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Abstract

RNA-directed DNA methylation (RdDM) is an epigenetic process in plants
that involves both short and long noncoding RNAs. The generation of these
RNAs and the induction of RdDM rely on complex transcriptional ma-
chineries comprising two plant-specific, RNA polymerase II (Pol II)–related
RNA polymerases known as Pol IV and Pol V, as well as a host of auxiliary
factors that include both novel and refashioned proteins. We present current
views on the mechanism of RdDM with a focus on evolutionary innovations
that occurred during the transition from a Pol II transcriptional pathway,
which produces mRNA precursors and numerous noncoding RNAs, to the
Pol IV and Pol V pathways, which are specialized for RdDM and gene silenc-
ing. We describe recently recognized deviations from the canonical RdDM
pathway, discuss unresolved issues, and speculate on the biological signifi-
cance of RdDM for flowering plants, which have a highly developed Pol V
pathway.
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INTRODUCTION

Transgenes and RNA pathogens have been instrumental in the discovery of various types of
homology-dependent gene-silencing phenomena in plants (92, 99). Posttranscriptional gene si-
lencing (PTGS, also referred to as cosuppression) (103, 132), transcriptional gene silencing (TGS)
(94), and RNA-mediated virus resistance (83) were all originally detected in plants engineered with
various transgene constructs. Similarly, RNA-directed DNA methylation (RdDM) was first ob-
served in transgenic tobacco plants infected with viroids, which are plant pathogens consisting
solely of a non-protein-coding RNA several hundred base pairs in length (135).

Although the nature of the RNA species triggering RdDM was initially unknown, subsequent
work implicated both small interfering RNAs (siRNAs) and long noncoding RNAs (lncRNAs).
The siRNAs, which are derived from longer double-stranded RNA (dsRNA) precursors (98,
122), provide sequence-specific guides for methylation, whereas lncRNAs coordinate assembly of
the silencing effector complex at target loci (139). The biogenesis and use of these RNAs to elicit
RdDM require core proteins of the RNA interference (RNAi) machinery—DICER-LIKE (DCL),
RNA-DEPENDENT RNA POLYMERASE (RDR), and ARGONAUTE (AGO) (21, 144; see
also sidebar, Core RNAi Proteins)—as well as specialized transcriptional machineries comprising
multiple plant-specific proteins. Foremost among these plant-specific factors and central to the
mechanism of RdDM are two RNA polymerase II (Pol II)–related RNA polymerases known as
Pol IV and Pol V. These polymerases are functionally diversified and act at different steps of the
RdDM pathway: Pol IV is needed to produce the siRNA trigger for methylation, whereas Pol V
acts downstream to enable de novo DNA methylation at the siRNA-targeted site, presumably by
synthesizing lncRNAs (scaffold RNAs) that base pair to AGO-bound siRNAs and recruit other
silencing components. Although the Pol IV branch of the RdDM pathway appears to be a common
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CORE RNAi PROTEINS

RNAi refers to gene silencing triggered by dsRNA that is processed into siRNAs, which provide sequence-specific
guides for inducing mRNA degradation (PTGS) or epigenetic modifications (TGS). Core RNAi proteins are
involved in synthesizing the dsRNA precursor (RDRs), processing dsRNA to siRNAs (DCLs), and binding the
siRNA guide strand in silencing effector complexes (AGOs) (13).

RDRs copy single-stranded RNA into dsRNA. Arabidopsis has six RDRs. RDR2 copies Pol IV–dependent tran-
scripts into dsRNA in the canonical RdDM pathway, whereas RDR6 copies Pol II–dependent transcripts into
dsRNA in the noncanonical RdDM pathway.

Dicer proteins, called DCLs in plants, are endoribonucleases that process larger dsRNA precursors into uni-
formly sized siRNAs. Arabidopsis has four DCLs: DCL1 generates 21-nt microRNAs, DCL2 generates 22-nt siRNAs
from viruses, DCL3 generates 24-nt siRNAs involved in canonical RdDM, and DCL4 generates 21-nt siRNAs and
trans-acting siRNAs.

In the silencing effector complex, AGO proteins bind siRNAs through their PAZ and MID domains and may
have RNA slicer activity through their PIWI domains (97). There are ten AGO proteins in Arabidopsis, four of
which—AGO4, AGO6, AGO8, and AGO9—are in the AGO4 clade, which incorporates 24-nt siRNAs. Primarily
AGO4 and AGO6 act in canonical RdDM (13).

feature of land plants (22), the Pol V part has attained its highest level of complexity in flowering
plants.

The proposed mechanism and biological roles of RdDM in plants have been discussed in several
recent reviews (44, 79, 93, 111, 119, 137, 151). After summarizing this information, we focus
on evolutionary innovations that occurred during the transition from the Pol II transcriptional
pathway (which produces mRNA precursors and many noncoding RNAs) to the Pol IV and
Pol V pathways (which generate the siRNAs and lncRNAs necessary for RdDM and epigenetic
silencing). In addition to noncoding RNAs, RdDM requires refashioned and novel proteins whose
precise roles in the mechanism of RdDM are not well understood. These specialized, plant-specific
proteins provide some of the most compelling arguments that RdDM is distinct from other
mechanisms of small RNA–mediated chromatin modifications in other eukaryotic organisms (18,
19, 20, 88). We highlight deviations from the canonical RdDM pathway, which illuminate a more
prominent role for Pol II in RdDM; discuss several unsettled questions; and speculate on the
significance of RdDM for flowering plants, which possess a complex Pol V pathway.

MECHANISM AND TARGETS OF RNA-DIRECTED
DNA METHYLATION

Canonical RNA-Directed DNA Methylation

Current views on RdDM originate primarily from research conducted on Arabidopsis thaliana,
which is amenable to genetic and biochemical analyses that have identified many compo-
nents of the pathway and defined their mechanistic roles. According to contemporary models,
the canonical RdDM pathway involves two sequential steps (44, 79, 93, 111, 119, 137, 151):
(a) biogenesis of 24-nucleotide (nt) siRNAs, which requires Pol IV, RDR2, and DCL3, and
(b) de novo methylation, which requires Pol V–dependent scaffold RNAs, AGO4-bound 24-nt
siRNAs, and the de novo DNA methyltransferase DOMAINS REARRANGED METHYL-
TRANSFERASE 2 (DRM2), as well as several dedicated proteins whose precise roles are not

www.annualreviews.org • RNA-Directed DNA Methylation 245



PP66CH10-Matzke ARI 20 March 2015 17:3

entirely clear (Figure 1). These specialized actors include members of the DEFECTIVE IN
RNA-DIRECTED DNA METHYLATION 1 (DRD1) subfamily of Snf2 chromatin remodel-
ers, which are necessary for both Pol IV and Pol V transcription. In addition, Pol V function
requires unusual proteins that do not have strict counterparts in other organisms, such as RNA-
DIRECTED DNA METHYLATION 1 (RDM1), and altered proteins, such as DEFECTIVE IN
MERISTEM SILENCING 3 (DMS3), SUPPRESSOR OF TY INSERTION 5–LIKE (SPT5L),
and microrchidia (MORC) proteins (Figure 1). Features of these proteins that are relevant for
their roles in RdDM are discussed in more detail below. Several splicing factors are required for
RdDM at different steps of the silencing pathway, although how they are recruited to target loci
and how they act in the RdDM mechanism remain unclear (54).

RdDM modifies cytosines in all sequence contexts (CG, CHG, and CHH, where H is A,
T, or C) within the region of RNA-DNA sequence homology, which can be as short as 30
base pairs (109, 110). siRNAs directed to transcriptional regulatory regions are able to trig-
ger promoter methylation and TGS (98, 122). Methylation at symmetrical CG and CHG nu-
cleotide groups is maintained during subsequent rounds of DNA replication through the ac-
tion of maintenance methyltransferases, which recognize methylation on one DNA strand but
not the other. CG and CHG methylation is maintained by the conserved Dnmt1-type enzyme
METHYLTRANSFERASE 1 (MET1) and the plant-specific CHROMOMETHYLASE 3
(CMT3), respectively (44, 79, 93, 111, 119, 151). CMT3 works together with the members of the
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SU(VAR)3–9 HOMOLOG 4 (SUVH4) family of histone methyltransferases to maintain methyla-
tion of histone H3 at the lysine 9 residue (H3K9), a mark of repressed chromatin (30, 36) (Figure 1).

Genetic screens have identified several histone-modifying enzymes that remove active marks
to reinforce the silent state in conjunction with DNA methylation. These enzymes include
HISTONE DEACETYLASE 6 (HDA6), which deacetylates multiple lysines on multiple his-
tones (3, 9, 33); JUMONJI 14 ( JMJ14), which demethylates lysine 4 of histone H3 (H3K4) (28,
121); and UBIQUITIN-SPECIFIC PROTEASE 26 (UBP26), which deubiquitinates histone
H2B (125) (Figure 1). The dsRNA-binding protein INVOLVED IN DE NOVO METHYLA-
TION 2 (IDN2) (4) acts in a complex with two partially redundant paralogs (IDP1 and IDP2) (40,
143, 149) and the SWI/SNF chromatin-remodeling complex (157) to adjust nucleosome spacing
to facilitate DNA methylation (Figure 1).

Targets of RNA-Directed DNA Methylation

RdDM is targeted to transposons and repeats distributed throughout the genome, but its presence
is particularly notable at smaller and younger transposons and repeats in euchromatic chromosome
arms (56, 81, 130, 147, 156). Although DNA methylation is an important factor controlling
transposons (58), these elements are not generally mobilized in mutants defective in RdDM in
Arabidopsis, suggesting that stable silencing of transposons is not the major function of RdDM.
Reliable transposon silencing depends instead on the chromatin remodeler DECREASED DNA
METHYLATION 1 (DDM1), MET1, and CMT3, as indicated by the movement of transposons
in mutants impaired in these factors (58). Arabidopsis mutants deficient in most RdDM factors
also do not show obvious developmental phenotypes when grown under standard conditions (93).
However, in other species that have larger genomes containing more repetitive DNA, such as

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 1
Canonical and noncanonical RNA-directed DNA methylation (RdDM) pathways. (Upper left) Pol IV–RDR2–dependent small
interfering RNA (siRNA) biogenesis (canonical pathway). SHH1 binds to histone H3 unmethylated at lysine 4 (K4) and methylated at
K9 (K9me) and recruits Pol IV to transcribe the target region. RDR2 physically interacts with Pol IV (45) and converts Pol IV
transcripts into double-stranded RNA (dsRNA) with the assistance of the chromatin remodeler CLSY1. The dsRNAs are processed
into 24-nucleotide (nt) siRNAs by DCL3, and the guide strand is incorporated into AGO4 or AGO6, which then enters the
Pol V–mediated pathway of de novo DNA methylation. (Upper right) Pol II–RDR6–dependent siRNA biogenesis (noncanonical
pathway). Pol II transcribes TAS noncoding RNAs, which undergo microRNA-guided slicing by either AGO1 or AGO7. An RNA
cleavage product is copied by RDR6 into dsRNA, which is processed into 21–24-nt siRNAs by various DCL activities. The 21–22-nt
size class, called trans-acting siRNAs (tasiRNAs), are loaded onto AGO1 or AGO7 to induce posttranscriptional gene silencing (PTGS)
of complementary target mRNAs in the cytoplasm, while some tasiRNAs are incorporated into AGO4/6 to guide Pol V–mediated de
novo DNA methylation of TAS genes. A related pathway of Pol II–RDR6 RdDM occurs at newly inserted transposons. (Bottom)
Pol V–dependent DNA methylation and heterochromatin formation. Pol V, recruited to some loci by the methyl-DNA-binding
proteins SUVH2 and SUVH9, transcribes the target locus to produce a scaffold RNA, which base pairs with the siRNA guide bound to
AGO4/6. AGO4 interacts with the Ago-hook regions in SPT5L and the C-terminal domain of NRPE1 as well as DRM2, which
catalyzes de novo methylation of DNA ( yellow lollipops) at the siRNA-targeted site. RDM1 may link AGO4 and DRM2, and may also
function with DRD1 and DMS3 in the DDR complex to ease Pol V transcription through chromatin and open the DNA duplex.
Heteromers of MORC1 (or MORC2) and MORC6 associate with SUVH2/9 and may also interact loosely or transiently with DMS3
to form a cohesion-like complex that generates and stabilizes the unwound state. Pol V transcripts are also used for heterochromatin
formation. The IDN2/IDP complex binds Pol V scaffold RNAs and recruits the SWI/SNF complex to favorably position nucleosomes
for methylation. Active histone marks, such as H3K4me, acetylation, and ubiquitination, are removed from nucleosomes by JMJ14,
HDA6, and UBP26, respectively (dotted arrows). SUVH4–6 catalyze repressive H3K9me to reinforce the silent state. All small RNAs
are stabilized by methylation at their 3′ ends by HUA ENHANCER 1 (HEN1) (not shown) (153). Pol IV and Pol V likely depend on
DMS4 for import into the nucleus (48, 65). Figure based in part on the transcription fork model developed by Pikaard et al. (111).
Arabidopsis Genome Initiative (AGI) numbers for all factors are given in Supplemental Table 1.
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maize and rice, mutations in genes encoding RdDM factors can affect development and transposon
mobility, suggesting a larger role for RdDM in regulating gene expression and maintaining genome
stability in these species (112, 136).

Pol IV is recruited to a subset of target loci through SAWADEE HOMEODOMAIN
HOMOLOG 1 (SHH1), a SAWADEE domain–containing protein that recognizes unmethy-
lated H3K4 and methylated H3K9 through its Tudor domain (78, 150). Recruitment of Pol V
at loci containing preexisting DNA methylation is enhanced by SUVH2 and SUVH9, which
bind methylated CG dinucleotides through their SET and RING finger–associated (SRA)
domains (60, 73, 84) (Figure 1). Although several thousand sites of Pol IV and Pol V occupancy
have been identified in chromatin immunoprecipitation sequencing experiments, consensus
promoter motifs for these polymerases have not been discerned (78, 138). However, one study
demonstrated that Pol IV uses a different promoter than Pol II to transcribe the same target
sequence (117). Some targets of RdDM overlap with those of REPRESSOR OF SILENCING 1
(ROS1), a DNA glycosylase-lyase activity that functions in active demethylation of DNA (152).
These common targets illustrate the potential reversibility of RdDM, which may dynamically
modulate the expression of adjacent genes (51, 70) and be important for stress responses (93, 96).

Noncanonical RNA-Directed DNA Methylation

Recent findings indicate that canonical RdDM involving Pol IV–RDR2–DCL3 is just one variant
of a more complex interconnected network of pathways that link RdDM with PTGS. At some TAS
loci (68, 142), which encode trans-acting siRNAs, and newly integrated transposons (90, 105, 108,
113), a Pol II–RDR6 pathway that transitions from PTGS to TGS has been observed. This pathway
relies on Pol II transcripts that are copied by RDR6 and processed by DCL2 and DCL4 into 21–
22-nt siRNAs. These siRNAs are thought to interact with AGO4 or AGO6 to elicit RdDM in a
Pol V–dependent manner and to bind to AGO1 to guide cleavage of target transcripts in a classical
PTGS process (Figure 1). A plant-specific protein, NEEDED FOR RDR2-INDEPENDENT
DNA METHYLATION (NERD), which contains several chromatin-associated domains as well
as glycine-tryptophan (GW) repeats that bind AGO proteins (113), has been implicated in RDR6
RdDM. NERD associates with histone H3 and AGO2 and is needed for siRNA accumulation at
NERD target loci, which tend to be newly acquired transposon insertions (113).

THE EVOLUTION OF POL IV AND POL V PATHWAYS

All eukaryotes have three different, multisubunit DNA-dependent RNA polymerases (RNAPs)
that transcribe nuclear genes and are essential for viability: Pol I transcribes large ribosomal
RNAs; Pol II transcribes mRNA precursors and numerous noncoding RNAs, which remain largely
uncharacterized; and Pol III transcribes 5S ribosomal RNAs and transfer RNAs. Each RNAP has
a pair of unique largest and second-largest subunits, which form the catalytic center, and up to
ten smaller subunits, of which five (subunits 5, 6, 8, 10, and 12) are shared by all three RNAPs
(24, 87). The plant-specific Pol IV and Pol V, which are dispensable for viability, are most closely
related to Pol II (87, 115, 131). Similarly to the other three RNAPs, Pol IV and Pol V have
unique largest subunits, termed NUCLEAR RNA POLYMERASE D1 (NRPD1) and NRPE1,
respectively; in Arabidopsis, they share the same second-largest subunit, NRPD2/E2 (53, 66, 107,
114) (Supplemental Table 1; follow the Supplemental Material link from the Annual Reviews
home page at http://www.annualreviews.org). Further diversification of Pol IV and Pol V from
Pol II and from each other has occurred through duplications or alterations of subunits 3, 4, 5, 7,
and 9 (115, 131) (Figure 2).

248 Matzke · Kanno · Matzke

Supplemental Material

http://www.annualreviews.org
http://www.annualreviews.org/doi/suppl/10.1146/annurev-arplant-043014-114633


PP66CH10-Matzke ARI 20 March 2015 17:3

DNA
template

entry

RNA exit

1 

2 

4 

3 

5 

6 
8 

7 

9 
10 

11 

12 

Figure 2
Subunit composition of Pol IV and Pol V. Subunits are numbered and arranged according to information
available for yeast Pol II (141). Number 1 refers to the largest subunit. The subunits shared by Pol II, Pol IV,
and Pol V are shown in dark blue, and the subunits unique to Pol IV and/or Pol V are shown in green (115,
131). A ninth subunit, shown in light blue, that is common among the three RNA polymerases carries out a
special Pol V regulatory function (37, 128). The largest and second-largest subunits interact to form the
catalytic core for DNA-dependent RNA polymerization (131). All four subunits comprising the jaw region
(1, 2, 5, and 9), which grips the DNA template during transcription (25), have been identified in genetic
screens for Pol V–specific factors (37), suggesting that specializations in this region adapt Pol V to transcribe
templates with particular structural or epigenetic features. Regions of DNA template entry and RNA exit are
placed according to those in Reference 131.

Pol IV and Pol V are evolving rapidly, as indicated by the 10- and 20-times-higher amino
acid substitution rates of their second-largest and largest subunits, respectively, compared with
the cognate subunits in Pol II (87). The multistep scenario originally proposed by Luo & Hall
(87) for the evolution of the largest and second-largest subunits of Pol IV and Pol V has been
largely confirmed and extended by more recent phylogenetic analyses. Initially, in the ancestor of
Charales, the closest green algal relative of land plants, the gene encoding NRPB1, the largest sub-
unit of Pol II, was duplicated and one copy diversified to give rise to NRPD1. After the divergence
of land plants from Charales, the second-largest subunit, NRPD2/E2, arose, presumably through
a reverse transcription event because the intron positions in NRPB2 do not correspond with those
in NRPD2/E2. Finally, in the ancestor of flowering plants, NRPD1 was duplicated and one copy
diversified to form NRPE1 (87). NRPD1 and NRPE1 have several common features that reveal
their relatedness to each other and their divergence from NRPB1 to support specialized functions
in RdDM.

NRPD1 and NRPE1

The common ancestry of NRPD1 and NRPE1 and features distinguishing them from NRPB1
are evident both in the N-terminal segments, which contain the catalytic domains, and in the C-
terminal domains (CTDs), which serve as platforms for binding various factors. The N-terminal
portions comprise conserved domains A–H, which organize the active site and mediate interactions
with proteins (44) (Figure 3a). Differences in these regions in NRPD1 and NRPE1 relative to the
canonical largest-subunit structure include numerous amino acid substitutions and deletions, in-
cluding a deletion of approximately 190 amino acids between domains F and G (87) (Supplemental
Figure 1). In addition, there are several divergent amino acid residues around the aspartic acid (D)
triad forming the metal A binding site at the catalytic center, which otherwise has an invariant se-
quence (NADFDGD) in other RNAPs (Figure 3a). The functional significance of these changes
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in the catalytic domains of NRPD1 and NRPE1 is unknown, but they may allow Pol IV and Pol V
to accommodate different templates or carry out unconventional catalytic activities (75).

In contrast to the recognizable similarity of most domains in their N-terminal portions, NPRD1
and NRPE1 differ completely from NRPB1 in their CTDs. The CTD of NRPB1 consists exclu-
sively of a heptapeptide repeat (Figure 3a), which provides a platform for enzymes that process
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Figure 3
Domain structures of RNA-directed DNA methylation (RdDM) factors and related proteins. (a) RNA polymerase largest subunits.
Conserved domains A–H are important for organizing the active center and mediating interactions with other subunits (44). The
circled G domain in NRPD1 and NRPE1 indicates the approximate position of a 190-base-pair deletion relative to NRPB1, which is
shown in detail in Supplemental Figure 1 together with additional sequence variations among the three largest subunits. The amino
acid sequence of the loop region containing the metal A binding site with the conserved aspartic acid (D) triad (red letters) is bracketed.
There are 26 copies of the heptapeptide Tyr-Ser-Pro-Thr-Ser-Pro-Ser in the C-terminal domain (CTD) of NRPB1 in Saccharomyces
cerevisiae, 29 in that of Arabidopsis, and 52 in that of humans (34). (b) Domain structures of SMC2, SmcHD1, GMI1, DMS3, and
AtMORC6. (c) Domain structures of SPT5 and SPT5L. (d ) Comparison between mammalian Dnmt3b and plant DRM2. Domains in
the C-terminal region are indicated in roman numerals. The PWWP domain has a conserved Pro-Trp-Trp-Pro motif. Additional
abbreviations not defined in the main text: aa, amino acids; ADDz, ATRX, Dnmt3, and Dnmt3L PHD-like zinc finger domain; ATRX,
alpha thalassemia/mental retardation syndrome X; Dnmt3, DNA methyltransferase 3; Dnmt3L, DNA methyltransferase 3–like; PHD,
plant homeodomain–like zinc finger domain; Q, glutamine; S, serine; UBA, ubiquitin associated.
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the nascent RNA and catalyze cotranscriptionally various epigenetic modifications (34). By con-
trast, the CTD of NRPD1 lacks heptapeptide repeats and contains instead a sequence similar to a
group of small plant-specific proteins called defective chloroplasts and leaves (DeCLs) (Figure 3a).
The functions of authentic DeCL proteins, which are located in mitochondria, chloroplasts, and
nuclei, are not entirely clear, but they are thought to participate in ribosomal RNA processing (7,
74). NRPD1 thus appears to be the result of a fusion between sequences encoding the N-terminal
portion of NRPB1 and a DeCL protein. The function of the DeCL motif in NRPD1 is not known,
but, similarly to authentic DeCL proteins, it may be involved in RNA processing or interactions.

The derivation of NRPE1 from NRPD1 is supported by the presence of a DeCL motif in the
CTDs of both proteins. However, the CTD of NRPE1 has further expanded to include a so-called
Argonaute (Ago)–hook region comprising nearly 20 GW repeats (5, 35) (Figure 3a). The Ago
hook allows Pol V to cotranscriptionally associate with AGO proteins that bind the siRNA guide
for methylation (5) (Figure 1). The origin of the GW repeats in the CTD of NRPE1 is not clear,
but the presence of a degenerate tandem repeat (44) is a feature shared by the Ago-hook region
of SPT5L, another component of the Pol V pathway that is discussed further below.

Phylogenetic distribution. As mentioned above, the Pol IV pathway appears to be present in
all land plants investigated so far, and this is consistent with the existence of putative orthologs
of NRPD1 in a range of land plants (Figure 4). As expected from previous analyses (87, 131),
NRPE1 is present in all flowering plants examined so far, including the basal angiosperm Amborella
trichopoda (Figure 4), for which the whole genome sequence has recently become available (2).
However, contrary to an earlier scenario suggesting that NRPE1 originated in the ancestor of
flowering plants (87), putative NRPE1 orthologs appear to be present in the lycophyte Selaginella
moellendorffii and the moss Physcomitrella patens (Figure 4). Intriguingly, the putative NRPE1
protein in Physcomitrella contains an Ago-hook region in the CTD but lacks a recognizable DeCL
domain, which is also absent in the putative NRPD1 ortholog in this species (Figure 4). Moreover,

NRPD1 NRPE1 RDM1 DRD1 DMS3 AtMORC6 SPT5L DRM2

Arabidopsis
thaliana

Oryza sativa

Amborella
trichopoda No UBA

Picea abies No Ago hook 
No DeCL

No UBA

Selaginella
moellendorffii No UBA

Physcomitrella
patens No DeCL No DeCL No UBA

Chlamydomonas
reinhardtii

Figure 4
Phylogenetic distribution of specialized Pol V pathway components. Orange and white boxes denote the existence and absence,
respectively, of a putative ortholog for each RNA-directed DNA methylation factor in each species. Light orange boxes in the NRPD1,
NRPE1, and DMS3 columns indicate the presence of a similar protein that either lacks characteristic motifs (NRPD1 and NRPE1) or
is not the correct size (DMS3). Domains were identified by searching PROSITE (http://prosite.expasy.org), InterPro (http://www.
bi.ac.uk/interpro), and SMART (http://smart.embl-heidelberg.de). Accession numbers for these putative orthologs are given in
Supplemental Table 1.
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the amino acids around the metal A binding site of the catalytic center of the putative NRPE1
ortholog in Physcomitrella are identical to the invariant NADFDGD sequence found in Pol I,
Pol II, and Pol III instead of the (S/G/A)ADFDGD sequence that is present in NRPE1 from other
plants (Supplemental Figure 2). By contrast, in Selaginella, the putative orthologs of NRPD1
and NRPE1 appear to be more similar to those in flowering plants, containing a DeCL motif
in the CTDs as well as an Ago-hook region in the CTD of NRPE1 (Figure 4). However, the
amino acids around the metal A binding sites in Selaginella NRPD1 and NRPE1 deviate from the
conserved sequences (Supplemental Figure 2).

Any functional consequences of the DeCL motif deficit in Physcomitrella NRPE1 and NRPD1
will remain unknown until the function of the DeCL motifs in Pol IV and Pol V is determined. The
presence of putative NRPE1 orthologs and the absence of the specialized Pol V pathway compo-
nents RDM1, DMS3, and SPT5L (Figure 4), which are discussed further below, in Physcomitrella
and Selaginella suggests the presence of a rudimentary Pol V–mediated RdDM pathway in these
lower plants. In accordance with this notion, Physcomitrella has DCL3-generated 22–24-nt siRNAs
that are involved in retrotransposon silencing, although they are unlikely to directly trigger DNA
methylation (22). Physcomitrella may represent either a separate pathway of Pol V evolution or an
arrested early stage before the acquisition of the full complement of NRPE1 domains and Pol V
auxiliary factors that are present in flowering plants.

Gymnosperms. Whether the Pol V pathway is present in gymnosperms is unclear, because a
search of the Norway spruce (Picea abies) genome database identified only a truncated NRPE1
protein (Supplemental Table 1). However, this apparent absence may reflect incomplete anno-
tation of the spruce genome. Whether the putative partial NRPE1 ortholog in spruce, which lacks
an obvious DeCL motif and Ago-hook region that are present in the CTDs of the angiosperm
NRPE1 (Figure 4), can function in the RdDM pathway is unknown. Although gymnosperms pos-
sess a Pol IV pathway, 24-nt siRNAs are produced at low levels compared with those of flowering
plants and are highly specific to reproductive tissues (106). More analysis of DNA methylation in
gymnosperms is required to assess the extent to which RdDM contributes to genome methylation.

Specialized Pol IV and Pol V Pathway Components

In addition to significant modifications in the largest subunits, NRPD1 and NRPE1, the evolution
of the Pol IV and Pol V pathways has entailed the emergence of a new subfamily of chromatin
remodelers, the DRD1 subfamily, as well as altered and novel proteins. The Pol V branch of
the pathway, which is responsible for facilitating the de novo methylation step (Figure 1), is
particularly complex and relies on several unusual factors, including DMS3, RDM1, and SPT5L,
that appear to be present only in flowering plants.

The DRD1 subfamily of Snf2 chromatin-remodeling proteins. DRD1 is the founding mem-
ber of a subfamily of Snf2 chromatin-remodeling proteins that is present only in land plants (6)
(Figure 4). Snf2 proteins, which are involved in replication, transcription, DNA repair, and re-
combination, use the energy of ATP to locally modulate chromatin by displacing nucleosomes
and disrupting DNA-histone contacts (41). The Arabidopsis genome encodes 41 Snf2 proteins
distributed among six groups and 18 subfamilies (6). DRD1, part of the Rad54-like group (41), is
the only plant-specific Snf2 subfamily in Arabidopsis.

The DRD1 subfamily contains six members in Arabidopsis, and nearly all have been implicated
in either Pol IV– or Pol V–dependent steps of the RdDM pathway (Supplemental Table 1),
presumably acting to remodel chromatin in advance of Pol IV or Pol V transcription. DRD1
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was identified in several classical genetic screens for compromised Pol V function in RdDM
(43, 64, 67) and shown to be required for production of Pol V scaffold transcripts (139). By
contrast, CLASSY 1 (CLSY1) is needed for Pol IV activity, as indicated by its identification in a
genetic screen that also retrieved NRPD1 and RDR2 (123) and in a mass spectrometry analysis of
affinity-purified NRPD1 (80). The latter study also identified further DRD1 subfamily members,
namely CLSY2, CLSY3, and CLSY4 (Supplemental Table 1), as NRPD1-interacting proteins
(80). An ortholog in maize, required to maintain repression 1 (RMR1), which is most similar to
CLSY3 and CLSY4 (6), was identified in a screen for mutants defective in paramutation (46).
Of the Arabidopsis DRD1 subfamily members, only chromatin remodeling 34 (CHR34), which is
most closely related to DRD1, remains functionally uncharacterized (Supplemental Table 1).

The DRD1 subfamily has a notable evolutionary history, progressing from “apparent nonexis-
tence in non-plant species and lower plants, such as Volvox carteri and Chlamydomonas reinhardtii,
to the largest and most diverse subfamily in current-day higher plants” (6, p. 7) (Figure 4). An
analysis of the large DRD1 subfamily in tomato revealed a complex series of evolutionary events
leading to substantial functional diversification (6). The reasons behind the rapid expansion and
functional variation of the DRD1 subfamily remain obscure. Their prominent role in siRNA-
mediated epigenetic processes implies that this form of gene regulation has adaptive value in
plants, which is consistent with proposed roles of RdDM in stress responses (6, 96) and reproduc-
tion (93). Additional work is required to unravel the full range of functions that require DRD1
subfamily members.

The mechanism or mechanisms by which DRD1 subfamily proteins operate during the various
steps of the RdDM pathway are not known. The DRD1 protein is currently assigned a role in the
DDR complex (Figure 1), a biochemically defined complex containing DRD1, DMS3, and RDM1
that may assist Pol V transcription through chromatin (77, 139, 140) (Figure 1). More refined roles
for DRD1 in the mechanism of Pol V–mediated de novo methylation might emerge from deeper
studies. Other members of the Rad54-like Snf2 subfamily could offer clues to the mechanism of
action of DRD1 and related proteins. The Rad54 protein functions in homologous recombination
and DNA repair, presumably by stimulating Rad51-mediated invasion of single-stranded DNA
into the target duplex (41). Another Rad54-like protein, J-binding protein 2 ( JBP2), facilitates
telomeric silencing in trypanosomes by facilitating a process involving DNA glycosylation (29).
A recurrent theme is that members of the Rad54-like subfamily of Snf2 proteins are involved in
repair or covalent modification of DNA.

DMS3: an SMC hinge domain–containing protein. DMS3 is an unusual structural mainte-
nance of chromosomes (SMC) hinge domain–containing protein that has been identified in several
classical genetic screens for mutants defective in RdDM (4, 64). Authentic SMC proteins contain
a central hinge domain flanked by two long coiled coils, which terminate in ATP-binding sites
(Figure 3b). Unlike Snf2 ATPases, which act locally to modify chromatin structure, SMC pro-
teins, which contain an ATP-binding cassette (ABC) type of ATPase, are involved in modulating
higher-order chromosome organization and dynamics. There are six SMC proteins in eukaryotes,
which act as heterodimers, joined at the central hinge region that is present in these molecules
(17). SMC1 and SMC3 are core subunits of the cohesion complex that reversibly embraces sister
chromatids. SMC2 and SMC4 form the core of the condensin complex, which is important for
chromosome condensation. The SMC5 and SMC6 heterodimer is involved in DNA repair and
checkpoint responses (17).

DMS3 is essentially a solo hinge protein that is much smaller than authentic SMC proteins
(Figure 3b). Clear homologs are found only in flowering plants (Figure 4). Interestingly, the hinge
region of DMS3 is less similar to the hinge region of authentic SMC proteins and more similar to
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the hinge region of another Arabidopsis protein, γ-irradiation and mitomycin C induced 1 (GMI1)
(12), and a related mammalian protein, structural maintenance of chromosomes hinge domain–
containing 1 (SmcHD1) (10). However, the latter two proteins are considerably larger than DMS3,
and in addition to the SMC hinge contain a terminal ATPase domain of the GHKL (gyrase,
HSP90, histidine kinase, MutL) type (Figure 3b). GHKL ATPases of the MORC subfamily have
also been identified together with DMS3 in classical genetic screens to identity mutants defective
in RdDM and TGS in Arabidopsis.

MORC ATPases. The founding member of the MORC family was identified in a mouse mutant
impaired in spermatogenesis (57). MORCs represent a novel family of eukaryotic chromatin
proteins that contain a GHKL domain and an S5 domain, which together constitute an active
ATPase module (59, 76). Plant MORCs, which are distantly related to mammalian MORCs (76),
have a C-terminal coiled-coil domain that forms a putative basic leucine zipper motif, which
may mediate protein-protein interactions (76) (Figure 3b). Until recently, little was known about
the roles of MORC ATPases in chromatin structure and dynamics. Based on the functions of
prokaryotic GHKL ATPases, such as gyrases and topoisomerases, Iyer et al. (59) proposed that
MORC ATPases in eukaryotes may influence chromatin by manipulating DNA superstructure in
response to epigenetic cues such as DNA methylation and histone modifications.

MORC proteins have been implicated recently in RdDM and heterochromatin silencing, but
their precise roles are not clear. Of the seven MORC proteins in Arabidopsis (Supplemental
Table 1), AtMORC6, which is most distantly related to the other six (62, 76), was identified in
two independent classical genetic screens for mutants disabled in transgene TGS and RdDM (14,
86). Both AtMORC1 and AtMORC6 were identified in a separate screen for heterochromatin
factors (102). AtMORC1 was also retrieved and named compromised resistance to turnip crinkle
virus (CRT1) in an unrelated classical genetic screen for mediators of defense signaling (62).
AtMORC1/CRT1 and its closest paralog, AtMORC2, were shown to be required for various
types of disease resistance (61–63). Additional work is needed to understand the relationship
between the roles of MORC proteins in epigenetic processes and responses to pathogens.

Regarding the role of MORC proteins in epigenetic modifications, several studies have reported
modest decreases in DNA methylation and repressive histone modifications in morc6 mutants (14,
85, 86). A separate investigation, however, did not detect changes in either DNA methylation
or histone methylation in morc1 and morc6 mutants but did discern alterations in higher-order
chromatin conformation at pericentromeric regions, suggesting that MORC1 and MORC6 acted
downstream of DNA and histone modifications to reinforce TGS (102). AtMORC6 has been
reported to interact with the SMC hinge domain–containing protein DMS3, suggesting that the
two proteins cooperate as a cohesion-like complex to modulate chromatin configuration (86, 111)
(Figure 1). However, other biochemical studies did not find a stable interaction between
AtMORC6 and DMS3 but did detect associations between MORC proteins and SUVH2/9
(Figure 1) (84). AtMORC1 and AtMORC2 have been reported to act nonredundantly to form
heteromers with AtMORC6 in modulating higher-order chromatin structure (101) (Figure 1).
Different combinations of MORC proteins may have locus-specific effects on chromatin structure
or act at different steps of RdDM or immune pathways.

GHKL ATPases, SMC hinge domains, DNA repair, and RNA-directed DNA methylation.
Although MORCs are present in all land plants, clear orthologs of the SMC hinge domain–
containing protein DMS3 are found only in flowering plants, and their evolutionary origin is
unclear (Figure 4). DMS3 and AtMORC6, which is in a distinct clade relative to the other
Arabidopsis MORCs (76), display highly correlated coexpression in Arabidopsis and were shown in
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one study to interact physically to stimulate ATPase activity (85). It is therefore worth considering
the mechanistic implications of a functional association between these two proteins, particularly in
view of mammalian SmcHD1 and Arabidopsis GMI1, which contain both the SMC hinge and the
GHKL ATPase domain in a single polypeptide (Figure 3b). Conceivably, DMS3 and a MORC-
like protein might have resulted from transposon-mediated fracturing of a GMI1 paralog into two
separate genes (12). GMI1 is needed for somatic homologous recombination and DNA repair
in Arabidopsis (12). Mammalian SmcHD1 has both epigenetic and DNA repair functions and
has been proposed to promote homologous DNA repair through its ability to alter chromatin
states (23). It thus appears that proteins comprising both an SMC hinge and GHKL ATPase
are important for DNA repair, including homology-directed repair. Plant MORC proteins also
have DNA/RNA-binding capacity and endonuclease activity in vitro and hence may be involved
in DNA recombination and repair (76). Human MORC2 is involved in DNA repair–associated
chromatin remodeling to permit DNA repair (82). Thus, in addition to DRD1, the putative Snf2
chromatin remodeler in the Rad54-like subfamily, DMS3 and MORCs represent other Pol V
pathway components that are related to proteins functioning in DNA repair.

RDM1: a small protein with a unique protein fold. RDM1 is the most enigmatic protein in
the Pol V pathway with respect to its precise roles in the mechanism of RdDM and its evolutionary
history. RDM1 is a small plant-specific protein of 163 amino acids that has a unique protein fold
and a domain of unknown function (DUF1950). Its crystal structure, which was determined before
any functional information was available, revealed a new fold in protein conformation space (1).
The structural analysis also suggested that RDM1 forms homodimers and that each monomer
contains a hydrophobic pocket. Sequence homology searches have failed to identify any related
protein in organisms other than flowering plants (Figure 4). The evolutionary origin of RDM1
is thus a mystery, although a tentative relationship to a DNA polymerase subunit has been noted
(118). As indicated by the nearly complete loss of DNA methylation in rdm1 mutants (42, 118,
126), RDM1 plays a crucial role in the RdDM pathway that remains to be fully understood.

RDM1 has been placed in two positions in the Pol V pathway: acting as a bridging protein
between AGO4 and DRM2 (42) and acting as a component of the DDR complex that facilitates
Pol V transcription (77) (Figure 1). It is not clear how to reconcile these two proposed roles.
An analysis of several point mutations that prevent dimerization suggested that RDM1 acts as a
monomer in the DDR complex and as a homodimer during the de novo methylation step (118).
This may be relevant in view of the reported interaction of RDM1 and DRM2 (42), which also
forms a dimer that is critical for its catalytic activity (155). The role of the hydrophobic pocket
in RDM1 is obscure, although it was observed to bind methylated single-stranded DNA (42)
(Figure 1). RDM1 homodimers, which contain two opposing hydrophobic pockets (1), could
conceivably bind methylated double-stranded nucleic acids, although this possibility awaits exper-
imental confirmation.

SPT5L. SPT5L [also termed KOW TRANSCRIPTION FACTOR 1 (KTF1)] is a plant-specific
derivative of the transcription factor Spt5, known as N-utilization substance G (NusG) in bacteria.
Other than core RNAP subunits, the Spt5/NusG family of proteins are the only transcriptional
regulators that are conserved in all three domains of life—eukaryotes, bacteria, and archaea—and
they have essential functions in transcriptional elongation and other stages of transcription (47).
In eukaryotes, Spt5 proteins coordinate transcriptional elongation with chromatin modifications
and pre-mRNA processing (47). Spt5 is a large, highly conserved protein containing a NusG
N-terminal (NGN) domain—a CTD that binds the zinc finger protein Spt4 to form a functional
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complex—and multiple Kyrpides, Ouzounis, and Woese (KOW) domains, which may mediate
protein-protein and protein–nucleic acid interactions (47) (Figure 3c).

The Arabidopsis genome encodes two authentic Spt5 proteins, the pollen-specific SPT5-1 and
the constitutively expressed SPT5-2 (32), as well as the related SPT5L (Supplemental Table 1).
Similar to authentic Spt5 proteins, SPT5L contains in its N-terminal half an NGN domain and
several KOW domains. The C-terminal half, which diverges completely from Spt5 proteins,
contains an Ago-hook region comprising many GW repeats (Figure 3c). Thus, compared with
Spt5 proteins, SPT5L has gained the ability to interact with AGO proteins and participate in
siRNA-mediated chromatin modifications that are imposed during transcription.

A role for SPT5L in RdDM was discovered following a computational analysis conducted
to reveal Ago-hook proteins (8) and in a classical genetic screen designed to retrieve RdDM-
defective mutants (49). Both of these studies demonstrated that SPT5L interacts with AGO4.
SPT5L was also identified in a mass spectrometry analysis of affinity-purified NRPE1 (55). These
results are consistent with the participation of SPT5L in the Pol V pathway as an AGO4 and
NRPE1-associated protein (55, 116) (Figure 1).

Full-length homologs of SPT5L are present only in flowering plants (Figure 4). Among these
proteins, the N-terminal half is far more conserved than the C-terminal half, which contains
the Ago-hook region. In different species, this tract varies not only in nucleotide sequence and
the number of GW repeats but also in length. The functional consequences of these differences
are unknown, but they may affect the strength of interactions with AGO proteins. The Ago-hook
region of SPT5L in Arabidopsis, many other dicots, and some monocots contains a degenerate
tandem repeat (Supplemental Figure 3), which may lead to slippage during DNA replication and
result in the relatively high degree of length and sequence variability in this region. A degenerate
tandem repeat of 16 amino acids is also present in the Ago-hook region of NRPE1 (44), and
this region is also highly variable among NRPE1 orthologs. SPT5L and NRPE1 illustrate the
propensity of transcriptional proteins to acquire, through a mechanism that may involve exon
capture or alternative splicing (5), rapidly evolving Ago-hook regions that are critical for their
function in RdDM.

Summary of Changes

Major changes in the evolutionary transition from the Pol II transcriptional pathway to the cur-
rent Pol IV/Pol V pathway in flowering plants occurred through duplication and modification of
Pol II subunits, including a gene fusion involving NRPB1 and a DeCL protein (NRPD1), acqui-
sition of Ago-hook regions by proteins involved in transcription (NRPE1 and SPT5L), co-option
and modification of proteins involved in DNA repair (DRD1 subfamily members, DMS3, and
MORCs), and the emergence of a novel protein that may be derived from a nucleic acid poly-
merase subunit (RDM1). Although their precise roles in the RdDM mechanism remain to be fully
clarified, these refashioned and novel proteins are likely to carry out their specialized roles by
facilitating Pol IV and Pol V transcription through chromatin, establishing a chromatin substrate
favorable for de novo methylation during Pol V transcription, and enabling interaction of the
Pol V complex with AGO/siRNAs and DRM2 to effect de novo methylation of DNA (Figure 1).

DRM2

DRM2, a member of the conserved Dnmt3 family of de novo methyltransferases, has special
features that may be relevant for its role in RdDM (15, 43, 72, 104). Most strikingly, the catalytic
domains in the C-terminal portion are rearranged relative to mammalian counterparts such that
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motifs VI–X precede I–V (16) (Figure 3d ). The functional consequences of this rearrangement
remain uncertain, but it does not seem to affect the ability of DRM2 to adopt the overall fold of
conventional DNA methyltransferases (155). DRM2 forms a dimer that is essential for catalytic
activity in vivo (155) and has been reported to interact with RDM1 (42), AGO4 (155), and lncRNAs
(11) (Figure 1). One can speculate that the domain rearrangement is in some way important for
DRM2 to participate in one or more of these proposed interactions in the Pol V pathway.

The rearrangement in DRM2 occurs at the same position in many plant species, suggesting
that it occurred early during plant evolution (155). DRM2 homologs are present in land plants
(148), although not all of these contain the N-terminal ubiquitin-associated (UBA) domains found
in most flowering plant DRM2 proteins (Figure 4). The UBA domains are not required for
catalytic activity (155), but they may recognize certain chromatin modifications during RdDM
(50). Chlamydomonas lacks a DRM2 homolog and has only low levels of nuclear DNA methylation,
which probably results from a mechanism different from that in flowering plants (39).

UNRESOLVED ISSUES

How Pervasive Is Pol II Involvement in RNA-Directed DNA Methylation?

During RNAi-mediated heterochromatin formation in fission yeast, Pol II transcribes both the
precursor of siRNAs and scaffold transcripts that base pair with the siRNA guide and recruit the
silencing effector complex (69). Although Pol IV and Pol V are specialized to execute these steps
in plants, Pol II is capable of performing both of these functions in pathways leading to RdDM at
certain loci. In addition to transcribing precursors of 21–22-nt siRNAs in RDR6-RdDM pathways
(90, 105, 108, 113), Pol II transcribes hairpin RNAs that are processed to siRNAs from endoge-
nous inverted DNA repeats (31, 52). At intergenic, low-copy-number loci, Pol II synthesizes
scaffold transcripts and interacts with AGO4/siRNAs, presumably through several GW repeats in
the second-largest subunit, NPRB2, leading to application of repressive epigenetic modifications
that induce TGS (154). At some heterochromatic loci, Pol II transcripts or transcription can re-
cruit Pol IV and/or Pol V to elicit TGS (154). Pol II transcription has been reported to promote
Pol IV–dependent siRNA amplification and RdDM at a low-copy-number transgene locus (145).
Further work is required to understand the full manner in which Pol II either acts independently
or collaborates with Pol IV and Pol V to induce RdDM at various sites in the genome. Conceiv-
ably, Pol II transcription could be associated with the application of histone modifications—as
occurs in fission yeast, which lacks DNA methylation—whereas Pol V transcription would allow
establishment of covalent modification of DNA.

How Many RNA Triggers Are There?

Although the current consensus holds that DCL3-generated 24-nt siRNAs are the trigger for
RdDM, the finding of RDR6-RdDM and other observations suggest that this view is incomplete.
Recent whole-genome bisulfite sequencing on a large collection of epigenetic mutants (126) has re-
inforced previous data showing considerable redundancy among DCLs, and presumably different
size classes of siRNA, in RdDM (52). Whole-genome bisulfite sequencing has demonstrated that
the level of methylation in dcl3 mutants is only weakly reduced, whereas methylation in dcl2 dcl4
dcl3 triple mutants is more strongly decreased, indicating that DCL2 and DCL4 can compensate
for lack of DCL3 activity at most RdDM target sites (126). In addition, mutants defective in RDR1
and RDR6 show strong losses of methylation even though they are involved in producing 21–22-
nt siRNAs (126). These results are consistent with the idea that that RDR6-DCL2/4-dependent
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21–22-nt siRNAs act to establish DNA methylation that is then further maintained and enhanced
by Pol IV–RDR2–DCL3–dependent 24-nt siRNAs (90, 93, 105, 108, 113).

Dalakouras & Wassenegger (26) suggested that longer dsRNAs trigger RdDM. In their model,
AGO4-bound siRNAs are not needed to guide RdDM but are necessary to cleave Pol II–, Pol IV–,
or Pol V–generated scaffold RNAs to provide substrates for RDR2/6, producing dsRNAs that
directly induce methylation. Their arguments rely in part on nonuniform accumulation of small
RNAs from processed hairpin RNAs. However, these may be explained by siRNA accumulation
biases based on sequence composition (117).

siRNA-RNA or siRNA-DNA?

Early debates considered whether the strict limitation of RdDM to the region of RNA-DNA
sequence homology reflected base pairing of siRNAs with target DNA or with nascent RNA
transcribed at the target site (91). The detection of Pol V transcripts at target loci (139) that
resemble the Pol II scaffold transcripts required for siRNA-mediated heterochromatin forma-
tion in fission yeast appeared to settle the matter in favor of interactions between siRNAs and
Pol V–generated scaffold RNAs. In support of this model, a recent study noted that DRM2 tends
to methylate the same DNA strand as the siRNA instead of the complementary strand that can
base pair to siRNAs (155). However, there is no direct evidence that Pol V transcripts per se
are required as opposed to the act of Pol V transcription itself, which may provide a permis-
sive chromatin environment for RdDM to occur independently of the lncRNA product (71).
The exquisite targeting of RdDM (27, 110, 117) is most consistent with direct siRNA-DNA
base pairing (134). The unique transcriptional machinery required for RdDM, including fac-
tors related to proteins involved in homologous recombination and DNA repair, also suggests a
mechanism that differs from that operating in fission yeast.

Although AGO proteins are normally thought to bind small RNAs that base pair to comple-
mentary target RNAs, these proteins are also able to bind small DNAs, as indicated by the recent
finding of DNA-guided DNA interference in prokaryotes. In this process, AGO proteins loaded
with small, plasmid-derived DNAs 15–25 nt in length guide cleavage of complementary plasmid
DNA in a host defense response (127). It is thus conceivable that during RdDM, siRNA-bound
AGO interacts directly with DNA. lncRNAs can interact with the ribosomal DNA promoter in
mammalian cells to create an RNA:DNA triplex that is recognized by the de novo methyltrans-
ferase Dnmt3 (120).

Alternate Templates and Reactions?

Pol IV and Pol V can transcribe double-stranded DNA in vitro, but this activity is relatively
weak compared with that of Pol II (45). The sequence divergence in the catalytic centers and
clefts suggests that Pol IV and Pol V may be adapted to alternative templates and might either
catalyze reactions other than nucleotidyl transfer or use a mechanism different from that of other
RNAPs (75). Pol IV and Pol V have been proposed to transcribe heterochromatic templates that
are resistant to transcription by other RNAPs (44, 53, 75). Similar to Pol II transcription of viroid
RNA genomes (38), Pol IV and Pol V may also transcribe unconventional templates such as
extrachromosomal dsRNA (133).

In addition to their ability to catalyze rapid nucleotide addition, RNAPs, including Pol IV and
Pol V, possess hydrolytic endonuclease and exonuclease activity that relies on the same catalytic
center required for the nucleotidyl transferase reaction (75). Thus, in principle, Pol IV and Pol V
could act in RNA processing as unconventional nucleases (75). In this context, it is worth recalling
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that both NRPD1 and NRPE1 contain in their CTDs a DeCL motif that is presumably derived
from authentic DeCL proteins, which are believed to be involved in processing of ribosomal
RNA (7). Although the role of the DeCL motif in NRPD1 and NRPE1 remains obscure, the
conservation of this region in these proteins suggests an essential contribution to Pol IV and
Pol V function.

Summary

Until the mechanism of RdDM at its entire range of targets is understood, it is wise to keep an
open mind with respect to the nature of the trigger RNA and its nucleic acid pairing partner, the
relative roles of Pol II and Pol V transcripts and/or transcription in RdDM at different loci, and the
possibility that Pol IV and Pol V may have alternate templates and activities in siRNA-mediated
gene silencing or other pathways.

SPECULATION ON THE IMPORTANCE OF RNA-DIRECTED DNA
METHYLATION FOR FLOWERING PLANTS

The RdDM pathway has been implicated in transposon silencing, pathogen defense, stress re-
sponses, reproduction, and interallelic and intercellular communication (93). These traditional
roles assume that RdDM acts in the expected manner to repress the transcription of transposons
and transposon-associated genes. However, transposons are effectively silenced in other organisms
without the need for additional RNAPs, elaborate transcriptional machineries, and methylation
outside of the conventional CG context. Moreover, the fact that transposons are not unleashed
in RdDM-defective mutants suggests that RdDM plays only a minor role in transposon control.
RdDM, and in particular the Pol V branch of the pathway, has reached the pinnacle of complexity
in flowering plants. It is therefore tempting to speculate that RdDM serves an as-yet-undefined
function that has been especially important for this specific plant group.

Based on comparisons between gymnosperms and flowering plants, we consider here the pos-
sibility that RdDM, as a mechanism related to those used to silence transposons, emerged as a
means to accelerate the diploidization of polyploid genomes. In this scenario, the true conse-
quences of RdDM would become obvious only over an evolutionary timescale. Whole-genome
duplications (polyploidy) have played a major role during flowering plant evolution (124). Newly
formed polyploid genomes undergo a process of diploidization, which involves rapid as well as
more gradual changes that include both sequence loss and diversification of duplicated genes (89).
RdDM could conceivably contribute to these genome-reshaping events if the Pol V pathway is
stimulated by the shock of genome doubling (95, 129) to more intensively target duplicated genes
and transposons. Subsequent loss of these sequences could potentially occur through siRNA-
mediated heterochromatin formation and DNA elimination, a process that removes transposon-
like sequences from the somatic genome in ciliated protozoa (20). Sequence diversification of
methylated, duplicated genes could be driven by the inherent mutagenicity of 5-methylcytosine,
which spontaneously converts to thymine. The dense methylation potentially induced by RdDM
in coding regions of multicopy genes (146) elevates the mutation rate by ensuring that virtually
every cytosine is a possible candidate for conversion.

In contrast to the genomes of flowering plants, the large Norway spruce genome shows no
evidence of whole-genome duplications and is laden with transposons, suggesting inefficient
gene-silencing and purging mechanisms (100). Moreover, as discussed above, Norway spruce
appears to lack a fully functional Pol V pathway. Drawing a connection between the presence
of the Pol V pathway and the prevalence of polyploidy in flowering plants, we hypothesize that
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Pol V–mediated RdDM enhances the diploidization process and in that way contributes to the
remarkable evolutionary success of flowering plant lineages. The extent and consequences of Pol V
activity following whole-genome duplication can be tested by generating polyploids in pol v mutant
backgrounds and assessing genome-wide DNA methylation and sequence variation in subsequent
generations.

SUMMARY POINTS

1. RNA-directed DNA methylation (RdDM) is a complex epigenetic pathway requiring
two plant-specific, Pol II–related RNA polymerases termed Pol IV and Pol V as well as
a number of specialized factors.

2. RdDM is targeted to specific regions of the genome by Pol IV–dependent small inter-
fering RNAs (siRNAs) that interact with scaffold RNAs transcribed by Pol V at target
loci.

3. In addition to the canonical RdDM pathway involving Pol IV–RDR2–DCL3–generated
24-nucleotide siRNAs, a noncanonical pathway involving Pol II–RDR6–DCL2/4–
dependent 21–22-nucleotide siRNAs links posttranscriptional and transcriptional gene-
silencing pathways.

4. Functional innovations driving the evolutionary transition from Pol II to Pol IV/Pol V
transcriptional pathways include an apparent gene fusion, co-option and modification of
genes involved in DNA repair, addition of Ago-hook domains to existing transcriptional
proteins, and the emergence of a novel protein.

5. Specialized components of the Pol V pathway appear to be present only in flowering
plants and are important for forging interactions with AGO proteins that bind siRNAs
and generating chromatin states favorable for Pol V transcription and de novo DNA
methylation.

6. Pol II is increasingly recognized as an important participant in both siRNA-dependent
and siRNA-independent pathways of DNA methylation.

7. In view of the striking amino acid sequence divergence in their catalytic centers relative
to Pol II, Pol IV and Pol V may accommodate unusual templates and carry out alternative
catalytic activities.

8. In addition to contributions to transposon silencing, Pol V–mediated RdDM may have
unique roles in flowering plants that are evident only over an evolutionary timescale.
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