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In addition to the three RNA polymerases (RNAP I-lll) shared by all
eukaryotic organisms, plant genomes encode a fourth RNAP (RNAP
IV) that appears to be specialized in the production of siRNAs.
Available data support a model in which dsRNAs are generated by
RNAP IV and RNA-dependent RNAP 2 (RDR2) and processed by
DICER (DCL) enzymes into 21- to 24-nt siRNAs, which are associated
with different ARGONAUTE (AGO) proteins for transcriptional or
posttranscriptional gene silencing. However, it is not yet clear
what fraction of genomic siRNA production is RNAP IV-dependent,
and to what extent these siRNAs are preferentially processed by
certain DCL(s) or associated with specific AGOs for distinct down-
stream functions. To address these questions on a genome-wide
scale, we sequenced ~335,000 siRNAs from wild-type and RNAP IV
mutant Arabidopsis plants by using 454 technology. The results
show that RNAP IV is required for the production of >90% of all
siRNAs, which are faithfully produced from a discrete set of
genomic loci. Comparisons of these siRNAs with those accumulated
in rdr2 and dcl2 dci3 dcl4 and those associated with AGO1 and
AGO4 provide important information regarding the processing,
channeling, and functions of plant siRNAs. We also describe a class
of RNAP [V-independent siRNAs produced from endogenous
single-stranded hairpin RNA precursors.

Arabidopsis | epigenetic | gene silencing | DNA methylation |
RNA interference

mall RNAs (sRNAs) are essential components of most eukary-
otic genomes and play important roles in many biological
processes. In Arabidopsis thaliana, SRNAs are 21-24 nt long and
function in both transcriptional gene silencing by directing DNA
and histone methylation and posttranscriptional gene silencing
through inhibition of translation and degradation of target mRNAs
(for reviews, see refs. 1-6). Four distinct types of SRNAs have been
identified in plants. MicroRNAs (miRNAs) and transacting siR-
NAs (tasiRNAs) are primarily involved in regulating gene expres-
sion and plant development, and siRNAs play a major role in
defending the genome against the proliferation of invading viruses
and endogenous transposable elements. The function of the fourth
type of sSRNAs, natural-antisense siRNAs (nat-siRNAs), is not
entirely clear but is likely related to plant stress responses (1-6).
There are major differences in the mechanisms responsible for
the production, processing, and channeling of different types of
sRNAs. miRNA precursors are single-stranded hairpin RNAs
transcribed by RNA polymerase II (RNAP II), which are processed
by DCLI into mostly 21-nt SRNAs and then primarily associated
with ARGONAUTE1 (AGO1) (7-9). The precursors for
tasiRNAs are dsSRNAs produced by RNAP IT and RNA-dependent
RNAP 6 (RDR6), which are processed by DCL4 into 21 nucleo-
tides and require AGO?7 for their downstream functions (10-12).
nat-siRNAs are derived from dsRNAs formed between sense—
antisense pairing of overlapping RNAP II transcripts, and the AGO
protein involved has yet to be identified (13, 14). Finally, the
production of siRNAs is known to involve RNAP IV, RNA-
dependent RNAP 2 (RDR2), and all four DCLs (15-20), and
siRNAs are primarily incorporated into AGO4 but also into other
AGOs, such as AGO1 (8, 9, 21).
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RNAP IV is a recently identified class of RNAP that is specific
to plant genomes. Unlike RNAP I, II, and III, RNAP IV appears
to be specialized in sSiRNA metabolism, because nrpdia, nrpd1b, or
nrpd2a mutants are phenotypically normal but defective in siRNA
production at all endogenous loci tested (16-19). RNAP IV exists
in two distinct forms, one consisting of the subunits Nuclear RNA
Polymerase D 1a (NRPD1a) and NRPD2a and the other composed
of NRPD1b and NRPD2a. It has been proposed that the NRPD1a/
NRPD2a form functions together with RDR2 in the production of
siRNA precursors, whereas the NRPD1b/NRPD2a form is in-
volved in the targeting of DNA methylation by siRNAs (RNA-
directed DNA methylation, RdADM) (17, 19, 21-23). However,
many questions concerning the functioning of RNAP IV remain
unanswered, and the role of RNAP IV in siRNA production on a
genome-wide scale remains unknown. It is also unclear to what
extent RNAP IV acts together with RDR2 and the four DCL
enzymes in Arabidopsis (15, 20, 24-27) or with downstream effec-
tors such as AGO4 (28, 29) or AGOL1 (9).

To address these questions on a genome-wide scale, we com-
pared the siRNAs accumulated in wild-type and nrpd mutant plants
through the cloning and sequencing of large quantities of SRNAs by
using 454 technology. We found that RNAP IV is required for the
production of >90% of all siRNAs. In addition, the siRNA profiles
of wild type and nrpd mutants were compared with those of rdr2 and
dcl2 dcl3 dcl4, as well as those associated with AGO1 and AGO4
(9, 20, 30). The most striking result from these comparisons was the
strong similarity among the profiles of siRNAs that depend on
RNAP IV and RDR2. We also identified a class of RNAP
I'V-independent endogenous siRNAs derived from single-stranded
hairpin precursors that were found to persist in both nrpd and rdr2
mutants. These results strongly support the notion that RNAP IV
functions together with RDR2 in the synthesis of double-stranded
siRNA precursors. Finally, by reintroducing wild-type copies of the
RNAP IV genes into previously mutant backgrounds, we found
that the profiles of siRNAs were reestablished in a remarkably
faithful manner, suggesting that RNAP IV may be recruited to a
specific set of genomic loci in the absence of prior siRNA signals.

Results and Discussion

Characterization of sRNA Diversity by Large-Scale 454 Sequencing. To
infer the function of RNAP IV, we characterized and compared the
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Table 1. Summary of sRNA sequences used in this study

Wild type

nrpdiallb

nrpd2al2b

F‘|*

RAW sequences

Perfectly matched to genome

Filtered out*

76,772
56,170 (73.2%)"
404 (0.5%)"

miRNAs 10,408 (18.7%)8
tasiRNA 799 (1.4%)5
siRNAsT 44,559 (79.9%)8

106,905

78,067 (73.0%)"
2,361 (0.2%)"
54,501 (72.0%)S
4,491 (5.9%)S
16,714 (22.1%)5

72,604

49,017 (67.5%)"
1,145 (0.2%)*

32,082 (67.0%)S
2,561 (5.3%)5

13,229 (27.6%)5

78,293
55,070 (70.3%)"
932 (0.1%)"
8,416 (15.5%)5
959 (1.8%)5
44,763 (82.7%)8

*From the cross nrpd1a/1b X nrpd2a/2b.
TAs percentage of raw sequences.
*Matched abundant cellular RNAs such as tRNAs.

8As percentage of perfect matches to the genome and excluding those that were filtered out.

TMay contain unidentified miRNAs and tasiRNAs.

sRNA populations accumulated in wild-type and nrpd mutant
plants through the cloning and sequencing of large numbers of
SRNAs by using 454 technology (Table 1). SRNAs reads (76,772)
were generated from wild-type inflorescences, of which 56,170
(>73%) perfectly matched the Arabidopsis genomic sequence over
their entire length (PM). A small fraction of PM sRNAs (404 reads;
~0.7%) matched abundant cellular RNAs (e.g., tRNAs) and were
eliminated from further analyses, because they could represent
degradation products. Of the remaining PM reads, 10,408 were
miRNAs (18.7%), 799 matched tasiRNAs (1.4%), and 44,559 were
primarily siRNAs (79.9%).

The 454 data set from the wild-type Columbia strain generated
here was ~7-fold larger than a previous 454 sRNA study (20),
making many detailed analyses possible. The coverage of this data
set was evaluated by comparing it to the 721,044 wild-type inflo-
rescence SRNA reads generated by using a different method,
massively parallel signature sequencing (MPSS), which is higher
throughput but does not provide information about the size of the
siRNA, because it generates only 17-bp sequences (31). All four
tasiRNAs and 31 of the 35 miRNAs present in the MPSS data set
were found in our 454 data set; we also recovered two additional
low-copy miRNA families that were not in the MPSS data set. With
regard to siRNAs, 5,044 of the 5,363 moderate or dense siRNA
clusters (>94%) defined by the MPSS data were represented by the
454 data set. These results suggest that the 454 data set generated
here provides a reasonable representation of the SRNA population
in wild-type inflorescences.

One major technological advantage of 454 sequencing compared
with MPSS is its ability to sequence through the entirety of cloned
sRNAs, thus revealing the length of each SRNA and providing
important clues regarding its origin and biological function. In
Arabidopsis, different DCL enzymes usually produce sSRNAs with
distinct lengths. In general, DCL1 produces 21-mer miRNAs and
nat-siRNAs, DCL2 produces 22 mers, DCL3 produces 24-mer
siRNAs, and DCL4 produces 21-mer tasiRNAs (5, 13, 15, 20,
24-26, 32, 33). We therefore focused our analyses on these three
size classes, 21, 22, and 24 mers (see Methods). As shown in Fig. 1,
in wild type, the ratio of 21:22:24 mers is ~1:0.35:1.99 for all SRNAs
and 1:1.25:7.59 for siRNAs. Thus, the vast majority of siRNAs in
wild type are 24 mers.

Consistent with their role in silencing transposons and other
repetitive sequences, siRNAs of all three size classes showed a
marked enrichment in heterochromatic regions where transposons
and other repeats cluster [supporting information (SI) Fig. 4]. All
three sizes were also found to be depleted from genes with known
functions (SI Fig. 5). Interestingly, different size classes appeared to
be preferentially associated with different types of repeats. In
particular, 24 mers were more frequently associated with dispersed
repeats than with tandem and inverted repeats, but 21 and 22 mers
were more frequently associated with inverted and dispersed re-
peats than with tandem repeats (SI Fig. 6).

Considering these differences and the dependence of siRNA
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production on distinct DCL enzymes, 21-, 22-, and 24-mer siRNAs
were analyzed separately. In addition, we used a proximity-based
algorithm to group siRNAs into clusters (i.e., genome regions
corresponding to multiple closely spaced siRNAs; see Methods)
(31). These clusters may represent “sites of action,” where siRNAs
were produced. In this way, 686 21-mer clusters, 952 22-mer
clusters, and 5,703 24-mer clusters were defined. Interestingly, the
majority of 21- and 22-mer clusters, as well as a substantial fraction
of 24-mer clusters, overlapped with each other (=84%, ~85%, and
~21%, respectively; SI Fig. 7), suggesting that multiple siRNA-
producing machineries (e.g., multiple DCLs) may coexist and/or
function together at numerous loci genome wide.

siRNA Clusters Derived from Single-Stranded Hairpin RNA Precursors.
One interesting feature of siRNA clusters that has not been
systematically examined in previous studies is their “strandedness”;
that is, whether considerable numbers of clusters exist where all
siRNAs can be mapped to only one strand of the DNA. This is of
particular interest to this study, because the derivation of siRNAs
from both strands suggests that such siRNAs are processed from
dsRNA substrates produced by RNAP IV and RDR2 or through
the pairing of sense—antisense RNAP II transcripts. In contrast, the
production of a cluster of siRNAs from only one strand would
suggest single-stranded hairpin RNAs as DCL substrates. To ad-
dress this question, we first identified all siRNA reads that matched
only one genomic location (“unique PMs”), and thus their origins
could be unambiguously determined. Next, we examined each
siRNA cluster with =10 unique PMs and defined a cluster as
single-stranded if the vast majority of the unique PMs (>90%) were
derived from the same strand. As listed in SI Table 3, single-
stranded siRNA clusters could be readily identified for all three
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Fig.1. Thelengths of sSRNAsthat perfectly matched the Arabidopsis genomic
sequence in wild-type, nrpdia/lb, nrpd2al/2b, and the F; progenies from a
cross between nrpdia/1b and nrpd2a/2b. (a) All sSRNAs. (b) siRNAs (miRNAs and
tasiRNAs were excluded). y axis, the number of individual sSRNA sequences of
a certain size.
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Fig.2. The locus IR71 as an example of siRNAs produced from single-stranded hairpin RNA precursors. (a) All individual siRNAs at /R71 that matched a unique
position in the genome isolated from wild type (454 or MPSS), nrpd1a/1b (454), and rdr2 (MPSS). Vertical color bars, individual siRNAs; pink horizontal bars, the
two arms of the inverted repeat. siRNAs shown above the inverted repeats matched the Watson strand, and those below matched the Crick strand of the genome.
(b) Examples of siRNAs produced from the imperfectly matched regions (red dots) of the predicted single-stranded hairpin of /IR71. Horizontal bars, siRNAs that

match the left (above the alignment) or right arm (below the alignment).

sizes. Notably, a much higher fraction of 21-mer unique PM clusters
(13 of 29; 44.8%) were found to be single-stranded than 22-mer
unique PM clusters (6 of 53; 11.3%) or 24-mer unique PM clusters
(8 of 325; 2.5%). These results likely represent a conservative
estimate of the abundance of single-stranded siRNA clusters ge-
nome-wide, because most siRNA clusters correspond to repetitive
sequences, which would not have met these conservative criteria
(containing =10 unique PMs).

One example of a single-stranded siRNA cluster is INVERTED
REPEAT 71 (IR71), alarge inverted repeat where all four DCLs are
involved in siRNA production (20). As shown in Fig. 2a, virtually
all unique PMs found at this locus were derived from the Crick
strand of the genome, including 59 of the 60 21 mers, all 106 22
mers, and all 35 24 mers (Fig. 2a). In addition, all 712 siRNAs from
the wild-type MPSS data set that mapped uniquely to this locus
were found to be derived from the Crick strand, and virtually all
unique PMs isolated from mutants such as rdr2 and nrpdla/lb
(2,670 of 2,672 and 257 of 258, respectively) at this locus were also
from the same strand (Fig. 2a). Considering that the unique PMs
spanned both arms of the inverted repeats, these results strongly
suggest that all sSiIRNAs from IR71 were derived from a ~7-kb-long
hairpin RNA precursor.

The two arms of IR71 share 98.9% nucleotide sequence identity,
and all of the unique PMs mapped to regions of the inverted repeat
with one or occasionally two mismatches between the two arms
(Fig. 2b). This result revealed an interesting property of the DCL
enzymes. That is, similar to DCL1, DCL2, DCL3 and DCL4 can
also produce siRNAs by “dicing” a hairpin RNA precursor in
regions that contain mismatches. There are, however, two major
differences between the processing of miRNA precursors and
long-hairpin RNAs. First, miRNA precursors are processed exclu-
sively by DCLL into a single size class (almost always 21 mers), as
shown by previous genetic studies and numerous miRNA Northern
blot analyses (1-6, 20), as well as the fact that nearly all miRNAs
from our data set were 21 mers (not shown). In contrast, all four
DCLs are involved in siRNA production at /R71 (20). Second, one
strand of the DCLI product (miRNA) is loaded into AGOI1-
containing RNA-induced silencing complex (RISC) and accumu-
lates while the other strand (miRNA*) is degraded. In contrast, at
IR71, siRNAs derived from both strands of imperfectly matched
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regions accumulate to similar levels (Fig. 2). Taken together, these
results uncover similarities in the biochemical properties of the four
DCLs but also suggest the involvement of additional factors in
distinguishing miRNA precursors from other single-stranded hair-
pin RNAs.

DNA Methylation in siRNAs Clusters. siRNAs target de novo DNA
methylation in Arabidopsis (17, 19, 28, 34-36), and the majority of
siRNA clusters identified by using MPSS correspond to regions
containing DNA methylation (37). However, it is not clear whether
21, 22, and 24 mers have a similar role in directing DNA methyl-
ation. To address this question, we first identified all siRNA clusters
of a single size class (i.e., those that did not overlap with another
cluster of a different size) and then determined the fractions of
these clusters that colocalized with DNA methylated regions. As
shown in SI Fig. 8, siRNAs of all three size classes were found to
colocalize with methylated regions with frequencies that were
higher than the genome average. However, a much higher fraction
of 24- than 22-mer clusters were methylated, and 21-mer clusters
were the least methylated (~41.8% for 21 mers, ~63.8% for 22
mers, and ~90.1% for 24 mers, compared with the genome average
level of methylation of ~18.9%). This is in agreement with the
previous finding that DCL3 products (24 mers) play a major role in
RdDM, but DCL2 and DCL4 products can also direct DNA
methylation at some loci (20).

RNAP IV Plays a Pivotal Role in siRNA Biogenesis. To explore the
function of RNAP IV on a genome-wide scale, we cloned and
sequenced 106,905 sRNAs from the inflorescences of nrpdia/lb
double mutant plants, of which 75,706 were PMs. A total of 54,501
reads were found to be miRNAs, and 4,491 were tasiRNAs. Neither
the ratio of miRNA to tasiRNA (=~13.0 for wild type and ~12.1 for
nrpdla/lb) nor the relative abundance of individual miRNA or
tasiRNA families was affected in this mutant (SI Fig. 9). This is
consistent with previous results examining individual miRNAs or
tasiRNAs by using Northern blots, as well as the fact that the
nrpdla/lb mutant is phenotypically normal (16-19). Taken to-
gether, these results suggest that RNAP IV is not required for the
production or function of miRNAs and tasiRNAs.

Comparison of the remaining 16,714 SRNAs from nrpdla/lb to
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Table 2. Association of RNAP IV-dependent and independent
siRNAs with AGO1 and AGO4

RNAP IV
siRNA Total (%)* independent (%)*
Total

Wild type 35,473 3,438 (9.7)

AGO1 8,544 3,791 (44.4)

AGO4 13,738 1,102 (8.0)
21 mers

Wild type 3,609 (10.2) 1,427 (39.5)

AGO1 6,046 (70.8) 3,048 (50.4)

AGO4 473 (3.4) 64 (13.5)
22 mers

Wild type 4,459 (12.6) 984 (22.1)

AGO1 2,472 (28.9) 742 (30.0)

AGO4 1,843 (13.4) 185 (10.0)
24 mers

Wild type 27,405 (77.3) 1,027 (3.7)

AGO1 26 (0.3) 1(3.8)

AGO4 11,422 (83.1) 853 (7.5)

*The total of individual 21-, 22-, and 24-mer siRNAs. Numbers in parentheses
show the percentage of siRNAs that belonged to the corresponding size class.
TDerived from siRNA clusters in nrpd7a/1b. Numbers in parentheses show the
percentage of total siRNAs that are RNAP IV-independent.

those from wild type revealed several major differences. First, there
is a vast reduction in siRNA abundance for all three size classes. As
normalized by the number of miRNAs and tasiRNAs, the sequenc-
ing of the sRNAs from nrpdla/lb was approximately ~5.2- to
5.6-fold deeper than wild type, yet ~2.7-fold fewer siRNAs were
recovered. Thus, there was a ~14- to 15-fold reduction in the
abundance of siRNAs in nrpdla/lb compared with wild type,
indicating that the production of ~93% of all siRNAs in wild-type
plants required RNAP IV activity. Consistent with this estimate,
only ~9.7% of individual siRNA reads from wild type mapped to
siRNA clusters that persisted in nrpdla/lIb (Table 2). Second, a
smaller fraction of 21 mers (=~54.6%) were lost in nrpdla/Ib than
22 mers (~84.0%), whereas nearly all 24 mers (=~98.9%) were
eliminated. As a consequence, the most abundant size class was
found to be 21 mers, whereas 24 mers were sparse; the ratio of
21:22:24 mers became 1:0.43:0.18 (in contrast to 1:1.25:7.59 for wild
type; Fig. 1). Third, in nrpdla/lb, although the chromosomal
locations of 22 and 24 mers remained largely heterochromatic, the
distribution of 21 mers was more sporadic (SI Fig. 4). Finally, in
nrpdla/lb, significantly smaller fractions of siRNAs from all three
sizes classes were found to be derived from dispersed or tandem
repeats, but a marked increase was observed in the fractions of 22
and 24 mers associated with inverted repeats (SI Fig. 6).

The siRNA clusters remaining in nrpdla/lb were examined
further for their strandedness and for structural characteristics of
the corresponding genomic regions. For this analysis, we focused on
clusters containing =10 or more unique PMs, as described above.
All 22- and 24-mer clusters (seven and three, respectively), as well
as the majority of 21-mer clusters (19 of 29; 65.5%) in nrpdla/lb
that met this criterion were found to be strand-specific and to
localize within inverted repeats (SI Table 4). Four of the remaining
10 21-mer clusters were also strand-specific and processed from
single-stranded RNA with secondary structures that resembled
miRNA precursors (SI Fig. 10); these loci were not initially iden-
tified as inverted repeats, because the matched regions were
relatively short. Additionally, most strand-specific siRNA clusters
present in wild type were retained in nrpdla/1b (SI Table 3). Taken
together, these results suggest that the RNAP IV activity is required
for the production of the vast majority of all SRNAs in the
Arabidopsis genome except for miRNAs, tasiRNAs, and siRNAs
produced from single-stranded hairpin RNA precursors. This is
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Fig. 3. Immediate restoration of siRNA production and RNA-directed DNA
methylation. (a) Northern blot analysis of siRNAs derived from the FWA and
SiIRNAO02 loci (16, 19, 38). miRNA 159 is shown as control. (b) Bisulfite sequenc-
ing analysis of DNA methylation at MEA-ISR.

consistent with the fact that all individual endogenous siRNAs
tested by RNA blot analysis in previous studies depend on RNAP
IV (16-19, 23), but siRNAs derived from a highly expressed
inverted-repeat transgene driven by a Pol II promoter (which may
resemble the single-stranded hairpin RNA precursors described
here) were found to be RNAP I'V-independent (17).

The correlation of RNAP I'V-independent siRNA clusters and
DNA methylation was examined in a manner similar to that
described above. siRNA clusters of all three size classes were found
to be methylated at levels significantly higher than genome average
(=40.0% for 21 mers, ~53.1% for 22 mers, and ~77.8% for 24
mers). Furthermore, RNA-directed DNA methylation was indeed
previously shown at IR71, a locus shown in this study to produce
RNAP I'V-independent single stranded siRNAs (20). These results
suggest that RNAP I'V-independent siRNAs can also direct DNA
methylation, which is consistent with the finding that a considerable
number of RNAP IV-independent siRNAs are associated with
AGO4 (see below).

Robustness of RNAP IV Function at Defined Genomic Loci. Although
RNAP 1V is critically important in siRNA production, little is
known about the early events in this process. For example, it is
unknown whether the RNAP I'V complexes are localized to specific
genomic loci, or whether the prior existence of siRNAs is required
to guide such localization in a self-reinforcing manner. The require-
ment of multiple subunits for RNAP IV function allowed the use
of genetic strategies to address these questions. Considering that the
RNAP IV activity is lost in either nrpdla/lb or nrpd2a/2b (vefs.
16-19, and see below), it was of interest to determine to what extent
siRNA production can resume when the wild-type functions of all
subunits are restored. We therefore crossed the nrpdla/lb and
nrpd2a/2b mutants together and examined the siRNA profiles of
the progeny (F; plants) containing a wild-type copy of each gene.

We sequenced 72,604 and 78,293 sRNAs isolated from the
inflorescences of nrpd2a/2b and the F; plants, respectively (Table
1). Consistent with the requirement of NRPD2a for NRPD1a/1b
activities, the siRNA profile of nrpd2a/2b was found to be virtually
the same as nrpdla/l1b. Remarkably, the F; plants shared a nearly
identical siRNA profile with wild type. Approximately 93.8% of
21-mer clusters, ~98.2% of 22-mer clusters, and ~98.4% 24-mer
clusters in wild type were also present in the F;. Conversely,
~973% of 21-mer clusters, ~93.2% of 22-mer clusters, and
~99.2% of 24 mers in the F; were also present in wild type. The
subtle differences could be due to sampling, because clusters
present only in wild type or F; were of relatively low abundance (not
shown). These results were further validated by Northern blot
analyses at two loci (Fig. 3a).

To determine whether the function of siRNAs in directing DNA
methylation is also restored, we examined the DNA methylation
status of MEDEA-INTERGENIC SUBTELOMERIC REPEAT
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