer2 promote locus-specific DNA methylation through regulating sidRNA production. 

Taken together, we identified Atrimmer1 and Atrimmer2 as potential trimmers of sidRNAs 

at a subset of loci.

DISCUSSION

Our study demonstrates the existence of a distinct class of sRNAs (sidRNAs) that are 

generated via an alternative route independent of DCLs in Arabidopsis. The biogenesis of 

sidRNAs likely entails 5’-end binding of sidRNA precursor transcripts to AGO4 followed by 

trimming by 3’-5’ exonucleases (Atrimmers). Intriguingly, DNA methylation mediated by 

sidRNAs appears to be required for the canonical RdDM. We propose that sidRNAs are the 

initial triggers of RdDM.

sidRNA Biogenesis

In this study, we identified 14,360 loci that produce sidRNAs in Arabidopsis seedlings 

(Figure 1A). The majority of the identified sidRNA loci overlap with P4siRNA loci (Figure 

2A), and dysfunction of NRPD1 or RDR2 largely reduced sidRNA production (Figure 2C 

and E), suggesting that Pol IV/RDR2 transcripts are precursors of sidRNAs at these loci. 

This is also supported by the fact that DNA regions producing Pol IV/RDR2-dependent 

transcripts in dcl2/3/4 strongly overlap with P4siRNA loci (Li et al., 2015).
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RDR2 dysfunction, which was thought to cause accumulation of single-stranded nascent Pol 

IV transcripts, surprisingly resulted in dramatic loss of sidRNA signals (Figure 2C and E). A 

previous study also showed that RDR2 has the same effect on the production of Pol IV-

dependent transcripts, as does Pol IV (Li et al., 2015). One possible explanation is that 

RDR2 may play a role in stabilizing Pol IV transcripts and, once RDR2 binds to Pol IV 

transcripts, the stabilization facilitates the conversion of Pol IV transcripts into dsRNAs. 

However, in light of the weak Pol IV transcriptional activity but robust RDR2 activity (Haag 

et al., 2012), we favor another possibility that RDR2 converts single-stranded Pol IV 

transcripts into dsRNAs, which are then unwound and separated into ssRNAs. These 

ssRNAs then serve as RDR2 substrates and undergo exponential amplification by RDR2. In 

this case, a large amount of single-stranded sidRNA precursors are generated and RDR2 

dysfunction leads to loss of most, if not all, RNA signal. This process resembles the 

amplification of single-stranded priRNA precursors by a RDRC in fission yeast (Halic and 

Moazed, 2010) and replication of ssRNA viruses from limited amounts of viral genomic 

RNAs by viral RdRPs (Ahlquist, 2002).

Nascent transcripts of Pol IV/RDR2 are expected to have a 5’ triphosphate. However, recent 

studies showed that Pol IV/RDR2 transcripts bear 5’ monophosphate (Li et al., 2015; Zhai et 

al., 2015). We found that sidRNAs and their precursors also bear 5’ monophosphate (Figure 

5D), suggesting that Pol IV/RDR2 transcripts are likely processed by a yet-to-be identified 

mechanism before they are loaded onto AGO4. The absence of double-stranded sidRNA 

precursors in AGO4 immunocomplex (Figure 5E) suggests that sidRNA precursors are 

loaded onto AGO4 in single-stranded forms or in double-stranded forms but one of the 

strands is quickly dissociated from the complex. The anchoring of single-stranded sidRNA 

precursors then facilitates the trimming process as discussed below.

The majority of AGO4-associated sidRNAs are shorter than sidRNAs in total cellular extract 

(Figure 3), suggesting that sidRNAs are further processed upon anchoring to AGO4. The 

laddered pattern of AGO4-associated sidRNAs is in favor of an evolutionarily conserved 

trimming mechanism involving the actions of 3’-5’ distributive exonucleases. Exonucleases 

have been found to participate in RNAi, transposon silencing and heterochromatin formation 

in multiple species. For instance, in fission yeast, RNA degradation products associate with 

AGO1 to recruit Triman for their 3’ end processing, resulting in priRNAs that initiate 

heterochromatin formation (Halic and Moazed, 2010; Marasovic et al., 2013). In 

Neurospora, the exonuclease QIP mediates 3’-5’ trimming and maturation of miRNA-like 

sRNAs (Xue et al., 2012). The exonuclease MUT-7 has been reported to interact with 

protein complex that generate sRNAs and thus be required for RNAi and transposon 

silencing in worm (Ketting et al., 1999; Tops et al., 2005). In silkworm, primary piRNA 

precursors are trimmed to the mature piRNA size by the activity of an unknown 3’-5’ 

exonuclease (Kawaoka et al., 2011). In this study, we showed that two 3’-5’ exonucleases, 

Atrimmer1 and Atrimmer2, are required for sidRNA generation in Arabidopsis (Figure 6). It 

appeared that Atrimmer1 and Atrimmer2 merely regulate sidRNA generation at ~5% of the 

sidRNA loci that we have identified. Since our screening is based on methylation status of 

two loci, exonucleases responsible for sidRNA generation at other loci were very likely 

neglected. Also, functional redundancies probably hindered the isolation of more Atrimmer 
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mutants. It is very likely that there are other exonucleases that control sidRNA generation at 

different loci. It will be interesting to identify these exonucleases in the future.

Loss of Atrimmers unexpectedly resulted in diminished sidRNA production instead of 

accumulation of longer sidRNA precursors (Figure 6E), suggesting that, in addition to 

performing their trimming functions, Atrimmers may also stabilize sidRNA precursors. 

Without Atrimmers, sidRNA precursors would dissociate from AGO4 and undergo 

degradation. Although Atrimmer1/RRP6L1 is a nuclear auxiliary subunit of core complex, 

the trimming function of Atrimmer1 seems to be independent of exosome function because 

depletion of two exosome subunits (RRP4 and RRP41) caused neither defective sRNA 

accumulation nor defects in DNA methylation (Shin et al., 2013; Zhang et al., 2014a).

In addition to Pol IV/RDR2-dependent sidRNA, sidRNA production at 1,229 loci appears to 

be independent of NRPD1 and RDR2 (Figure 2B and C). We also found that low levels of 

sidRNAs were still produced from many of the Pol IV/RDR2-dependent loci in the absence 

of Pol IV or RDR2 and they are mainly derived from one of the DNA strands (Figure 2F). In 

light of the fact that Pol II-dependent RNAs with a strong strand bias have been previously 

detected at loci that generate P4siRNAs (Li et al., 2015), we propose that Pol II contributes 

to the production of sidRNA precursors. Supporting this notion, we found that sidRNAs 

were produced from a transgenic locus under the control of a 35S promoter that is 

transcribed by Pol II (Figure S3A–C).

A proposal for sidRNAs as Initial Triggers of DNA Methylation

The canonical RdDM pathway involves 24-nt siRNAs that are produced by coordinated 

activities of Pol IV, RDR2 and DCL3. These 24-nt siRNAs are bound by AGO4 and used as 

a guide through base pairing with Pol V-generated scaffold transcripts, to recruit DRM2 that 

catalyzes de novo DNA methylation (Law and Jacobsen, 2010; Matzke et al., 2009). 

Targeting of Pol IV and Pol V is thus critical for the specificity of RdDM. It has been shown 

that the recruitment of Pol IV is assisted by two Pol-IV-interacting proteins, Classy 1 

(CLSY1) (Law et al., 2011) and Sawadee Homeodomain Homolog 1(SHH1)/DNA-Binding 

Transcription Factor 1 (DTF1) (Law et al., 2013; Zhang et al., 2013). SHH1/DTF1 is 

capable of binding methylated H3K9 and such binding activity is required for its role in 

targeting Pol IV to RdDM targets (Law et al., 2013; Zhang et al., 2013), suggesting the 

involvement of H3K9 methylation at RdDM targets in efficient Pol IV occupancy. Recently, 

it has been shown that Pol V is recruited to pre-methylated DNA through the methyl-DNA 

binding proteins SUVH2 and SUVH9 (Johnson et al., 2014; Liu et al., 2014). This is likely 

achieved through the interaction between SUVH2/SUVH9 and the Pol V-interacting DMS3/

DRD1/RDM1 (DDR) complex (Johnson et al., 2014; Law et al., 2010; Liu et al., 2014; 

Zhong et al., 2012). Thus, the recruitment of Pol IV and Pol V appears to require pre-

existing epigenetic modifications (H3K9 and DNA methylation, respectively) at RdDM 

targets. However, this raises an important question as to how RdDM is initiated in the first 

place when a locus (for example, a newly integrated transgene or TE) originally does not 

have any epigenetic marks.

Methylation at subsets of TEs has been shown to be dependent on Pol II (Stroud et al., 2013) 

and RDR6 (Nuthikattu et al., 2013; Pontier et al., 2012). It has been proposed that some 21–

Ye et al. Page 10

Mol Cell. Author manuscript; available in PMC 2017 January 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



22-nt siRNAs processed by DCL2 and DCL4 from Pol II/RDR6-generated dsRNAs initiate 

low levels of de novo DNA methylation in an AGO2- and/or AGO6-dependent manner, and 

such initial methylation activates the canonical RdDM pathway (Kim and Zilberman, 2014; 

Matzke and Mosher, 2014; McCue et al., 2015; Panda and Slotkin, 2013). Another study 

utilizing a unique system that reconstructed de novo silencing of an active retrotransposon 

suggests that dsRNAs produced by Pol II/RDR6, when present at high levels, could be 

processed by DCL3 into 24-nt siRNAs to induce de novo methylation (Mari-Ordonez et al., 

2013).

Our finding of sidRNAs leads us to propose an alternative model for the initiation of RdDM 

(Figure 7). In this model, Pol II transcripts (possibly amplified by RDR6) associate with 

AGO4 and undergo 3’-5’ trimming by Atrimmers. The resulting sidRNAs then mediate the 

initiation of DNA methylation at locus without any epigenetic modification by recruiting 

DRM2. Low levels of DNA methylation established by Pol II-dependent sidRNAs may mark 

the locus for subsequent recruitment of Pol IV and RDR2, which produces either double-

stranded or single-stranded RNA precursors. Double-stranded precursors are processed by 

DCL3 to generate 24-nt siRNAs that are subsequently loaded onto AGO4, whereas single-

stranded precursors directly bind to AGO4 and undergo 3’-5’ trimming. Despite being 

generated through different routes, both 24-nt siRNAs and sidRNAs then recruit DRM2 by 

base pairing with scaffold transcripts generated by Pol V, to reinforce DNA methylation. The 

maintenance of CG is then controlled by MET1. By contrast, the maintenance of CHG and 

CHH methylation might still rely on coordinated actions of 24-nt siRNA and sidRNAs. The 

role of sidRNAs in maintaining DNA methylation is supported by the results that sidRNAs 

mediate enrichment of AGO4 on chromatin and CHG/CHH DNA methylation (Figure 4).

In our model, DCL3-dependent biogenesis of canonical 24-nt siRNAs and Atrimmer-

dependent biogenesis of sidRNAs are not mutually exclusive. Instead, they act in parallel in 

wild type plants to produce sRNAs from TEs at which RdDM has been established. At loci 

with established RdDM, the vast majority of Pol IV/RDR2 transcripts are processed by 

DCL3 into canonical 24-nt siRNAs and a small fraction of them are processed into sidRNAs 

by the trimming mechanism. In the dcl2/3/4 mutant, where DCL3 is absent, a larger fraction 

of the Pol IV/RDR2 transcripts are processed by the trimming mechanism, as evident from 

the over-accumulation of laddered sRNAs in these mutants (Figure 1E–G). At active loci, 

Pol II/RDR6 transcripts are processed by the trimming mechanism to produce sidRNAs, 

which trigger RdDM. In summary, we propose that sidRNAs produced by the trimming 

mechanism have a minor contribution to the maintenance of DNA methylation at established 

RdDM loci, but play key roles in the initiation of RdDM.

EXPERIMENTAL PROCEDURES

Plant Materials and Oligonucleotides

All Arabidopsis lines used in this study are in Columbia (Col-0) background. Detailed 

information about mutants, transgenic lines, and oligonucleotides used in this study can be 

found in the Extended Experimental Procedures.

Ye et al. Page 11

Mol Cell. Author manuscript; available in PMC 2017 January 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Deep Sequencing and Data Analysis

sRNAs of 18–30 nt or 30–60 nt were gel-purified and subjected to library construction as 

described (Mi et al., 2008). Bisulfite sequencing libraries were constructed using the 

NEXTflex Bisulfite-Seq kit (BIOO SCIENTIFIC) according to the manufacturer’s 

instructions. Libraries were sequenced on the Illumina HiSeq 2000 platform by Bionova 

(Beijing) Biotech Company. Detailed protocols for library construction and methods for 

sequencing data analyses can be found in the Extended Experimental Procedures.

sRNA Northern Blot

sRNAs were purified from total extracts or AGO4 immunoprecipitates and subjected to 

Northern blot analysis as described (Qi et al., 2006).

Immunoprecipitation

Immunoprecipitation of GFP-AGO4 complexes from 3-week-old seedlings was performed 

as described previously (Ye et al., 2012). The quality of purification was examined by SDS-

PAGE followed by silver staining.

AGO4 ChIP

ChIP assay was performed with anti-AGO4 antibody (αAGO4) as described (Rowley et al., 

2011).

Bisulfite Sequencing and Chop-PCR

Genomic DNA was extracted from 3-week-old seedlings using the DNeasy Plant Mini kit 

(QIAGEN). 500 ng of DNA was used for bisulfite sequencing analysis as previously 

described (Wu et al., 2010). 500 ng of DNA was used for Chop-PCR as described (Zhang et 

al., 2014b) after digestion with HaeIII.

Analyses of Features of sidRNAs

Sensitivities of sidRNAs to RNase T1 and Terminator exonuclease were examined to 

determine whether sidRNAs are single stranded and contain 5’ monophosphate ends. 

Detailed protocols can be found in the Extended Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of sidRNAs in Arabidopsis
(A) Pie chart summarizing the numbers of sidRNA loci in the indicated categories.

(B) Heatmap showing the size distribution of sequenced sRNAs from sidRNA-producing 

loci in Col-0, dcl2/3/4 and dcl1/2/3/4. Color intensity represents the fraction of sRNAs of 

different sizes.

(C) Scatter plot showing the abundance (log2RPM) of each miRNA (red) and sidRNA locus 

(blue) in dcl1/2/3/4 versus that in dcl2/3/4. A reference line of slope=1 is shown. The 

Spearman’s correlation coefficient (ρ) for sidRNAs in dcl1/2/3/4 and dcl2/3/4 mutants is 

indicated.

(D) Box plots of levels of sRNAs of the indicated sizes produced from sidRNA loci in Col-0, 

dcl2/3/4 and dcl1/2/3/4. Asterisks indicate a significant difference between Col-0 and the 

mutants (P < 10−15, Mann–Whitney U test).
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(E) Box plots of the percentages of laddered sRNAs produced from sidRNA loci in Col-0, 

dcl2/3/4 and dcl1/2/3/4. Asterisks indicate a significant difference between Col-0 and the 

mutants (P < 10−15, Mann–Whitney U test).

(F) A representative group of laddered sRNAs produced from AtREP2. Numbers represent 

the abundance (RPM) of sRNAs with different lengths ranging from 19 to 29 nt. Values in 

the parentheses indicate the percentages of sRNAs with different lengths.

(G) Detection of sRNA production at representative sidRNA loci in the indicated plants by 

Northern blot. 5S rRNAs stained with ethidium bromide were used as loading controls. A set 

of 32P-labeled RNA oligos were electrophoresed in parallel and used as size markers. The 

blots were stripped and re-probed.

See Figures S1, Table S1 and Table S2 for additional information about sidRNA 

identification in seedling, Figure S2, Figure S3 and Table S4 for information about detection 

of sidRNAs in other systems.
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Figure 2. Effects of Pol IV/RDR2 Mutations on sidRNA Production
(A) Venn diagram showing the overlap between sidRNA loci in dcl1/2/3/4 and P4siRNA loci 

in Col-0.

(B) Pie chart showing the numbers of sidRNA loci dependent on NRPD1 and/or RDR2.

(C) Heat map of the abundance of sRNAs generated from sidRNA loci in the indicated 

plants.

(D) Pie chart summarizing the numbers of NRPD1/RDR2-dependent and -independent 

sidRNA loci in the indicated categories.
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(E) Detection of sRNA production at representative sidRNA loci in the indicated plants by 

Northern blot. 5S rRNAs stained with ethidium bromide were used as loading controls.

(F) Box plots showing the strand bias of sidRNAs in dcl2/3/4 and nrpd1 dcl2/3/4 mutants. 

Strand bias value was calculated as the absolute (abs) percentage differences between 

sRNAs reads produced from the positive (pos) and negative (neg) strands of sidRNA loci.

See also Table S3.
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Figure 3. sidRNAs Are Associated with AGO4
(A) Heatmap showing the size distribution of AGO4-associated sRNAs from sidRNA-

producing loci in Col-0, dcl2/3/4 and dcl1/2/3/4. Color intensity represents the fraction of 

sRNAs of different sizes.

(B) Box plots of the percentages of laddered AGO4-associated sRNAs produced from 

sidRNA loci in Col-0 and dcl2/3/4.

(C) A representative group of laddered AGO4-associated sRNAs produced from AtREP2. 

Numbers represent the abundance (RPM) of sidRNAs with different lengths ranging from 19 

to 29 nt. Values in the brackets indicate the percentages.

(D) Detection of sRNAs at representative sidRNA loci in total extracts and AGO4 

immunoprecipitates by Northern blot. 5S rRNAs stained with ethidium bromide were used 

as loading controls for total extracts. A silver-stained gel shows that comparable amounts of 

AGO4 immunoprecipitates were used for sRNA extraction.
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Figure 4. sidRNAs Are Capable of Directing DNA Methylation
(A) Detection of AGO4 occupancy at the indicated loci in Col-0 and the indicated mutants 

by ChIP analysis. AGO4 ChIP signals in the mutants are presented in relation to those in 

Col-0 (arbitrarily set to 1.0). Error bars indicate standard deviations of three biological 

replicates. Asterisks indicate a significant difference between the indicated groups (P < 0.05, 

t test ).
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(B) Analysis of DNA methylation at the indicated loci in Col-0 and the indicated mutants by 

bisulfite sequencing. Presented is overall percent methylation of cytosine sites in different 

sequence contexts. More than 20 clones were sequenced for each sample

(C) Box plots of CG, CHG and CHH methylation levels at sidRNA loci in Col-0 and the 

indicated mutants. Asterisks indicate a significant difference between the indicated groups 

(P < 10−15, Mann–Whitney U test).

(D) Heat map of CG, CHG and CHH methylation levels at sidRNA loci in Col-0 and the 

indicated mutants.

See also Table S5 and Table S6.
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Figure 5. Probing The Mechanism Underlying sidRNA Biogenesis
(A) A model for sidRNA maturation. A sidRNA precursor transcript is bound by AGO4 and 

subsequently trimmed from the 3’-end by a 3’-5’ distributive exonuclease to yield a mature 

sidRNA.

(B) Box plots of the abundance of sidRNAs in the indicated plants. Asterisks indicate a 

significant difference between the indicated groups (P < 10−15, Mann–Whitney U test).

(C) Detection of sRNA production at representative sidRNA loci in the indicated plants by 

Northern blot. 5S rRNAs stained with ethidium bromide were used as loading controls.

(D) Sensitivity of sidRNAs to Terminator exonuclease. sRNAs in total extracts and AGO4 

immunoprecipitates prepared from Col-0 and dcl2/3/4 were treated with Terminator 

exonuclease and AtREP2 sRNAs were probed by Northern blot. A 21-nt spike-in RNA with 

5’ monophosphate was added in the reactions and used as a positive control.

(E) Sensitivity of sidRNAs to RNase T1. sRNAs in total extracts and AGO4 

immunoprecipitates prepared from Col-0 and dcl2/3/4 were treated with RNase T1 and 

AtREP2 sRNAs were probed by Northern blot. Spike-in RNAs including a 50-bp double-

stranded RNA with 2-nt 3’ over-hang (ds) and a 50-nt single-stranded (ss) RNA were added 

in the reactions and used as controls for RNase T1 digestion.
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Figure 6. Distributive 3’-5’ Exonucleases Are Required for siRNA Accumulation and DNA 
Methylation
(A) Identification of distributive 3’-5’ exonucleases required for DNA methylation. 

Diagrams show the structure of Atrimmer1/RRP6L1 and Atrimmer2 (Upper panel). The 

positions of residues forming the conserved DEDD-Y active site are indicated. The bottom 

panel shows DNA methylation levels at the AtSN1 and IGN5 loci in the indicated plants as 

measured by Chop-PCR. The methylation-sensitive restriction enzyme HaeIII was used to 

specifically cleave unmethylated DNA in CHH context. A fragment of Actin that lacks 
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HaeIII sites was amplified as a control. See Figure S4 for Chop-PCR results from all tested 

3’-5’ exonuclease mutants.

(B) Venn diagram showing the numbers of sidRNA loci affected by atrimmer1/rrp6l1, 
atrimmer2 or both.

(C) Box plots of the levels of sidRNAs generated from Atrimmer1- (Left panel) and 

Atrimmer2- (Right panel) affected sidRNA loci in the indicated plants.

(D) Relative levels (shown in RPMs) of representative Atrimmer1/2-controlled sidRNA loci 

in the indicated plants measured by deep sequencing.

(E) Detection of sRNA production at representative sidRNA loci in the indicated plants by 

Northern blot. 5S rRNAs stained with ethidium bromide were used as loading controls.

(F) Analysis of DNA methylation at the indicated loci in Col-0 and the indicated mutants by 

bisulfite sequencing. Presented is overall percent methylation of cytosine sites in different 

sequence contexts. More than 20 clones were sequenced for each sample.

See also Figure S4 and Table S7.
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Figure 7. A Model for Biogenesis of sidRNAs and Initiation of DNA Methylation
In this model, an active locus (for example, a newly integrated transgene or transposon) is 

transcribed by Pol II. Pol II transcripts (possibly amplified by RDR6). associate with AGO4 

and undergo 3’-5’ trimming by Atrimmers. The resulting sidRNAs then mediate the 

initiation of DNA methylation by recruiting DRM2. Low levels of DNA methylation 

established by sidRNAs may mark the locus for subsequent recruitment of Pol IV and 

RDR2. The vast majority of the Pol IV/RDR2 transcripts are processed by DCL3 to generate 

24-nt siRNAs that are subsequently loaded onto AGO4, while a small fraction of them are 

directly recruited by AGO4 and undergo 3’-5 trimming to produce sidRNAs. 24-nt siRNAs 

and sidRNAs then recruit DRM2 by base pairing with scaffold transcripts generated by Pol 

V, to reinforce DNA methylation.
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