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A diverse set of microRNAs and microRNA-like
small RNAs in developing rice grains

Qian-Hao Zhu,' Andrew Spriggs,' Louisa Matthew,’ Longjiang Fan,? Gavin Kennedy,'

Frank Gubler,’ and Chris Helliwell'-3

"CSIRO Plant Industry, Canberra, ACT 2601, Australia; ?Institute of Crop Science, Zhejiang University, Hangzhou 310029, China

Endogenous small RNAs, including microRNAs (miRNAs) and short-interfering RNAs (siRNAs), function as
post-transcriptional or transcriptional regulators in plants. miRNA function is essential for normal plant
development and therefore is likely to be important in the growth of the rice grain. To investigate the roles of
miRNAs in rice grain development, we carried out deep sequencing of the small RNA populations of rice grains at
two developmental stages. In a data set of ~5.5 million sequences, we found representatives of all 20 conserved plant
miRNA families. We used an approach based on the presence of miRNA and miRNA* sequences to identify 39
novel, nonconserved rice miRNA families expressed in grains. Cleavage of predicted target mRNAs was confirmed
for a number of the new miRNAs. We identified a putative mirtron, indicating that plants may also use spliced
introns as a source of miRNAs. We also identified a miRNA-like long hairpin that generates phased 21 nt small
RNA:s, strongly expressed in developing grains, and show that these small RNAs act in trans to cleave target mRNAs.
Comparison of the population of miRNAs and miRNA-like siRNAs in grains to those in other parts of the rice plant
reveals that many are expressed in an organ-specific manner.

[Supplemental material is available online at www.genome.org. All small RNA sequences have been submitted to
Gene Expression Omnibus in GenBank under the series identifier GSEIIO14. Transcripts of TAS3al, TAS3bl, and TAS3b2
have been submitted to GenBank under the accession nos. EU293143, EU293144, and EU293145, respectively.
Primary transcripts of miR1850, miR1428e_3p, and their alternative splicing forms have been submitted to GenBank
under accession nos. EU563913-EU563918. Novel miRNA sequences have been submitted to miRBase under accession

nos. miRI846-miR1884.]

Two major classes of endogenous noncoding small RNAs (21-24
nt), microRNAs (miRNAs) and short-interfering RNAs (siRNAs),
have been shown to be important regulators of gene expression
in eukaryotes (Bartel 2004; Zamore and Haley 2005; Vazquez
2006). In plants, three types of siRNAs have been described: trans-
acting siRNAs (ta-siRNAs), natural antisense transcript-derived
siRNAs (nat-siRNAs), and repeat-associated siRNAs (ra-siRNAs)
(Peragine et al. 2004; Vazquez et al. 2004; Borsani et al. 2005;
Vazquez 2006). They are processed from either long bimolecular
RNA duplexes generated by RNA-dependent RNA polymerases
(RDRs) or single-stranded (ss) hairpin RNAs formed by inverted
repeats (Peragine et al. 2004; Borsani et al. 2005; Yoshikawa et al.
2005; Zhang et al. 2007). Usually, ra-siRNAs are 24 nt long and
DCL3 dependent, ta-siRNAs are 21 nt in length and DCL1 and
DCL4 dependent, while nat-siRNAs are 21 or 24 nt in length and
both DCL2 and DCL1 dependent (Vazquez 2006).

miRNAs are generated from primary miRNA transcripts (pri-
miRNAs) that are generally transcribed by RNA polymerase II
(Lee et al. 2004; Parizotto et al. 2004; Xie et al. 2005) and are
capable of forming a characteristic hairpin structure by intramo-
lecular pairing (Bartel 2004). Generally, two sequential RNase III
enzyme-mediated cleavages are required to produce mature
miRNAs. First, DICER-LIKE1 (DCL1, in plants) or Drosha (in ani-
mals, also known as RNASEN) cleaves near the base of the stem of
the pri-miRNA to produce a miRNA precursor (pre-miRNA);
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DCL1 (in plants) or Dicer (in animals, also known as DICER1)
then cleaves at a second position near the loop of the pre-miRNA
to generate a miRNA/miRNA* duplex (Bartel 2004; Kim and Nam
2006). Recently, an alternative to Drosha-Dicer miRNA biogen-
esis, the mirtron pathway, has been identified in Drosophila mel-
anogaster, Caenorhabditis elegans, and some mammals in which
spliced debranched introns with hairpin structures equivalent to
pre-miRNAs enter the miRNA processing pathway to produce
mature miRNAs without Drosha-mediated pri-miRNA cleavage
(Berezikov et al. 2007; Okamura et al. 2007; Ruby et al. 2007).
Both the miRNA and miRNA* of the duplex are methylated at
their 3’ ends (by HUA ENHANCER 1 in plants) to maintain their
correct size and/or to protect them from polyuridylation (Li et al.
2005; Yu et al. 2005). After being loaded into the RNA-induced
silencing complex (RISC), the miRNA guides sequence-specific
post-transcriptional repression of target mRNA(s) by degradation
or translational repression (Bartel 2004; Jones-Rhoades et al.
2006).

The sequencing of small RNA populations in plants has es-
tablished that there are 20 families of conserved miRNAs. An
increasing number of miRNAs are being discovered in both
plants and animals (Rajagopalan et al. 2006; Fahlgren et al. 2007;
Landgraf et al. 2007; Molnar et al. 2007; Zhao et al. 2007; Lu et al.
2008; Morin et al. 2008; Sunkar et al. 2008). Most of these newly
identified miRNAs are not conserved between species, suggesting
a recent evolutionary origin (Fahlgren et al. 2007; Molnar et al.
2007). One route by which miRNAs are thought to evolve is
through inverted duplication of target gene sequences (Allen et
al. 2004). As such a locus evolves toward a miRNA locus, various
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intermediates, such as long hairpins, are expected to be formed.
Eventually, a self-complementary transcript with a fold-back
structure adapted to the miRNA biogenesis machinery will pre-
dominantly generate DCL1-dependent miRNAs (Allen et al.
2004).

The majority of nonconserved miRNAs exhibit low or tissue-
specific expression. Deep sequencing technologies such as se-
quencing by synthesis (Margulies et al. 2005) or massively paral-
lel signature sequencing (MPSS) (for review, see Meyers et al.
2006) have been used in rice for miRNA discovery (Johnson et al.
2007; Lu et al. 2008; Morin et al. 2008; Sunkar et al. 2008) and
comparison of small RNA populations in various tissues, includ-
ing inflorescence (Nobuta et al. 2007).

miRNAs have been shown to function in many plant pro-
cesses including development, growth control, cell differentia-
tion, abiotic, and biotic stress resistance (Jones-Rhoades et al.
2006; Mallory and Vaucheret 2006; Navarro et al. 2006). Many of
the conserved miRNAs target mRNAs encoding transcription fac-
tors; mutations in the miRNA, overexpression of the miRNA, or
disruption of the complementarity between the miRNA and its
target mRNA usually results in dramatic phenotypic change
(Mallory and Vaucheret 2006). The development of the rice grain
involves the coordinate development of the embryo and endo-
sperm, a complex series of events that would be expected to be
regulated in part by miRNAs. To investigate the roles of known
miRNAs in rice grain development and to identify potentially
grain-specific miRNAs, we sequenced small RNA populations of
developing rice grains using high-throughput sequencing tech-
nology. We generated ~5.5 million small RNA sequences that
aligned to the rice genome, including representatives of all
known conserved miRNA families. From this data set, we iden-
tified 39 new miRNA families that are predicted to target mRNAs
encoding proteins with a diverse range of functions. In addition,
our sequence data provides evidence that miR1429.2 could be a
mirtron. We also identified a miRNA-like long hairpin locus ex-
pressed in developing grains that produces 21-nt small RNAs
from nine phases and show that small RNAs from this long hair-
pin locus act in frans to cleave target mRNAs.

Results
The developing rice grain has a complex small RNA
population

The rice grain undergoes a complex series of developmental
events leading to the production of a mature embryo and endo-

sperm. While rice grains take around 30 d to fully mature, the
endosperm fills the embryo sac by 5 d after fertilization (DAF),
and the morphology of the embryo is determined by 10 DAF
(Itoh et al. 2005). Therefore, we sequenced small RNAs from a
mixture of grains from 1-5 DAF or 6-10 DAF to determine the
expression levels of known miRNAs and identify novel, poten-
tially grain-specific miRNAs during these early stages of grain
development. We obtained two datasets of 96,091 and 5,379,724
genome-matched small RNA reads using 454 Life Sciences
(Roche) and Illumina sequencing (formerly Solexa sequencing),
respectively (Table 1). Approximately 94% of these small RNAs
are 20-24 nt in length with 21 and 24 nt as the major size classes
(Supplemental Fig. 1), consistent with being products of cleavage
by DCL enzymes. The 454 data set contained 77,193 unique se-
quences, of which 92% were singletons compared with 1,968,352
unique sequences and 82% singletons in the Illumina data set
(Table 1). These results indicate that rice grain has a highly com-
plex small RNA population to which repetitive sequences are the
major contributors. An MPSS study of rice small RNAs also found
that repetitive sequences were the major contributor to the rice
small RNA population (Nobuta et al. 2007). By comparison,
Rajagopalan et al. (2006) found only 65% singletons in a popu-
lation of ~890,000 Arabidopsis small RNAs, which included
~340,000 unique sequences, suggesting that the rice small RNA
population is more complex.

The conserved miRNAs are all expressed in developing rice
grains

Previous computational prediction and cloning studies have
identified ~300 miRNAs from 86 miRNA families in rice (Reinhart
et al. 2002; Wang et al. 2004; Arazi et al. 2005; Liu et al. 2005;
Sunkar et al. 2005, 2008; Luo et al. 2006; Lu et al. 2008; Morin et
al. 2008). Of these 86 miRNA families, 20 are conserved between
Arabidopsis and rice (Table 2). Of the 20 conserved miRNA fami-
lies, 18 were detected in the 454 data set, while all 20 families
were found in the [llumina data set (Supplemental Table 1). The
miRNAs detected only in the larger sequencing data set, miR395
and miR399, are induced by low sulphate and phosphate-
starvation conditions, respectively (Jones-Rhoades and Bartel
2004; Fujii et al. 2005; Chiou et al. 2006), and are not expected to
be abundant in plants grown under normal nutrient conditions.
We found that the frequency of sequencing varied widely be-
tween miRNA family members (Supplemental Table 2), suggest-
ing functional divergence within the families. In contrast, of the
66 identified rice miRNA families not found in Arabidopsis, only
21 were represented in our data set (Table 2).

Table 1. Summary of high-throughput small RNA sequencing
454 sequencing lllumina sequencing
No. of No. of sequences No. of sequences
sequences matching the No. of unique No. of sequences matching the No. of unique

Tissue generated rice genome? sequences? generated rice genome? sequences®
Shoot® 11,866 9,176 8,060 NA NA NA
Root®? 21,697 14,691 12,249 NA NA NA
1-5 DAF grains 46,879 33,228 27,064 3,428,861 2,798,128 1,136,672
6-10 DAF grains 55,391 38,996 33,246 3,412,945 2,581,596 1,116,230
Total 135,833 96,091 77,193 6,841,806 5,379,724 1,968,352

218 nt or longer.
°From 7-d-old seedlings.
NA, Not applicable.
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Table 2. Detection of known rice miRNAs

Classification of miRNA loci

B: Consistent with

No. of  A: Consistent with  DCL processing of a C: Consistent with
No.of No.of miRNA DCL processing single-stranded DCL processing  D: No small RNA
miRNA  miRNA families of a single- precursor with no of a double- detected from
Type of miRNA family families loci cloned stranded precursor®  miRNA detected® stranded RNA© the precursor?
Conserved in Arabidopsis® 20 138 20 107 6 2f 23
Nonconserved in Arabidopsis 66 163 21 21 83 29
Total 86 301 41 137 27 85 52

?Exact miRNA and/or miRNA* or their variants (offset by up to 2 nt) were sequenced and all small RNAs from the miRNA precursor are in the same

direction.

®No miRNA or miRNA* or their variants were cloned, even though other small RNAs (in the same direction as the miRNA precursor) from the precursor

were sequenced.

“Small RNAs derived from both strands or just from the antisense strand of the reported miRNA precursor were detected.
“No small RNAs derived from the miRNA precursor were sequenced. These loci might not be expressed, or are expressed in a tissue specific manner.
°Based on Jones-Rhoades et al. (2006); miR159 and miR319 are combined as a single family.

fBoth loci belong to the miR395 family.

To determine the expression and identity of previously
identified miRNA loci, we examined the sequencing frequency
and distribution of small RNAs across precursor sequences, as this
indicates how small RNAs are generated from a particular locus
(Table 2). Processing of a pre-miRNA by DCLI1 is expected to
predominantly give rise to miRNA with a lower frequency of the
miRNA* and possibly a low frequency of small RNAs from else-
where in the precursor (but not antisense to the precursor). Of
the 115 conserved miRNA loci from which we obtained se-
quences, 107 generated the expected miRNA (with or without the
miRNA*), six loci gave rise to small RNAs other than the miRNA
and miRNA*, but in the same direction as the expected miRNA
(Supplemental Fig. 2A), and two loci of the miR395 family gave
rise to small RNAs from their antisense strands (Supplemental
Fig. 2B). In general, our small RNA sequencing results support the
identity of the miRNA loci of the 20 conserved families. In con-
trast, evidence supporting the identity of some previously anno-
tated nonconserved miRNA loci was weak, especially for those
identified from rice callus (Luo et al. 2006) or by prediction meth-
ods (Wang et al. 2004). Small RNA sequences from the noncon-
served and predicted miRNA loci were detected less frequently
(Table 2; Supplemental Table 1). Of the 163 nonconserved
miRNA loci, only 30 showed a small RNA distribution pattern
consistent with that of a miRNA locus (Table 2). Of the remain-
der, 83 loci generated small RNAs from both strands, just from
the antisense strand of the precursor, or showed an overlapping
distribution pattern of small RNAs (Table 2; Supplemental Fig.
2B). Recent deep sequencing identified 24 miRNA families in rice
(Lu et al. 2008; Morin et al. 2008; Sunkar et al. 2008). Ten of
these miRNAs were present in our sequencing data (the pre-
cise miRNA was sequenced for only five), nine were not expressed
in our grain samples, and five with multiple members were not
well supported due to generation of small RNAs from both
strands (Supplemental Table 2). Of the four miRNAs annotated in
wheat (Yao et al. 2007) and predicted to be monocot specific, we
did not find expression of three (tae-miR1122, tae-miR1126, and
tae-miR1130) and found 0-4 reads of 19-24 nt variants of tae-
miR1132, which mapped to 18S tRNA. Therefore, we are unable
to confirm that there are rice homologs of these miRNAs from
our data.

We observed a few cases where the miRNA* was sequenced
more often than the miRNA (Supplemental Fig. 2C). For miR529

there were 22 reads of the miRNA and 594 reads of the miRNA*,
consistent with the results obtained from the moss Physcomitrella
patens (Axtell et al. 2007), where it is suggested that the anno-
tated miR529* is likely the true miRNA. For miR408 we obtained
72 reads of the miRNA and 631 reads of the miRNA*; however,
the strong conservation of miR408 across plant species (Supple-
mental Fig. 3A) and confirmed target mRNAs for the annotated
miR408 in Populus trichocarpa (Lu et al. 2005) suggest that the
annotation should not be changed. In some cases, the annotated
miRNA was not the most abundant small RNA generated from
the pre-miRNA. For instance, the reported miR820 (21 nt) was
only sequenced once in our data set, whereas its 22-, 23-, and
24-nt variants had 386, 1397, and 2208 reads, respectively
(Supplemental Fig. 2D).

miRNA expression changes during seed development

It has been shown that high-throughput sequencing has good
reproducibility and can be used as a tool for miRNA expression
profiling (Fahlgren et al. 2007). In the 454 data set, most known
miRNAs were detected less than 10 times in each sample, making
quantitative comparisons unreliable. In contrast, 18 of the 20
conserved miRNA families (except miR395 and miR398) and
eight other previously annotated rice miRNA families had at least
10 reads in the Illumina data set (Supplemental Table 1), en-
abling comparison of the expression levels of these miRNAs be-
tween the two developmental stages (Fig. 1A). Most miRNAs were
expressed approximately equally in the two libraries or more
highly in 6-10 DAF grains than in 1-5 DAF grains, with the
highest expression ratio of 18.4:1 observed for miR408 (Fig. 1A).
miR528 was highly expressed in developing rice grains with 7.5-
fold more expression in 6-10 DAF grains. miR159/miR319,
miR393, miR529, and miR1318/1432 had lower expression in the
6-10 DAF grains than the 1-5 DAF grains. miR168a was the most
abundant miRNA in our two sequencing datasets (Supplemental
Table 1), accounting for 5.1% of all sequence reads matched with
the rice genome and ~60% of the sequence reads from previously
annotated miRNAs. miR168a was also the most abundant miRNA
in previous high-throughput sequencing studies in rice (Johnson
et al. 2007; Sunkar et al. 2008). We note that miR168a is not
the most abundant miRNA in Arabidopsis (http://asrp.cgrb.
oregonstate.edu/db/microRNA.html?fid=11/), where it targets
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Figure 1. (A) Ratio (6-10 DAF/1-5 DAF) of the normalized miRNA se-
quence reads of the known miRNA families with at least 10 reads in total
in the lllumina data set. The raw sequence reads of each miRNA family is
shown on top of the bars with numerator and denominator representing
number of reads in 6-10 DAF and 1-5 DAF grains, respectively. (B) Map-
ping of miRNA-guided cleavage sites in predicted target genes. Predicted
cleavage sites are indicated by a bold italic nucleotide at position 10
relative to the 5’ end of the miRNA. Mapped cleavage positions are
indicated by arrows with the frequency amongst 5’ RACE clones se-
quenced. (C) Northern blot detection of expression of miRNAs in differ-
ent tissues. Uniform RNA loading was demonstrated by reprobing blots
with 5S rRNA (representative blot shown). (S) Shoots; (R) roots; (G1) 1-5
DAF grains; (G6) 610 DAF grains.

ARGONAUTE 1 (AGO1), a key component of RISC of the miRNA
pathway.

Novel miRNAs are present in the rice grain small RNA data
set

We developed a bioinformatics pipeline to identify novel
miRNAs from our sequence data set (see Methods for details).
Briefly, genomic sequences flanked by two small RNA sequences
on the same strand were extracted from the rice genome. The
small RNA sequences had to be within 400 nt of each other and
have less than 10 matches to the rice genome. Genomic regions

with a smeared distribution of small RNAs across the locus, or
with many small RNAs generated from the antisense strand, were
excluded. The genomic sequences were then tested for their abil-
ity to form a hairpin structure. One of the key criteria for miRNA
identification by this procedure was the presence of the miRNA*.
While our sequencing results support the identity of 137 known
miRNA loci (Table 2), both miRNA and miRNA* were sequenced
for only 56 of these loci (Supplemental Table 2); these 56 were
identified by the prediction pipeline. Our method is conserva-
tive, as novel miRNAs sequenced without the corresponding
miRNA* will not be identified; however, the predicted miRNAs
should be products of DCL-processed hairpins and are thus good
miRNA candidates. In addition to the known miRNAs, 324 po-
tential miRNA/miRNA* pairs derived from intergenic regions or
introns were identified. They were further checked manually to
ensure that they were from good quality single-stranded hairpins
and that a miRNA/miRNA* pair had 0-2 nt 3’ overhangs. Thirty-
nine were designated miRNA families, and a further 15 were con-
sidered as candidate miRNAs because their miRNA and miRNA*
were detected with less than five reads (Supplemental Table 3).
For the candidate miRNA loci, both miRNA and miRNA* were
annotated to represent the miRNA locus. None of these new
miRNAs have been found in Arabidopsis. Predicted pre-miRNA
sequences for these newly identified miRNAs and candidate
miRNAs, their hairpin structures, and distribution of small RNAs
are presented in Supplemental Figure 4.

For seven of the 39 novel miRNAs, additional family mem-
bers were identified from the rice genome sequence. The
miR1861 family has 14 members with identical or slightly differ-
ent miRNA sequences. Ten members of the miR1861 family are
found in five pairs of tandem miRNAs and the other four mem-
bers have putative tandem miRNAs, which were not confirmed
by our sequencing data (Supplemental Table 3; Supplemental Fig.
5B). In each pair, the two pre-miRNAs are separated by ~100 nt
(Supplemental Fig. 5B,C). In all cases, the sequences of the first
and second miRNA precursors in each pair are highly conserved,
except that the second precursors have a 22-nt deletion imme-
diately downstream of the mature miRNA (Supplemental Fig.
5A). As this deletion exists in all of the second precursors, we
suggest that the original precursor was generated by a gene du-
plication event followed by a 22-nt deletion in the second pre-
cursor or a 22-nt insertion in the first precursor. This gene du-
plication was then followed by segmental duplications to gener-
ate other family members, which are always in tandem
configuration. For miR1861i, its putative second precursor has
diverged significantly and become almost unrecognizable
(Supplemental Fig. 5B). In addition, there were two more tandem
pairs on chromosome 5 (miR1861_5) and 7 (miR1861_7), which
were not sequenced in our data set and have diverged in se-
quence from the other family members (Supplemental Fig. 5B).
The conservation of the precursor sequences suggests that
miR1861 is a relatively young miRNA family.

A tandem genomic configuration of conserved miRNA pre-
cursors was also identified for the miR1428 family (Supplemental
Fig. 5D,E). Transcript cloning confirmed that miR1428d_3p and
miR1428e_3p are expressed in the same transcript, which shows
variable transcription start sites and 3’ polyadenylation sites
(Supplemental Fig. S5F), a feature previously observed for some
Arabidopsis miRNA loci (Xie et al. 2005; Nikovics et al. 2006).
Some transcripts were splice variants that lacked the second pre-
cursor, pre-miR1428d_3p. Consistent with this, more sequence
reads were found for miR1428e_3p (27 reads) than for
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miR1428d_3p (one read). Alternative pri-miRNA splicing was
also observed in miR1850 (Supplemental Fig. SF). Other ex-
amples of tandem miRNAs were also identified, including pairs or
triplets of unrelated miRNAs, such as miR1423b_5p and
miR1868, and miR1862d, miR1876, and miR1884b (Supplemen-
tal Table 3).

We confirmed the size and abundance of a subset of the
newly identified miRNAs in different tissues using Northern
blots. miR1428e_3p has very low or no expression in roots but is
highly expressed in grains, consistent with the small RNA se-
quencing results; miR1850 and miR1861 are expressed in grains,
but are also abundant in shoots and roots (Fig. 1C).

Identification of the target mRNAs of newly identified
miRNAs assists in understanding their biological roles. Of the 39
miRNA families we identified, 18 have at least one predicted
target gene with a score of up to 3.5 (a maximum of three mis-
matches and a G-U pair; Supplemental Table 3). The majority of
the 21- and 22-nt miRNAs have predicted targets, whereas more
than half of the 24-nt miRNAs do not (Supplemental Table 3).
These miRNAs may genuinely have no target, their target mRNAs
may not be annotated in the rice genome, or their targets have
greater mismatch to the miRNA sequence. Altogether, 95 target
mRNAs were predicted; 10 encode transcription factors, 24 en-
code proteins without annotated functions, and 61 encode other
proteins, including several protein kinases and leucine-rich re-
peat family proteins (Supplemental Fig. 6A,B). This is in contrast
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with the targets of conserved miRNAs, ~2/3 of which encode
transcription factors. Cleavage of selected target genes by the
newly identified miRNAs has been confirmed using 5’ RACE
(rapid amplification of 5’ complementary DNA ends).
miR1428e_3p targets Os08g37800 and Os03g17980 mRNAs,
both encoding kinases of the sucrose nonfermenting-related ki-
nase 1 (SnRK1) family. Several members of the miR1861 family
target 0s05g51790, encoding a protein of the STRUCTURAL
MAINTENANCE OF CHROMOSOMES family, in this case the cleav-
age site was 1 nt downstream from the expected site (Fig. 1B).

A miRNA-like long hairpin locus produces trans-acting phased
small RNAs

A search for phased siRNAs generated from ta-siRNA loci identi-
fied an additional TAS3 locus (see Supplemental material) and
also identified two loci-encoding transcripts that can form long
hairpin structures that are the source of large numbers of phased
21-nt sequences in our grain data set (Fig. 2A,B; Supplemental
Fig. 7A,B). The first locus generates phased 21-nt siRNAs that
have been found in other small RNA datasets (Johnson et al.
2007; Nobuta et al. 2007) and shown to be DCL4 dependent (Liu
et al. 2007); one of these 21-nt siRNAs was originally annotated
as miR436 (Sunkar et al. 2005) but is no longer considered a
miRNA. We obtained 15,580 sequence reads from the miR436
hairpin, our analysis shows they are produced from 12 phases of
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Figure 2. miRNA-like long hairpins producing phased 21-nt small RNAs. (A) Hairpin of the pre-miR436. In total, 13,141 and 2439 sequence reads were
generated from the 5’ and the 3’ arms of the hairpin, respectively, and only 19 reads were mapped to the antisense strand. Of these sequences, 91.2%
were 21 nt in length and 95.9% of these 21-nt small RNAs fell in phases of 21-nt spacing. The number of reads for all small RNAs with a common 5’
terminus (regardless of size) is plotted, with red and blue bars representing sequences from the 5’ and the 3’ arms, respectively. The 21-nt phases
corresponding to the 5’ arm are indicated by the vertical dotted lines. Phase identifiers are shown above and below the hairpin. Nucleotide positions
shown on the X-axis are based on the 5’ arm of the hairpin starting from the 5’ end of phase P12_5’. miR436 and miR436* are shown in green and
orange, respectively. (B) A miRNA-like long hairpin generated from the antisense strand of LOC_0s06g21900. In total, 59,150 sequence reads were
generated (~60% from the 5’ arm and ~40% from the 3’ arm; ~97% of the reads were from 6-10 DAF grains), including 97 reads mapped to the
antisense strand; 54,857 (92.7%) reads were 21 nt in length and 93.9% of these 21-nt small RNAs were in exact 21-nt phases. The frequency and
distribution of small RNAs is plotted as described in A. (C) 5’ RACE validation of cleavage of predicted target mRNAs by P6_5" and P6_3'. (D) Expression
of small RNAs from the newly identified long hairpin in different tissues detected by a probe antisense to the 3" arm of the hairpin (218 nt in length).
The blot used was the same as that for miR1861 shown in Figure 1C. (S) Shoots; (R) roots; (G1) 1-5 DAF grains; (G6) 6-10 DAF grains.
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21 nt, with miR436 and miR436* represented by only three and
one read, respectively. The second locus is complementary to
0506821900 (Fig. 2B; Supplemental Fig. 7B) and produces siRNAs
from nine 21-nt phases. As this locus has similar properties to the
miR436 hairpin, the phased 21-nt siRNAs are likely to be pro-
duced by DCL4. This hairpin was not detected by our new
miRNA discovery pipeline, because there is a ~1.3-kb spacer be-
tween the two hairpin arms. The siRNAs from this hairpin were
more abundant than those from the miR436 hairpin in our data
set and are predominantly expressed in 6-10 DAF grains (Fig.
2D). Consistent with this, small RNAs from this locus have only
been found previously in a mixed sample, including inflores-
cence (Johnson et al. 2007), where 44 reads of 11 small RNAs
were detected. Target genes could be predicted for eight of the 18
phased small RNAs from both hairpin arms (Supplemental Fig.
6C). We were unable to predict targets for the three most abun-
dant phased small RNAs (P3_3’, P7_5’, and P8_5’, each of which
had more than 10,000 reads). Cleavage of Os04g43210 by P6_5’
and Os12g17310 by P6_3" was confirmed by 5’ RACE (Fig. 2C),
indicating that these small RNAs act in trans. Os04g43210 en-
codes a putative myoinositol transporter, while Os12g17310 en-
codes a putative myosin heavy-chain protein.

miR1429.2 is a putative mirtron

Most miRNA loci are encoded by independent transcription
units, which are transcribed by RNA polymerase II (Lee et al.
2004); however, a number of miRNAs are located in the introns
of mRNA-encoding host genes. All miRNAs identified so far in
plants are thought to be derived from pri-miRNAs by sequential
DCL1 cleavages. We sequenced 24-nt variants of miR1429 and
miR1429* (miR1429.2 and miR1429.2*%), but did not find
miR1429 or miR1429* in our data. We observed that the 5’ ter-
minus of miR1429.2* and the 3’ terminus of miR1429.2 coincide
precisely with the 5’ and 3’ borders of an annotated intron of a
putative homeobox gene; these intron boundaries are supported
by ¢cDNA data (Fig. 3A). This distribution of small RNAs is con-
sistent with that of recently identified mirtrons in Drosophila
melanogaster and Caenorhabditis elegans (Ruby et al. 2007) and
suggests that spliced, debranched introns can be DCL substrates
in plants. A comparison of small RNA sequences with annotated
rice introns did not reveal other mirtrons, although six potential
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candidates were identified (Supplemental Fig. 8). By comparison,
in D. melanogaster, C. elegans, and mammals, 14, 4, and 19
mirtrons have been identified, respectively (Berezikov et al.
2007; Ruby et al. 2007). This may be due to the imperfect anno-
tation of the rice genome, or perhaps because the average rice
intron, at 412 nt, (http://www.tigr.org/tdb/e2k1/osal/ricelnfo/
info.shtml#Genes) is an unsuitable mimic of pre-miRNAs (~150
nt in rice). It is also possible that mirtrons are tissue or develop-
mental time dependent because their biogenesis requires expres-
sion of their host genes and intron splicing. In addition, al-
though miR1429.2 is located at the 3’ hairpin arm, as are those of
invertebrate mirtrons (Ruby et al. 2007), unlike all other known
3" mirtron products from flies, worms, or mammals (Berezikov et
al. 2007; Ruby et al. 2007), it begins with a G, suggesting that
divergent characteristics may be tolerated in plant mirtrons.

Discussion

Our small RNA sequencing results revealed a diverse and com-
plex small RNA population and directly demonstrated the ex-
pression of all conserved plant miRNA families in developing rice
grains. We re-evaluated previously annotated rice miRNAs using
our data, based on the production of small RNAs from their pre-
cursors, and found that precursors of most conserved miRNAs
had a small RNA distribution pattern consistent with processing
of ssSRNAs by DCL proteins. However, in precursors of approxi-
mately half of the previously annotated, nonconserved miRNAs,
the distribution pattern of small RNA reads deviated significantly
from that expected. In these cases, small RNAs were generated
from the antisense strand or from the entire precursor, making
their classification as miRNA loci questionable. With this in
mind, extreme caution was taken when designating 39 novel
miRNAs, and we required detection of a miRNA* to confidently
annotate nonconserved miRNAs. All of our newly identified
miRNAs do not appear to be conserved in Arabidopsis and have
predicted target genes with more diverse functions than those of
conserved miRNAs. In particular, the nonconserved grain
miRNAs have a number of potential target mRNAs that encode
proteins likely to be involved in primary metabolic pathways.
We have identified additional routes by which siRNAs with
miRNA-like properties can arise in plants. We have evidence that

ACGCAGCATGAGA
\dacgcagcaugaga

5GUUUGUAUGUUGCAGA (3)
GGGUUUGUAUGUUGCAC (3)

GUUGCACGGGUUUGUAUGUUGCAGC (1)
GUUGCACGGGUUUGUAUGUUGCAGE (1)

Figure 3. miR1429.2 is a putative mirtron. (A) Pre-miR1429.2 (shown in capital letters; adjacent exon sequences are shown in lowercase letters;
miR1429 is underlined) with aligned small RNAs. The mature miRNA (miR1429.2 in red) and its miRNA* (in blue), and the termini of the intron (vertical
pink lines), are indicated with the predicted secondary structure shown in bracket notation. Positions of the annotated splicing donor and acceptor were
supported by cDNA sequence AB101650 (sequences flanking the intron are shown in italic at the first row). The 3’ terminal nucleotide in the last two
small RNAs, which do not match the genomic sequence, might be generated by untemplated addition. (B) Predicted secondary structure of pre-

miR1429.2 showing 2-nt 3’ overhangs.
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spliced, debranched introns can be processed by a DCL activity to
yield a mature miRNA-like molecule. This appears to be analo-
gous to the mirtrons that have been found in Drosophila, C. el-
egans, and mammals. We also found that phased 21-nt siRNAs
from long hairpin RNAs with structures similar to pre-miRNAs
can cleave target mRNAs in trans. These siRNAs are likely to be
produced via the DCL4 pathway (Liu et al. 2007) and so their
double-stranded RNA (dsRNA) precursors may feed into the ta-
siRNA pathway. Together, these results suggest that many
sources of dsSRNA can be adopted to produce miRNA-like mol-
ecules to regulate mRNA abundance.

Comparison of our rice grain small RNA sequences to deep
sequencing results generated from other parts of the rice plant
suggest that the nonconserved miRNAs are expressed in a tissue-
specific manner. Of the 24 new rice miRNAs identified by deep
sequencing in samples derived mainly from vegetative tissues (Lu
et al. 2008; Morin et al. 2008; Sunkar et al. 2008), we found
evidence for only 10 in developing grains, while we identified 39
miRNAs in grains that were not previously detected in other or-
gans. This contrasts with the conserved miRNA families that are
all present in deep sequencing data from different parts of the
plant, although some family members showed tissue or organ
specificity. For example, the expression level of miR156] was
similar to that of miR156a-j in seedlings (Sunkar et al. 2008) but
was much lower than that of miR156a-j in grains (Supplemental
Table 2). All four members of the miR172 family were equally
highly expressed in seedlings (Sunkar et al. 2008), whereas
miR172c was not detected in grains (Supplemental Table 2). The
phased 21-nt small RNAs from the Os06g21900 locus also show
grain-specific expression. The 24-nt putative mirtron product,
miR1429.2, has only been identified in grains with the 21-nt
miR1429 (which does not correspond to intron boundaries)
found elsewhere. Thus, the same locus appears to be generating
miRNAs by differing pathways in different parts of the plant.

The presence of a large set of miRNAs and miRNA-like mol-
ecules in the developing grains suggests that many processes are
under miRNA regulation during grain development. The con-
served miRNAs generally target the mRNAs of transcription fac-
tors and other regulatory proteins; given the roles in develop-
ment that have been demonstrated for many of the conserved
miRNAs in plants, it is not surprising to find them in developing
rice grains. The sequence data suggests that miRNA expression
increases over the first 10 d of grain development; this is coinci-
dent with development of both the endosperm and embryo. The
largest change in expression between our two grain samples was
for miR408 with 18-fold more expression in the 6-10 DAF grains.
The conserved target mRNA of this miRNA encodes a plastocya-
nin-like protein (Lu et al. 20095); it is not clear what role this
protein would play in grains; however, there are other predicted
targets of miR408 (Supplemental Fig. 3) encoding proteins with
other functions. The predicted target genes for the nonconserved
miRNAs found in grains (Supplemental Table 3) do not show the
same bias toward targeting the mRNAs of annotated transcrip-
tion factors as the conserved miRNAs. Our data provides some
evidence that miRNAs are acting on metabolic pathways in the
grain. We confirmed that miR1428e_3p cleaves two SnRK1b ki-
nases, one of which (0s08g37800) has been suggested to have a
role in regulating starch accumulation based on its expression in
the endosperm and aleurone (Kanegae et al. 2005). Expression of
miR1428e_3p is high in both grain samples and coincides with
the onset of deposition of starch in these grains. The Os06g21900
siRNAs are predominantly expressed in 6-10 DAF grain, so could

be involved in regulating a transitional step in the developmen-
tal program of the grain. The confirmed mRNA target of an
0506821900 siRNA, Os04g43210, encodes a putative plasma
membrane myoinositol transporter (closely related to Arabidopsis
INOSITOL TRANSPORTER 2) (Schneider et al. 2007). This protein
could be involved in transport of myoinositol or its derivatives,
which could act in either metabolic or signaling roles.

The miRNAs and other small RNAs from rice grains and their
likely target mRNAs identified in this study indicate that small
RNA regulation is likely to have many roles in grains, and this
data set should provide a rich resource for future studies of small
RNA functions in rice grains.

Methods

All rice (Oryza sativa spp. japonica) tissue samples were collected
from rice cultivar Nipponbare plants grown in a controlled glass-
house at 25 + 3°C with 16 h of light.

Small RNA isolation, small RNA library construction,
and sequencing

Total RNA was extracted from ~1.5 g of shoots and roots of 7-d-
old seedlings, and 1-5 and 6-10 DAF dehusked rice grains. Tis-
sues were ground into a fine powder in liquid nitrogen and pro-
cessed using RNA extraction buffer (0.1 M NacCl, 2% SDS, 50 mM
Tris-HCI, 10 mM EDTA, and 20 mM B-mercaptoethanol) and an
equal volume of phenol/chloroform/isoamyl alcohol (25:24:1).
The aqueous fraction was subsequently extracted two times using
equal volumes of phenol/chloroform/isoamyl alcohol (25:24:1)
and chloroform. Total RNA was then precipitated using LiCl (2 M
final concentration) overnight at —20°C. Low-molecular-weight
(LMW) RNA was precipitated from the supernatant with an equal
volume of isopropanol in the presence of 0.1% SDS at —20°C for
2 d. The precipitated LMW RNA was resuspended in DEPC-
treated H,O. Approximately 150 pg of LMW RNA was then
mixed with a trace amount of 5'-32P-labeled RNA markers (18
and 25 nt) and size fractionated on a 15% polyacrylamide, 8 M
urea gel. The gel fragment spanning the 18-25-nt RNA markers
was excised, crushed into fine pieces, and the RNA was eluted
overnight in 0.3 M NaCl at 4°C with gentle shaking. After remov-
ing excess acrylamide through a 0.4-pm filter, the eluate was
precipitated using an equal volume of isopropanol and 5 pg/mL
of glycogen on ice for at least 2 h. The isolated small RNAs were
then ligated to a 3’ adaptor (pCTGTAGGCACCATCAAT-idT; (p)
phosphate; (id) O-C3 linker that blocks the 3’ terminus, prevent-
ing it from self-ligating) using T4 RNA ligase (Amersham Biosci-
ences) overnight at 4°C according to the manufacturer’s instruc-
tions. The ligated product was size fractionated using ligated
forms of the RNA markers as a size guide and gel eluted as above.
Another T4 RNA ligase-mediated ligation was used to add a 5’
adaptor (Dharmacon Research; ATCGTAGGCACCUGAUA, ATC
GTAGCCACCUGAUA, ATCGTAGCUGCUGAUA, and ATCG
TAGCGUCUGAUA, for 7-d-old shoots and roots, and 1-5 and
6-10 DAF grains, respectively; the bold nucleotides are bar-code
sequences for distinguishing sequence reads from each library
after sequencing the mixed small RNA library). The ligated prod-
uct was fractionated using ligated forms of the RNA markers as a
size guide and gel eluted using the above method. The purified
ligation was then reverse transcribed (SuperScript II, Invitrogen)
with the RT primer (ATTGATGGTGCCTACAG). The cDNA was
further amplified using a pair of 454 sequencing primers (Supple-
mental Table 4). The final PCR products were purified using Qia-
gen’s PCR purification kit, mixed, and sequenced using the 454
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technology (Margulies et al. 2005). Small RNA populations of 1-5
and 6-10 DAF grains were further sequenced using the Ilumina
technology.

Bioinformatic analysis of small RNAs and miRNA
identification

The 454 adaptor sequences were identified and masked us-
ing Cross_Match (http://www.phrap.org/phredphrapconsed.
html#block_phrap) and then trimmed with a custom script. All
[Nlumina sequences were 33 nt in length, with the length of adap-
tor sequence present at the 3’ end, depending upon the length of
the sequence it tailed. A custom script was fashioned to find and
trim the maximum possible adaptor sequence from each.

The remaining analysis was repeated for both sequencing
sets. Duplicate sequences were tallied, then excised to form a
nonredundant set of sequences. Sequences of <18 nt were re-
moved. To find the origins of the small RNAs, BLAST was used to
search the Oryza sativa genome sequence (TIGR Rice Annotation
Release 5.0, http://www.tigr.org/tdb/e2k1/osal/overview.shtml).
The BLAST search used a small word size of seven, query se-
quence filtering disabled, and a large expectation value cut-off of
1000 to maximize the likelihood of finding all matches for the
small sequences. The results were parsed to extract the chromo-
somal coordinates of all perfect, full-length matches. BLAST was
similarly used to test which sequences had matches in TIGR’s
Oryza Repeats Database (version 3.3) and which had matches to
relevant members of the Rfam RNA family database (http://
www.sanger.ac.uk/Software/Rfam). Sequences matching either of
these datasets were excluded from further analysis. Coordinates
from the genomic BLAST results were compared with coordinates
from the miRBase microRNA database (version 9.0; http://
microrna.sanger.ac.uk/sequences/index.shtml) to determine
which genomic hits corresponded to coordinates of known
miRNAs. This was in addition to annotating which sequences
directly matched known mature miRNA sequences according to
miRBase.

The presence of both a miRNA and a miRNA* was the basis
of the method to predict novel miRNAs. Pairs of sequences that
mapped to the same chromosome, on the same strand, within
400 nt, with a similar length (<5 nt difference in length), without
too many other sequences mapped between them (disallowed if
the other sequences overlap to form a smear of sequences be-
tween the pair), without too many sequences mapped to the
other strand between the pair (one sequence allowed on oppos-
ing strand per five sequences on the same strand), and with nei-
ther having too many hits throughout the genome (no more
than 10 hits), were selected as candidates for testing as potential
miRNA/miRNA* pairs. Surrounding genomic sequence for se-
lected pairs was extracted and folded with Vienna RNAFold
(http://www.tbi.univie.ac.at/~ivo/RNA/). A custom script was
used to test the quality of the fold and, in particular, that the
potential miRNA and miRNA* was paired in a hairpin. The pair-
ing was tested based on rules described previously (Jones-
Rhoades et al. 2006), i.e., no more than seven unpaired nucleo-
tides between the miRNA and miRNA*, with no more than three
consecutive unpaired nucleotides, and no more than two un-
paired nucleotides that do not have a corresponding unpaired
nucleotide in the other sequence. This test was also run allowing
only four unpaired nucleotides to give a reduced result list.

For predicted novel miRNA sequences, conservation in
other plant species was examined by searching for matches to the
sequence, with up to three mismatches allowed in plant se-
quence datasets using PatScan (Dsouza et al. 1997). The Arabi-
dopsis chromosome sequences (http://www.arabidopsis.org/),

Populus trichocarpa, assembled scaffold sequences (http://
genome.jgi-psf.org/Poptrl_1/Poptrl_1.home.html), and Zea
mays contig sequences (http://www.plantgdb.org/prj/
GSSAssembly/zeamays/index.php) were searched. For any
matches, sequences surrounding the match, for 200 nt to either
side, were extracted and run through RNAFold. The results were
analyzed using custom scripts to see whether the matched se-
quence could form a suitable hairpin for it to be a conserved
miRNA. Analysis of folds in this instance was as above, but in this
case, all parts of the sequence had to be tested as a potential
miRNA* matching to the potential conserved miRNA.

Identification of mirtron

The presence of mirtrons was examined by identifying small RNA
sequences that mapped to the 5’ or 3’ end of an intron. The
intron sequences involved were folded with RNAFold and any
resulting hairpin was analyzed with custom scripts to determine
whether the mapped small RNA might be a valid mirtron and the
intron a valid precursor. The folds were tested as above for
miRNA/miRNA* pairs, except for assuming the miRNA* to be a
sequence of equal length to the small RNA being tested at the
other end of the intron sequence.

Target gene prediction

Target sequences of predicted novel miRNAs were searched for
using PatScan to search for matching sequences, with up to
four differences, in the Oryza Sativa ¢cDNA, CDS, and UTR
sequence sets from TIGR (TIGR Rice Annotation Release 5.0,
http://www.tigr.org/tdb/e2k1/osal/data_download.shtml), the
Oryza Sativa UniGene sequence sets from NCBI (http://www.
ncbi.nlm.nih.gov/sites/entrez?db=unigene), and Oryza Sativa EST
sequences available from the NCBI sequence database. Matches
were given a score ranking, with mismatches assigned one point,
G-U bonds between the miRNA and target assigned 0.5 points,
and mismatch at position one assigned two points. No mismatch
was allowed at position 10 or 11. Matches were dismissed if they
contained consecutive mismatches, more than one mismatch in
the first 10 bases, or more than three mismatches in the remain-
ing bases.

Northern blot hybridization

Approximately 14 pg of LMW RNA (prepared as described above)
was separated on 18% polyacrylamide denaturing gels, including
labeled RNA oligonucleotides as size markers. RNAs were trans-
ferred to Hybond-N* membrane (Amersham Bioscience) and hy-
bridized with locked nucleic acid DNA oligonucleotides comple-
mentary to predicted miRNA sequences, which had been T4 ki-
nase labeled with [y->>P]ATP. Blots were prehybridized and
hybridized at 37°C in 125 mM Na,HPO, (pH 7.2), 250 mM
NaCl,, 7% SDS, and 50% formamide, and washed at 37°C twice
with 2 SSC, 0.2% SDS, followed by a higher stringency wash of
1x SSC, 0.1% SDS at 37°C if required. Blots were imaged using an
FLA-5000 Phosphorlmager (Fujifilm). Blots were reprobed with
an RNA probe complementary to 5S rRNA to confirm uniform
loading.

5" and 3’ RACE

5" RACE was used to determine the 5’ ends of pri-miRNAs and to
map the cleavage sites on target mRNAs of miRNAs or ta-siARFs.
3’ RACE was used to determine the 3’ ends of pri-miRNAs. RACE
was carried out on poly(A)* RNA, isolated using the PolyATract
mRNA isolation system (Promega) using the GeneRacer kit (In-
vitrogen) according to the manufacturer’s instructions. For clon-
ing pri-miRNAs, poly(A)* RNA was treated with calf intestinal
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alkaline phosphatase (CIP) to remove truncated mRNA and non-
mRNA, and de-capped using tobacco acid pyrophosphatase (TAP)
before ligation of the 5' adaptor, whereas poly(A)* RNA was di-
rectly ligated to the 5’ adaptor when mapping the cleavage sites
of the miRNA target genes. Two gene-specific primers were used
for each RACE (Supplemental Table 4). The PCR products from a
positive 5’ or 3’ RACE reaction were gel purified and cloned
(pGEM-T Easy, Promega). A minimum of four clones were se-
quenced for each PCR product.
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