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dogenous single-stranded non-coding small RNAs with a length of about 21 nt,
that negatively regulate development and stresses. Rice miRNAs are representative of the monocot miRNAs,
and many of them are non-conserved in Arabidopsis and the other plant species. Previous studies have
shown that a majority of plant miRNAs are expressed from independent transcription units, whereas some
others are transcribed with their host genes. Despite of the fact that a growing number of rice miRNAs are
discovered, little is known about the transcriptional regulation of miRNA genes. In this study, we performed
genomic analysis of rice miRNA transcripts surrounding the regions of promoter/transcription start site (TSS)
and TATA-box, and organization of miRNA clusters. We detected 249 promoters for 212 rice pre-miRNA
sequences via bioinformatics approach and found that the conserved rice miRNA genes have a greater
proportion of promoters than the non-conserved miRNA genes. We further globally analyzed the genomic
organization of pri-miRNAs and found that 52 rice miRNA genes appear in 18 clusters. Alignment of the
miRNA sequences in these clusters shows a number of miRNA paralogs within the cluster. The data obtained
may aid our understanding of the specific sequences upstream of pre-miRNAs and the functional
implications of miRNA clusters in rice plants.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
MicroRNAs (miRNAs) are endogenous single-stranded non-coding
RNAs with a length of about 21 nt. They are known to negatively
regulate post-transcription of genes through interactions with 3′
untranslated regions or coding regions of their targets (Bartel, 2004).
In plant, miRNAs regulate the expression of a large number of genes
which control development (Chen, 2004; Laufs et al., 2004) and stress
responses (Jones-Rhoades and Bartel, 2004; Sunkar and Zhu, 2004; Liu
et al., 2008). Overexpression or knockout of miRNA genes disturbs
metabolisms and consequently results in the abnormal phenotypes
(Palatnik et al., 2003; Chen, 2004; Guo et al., 2005). Expression of
miRNAs in plants involves several steps. First, a miRNA gene is
transcribed in the nucleus as a primary transcript (pri-miRNA), which
is usually a long sequence of more than several hundred nucleotides.
This step is controlled by Pol II enzymes (Bartel, 2004; Kurihara and
Watanabe, 2004). Then, the pri-miRNA is cleaved to an intermediate
named miRNA precursor (or pre-miRNA) with stem–loop structures.
While the pre-miRNAs in animals are transported by Exportin 5 from
the nucleus into the cytoplasm (Yi et al., 2003; Lund et al., 2004), the
plant miRNA precursors are processed by Dicer-like enzyme 1 (DCL1)
n start site; DCL1, Dicer-like1;
GFF file, Gene-Finding Format
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in the nucleus (Tang et al., 2003; Kurihara and Watanabe, 2004; Allen
et al., 2005) and transported into the cytoplasm by HASTY (a plant
orthologue of exportin 5) (Park et al., 2005). The single-stranded
miRNAs associate with ARGONAUTE (AGO) proteins in a complex
termed RNA-induced silencing complex (RISC), where it guides the
cleavage or translational repression of its target by base-pairing with
the target (Bartel, 2004).

Several lines of evidence have shown that amajority of miRNAs are
encoded in their own genes located in the intergenic regions (Lee and
Ambros, 2001; Qiu et al., 2007; Xie et al., 2007), suggesting that they
exist as independent transcription units. Another class of miRNA
genes can be found in the intronic regions, which may be transcribed
as a part of the annotated genes (Lee et al., 2004). Unlike animal
miRNAs, miRNAs in plant are primarily encoded in intergenic regions
(Jones-Rhoades and Bartel, 2004), suggesting that plant pri-miRNA
transcription may differ from that of animals. Pri-miRNAs are typically
transcribed by RNA polymerase II and have promoter elements that
are similar to those of protein-coding genes (Smale, 2001). It is known
that the class II promoters have two parts: the core promoter and
upstream element. The core promoter has at least two elements: a
TATA box beginning at approximate position −30 and an initiator
centered on the transcription start site (TSS). A recent investigation
identified more than 52 promoters in Arabidopsis, and most of them
were found to contain TATA-boxes in their core promoter regions (Xie
et al., 2005). However, there are exceptions to this rule. For example,
identification of human miRNA gene mir-23a-27a-24-2 reveals that its
promoter has no common elements like TATA-boxes or initiator
elements required for initiating transcription (Lee et al., 2004). Such
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Fig. 1. Distribution of rice miRNA genes with the same amount of promoters. (A) The
percentage of rice pri-miRNAs located within the intergenic or intronic regions. (B) The
percentage of pri-miRNAs in relation to the conserved or non-conserved miRNAs. The
numbers on the bars indicate the amounts of promoters contained by pri-miRNAs
derived from intergenic/intronic regions or by conserved/non-conserved pri-miRNAs.
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TATA-less promoters are often found in housekeeping genes (Smale,
2001). Understanding the features of upstream sequences including
promoters, transcription start sites, or diversity of the specific elements
is necessary to understand the location and extent of pri-miRNAs,
expression patterns of miRNAs, and miRNA-mediated regulatory
pathways and networks.

Understanding of the mechanism for miRNA gene expression is
fundamentally important. One of themain goals for miRNA research is
to elucidate how pri-miRNA genes are transcribed and how complex
gene regulatory networks evolve (Chen and Rajewsky, 2007). Recently,
analysis by cloning and computational approaches resulted in
identification of many miRNA promoters in Arabidopsis (Xie et al.,
2005; Shahmuradov et al., 2005; Megraw et al., 2006; Wang et al.,
2006). Xie and co-workers (2005) identified 63 TSSs in Arabidopsis via
5′-RACE amplification, which provide opportunity for computational
analysis of miRNA promoter regions in plants. To elucidate the
transcriptional regulation ofmiRNA genes, Zhou et al. (2007) identified
the promoters of intergenic microRNA genes in Caenorhabditis elegans,
Homo sapiens, Arabidopsis thaliana and Oryza sativa, and found that
most known miRNA genes in the four species have the same type of
promoters as protein-coding genes. However, relative to Arabidopsis,
little is known about promoters of miRNAs in rice. Recently, a study
performed via high-throughput sequencing identified millions of
small RNAs from rice (Lu et al., 2008). The alignment of full-length
cDNA sequences may allow to identify some promoters in rice. But,
most of cDNA sequences clones do not extend to the transcriptional
start site (TSS) (Ohler et al., 2001; Guddeti et al., 2005). Bioinformatic
prediction of miRNA promoter sequences is proved to be efficient to
elucidate regulatory mechanisms for miRNA expression. It generates a
number of candidates to save the initial testing of thousands of
potential genomic fragments including sequences of promoter regions
(Shahmuradov et al., 2005; Wang et al., 2006; Saini et al., 2007; Xie
et al., 2007; Yin et al., 2008; Zhou et al., 2008).

Rice (O. sativa) is one of the most importantly economical crops
because it provides the major portion of calories in human diet in Asia
and the other parts of the world. In addition to its agricultural
importance, it is a model system for monocot species with complete
genome sequences, thus making rice a favorite for functional genomic
research. To date, there are at least 1160higher plantmiRNAs registered
in the miRNA database (http://microrna.sanger.ac.uk), of which a total
of 269 loci have been found inO. sativa and 184 in A. thaliana (miRBase,
Release 11.0, Griffiths-Jones et al., 2006). Although more miRNAs have
been discovered in rice than in Arabidopsis, there is a growing
recognition of the significant numbers of rice miRNAs that are non-
conserved inArabidopsis and the other plant species (Wang et al., 2004;
Sunkar et al., 2005; Griffiths-Jones et al., 2006; Liu et al., 2008). It is
shown that there have been 90 rice miRNAs representing 40 families
that have no homologous counterparts in Arabidopsis. These results
imply that non-conserved miRNAs in rice may play species-specific
roles in development and stressful responses. From an evolutionary
perspective, these non-conserved miRNAs may have expanded after
the divergence of themonocot anddicot plant lineages. However, this is
only the beginning to be studied. Also, it is unclear about the upstream
regulatory sequence of miRNAs in rice genome. Therefore, the aim of
this study is to identify: (1) specific sequences or motifs adjacent to
independent and co-transcribed pre-miRNAs, which are associated
with their expression of conserved and non-conservedmiRNAs, and (2)
the pattern of miRNA clusters associated with the upstream specific
sequences of pre-miRNA in rice plants. We developed multiple
strategies based on the rice genome data to describe the features of
pri-miRNA transcripts and map them to the surrounding regions:
transcription start site, TATA box binding motif, promoter region of
cluster miRNA families. The outcome of the study may aid our
understanding of the features outside of the actual pre-miRNAs and
provide the insight into the structure of primary transcripts and the
transcription of clustered miRNAs as polycistronic transcripts.
2. Materials and methods

2.1. Upstream sequences of rice miRNAs

Weobtained rice (O. sativa) pre-miRNA sequences from themiRBase
database (version 10.1, http://microrna.sanger.ac.uk/seguence/index.
html) (Griffiths-Jones et al., 2006). The rice genome sequences were
downloaded from TIGR Oryza Pseudomolecules (Release 4.0) (http://
rice.plantbiology.msu.edu) and TIGR Oryza Genome Browser (Ouyang
et al., 2007). The conservation of miRNAs was deduced from miRNA
distribution across plant kingdom. Only the specific miRNAs were
defined as non-conserved miRNAs. We then divided the miRNAs into
two groups based on their genomic background. The first group was
composed of 162 miRNAs, that reside between protein-coding genes
andwere defined as “intergenic miRNAs”; the second group consists of
50 miRNAs, that overlap protein-coding genes and were defined as
“intronic miRNAs” (Ouyang et al., 2007). The definition of protein-
coding genes is in accordance with TIGR automated annotations of rice
genome, thus including verified protein genes as well as hypothetical
protein genes.

Sequences in the intergenic regions upstream of pre-miRNAs were
organized according to the method described previously (Zhou et al.,
2007). Briefly, if a pre-microRNA and its upstream gene were in the
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same direction and the distance between them was longer than
2400 bp, the 2000 bp sequence upstream of the pre-miRNA was
retrieved; otherwise, the sequence between400 bp downstreamof the
upstream gene and the precursor was used. Similarly, if a pre-miRNA
and its upstream gene were in the opposite direction and the distance
between them was longer than 4000 bp, the 2000 bp sequence
upstreamof the precursorwas obtained; otherwise, the sequence from
the precursor and the middle point between the upstream gene and
precursor was retrieved. All these sequences were extracted by Apollo
(a genome annotation tool) on the base of GFF file (‘Gene-Finding
Format’ or ‘General Feature Format’) of rice miRNAs from genome
sequences (Lewis et al., 2002). Three hundred random sequences with
length of 2000 bp were automatically generated by computer as a
control.

2.2. Prediction of specific sequences upstream of rice miRNA genes

Sequences of transcription start site (TSS) and TATA-box were
predicted using TSSP (http://mendel.cs.rhul.ac.uk/mendel.php?
topic=gen). It is one of the best promoter prediction methods for
plant miRNAs and the predictions were obtained at the default
thresholds of TSSP. The program has been trained and tested on
Fig. 2. Genomic distribution of TSS and TATA-box from the 5′ end of the pre-miRNAs sequenc
from pri-miRNAs in intronic and intergenic regions; (C) TATA-box predictions in the conserv
regions. For the random intergenic sequences, see Supplemental Fig. 2.
independent sets ofwell-knownpromoters (Shahmuradov et al., 2005).
We also adopted our “miRNAassist” for supplemental predictions (Xie
et al., 2007).

2.3. Clustering of rice miRNA genes

For analysis of miRNA clustering, both upstream and downstream
sequences with pairwise distance less than 10 kb were considered as
clustered miRNAs. When the clustered miRNAs were organized, the
5′-end sequences of the first miRNAs in the upstream regions were
fetched following the same rule mentioned above. Sequences within
less than 150 bp and between any two clustered miRNAs were
removed. Some miRNAs that overlap transposons were excluded from
our data set.

3. Results and discussion

3.1. Analysis of rice miRNA genes with relation to the promoters

We first searched for the putative promoters for all of the 243 rice
pre-miRNA sequences, which are publicly available (Griffiths-Jones
et al., 2006). We analyzed the upstream sequences up to 2000 bp of
es. (A) TSS predictions in the conserved and non-conserved miRNAs; (B) TSS predictions
ed and non-conserved miRNAs; and (D) TATA-box predictions in intronic and intergenic
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the pre-miRNA sequences. A total of 212 (87.2%) upstream sequences
were obtained. These candidates were used for further analysis. The
other 31 (12.8%) pre-miRNA sequences were unsuitable for promoter
prediction due to the following reasons: (1) some of these miRNA
genes overlap each other; (2) some miRNAs (e.g. Osa-miR395) are
located in the upstream regionwith very short distance; and (3) some
miRNAs cannot be located in the chromosome and hence further
detectionwas impossible. Our analysis reveals that the 212 pri-miRNA
sequences correspond to the 249 predicted promoters. Of the 212
sequences, 54 (25.5%) were found to contain no promoters (Fig. 1).
Within the other 158 (74.5%) promoter-containing sequences, 88
(41.5%) were predicted to have only one promoter, 50 (23.6%) contain
twopromoters, and the rest 20 (9.7%) contain three ormore promoters.
miRNA genes in plants and animals are found in diverse genomic
locations. In animals, they are either encoded in protein-non-coding
regions, or hostedwithin the introns (Altuvia et al., 2005). Inplants, the
majority of miRNA genes are found to occur in the intergenic regions.
To understand the genomic distribution of rice pri-miRNAs in more
detail, we divided these pri-miRNA sequences into two groups:
intergenic/intronic and conserved/non-conserved pri-miRNAs. The
pri-miRNAs from intergenic regions usually contain more promoters
than the intronic pri-miRNAs (Figs. 1A and 2B). But the proportions of
the two groups of pri-miRNAs remain relatively unchanged depending
on the number of promoters they contain. The pri-miRNAs also can be
classified into conserved and non-conserved groups. In this case, the
proportion of the two pri-miRNAs considerably varies (Fig. 1B). The
percentage of conserved pri-miRNAs tends to increase with the
promoters they contain, whereas the proportion of non-conserved
pri-miRNA shows a decrease. These data suggest that rice pri-miRNAs
that contain more than one promoter appear to be conserved.

3.2. Analysis of specific sequences upstream of pre-miRNA

We subsequently analyzed the distribution of the putative
promoter positions within the corresponding pri-miRNA sequences.
We were able to obtain a total of 249 TSS predictions within 2000 bp
upstream of pre-miRNAs for the 212 miRNA genes. A profound peak is
observed near the start positions of the transcripts. The vastmajority of
predicted TSSs are found to lie within 400 bp upstream of pre-miRNAs
(Fig. 2, Fig. S1). For the TSSs contained by the conserved miRNA genes,
the distribution can be separated into three distinct regions (Fig. 2A).
The first peak is found close to the pre-miRNA within the 400 bp
upstream region, containing 41% of total (249) TSS predictions. The
second broad region from −680 bp to −1300 bp contains 19% of TSSs.
Table 1
Features of predicted rice miRNA clusters on the genome

No. Cluster Cluster length Distance bet

1 MIR156b-c 541 bc:218
2 MIR159c-d 7896 cd:7512
3 MIR166h-k 289 hk:45
4 MIR167a-h 3929 ah:3670

5 MIR169h-i 2775 hi:1190
6 MIR169j-k 3427 jk:3148
7 MIR169n-o 3900 no:3552
8 MIR171f-443 6451 171f-443:617
9 MIR172b-806a 4513 172b-806a:4
10 MIR172c-820b 9244 172c-820b:8
11 MIR395a-b-c-d-e-f-g 1002 ab:75; bc:53
12 MIR395h-i-j-k-l 946 hi:64; ij:62;
13 MIR395m-n-o-p-q-r-s 1035 mn:131; no:7
14 MIR395t-u-v-w 1204 wv:216; vu:5
15 MIR396a-c 7629 ac:7336
16 MIR399a-e 1172 ae:907
17 MIR399c-h-k 5420 ch:1889; hk:

18 MIR399d-439h 8955 399d-439h:8
The third region ranges from −1700 bp to −2000 bp, containing 11.3%.
The remaining has 28.7% of the total predictions. Also, it is found that
TSSs are located in the different regions of the upstream non-
conserved miRNA genes. The four small peaks (within 0 bp to
−400 bp, −400 bp to −750 bp, −1200 bp to −1500 bp, and −1500 bp
to −2000 bp) together contain 65 (26.1%) of the total TSS predictions.

It is generally accepted that miRNA genes in organisms can be
classified into two groups, which are transcribed from either
intergenic or intronic regions. The intergenic miRNA genes are located
far away from any annotated genes, implying the independent
transcription from their own transcription regulatory elements. The
intronic miRNA genes lie within introns of protein-coding genes and
in the same orientation as the miRNAs, suggesting that the protein-
coding genes may serve as host genes for co-expressed miRNAs (Lee
et al., 2004). We analyzed the distribution of TSSs derived from the
two categories of miRNA genes. It is shown that there are two
dominant peaks with TSSs from intergenic pri-miRNA sequences
(Fig. 2B). This pattern of TSS distribution is very similar to that from
conserved pre-miRNAs (Fig. 2A). For intronic pri-miRNAs, there is a
single TSS-containing peak. Although the pattern of TSS distribution
differs between the intergenic and intronic pri-miRNAs, TSSs in the
two pri-miRNAs lie predominantly in the region from 0 to −400 bp.
Overall, 30.5% and 8% of total TSSs in these regions belong to the
intergenic and intronic miRNA genes, respectively.

The TATA-box is a well characterized promoter element. In this
study, we have predicted 238 TATA-boxes for 212 upstream pri-
miRNAs. Of the 212 rice miRNA genes, 202 (95.3%) have a TATA-box.
This finding suggests that the majority of rice miRNA genes have the
same promoters as the protein-coding genes and transcribed by RNA
polymerase II. However, there are 10 pri-miRNA sequences including
MIR171a, MIR164a, MIR426, MIR438, MIR439h, MIR439f, MIR445a,
MIR812b, MIR819h and MIR820c, which were predicted to contain no
TATA-boxes. The non-TATA box-containing miRNA genes may fall
into the class termed TATA-less promoters, which can be found in
Arabidopsis (Xie et al., 2005). Such TATA-less promoters tend to be
found in two classes of genes: (1) the first class comprises the
housekeeping genes that are constitutively active in virtually all cells
because they control common biochemical pathways, needed to
sustain cellular life; (2) the second class of genes with TATA-less
promoters are developmentally regulated genes such as the homeotic
genes that control development of the fruit fly or genes that are
active during the development of the immune system in mammals
(Smale, 2001; Weaver, 2001). Analysis of TATA-box distribution in the
regions upstream of the rice pre-miRNAs shows that the locations of
ween miRNAs Locations Number of promoter

Intergenic Single
Intergenic Multiple
Intergenic Single
Intergenic Multiple
h:intronic
Intergenic Multiple
Intergenic Multiple
Intergenic Single

8 Intergenic Multiple
025 Intergenic Single
944 Intergenic Multiple
; cd:51; de:56; ef:57; fg:56 Intergenic Single
jk:62; kl:247 Intergenic Single
3; op:76; pq:76; qr:76; rs:65 Intergenic Single
8; ut:517 Intergenic None

Intergenic Multiple
Intergenic Multiple

3219 Intergenic Multiple
k:intronic

572 Intergenic Multiple



Fig. 3. Chromosomal location of the predicted rice miRNA clusters. The relative locations of individual miRNAs are shown across the 11 rice chromosomes except for chromosome 10,
where no rice miRNA clusters are detected.
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TATA-box are very similar to those of TSSs (Figs. 2C, D). The majority
of TATA-boxes occur within 0 to −400 bp of pri-miRNAs. As a control,
we predicted TSSs and TATA-boxes in randomly selected sequences of
length 2000 bp. The distribution of predictions in random intergenic
sequences is apparently different from that of the surrounding
miRNAs (Fig. S2), suggesting that the distribution of TSSs or TATA-
boxes at the indicated regions is specific.

3.3. Clustering of rice miRNA genes

In human genome, many of known miRNAs are shown to form
clusters. However, very little is known about miRNA clustering in
plants. Some clusters reflect the processing of miRNAs from a single
polycistronic transcript, implying that more than one pre-miRNA may
be processed from the same primary transcript (Altuvia et al., 2005).
Also, this process implies that the co-transcription of functionally
different miRNAs in a cluster may simultaneously target several
categories of genes (Guddeti et al., 2005; Wang et al., 2007). In
contrast, some other miRNA clusters demonstrate the independent
and transcriptional regulation and relative long-distance physical
location (Tanzer and Stadler, 2004). We examined the potential
clustering of miRNAs on the rice genome and analyzed the genomic
organization of all registered miRNA genes within 10 kb. Because rice
miRNA genes lie in the protein-coding regions or in the intergenic
regions, we treated the pri-miRNAs as the two groups (miRNA clusters
from intergenic regions and introns). Our analysis reveals that a total
of 18 clusters were predicted for 52 ricemiRNA genes (Table 1).Within
these miRNA genes, 50 are located in intergenic regions and only 2 are
found in introns. The 18 rice miRNA clusters contain 13 pairs, 1 triplet,
one group of four, one group of five, and two groups of seven, and are
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differentially located onto the 11 chromosomes (Fig. 3). The rice
miRNA clusters are diverse in structure. The length of miRNA clusters
varies from 289 to 9244 bp, with an average of 3907. About 67% of the
clusters are within the length of 946–6451 bp. The varied size of
these miRNA clusters suggests that they may be differentially
transcribed and may offer unique functions for regulating expression
of miRNAs. The diversity of the rice miRNA clusters also can be found
in the aspect of the amount of promoters they contain. For instance,
the clusters of MIR156b-c, MIR166k-h, MIR169n-o, MIR172b-806a,
MIR395a-b-c-d-e-f-g, MIR395h-i-j-k-l, and MIR395m-n-o-p-q-r-s
contain only one promoter, suggesting such clustered miRNAs may
be transcribed under the control of a single promoter; the other
miRNA clusters (MIR159c-d, MIR167a-h, MIR169h-i, MIR169j-k,
MIR171f-443, MIR172c-820d, MIR396a-c, MIR399a-e, MIR399c-h-k
and MIR399d-439h) have multiple promoters. However, no promoter
was predicted for MIR395t-u-v-w. We found that most of the
clustered rice miRNAs are derived from the same family (Table 1).
Only MIR172c-820d, MIR172b-806a, MIR399d-439h, and MIR171f-443
are the clusters that have two different miRNAmembers. This feature is
demonstrated in the rice miR395 cluster (Guddeti et al., 2005). In
human,mostmiRNAclusters containmiRNAs fromthedifferent families
andmay consist of several different groups of non-homologousmiRNAs
(Yu et al., 2006). Additionally, the humanmiRNA clusters are frequently
observed to have super sized clusters. The human hsa-miR-127 (also
known as hsa-miR134), that resides on an imprinted region of human
chr. 14q32, contains more than 50members, and has been found as the
largestmiRNAcluster to date (Volinia et al., 2006).However, such a large
miRNA cluster has not been identified yet in plant kingdom.

In conclusion, we have performed genomic analysis of upstream
specific regulatory sequences (TSS, TATA-box) of rice pre-miRNAs and
detected 249 promoters for 212 rice pre-miRNA sequences. It is found
that the conserved rice miRNA genes have a greater proportion of
promoters than the non-conserved miRNA genes. Further, we globally
analyzed the genomic organization of registered miRNA genes and
found 18 clusters containing 52 miRNA genes in the rice genome.
These findings may help our understanding of the specific sequence/
motif upstream of pre-miRNAs and functional implications of miRNA
clusters in rice plants. Also, they may provide a foundation for further
investigation of the functional role of miRNA promoters and the
regulation of miRNA expression in rice.
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