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Abstract

Transposable elements (TEs) generate mutations and chromosomal

instability when active. To repress TE activity, eukaryotic cells

evolved mechanisms to both degrade TE mRNAs into small inter-

fering RNAs (siRNAs) and modify TE chromatin to epigenetically

inhibit transcription. Since the populations of small RNAs that

participate in TE post-transcriptional regulation differ from those

that establish RNA-directed DNA methylation (RdDM), the mecha-

nism through which transcriptionally active TEs transition from

post-transcriptional RNAi regulation to chromatin level control has

remained unclear. We have identified the molecular mechanism of

a plant pathway that functions to direct DNA methylation to trans-

criptionally active TEs. We demonstrated that 21–22 nucleotide

(nt) siRNA degradation products from the RNAi of TE mRNAs are

directly incorporated into the ARGONAUTE 6 (AGO6) protein and

direct AGO6 to TE chromatin to guide its function in RdDM. We

find that this pathway functions in reproductive precursor cells to

primarily target long centromeric high-copy transcriptionally

active TEs for RdDM prior to gametogenesis. This study provides

a direct mechanism that bridges the gap between the post-

transcriptional regulation of TEs and the establishment of TE

epigenetic silencing.
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Introduction

The mobilization of transposable elements (TEs) results in chromo-

some instability and mutation. In order to maintain genome

integrity, fungi, plants and animals modify TE chromatin to

epigenetically repress the production of TE mRNAs to inhibit TE

mobilization (Girard & Hannon, 2008). In mammals and flowering

plants, cytosine DNA methylation is critical for inhibiting TE activity

(Zemach & Zilberman, 2010). Once established at TEs, DNA methyl-

ation in the symmetrical CG context is propagated by the DNMT1

family of CG methyltransferases (MET1 in plants) (Law & Jacobsen,

2010). In plants, non-CG context DNA methylation (CHG or CHH,

where H = A, T or C) is also epigenetically maintained via recruit-

ment of the CMT3 and CMT2 DNA methyltransferases through their

interaction with repressive histone modifications (Stroud et al,

2014). Thus, once established, robust mechanisms exist to propa-

gate TE DNA methylation, resulting in the epigenetic transcriptional

silencing of TEs (Saze et al, 2003). However, the mechanism of how

DNA methylation and epigenetic silencing are originally targeted to

TEs is not known.

In contrast to the maintenance of methylation, the methylation of

previously unmethylated cytosines (de novo methylation) occurs

through the DNMT3 family of DNA methyltransferases (DRM2 in

plants), which methylate cytosines in any sequence context (Matzke

& Mosher, 2014). In plants and mammals, de novo TE DNA methyla-

tion is known to be targeted through an RNA-directed DNA methyla-

tion (RdDM) pathway, which utilizes TE small interfering RNAs

(siRNAs) in plants and piRNAs in animals to guide ARGONAUTE

(AGO) family proteins to TE chromatin (Castel & Martienssen,

2013). Similar pathways of small RNA-mediated chromatin modifi-

cation exist in fission yeast, Drosophila and C. elegans, which have

evolutionarily lost cytosine DNA methylation (Grewal, 2010;

Zemach & Zilberman, 2010; Castel & Martienssen, 2013). In each of

these models, a small RNA-targeted AGO family protein is recruited

to the TE locus via a scaffolding RNA that functionally tethers the

AGO protein to the target chromatin (Castel & Martienssen, 2013).

The recruitment of the AGO protein to the TE locus then initiates a

poorly understood cascade of chromatin modification, which

includes de novo DNA methylation in plants and mammals.

In the reference plant Arabidopsis thaliana, the well-studied

RdDM pathway begins with transcription of a noncoding TE RNA

by RNA Polymerase IV (Pol IV). Pol IV is a plant-specific specialized

derivative of RNA Polymerase II (Pol II) that utilizes multiple shared
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Pol II subunits (Haag & Pikaard, 2011). Although the recruitment of

Pol IV is not fully understood, transcriptionally repressive histone

modifications have been shown to guide Pol IV recruitment to previ-

ously silenced TEs (Law et al, 2013). Once produced, the Pol IV-

derived transcript is converted into double-stranded RNA by

RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) and cleaved into

distinctly sized 24 nucleotide (nt) siRNAs by DICER-LIKE 3 (DCL3).

These 24nt siRNAs have been a long-standing hallmark of plant

RdDM activity. The 24nt siRNAs are incorporated into the AGO4

and AGO6 proteins and guide these proteins to TE loci through their

interaction with a TE scaffolding transcript produced from RNA

Polymerase V (Pol V) (another plant-specific specialized derivative

of Pol II) (Haag & Pikaard, 2011). This Pol IV-dependent RdDM

pathway (Pol IV-RdDM) utilizes 24nt siRNAs to constantly retarget

methylation to previously silenced TEs, particularly small euchro-

matic TEs located near genes in order to maintain chromatin bound-

aries (Zemach et al, 2013), and can function in trans to silence

homologous TE loci (Nuthikattu et al, 2013).

In addition to larger small RNAs such as 24nt siRNAs in plants or

26–31nt piRNAs in animals, 21–22nt endogenous siRNAs (endo-

siRNAs) have been linked to the establishment of heterochromatic

states in both plants and animals (Morris et al, 2004; Herr et al,

2005; Kim et al, 2006; Chen et al, 2012; Pushpavalli et al, 2012;

White et al, 2014). However, the mechanism responsible for chro-

matin modification has not been elucidated and remains controver-

sial. Recently, several publications by independent groups have

uncovered a genetic pathway of RdDM in Arabidopsis that utilizes

21–22nt endo-siRNAs produced from RNAi and acts independently

of Pol IV, RDR2, DCL3 and 24nt siRNAs. Initially, this pathway was

found to methylate trans-acting siRNA (TAS)-generating loci, which

are regions of noncoding transcripts that are processed into 21–22nt

gene-regulating trans-acting siRNAs (tasiRNAs) (Wu et al, 2012;

Kanno et al, 2013). This pathway is also responsible for the methyl-

ation of transcriptionally active TEs, whose Pol II-derived mRNAs

are degraded into 21–22nt siRNAs by the combined activities of

RDR6, DCL2, DCL4 and AGO1 (McCue et al, 2012; Pontier et al,

2012; Nuthikattu et al, 2013). For both the TAS and TE targets, this

Pol IV- and DCL3-independent RdDM activity is dependent on

RDR6; thus, this pathway is referred to as RDR6-RdDM to differenti-

ate it from Pol IV-RdDM (Nuthikattu et al, 2013). RDR6-RdDM func-

tions specifically in the Pol II expression-dependent initiation and

reestablishment of proper TE methylation levels, but not in the

maintenance methylation of epigenetically silenced TEs (Nuthikattu

et al, 2013). Although the RDR6-RdDM pathway has been previ-

ously genetically characterized, how 21–22nt endo-siRNAs are

utilized to direct DNA methylation remained unclear.

We investigated the molecular mechanism of RDR6-RdDM with

particular focus on the Athila family of LTR retrotransposons (the

largest TE family in the Arabidopsis genome) in a mutant back-

ground where RdDM can be visualized without the confounding

obstruction of the maintenance methylation pathways. We have

shown that 21–22nt endo-siRNAs are directly incorporated into the

AGO6 protein, and we demonstrate that these siRNAs are sufficient

to guide AGO6 to its chromatin targets to establish TE expression-

dependent DNA methylation. Our findings represent a new mecha-

nism for AGO6 in the RdDM of transcriptionally active TEs, but this

function typically remains latent and has largely been overlooked

due to its activity specifically in the reproductive tissue precursor

cells and the near complete epigenetic transcriptional silencing of

TEs in wild-type Arabidopsis. These results demonstrate that the

well-characterized Pol IV-RdDM pathway represents only part of the

total function of RdDM.

Results

A system to detect only de novo TE DNA methylation

In the inflorescence (floral bud) of wild-type Columbia reference

strain Arabidopsis (wt Col), which gives rise to germ cell differentia-

tion, TEs are transcriptionally silenced and have dense symmetrical

(CG and CHG) DNA methylation (Lister et al, 2008), including at

the transcriptional start site (TSS) region of the Athila6A subfamily

of LTR retrotransposons (Fig 1A) (Nuthikattu et al, 2013). This

symmetrical methylation is required to epigenetically propagate the

silenced TE state from generation to generation (Saze et al, 2003).

In contrast to the levels of symmetrical DNA methylation, the Athila6A

TSS asymmetrical CHH methylation level is low (15.9%) (Fig 1A)

(Nuthikattu et al, 2013). In the wt Col epigenome when TEs are

transcriptionally silenced, we find the CHH methylation of the

Athila6A TSS to be largely independent of the siRNA-targeted

de novo DNA methyltransferase DRM2 (Fig 1A), even though this

region produces Pol IV-dependent 24nt siRNAs (Fig 1B). Instead,

CHH methylation at this transcriptionally silenced region is primar-

ily maintained at low levels by the maintenance methyltransferase

CMT2 (Fig 1A). Thus, in spite of 24nt siRNA production, RdDM

does not continually target methylation of this TE region.

To determine the contribution of RdDM when TEs are transcrip-

tionally active, we utilized the global TE transcriptional reactivation

found in plants that lack a functional DDM1 protein. DDM1 is a

SWI/SNF family ATPase that coordinates linker histone chromatin

compaction (Zemach et al, 2013). In ddm1 mutants, global mainte-

nance of methylation fails, and TEs undergo chromatin decondensa-

tion that leads to a genome-wide transcriptional activation of TEs

(Lippman et al, 2004; Zemach et al, 2013). When transcriptionally

activated, the Athila6A TSS has increased CHH methylation levels

(Fig 1A) (Nuthikattu et al, 2013). In contrast to when silenced in wt

Col, when the TE is transcriptionally active in ddm1 plants, all the

CHH methylation (and nearly all total methylation) is dependent

on the RdDM-targeted DRM2 (Fig 1A). Therefore, at least at the

Athila6A TSS, RdDM only functions when the TE is expressed.

In wt Col plants, genome-wide maintenance and de novo DNA

methylation via RdDM occur simultaneously at TEs, obscuring the

molecular dissection of either pathway. However, since ddm1

mutant plants fail to maintain TE DNA methylation, these mutants

can be used to obtain an unobstructed view of the de novo DNA

methylation pathways.

21–22nt siRNAs and AGO6 specifically function in RDR6-RdDM

We previously demonstrated that in ddm1 mutant plants, high levels

of 21–22nt endo-siRNAs are produced, and we have previously

genetically implicated the production of these siRNAs and RDR6 in

RdDM (McCue et al, 2012; Nuthikattu et al, 2013). To distinguish

the effects of Pol IV-RdDM from RDR6-RdDM, we utilized a ddm1

dcl3 double mutant and have now deep sequenced its small RNAs to
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determine that in multiple biological replicates, the ddm1 dcl3

double mutant fails to produce Athila6A 24nt siRNAs above back-

ground levels, but still retains 28.3% CHH methylation (Fig 1A and B;

Supplementary Fig S1A). We define deep sequencing background

levels of 24nt siRNAs as equal to the number of 23 and 25nt siRNAs,

as there is no known mechanism to generate these sized siRNAs,

and they represent in vivo processing errors or in vitro sequencing

artifacts. Using the high level of de novo CHH methylation in ddm1

mutants, we determine that in addition to the known 24nt siRNAs

that target RdDM, the 21–22nt siRNAs remaining in the ddm1 dcl3

double mutant are also partially responsible for targeting RdDM.

Thus, the 24nt and 21–22nt siRNAs function additively to produce

the high levels of CHH methylation in ddm1 mutants. We addition-

ally deep sequenced the ddm1 pol IV rdr6 triple mutant small RNAs

and found that this mutant does not accumulate any size of Athila6A

siRNAs (Fig 1B; Supplementary Fig S1A), while we had previously

determined that this triple mutant has only background levels of

Athila6A TSS methylation (Nuthikattu et al, 2013), demonstrating

that when transcriptionally active all methylation of the Athila6A

TSS is targeted by RdDM. Lastly, we know that the 21–22nt siRNAs

that drive RdDM are not produced by Pol IV, as 21.0% CHH methyl-

ation at the Athila6A TSS accumulates in ddm1 pol IV double

mutants (Nuthikattu et al, 2013). In addition, previous work demon-

strated that Pol IV-derived transcripts are not processed into siRNAs

in the absence of RDR2 (Kasschau et al, 2007), while ddm1 rdr2

double mutants retain similar levels of Athila6A TSS methylation as

ddm1 dcl3 double mutants (Nuthikattu et al, 2013). Therefore, by

starting with a series of mutant combinations and their known

effects on siRNA accumulation and DNA methylation, we can use

these mutants in direct assays to dissect the molecular mechanism

of RDR6-RdDM.

RDR6-RdDM is mediated through AGO6

To determine the mechanism of TE RDR6-RdDM, we focused on

identifying the AGO family effector protein. We previously geneti-

cally implicated AGO6 in this process, as ddm1 ago6 double

mutants lose nearly all Athila6A TSS CHH de novo methylation

(Nuthikattu et al, 2013). Our deep sequencing of small RNAs

shows that the accumulation of Athila6A siRNAs is not perturbed

in ddm1 ago6 double mutants (Fig 1B; Supplementary Fig S1A),

demonstrating that AGO6 functions downstream of siRNA produc-

tion in RDR6-RdDM (unlike AGO1 (McCue et al, 2012)). In

Supplementary Fig S1B and C, we provide further genetic

evidence that AGO6 is required for Pol IV-RdDM (which has

been previously described (Zheng et al, 2007; Havecker et al,

2010; Eun et al, 2011)) and additionally plays a key role in

RDR6-RdDM expression-dependent TE methylation and the

corrective reestablishment of active TE silencing (Supplementary

Fig S1B and C). In addition to AGO6, we also investigated the

candidates AGO4 and AGO2 for their roles in RDR6-RdDM. We

find that AGO4 only functions in Pol IV-RdDM to the same

extent as Pol IV, RDR2 or DCL3 and has no function in RDR6-

RdDM (Supplementary Fig S1D). In addition, AGO2 has been

specifically tested and plays no role in the expression-dependent

methylation of TAS loci, which are targeted by RDR6-RdDM (Wu

et al, 2012). AGO2’s known role in methylating Arabidopsis inter-

genic regions is fully dependent on Pol IV (Pontier et al, 2012),

demonstrating that it operates in a maintenance of silencing path-

way distinct from the Pol IV-independent function of RDR6-

RdDM. From this combined genetic data, we determine that

AGO6 is the critical effector protein of the expression-dependent

RDR6-RdDM pathway.

A B

Figure 1. A system to detect de novo TE DNA methylation guided by 21–22nt endo-siRNAs.

A Bisulfite DNA methylation sequencing of the Athila6A TE transcriptional start site (TSS) in genotypes with silenced TEs (left of the dashed line) or transcriptionally

active TEs (right of the dashed line). Methylation in the CG (red), CHG (blue) and CHH (green) sequence contexts are shown (H = C, T, or A). Error bars represent

Wilson score interval 95% confidence limits. For multiple statistical tests, one-way ANOVA was performed using Tukey’s multiple comparison test. ns, not significant.

B The reads-per-million-(RPM)-normalized accumulation of Athila6A TE siRNAs from TE-silenced epigenomes (left) and ddm1 TE-active epigenomes (right). Inset line

graphs reflecting the same values are shown for select genotypes. All line graphs have the same y-axis scale and are shown for increased resolution in genotypes with

low siRNA levels.
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AGO6 incorporation of 21–22nt siRNAs guides RDR6-RdDM

To determine how AGO6 functions in RDR6-RdDM, we aimed to

immunoprecipitate (IP) the AGO6 protein both in the wt Col TE-

silenced epigenome without active TE RDR6-RdDM and in the ddm1

TE-active epigenome with ongoing TE RDR6-RdDM. We utilized a

previously generated FLAG epitope-tagged AGO6 protein under the

control of its native promoter (Havecker et al, 2010). We deter-

mined that this tagged protein functionally complements the loss of

RDR6-RdDM in ago6 mutants (Supplementary Fig S2A). We next

determined that the successful IP of FLAG-AGO6 is dependent on

the presence of the FLAG antigen, while other potentially contami-

nating proteins (such as AGO1, which is known to incorporate TE

21–22nt siRNAs (McCue et al, 2013)) are not immunoprecipitated

(Supplementary Fig S2B).

We immunoprecipitated the FLAG-AGO6 protein from ago6 and

ddm1 ago6 mutants, as these complemented mutations functionally

represent the wt Col TE-silenced and ddm1 TE-transcriptionally

active epigenomes, respectively, and then deep sequenced the small

RNAs isolated from these IPs. Previous publications have directly

examined the small RNAs associated with AGO protein IPs;

however, we determined that some background small RNAs were

consistently contaminating all FLAG-IPs, mock-IPs or no-antigen

control IPs in experiments from our laboratory as well as other

published data (data not shown). In order to account for these

contaminating small RNAs, we also sequenced small RNAs from

FLAG antibody IPs performed in plants with corresponding geno-

types lacking the FLAG-AGO6 transgene (no-antigen controls) and

then calculated the relative enrichment of FLAG-AGO6-IP small

RNAs. As a negative control for our methodology, we observe no

enrichment of highly abundant microRNAs in FLAG-AGO6 (Fig 2A).

Previous reports have shown low levels of microRNAs in FLAG-

AGO6-IPs (Havecker et al, 2010); however, by calculating the level

of enrichment using the no-antigen IP, we can determine that these

highly abundant microRNAs are not specifically enriched in AGO6.

As a positive control for FLAG-AGO6-IP enrichment, we investigated

the non-autonomous TE SimpleHat2, as AGO6 was previously

shown to be required for the accumulation and binding of Simple-

Hat2 24nt siRNAs, and for Pol IV-RdDM of SimpleHat2 (Zheng et al,

2007; Havecker et al, 2010). In wt Col, we observe enrichment of

specifically 24nt siRNAs in FLAG-AGO6 for the SimpleHat2 TE,

demonstrating that we have successfully enriched known and func-

tional AGO6-incorporated siRNAs (Fig 2B). Next, we investigated

TAS3a-derived siRNAs, as AGO6 has been genetically implicated in

methylating this locus, and Wu et al theorized that AGO6 is directed

to methylate TAS3a via incorporation of 21–22nt siRNAs produced

from the TAS3a non-protein-coding RNA (Wu et al, 2012). Wu et al

detected low levels (288 reads per million (RPM)) of 21nt TAS3a-

derived siRNAs present in the wt Col FLAG-AGO6-IP performed by

Havecker et al (2010). However, they also found 21nt tasiRNAs

present in four other AGO proteins, providing an unclear connection

between siRNA incorporation into AGO proteins and their role in

RdDM. Additionally, it was unclear from this analysis whether these

siRNA RPM values represent enrichment above background level,

as no background or mock-IP sequencing control was performed.

Therefore, the role of AGO6 (and AGO4) direct incorporation of 21–

22nt TAS siRNAs and function in RdDM was not directly demon-

strated and was only speculated based on correlation. Here, we

show that FLAG-AGO6 is specifically enriched for 21nt siRNAs (but

not 24nt siRNAs) from the TAS3a locus (Fig 2C) and drives all

TAS3a CHH methylation via RdDM in inflorescence tissue (Supple-

mentary Fig S2A). We conclude from these data that AGO6 can

incorporate siRNA size classes other than 24nt to function in RdDM.

Next, we investigated the siRNAs enriched in FLAG-AGO6

produced from Athila6A, as Athila6A is a known target of RDR6-

RdDM. In the wt Col TE-silenced epigenome, Athila6A produces

primarily 24nt siRNAs (Fig 1B), and we detect AGO6 enrichment

of these siRNAs for the Athila6A LTR, gag/pol protein-coding

region, and in the degenerate env-coding region (Fig 2D). In the

ddm1 TE transcriptionally active epigenome, Athila6A 21–22nt

siRNAs accumulate (Fig 1B), and we find significant FLAG-AGO6

enrichment of 22nt siRNAs from the Athila6A LTR, in addition to

enrichment of 21–22nt siRNAs from the 30 half of the gag/pol

protein-coding region and from the intergenic region (IR) between

gag/pol and env (Fig 2E). Interestingly, we find that in ddm1,

FLAG-AGO6-enriched small RNAs do not simply correlate with

total 21–22nt siRNA abundance, which is highest in the env and

30 non-protein-coding region (Fig 2E–G). To determine whether

the AGO6 enrichment of siRNAs from particular regions of Athila6A

drives specificity in RdDM targeting, we performed bisulfite DNA

sequencing of the Athila6A IR promoter and the 30 portion of the

env-coding region. We found that regions that display enrichment

of 21–22nt siRNAs in AGO6 (the IR promoter and LTR TSS)

undergo expression-dependent RDR6-RdDM, while a region with

low 21–22nt siRNA enrichment (the 30 region of env) does not

(Figs 1A and 2H).

▸
Figure 2. AGO6 incorporates 21–22nt siRNAs.

AGO6 relative enrichment of small RNAs (solid lines) and total small RNAs (dashed lines) are shown for each small RNA size class (21, 22 and 24nt) at four genomic loci.

A A representative microRNA, miR158B. The location of miR158B from this locus is shown in orange.

B The SimpleHat2 non-autonomous TE targeted by Pol IV-RdDM.

C The RDR6-RdDM target locus TAS3a.

D The Athila6A consensus element in the wt Col epigenome.

E The same Athila6A consensus element as in (D) upon transcriptional activation in the ddm1 epigenome.

F The total small RNAs produced in the wt Col TE-silenced epigenome.

G The total small RNAs in ddm1 mutants.

H Bisulfite sequencing of different regions of the Athila6A element. Error bars represent Wilson score interval 95% confidence limits. Differences in the methylation

status were analyzed with a two-tailed unpaired Student’s t-test.

I A second biological replicate of the FLAG-AGO6-IP and no-antigen control followed by deep sequencing shown for the Athila6A consensus element in ddm1 mutants.

The transcriptional start sites of the LTR TSS- and IR-driven transcripts are shown.

J Analysis of the first base of AGO6-enriched siRNAs from the wt Col TE-silenced epigenome (left) and the ddm1 TE-transcriptionally active epigenome (right).

Data information: Maps of the Athila6A element shown below panels (F) and (G) align with AGO6 enrichment shown in (D) and (E).
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The AGO6 enrichment of Athila6A 21–22nt siRNAs in the ddm1

TE transcriptionally active epigenome was verified in a biological

replicate of the FLAG-AGO6-IP (Fig 2I). Additionally, we demon-

strated that our detection of the 21–22nt Athila6A siRNAs is not

a result of FLAG-AGO6 binding these siRNAs after cell lysis

(Supplementary Fig S2C). Lastly, we have verified these AGO6 small

RNA enrichment patterns using a different antibody that recognizes

the native AGO6 protein. We confirmed previous findings that this

antibody detects the AGO6 protein, but also detects other unknown

proteins (Supplementary Fig S3A), and for this reason, this antibody

A

D E

F G

H

J

I

B C

Figure 2.
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was not previously used for IPs of small RNAs (Havecker et al,

2010). In Supplementary Fig S3B–F, we demonstrate that the AGO6

native antibody-specific enrichment of small RNAs is similar to the

FLAG-AGO6-IP: 21–22nt siRNAs for TAS3a in wt Col and for Athila6A

in ddm1 are enriched in AGO6. Therefore, by using multiple

controls, biological replicates and two independent antibodies to IP

the AGO6 protein, we have shown that the expression-dependent

production of 21–22nt Athila6A and TAS3a endo-siRNAs results in

their incorporation into AGO6 protein complexes and their function

in RDR6-RdDM. These data demonstrate that AGO6 incorporation of

21–22nt siRNAs is a requirement for RDR6-RdDM function.

We investigated why particular small RNAs are incorporated into

AGO6 while others are not. First, we determined the 50 nucleotide of

the siRNAs enriched in AGO6, as AGO proteins show preferences

for particular 50 nucleotides, and this is thought to play an important

role in sorting of small RNAs into particular AGO complexes (Mi

et al, 2008). In wt Col, we observe the same 50 adenosine bias in

AGO6 for both total and TE 24nt siRNAs as Havecker et al (2010)

observed; however, this bias is not complete as siRNAs with all four

different 50 nucleotides are highly enriched in AGO6 (Fig 2J). In

addition, the 21–22nt siRNAs present in AGO6 in wt Col (mostly

tasiRNAs) also have a 50 adenosine bias, although it is not as strong

as the 24nt siRNA bias. In ddm1 mutant plants, the 24nt siRNAs

show the same 50 adenosine bias, while the 21–22nt total, TE and

Athila siRNA pools display a less biased accumulation (Fig 2J).

These data suggest that while AGO6 demonstrates an overall bias, it

can accumulate 21, 22 or 24nt siRNAs with any 50 nucleotide, partic-

ularly when it is functioning in expression-dependent RDR6-RdDM.

Second, we investigated why some regions of Athila6A display

AGO6 enrichment of 21–22nt siRNAs in ddm1 while others do not.

We find that the env and 30 regions do not enrich 21–22nt siRNAs in

AGO6, and this coincides with the location of the IR promoter,

which drives env expression (shown on Fig 2I). Our data suggest

that the transcript generated by the 50 LTR promoter is degraded,

and the resulting 21–22nt siRNAs from at least the LTR, gag/pol and

IR regions are incorporated into AGO6. On the other hand, the tran-

script generated by the IR promoter generates high levels of 21–22nt

siRNAs (Fig 2G) that are not enriched in AGO6 and thus reduce the

overall enrichment values of this region (seen in Fig 2I). Using

previously published AGO1-IPs from the same tissue of ddm1 plants

(McCue et al, 2013), we observe that AGO6 and AGO1 associate

with different populations of Athila6A siRNAs that potentially come

from the different transcripts (Supplementary Fig S2D). AGO6 incor-

porates 21–22nt siRNAs from the 50 LTR-driven transcript, while

AGO1 incorporates 21–22nt siRNAs derived from the IR-driven tran-

script. This suggests that AGO6 and AGO1 may not compete for the

exact same siRNAs. Rather, particular transcripts may feed into

these specific pathways destined for either post-transcriptional

silencing (via AGO1) or RdDM (via AGO6). How particular tran-

scripts are differentially fed into these different pathways leading to

AGO6 loading and enrichment of particular siRNAs is currently

unknown.

21–22nt siRNAs direct AGO6 to RdDM target chromatin

To determine whether the incorporation of 21–22nt siRNAs into

AGO6 is sufficient to direct AGO6 to its chromatin targets, we

performed chromatin immunoprecipitation (ChIP) of the AGO6

protein in plants that produce TE 21–22nt siRNAs. ChIP requires

formaldehyde crosslinking to capture in vivo protein/DNA interac-

tions. However, AGO6 is not a DNA-binding protein, and it is only

tethered to chromatin by the base pairing interaction between its

incorporated siRNA and a Pol V-derived scaffolding transcript (see

Fig 3A). Therefore, the fold enrichment of AGO6 in ChIP experi-

ments is much closer to background and must be carefully

controlled (Wierzbicki et al, 2009). We performed ChIP for the

AGO6 protein and acetylated histone H3 (H3Ac, a transcriptionally

active chromatin mark) as a control for wt Col and ddm1 biological

replicates (Fig 3B). As additional controls, we also determined the

level of AGO6 association with the constitutively expressed gene

At1g08200 and the SimpleHat2 TE in wt Col and a series of mutants

including ago6 (no-antigen control), pol V (no scaffolding transcript)

and dcl3 (no 24nt siRNAs). We determined that AGO6 is not associ-

ated with the genic At1g08200 locus in wt Col, while it is associated

with the SimpleHat2 TE (Fig 3C). The RdDM and accumulation of

SimpleHat2 24nt siRNAs is dependent on AGO6 (Zheng et al, 2007),

and we have verified that 24nt siRNAs from SimpleHat2 are

enriched in AGO6 (Fig 2B) (Havecker et al, 2010). We find that the

association of AGO6 with SimpleHat2 is dependent on the presence

of the AGO6 antigen, Pol V-derived scaffolding transcript and DCL3

to produce 24nt siRNAs (Fig 3C), supporting the Pol IV-RdDM

model of SimpleHat2 silencing.

We next determined the association of AGO6 with the Athila6A

TSS. We found that in wt Col, AGO6 is not significantly enriched at

the Athila6A TSS compared to the ago6 no-antigen control (Fig 3D),

which is supported by the observation that the Athila6A TSS is not

targeted by RdDM when it is transcriptionally silent (Fig 1A). In

contrast, when Athila6A is transcriptionally active, we detect an

AGO6 association with the Athila6A TSS (P < 0.05) (Fig 3D). We

find that the recruitment of AGO6 to this locus is TE expression-

dependent and requires the presence of a Pol V scaffolding

transcript (see ddm1 pol V), as well as the production of siRNAs. In

ddm1 mutants, both Pol IV-RdDM (via 24nt siRNAs) and RDR6-

RdDM (via 21–22nt siRNAs) target the Athila6A TSS for de novo

methylation (Nuthikattu et al, 2013), and correspondingly, we

observe 24nt-driven AGO6 enrichment at the Athila6A TSS in a

ddm1 rdr6 mutant that lacks 21–22nt siRNAs (Fig 3D). In the ddm1

pol IV rdr6 triple mutant, siRNA production of all sizes is abolished

(Fig 1B), and we find that AGO6 is not recruited to Athila6A chro-

matin (Fig 3D). Importantly, when the Athila6A TE is transcription-

ally active but 24nt siRNAs are absent (see ddm1 dcl3, Fig 1B;

Supplementary Fig S1A), AGO6 is still directed to the Athila6A TSS

(Fig 3D). This demonstrates that 21–22nt siRNAs are sufficient to

direct AGO6 to its chromatin targets, where we have shown that

AGO6 is required for RdDM (Supplementary Fig S1D) (Nuthikattu

et al, 2013). The 21–22nt siRNA direction of AGO6 to chromatin

targets can also be observed at the TAS3a locus, where AGO6 asso-

ciation is not dependent on 24nt siRNAs (see dcl3, Fig 3E). There-

fore, we conclude that 21–22nt siRNAs direct AGO6 to its chromatin

targets to establish DNA methylation.

Pol V presence at transcriptionally active TEs

For both Pol IV- and RDR6-RdDM to take place, Pol V function must

be present (Wierzbicki et al, 2009; Nuthikattu et al, 2013), and

presumably, a scaffold transcript generated by Pol V must be present
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Figure 3. 21–22nt siRNAs guide AGO6 to target chromatin.

A Schematic of the ChIP crosslinking between chromatin and the AGO6 protein which is tethered to its targets by a Pol V-derived RNA scaffold.

B H3Ac control ChIP from the same chromatin used in the AGO6-IP for the At1g08200 constitutively expressed gene and the Athila6A TSS. Enrichment of H3Ac at the

Athila6A TSS is increased upon transcriptional activation in ddm1 mutants, while enrichment of H3Ac at the gene At1g08200 is consistently high in both wt Col and

ddm1. Data are represented as mean � SD of six biological replicates for each genotype.

C–E AGO6-ChIP qPCR analysis of (C) the gene At1g08200 and the Pol IV-RdDM target SimpleHat2, (D) the Athila6A TSS in wt Col TE-silenced epigenomes (left) and ddm1

TE-active epigenomes (right) and (E) TAS3a. ChIP signals in (D) are normalized to the ago6 or ddm1 ago6 no-antigen controls. ChIP signals in (C) and (E) are

normalized to the ago6 no-antigen control. In (C–E), each biological replicate data point is shown as a gray dot. The data are represented as mean � SD. For

multiple statistical tests, one-way ANOVA was performed using Tukey’s multiple comparison test.

F ChIP qPCR analysis of the FLAG-tagged POL V protein in wt Col and ddm1. ChIP signals are normalized to the wt Col no-antigen control.

Data are represented as mean � SD of three biological replicates for each genotype.
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at the target locus. Pol V is known to be recruited to heterochromatic

regions of the genome (Johnson et al, 2014); however, it is unknown

whether Pol V is still recruited to transcriptionally active TEs. There-

fore, we set out to determine whether Pol V is present at the Pol II

transcriptionally active Athila6A TSS. We crossed a FLAG epitope-

tagged POL V protein into a ddm1 pol V TE transcriptionally active

background (where FLAG-POL V complements the pol V mutation

(Wierzbicki et al, 2012)). We performed ChIP for FLAG-POL V both

in plants with the FLAG-POL V transgene and, as a no-antigen nega-

tive control, in wt Col plants without the transgene. We found that

FLAG-POL V is not enriched at the constitutively expressed Actin-2

gene, while it is present in wt Col at a positive control undergoing

Pol IV-RdDM, the SimpleHat2 TE (Fig 3F). Next, we find that Pol V

is present at the silenced Athila6A TSS in wt Col, as suggested by

previous work that demonstrates that POL V is present at most

silenced TEs (Johnson et al, 2014), even though this region is not

undergoing significant RdDM (Figs 1A and 3F). Importantly, we

detect FLAG-POL V enrichment at the Athila6A TSS and IR in ddm1

mutants when Athila6A is transcriptionally active and targeted by

RDR6-RdDM (Fig 3F). This demonstrates that POL V recruitment

and function, which is a second prerequisite for RDR6-RdDM activity

(Nuthikattu et al, 2013), still occurs when TE maintenance methyla-

tion is lost and TEs are transcriptionally activated.

Genome-wide targets of RDR6-RdDM

To understand the total contribution of RDR6-RdDM, we aimed to

characterize the genome-wide association between RDR6-dependent

CHH methylation and the incorporation of 21–22nt siRNAs into

AGO6. Using our FLAG-AGO6-IP small RNA sequencing data, we

began by assaying AGO6 enrichment of 21–22nt siRNAs for the

entire genome as 100-bp tiles. Using a cutoff of ≥ 2-fold enrichment

of 21–22nt siRNAs, we identified enriched tiles and annotated them

by their genomic origin: genic, intergenic or TE regions. As a

control, we also identified genomic tiles that were either depleted

for AGO6 or displayed intermediate levels of AGO6 incorporation of

21–22nt siRNAs. We found few AGO6-enriched 21–22nt siRNA tiles

in the wt Col TE-silenced epigenome, most of which were intergenic

(Fig 4A). In the ddm1 TE transcriptionally active epigenome, we

identified a sevenfold increase in the total number of tiles enriched,

which primarily constitute TE and intergenic regions (Fig 4A).

Additionally, we identified higher numbers of TE tiles that have

intermediate or depleted levels of AGO6 enrichment of 21–22nt

siRNAs, demonstrating that not all TEs or TE regions undergo

RDR6-RdDM.

Using available whole-genome bisulfite DNA methylation

data produced from the same tissue of wt Col, rdr6, ddm1 and

ddm1 rdr6 genotypes (Creasey et al, 2014), we determined the CHH

methylation level for each of the AGO6 21–22nt siRNA enriched,

depleted and intermediate tiles. We next identified the tiles that had

specifically RDR6-dependent CHH methylation by comparing the

methylation of tiles in wt Col to rdr6 and in ddm1 to ddm1 rdr6. We

found that only transcriptionally active TEs from the ddm1 epige-

nome significantly accumulate tiles that have both AGO6 enrich-

ment of 21–22nt siRNAs and RDR6-dependent CHH methylation

(P < 0.0001, chi-square test) (Fig 4B), while the depleted and

intermediate tiles failed to show RDR6-dependent methylation.

From this analysis, we identify transcriptionally active TEs as the

genome-wide target of RDR6-RdDM.

Although AGO6 incorporation of 21–22nt siRNAs in ddm1

mutants shows a significant positive correlation with RDR6-

dependent methylation, we wondered why only 22.7% of the 5,262

total AGO6-enriched ddm1 TE tiles from Fig 4A showed evidence of

RDR6-RdDM in Fig 4B. First, not all small RNAs incorporated into

AGO6 will successfully target RdDM, similar to how the Athila6A

TSS is not targeted by Pol IV-RdDM in wt Col, even though 24nt

siRNAs are produced from this region and enriched in AGO6

(Figs 1, 2D and 3D). Even in the case of successful AGO6 incorpora-

tion of 21–22nt siRNAs, a required Pol V-derived scaffolding

transcript may not be present, preventing RdDM. Second, whole-

genome bisulfite sequencing less efficiently determines the methyla-

tion levels of highly repetitive regions such as TEs (Krueger &

Andrews, 2011). Thus, we calculated the average fold coverage for

genes and TEs in this bisulfite deep sequencing dataset and found

that while more than 72% of genic tiles have a higher than fourfold

sequencing coverage, only 50% of TE tiles have this same

sequencing depth. Therefore, the total number of repetitive TE tiles

that we identified in Fig 4B is an underestimate of the global TE

targets of RDR6-RdDM.

We next performed a genome-wide correlation between small

RNAs (and AGO6-enriched small RNAs) with MET1-maintained CG

methylation, CMT3-maintained CHG, CMT2-maintained CHH and

DRM2-dependent CHH-methylated regions (see Supplementary Fig

S4 for further information and controls). We find that overall CHH

methylation maintained by CMT2 does not correlate with small

RNA accumulation or their AGO6 incorporation, suggesting that

regions undergoing CMT2 maintenance of methylation are not

specifically targeted by Pol IV-RdDM in wt Col or by RDR6-RdDM in

ddm1 mutants (Supplementary Fig S4A and B). Importantly, a

higher number of genomic regions of the wt Col epigenome that

have MET1-dependent CG methylation, CMT3-dependent CHG

methylation and/or DRM2-dependent CHH methylation positively

correlate with regions that produce AGO6-incorporated 21–22nt

small RNAs in ddm1 (Supplementary Fig S4A and B). Thus, the

▸
Figure 4. Genome-wide TE targets of RDR6-RdDM.

A AGO6 enrichment and depletion of 21–22nt siRNAs for the entire genome in 100-bp tiles for both wt Col and ddm1. Tiles were categorized by annotation feature.

B Of the tiles in (A) in both wt Col and ddm1, we determined the number of tiles with ≥ 2-fold CHH methylation dependent on RDR6.

C Distribution of AGO6 enrichment across TEs (solid lines) and genes (dashed lines) for different sizes of small RNAs in either the wt Col TE-silenced epigenome or

the ddm1 TE-transcriptionally active epigenome. Dashed lines have the same color codes as the solid lines. ‘Start’ and ‘Stop’ represent the edges of the TE and the

transcriptional start and stop sites of the genes.

D–G Heatmaps of AGO6 enrichment of TE siRNA size classes in wt Col and ddm1 epigenomes. Analyzed were (D) the position of the TE on a chromosome and TE size,

(E) the copy number of the TE, (F) the TE type and (G) the TE family name. The color of the TE family name in (G) corresponds to the TE type in (F).

H Bisulfite sequencing of TE targets. Error bars represent Wilson score interval 95% confidence limits.
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correlation of methylation and small RNA enrichment supports the

RDR6-RdDM model that regions of the wt Col genome that are asso-

ciated with maintenance CG and CHG methylation and/or CHH

methylation targeted by Pol IV-RdDM (mostly TEs) are subject to

RDR6-RdDM driven by AGO6-incorporated 21–22nt siRNAs when

the TEs are transcriptionally activated.

We next aimed to visualize the different functions of AGO6 in

RDR6-RdDM and Pol IV-RdDM genome-wide for all TEs and genes.

Figure 4C shows the relative enrichment of 21–22nt siRNAs or 24nt

siRNAs in AGO6 for both the wt Col and ddm1 epigenomes. As in

Fig 4A and B, we find no accumulation of genic small RNAs (not

including TAS loci) in AGO6 (dotted lines, Fig 4C). As previously

reported, Pol IV-RdDM guided by 24nt siRNAs in the wt Col epige-

nome targets the edges of TEs (Zemach et al, 2013), and we find the

same trend of high enrichment of 24nt siRNAs in AGO6 at the TE

edges in wt Col (blue line, Fig 4C). When TEs are silent in wt Col, TE

21–22nt siRNAs do not accumulate in AGO6 (green line, Fig 4C);

however, when TEs are transcriptionally activated in ddm1 mutants,

enrichment of 21–22nt siRNAs in AGO6 is found not only at the TE

edges, but throughout the TE internal region as well (red line,

Fig 4C). This constitutes a major functional difference between

Pol IV-RdDM and RDR6-RdDM: Pol IV-RdDM targets the edges of

TEs to maintain their transcriptional silencing, likely guided to these

regions by the patterns of Pol IV transcription. In contrast, RDR6-

RdDM uses Pol II-derived mRNAs and therefore potentially targets a

large portion of the TE protein-coding body, with AGO6 selective

incorporation of particular siRNAs (see Fig 2) and Pol V occupancy

(see Fig 3F) likely determining the specificity of RDR6-RdDM targets.

To identify which types of TEs are targets of RDR6-RdDM, we

measured the level of AGO6 enrichment of 21–22nt siRNAs for TEs

split into several categories, including chromosomal position, copy

number and type of TE (Fig 4D–G). We found that in wt Col, AGO6

incorporates 24nt siRNAs for most TE types, with a slight preference

for 24nt siRNAs that come from short centromeric TEs (Fig 4D).

Most of this AGO6 incorporation of 24nt siRNAs is lost when the

TEs are transcriptionally activated in ddm1 mutants (Fig 4D–G). In

addition, the incorporation of TE 21–22nt siRNAs is very low in wt

Col when TEs are silenced (Fig 4D–G). However, we did identify

one TE family, the AthPOGO DNA transposons, that have AGO6

enrichment of 21–22nt siRNAs in wt Col (Fig 4G). We investigated

this TE family and found that a non-autonomous version of

AthPOGO, AthPOGON1, has AGO6 enrichment of 21–22nt siRNAs in

wt Col. We show that the AthPOGON1 TE undergoes RdDM in wt

Col that is dependent on AGO6 and RDR6 but not DCL3 (see CHH

methylation, Fig 4H). Thus, both the AthPOGON1 and TAS loci

undergo RDR6-RdDM in wt Col, demonstrating that RDR6-RdDM is

not specific to ddm1 mutants, and although the function of RDR6-

RdDM is reduced in wt Col due to the transcriptional silencing of

nearly all TEs, it is still functional for at least one TE.

When TEs are transcriptionally activated in ddm1 mutants, TE

21–22nt siRNAs accumulate in AGO6 (Figs 2E and 4A), and we find

that the TEs with the greatest levels of AGO6 enrichment of 21–22nt

siRNAs are predominantly long (over 5 kb) centromeric TEs

(Fig 4D). The TEs with AGO6 enrichment of 21–22nt siRNAs are

also high in copy number (Fig 4E) and represent both DNA transpo-

sons and LTR retrotransposons (Fig 4F). We determined that when

they are transcriptionally activated, the AtEnSPM DNA transposon

and Athila and TAT LTR retrotransposon families represent the

major contributors of 21–22nt siRNAs enriched in AGO6 (Fig 4G).

We have previously demonstrated that an AtEnSPM subfamily

element, AtEnSPM6, undergoes expression-dependent RDR6-RdDM

(Nuthikattu et al, 2013), and here, we show that the full RdDM of

AtEnSPM6 (as shown by the ddm1 pol V mutant) is dependent on

AGO6 (see CHH methylation, Fig 4H). Similar to the Athila6A TSS,

both RDR6-RdDM (via RDR6) and Pol IV-RdDM (via DCL3) contrib-

ute to the methylation of this TE by functioning through the AGO6

protein (Fig 4H). From the combined data in Fig 4, we conclude that

the RDR6-RdDM pathway primarily targets long and centromeric

transcriptionally active TEs (as well as TAS loci) over the length of

the TE to establish DNA methylation.

Tissue-specific function of RDR6-RdDM in the gamete

precursor cells

Not all TEs that undergo RDR6-RdDM do so in all tissues. We found

that the Athila6A TSS is a strong target of RDR6-RdDM in ddm1

inflorescence (floral bud) tissue (Fig 1A), but it does not undergo

RDR6-RdDM in juvenile leaves (Fig 5A) despite the production of

the Athila6A 21–22nt siRNAs in this tissue (McCue et al, 2012). In

leaf tissue, the level of RdDM-based methylation present in ddm1

plants is lower than in inflorescence, and this leaf RdDM is depen-

dent on POL IV but not RDR6 (Fig 5A). This demonstrates that

Pol IV-RdDM is functioning in the leaf while RDR6-RdDM is not,

and since Pol IV-RdDM and RDR6-RdDM both additively function in

the inflorescence, methylation of the Athila6A TSS is higher in inflo-

rescence tissue. This additive increase in RdDM activity and DNA

methylation level in inflorescence correlates with reduced Athila6A

gag/pol steady-state mRNA levels compared to leaves (Fig 5B).

The explanation for this tissue specificity of RDR6-RdDM is the

expression pattern of AGO6 itself. The AGO6 promoter has been

previously demonstrated to express in the root and shoot apical

meristems (Zheng et al, 2007; Eun et al, 2011). We show that AGO6

mRNA accumulates in inflorescences but 4.1-fold less in juvenile

leaves (Fig 5C). We performed a Western blot and found AGO6

protein in inflorescences but not in leaves (Fig 5D). The lack of

AGO6 expression and protein in some tissues suggests that part of

the reason why RDR6-RdDM has eluded detection is that it is not

occurring in the leaf tissue that has been the focus of previous

studies. Alternatively, the related protein AGO4, which we find only

functions in Pol IV-RdDM (Supplementary Fig S1D), accumulates in

both the leaf and inflorescence (Fig 5C–D). These data demonstrate

that Pol IV-RdDM functions in both the leaf and inflorescence tissue,

while RDR6-RdDM is specific to the tissues where AGO6 protein

accumulates.

Inflorescence is a complex mixture of reproductive and non-

reproductive tissues at various stages of flower development. To

determine when and where in the inflorescence AGO6 protein accu-

mulates, we created an AGO6 translational fusion to GFP and placed

this under the control of the AGO6 endogenous promoter. We found

that this AGO6-GFP protein accumulates in young flower buds (up

to stage 8), while the fluorescence from the AGO6-GFP protein dissi-

pates before the floral buds open and pollination takes place (stages

11–12) (Fig 5E–H). To determine where in the young flower bud

AGO6-GFP protein accumulates, we focused on a stage 4–5 floral

bud, where the sepals have emerged but not yet enclosed the bud

and the carpel and stamen have not yet begun to develop. We
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Figure 5. RDR6-RdDM is tissue specific.

A Bisulfite sequencing of the Athila6A TSS in juvenile leaf tissue.

B qRT–PCR analysis of Athila6A gag/pol steady-state mRNA transcript levels in inflorescence and leaf tissue.

C qRT–PCR analysis of AGO6 and AGO4 mRNA transcript levels in inflorescence and juvenile leaf tissue.

D Western blot analysis of wt Col leaf and inflorescence. The arrow denotes the AGO6 protein; the higher band is a previously observed cross-reactive band (see also

Supplementary Fig S3A).

E, F Side view of an inflorescence with (E) or without (F) the AGO6-GFP transgene.

G, H Top-down view of an inflorescence with (G) or without (H) the AGO6-GFP transgene.

I Magnified view of a stage 4–5 flower bud carrying the AGO6-GFP transgene.

J Nuclear and cytoplasmic fractionation of inflorescence protein. The cytoplasm-enriched protein represents 2.5% of the total nuclear-enriched protein. H3Ac is a

nuclear protein marker, while PEPC is a cytoplasmic protein.

K CHH methylation levels of the RDR6-RdDM targets TAS3a and Athila6A TSS in whole-inflorescence-tissue samples compared to dissected young buds

corresponding to floral stages 6–8.

Data information: In (B) and (C), data are represented as mean � SD of three biological replicates for each genotype, and differences were analyzed with a two-tailed

unpaired Student’s t-test. In (E–I), auto-fluorescence of chlorophyll is shown in red. Infl, inflorescence.
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observe AGO6-GFP protein in the emerging sepals as well as in the

top layers of the floral meristem (Fig 5I), which are the cells that

give rise to the reproductive organs and gametes. In addition, we

noted that unlike a previous report of primarily nuclear AGO6

cellular localization (Zheng et al, 2007), in some tissues, we

observe the AGO6-GFP protein accumulation in the cytoplasm

(Fig 5I). Since this AGO6-GFP transgene functionally complements

the RDR6-RdDM function of AGO6 at the TAS3a locus in inflores-

cence tissue (Supplementary Fig S2A), our data suggest that the

AGO6 protein may partially reside in the cytoplasm. To determine

the cellular localization of the native AGO6 protein, we fractioned

inflorescence cells into cytoplasmic-enriched and nuclear-enriched

portions and confirmed significantly higher levels of endogenous

AGO6 protein in the cytoplasmic fraction (Fig 5J). This is

reminiscent of the finding that the related AGO protein, AGO4, is

cytoplasmically localized until it is loaded with an siRNA, at which

point it transits into the nucleus to participate in Pol IV-RdDM func-

tion (Ye et al, 2012).

Lastly, since the AGO6-GFP protein is found in young flower

buds, we dissected young floral buds (stages 6–8) to determine

whether we could detect increased RdDM in this purified tissue. We

detect increased CHH methylation of both TAS3a in wt Col and the

Athila6A TSS in ddm1 (Fig 5K), demonstrating that RDR6-RdDM

has its greatest effect in the tissues where AGO6 protein accumu-

lates and where DNA methylation patterns are likely established

and carried to the next generation. Recent data have shown that

meristematic tissues are critical for safeguarding against TE activity

(Baubec et al, 2014), and our data suggest that RDR6-RdDM is an

AGO6-dependent mechanism that functions in floral meristem cells

to establish TE methylation prior to the development of reproduc-

tive organs and gametes.

Discussion

In this manuscript, we have provided the direct mechanism of an

overlooked branch of RdDM activity responsible for the expression-

dependent methylation of TE and TAS endo-siRNA-generating loci.

RDR6-RdDM can function in the complete absence of Pol IV-RdDM

and therefore is an independent mechanism. However, RDR6-RdDM

and Pol IV-RdDM often function on the same targets and may act

interdependently to fully silence active TEs. For a particular subset

of TEs, RdDM is much more active when the TE is transcriptionally

active compared to when it is transcriptionally silenced. We have

demonstrated that the RDR6-RdDM of transcriptionally active TEs

operates specifically through 21–22nt siRNAs produced from TE

mRNA transcripts that have been degraded by RNAi through the

activity of RDR6, DCL2, DCL4 and AGO1 (McCue et al, 2012;

Nuthikattu et al, 2013). The key feature allowing 21–22nt siRNAs to

participate in RdDM is their incorporation into the AGO6 protein. In

a background devoid of 24nt siRNAs, 21–22nt siRNAs act to guide

AGO6 to its chromatin targets. Although the current dogma is that

AGO6 only incorporates 24nt siRNAs, there is wide support in the

literature for the incorporation of a diverse size range of siRNAs into

individual AGO proteins (Farazi et al, 2008). In Arabidopsis, even

after a multiple step purification of the AGO1 protein, AGO1

was shown in vivo to bind small RNAs of both 21–22nt and 24nt

size classes (Wang et al, 2011). Selection of small RNAs to be

incorporated into AGO proteins is likely more dependent on the

proteins that facilitate the transfer of the small RNAs to the AGO

proteins than the binding specificity or interaction between the AGO

protein and the small RNA itself (Meister, 2013).

Known unknowns

First, why particular TE 21–22nt siRNAs are enriched in AGO6 is

currently enigmatic. We speculate that there must be a specific

processing event or feature of the parent RNA transcripts that

destine them for degradation and incorporation into AGO6 but not

into AGO1 or other AGO proteins. Several potential mechanisms

could be responsible for the biased loading of AGO6 with distinct

TE siRNAs. One potential mechanism is that the cellular location of

the parent mRNAs or siRNAs dictates AGO loading. For example,

cytoplasmic siRNAs may be loaded into AGO1, while nuclear

siRNAs may be loaded into AGO6. Although this is an attractive

theory, even the nuclear-acting AGO4 is loaded with 24nt siRNAs in

the cytoplasm before it enters the nucleus to function in Pol IV-

RdDM (Ye et al, 2012), and we find AGO6 accumulation in the cyto-

plasm (Fig 5I and J). Another model suggests that because AGO1

expression and protein levels are not increased in ddm1 mutants to

accommodate the very high level of new TE mRNAs or 21–22nt TE

siRNAs (McCue et al, 2013), AGO1 is overwhelmed, and the over-

flow mRNAs or siRNAs are directed toward other available AGO

proteins such as AGO6. However, from the data presented in Fig 2

and Supplementary Fig S2, we favor a model by which individual

transcripts are pre-sorted toward either AGO6 or AGO1 before

subsequent degradation into siRNAs.

Second, it is unclear why the first nucleotide bias of siRNAs

incorporated into AGO6 is weaker for RDR6-RdDM (Fig 2J).

Constant retargeting of TE regions by Pol IV-RdDM or tasiRNA

regions by RDR6-RdDM over long evolutionary time spans may

result in a selection of efficient siRNAs by AGO6 and the production

of a distinct 50 nucleotide bias for the incorporated siRNAs. On the

other hand, evolutionarily transient TE activity would produce

highly enriched 21–22nt siRNAs in AGO6, similar to those produced

in ddm1 mutants, which do not display a 50 nucleotide bias. Thus,

without sufficient evolutionary time to select for a 50 bias, AGO6 is

able to utilize any siRNA independent of the 50 nucleotide when it

functions in RdDM to methylate transcriptionally active TEs.

Regardless of how this AGO sorting and loading is accomplished, it

is clear that incorporation of 21–22nt siRNAs into different AGO

proteins results in vastly different biological outcomes: AGO1 load-

ing results in post-transcriptional degradation, while AGO6 loading

can lead to RdDM.

Third, as in Pol IV-RdDM, we suggest that RDR6-RdDM requires

both an siRNA-loaded AGO protein and a Pol V scaffolding tran-

script at the target locus. However, enigmatic examples exist where

both of these criteria are fulfilled, but AGO6 recruitment and

RdDM do not take place (such as at the Athila6A TSS in wt Col

(Figs 1A and B, 2D and 3F)), suggesting that these two criteria are

necessary but not sufficient for AGO6 recruitment and RdDM

(Fig 3D). Therefore, additional recruitment factors and steps must

be missing from our current understanding of AGO targeting to

chromatin.

A fourth major unknown question is how a fully unmethylated

TE is originally triggered for de novo methylation. In our current
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understanding of RdDM, Pol V must be recruited to this locus to act

as a scaffolding transcript. However, Pol V itself is recruited to sites

of previously existing DNA methylation (Johnson et al, 2014),

which establishes a chicken-and-egg dilemma of how Pol V

originally recognizes TEs when they are fully un-methylated. The

answer to this question remains unknown. Either there must be a

methylation-independent mechanism of Pol V recruitment, or

another polymerase (such as Pol II) can substitute for Pol V in the

initial round of methylation in models similar to the scaffolding

transcript-specific function of Pol II in fission yeast and animals

(Zheng et al, 2009; Castel & Martienssen, 2013). If Pol II can substi-

tute for Pol V during the initial round of methylation, it is unclear

why Pol II does not substitute for Pol V in later rounds of RdDM

when Pol V is mutated. Recent data suggest two non-mutually

exclusive models of how TE epigenetic silencing is initiated. One

model suggests a 24nt siRNA-dependent pathway, while the other is

24nt siRNA-independent (Marı́-Ordóñez et al, 2013; Panda & Slotkin,

2013). Points of agreement in these alternative models are that

the TE mRNA must first be degraded into 21–22nt endo-siRNAs

prior to triggering RdDM, and once RdDM occurs on the TE

promoter, the maintenance of methylation will epigenetically

repress TE expression.

An Achilles heel of TE activity?

How TEs are initially identified and methylated is a critical question.

We believe that the tendency of TEs to transcribe their regulatory

regions within their protein-coding mRNA transcripts, along with

the RDR6-RdDM mechanism, constitutes an Achilles heel of TE

expression. Although RDR6-RdDM functions on non-TE TAS targets,

we hypothesize that the RDR6-RdDM pathway specifically evolved

to affect the expression and silencing of LTR retrotransposons and

DNA transposons with terminal repeats. It has been shown that the

targeting of TAS loci by the RDR6-RdDM pathway results in TAS

methylation confined to the transcribed region, which does not

affect the expression of these loci (Wu et al, 2012; Kanno et al,

2013). If other non-TE regions, such as protein-coding genes, were

targeted by this mechanism, the impact of this off-target effect

would be minimal, because the methylation of coding regions

(in contrast to promoters) exerts no regulatory effect on transcrip-

tion (Wang et al, 2004). Many highly expressed genes have CG

symmetrical methylation of their gene bodies (Cokus et al, 2008;

Lister et al, 2008). One potential mechanism of how this off-target

methylation was established follows that in the past, RNAi targeted

these genes’ mRNAs and these genes were subject to expression-

dependent RDR6-RdDM in all cytosine sequence contexts. Subse-

quently, this methylation was propagated only in the CG context by

the activity of the MET1 maintenance methyltransferase, while

without the corresponding transcriptionally repressive histone

modification, CHG and CHH methylation was not maintained.

Unlike the methylation of coding regions, the methylation of

promoter and regulatory regions alters downstream transcription

levels (Mette et al, 2000). Both LTR retrotransposons and at least

some DNA transposons have repeats at their ends and transcribe

their downstream LTR or TIR repeats in their protein-coding

mRNAs, which may be the Achilles heel of these TEs. When these

TE mRNAs are processed into 21–22nt siRNAs via RNAi, some

siRNAs within this pool will match the upstream 50 LTR or TIR

repeat, which contains the TE promoter regulatory sequences.

Unlike the potential methylation of gene bodies by RDR6-RdDM, the

methylation of TE mRNA-coding regions will also result in methyla-

tion of their terminal repeats or subterminal regulatory elements,

establishing transcriptional regulation and epigenetic repression.

Therefore, because many TEs transcribe sequences that are identical

to their promoters (and many TEs are found in nested configura-

tions), the RDR6-RdDM expression-dependent mechanism of DNA

methylation may have evolved to affect the transcriptional regula-

tion of specifically TEs. A similar theory has recently been described

by Inagaki and Kakutani (2013), as they suggest that the methyla-

tion and repression of cis-acting regulatory elements contained

within TEs (in contrast to cis-acting regulatory elements exterior to

genes) could reinforce TE silencing. We suggest the mechanism of

mRNA transcript targeting that establishes this silencing is RDR6-

RdDM, providing a mechanistic link for why TEs are preferentially

silenced by RdDM activity.

Evolution of RdDM

We hypothesize that the Pol IV-RdDM pathway derived from RDR6-

RdDM. Upon the duplication and sub-functionalization of Pol IV in

plants, this second pathway arose to transcribe the RNA destined

specifically for RdDM. At the same time, RDR6-RdDM still exists in

Arabidopsis in a mostly latent form. The contribution of RDR6-

RdDM in wt Col Arabidopsis is likely very low. The RDR6-RdDM

methylation of TAS loci may represent an ‘off-target’ effect that trig-

gers a mechanism meant for TE regulation (see above), and we

have only identified one TE family in wt Col Arabidopsis that is

targeted by RDR6-RdDM (AthPOGO). Additionally, ago6 mutants

(and ago4 mutants) do not have morphological phenotypes and

only display limited TE transcriptional activation (compared to

met1 or ddm1 mutants, for example), suggesting that RdDM mecha-

nisms as a whole are not as consequential when TEs are deeply

epigenetically silenced via symmetrical DNA methylation. However,

at the same time in wt Col plants, we believe that RDR6-RdDM

surveys the transcriptome for Pol II-derived siRNAs if and when

TEs are reactivated, and functions to methylate transcriptionally

active TEs. AGO6 is the key effector protein of this pathway. In all

well-characterized examples of RDR6-RdDM in inflorescence tissue

(TAS loci, AtEnSpm6, AthPOGON1 and Athila6A), the AGO6 protein

functions to the same extent or greater than RDR6, suggesting that

the vast majority of RDR6 function requires AGO6. With the mecha-

nistic understanding of how the endo-siRNA products from TE

mRNAs establish DNA methylation, the RDR6-RdDM pathway will

serve as a guide for understanding endo-siRNA-mediated epigenetic

silencing in other organisms.

Materials and Methods

Plant material

Plants were grown in long-day (18 h light) conditions at 23°C.

FLAG-AGO6 lines were constructed from plants described in

Havecker et al (2010). AGO6-GFP lines were constructed by ampli-

fying the AGO6 promoter and coding region from wt Col DNA in a

translational fusion to GFP in the binary vector pMDC107 (primers
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listed in Supplementary Table S1). Mutant alleles used are listed in

Supplementary Table S1. Unless otherwise noted, inflorescence

tissue was used for each experiment.

DNA analysis

DNA was extracted via fractional precipitation, treated with RNase A

and purified using phenol–chloroform extraction and precipitation.

DNA was modified using the EZ DNA Methylation-Gold Kit

(Zymo Research). For each modification reaction, a control

unmethylated region was sequenced as in Nuthikattu et al (2013) to

ensure that the conversion rate was above 97% (data not shown).

Bisulfite-treated DNA was amplified using primers shown in Supple-

mentary Table S1, and PCR products were cloned and individually

sequenced as in Nuthikattu et al (2013). Data analysis was

performed using Kismeth (Gruntman et al, 2008). For each bisulfite

sequencing target/genotype combination, two or more biological

replicates were performed and combined eight or more technical

replicate sequences were used to determine the average methylation

values.

RNA analysis

Total RNA was extracted using TRIzol reagent (Life Technologies).

Quantitative RT–PCR was performed as in Nuthikattu et al (2013)

with primers from Supplementary Table S1. Small RNAs were

enriched from total RNA using the mirVana miRNA Isolation Kit

(Life Technologies). Either size-enriched or IP-enriched small RNAs

were used in the TruSeq Small RNA Library Preparation Kit

(Illumina), and the multiplexed libraries were sequenced on a

HiSeq2500 (Illumina).

FLAG-AGO6 immunoprecipitation

Lysate was prepared as in Havecker et al (2010) and pre-cleared

with a-mouse agarose beads (Sigma) for 1 h at 4°C. The FLAG anti-

gen was immunoprecipitated using a-FLAG magnetic bead slurry

(Sigma), and immune complexes were washed as described in

Havecker et al (2010). A no-antigen control was used for each geno-

type as a mock-IP. Immune complexes were eluted from the

magnetic beads using the 3× FLAG peptide (Sigma). For small RNA

deep sequencing, RNA was directly extracted from the eluates using

TRIzol LS (Life Technologies).

Cellular fractionation and Western analysis

When used for Western analysis only, proteins were extracted

from tissue ground in liquid nitrogen using 20 mM Tris–HCl pH

7.5, 5 mM MgCl2, 300 mM NaCl, 0.1% NP-40 and 1% plant

protease inhibitor (GoldBio). Cellular fractionation was performed

as described in the Supplementary Materials and Methods.

Western blots were performed as in McCue et al (2013). Normali-

zation of protein input was performed with DC Protein Assay

(Bio-Rad). For immunoblotting, the following antibody concentra-

tions in 1% milk and 1× PBS were used: 1:10,000 a-FLAG

(Sigma), 1:10,000 a-AGO1 (Agrisera), 1:1,000 a-AGO6 (Agrisera),

1:4,000 a-AGO4 (Agrisera), 1:2,000 a-H3Ac (Millipore) and

1:10,000 a-PEPC (Rockland).

Chromatin immunoprecipitation

ChIP experiments were performed as described in Huettel et al

(2006), except for the crosslinking (see Supplementary Materials

and Methods). Chromatin was immunoprecipitated with antibodies

to AGO6 (Agrisera), FLAG (Sigma) and H3Ac (Millipore) at 5 lg per

IP, and immune complexes were collected with salmon sperm DNA-

blocked protein A agarose beads (Millipore). The qPCR was carried

out with primers shown in Supplementary Table S1. The results

shown represent independent biological replicates for each geno-

type.

Microscopy

Microscopy was performed using a Nikon C1 confocal microscope

and the NIS-Elements and EZ-C1 software packages. GFP was visu-

alized using a 488 nm laser and 515/30 detector/filter. Chlorophyll

autofluorescence was visualized using a 638 nm laser and 650 LP

detector/filter. Images in Fig 5E–H were collected using a 4× objec-

tive (0.13 NA) and represent a maximum intensity projection of

multiple z-stacks. The image in Fig 5I was collected using a 60×

objective (1.4 NA) and is a single confocal plane through a develop-

ing flower bud. In Fig 5E–I, representative images from over 30

observed are shown.

Bioinformatic analysis

All small RNA sequencing libraries were filtered for size (18–28nt),

exact matches to the Arabidopsis genome (TAIR10) and the removal

of tRNA and rRNA reads. The TE annotation of small RNAs was

performed as in Nuthikattu et al (2013).

For FLAG-AGO6 small RNA enrichment, filtered small RNAs

from the total (non-IP), FLAG-IP and mock (no antigen)-IP were

aligned to a consensus TE element, to all TEs or to the Arabidopsis

genome and then split into 100-bp tiles with a 25-bp overlapping

step. For each tile, the RPM value of IP and mock-IP small RNAs

was normalized to the total (non-IP) small RNAs for that genotype.

The relative enrichment of the FLAG-IP over mock-IP was calculated

for each tile. Lines showing AGO6 enrichment and total small RNAs

in Fig 2; Supplementary Figs S2 and S3 represent a 7-point moving

average. For the first base analysis in Fig 2J, we identified specific

siRNAs (21–22nt or 24nt in size) that showed at least twofold rela-

tive enrichment in AGO6 and plotted the nucleotide distribution of

the first base. See the Supplementary Materials and Methods for

additional details on the informatic analysis performed in each

figure.

Accession Numbers

Deep sequencing files are available from NCBI GEO (GSE41755 and

GSE57191).

Supplementary information for this article is available online:

http://emboj.embopress.org
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