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To address the role of small regulatory RNAs in rice development, we generated a large data set of small RNAs from
mature leaves and developing roots, shoots, and inflorescences. Using a spatial clustering algorithm, we identified 36,780
genomic groups of small RNAs. Most consisted of 24-nt RNAs that are expressed in all four tissues and enriched in repeat
regions of the genome; 1029 clusters were composed primarily of 21-nt small RNAs and, strikingly, 831 of these contained
phased RNAs and were preferentially expressed in developing inflorescences. Thirty-eight of the 24-mer clusters were
also phased and preferentially expressed in inflorescences. The phased 21-mer clusters derive from nonprotein coding,
nonrepeat regions of the genome and are grouped together into superclusters containing 10–46 clusters. The majority of
these 21-mer clusters (705/831) are flanked by a degenerate 22-nt motif that is offset by 12 nt from the main phase of the
cluster. Small RNAs complementary to these flanking 22-nt motifs define a new miRNA family, which is conserved in
maize and expressed in developing reproductive tissues in both plants. These results suggest that the biogenesis of phased
inflorescence RNAs resembles that of tasiRNAs and raise the possibility that these novel small RNAs function in early
reproductive development in rice and other monocots.

[Supplemental material is available online at www.genome.org. The rice small RNA sequence data have been submitted to
NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) repository under accession nos. GSE16248
and GSE16350. The miRNAs have been submitted to Rfam (http://rfam.sanger.ac.uk/) under submission no. 4a19f686 and
to EMBL Nucleotide Sequence Database (http://www.ebi.ac.uk/embl/) under submission nos. FN397534–FN397564.]

Endogenous small regulatory RNA pathways play diverse and

fundamental roles in the regulation of gene expression in a broad

range of eukaryotes, including plants. In these diverse organisms

a common set of genes mediates small RNA biogenesis and func-

tion: DICER ribonucleases generate small RNAs from double-

stranded RNA (dsRNA), while ARGONAUTE proteins form the core

of effector complexes that mediate their function. In addition,

plants and worms encode RNA-dependent RNA polymerases

(RDRs) that can produce dsRNA substrates for DICER or facilitate

DICER-independent small RNA biogenesis. Several distinct classes

of small RNAs have been identified to date, and these play im-

portant roles in a variety of processes, including development,

genome stability, and response to both biotic and abiotic stress.

However, the full spectrum of small RNA pathways and their

functions is not yet known, and the identification of novel small

RNA generating loci remains an area of intense investigation (for

recent reviews of small RNA pathways, see Ambros and Chen 2007;

Eamens et al. 2008; Farazi et al. 2008; Girard and Hannon 2008;

Ramachandran and Chen 2008).

Many types of small RNAs have been identified in plants, the

best characterized of which are microRNAs (miRNAs), trans-acting

siRNAs (tasiRNAs), and small-interfering RNAs (siRNAs). The plant

miRNAs play a major role in many developmental processes, often

targeting the transcription factors that mediate transition from one

developmental stage to the next ( Jones-Rhoades and Bartel 2004).

The genes that encode miRNAs are transcribed to produce a pre-

cursor RNA with the mature miRNA located within a stem–loop

structure that is processed by DICER-LIKE1 (DCL1) or in some cases

by other DCLs to give a single small RNA duplex with two nucle-

otide 39 overhangs (Rajagopalan et al. 2006; Vazquez et al. 2008).

One strand of the small RNA duplex is the mature miRNA, which

binds to an ARGONAUTE protein to form an effector complex that

directs cleavage or translational repression of target mRNAs (Mallory

et al. 2008). The opposite strand of the duplex, termed miRNA*, is

rapidly degraded and normally does not accumulate. DCL1 knock-

out plants are embryo lethal, pointing to the importance of this

small RNA pathway in development (Schauer et al. 2002).

Trans-acting siRNAs (tasiRNAs) constitute a small class of

phased small RNAs that play a role in phase transition during

Arabidopsis leaf development (Peragine et al. 2004; Vazquez et al.

2004; Yoshikawa et al. 2005). In tasiRNA biogenesis, the tasiRNA

locus is transcribed into a single-stranded RNA that is cleaved by

a particular miRNA. The miRNA cleavage product serves as a sub-

strate for RDR6, which generates a dsRNA with a discrete end de-

fined by the miRNA cleavage site. The dsRNA is then processively

cleaved by DCL4 to produce the phased 21-nt tasiRNAs. Most of

the genomic loci that produce phased siRNAs are flanked by two

miRNA/tasiRNA binding sites, both of which, for reasons that are

not yet fully clear, are important for proper biogenesis of the

tasiRNAs (Axtell et al. 2006). The different phased tasiRNAs from
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a single tasiRNA locus typically accumulate to different levels, and

some form complexes with ARGONAUTE proteins to direct cleavage

of specific target mRNAs (Allen et al. 2005). In Arabidopsis, tasiRNA

function appears to be confined to vegetative phase change. How-

ever, tasiRNAs or other DCL4-dependent small RNAs might play

a broader role in rice because the developmental phenotype of dcl4

loss-of-function mutants is much more severe in rice than in

Arabidopsis (Liu et al. 2007).

Endogeneous siRNAs derive from two separate pathways and

may be associated with either transcriptional or post-transcrip-

tional gene silencing. The post-transcriptional silencing pathway

serves primarily defensive purposes and is induced by invading

nucleic acids such as transgenes or viruses; it produces 21- or 22-nt

siRNAs via the activity of DCL4 and DCL2, respectively (Deleris

et al. 2006; Fusaro et al. 2006; Mlotshwa et al. 2008). The tran-

scriptional pathway is involved in heterochromatin formation in

repeated regions of the genome and the silencing of other regions

of the genome as well. This pathway involves the activity of RNA

polymerase IV/V, RDR2 and DCL3, producing 24-nt small RNAs

referred to as Pol IV/V siRNAs (Henderson and Jacobsen 2007;

Huettel et al. 2007). Whereas individual Pol IV/V siRNAs do not

accumulate to high levels like miRNAs, as a size class they are

usually the most abundant small RNAs in the cell. Because these

small RNAs are involved in controlling transposons and other re-

peated regions of the genome, they could potentially play a bigger

role in plants such as rice and maize that have large genomes with

a high proportion of repeated sequences. Furthermore, Arabidopsis

plants having a mutation in RDR2 display virtually no devel-

opmental defects, whereas mutation of the maize homolog of

RDR2 (MOP1) results in a number of developmental anomalies

(Dorweiler et al. 2000; Alleman et al. 2006; Woodhouse et al. 2006).

These observations raise the possibility that some aspects of Pol

IV/V siRNA-mediated transcriptional silencing have a greater role

in regulating development in cereals than in Arabidopsis.

Here we report the results of high-throughput sequencing of

small RNA populations from four different rice tissues: root apices,

shoot apices, developing inflorescence, and mature leaves. Our

bioinformatic analysis has identified previously unreported groups

or clusters of phased 21-nt and 24-nt small RNAs that are prefer-

entially expressed in the inflorescence of rice plants.

Results
Rice small RNAs from root apices, shoot apices, developing in-

florescence, and mature leaves were sequenced using the 454 Life

Sciences (Roche) pyrosequencing technology (Margulies et al.

2005) to identify developmentally regulated small RNAs. These

tissues were chosen because they represent a comprehensive range

of different developmental stages and cell types, and might be

expected to display different patterns of small RNA expression. The

root apices, shoot apices, and inflorescence samples are expected

to be enriched for young differentiating cells and meristematic

tissues each giving rise to cells having different fates. In contrast,

the leaf tissues examined in this study were terminally differenti-

ated.

Pyrosequencing generated a total of 1,409,217 small RNA

sequence reads representing 781,885 different (distinct) sequen-

ces. The vast majority of these distinct sequences (77% or 602,618)

could be mapped to the ;400-Mbp rice genome (Table 1; Goff et al.

2002). Little overlap of the mapped distinct sequences was ob-

served from one tissue to the next; for each tissue, ;90% of the

distinct sequences were detected only within that tissue. Over

half of the mapped distinct small RNAs (69% or 417,923) mapped

to only one genome location and are referred to hereafter as

Table 1. Small RNA tissue profile summary

RoApxa ShApxb Inflc Leaf Total

Mapped
Readsd 274,648 262,040 363,637 261,191 1,161,516 —

21 nt 17,867 8,376 53,204 37,910 117,357 10%
22 nt 28,102 12,097 16,791 36,398 93,388 8%
24 nt 135,740 193,665 234,317 116,738 680,460 59%

Distincte 149,401 183,861 229,151 91,105 602,618 —
21 nt 7,153 3,567 16,053 5,402 30,627 5%
22 nt 12,553 8,477 11,686 7,086 37,539 6%
24 nt 87,763 135,984 158,588 61,433 403,314 67%

Mapped genome-unique
Readsd 124,946 175,311 247,485 90,589 638,331 —

21 nt 7,470 3,958 42,213 11,050 64,691 10%
22 nt 10,602 7,088 9,563 6,557 33,810 5%
24 nt 73,678 133,514 159,828 61,919 428,939 67%

Distincte 96,803 130,275 161,501 53,428 417,923 —
21 nt 4,295 2,073 13,149 2,185 21,121 5%
22 nt 7,741 5,270 7,195 3,143 22,696 5%
24 nt 59,250 98,565 112,939 40,347 290,202 69%

Complexityf 77% 74% 65% 59% 65%
21 nt 57% 52% 31% 20% 33%
22 nt 73% 73% 75% 48% 67%
24 nt 80% 74% 71% 65% 68%

aRoApx is root apex.
bShApx is shoot apex.
cInfl is inflorescence.
dThe small RNA read count for sequences that matched the rice genome for each tissue and the overall read count (total) are shown.
eDistinct small RNA sequence counts are specific for each tissue and the total distinct count is not the sum of the counts from each tissue due to
redundancy.
fThe small RNA complexity is the number of distinct sequences as a percentage of the total read count.

1430 Genome Research
www.genome.org

Johnson et al.



genome-unique small RNAs. The remainder of the small RNAs

mapped to two to a few thousand different genomic locations

(Supplemental Fig. 1), and this distribution was generally similar in

all four tissues. The majority of the small RNAs were 24-nt in

length in all tissues (Table 1). Because 24-nt small RNAs have been

implicated in transcriptional gene silencing, this result suggests

that most of the small RNAs in all four tissues are involved in

suppression of transcription. Consistent with this idea, 48% of the

24-nt small RNAs in all our data sets overlapped TIGR annotated

repeats, most of which are known transposons or other mobile

elements (data not shown). Interestingly, the ratio of the distinct

sequences to the total reads expressed as a percentage, i.e., the

relative complexity, was lowest in the terminally differentiated leaf

tissue. This characteristic was especially true for the 21-nt small

RNAs, which had a relative complexity of only 20% in leaf as

compared to 31%–57% in developing shoot, root, and inflo-

rescence tissues (Table 1).

Clusters of small RNAs

An analysis of genomic clustering was used to examine the distri-

bution of small RNA generating loci in the rice genome and to

determine if small RNAs from these loci were differentially ex-

pressed in the sampled tissues. Only the 417,923 genome-unique

small RNAs were utilized for this analysis, because these small

RNAs could be attributed with certainty to a particular chromo-

some locus. One approach to defining clusters of small RNAs is to

assign them to discrete sized bins. However, such groups are arbi-

trary, and small RNAs that arise from different transcripts might

frequently be inappropriately assigned to the same group. Simi-

larly, small RNAs that arise from the same transcript might be

assigned to different groups. Although there is no way to com-

pletely avoid these problems, we took the approach of defining

a cluster as a group of small RNAs in which each small RNA is #100

nt from its nearest neighbor. Thus, small RNAs at the ends of

a cluster are >100 nt away from the next nearest small RNA outside

the cluster. This analysis identified 73,983 small RNA clusters

containing at least two distinct genome-unique small RNAs, and

this number was reduced to 36,780 by eliminating clusters that did

not contain small RNAs from at least

three of 12 samples (see Methods). There-

fore, the minimum number of small RNA

reads in a cluster is three. This filtering

process removed clusters that did not

have much support and allowed a re-

duced data set that permitted the use of

more computationally demanding algo-

rithms for the analysis. The clusters and

included small RNAs can be viewed using

a genome browser at http://sundarlab.

ucdavis.edu/cgi-bin/smrna_browse/ ( Johnson

et al. 2007).

Of the 36,780 clusters examined in

our analysis, the cluster size ranged up

to 2037 nt, with 59% spanning at least

100 nt (Supplemental Fig. 2). The vast

majority of the clusters (29,765 clusters,

81% of the total) contained primarily

24-nt small RNAs (24-mer clusters) and

included 167,146 distinct 24-nt small

RNAs. In contrast, only a small number of

clusters (1029, 2.8% of the total) were

found to be composed primarily of 21-nt small RNAs (21-mer

clusters), and from these 21-mer clusters, 6356 distinct 21-nt

small RNAs were detected (Supplemental Table 1). In 16.2% of

the clusters (5986), neither 21- nor 24-nt small RNAs were in the

majority.

21-mer but not 24-mer clusters are arranged in superclusters

Visual inspection of the distribution of 21-mer and 24-mer clus-

ters across the rice genome using a genome browser ( Johnson

et al. 2007) indicated that there were marked differences in their

global distribution. Whereas the 24-mer clusters were relatively

evenly spread across the genome (data not shown), many of the

21-mer clusters tended to be grouped near each other. The region

occupied by a group of 21-mer clusters was defined using a method

similar to that used to define individual clusters. In this case,

a distance of 100 kbp was chosen as the minimum separation

distance between regions of clusters. In other words, clusters that

are closer than this were considered part of the same region. This

was the optimal margin as determined by the ratio of simulated to

real cluster regions (see Methods; Supplemental Fig. 3). Using this

criterion, we identified 168 cluster regions that contained one or

more clusters, ranging in size up to as large as 558 kb, with a me-

dian length of 0.98 kb. Strikingly, the majority of the 21-mer

clusters (689 of 1029) were contained in just 31 larger regions

containing 10 or more clusters (superclusters), with the largest

supercluster containing 46 clusters (Fig. 1; Supplemental Table 2).

These superclusters range in size from 31 to 546 kb with a median

of 215 kb and are scattered more or less evenly across the genome,

with the exception of the bottom half of chromosome 12, which

appears to have a higher concentration of superclusters (Fig. 1).

The 21-mer clusters tend not to overlap TIGR annotated
repeats or gene loci, and supercluster regions have properties
distinct from other parts of the genome

In order to identify any general associations of 21-mer and 24-mer

clusters with either repetitive sequences or likely protein coding

genes, the numbers of individual small RNA clusters that overlap

Figure 1. Distribution of 21-mer superclusters and phased 24-mer clusters in the rice genome.
Regions of 21-mer clusters are represented as black lines (<10 clusters) or if they are superclusters as red
lines ($10 clusters). Phased 24-mer clusters are represented as cyan lines. The number of individual
clusters within a region is indicated next to the line.
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TIGR annotated repeats or annotated gene loci were counted

(Table 2). Simulations of the placement of the 24-mer and 21-mer

clusters onto the genome were used to evaluate the possibility

that any overlap would occur by chance (see Methods). This

analysis showed that 48% of 24-mer clusters overlapped TIGR

annotated repeats, ;1.2-fold more than expected by chance

(P=2.16310�211). In contrast, only 8% of the 21-mer clusters

overlapped annotated repeats, about one fifth that expected by

chance (P=9310�89). However, ;20% of the 21-mer clusters can

be unambiguously aligned with another such cluster when using

the cluster sequence plus an additional 200 nt on either side. By

definition there were no 21-nt small RNAs that were found in more

than one cluster. However, 54 of the 6356 distinct small RNAs that

comprise the 21-mer clusters are similar to another 21-nt small

RNA in the set when up to three mismatches are allowed.

The 24-mer clusters were relatively devoid of TIGR annotated

gene loci (Table 2), most of which are expected to code for proteins

that include transposon genes, hypothetical genes, and unknown

expressed genes as well as characterized protein coding genes.

Only 18% of the 24-mer clusters overlap gene loci, about one half

to one third that expected by chance (P=0). The 21-mer clusters

showed the same tendency, with only 9.5% overlapped by likely

protein coding genes, about one-fifth that expected by chance

(P=2.9310�147) (Table 2). There was virtually no overlap of 21-

mer or 24-mer clusters with tRNA or noncoding RNA loci (data not

shown). This analysis indicates that the 21-mer clusters are sig-

nificantly devoid of both annotated genes and repeats. The 24-mer

clusters are relatively devoid of annotated gene loci and, although

they are slightly enriched for repeats, 52% of the 24-mer clusters do

not overlap repeats.

This analysis also shows that the fraction of 21-mer clusters

that overlap annotated gene loci differs among the four tissues

sampled. Table 2 shows that the percentage of 21-mer clusters that

overlap annotated gene loci is much higher for clusters dominated

by the leaf small RNAs than those dominated by inflorescence

small RNAs, 42.5% versus 7.7%. In contrast, the percentage of the

24-mer clusters that overlap annotated gene loci is similar in the

four tissue types examined. Furthermore, of the 75 inflorescence

clusters found to overlap annotated gene loci, only five overlap

characterized protein coding genes, whereas the others overlap

hypothetical genes, unknown expressed genes, or transposons

(data not shown). In contrast, of the 17 leaf derived clusters that

overlap annotated gene loci, 11 overlap characterized protein

coding genes (data not shown). Interestingly, in virtually all the

cases where a 21-mer cluster from either inflorescence or leaves

overlaps a characterized protein-coding locus, the overlap occurs

within an intron rather than an exon.

To determine if the 21-mer superclusters are similarly devoid

of protein coding and repeat loci, the frequency of such loci within

superclusters was compared to that in the sequences between

superclusters. For each region, the number of annotated gene loci

and the number of repeats were tallied up and the density of these

features per 10 kbp was plotted on two overlapping histograms.

The frequency distribution of protein coding gene loci in the

superclusters was lower than that for the intervening regions,

centering at ;1.1–1.2 loci per 10 kbp as compared with ;1.5

loci per 10 kbp (Fig. 2B), a statistically significant difference

(Mann-Whitney, P<2.2310�16; see Methods). In contrast, no

significant difference in the frequency of repeat loci between su-

percluster regions and intervening regions was observed (Mann-

Whitney, P=0.29; Fig. 2A). However, this analysis did not rule

out the possibility that a particular type of repeat was enriched

within the superclusters. To address this possibility, the super-

clusters and the intervening regions were scored for the presence or

absence of 30 types of repeats, including individual members of

retrotransposons and DNA transposons. The ‘‘CACTA’’ and ‘‘MITE-

adh-10-like’’ repeats (Ouyang and Buell 2004) were the most sig-

nificantly positively associated with the cluster regions, and were

increased 2.2- and 5.1-fold, respectively, in the 21-mer cluster

regions as compared to intervening regions (Supplemental Table 3;

see Methods). The observation that supercluster regions were bi-

ased against characterized gene loci, yet have a higher frequency of

some repeats but not repeats in general, indicates that these

regions have properties distinct from other parts of the genome.

This result raises the possibility that some ‘‘CACTA’’ and/or ‘‘MITE-

adh-10-like’’ repeats may play a role in the biogenesis of the 21-mer

supercluster small RNAs.

Characterization of the 21- and 24-nt clusters with respect
to strandedness, differential expression, and phasing

The 21-mer and 24-mer clusters were characterized with respect to

their strandedness, differential expression, and phasing, and the

results of this analysis are displayed on two Venn diagrams, one

Table 2. Features of clusters with dominant source tissue

21-mer clusters 24-mer clusters

Totals
Differentially-

expresseda In phaseb Locic Repeatsd Totals
Differentially-

expresseda In phaseb Locic Repeatsd

Dominant tissue (i.e., >50%)e

RoApx 7 1 1 3 0 3303 166 0 528 1900
ShApx 5 2 0 2 0 6750 354 0 1288 2719
Infl 969 671 828 75 68 4822 466 35 897 1973
Leaf 40 21 0 17 14 4479 708 1 764 2530

No dominant tissuef 8 1 2 1 2 10,411 98 2 1756 5137
Total 1029 696 831 98 84 29,765 1792 38 5233 14,259

aStatistically significantly differentially-expressed clusters with P-values less than or equal to alpha cutoff of 0.001.
bNumber of clusters that are considered in phase with FDRs of 1.2% and 10% for the 21-mer and 24-mer clusters, respectively.
cNumber of clusters overlapping at least one annotated protein coding gene locus.
dNumber of clusters overlapping at least one repeat annotation.
eTissue dominance at >50% of total normalized read count.
fClusters in which no source tissue constituted >50% of normalized reads.
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for 21-mer and the other for 24-mer clusters (Fig. 3). Clusters in

which the polarities of the small RNA population were relatively

balanced (having not more than 80% of the small RNAs in the

same polarity) were classified as having been derived from double-

stranded RNA (dsRNA), whereas clusters displaying more than 80%

of the small RNAs in the same polarity were classified as having

been derived from single-stranded RNA (ssRNA). Using this classi-

fication, 81.6% (or 840 of 1029) of the 21-mer clusters and 67.0%

(or 19,929 of 29,765) of the 24-mer clusters were of dsRNA deri-

vation. It is likely that the dsRNA-derived cluster RNAs arise pri-

marily via DCL processing of dsRNA generated either from the

transcription of overlapping transcription units or by the activity

of an RNA-dependent RNA polymerase. The cluster RNAs derived

from ssRNA likely arise via DCL cleavage of regions of high sec-

ondary structure within the RNA.

The differential expression of small RNA clusters in the vari-

ous tissues was evaluated using a combination of x2 and multi-

nomial tests (see Methods) using a confidence limit of 99.9% (i.e.,

alpha of 0.001). The majority of the 21-mer clusters (68% of 1029)

are significantly differentially expressed. Almost all of these (96%)

are expressed specifically in the developing inflorescence, whereas

3% are preferentially expressed in the mature leaf tissue (Fig. 3;

Table 2). A much lower fraction of the 24-mer clusters (6% of

29,765) were differentially expressed, and these are more evenly

distributed among the four sampled tissues (Table 2).

The 21-mer and 24-mer clusters were evaluated to determine

if the small RNAs within each were in phase. Phasing refers to the

accumulation of small RNAs at regular intervals along the genome

in a frame that matches the length of the small RNAs, as would

occur by the processive cleavage of dsRNAs that consistently have

the same unique end. To assess the level of small RNA phasing, the

probability that the observed degree of phasing would occur by

chance alone was estimated assuming a random placement of the

small RNAs in the region occupied by the cluster (see Methods).

This method easily detected the three known rice tasiRNA loci,

TAS3a, TAS3b, and TAS3c, with in-phase P-values of 4.2310�6,

2.2310�6, and 3.4310�6, respectively, validating its use for this

analysis. Using a P-value of #0.01, 80.8% of the 21-mer clusters

(831 of 1029) were classified as phased, and these were the source

of 5684 of the 6356 21-nt small RNAs produced by the 21-mer

clusters. The median P-value for these 21-mer clusters is ;4310�6

(Supplemental Fig. 4). Because the number of phased clusters

expected by chance is ;10, the false discovery rate (FDR) for the

phased 21-mer clusters is 1.2% at this P-value cutoff. However,

using the same maximum P-value of 0.01 to identify phased

24-mer clusters generated an unacceptably high FDR. We therefore

chose a lower P-value cutoff (P=0.00012766), which resulted in

a FDR of 10%, and this allowed the identification of 38 phased 24-

mer clusters that include 760 distinct 24-nt small RNAs (Table 2;

Fig. 3). Thus, in contrast to the 21-mer clusters, the vast majority of

which are phased, only a small percentage (0.13%,) of the 24-mer

clusters were phased, and the phased 24-mer clusters, in contrast to

the bulk of the 24-mer clusters, appear to display a nonrandom

distribution in the genome reminiscent of the 21-mer super-

clusters. Interestingly, examination of tissue specificity showed

that virtually all of the small RNAs from both the phased 21-mer

and the phased 24-mer clusters are differentially expressed, accu-

mulating almost exclusively in the developing inflorescence (Table

2). Mature leaf tissue contains the next highest number of 21-mer

clusters, but none of these small RNA clusters are phased.

A 22-nt sequence motif is offset by exactly 12 nt from the main
in-phase subset of the phased 21-mer clusters

The phase of tasiRNAs is set by small RNA directed cleavage of the

tasiRNA-producing RNA. To examine the possibility that a similar

strategy is used to set the phase for the phased inflorescence small

RNAs detected here, or that a common motif is associated with these

clusters, the 21-mer cluster sequences plus an extra 100 nt on either

side were scanned for potential motifs using the program MEME

(Bailey and Elkan 1994), demanding at least a total of 500 motifs

on either strand among the 1029 expanded 21-mer cluster regions.

This analysis resulted in the detection of a 22-nt motif (Fig. 4) with

a combined E-value across 809 of the 1029 21-mer clusters of

Figure 3. Classification of clusters with regard to strandedness, differ-
ential expression, and phasing. Venn diagrams indicating the classifica-
tion of 21-mer clusters (left) and 24-mer clusters (right) according to three
binary criteria: origin from dsRNA (ds) versus origin from ssRNA (ss) (solid
gray circle), differentially expressed (diff expr) versus not differentially
expressed (not diff expr) (dashed gray circle), and phased versus un-
phased (black circle). Small RNAs were classified as having originated from
ssRNA if >80% of the small RNAs in the cluster were of the same polarity.
Classification as differentially expressed was at the 99.9% confidence level
and classification as phased was with a FDR of 1.2% for 21-mer clusters
and 10% for 24-mer clusters.

Figure 2. Density of TIGR annotated features in 21-mer superclusters
versus sequences between superclusters. The frequency of annotated
repeats (A) or annotated protein coding genes (B) per 10 kbp is plotted for
21-mer superclusters (dark gray) versus the sequences between the 21-
mer superclusters (light gray). The difference in the frequency is statisti-
cally significant for protein coding gene loci (P < 2.2 3 10�16), but not
statistically significant for the repeats (P = 0.29).
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7.3310�2746 (see Methods). The vast majority of these clusters,

89%, were associated with just one copy of the motif. The striking

result is that 705 (85%) of the 831 phased clusters are associated

with a copy of the motif that is offset by exactly 12 nt from the

main phase of small RNAs in the cluster (Fig. 4A,B). In these cases,

the motif is directed inwards toward the phased cluster and is more

frequent near the edges of the clusters. The second possible posi-

tion away from the edge of the small RNA clusters has the highest

frequency of matches to the motif (Fig. 4C). This flanking motif

could serve the same function as the miRNA or tasiRNA target sites

found in tasiRNA transcripts, namely to serve as a target for small

RNA directed cleavage that establishes phasing of the cluster.

We searched our small RNA libraries for RNAs that could po-

tentially target the sense or antisense sequence of the 22-nt motif

and direct phasing of the 21-mer phased inflorescence small RNAs.

Twelve 22-nt small RNAs were identified that could target the

motif using rules established for miRNA targeting (Table 3; also see

Methods; Llave et al. 2002; Jones-Rhoades and Bartel 2004; Allen

et al. 2005). Both strands of the motif were included during the

search for motif-targeting small RNAs to reveal any bias in the

strand that could be targeted. The 12 potential motif-targeting

22-nt small RNAs are predicted to induce cleavage after the 12th

nucleotide of the motif, producing a discrete end that could set the

phase of these 21-mer small RNA clusters. Furthermore, these 12

small RNAs all target the sense strand of the motif and each can

target a number of the clusters (Table 3).

Collectively the 12 motif-targeting small

RNAs are capable of targeting 210 of the

705 phased 21-mer clusters associated

with the motif using fairly stringent con-

ditions for miRNA induced cleavage, which

may not exactly apply in this situation.

Lowering the stringency would likely iden-

tify additional small RNA/target pairs. In

addition, our small RNA libraries are not

saturated and further in-depth small RNA

sequencing might uncover more motif-

targeting small RNAs.

The 22-nt small RNAs that potentially
target the motif-associated 21-nt
phased clusters constitute a new family
of miRNAs, miR2118

The 12 small RNAs most likely to target

the 22-nt motif could be mapped to

only two regions of the genome, a large

20-kb region on chromosome 4 (chr4:

21455568..21474171) (Fig. 5A) and a

short 3-kb region on chromosome 11

(chr11:7802932..7806229). Interestingly,

all of the motif-targeting small RNAs that

are derived from chromosome 4 have the

same polarity. This ;20-kb region on

chromosome 4 displays a highly unusual

genomic organization and is comprised

of nine repeats consisting of two to three

copies of a ;170-nt inverted repeat sep-

arated by ;2 kb of sequence (Fig. 5A). The

other potential motif-targeting small

RNA locus on chromosome 11 also has at

least three copies of these inverted re-

peats. RNA copies of the inverted repeats are predicted to fold into

a hairpin structure having the properties of miRNA precursors with

the motif-targeting small RNAs located in highly base-paired

regions (Fig. 5A; Supplemental Fig. 5A). Furthermore, small RNAs

having the properties of a miRNA* were detected for four of these

inverted repeats (Supplemental Fig. 5A; Meyers et al. 2008).

Therefore, the 22-nt small RNAs that likely target the 22-nt motif

constitute a new family of miRNAs, miR2118. Because these miR-

NAs are 22 nt in length, which is the size of Arabidopsis DCL2

products, these data raise the possibility that excision of the motif-

targeting miRNA is mediated by the rice homolog of Arabidopsis

DCL2 rather than that of DCL1.

Small RNA libraries from rice and other plants were searched

for small RNAs in the new miRNA family. No members of the

miR2118 family were detected in other rice small RNA libraries or in

libraries derived from Arabidopsis (Gustafson et al. 2005; Backman

et al. 2008), Medicago (Szittya et al. 2008), tomato (Moxon et al.

2008), or Selaginella (Axtell et al. 2007). Seven members of the

miR2118 family were detected in libraries derived from early de-

velopmental stages of maize anthers. All seven are 22 nt in length

and occur in regions of sequence that can fold into hairpin struc-

tures resembling miRNA precursors; in addition, four have associ-

ated miRNA*s (Supplemental Fig. 5B). Six of the seven miRNA,

but none of the miRNA*, sequences were also detected in maize li-

braries derived from immature ears (Nobuta et al. 2008). However,

Figure 4. The 22-nt motif associated with the phased 21-mer clusters. (A) The phased and unphased
small RNAs comprising a representative 21-mer cluster are shown. The location of the motif is shown by
the arrow at the top, below ‘‘motif.’’ The polarity of the small RNAs is indicated by the arrows, and the
number of times the small RNA was sequenced is indicated above the arrow. This 21-mer cluster is
located at chr1:34554118..34554411. The probability that this cluster is phased by chance alone is
2.6310�17, and the probability that the indicated motif matches the consensus by chance alone
is 2.4310�8. (B) The approximate probability of a nucleotide occurring at specific positions of the motif
is shown in the top matrix, and the consensus sequence of the motif is shown below the matrix. (C ) The
positions of the 705 motifs that are offset 12 nt from the phase of the 21-mer clusters are shown.
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members of the miR2118 family were not in libraries derived from

seedlings, root or shoot apices, and mature leaves ( Johnson et al.

2007; Wang et al. 2009; C Johnson, V Vance, V Sundaresan, and L

Bowman, unpubl.). Based on the conservation of the new miRNA

family in rice and maize, separated by 50 million years, along

with the nearly exclusive expression in inflorescences, we propose

that this new miRNA family plays an important role in the de-

velopment of reproductive structures in

both cereals.

The phased 24-mer clusters are also
flanked by a motif that likely sets
the phase of the clusters

A similar search for a conserved motif was

carried out for the 38 loci encoding phased

24-mer small RNAs, again using the pro-

gram MEME. A 22-nt motif was identified

upstream of 28 of the 38 loci encoding

phased 24-mer small RNAs (Fig. 6A–C),

and the vast majority are associated with

only one copy of the motif. Strikingly, the

motif is offset by 12 nt from the main

phase of the 24-nt RNAs in 27 of these loci.

Similar to the motif associated with the

21-mer clusters, the motif sequences for

all 27 loci are pointed toward the cluster,

and the second possible position away

from the edge of the main phase has the

highest frequency of matches to the mo-

tif (Fig. 6C). Although 22-nt motifs were

identified upstream of loci encoding both

21-mer and 24-mer phased inflorescence

small RNAs, the primary sequences of the

motifs are unrelated to one another.

A search of our small RNA libraries

identified a 22-nt small RNA, UUUG

GUUUCCUCCAAUAUCUCA, that is pre-

dicted, based on rules established for miRNAs, to direct cleavage

of the 22-nt motif associated with the phased 24-mer clusters,

thereby setting their phase. As is the case for the small RNAs that

could direct phasing of the 21-mer clusters, this small RNA also

targets the sense strand of the motif and is preferentially expressed

in developing inflorescences. Furthermore, an RNA sequence

containing the 22-nt small RNA would be expected to fold into

Table 3. Small RNAs that may target the 22-nt motif associated 21-mer phased clusters

miRNA SmRNA ID Sequence Length Loci
Total
reads

454id
reads Sourcea

Clvg
Aftrb

Motif
strandc Targetsd

osa-miR2118o 7045 CTCCTGATGCCTCCCAAGCCTA 22 1 4 1 Run1 10 Sense 36
1 Run2
2 Infl

osa-miR2118d 165600 TTCCTGATGCCTCCCATGCCTA 22 1 5 5 Infl 10 Sense 32
osa-miR2118fjm 165598 TTCCTGATGCCTCCCATTCCTA 22 3 15 15 Infl 10 Sense 24
osa-miR2118hk 165597 TTCCTGATGCCTCTCATTCCTA 22 2 1 1 Infl 10 Sense 21
osa-miR2118p 165986 TTCCCGATGCCTCCCATGCCTA 22 1 5 5 Infl 10 Sense 19
osa-miR2118g 165692 TTCCTAATGCCTCCCATTCCTA 22 1 2 2 Infl 10 Sense 17
osa-miR2118l 165691 TTCCTAATGCTTCCCATTCCTA 22 1 2 2 Infl 10 Sense 14
osa-miR2118i 165656 TTCCTAGTGCCTCCCATTCCTA 22 1 2 2 Infl 10 Sense 13
osamiR2118er 95065 TTCCCAATGCCTCCCATGCCTA 22 2 14 2 Run2 10 Sense 12

1 ShApx
11 Infl

osa-miR2118cq 165984 TTCCCGATGCCTCCTATTCCTA 22 2 11 11 Infl 10 Sense 11
osa-miR2118bn 165985 TTCCCGATGCCTCCCATTCCTA 22 2 6 6 Infl 10 Sense 8
osa-miR2118a 163857 TTCTCGATGCCTCCCATTCCTA 22 1 1 1 Infl 10 Sense 3

aThe tissues or sequencing runs from which the small RNA sequences originate. Run 1 and 2 are sequencing runs from mixed tissues and include material
from inflorescence.
bThe nucleotide of the small RNA (mostly position 10) after which cleavage in the motif (after position 12) is predicted to occur consistent with the setting
of the phase of the 21-mer clusters.
cThe strand of the motif that the indicated small RNA is predicted to target.
dThe number of cluster motifs that are targeted by the indicated small RNA.

Figure 5. The genomic origins of the motif-targeting small RNAs, miR2118, and potential folding of
transcripts containing these miRNAs. (A) The ;20-kb region that codes for most of the motif-targeting
small RNAs. This region contains nine degenerate repeats each comprised of two to three inverted
repeats. Inverted repeats are indicated by black lines below. (B ) An enlargement of the indicated region.
The small RNAs potentially derived from this region are displayed. The polarity of the small RNAs is
indicated by the arrows, and the number of times the small RNA was sequenced and the size of the small
RNA are indicated above the arrow. The number of loci potentially encoding each small RNA is shown
below the arrow. The positions of the motif-targeting small RNA (black) and the motif-targeting small
RNA* (gray) are shown on the gray line representing the inverted repeat. The left inverted repeat
contains the motif-targeting 22-nt small RNA (smRNA165692) while the right inverted repeat contains
a 22-nt motif-targeting small RNA (smRNA165598) that maps to an additional two locations in the
overall region. (C ) The predicted hairpin structure of the indicated inverted repeat. The motif-targeting
small RNA, miR2118, is shown in black and the motif-targeting RNA*, miR2118*, is underlined.
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a stem–loop structure with the 22-nt small RNA located in the

stem (Supplemental Fig. 6A). Interestingly, closely related small

RNAs were detected in maize anthers. These also have the prop-

erties of miRNAs, and miRNA* sequences accumulate for some of

these miRNAs (see Supplemental Fig. 6B and legend). Therefore,

these RNAs constitute a new miRNA family, miR2775. The iden-

tified rice small RNA is predicted to target only three of the motif

sequences associated with the phased 24-mer clusters, and the

number of reads for this small RNA is low (Supplemental Fig. 6A).

Therefore, the evidence for a potential role of this small RNA in

setting the phasing of the 24-mer clusters is currently weak.

Discussion
The present work has identified two major types of small RNA

clusters in rice, one characterized by 24-nt small RNAs and the

other by 21-nt small RNAs. These two types of clusters are arranged

differently in the genome and have different expression patterns.

The vast majority of the clusters (29,765 of 36,780 or 81%) are of

the 24-mer variety, a size class that has previously been implicated in

transcriptional silencing of repeated regions of the genome often

associated with transposons. These rice 24-

mer clusters are distributed more or less

uniformly over the genome and nearly

half of them overlap with genome repeats,

consistent with a role in directing silenc-

ing of elements associated with the re-

peats. The great majority of the 24-mer

clusters (94%) are not significantly dif-

ferentially expressed in the four tested

tissues, suggesting that these small RNAs

perform housekeeping functions in the

silencing of many repeats in all tissues.

Interestingly, the observation that some

of the 24-mer clusters are expressed in a

tissue-specific manner opens the possibil-

ity that transcriptional silencing of some

genomic regions is developmentally reg-

ulated. Of the four tissues we examined,

the greatest number and percentage of

24-mer clusters that were differentially

expressed was found in mature leaf, which

was the only terminally differentiated tis-

sue examined.

Although the 21-mer clusters con-

stituted only a small fraction of the total

number of clusters (1029 or 2.8%), these

small RNAs were striking in several re-

spects. In contrast to the 24-mer clusters,

the distribution of 21-mer clusters in

the genome is nonrandom: The majority

could be grouped into 31 superclusters,

by definition containing at least 10 clus-

ters each. The supercluster regions have

properties distinct from other parts of the

genome. Although they contain repeats

at the same frequency as the rest of the

genome, they have a significantly higher

frequency of certain types of repeats such

as ‘‘CACTA’’ and ‘‘MITE-adh-10-like’’ and

a lower concentration of likely protein

coding gene loci. This result raises the

possibility that these classes of transposons play some role in the

biogenesis of this class of small RNA.

Perhaps the most surprising feature of the 21-mer clusters

is that the majority of them (;80%) contain phased small RNAs,

virtually all of which are highly preferential for developing in-

florescence tissues. Furthermore, we identified a degenerate 22-nt

motif, which flanked 85% of the phased 21-mer small RNA clusters,

in each case located upstream of the cluster in a position that is offset

by 12 nt from the phase of the 21-mer small RNAs. Examination of

our database identified a new family of 22-nt miRNAs, miR2118,

members of which could potentially direct cleavage of the cluster

motifs, thereby setting the phase of the cluster. Consistent with the

nearly exclusive accumulation of the 21-mer phased small RNAs in

the immature inflorescence, we observed that the novel miRNAs

that putatively set the phasing of the clusters also accumulate pref-

erentially in the inflorescence.

The motif-targeting small RNAs were identified as a new

rice miRNA family based on their origin from predicted hairpin

precursors and the accumulation of both the miRNA and miRNA*

species (Meyers et al. 2008). In addition to their presence in rice

inflorescence small RNA libraries, both miRNA and miRNA* species

Figure 6. The 22-nt motif associated with the phased 24-mer clusters. (A) The phased and unphased
small RNAs that comprise a representative phased 24-mer cluster are shown, and the 22-nt motif is
shown by the arrow at the top, below ‘‘motif.’’ The polarity of the small RNAs is indicated by the arrows,
and the number of times the small RNA was sequenced is indicated above the arrow. This 24-mer cluster
is located at chr11:22601855..22602293. The probability that this cluster is phased by chance alone is
6.8 3 10�15, and the probability that the indicated motif matches the consensus by chance alone is 1.4
3 10�9. (B) The probability of a nucleotide occurring at specific positions of the motif is shown in the top
matrix, and the consensus sequence of the motif is shown below the matrix. The letter ‘‘a’’ represents
a probability of 100%. (C ) The positions of the 27 motifs that are offset 12 nt from the phase of the
phased 24-mer clusters are shown.
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were also detected in small RNA libraries derived from maize

anthers, and the miRNA but not the miRNA* was found in im-

mature ears. The conservation of the miRNA in rice and maize, as

well as the conserved expression in reproductive tissues, suggest

that it plays an important role in monocot reproductive de-

velopment. The fact that the new miRNAs are 22 nt instead of 21 nt

as is the case for most miRNAs raises the possibility that the motif-

targeting small RNAs are produced by the activity of a DCL other

than the rice homolog of Arabidopsis DCL1. The most likely can-

didate would be a rice DCL homolog of Arabidopsis DCL2, which is

known to produce a 22-nt product.

Our results point to similarities between the rice phased in-

florescence small RNAs and the previously reported class of

phased small RNAs, the tasiRNAs. Although the genetic require-

ments for the biogenesis of the phased small RNAs identified here

are not yet known, the current data suggest that their biogenesis

resembles that of tasiRNAs, in that the phase is likely set by

a miRNA-directed cleavage. There are several differences between

the phased inflorescence small RNAs in rice and currently identi-

fied tasiRNAs. tasiRNAs arise from only a few loci and are expressed

in most tissues, whereas the phased inflorescence small RNAs

identified here derive from hundreds of loci, and these are

arranged in superclusters and expressed almost exclusively in de-

veloping inflorescence tissue. Finally, whereas tasiRNA loci, at least

in Arabidopsis, are often flanked on both sides by small RNA target

sites (‘‘two-hit’’ event), we detected a motif flanking only one side

of the cluster in our analysis of both 21-mer and 24-mer small RNA

generating loci, suggesting that phasing in these clusters is a one-

hit event similar to that for TAS1 and TAS2 in Arabidopsis in which

the miRNA target site is 59 of the tasiRNAs produced (Allen et al.

2005). Furthermore, for all loci producing 21- and 24-mer phased

inflorescence small RNAs for which a cleavage-motif was identi-

fied, the polarity of processing of the presumptive transcript

matches that observed for TAS1/2.

We also identified a small number of phased 24-mer clusters,

a size class of phased small RNAs that has not been previously

reported. Whereas the majority of 21-mer clusters were phased, the

phased 24-mer clusters constituted only a very small fraction of the

24-mer clusters (38 of 36,780 total or 0.128%). These phased

24-mers were similar to the phased 21-mer RNAs in some respects:

They were expressed almost exclusively in inflorescence tissues

and flanked by a degenerate 22-nt motif located in a position offset

from the main phase of the cluster. Furthermore, a motif-targeting

small RNA was identified in our small RNA library and ex-

pressed preferentially in inflorescence. Finally, the motif-targeting

small RNA for the 24-mer clusters derives from an RNA sequence

that is predicted to fold into a stem–loop structure reminiscent

of miRNA precursors and is a member of another new miRNA

family, miR2775. The identified 22-nt small RNA is predicted to

target only three of the 28 motifs, whereas the 22-nt miRNAs

that set the phase for the 21-mer clusters are predicted to target

30% of these clusters. Although we identified small RNAs related to

the rice small RNA that putatively sets the phase for the 24-mer

cluster in maize anthers, deeper sequencing is required to determine

the significance of this motif-targeting small RNA.

Many groups have undertaken an analysis of small RNA

populations in rice ( Johnson et al. 2007; Nobuta et al. 2007; Heisel

et al. 2008; Lu et al. 2008; Sunkar et al. 2008; Zhu et al. 2008; Zhou

et al. 2009). Of these studies, three have identified phased small

RNAs. An abundant set of phased small RNAs was detected in rice

grain, but these are derived from a limited set of long hairpin

precursors and, therefore, have a different biogenesis pathway

than the phased small RNA detected here (Heisel et al. 2008;

Zhu et al. 2008). In addition, six novel tasiRNA-generating loci

that produce predominately 21-nt phased small RNAs were

proposed by Lu et al. (2008), but we were unable to confirm

these loci using our small RNA sequence data (see Supplemental

Table 5).

Although the preferential accumulation of phased 21-nt

small RNAs and the phase-setting miRNAs in reproductive tissues

suggest that these small RNAs function in a conserved process (or

processes) that is unique to reproductive development, their pre-

cise function is unclear. One possibility is that the phased 21-nt

small RNAs mediate a massive reprogramming of gene expression

associated with the onset of flowering. Because the phased small

RNAs are primarily 21-mers rather than the 24-mer size class as-

sociated with transcriptional silencing, the change in gene ex-

pression would likely be at the post-transcriptional level. Computer

searches for targets of these phased inflorescence small RNAs,

using rules established for miRNA targeting, identified hundreds of

potential targets. The down-regulation of some of these targets

might be essential for development of the inflorescence preceding

the initiation of gametogenesis. Using Gene Ontology (GO) an-

notation (Ashburner et al. 2000) we were unable to identify any

particular class of genes that is preferentially targeted by the

phased 21-mer small RNAs. Only one group of genes is preferen-

tially targeted by the phased 24-mer small RNAs. Three of the

six genes targeted by the phased 24-mer small RNAs encode a

eukaryotic initiation factor 5A (EIF5A). A phased 24-mer cluster

overlaps the 59 end of one gene in the EIF5A gene family, and these

small RNAs are predicted to target other members of the family.

Further experimentation is required to determine the significance

of this result.

The rice phased inflorescence RNAs are similar in some

respects to the piRNAs, a group of small RNAs that are associated

with the piwi members of the argonaute family in animals (for

reviews, see Lin 2007; Klattenhoff and Theurkauf 2008). Both

classes of small RNA are preferentially expressed in cell lineages

connected with developing germ cells or cells associated with re-

production, and are derived from genome clusters rather than

being evenly distributed across the genome. The biogenesis of

the two kinds of small RNAs is different: The rice phased in-

florescence RNAs are likely the product of dicer digestion, whereas

piRNAs are not phased and are generated in a dicer-independent

manner. The relationship, if any, between these two classes of

small RNAs with respect to their genomic functions remains to be

elucidated, although it is intriguing that in both plants and ani-

mals there may be classes of small RNAs associated primarily with

reproduction.

While this manuscript was under review the following manu-

script reported the detection of members of miR2118 miRNA

family in Phaseolus vulgaris (Arenas-Huertero et al. 2009).

Methods

Production of small RNA sequence data
Rice tissues were harvested from plants grown in a Conviron En-
vironmental Chamber at high light intensity using both high
pressure sodium and metal halide lamps for 10.5 h at 28°C and for
13.5 h at 26°C in the dark. RNA samples were extracted from four
different tissues: root apex, shoot apex, developing inflorescence,
and leaf.

The shoot and root apices were harvested from plants grown
for 13–14 d. The root apices were harvested from the root tip just
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covered by the root cap, ;250 mm. For the shoot apices P4 pri-
mordium and above were dissected away from the meristems and
where possible; P3 was also dissected away for a minority of the
apices. The inflorescences were 1–2.5 cm in length, corresponding
to early-to-mid Stage 7, during which the floral meristems have
initiated organ primordia or have begun to form the floral or-
gans (Itoh et al. 2005). For the mature leaf sample the entire leaves
were harvested from plants after emergence of inflorescence and
were ;60 cm in length. Maize anthers from the W23 inbred lines
were collected at the 1-mm (mitotic proliferation), 1.5-mm (post-
mitotic), and 2.0-mm (prophase1 of meiosis) stages. RNA was iso-
lated using Tri Reagent (Sigma) according to the supplied instruc-
tions, dissolved in 20 mM Tris-HCl (pH 7.4), 0.25 M NaCl, 1 mM
EDTA, and 0.5% sodium dodecyl sulfate, extracted once with an
equal volume of phenol and chloroform, and precipitated with
ethanol. Small RNA sequences were obtained using the 454 pyro-
sequencing method (Margulies et al. 2005) using three different
linkers (not shown) that were used to represent replicates. The total
mapped reads from the individual replicates were 99,465, 62,381,
and 112,802 from root apices, 76,679, 71,248, and 114,113 from
shoot apices, 145,870, 81,361, and 136,406 from inflorescence,
and 85,015, 65,521, and 110,655 from leaves.

Small RNA data handling

The sequence data from three ‘‘replicates’’ of four tissues, root apex,
shoot apex, inflorescence, and leaf, make up a total of 12 data sets.
These data sets are stored in a MySQL relational database from
which most analysis has been performed using various Perl scripts.
Small RNAs were mapped to the rice TIGR version 5 genome and
the coordinates stored in the same relational database. All small
RNAs belonging to the four tissues that map to a single site on the
genome (i.e., genome-unique) were processed together and placed
into margin-defined groups of small RNAs by demanding a maxi-
mum of 100 nt as the separation distance between small RNAs
in the same group. Therefore, any small RNA that is #100 nt of
another will be placed within the same margin-defined group. A
cluster is defined as any margin-defined group in which there are at
least two different sets of coordinates. This definition does not
necessarily imply more than one distinct small RNA sequence (e.g.,
in the case of a tandem duplication) in all cases; however, since the
small RNAs in this analysis were all genome-unique, this case never
arose.

Characterization of clusters

Small RNA clusters were classified into three groups, depending on
whether the 21-nt or 24-nt small RNAs were in the majority or
whether neither the 21-nt nor the 24-nt small RNAs were in the
majority. Only those in which 21 and 24-nt small RNAs were in the
majority were used for further analysis. The tissue dominance of
each cluster was determined by assessing the relative proportion of
normalized reads arising from each tissue. The normalized reads
were determined for each ‘‘replicate’’ by dividing the observed
reads by the normalization factor (i.e., replicate library size divided
by 10,000). The tissue normalized read count is the sum of that
determined for the three replicates.

Differential expression of 21/24-mer clusters was determined
assuming a normal distribution for random variation in normalized
small RNA read counts between tissues. The probability that any
cluster was differentially expressed across the four tissues was esti-
mated using a four-celled x2 test with the expected counts de-
pendent on the proportions of total reads between each of the four
tissue small RNA libraries (i.e., pooled across ‘‘replicates’’), and,
when <10,000 calculations were required for a multinomial (in this

case a quadnomial), the precise P-value was also determined. Both
tests were performed using Perl scripts that also updated the re-
lational database. Clusters were considered differentially expressed
if there was an available multinomial P-value that was less than or
equal to the alpha cutoff of 0.001 (i.e., 99.9% confidence limit), and,
when the multinomial was not available, the x2 value was used.

Clusters in the 21/24-mer classes were classified as being
phased or not phased using two different P-value cutoffs. The
P-values were determined using the hypergeometric distribution
(i.e., sampling without replacement—that is, each position can
only be counted once as distinct positions rather than reads at
positions, which implies replacement). The statistical test was
performed using only the size class that had the main in-phase
subset, and this main in-phase subset of small RNAs was used as the
positive class and the remainder as the negative class. The test took
into account the 2-nt 39 overhang and the range adjustments thus
required, and the available positions on both strands were used. It
should be noted that the statistical test was performed following
the removal of one small RNA from the main-phase group (since
the first small RNA sets the frame and should not be counted
twice).

Determining the optimal margin of separation for the regions
of 21-mer clusters

If the 21-mer clusters were randomly positioned over the chro-
mosomes, one might expect clustering of these into regions of
21-mer clusters by chance alone. In order to measure how clustered
the observed arrangement of 21-mer clusters really is, a simulation
was done 1000 times using the same number of 21-mer clusters
(1029) and randomly placing them on the genome. For each of the
1000 simulations, the simulated cluster positions were then pro-
cessed into regions of 21-mer clusters using margins ranging from
10 to 1000 kb and counting how many regions of 21-mer clusters
resulted. This was also done on the observed data. For each of the
margins, a ratio of the mean number of regions of 21-mers for
the 1000 simulations to the observed number was produced and
plotted (see Supplemental Fig. 3). The higher this ratio, the greater
the difference between the observed and the simulated number
of 21-mer cluster regions. The largest ratio indicates the optimal
margin and gives the best compromise between the number of
21-mer clusters in any region and the number of regions.

Identifying motifs and potential targeting-small RNAs

The sequence overlapping the 21/24-mer clusters as well as an
additional 100 nt of sequence on either side were searched for
motifs using the MEME program (Bailey et al. 2006). For the 21-
mer clusters, all 1029 clusters were searched asking for at least 500
motifs to be found, while for the 24-mer clusters only those having
in-phase P-values # 0.00012766 (FDR = 10%), which was 38, were
used. A 22-nt motif was imposed as a refinement after first allow-
ing MEME to determine the motif consensus. The MAST program
(Bailey and Gribskov 1998) was used for finding matches of the 22-
nt motif in the rice genome, and these results were processed using
various Perl scripts in association with MySQL to identify the
motif-cluster relationships.

Candidate targeting-small RNAs were identified by first com-
ing up with a candidate short-list using the MAST program at low
stringency (-ev 1000) to identify sequences with similarities to
both the sense and antisense sequence of the motif. These small
RNAs were then used in a reverse search against the sense and
antisense motifs with an additional 100 nt of flanking sequence on
either side using the FASTH program (Zuker 2003b) to identify
potential RNATRNA duplexes. Perl scripts were used to reformat
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the FASTH results and then analyze the relationships of these
candidates to the position of the cluster-associated motifs they are
predicted to target. Those RNATRNA duplexes having normalized
alignment scores ( Johnson et al. 2007) of $1.4 were retained.
These were further filtered based on miRNA-targeting criteria as
previously reported (Sunkar et al. 2005; Archak and Nagaraju 2007;
see supplementary material in Allen et al. 2005), with the excep-
tion of the minimum free energy ratio filter included in Allen et al.
(2005). Secondary RNA structures were predicted using the online
mfold program (Zuker 2003a).

Statistics

Statistics on large data sets was performed using Perl in association
with a relational MySQL database, while individual and small scale
statistics was performed using the R statistical package, in addition
to creating charts. The estimation of the binomial P-value with the
assumption of a normal distribution was calculated using the
dbinom library. The Mann-Whitney tests were performed using
the Wilcox.test R function.
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