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Multicellular eukaryotes produce small RNA molecules (approximately 21–24 nucleotides) of two general types,
microRNA (miRNA) and short interfering RNA (siRNA). They collectively function as sequence-specific guides to silence
or regulate genes, transposons, and viruses and to modify chromatin and genome structure. Formation or activity of
small RNAs requires factors belonging to gene families that encode DICER (or DICER-LIKE [DCL]) and ARGONAUTE
proteins and, in the case of some siRNAs, RNA-dependent RNA polymerase (RDR) proteins. Unlike many animals, plants
encode multiple DCL and RDR proteins. Using a series of insertion mutants of Arabidopsis thaliana, unique functions for
three DCL proteins in miRNA (DCL1), endogenous siRNA (DCL3), and viral siRNA (DCL2) biogenesis were identified. One
RDR protein (RDR2) was required for all endogenous siRNAs analyzed. The loss of endogenous siRNA in dcl3 and rdr2
mutants was associated with loss of heterochromatic marks and increased transcript accumulation at some loci.
Defects in siRNA-generation activity in response to turnip crinkle virus in dcl2 mutant plants correlated with increased
virus susceptibility. We conclude that proliferation and diversification of DCL and RDR genes during evolution of plants
contributed to specialization of small RNA-directed pathways for development, chromatin structure, and defense.

Introduction

Eukaryotic small RNAs of approximately 21–24 nucleotides
function as guide molecules in a remarkably wide range of
biological processes, including developmental timing and
patterning, formation of heterochromatin, genome rear-
rangement, and antiviral defense (Carrington and Ambros
2003; Finnegan and Matzke 2003; Lai 2003). They belong to at
least two general classes, microRNA (miRNA) and short
interfering RNA (siRNA). miRNAs (approximately 21–22
nucleotides) are found in plants and animals and are often
phylogenically conserved within their respective kingdoms.
They arise from non-protein-coding genes through forma-
tion of a precursor transcript followed by one or more
nucleolytic processing steps (Lai 2003). Part of the precursor
adopts a fold-back structure that interacts with a multi-
domain RNaseIII-like enzyme termed DICER or DICER-LIKE
(DCL1 in Arabidopsis), which catalyzes accurate excision of the
mature miRNA (Denli and Hannon 2003). The miRNAs then
associate with ribonucleoprotein complexes that function to
negatively regulate target genes controlling a range of
developmental events, such as timing of cell fate decisions,
stem cell maintenance, apoptosis, organ morphogenesis and
identity, and polarity (Ambros 2003; Carrington and Ambros
2003).

siRNAs are chemically similar to miRNAs, although in
plants they typically range in size between 21 and 24
nucleotides (Hamilton et al. 2002; Llave et al. 2002a; Tang
et al. 2003). They are associated with both post-transcrip-
tional forms of RNA interference (RNAi) and transcriptional
silencing involving chromatin modification (Finnegan and
Matzke 2003). siRNAs are processed from precursors con-
taining extensive or exclusive double-stranded RNA (dsRNA)
structure, such as transcripts containing inverted repeats or
intermediates formed during RNA virus replication (Hannon

2002). siRNA precursors can also be formed by the activity of
one or more cellular RNA-dependent RNA polymerases
(RdRp), as was shown genetically in several screens for RNA
silencing-defective mutants (Cogoni and Macino 1999; Dal-
may et al. 2000; Mourrain et al. 2000; Smardon et al. 2000;
Volpe et al. 2002). Arabidopsis plants contain at least three
active RdRp genes, termed RDR1, RDR2, and RDR6 (also
known as SDE1/SGS2) (Dalmay et al. 2000; Mourrain et al.
2000; Yu et al. 2003). RDR6 is necessary for sense transgene-
mediated RNAi, but not for silencing of constructs that
encode transcripts with hairpins containing extensive dsRNA
structure (Dalmay et al. 2000; Mourrain et al. 2000; Beclin et
al. 2002). In many animals, both miRNAs and siRNAs are
formed by the activity of the same DICER enzyme (Grishok et
al. 2001; Hutvágner et al. 2001; Ketting et al. 2001; Knight and
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Bass 2001; Provost et al. 2002; Zhang et al. 2002; Myers et al.
2003), although in plants they are formed by distinct DCL
activities (Finnegan et al. 2003). Arabidopsis contains four DCL
genes (DCL1 to DCL4), only one of which (DCL1) has been
assigned a definitive function in small RNA biogenesis (Park
et al. 2002; Reinhart et al. 2002; Schauer et al. 2002).
Biochemical data indicate, however, that multiple DCL
activities or pathways catalyze formation of siRNAs of
small-sized (approximately 21 nucleotides) and large-sized
(approximately 24 nucleotides) classes (Tang et al. 2003).
Endogenous siRNAs in plants arise from many types of
retroelements and transposons, other highly repeated se-
quences, pseudogenes, intergenic regions (IGRs), and a few
expressed genes (Hamilton et al. 2002; Llave et al. 2002a;
Mette et al. 2002). Exogenous siRNAs can arise from both
sense and hairpin transcript-forming transgenes and by
viruses (Hamilton and Baulcombe 1999; Mette et al. 2000).

Both siRNAs and miRNAs function post-transcriptionally
to suppress or inactivate target RNAs. siRNAs guide
sequence-specific nucleolytic activity of the RNA-induced
silencing complex (RISC) to complementary target sequences
(Hannon 2002). Among other proteins, RISCs contain
ARGONAUTE (AGO) family members that likely bind siRNAs
or target sequences (Carmell et al. 2002). In plants and insects,
post-transcriptional RNAi serves as an adaptive antiviral
defense response (Waterhouse et al. 2001; Li et al. 2002).
miRNAs are fully competent to guide nucleolytic function of
RISC, provided that a target sequence with sufficient
complementarity is available (Hutvágner and Zamore 2002;
Doench et al. 2003; Tang et al. 2003). Many plant miRNAs
function as negative regulators through this cleavage-type
mechanism (Llave et al. 2002b; Rhoades et al. 2002; Emery et
al. 2003; Kasschau et al. 2003; Palatnik et al. 2003; Tang et al.
2003; Xie et al. 2003). In animals, the level of complementarity
between target and miRNA sequences is generally low, which
inhibits nucleolytic activity. Animal miRNAs suppress trans-
lation of target mRNAs (Olsen and Ambros 1999; Reinhart et
al. 2000). Some plant miRNAs may also function as transla-
tional suppressors (Aukerman and Sakai 2003; Chen 2003).

siRNAs also guide chromatin-based events that result in
transcriptional silencing. Two lines of evidence support this
view. First, in Schizosaccharomyces pombe and Arabidopsis,
endogenous siRNAs from repeated sequences corresponding
to centromeres, transposons, and retroelements are relatively
abundant (Llave et al. 2002a; Mette et al. 2002; Reinhart and
Bartel 2002). RNAi-related factors (DICER, RdRp, and AGO
proteins) are required to maintain S. pombe centromeric
repeats and nearby sequences in a transcriptionally inactive,
heterochromatic state (Hall et al. 2002; Volpe et al. 2002).
Mutants that lose RNAi component activities lose hetero-
chromatic marks, such as histone H3 methylation at the K9
position (H3K9), as well as centromere function (Hall et al.
2002; Volpe et al. 2002, 2003). In plants, AGO4 is necessary to
maintain transcriptionally silent epialleles of SUPERMAN.
The ago4 mutants lose both cytosine methylation, particularly
at non-CpG positions, and H3K9 methylation at SUPERMAN
and other constitutive heterochromatic sites (the Arabidopsis
thaliana short interspersed element 1 [AtSN1] locus) (Zilber-
man et al. 2003). And, second, heterochromatin formation of
nuclear DNA can be triggered, in a sequence-specific manner,
by post-transcriptional silencing of cytoplasmic RNAs (Jones
et al. 1999; Aufsatz et al. 2002; Schramke and Allshire 2003).

The RNA-directed DNA methylation (RdDM) signal trans-
mitted from the cytoplasm to the nucleus is most likely
siRNA. The prevailing view states that chromatin-based
silencing guided by siRNAs serves, among other purposes,
as a genome defense system to suppress mobile genetic
elements or invasive DNA (Dawe 2003; Schramke and Allshire
2003).
Using a genetic approach, we show here the existence of

three small RNA-generating pathways with unique require-
ments in Arabidopsis. Plants with point mutations or insertions
in several members of the DCL and RDR gene families were
examined. The data indicate that plants genetically diversi-
fied several factors involved in formation of functionally
distinct small RNAs.

Results

Genetic Requirements for miRNA Formation
At least two factors, DCL1 and HEN1 (HUA ENHANCER1),

are involved in Arabidopsis miRNA formation. As shown for
miR-171, miR-159 (Figure 1A), and several other miRNAs
(Park et al. 2002; Reinhart et al. 2002), mutants with dcl1 loss-
of-function alleles lose most of their miRNA populations
(Figure 1B). Plants with mutant hen1 alleles either lose
miRNAs or the apparent size of miRNAs is increased by
one or more nucleotides (Park et al. 2002; Boutet et al. 2003)
(Figure 1B). miRNA function to suppress target mRNAs is
diminished in both dcl1 and hen1 mutants (Boutet et al. 2003;
Kasschau et al. 2003; Xie et al. 2003). To determine whether
other DCL or RDR proteins are required for miRNA
formation in Arabidopsis, miR-171 and miR-159 were analyzed
in four new mutants. The dcl2-1 and dcl3-1 mutants contained
T-DNA insertions in DCL2 (At3g03300) and DCL3
(At3g43920) genes, respectively (Figure S1). In wild-type
plants, DCL2 and DCL3 transcripts accumulated to detectable
levels in inflorescence tissues, but not in leaves. The mutant
dcl2-1 and dcl3-1 transcripts were not detected in either tissue
type (Figure S1). The rdr1-1 and rdr2-1 mutants contained T-
DNA insertions in RDR1 (At1g14790) and RDR2 (At4g11130),
respectively (Figure S1). RDR1 and RDR2 transcripts accu-
mulated in inflorescence tissue, but not leaves, of untreated
wild-type plants (Figure S1). The RDR1 transcript levels were
elevated in salicylic acid (SA)-treated leaves, as shown
previously (Yu et al. 2003), but RDR2 transcript levels were
not affected by SA (Figure S1). Both rdr1-1 and rdr2-1
transcripts were below the detection limit in the correspond-
ing mutant plants. In addition, a mutant containing an
insertion in the RDR6 gene (also known as SDE1/SGS2;
At3g49500) was analyzed in parallel with the rdr1 and rdr2
mutants. This rdr6-1 mutant displayed a weak virus-suscept-
ibility phenotype that was consistent with previously reported
sde1 and sgs2 mutants (Mourrain et al. 2000; Dalmay et al.
2001). However, no differences in RDR6 transcript levels were
detected between wild-type and rdr6-1 mutant plants (data
not shown).
Accumulation of miR-171 and miR-159 was unaffected in

the dcl2 and dcl3 mutants (see Figure 1B). This was in contrast
to the low level or shifted mobility of miR-171 and miR-159 in
dcl1-7 and hen1-1, respectively (see Figure 1B). Similarly,
accumulation of miR-171 and miR-159 was unaffected in rdr1
and rdr2 mutants.
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Composition of Endogenous siRNA Populations
A library of cloned small RNAs from inflorescence tissues

of Col-0 ecotype plants was partially sequenced and analyzed.
Initial characterization of 125 of these sequences revealed
that most of the clones corresponded to siRNA-like sequences
(Llave et al. 2002a). A total of 1,368 distinct small RNAs,
ranging in size between 20 and 26 nucleotides, were provi-
sionally categorized here as siRNAs, with 24 nucleotides
representing the most common size (Figure 2A; all sequences
are available to view or download at http://cgrb.orst.edu/
smallRNA/db/). The siRNA sequences were identified at 5,299
genomic loci (Table S1). Approximately 27% of endogenous
siRNAs derived from transposon or retroelement sequences
in the sense or antisense polarity (Figure 2B). Centromeric
and pericentromeric siRNAs were common, which was partly
due to the prevalence of transposons and retroelements at
these sites. Forty-five small RNAs of sense and antisense

polarity arose from highly repeated 5S, 18S, and 25S rDNA.
While it is likely that some rDNA-derived sequences resulted
from nonspecific breakdown of highly abundant rRNAs, some
had specific genetic requirements and properties that were
consistent with functional siRNAs (see below). Thirty-one
siRNAs came from sequences annotated as psuedogenes and
147 from hypothetical or predicted genes (Figure 2B). Only
28 were identified as originating from genes that are known
to be expressed (Figure 2B). The remaining 816 sequences
mapped to loci that were collectively labeled as an IGR
sequence. The IGR-derived siRNAs arose from unique
sequences adjacent to known genes, inverted duplications,
satellites, and other repeated sequences, although many of
these may actually correspond to transposon or retroelement
sequences that were not recognized by the search programs.
The frequency of unique siRNAs arising from highly

repeated sequences (mainly transposons and retroelements),

Figure 1. Genetic Requirements for miRNA

and Endogenous siRNA Generation

(A) miRNA genes and selected loci
corresponding to three siRNAs or siRNA
populations. Cloned small RNA sequenc-
es are shown as green (sense orientation
relative to the genome) or red (antisense
orientation) bars. Protein-coding and
miRNA genes are indicated by blue
arrowheads. From top to bottom: miR-
171 and miR-159a loci; siRNA02 loci,
with each siRNA02 sequence indicated
by an asterisk and the inverted duplica-
tion shown by the gray arrows; cluster2
siRNA locus; a segment of chromosome
III showing 10 5S rDNA repeats (blue
indicates 5S rRNA, gray indicates spacer)
containing the siRNA1003 sequence.
(B) Small RNA blot assays for miR-171,
miR-159, and endogenous siRNAs. Ethid-
ium bromide-stained gels (prior to trans-
fer) in the zone corresponding to tRNA
and 5S RNA are shown at the bottom.
Each mutant is presented in a panel with
the corresponding wild-type control
(Col-0 or La-er).
DOI: 10.1371/journal.pbio.0020104.g001
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5S rDNA repeats, and nonrepetitive sequence was calculated
(Figure 2C). siRNAs in the library occurred at a frequency of
2.42 per 100 kb repetitive DNA, which was approximately 2.4-
fold higher that the frequency of siRNAs from nonrepetitive
sequence (1.02 per 100 kb). Based on the number of repeats in
the most current version of the Arabidopsis genome sequence,
unique siRNAs corresponding to 5S rDNA were identified at
a frequency of 7.55 per 100 kb. These data indicate that
siRNAs arise more frequently from highly repeat genome
sequences.

Genetic Requirements for Endogenous siRNA Formation
A set of four siRNAs or siRNA populations, representing

the major categories identified in the library, were selected
for genetic analysis. Twenty-six siRNAs corresponded to SINE
retroelements, one of which (AtSN1) was selected for detailed
analysis. AtSN1-derived siRNA formation requires AGO4
(Zilberman et al. 2003) and SDE4 (Hamilton et al. 2002).
One siRNA (siRNA1003) originating from 5S rDNA was
selected. The 5S rRNA genes occur in tandem arrays in
chromosomes III, IV, and V, with the typical repeat unit
(approximately 500 nucleotides) being composed of tran-
scribed sequence (120 nucleotides) and flanking spacer
sequences (Cloix et al. 2002; Mathieu et al. 2003). The
siRNA1003 sequence was identified in the sense orientation
within the spacer sequence in 202 repeats in chromosome III
and four repeats in chromosome V (see Figure 1A). The
cluster2 siRNA population from a 125-nucleotide IGR
segment in chromosome I was represented by seven unique
siRNAs in the library (see Figure 1A). Finally, the siRNA02
sequence corresponded to two loci separated by approx-
imately 2.1 kb in chromosome V. One locus occurred in an
IGR sequence, and the other within a hypothetical gene
(At5g56070) of unknown function. The two siRNA02 loci
occur in sequences that correspond to arms of an inverted
duplication (see Figure 1A) (Llave et al. 2002a). The AtSN1,
cluster2, and siRNA02 probes detected populations that
accumulated as 24-nucleotide RNAs, while the siRNA1003
probe detected a population containing 21- to 24-nucleotide
species (see Figure 1B).

The abundance of each siRNA population was decreased in

the dcl3-1 mutant, but not in the dcl1-7 or dcl2-1 mutants (see
Figure 1B). This was in strict contrast to miR-171, miR-159
(see Figure 1B), and several other miRNAs tested (data not
shown), which depended specifically on DCL1. Interestingly,
weak signals corresponding to siRNA02, AtSN1 siRNAs, and
cluster2 siRNAs were detected in faster-migrating positions
in the dcl3-1 mutant (see Figure 1B). This may have resulted
from exposure of siRNA precursors to alternate DCL
activities in the absence of DCL3. Notably, both small and
large siRNAs detected by the 5S rDNA-derived siRNA1003
probe were diminished in dcl3-1 plants.
Each siRNA population was eliminated in the rdr2-1

mutant, but not in the rdr1-1 mutant (see Figure 1B). In
preliminary experiments, each siRNA population was un-
affected by the rdr6-1mutation, although these data should be
interpreted cautiously because of the possibility that the rdr6-
1 allele is weak (data not shown). The endogenous siRNA
requirement for RDR2 contrasted with the miRNAs, which
exhibited complete insensitivity to each of the rdr mutations
tested (see Figure 1B). These data genetically identify DCL3
and RDR2 as components of an endogenous siRNA generat-
ing system that differs functionally from the miRNA-
generating apparatus.
The HEN1 protein was implicated in post-transcriptional

silencing of sense-, but not hairpin-forming, transgenes (Boutet
et al. 2003). We tested the requirement of HEN1 for
endogenous siRNA formation using the hen1-1 mutant. Two
of the siRNA populations, siRNA1003 and the AtSN1-siRNAs,
were reduced to undetectable levels in hen1-1 plants (see Figure
1B). The siRNA02 and cluster2 siRNAs, on the other hand,
reproducibly accumulated to higher levels in hen1-1 plants
compared to wild-type La-er plants. Thus, each type of
endogenous siRNA tested requires DCL3 and RDR2, but only
the highly repeated 5S rDNA and retroelement-derived siRNAs
require HEN1. In fact, the requirement for, or independence
from, HEN1 was precisely the same as AGO4 at each of these
loci (D. Zilberman and S. Jacobsen, unpublished data).

Function of the Endogenous siRNA-Generating System
Two previous studies showed that SDE4 and AGO4 are

required for AtSN1 siRNA accumulation and methylation of

Figure 2. Endogenous siRNAs in Arabidop-

sis

(A) Size distribution of endogenous
siRNAs.
(B) Distribution of distinct siRNAs in
different sequence categories.
(C) Density of siRNAs from highly
repeated (mainly transposons and retro-
elements; the asterisk shows repeat se-
quences identified using RepeatMasker),
5S rDNA, and unique genomic sequence.
DOI: 10.1371/journal.pbio.0020104.g002
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cytosine positions at the AtSN1 locus (Hamilton et al. 2002;
Zilberman et al. 2003). In an ago4 mutant, loss of AtSN1 siRNA
is associated with decreased histone H3K9 methylation
(Zilberman et al. 2003). Cytosine methylation and increased
histone H3K9 methylation are hallmarks of transcriptionally
silent and heterochromatic DNA in plants and other
organisms, and siRNAs may recruit chromatin modification
complexes to specific loci (Grewal and Moazed 2003). To
determine whether DCL3 and RDR2 catalyze formation of
siRNAs that functionally interact with chromatin, cytosine
methylation at AtSN1 and 5S rDNA loci and methylation of
H3K9 and H3K4 positions in AtSN1 were examined in wild-
type, dcl3-1, and rdr2-1 plants. We also analyzed AtSN1-derived
transcript levels to determine whether the mutations affected
expression of the locus.
Consistent with previous reports (Hamilton et al. 2002;

Zilberman et al. 2003), bisulfite sequencing of AtSN1 genomic
DNA revealed extensive CpG (72.0%), CpNpG (43.1%), and
asymmetric CpHpH (16.3%) methylation in Col-0 wild-type
plants (Figure 3A; Table S2). In the rdr2-1 mutant, CpNpG
and CpHpH methylation was reduced to 24.6% and 4.5%,
respectively. Only a slight reduction in CpG methylation was
detected in rdr2-1 plants (Figure 3A). This methylation
pattern was similar to that detected in mutants lacking
CHROMOMETHYLASE3 (cmt3-7; Figure 3A), which is neces-
sary for efficient methylation of AtSN1 at non-CpG sites, and
in a mutant lacking AGO4 (Zilberman et al. 2003). In the dcl3-
1 mutant, however, cytosine methylation was decreased only
at asymmetric sites, while CpG and CpNpG methylation was
similar to that of wild-type plants (Figure 3A).
Because of the number of 5S rDNA repeats, analysis of

cytosine methylation was done using restriction enzymes
HpaII or MspI and DNA blot assays. Sensitivity to HpaII
indicates lack of methylation at CpG or CpNpG sites (or
both), whereas sensitivity to MspI indicates lack of methyl-
ation at only CpNpG sites. In wild-type Col-0 and La-er plants,
5S rDNA loci were heavily methylated at CpGþCpNpG sites,
as shown by detection of only high molecular weight forms
using HpaII, and partially methylated at CpNpG as shown
using MspI (Figure 3B). In rdr2-1 plants, methylation was
partially lost at CpNpG sites (increased MspI sensitivity;
Figure 3B, lanes 15–16), although to a lesser degree than in
cmt3-7 plants (Figure 3B, lanes 21–22). Methylation detected
by HpaII sensitivity was partially lost in the rdr2-1 mutant
(Figure 3B, lanes 3–4), which was most likely due to loss of
CpG methylation. Loss of only CpNpG methylation in rdr2-1
plants would not account for the increased sensitivity to
HpaII, as HpaII sensitivity in cmt3-7 plants (lacking nearly all
CpNpG methylation) was unaffected (Figure 3B, lanes 9–10).
Sensitivity of 5S rDNA sites to HpaII and MspI in dcl3-1 plants
was only slightly increased (Figure 3B, lanes 5–6 and 17–18).
In the ago4-1 mutant, CpG methylation was partially lost as
revealed by increased sensitivity to HpaII (Figure 3B, lanes
11–12).
Chromatin immunoprecipitation (ChIP) assays were used

Figure 3. Effects of Mutations on AtSN1 and 5S rDNA Chromatin

Structure and Gene Expression

(A) Analysis of CpG (left), CpNpG (center), and CpHpH (right)
methylation in AtSN1 by bisulfite sequencing of genomic DNA.
(B) Blot analysis of 5S rDNA digested with methylation-sensitive
restriction enzymes HpaII (left) and MspI (right). HpaII is sensitive to
CpG and CpNpG methylation, whereas MspI is sensitive to only
CpNpG methylation. Methylation is indicated by the ascending
ladder, which corresponds to 5S rDNA multimers (monomer =
approximately 0.5 kb). Duplicate samples from each plant were
analyzed.
(C) ChIP assays using antibodies against dimethyl-histone H3K9 and
dimethyl-histone H3K4. Genomic DNA associated with immunopre-
cipitated chromatin was analyzed by semiquantitative PCR with
primer pairs specific for AtSN1, retrotransposon reverse transcriptase
(At4g03800) (internal control for H3K9 methylation), and PFK
(At4g04040) (internal control for H3K4 methylation). The PCR
products were quantitated and compared against the respective
internal controls, and the relative H3K4 and H3K9 methylation levels
were expressed relative to that in Col-0 (arbitrarily set to 1.00).
(D) Detection of AtSN1-specific transcripts by semiquantitative RT-
PCR. Primers specific for PFK transcripts were used as the internal
control. A parallel set of reactions without addition of reverse

transcriptase (RT) was run as a quality control for genomic DNA
contamination. The PCR products were normalized relative to PFK,
and the expression levels were calculated relative to that in Col-0
(arbitrarily set to 1.00).
DOI: 10.1371/journal.pbio.0020104.g003
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to detect changes in H3K4 and H3K9 methylation at AtSN1 in
rdr2-1 and dcl3-1 mutant lines. Loci containing genes
encoding a retrotransposon reverse transcriptase and phos-
phofructokinase b subunit (PFK) were used as positive
controls for sequences associated primarily with K9- and
K4-methylated histone H3, respectively (Gendrel et al. 2002).
At AtSN1, decreased levels of histone H3K9 methylation were
detected in both rdr2-1 and dcl3-1 mutants (see Figure 3C).
This was accompanied by a slight increase in H3K4
methylation (see Figure 3C). The extent to which H3
methylation changed was greater in rdr2-1 relative to dcl3-1
plants. Little or no change in H3K4 and H3K9 methylation
was detected at the control loci. In addition, no changes in
H3K4 or H3K9 methylation were detected at AtSN1 in cmt3-7
plants (data not shown). The changes in H3 methylation
shown here are similar to those at several heterochromatic or
silenced loci in ago4 mutant plants (Zilberman et al. 2003).

The level of AtSN1-derived transcripts was measured in
rdr2-1 and dcl3-1 mutant plants and compared against the
level of PFK transcript using semiquantitative RT-PCR. As
shown in Figure 3D, relatively low levels of AtSN1 transcripts
were detected in wild-type Col-0 plants. However, the
normalized level of AtSN1 transcripts was over 8- and 3-fold
higher in rdr2-1 and dcl3-1 mutant plants, respectively,
compared to wild-type plants. Therefore, loss of siRNA-
forming capability correlated with loss of heterochromatic
marks and elevated transcript levels at an endogenous locus
that is normally silenced at the chromatin level.

Given that RDR2, DCL3, and AGO4 are involved in
chromatin-associated events and that HEN1 is required for
accumulation of certain endogenous siRNAs associated with
chromatin modification, it was hypothesized that each of
these proteins accumulates in the nucleus. The presence of
nuclear transport signals in each protein was tested by
transient expression and analysis of green fluorescent protein
(GFP) fusions in a heterologous plant, Nicotiana benthamiana,
using an Agrobacterium infiltration assay. Subcellular accumu-
lation sites for these proteins were compared to those of b-
glucurodinase (GUS)–GFP (cytosolic control) and nuclear
inclusion a protein (NIa)–GFP (nuclear control). The DCL3–
GFP, HEN1–GFP, and GFP–AGO4 fusion proteins were
detected exclusively in the nucleus (Figure 4; Figure S2),
indicating that DCL3, HEN1, and AGO4 possess independent
nuclear transport capability. Subcellular localization experi-
ments with RDR2–GFP and GFP–RDR2 fusion proteins,
however, were inconclusive due to low expression levels and
protein instability (data not shown).

Genetic Requirements for Virus-Derived siRNA Formation
The involvement of DCL1, DCL2, and DCL3 in siRNA

formation in response to infection by three dissimilar RNA
viruses was tested using the dcl mutant series. Two of the
viruses, a GFP-tagged version of turnip mosaic virus (TuMV–
GFP) and turnip crinkle virus (TCV), infect Arabidopsis
systemically and cause moderate to severe disease symptoms.
The third virus, cucumber mosaic virus strain Y (CMV-Y),
infects plants systemically, but causes only mild symptoms.
Wild-type (Col-0 and La-er) and mutant plants were inocu-
lated on rosette leaves, and upper, noninoculated tissue
(cauline leaves and inflorescences) was analyzed for virus-
specific siRNAs at 7 and 14 d post-inoculation (dpi).

Viral siRNAs were detected in systemic tissues from wild-

type plants at both timepoints (Figure 5A–5C, lanes 3, 5, 10,
and 13), with siRNA levels generally higher at 14 dpi. In
TuMV- and CMV-infected dcl1-7, dcl2-1, and dcl3-1 mutant
plants, siRNAs accumulated to levels that were similar to
those in infected wild-type plants at 7 and 14 dpi (Figures 5A
and 5B). TuMV and CMV titers and symptom phenotypes in
the three mutants were indistinguishable from those in their
respective parents (data not shown). Similarly, in TCV-
infected dcl1-7 and dcl3-1 plants, viral siRNA levels, virus
titer, and symptom severity were essentially the same as in
wild-type plants (Figure 5C; Figure 6A and 6B; data not
shown).
In contrast, TCV-derived siRNAs accumulated to levels that

were 5-fold lower in dcl2-1 plants compared to wild-type
plants at 7 dpi (see Figure 5C, lanes 10–11). This was a
transient deficit, as TCV siRNA levels rebounded to near
wild-type levels by 14 dpi (see Figure 5C, lanes 13–14). The
slow accumulation of siRNAs was not due to lack of TCV
replication or movement in the tissues analyzed, as TCV titer
in the dcl2-1 mutant was similar to (7 dpi) or significantly

Figure 4. Subcellular Localization of GFP Fusion Proteins

Pairwise presentation of confocal microscopic images showing GFP
fluorescence (top) and DAPI fluorescence (bottom) in N. benthamiana
expressing the indicated GFP fusion proteins. Arrowheads indicate
the location of nuclei. Note that the GUS–GFP control protein
accumulates in cytoplasm at the cell periphery and immediately
surrounding nuclei, while the NIa–GFP control protein accumulates
in nuclei. Scale bar = 25lm.
DOI: 10.1371/journal.pbio.0020104.g004
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higher than (p , 0.05, 14 dpi) the titers in wild-type plants
(Figure 6B). Additionally, TCV-induced disease was more
severe in dcl2-1 plants, as plant height, fresh weight of bolts,
and number of flowers in infected dcl2-1 plants were each
significantly (p , 0.01 for plant height and flower number; p
, 0.05 for weight of bolts) lower compared to infected wild-
type plants (Figure 6A and 6C). Therefore, DCL2 functions as
a component of the antiviral silencing response in TCV-
infected plants.

The DCL2–GFP fusion protein accumulated predomi-
nantly in the nucleus of N. benthamiana cells in the transient
assay system, although some cytosolic localization was also
detected (see Figure 4). Thus, DCL1 (Papp et al. 2003), DCL2,
and DCL3 each have nuclear transport activity.

Discussion

Genetic Diversification of Small RNA-Generating Systems
in Plants

We show here that Arabidopsis has at least three systems to
generate distinct classes of endogenous or virus-induced
small RNAs and that these are associated with specialized
regulatory or defensive functions. First, the miRNA-generat-
ing system requires DCL1, as shown previously (Park et al.
2002; Reinhart et al. 2002), but none of the RDR proteins

tested. In principle, there should be no requirement for an
RDR activity during miRNA biogenesis, as the DCL1 substrate
is formed directly as a result of DNA-based transcription.
DCL1 likely functions in the nucleus (Papp et al. 2003). It also
functions, either directly or indirectly, with HEN1, which may
confer substrate specificity, processing accuracy, or catalytic
function.
The second system requires DCL3 and RDR2 and generates

endogenous siRNAs primarily of the large-sized (approxi-
mately 24 nucleotides) class. While DCL3 undoubtedly
functions as the ribonuclease to process dsRNA precursors,
RDR2 presumably functions as a polymerase to form dsRNA
molecules de novo using templates resulting from tran-
scription of DNA. At some loci, however, RDR2 may be
unnecessary as a catalytic subunit, but rather contribute to
the formation or stability of a complex that contains active
DCL3. This could be the case at some sites, such as the
siRNA02 locus, that contain inverted duplications and that
may form transcripts with extensive dsRNA structure.
Interestingly, accumulation of siRNAs specific to a hairpin
construct was shown to be RdRp dependent in fission yeast
(Schramke and Allshire 2003). At some loci, this system
appears to interface with AGO4, HEN1, and SDE4.
The third system functions in antiviral defense and involves

DCL2. Loss of this system was specifically detected in TCV-
infected dcl2-1 plants, which exhibited delayed viral siRNA
accumulation and increased susceptibility and sensitivity.
However, there are several reasons to suspect that multiple
antiviral, siRNA-generating systems exist. siRNAs triggered by
TCV were not eliminated in dcl2-1 plants, but rather siRNA
accumulation was delayed. Although this could be due to
incomplete loss of DCL2 function in the mutant, it could also
reflect the existence of secondary or redundant DCL
activities. Among the three viruses tested, two were un-
affected by the dcl2-1 mutation. This strongly implies the
existence of one or more other siRNA-generating activities
with unique or redundant antiviral specificity. Further, the
DCL2-dependent system may have functions in addition to
those associated with antiviral defense. The DCL2–GFP
fusion protein was detected primarily in the nucleus, whereas
TCV replicates and accumulates outside of the nucleus.
Experiments to determine the genetic requirements for
RDR1 and RDR2 during antiviral silencing against the three
viruses were inconclusive, again possibly the result of func-
tional redundancies or the presence of confounding viral
RdRp activities (Ahlquist 2002). Mourrain et al. (2000), on the
other hand, showed that rdr6 (sde1/sgs2) mutants were
deficient in CMV-induced silencing. Additionally, Yu et al.
(2003) showed that RDR1 contributed to defense against
tobamoviruses.
Tang et al. (2003) identified two siRNA-generating DCL

activities in wheat-germ extracts. These were detected using
dsRNA as a substrate. Although monocots contain a DCL gene
family, the members do not correlate one-for-one with those
in Arabidopsis (Z. Xie and J. Carrington, unpublished data).
Further study is required to correlate the DCL activities from
wheat germ with those in Arabidopsis.
The degree of genetic diversification of the DCL family in

plants is in contrast to the situation in animals. Caenorhabditis
elegans and human, for example, contain only one DICER
(Grishok et al. 2001; Ketting et al. 2001; Knight and Bass 2001;
Provost et al. 2002; Zhang et al. 2002), even though both

Figure 5. Genetic Requirements for DCLs in Viral siRNA Generation

Blot analysis of viral siRNA. Systemic tissue samples were analyzed at
the indicated time points from parental and mutant lines that were
infected with TuMV–GFP (A), CMV-Y (B), and TCV (C). RNA blots
were analyzed using virus-specific probes to detect siRNAs. Ethidium
bromide-stained gels in the zone corresponding to tRNA and 5S RNA
are shown. Relative accumulation (RA) of siRNAs is indicated at the
bottom of each panel, with the level measured in infected control
plants (Col-0 or La-er, depending on the mutant) at 7 dpi arbitrarily
set to 1.0.
DOI: 10.1371/journal.pbio.0020104.g005
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possess miRNA and siRNA functions. Thus, whereas plants
diversified and functionally specialized DCL family members
during evolution, animals evolved functionally distinct small
RNA systems around one or relatively few DICER activities.
Animals, however, evolved relatively large AGO-related
families (Carmell et al. 2002), and these may provide modules
for functional specialization.

Roles of Endogenous siRNA-Generating Systems in Plants
Both DCL3 and RDR2 cooperate with AGO4, and possibly

also with SDE4 and HEN1, at the AtSN1 locus to initiate or
maintain a heterochromatic state (Hamilton et al. 2002;
Zilberman et al. 2003). Loss of DCL3, RDR2, and AGO4
factors correlates with loss of DNA methylation and histone
H3K9 methylation. Interestingly, these factors are also
necessary for silencing triggered de novo during the trans-
formation process using transgenic FWA (Chan et al. 2004).
Silencing of FWA is due to cytosine methylation of a region in
the promoter that contains direct repeats (Soppe et al. 2000).
The effect of the rdr2-1 mutation on chromatin structure and
gene silencing of AtSN1 and FWA was generally stronger than
the effect of the dcl3-1 mutation. This may be explained by
the presence of residual siRNAs formed by another DCL
activity in the dcl3 mutant (see Figure 1B). The picture that
emerges from these and other results shows that DCL3 and
RDR2 function as components of an endogenous siRNA-
generating system and that the resulting siRNAs may guide
chromatin modification events through effector complexes
containing AGO4. Given that AGO proteins are components
of RISCs that catalyze sequence-specific RNA degradation
(Carmell et al. 2002) and that different AGO proteins have
DNA- or RNA-binding activities (Lingel et al. 2003; Song et al.
2003; Yan et al. 2003), it seems reasonable to speculate that
AGO4 engages a chromatin-associated RISC-like complex
and interacts with nuclear siRNAs or target sequences. But
unlike RNAi events in the cytoplasm, chromatin-associated
complexes likely interact with DNA methyltransferase and
histone methyltransferase systems. RdDM can occur at CpG
and non-CpG sites, but maintenance of non-CpG methylation

after DNA replication may generally require the continued
activity of the siRNA-guided complex (Luff et al. 1999; Jones
et al. 2001; Aufsatz et al. 2002). Methylation at CpG sites, in
contrast, can be maintained by template-driven methylation
on hemimethylated products of DNA replication, which
explains why CpG methylation frequently persists in subse-
quent generations after one or more silencing factors or
trigger loci are lost.
Accumulation of siRNA from endogenous loci and trans-

genes does not necessarily require AGO4 (D. Zilberman and
S. Jacobsen, unpublished data), suggesting that AGO4 acts
downstream of siRNA formation to direct DNA methylation.
Losses of AGO4 and HEN1 have nearly identical effects on all
siRNAs tested, possibly because HEN1 and AGO4 affect a
similar point in the pathway. If AGO4 and HEN1 function
downstream of siRNA formation, why do siRNAs derived
from some sites (AtSN1 and 5S rDNA) accumulate to such low
levels in ago4 and hen1 mutants? One possibility is that
heterochromatic marks (DNA and H3K9 methylation) and
associated factors serve to recruit RDR2, DCL3, or both to
specific sites on chromatin, thus establishing a reinforcement
loop. Loss of heterochromatin in an ago4 mutant, for
example, would result in failure to recruit the siRNA-
generating enzymes to transcripts originating from a target
locus and, therefore, the absence of siRNAs. This hypothesis,
however, does not hold for some other siRNA-generating
sites, such as those that yield cluster2 siRNAs and siRNA02.
Accumulation of siRNAs from these sites is unaffected or
even enhanced in ago4 and hen1 mutants. In wild-type plants,
these loci are both hypomethylated at CpG and non-CpG
sites and are associated with histone H3 that largely lacks K9
methylation (data not shown). The siRNAs formed from these
loci clearly require RDR2 and DCL3, but they appear not to
affect chromatin structure. These siRNAs may be sequestered
elsewhere in the cell and unable to interact with chromatin or
chromatin-associated factors.
The spectrum of naturally occurring siRNAs in Arabidopsis

is informative about the roles of these molecules in genome
maintenance, genome expression, and defense. The fact that

Figure 6. Altered Susceptibility to TCV

Infection in dcl2-1 Mutant Plants

(A) Noninfected control (left) and TCV-
infected (right) Col-0, dcl2-1, and dcl3-1
plants at 14 dpi.
(B) TCV accumulation, as measured by
ELISA, in the systemic tissues of infected
wild-type and mutant plants at 7 dpi
(open bars) and 14 dpi (filled bars).
(C) Plant height (left), number of flowers/
plant (center), and fresh weight of bolt
tissue (right) were measured at 14 dpi in
noninfected (open bars) and infected
(filled bars) plants (n = 9).
DOI: 10.1371/journal.pbio.0020104.g006
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siRNAs from highly repeated sequences, largely retroele-
ments and transposons, are overrepresented compared to
unique genome sequences suggests that sequence duplication
events are sensed and dealt with through RNA-guided
formation of heterochromatin. This is frequently discussed
within the context of genome defense, whereby suppression
of mobile DNA promotes genome stability (Plasterk 2002;
Dawe 2003). Indeed, loss of heterochromatin is often
associated with increased activity of transposons and retro-
elements (Hirochika et al. 2000; Miura et al. 2001; Singer et al.
2001; Gendrel et al. 2002). However, it should be appreciated
that these and other repeated sequences might also serve as
cis-active, epigenetic regulatory modules if positioned near or
within functional genes (Kinoshita et al. 2004). The rapidly
expanding number of examples, such as vernalization (Bastow
and Dean 2003), of cellular memory conditioned by epige-
netic events hint that siRNA-directed processes may be
embedded broadly as a regulatory mechanism during growth
and development (Goodrich and Tweedie 2002).

Materials and Methods

Plant materials. All plants were grown under standard greenhouse
conditions. The dcl1-7, hen1-1, cmt3-7, and ago4-1 mutant lines were
described previously (Cao and Jacobsen 2002; Golden et al. 2002; Park
et al. 2002; Zilberman et al. 2003). Other mutant lines were obtained
from the Salk Institute Genome Analysis Laboratory (SIGnAL, La
Jolla, California, United States) and Torrey Mesa Research Institute
(now a subsidiary of Syngenta, Basel, Switzerland). dcl2-1 has a T-DNA
insertion within predicted intron 9 (after nucleotide 2,842 from ATG
of the genomic DNA) of DCL2 (At3g03300). dcl3-1 has a T-DNA
insertion within predicted exon 7 of DCL3 (At3g43920) at a point
2,136 nucleotides beyond the ATG in genomic DNA. This introduces
four codons after the serine 288 codon, followed by a premature stop
codon. rdr1-1 has a T-DNA insertion within predicted exon 1 after
nucleotide 2,366 beyond the ATG of RDR1 (At1g14790). rdr2-1 has a
T-DNA insertion within predicted exon 1 (in front of nucleotide 316
from the ATG) of RDR2 (At4g11130). rdr6-1 has a T-DNA insertion
within predicted exon 2 (in front of nucleotide 3,977 from ATG of
the genomic DNA) of RDR6 (also known as SDE1/SGS2; At3g49500).
Each insertion line was backcrossed twice to Col-0 and brought to
homozygosity. Additional information about the insertion lines are
provided in the supplemental online materials.

For analysis of each insertion mutant, Col-0 was the wild-type
control plant. For dcl1-7, hen1-1, ago4-1, and cmt3-7 mutants, La-er was
the wild-type control.

RNA blot analysis. Extraction of low- and high-molecular weight
RNAs and blot assays were done as described previously (Llave et al.
2002a). Low-molecular weight RNA (20 lg) from Arabidopsis inflo-
rescence tissue was used for miRNA and endogenous siRNA analysis.
Probes for miR-171 and AtSN1-siRNA analysis were described
previously (Llave et al. 2002b; Zilberman et al. 2003). miR-159 was
detected using an end-labeled DNA oligonucleotide AS-159 (59-
TAGAGCTCCCTTCAATCCAAA-39). siRNA02 and siRNA1003 were
detected using the end-labeled DNA oligonucleotides AS-02 (59-
GTTGACCAGTCCGCCAGCCGAT-39) and AS-1003 (59-ATGC-
CAAGTTTGGCCTCACGGTCT-39), respectively. The probe for clus-
ter2 siRNAs was a random primer-labeled fragment spanning a 235-
nucleotide IGR of chromosome I (nucleotides 4,506,544–4,506,778)
(see Figure 1A) and was amplified from genomic DNA using primers
AS-285 (59-TTGCTGATTTGTATTTTATGCAT-39) and S-786 (59-
CTTTTTCAAACCATAAACCAGAAA-39).

Analysis of DNA and histone methylation. Cytosine methylation
was analyzed by bisulfite sequencing of genomic DNA or by DNA blot
assay following digestion with methylation-sensitive restriction
endonucleases, as described elsewhere (Jacobsen et al. 2000; Zilber-
man et al. 2003). The region of AtSN1 analyzed (chromosome III,
nucleotides 15,805,617–15,805,773) was treated with sodium bisulfite
and amplified using primers AtSN1-BS1 (59-GTTGTATAAGTT-
TAGTTTTAATTTTAYGGATYAGTATTAATTT-39) and AtSN1-BS2
(59-CAATATACRATCCAAAAAACARTTATTAAAATAATATCT-
TAA-39). At least 18 independent clones were sequenced for each
genotype.

ChIP assays were done using antibodies specific for dimethyl-

histone H3K4 (Upstate Biotechnology, Lake Placid, New York, United
States) or dimethyl-histone H3K9 (kindly provided by T. Jenuwein,
Research Institute of Molecular Pathology, Vienna, Austria) as
described elsewhere (Gendrel et al. 2002). Methylation of H3K4 and
H3K9 at AtSN1 in wild-type Col-0 and rdr2-1 and dcl3-1 mutants was
measured relative to that at internal control loci, At4g04040 and
At4g03800. The data were then normalized against the values
measured in Col-0.

Analysis of GFP fusion proteins. The 35S:DCL3–GFP construct
contained the DCL3 coding region fused to GFP coding sequence,
flanked by the cauliflower mosaic virus (CaMV) 35S promoter and
terminator sequences. The expression cassette was cloned in
pSLJ755I5. All other GFP fusion constructs were made by cloning
the coding sequence into pGWB5 (for C-terminal GFP) or pGWB6
(for N-terminal GFP), a set of gateway-compatible binary vectors
designed for 35S promoter-driven expression of GFP fusion proteins
(kindly provided by T. Nakagawa, Shimane University, Izumo, Japan).
Cloning using gateway vectors was done using reagents and protocols
from Invitrogen (Carlsbad, California, United States). Constructs
were introduced into Agrobacterium tumefaciens strain GV2260 and
expressed in N. benthamiana leaves as described previously (Johansen
and Carrington 2001). Fusion proteins were detected by confocal
microscopy and immunoblot assay using a monoclonal antibody
against GFP (Roche, Basel, Switzerland).

Virus infection assays. Wild-type and mutant Arabidopsis plants
(approximately 4 wk old, prior to bolting) were infected with TuMV–
GFP, CMV-Y, and TCV as described previously (Whitham et al. 2000;
Lellis et al. 2002). At 7 and 14 dpi, systemic tissues consisting of
inflorescences and cauline leaves were harvested for ELISA and RNA
blot assays. Antibodies used for TuMV and TCV ELISAs were as
described previously (Lellis et al. 2002).

Computational methods. Computational identification of repeat
sequences, including transposons and retroelements, in the Arabidop-
sis genome was done using RepeatMasker (http://ftp.genome.
washington.edu/RM/RepeatMasker.html) and Repbase (http://www.
girinst.org/index.html).

Further information about Arabidopsis siRNAs and miRNAs,
including those that were analyzed in this work, can be found in
the Arabidopsis Small RNA Project database (http://cgrb.orst.edu/
smallRNA/db/).

Supporting Information

Figure S1. DCL and RDR Mutant Lines

(A) Exon (bars)/intron (lines) organization of the Arabidopsis DCL and
RDR genes and location of T-DNA insertion sites in mutant lines.
(B) RNA blot analysis (20 lg of total RNA) for DCL2 and DCL3 mRNA
in Col-0 and the respective mutants. DNA fragments corresponding
to nucleotides 2,652–3,292 of the DCL2 open reading frame and
nucleotides 2,805–3,571 of the DCL3 open reading frame were used as
hybridization probes. As a control, the blots were stripped and
hybridized with a b-tubulin-specific probe (Kasschau et al. 2003).
(C) RNA blot analysis (10 lg of total RNA) for RDR1 and RDR2
mRNA in Col-0 and the respective mutants. DNA fragments
corresponding to nucleotides 2,900–3,300 of the RDR1 open reading
frame and nucleotides 10–271 of the RDR2 open reading frame were
used as gene-specific probes. RNA samples from SA-treated leaf
tissues were also included in the analysis.

Found at DOI: 10.1371/journal.pbio.0020104.sg001 (5.9 MB EPS).

Figure S2. Immunoblot Analysis of GFP Fusion Proteins

The 35S promoter-driven GFP fusion constructs were transiently
expressed in N. benthamiana using an Agrobacterium-injection proce-
dure. Leaf tissue from injected zones was excised at 2 dpi for
immunoblot assay using a monoclonal antibody against GFP and
confocal microscopy (see Figure 4). An arrow indicates the position of
predicted full-sized fusion protein.

Found at DOI: 10.1371/journal.pbio.0020104.sg002 (10.8 MB EPS).

Table S1. Cloned siRNA Loci in the Arabidopsis Genome

Found at DOI: 10.1371/journal.pbio.0020104.st001 (25 KB DOC).

Table S2. Cytosine Methylation of Arabidopsis AtSN1
Found at DOI: 10.1371/journal.pbio.0020104.st002 (24 KB DOC).

Accession Numbers

The GenBank (http://www.ncbi.nlm.nih.gov/Genbank/) accession num-
bers for the entities discussed in this paper are At1g14790
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(NM_101348), At3g03300 (NM_111200), At3g43920 (NM_114260),
At3g49500 (NM_114810), At4g11130 (NM_117183), chromosome I
(NC_003070.3), chromosome III (NC_003074.4), and siRNA02
(AF501743).

The SAIL (formerly Garlic) (http://signal.salk.edu/cgi-bin/tdnaex-
press) accession numbers for the T-DNA insertion lines discussed in
this paper are rdr1-1 (SAIL_672F11), rdr2-1 (SAIL_1277H08), and
rdr6-1 (SAIL_388H03).

The SIGnAL database (http://signal.salk.edu/) accession numbers
for the T-DNA insertion lines discussed in the paper are dcl2-1
(SALK_064627) and dcl3-1 (SALK_005512).

Acknowledgments

We thank Scott Givan and Chris Sullivan for invaluable assistance and
advice with computational resources; Thomas Jenuwein (Research
Institute of Molecular Pathology, Vienna, Austria) for providing
dimethyl-histone H3K9-specific antibodies; Xuemei Chen (Rutgers
University, Camden, New Jersey, United States) for providing hen1-1

seeds; Tsuyoshi Nakagawa (Shimane University, Izumo, Japan) for
providing the pGWB vector series; Bridget Timony for assistance with
virus infection experiments; and Zachary Lippman and Robert A.
Martienssen for sharing their ChIP protocol and control locus
information. We also thank Syngenta and the Salk Institute Genome
Analysis Laboratory for access to their T-DNA insertion lines. This
work was supported by grants from the National Science Foundation
(MCB-0209836) and National Institutes of Health (AI43288,
F32A1051097, and GM60398).

Conflicts of interest. The authors have declared that no conflicts of
interest exist.

Author contributions. ZX, LKJ, KDK, and JCC conceived and
designed the experiments. ZX, LKJ, KDK, and ADL did most of the
experimental work. AMG, KDK, and JCC conceived and designed the
small RNA database. AMG constructed the database. DZ and SEJ
generated the ago4-1 and cmt3-7 mutants and developed chromatin
analysis protocols. ZX, LKJ, KDK, JCC, and SEJ analyzed the data. ZX
and JCC wrote the paper. &

References
Ahlquist P (2002) RNA-dependent RNA polymerases, virus and RNA silencing.

Science 296: 1270–1273.
Ambros V (2003) MicroRNA pathways in flies and worms: Growth, death, fat,

stress, and timing. Cell 113: 673–676.
Aufsatz W, Mette MF, van der Winden J, Matzke AJ, Matzke M (2002) RNA-

directed DNA methylation in Arabidopsis. Proc Natl Acad Sci U S A 99 (Suppl
4): 16499–16506.

Aukerman MJ, Sakai H (2003) Regulation of flowering time and floral organ
identity by a microRNA and its APETALA2-like target genes. Plant Cell 15:
2730–2741.

Bastow R, Dean C (2003) Plant sciences: Deciding when to flower. Science 302:
1695–1696.

Beclin C, Boutet S, Waterhouse P, Vaucheret H (2002) A branched pathway for
transgene-induced RNA silencing in plants. Curr Biol 12: 684–688.

Boutet S, Vazquez F, Liu J, Beclin C, Fagard M, et al. (2003) Arabidopsis HEN1: A
genetic link between endogenous miRNA controlling development and
siRNA controlling transgene silencing and virus resistance. Curr Biol 13:
843–848.

Cao X, Jacobsen SE (2002) Locus-specific control of asymmetric and CpNpG
methylation by the DRM and CMT3methyltransferase genes. Proc Natl Acad
Sci U S A 99 (Suppl 4): 16491–16498.

Carmell MA, Xuan Z, Zhang MQ, Hannon GJ (2002) The Argonaute family:
Tentacles that reach into RNAi, developmental control, stem cell main-
tenance, and tumorigenesis. Genes Dev 16: 2733–2742.

Carrington JC, Ambros V (2003) Role of microRNAs in plant and animal
development. Science 301: 336–338.

Chan SW-L, Zilberman D, Xie Z, Johansen LK, Carrington JC, et al. (2004) RNA
silencing genes control de novo DNA methylation. Science. In press.

Chen X (2003) A microRNA as a translational repressor of APETALA2 in
Arabidopsis flower development. Science doi: 10.1126/science.1088060.

Cloix C, Tutois S, Yukawa Y, Mathieu O, Cuvillier C, et al. (2002) Analysis of the
5S RNA pool in Arabidopsis thaliana: RNAs are heterogeneous and only two of
the genomic 5S loci produce mature 5S RNA. Genome Res 12: 132–144.

Cogoni C, Macino G (1999) Gene silencing in Neurospora crassa requires a
protein homologous to RNA-dependent RNA polymerase. Nature 399: 166–
169.

Dalmay T, Hamilton A, Rudd S, Angell S, Baulcombe DC (2000) An RNA-
dependent RNA polymerase gene in Arabidopsis is required for posttran-
scriptional gene silencing mediated by a transgene but not by a virus. Cell
101: 543–553.

Dalmay T, Horsefield R, Braunstein TH, Baulcombe DC (2001) SDE3 encodes
an RNA helicase required for post-transcriptional gene silencing in
Arabidopsis. EMBO J 20: 2069–2078.

Dawe RK (2003) RNA interference, transposons, and the centromere. Plant Cell
15: 297–301.

Denli AM, Hannon GJ (2003) RNAi: An ever-growing puzzle. Trends Biochem
Sci 28: 196–201.

Doench JG, Petersen CP, Sharp PA (2003) siRNAs can function as miRNAs.
Genes Dev 17: 438–442.

Emery JF, Floyd SK, Alvarez J, Eshed Y, Hawker NP, et al. (2003) Radial
patterning of Arabidopsis shoots by class III HD-ZIP and KANADI genes. Curr
Biol 13: 1768–1774.

Finnegan EJ, Matzke MA (2003) The small RNA world. J Cell Sci 116: 4689–4693.
Finnegan EJ, Margis R, Waterhouse PM (2003) Posttranscriptional gene

silencing is not compromised in the Arabidopsis CARPEL FACTORY
(DICER-LIKE1) mutant, a homolog of Dicer-1 from Drosophila. Curr Biol
13: 236–240.

Gendrel AV, Lippman Z, Yordan C, Colot V, Martienssen RA (2002) Depen-
dence of heterochromatic histone H3 methylation patterns on the
Arabidopsis gene DDM1. Science 297: 1871–1873.

Golden TA, Schauer SE, Lang JD, Pien S, Mushegian AR, et al. (2002) Short
integuments1/suspensor1/carpel factory, a Dicer homolog, is a maternal effect
gene required for embryo development in Arabidopsis. Plant Physiol 130:
808–822.

Goodrich J, Tweedie S (2002) Remembrance of things past: Chromatin
remodeling in plant development. Annu Rev Cell Dev Biol 18: 707–746.

Grewal SI, Moazed D (2003) Heterochromatin and epigenetic control of gene
expression. Science 301: 798–802.

Grishok A, Pasquinelli AE, Conte D, Li N, Parrish S, et al. (2001) Genes and
mechanisms related to RNA interference regulate expression of the small
temporal RNAs that control C. elegans developmental timing. Cell 106: 23–
34.

Hall IM, Shankaranarayana GD, Noma K, Ayoub N, Cohen A, et al. (2002)
Establishment and maintenance of a heterochromatin domain. Science 297:
2232–2237.

Hamilton AJ, Baulcombe DC (1999) A species of small antisense RNA in
posttranscriptional gene silencing in plants. Science 286: 950–952.

Hamilton AJ, Voinnet O, Chappell L, Baulcombe D (2002) Two classes of short
interfering RNA in RNA silencing. EMBO J 21: 4671–4679.

Hannon GJ (2002) RNA interference. Nature 418: 244–251.
Hirochika H, Okamoto H, Kakutani T (2000) Silencing of retrotransposons in

Arabidopsis and reactivation by the ddm1 mutation. Plant Cell 12: 357–369.
Hutvágner G, Zamore PD (2002) A microRNA in a multiple-turnover RNAi

enzyme complex. Science 297: 2056–2059.
Hutvágner G, McLachlan J, Pasquinelli AE, Balint E, Tuschl T, et al. (2001) A

cellular function for the RNA-interference enzyme Dicer in the maturation
of the let-7 small temporal RNA. Science 293: 834–838.

Jacobsen SE, Sakai H, Finnegan EJ, Cao X, Meyerowitz EM (2000) Ectopic
hypermethylation of flower-specific genes in Arabidopsis. Curr Biol 10: 179–
186.

Johansen LK, Carrington JC (2001) Silencing on the spot: induction and
suppression of RNA silencing in the Agrobacterium-mediated transient
expression system. Plant Physiol 126: 930–938.

Jones AL, Hamilton AJ, Voinnet O, Thomas CL, Maule AJ, et al. (1999) RNA–
DNA interactions and DNA methylation in post-transcriptional gene
silencing. Plant Cell 11: 2291–2230.

Jones L, Ratcliff F, Baulcombe DC (2001) RNA-directed transcriptional gene
silencing in plants can be inherited independently of the RNA trigger and
requires Met1 for maintenance. Curr Biol 11: 747–757.

Kasschau KD, Xie Z, Allen E, Llave C, Chapman EJ, et al. (2003) P1/HC-Pro, a
viral suppressor of RNA silencing, interferes with Arabidopsis development
and miRNA function. Dev Cell 4: 205–217.

Ketting RF, Fischer SE, Bernstein E, Sijen T, Hannon GJ, et al. (2001) Dicer
functions in RNA interference and in synthesis of small RNA involved in
developmental timing in C. elegans. Genes Dev 15: 2654–2659.

Kinoshita T, Miura A, Choi Y, Kinoshita Y, Cao X, et al. (2004) One-way control
of FWA imprinting in Arabidopsis endosperm by DNA methylation. Science
303: 521–523.

Knight SW, Bass BL (2001) A role for the RNase III enzyme DCR-1 in RNA
interference and germ line development in Caenorhabditis elegans. Science
293: 2269–2271.

Lai EC (2003) microRNAs: Runts of the genome assert themselves. Curr Biol 13:
925–936.

Lellis AD, Kasschau KD, Whitham SA, Carrington JC (2002) Loss-of-
susceptibility mutants of Arabidopsis thaliana reveal an essential role for
eIF(iso)4E during potyvirus infection. Curr Biol 12: 1046–1051.

Li H, Li WX, Ding SW (2002) Induction and suppression of RNA silencing by an
animal virus. Science 296: 1319–1321.

Lingel A, Simon B, Izaurralde E, Sattler M (2003) Structure and nucleic-acid
binding of the Drosophila Argonaute 2 PAZ domain. Nature 426: 465–469.

Llave C, Kasschau KD, Rector MA, Carrington JC (2002a) Endogenous and
silencing-associated small RNAs in plants. Plant Cell 14: 1605–1619.

PLoS Biology | http://biology.plosjournals.org May 2004 | Volume 2 | Issue 5 | Page 0651

Arabidopsis Small RNA Pathways



Llave C, Xie Z, Kasschau KD, Carrington JC (2002b) Cleavage of Scarecrow-like
mRNA targets directed by a class of Arabidopsis miRNA. Science 297: 2053–
2056.

Luff B, Pawlowski L, Bender J (1999) An inverted repeat triggers cytosine
methylation of identical sequences in Arabidopsis. Mol Cell 3: 505–511.

Mathieu O, Jasencakova Z, Vaillant I, Gendrel AV, Colot V, et al. (2003) Changes
in 5S rDNA chromatin organization and transcription during heterochro-
matin establishment in Arabidopsis. Plant Cell 15: 2929–2939.

Mette MF, Aufsatz W, van der Winden J, Matzke MA, Matzke AJ (2000)
Transcriptional silencing and promoter methylation triggered by double-
stranded RNA. EMBO J 19: 5194–5201.

Mette MF, van der Winden J, Matzke M, Matzke AJ (2002) Short RNAs can
identify new candidate transposable element families in Arabidopsis. Plant
Physiol 130: 6–9.

Miura A, Yonebayashi S, Watanabe K, Toyama T, Shimada H, et al. (2001)
Mobilization of transposons by a mutation abolishing full DNA methylation
in Arabidopsis. Nature 411: 212–214.

Mourrain P, Beclin C, Elmayan T, Feuerbach F, Godon C, et al. (2000)
Arabidopsis SGS2 and SGS3 genes are required for posttranscriptional gene
silencing and natural virus resistance. Cell 101: 533–542.

Myers JW, Jones JT, Meyer T, Ferrell JE Jr (2003) Recombinant Dicer efficiently
converts large dsRNAs into siRNAs suitable for gene silencing. Nat
Biotechnol 21: 324–328.

Olsen PH, Ambros V (1999) The lin-4 regulatory RNA controls developmental
timing in Caenorhabditis elegans by blocking LIN-14 protein synthesis after the
initiation of translation. Dev Biol 216: 671–680.

Palatnik JF, Allen E, Wu X, Schommer C, Schwab R, et al. (2003) Control of leaf
morphogenesis by microRNAs. Nature 425: 257–263.

Papp I, Mette MF, Aufsatz W, Daxinger L, Schauer SE, et al. (2003) Evidence for
nuclear processing of plant microRNA and short interfering RNA
precursors. Plant Physiol 132: 1382–1390.

Park W, Li J, Song R, Messing J, Chen X (2002) CARPEL FACTORY, a Dicer
homolog, and HEN1, a novel protein, act in microRNA metabolism in
Arabidopsis thaliana. Curr Biol 12: 1484–1495.

Plasterk RH (2002) RNA silencing: The genome’s immune system. Science 296:
1263–1265.

Provost P, Dishart D, Doucet J, Frendewey D, Samuelsson B, et al. (2002)
Ribonuclease activity and RNA binding of recombinant human Dicer.
EMBO J 21: 5864–5874.

Reinhart BJ, Bartel DP (2002) Small RNAs correspond to centromere
heterochromatic repeats. Science 297: 1831.

Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, et al. (2000) The
21-nucleotide let-7 RNA regulates developmental timing in Caenorhabditis
elegans. Nature 403: 901–906.

Reinhart BJ, Weinstein EG, Rhoades MW, Bartel B, Bartel DP (2002)
MicroRNAs in plants. Genes Dev 16: 1616–1626.

Rhoades MW, Reinhart BJ, Lim LP, Burge CB, Bartel B, et al. (2002) Prediction
of plant microRNA targets. Cell 110: 513–520.

Schauer SE, Jacobsen SE, Meinke DW, Ray A (2002) DICER-LIKE1: Blind men
and elephants in Arabidopsis development. Trends Plant Sci 7: 487–491.

Schramke V, Allshire R (2003) Hairpin RNAs and retrotransposon LTRs effect
RNAi and chromatin-based gene silencing. Science 301: 1069–1074.

Singer T, Yordan C, Martienssen RA (2001) Robertson’s Mutator transposons in
A. thaliana are regulated by the chromatin-remodeling gene Decrease in DNA
Methylation (DDM1). Genes Dev 15: 591–602.

Smardon A, Spoerke JM, Stacey SC, Klein ME, Mackin N, et al. (2000) EGO-1 is
related to RNA-directed RNA polymerase and functions in germ-line
development and RNA interference in C. elegans. Curr Biol 10: 169–178.

Song JJ, Liu J, Tolia NH, Schneiderman J, Smith SK, et al. (2003) The crystal
structure of the Argonaute2 PAZ domain reveals an RNA binding motif in
RNAi effector complexes. Nat Struct Biol 10: 1026–1032.

Soppe WJ, Jacobsen SE, Alonso-Blanco C, Jackson JP, Kakutani T, et al. (2000)
The late flowering phenotype of fwa mutants is caused by gain-of-function
epigenetic alleles of a homeodomain gene. Mol Cell 6: 791–802.

Tang G, Reinhart BJ, Bartel DP, Zamore PD (2003) A biochemical framework
for RNA silencing in plants. Genes Dev 17: 49–63.

Volpe TA, Kidner C, Hall IM, Teng G, Grewal SI, et al. (2002) Regulation of
heterochromatic silencing and histone H3 lysine-9 methylation by RNAi.
Science 297: 1833–1837.

Volpe T, Schramke V, Hamilton GL, White SA, Teng G, et al. (2003) RNA
interference is required for normal centromere function in fission yeast.
Chromosome Res 11: 137–146.

Waterhouse PM, Wang MB, Lough T (2001) Gene silencing as an adaptive
defence against viruses. Nature 411: 834–842.

Whitham SA, Anderberg RJ, Chisholm ST, Carrington JC (2000) Arabidopsis
RTM2 gene is necessary for specific restriction of tobacco etch virus and
encodes an unusual small heat shock-like protein. Plant Cell 12: 569–582.

Xie Z, Kasschau KD, Carrington JC (2003) Negative feedback regulation of
Dicer-like1 (DCL1) in Arabidopsis by microRNA-guided mRNA degradation.
Curr Biol 13: 784–789.

Yan KS, Yan S, Farooq A, Han A, Zeng L, et al. (2003) Structure and conserved
RNA binding of the PAZ domain. Nature 426: 468–474.

Yu D, Fan B, MacFarlane SA, Chen Z (2003) Analysis of the involvement of an
inducible Arabidopsis RNA-dependent RNA polymerase in antiviral defense.
Mol Plant Microbe Interact 16: 206–216.

Zhang H, Kolb FA, Brondani V, Billy E, Filipowicz W (2002) Human Dicer
preferentially cleaves dsRNAs at their termini without a requirement for
ATP. EMBO J 21: 5875–5885.

Zilberman D, Cao X, Jacobsen SE (2003) ARGONAUTE4 control of locus-
specific siRNA accumulation and DNA and histone methylation. Science
299: 716–719.

PLoS Biology | http://biology.plosjournals.org May 2004 | Volume 2 | Issue 5 | Page 0652

Arabidopsis Small RNA Pathways


