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Plant microRNAs (miRNAs) play important roles in biological processes such as development
and stress responses. Although the diverse functions ofmiRNAs inmodel organisms have been
well studied, their function in wild rice is poorly understood. In this study, high-throughput
small RNA sequencing was performed to characterize tissue-specific transcriptomes in Oryza
longistaminata. A total of 603miRNAs, 380 known ricemiRNAs, 72 conserved plantmiRNAs, and
151 predicted novel miRNAs were identified as being expressed in aerial shoots and rhizomes.
Additionally, 99 and 79miRNAswere expressed exclusively or differentially, respectively, in the
two tissues, and 144 potential targets were predicted for the differentially expressedmiRNAs in
the rhizomes. Functional annotation of these targets suggested that transcription factors,
including squamosapromoter bindingproteinsand auxin response factors, function in rhizome
growth and development. The expression levels of several miRNAs and target genes in the
rhizomes were quantified by RT-PCR, and the results indicated the existence of complex
regulatorymechanisms between themiRNAs and their targets. Eight target cleavage siteswere
verified by RNA ligase-mediated rapid 5′ end amplification. These results provide valuable
information on the composition, expression and function of miRNAs in O. longistaminata, and
will aid in understanding the molecular mechanisms of rhizome development.
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1. Introduction
Rice is a staple food for more than half of the world's
population, and rice cultivation is the largest single
food-producing use of land, covering 9% of the Earth's arable
land [1]. Growing annual rice on steep hillsides causes soil
erosion, reducing farm productivity and damaging resources
downhill. Breeding perennial rice varieties with rhizomes is
an effective way to solve this problem. Annual soil distur-
bances associated with tillage would be avoided through the
use of a perennial cultivar, and rhizomes would trap soil,
preventing erosion. Among the two cultivated and 22 wild rice
species studied, Oryza longistaminata is a wild, perennial
species from Africa that is characterized by the presence of
rhizomatous stems [2,3]. Rhizomes enable O. longistaminata to
overwinter, producing new plants in the following growing
season. O. longistaminata is the only perennial rice species
with the AA genome, allowing it to be used as a donor in
breeding programs for perennial upland rice [4,5]. However,
partial-sterility barriers have impeded the development of
perennial rice by conventional breeding [6].

Genetic studies show that the rhizomatous trait in rice is
quantitatively controlled by many genes. In our previous study,
an F2 and two backcross populations from O. longistaminata and
RD23 were used for genetic mapping of the rhizomatous trait.
The results revealed two dominant complementary genes that
controlled rhizome expression: Rhz2 and Rhz3, which mapped to
rice chromosomes 3 and 4, respectively [7]. A comparative gene
expression analysis between aerial shoots (ASs) and rhizomes
was performed to identify organ-specific gene expression, and
the results indicated that 2566 genes, including transcription
factors, were differentially expressed in ASs and rhizomes. A few
of these geneswere found colocalized in the rhizome-relatedQTL
intervals [8]. Further profiling revealed that primary metabolites
and hormones had distinct organ distribution patterns. Metabo-
lites accumulated in stem bases and a higher indole-3-acetic
acid-to-zeatin riboside ratio is probably associated with the
regulatory metabolism of rhizome formation [9]. These data
suggest that rhizome development in O. longistaminata is
controlled by a complex molecular genetic network.

Recently, microRNAs (miRNAs) have emerged as regulators
of many key biological functions in plants including the
processes of organogenesis and morphogenesis. In Arabidopsis,
genetic deficiencies associated with miRNAs can cause the
plant to growabnormally. For example, amutation in the triplet
of miR164 can cause a severe disruption of shoot development
[10]. miR824 plays an important role in stomatal complex
formation in Arabidopsis [11,12]. In tomato, the miR393 target
gene LA influences compound leaf development via a miRNA
binding sitemutation [13]. SeveralmiRNAshave been identified
in rice, including those associated with root growth [14], grain
development [15,16], seed development [17], leaf morphogene-
sis and growth [18,19], and plant architecture [20]. Whether
miRNAs are involved in the molecular regulation of rhizome
development in O. longistaminata is still unknown.

In this study, high-throughput RNA sequencing was per-
formed to profile miRNA expression in the ASs and rhizomes of
O. longistaminata. The comprehensive miRNA expression data,
with their tissue-specific expression patterns, provide further
information on the functional genomics of O. longistaminata
as well as molecular evidence for elucidating the regulatory
mechanisms of rhizome development.
2. Materials and methods

2.1. Plant materials and growth conditions

The wild rice O. longistaminata, with long and strong rhizomes,
was used in this study. It was originally collected in Niger and
cultured in the greenhouse at the Institute of Crop Science,
Chinese Academy of Agricultural Sciences (Beijing, China;
latitude 39.9°N, longitude 116.3°E). Two tissues: ASs, including
stem tips, the topmost internodes and the youngest leaf, and
rhizomes, including rhizome tips and internodes, were
collected at the active tillering stage and flash frozen in liquid
nitrogen.

2.2. Small RNA library construction and sequencing

Total RNA was extracted from sampled AS or rhizome tissues
of the three biological replicates using the TRIzol reagent
(Invitrogen, USA). The quality and concentration of the RNA
were evaluated by spectrophotometer and gel electrophoresis.
Small-RNAsequencingwasperformedbyCapitalBioCorporation,
Beijing, China. Two small RNA libraries for the ASs and rhizomes
were constructed using TruSeq Small RNA Sample Prep Kit
(Illumina) according to the manufacturer's protocol. Briefly, 4 μg
of total RNA was ligated to the 3′-adapter and the 5′-adapter.
Single-stranded cDNA was synthesized by reverse transcription
(RT). Then 140 to 160 bp fragments were selected by gel puri-
fication to produce small RNA libraries for cluster generation and
sequencing. The primary data analysis and base calling were
performed using the Illumina instrument's software.

2.3. Sequencing data analysis of the small RNAs

Individual sequence reads with base quality scores were
produced by Illumina. Adaptor and low-quality sequences were
removed, and all identical sequences were counted and elimi-
nated from the initial data set. The unique readsweremapped to
the rice genomeof the Rice GenomeAnnotation Project (RGAP) at
Michigan State University (MSU) [21] using the program Bowtie
[22]. Sequences thatmatched rice rRNA, scRNA, snoRNA, snRNA,
or tRNA sequences in the National Center for Biotechnology
Information (NCBI) (http://www.ncbi.nlm.nih.gov/) and Rfam
RNA family databases were filtered out [23,24]. In addition,
sequences shorter than 17 nt or longer than 35 nt and those
overlapping exonsand introns in themRNAs,were also removed.
Sequences that perfectlymatchedmiRNAprecursors andmature
miRNAs in theSangermiRBase (http://www.mirbase.org/, release
20 June 2013) of rice were identified as known miRNAs. The
sequences that matched miRBase entries of other plant species,
but not rice, were designated as conserved miRNAs. To
identify potentially novel miRNAs, the software Mireap
(http://sourceforge.net/projects/mireap/) was used to predict
precursor sequences and their secondary structures.

To obtain potential gene targets for the identified
miRNAs, the online tools psRNA target (http://plantgrn.noble.

http://www.ncbi.nlm.nih.gov/
http://www.mirbase.org/
http://sourceforge.net/projects/mireap/
http://plantgrn.noble.org/psRNATarget/
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org/psRNATarget/) [25] and WMD3 (http://wmd3.weigelworld.
org/cgibin/webapp.cgi) [26] were used to query rice cDNAs of
RGAP at MSU2 (http://rice.plantbiology.msu.edu/) that had
scores of less than 3.

A web tool, IDEG6 [27], was employed to identify differen-
tially expressed miRNAs in ASs and rhizomes. The expression
of miRNAs in the two tissues was normalized to transcripts
per million (TPM), and then miRNAs with P values lower than
0.001 and fold changes of greater than 2.0 or lower than 0.5
were identified as significantly differently expressed between
the two tissues.

2.4. Expression confirmation of miRNA by quantitative RT-PCR

Total RNA was isolated from ASs and rhizomes of
O. longistaminata using TRIzol reagent. DNA contamination
was removed by incubating with RNase-free DNase I (NEB, USA)
for 45 min at 37 °C. Approximately 2 μg of total RNAwas reverse-
transcribed in a 20 μL reaction volume using themiRcutemiRNA
cDNA Synthesis Kit (TIANGEN, China). The tailing reactions were
incubated for 60 min at 37 °C, followedby theRT reaction at 37 °C
for 60 min. cDNA templates for miRNA targets were synthesized
using Oligo dT primers and the Fermentas RevertAid First Strand
cDNA Synthesis Kit (Fermentas, USA) according to the
manufacturer's instructions. U6 snRNA was chosen as the
internal control for miRNA expression and actin as the internal
control for miRNA target gene expression. The expression levels
of themiRNAsand the corresponding target geneswere validated
through the ABI Step One Plus Real-Time PCR System (Applied
Biosystems, USA) using the SYBR Premix Ex Taq kit (Takara,
Japan). The miRNA cDNAs were diluted 4 times, and 2 μL of
diluted productwasmixedwith 10 μL of 2*SYBR reactionmix and
0.2 μL (200 nmol L−1 final concentration) of each of the miRNA-
specific forward and universal reverse primers in a 20 μL PCR
amplification mixture. The cDNAs for the target genes were
diluted 20 times. Two-step PCR reactions were performed with
the following cycling parameters: 30 s at 95 °C, followed by
35 cycles of 10 s at 95 °C and 31 s at 57 °C. The results were
represented as the mean ± SD of the three replicates. A melting
curve analysis was carried out for each PCR product to identify
Table 1 – Distribution of small RNAs among different categories

Class Aerial shoot

No. of unique % Total sequences

Total unique reads 4,866,476 100.0 17,547,018
Total perfect matches 1,515,611 31.1 10,439,250
Known microRNAs 11,265 0.7 1,448,198
Predicted microRNAs 33,536 2.2 200,543
Other noncoding RNAs 26,804 1.8 1,274,655
rRNA 18,784 1.2 1,126,191
tRNA 2309 0.2 56,581
snoRNA 1808 0.1 32,978
Other Nc-RNA 3903 0.3 58,905

Transcript-related 416,858 27.5 2,963,649
Non-TE transcripts 294,739 19.4 2,610,200
TE transcripts 122,119 8.1 353,449

Repeat-related 126,412 8.3 1,051,751
Unknown TE 40,489 2.7 775,678

Unknown 900,736 59.4 3,500,454
nonspecific amplification [28,29]. All primers for real-timeRT-PCR
are listed in Tables S1 and S2.

2.5. Target gene validation by RNA ligase-mediated 5′
amplification of cDNA ends (RLM-RACE)

To determine the miRNA cleavage sites in the target genes,
RLM-RACE was performed using the SMARTer RACE cDNA
Amplification Kit (Clontech, PT4096-2). First, total RNA was
extracted from the two tissues and ligated with SMARTer II A
oligonucleotide, and then the RNA was reverse transcribed
using 10 × Universal Primer A Mix (UPM). PCR was then
performed twice, using the UPM/gene-specific primer in the
first reaction and the UPM/nested gene-specific primer in the
second, according to the manufacturer's instructions. The
product was then gel-extracted and cloned into the PMD20-T
Vector (Takara, Dalian, China) for sequencing. The primers for
RLM-RACE are shown in Table S3.
3. Results

3.1. High-throughput sequencing of small RNAs in
O. longistaminata

To investigate the small RNA expression profiles of
O. longistaminata, two cDNA libraries of small RNAs, one from
ASs and one from rhizomes, were sequenced. In total, 20,358,337
raw reads from ASs and 21,313,971 from rhizomes were
produced. After elimination of low quality reads, adaptors and
contaminating sequences, 17,547,018 and 18,655,858 clean reads
with lengths of 17 to 30 nt remained from the ASs and rhizomes,
respectively. Of these reads, 4,866,476 and 6,517,161, respectively,
were unique (Table 1). The overall size distributions of the
sequenced reads from the two libraries were very similar, with
the 24 nt class being the most abundant (Fig. 1).

The unique sequences were mapped to the rice genome
assembly using Bowtie [22]. As shown in Table 1, almost every
category of RNAs, including miRNAs, siRNAs, rRNAs, snoRNAs,
snRNAs, tRNAs, repeat-associated sRNAs, anddegradedmRNAs,
in aerial shoots and rhizomes of Oryza longistaminata.

Rhizome

% No. of unique % Total sequences %

100.0 6,517,161 100.0 18,655,858 100.0
59.5 2,054,092 31.5 9,802,091 52.5
13.9 12,997 0.6 1,063,958 10.9
1.9 40,126 2.0 250,365 2.6

12.2 22,735 1.1 1,047,353 10.7
10.8 16,191 0.8 955,744 9.8
0.5 1370 0.1 23,220 0.2
0.3 1764 0.1 29,404 0.3
0.6 3410 0.2 38,985 0.4

28.4 457,358 22.3 2,763,703 28.2
25.0 292,922 14.3 2,253,714 23.0
3.4 164,436 8.0 509,989 5.2

10.1 164,580 8.0 1,019,802 10.4
7.4 48,144 2.3 598,752 6.1

33.5 1,356,296 66.0 3,656,910 37.3

http://plantgrn.noble.org/psRNATarget/
http://wmd3.weigelworld.org/cgibin/webapp.cgi
http://wmd3.weigelworld.org/cgibin/webapp.cgi
http://rice.plantbiology.msu.edu/
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Fig. 1 – Length distribution of small RNAs from aerial shoots and rhizomes of Oryza longistaminata. Vertical axis represents the
frequency of small RNA in different size. Horizontal axis shows small RNA in different size.
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were detected in both tissues. Finally, 11,265 and 33,536 reads for
ASs, and 12,997 and 40,126 reads for rhizomes were identified
as known and predicted miRNA candidates, respectively, for
analysis.

3.2. Analysis of differentially expressed known, conserved and
novel miRNAs in ASs and rhizomes

All small RNA sequences were searched against the plant
miRNA database to identify known, conserved and novel
miRNAs in ASs and rhizomes, as described in Materials and
methods. To reduce false-positive rates, only sequences with
at least two detected reads were designated as miRNA
candidates. Of the 713 known rice miRNAs deposited in the
miRBase database (Release 20, June 2013), 380 known rice
miRNAs were identified as being expressed in ASs and
rhizomes, including 340 miRNAs found in both tissues
(Table 2). Among them, 21 and 19 known miRNAs were
expressed exclusively in ASs and in rhizomes, respectively
(Fig. 2, Tables 2, S4). The most highly tissue-specific miRNAs
included osa-miRNA319a-3p and osa-miRNA529a in the
rhizomes and osa-miRNA530-5p and osa-miRNA5073 in the
ASs, indicating their roles in rhizome and AS growth.

In the conserved and novel miRNAs 72 conserved miRNAs
were expressed, including 53 miRNAs common to ASs and
rhizomes. Seven and 12 miRNAs were expressed specifically
in ASs and rhizomes, respectively (Table S5). A total of 151
Table 2 – Expression profiling of known, conserved, and n
longistaminata.

miRNAs Subtotal AS Rhizome

Conserved 72 60 65
Known 380 361 359
Novel 151 132 142
Total 603 553 566

a Up- and downregulated indicate miRNA expression with greater than tw
with aerial shoots.
novel miRNAs were identified in both tissues, including nine
and 19 miRNAs expressed exclusively in ASs and rhizomes,
respectively (Table S6). These results indicated that some
miRNAs were expressed in a tissue-specific manner, implying
their roles in specific tissue development.

The expression patterns of the identified miRNAs in the
ASs and rhizomes were comparatively analyzed to identify
differentially expressed miRNAs. Overall, 178 miRNAs were
differentially expressed with a greater than twofold change
and a P-value lower than 0.001 in ASs and rhizomes (Table 2).
These included 47 and 70 known miRNAs whose expression
levels were up- or downregulated, respectively, in rhizomes
compared with ASs (Tables 2, S4). Interestingly, several miRNA
family members, including 10 members of osa-miR156, four of
osa-miR164, three of osa-miR393, 16 of miR395, and seven
of osa-miR444, were found simultaneously downregulated in
rhizomes relative to ASs. Additionally, three members of osa-
miR169, seven of osa-miR1861, three of osa-miR2118, three of
osa-miR5148, five of osa-miR819, and three of miR812 were
upregulated in rhizomes compared with ASs (Table 3).

The expressions of eightmiRNAsdetected to be expressed in
the AS and rhizome were confirmed by qRT-PCR. Results
showed that four miRNAs: osa-miR156a, osa-miR159a.1, osa-
miR393, and osa-miR444b.2, were identified as highly enriched
in ASs compared with rhizomes. This result was consistent
with the sequencing results that indicated lower expression
levels in rhizomes by 0.44, 0.49, 0.22, and 0.39 fold changes,
ovel miRNAs in aerial shoots and rhizomes of Oryza

Common Up-regulated a Down-regulated a

53 9 2
340 47 70
123 43 7
516 99 79

ofold change with a P-value lower than 0.001 in rhizomes compared
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Fig. 2 – Known, conserved, and novel microRNAs in aerial shoots and rhizomes of Oryza longistaminata represented in a Venn
diagram. The two ellipses represent aerial shoots (AS) and rhizomes. Each ellipse consists of three parts, from top to bottom:
conserved, known and novel microRNAs. Overlapping areas represent microRNAs common to both tissues.
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respectively, compared with ASs. The other miRNAs, including
osa-miR160d and novel-17b*, were also confirmed to be
differentially expressed in the ASs and rhizomes by qRT-PCR
(Fig. S1).

3.3. Target prediction and identification of miRNAs exclusively
or differentially expressed in rhizomes

To better understand the biological roles of miRNAs in the
ASs and rhizomes of O. longistaminata, the putative target
genes for the detected miRNAs were identified as described in
the Materials and Methods. In total, 2996 potential target
genes for 290 miRNAs were identified, with an average of
10.33 targets per miRNA. Table S7 shows the 144 predicted
targets of the miRNAs expressed exclusively or differentially
in rhizomes compared with ASs, including 17 known rice
miRNAs or miRNA families, seven newly identified novel
miRNAs, and two conserved miRNAs. A total of 62 of the 144
target genes were transcription factors, including 19 MADS-
boxes, 17 SBPs, 10 nuclear transcription factors, four ARFs,
two TCPs, and two ERFs. Other target genes included those
involved in signal transduction, metabolism, stress response,
and programmed cell death. Gene Ontology analysis of these
144 targets indicated that these genes were highly involved
in transcription regulation, metabolic processes, cellular
processes, and reproduction (Fig. S2).

An RLM-RACE experiment was performed to verify that the
miRNAs could induce the cleavage of the corresponding target(s).
Sequence analysis of the 5′ RACE cleaved products showed that a
predicted target gene of miRNA156a was squamosa promoter-
binding-like protein 10 (SPL10), and the cleavage sitemediated by
osa-miR156a was detected in the transcript of SPL10 (LOC_
Os02g07780.1). The relationships of miRNAs and their targets
were also verified for osa-miR156a and two genes encoding
teosinte glume architecture 1 (TGA1) (Fig. S3). The MADS-box
transcription 23 gene for osa-miR444b.2, a TCP TF gene (LOC_
Os07g05720.1) for osa-miR319b, an expressed protein gene
(LOC_Os09g36650.1) for osa-miR159a.1, a gene encoding a puta-
tive protein (LOC_Os04g07260.1) for osa-miR319a-5p, and a gene
encoding biopterin transport-related BT1 (LOC_Os03g58080.1) for
osa-miR5148a were also confirmed, as shown in Fig. S2. It was
noted that cleavagemight occur upstream or downstream of the
binding site instead of the commonly observed position. For
example, the binding site of LOC_Os08g33488.1 (target of osa-
miR444b.2) occurred between 311 and 331 bp; however, the
cleavage site occurred at about 360 bp, downstream of the
binding site, which is consistent with previous reports [30,31].

Quantitative RT-PCR was performed to determine the
expression relationship betweenmiRNAsand their correspond-
ing targets, as shown in Fig. S4 and Table S4. In contrast to the
lower expression of osa-miR156a in the rhizome, the expression
levels of its targets, two TGA1s, were highly enriched in the
rhizome compared with the AS. However, the expression of
another target in the two tissues, SPL10, was similar to those of
osa-miR156a. The transcripts of osa-miR319b and its target
gene TCP were simultaneously identified as highly enriched in
rhizome comparedwithAS (Figs. S2, S4). These results indicated
that miRNAs could be negatively or positively involved in the
regulation of their targets at the post-transcriptional level.
4. Discussion

The development of high-throughput gene expression anal-
yses, including deep sequencing techniques, has enabled
the rapid profiling and investigation of the transcriptome. In
O. longistaminata, genome-wide gene expression profiling has
previously been performed using the Affymetrix rice micro-
array to identify tissue-specific genes, in particular genes
related to rhizome development [8]. In this study, the
comparative analysis of two small RNA libraries, one from
ASs and one from rhizomes, indicated that some miRNAs
were differentially expressed in the two tissues, and target
gene predictions for these differentially expressed miRNAs
suggested their roles in AS and rhizome development.

MiRNAs play an important role in plant growth and develop-
ment. To date, there are 592 miRNA sequences representing 713
maturemiRNAs in the ricemiRBase (http://www.mirbase.org/cgi-

http://www.mirbase.org/cgi-bin/mirna_summary


Table 3 – Highly enriched known and conserved miRNAs in rhizomes compared with aerial shoots of Oryza longistaminata.

MicroRNA Database (adding ± 2 bp variant) TPM Rhizome vs AS

Sequence (5′–3′) Length AS Rhizome P-value Ratio

osa-miR1433 TGGCAAGTCTCCTCGGCTACC 21 0.57 2.65 0.00 4.62
osa-miR1436 ACATTATGGGACGGAGGGAGT 21 1.82 6.53 0.00 3.59
osa-miR159f CTTGGATTGAAGGGAGCTCTA 21 138.52 286.67 0.00 2.07
osa-miR164c TGGAGAAGCAGGGTACGTGCA 21 0.57 1.84 0.01 3.20
osa-miR169a CAGCCAAGGATGACTTGCCGA 21 0.57 4.90 0.00 8.52
osa-miR169b CAGCCAAGGATGACTTGCCGG 21 1.05 3.98 0.00 3.78
osa-miR169c CAGCCAAGGATGACTTGCCGG 21 4.31 9.69 0.00 2.25
osa-miR171h GTGAGCCGAACCAATATCACT 21 1.63 3.77 0.00 2.32
osa-miR1850.1 TGGAAAGTTGGGAGATTGGGG 21 3.83 19.18 0.00 5.01
osa-miR1859 TTTCCTATGACGTCCATTCCAA 22 3.54 31.01 0.00 8.75
osa-miR1861b CGATCTTGAGGCAGGAACTGAG 22 22.32 56.21 0.00 2.52
osa-miR1861e CGGTCTTGTGGCAAGAACTGAG 22 3.64 9.49 0.00 2.61
osa-miR1861f CGATCTTGAGGCAGGAACTGAG 22 22.32 56.21 0.00 2.52
osa-miR1861i CGATCTTGAGGCAGGAACTGAG 22 22.32 56.21 0.00 2.52
osa-miR1861k CGGTCTTGTGGCAAGAACTGAG 22 3.64 9.49 0.00 2.61
osa-miR1861l CGATCTTGAGGCAGGAACTGAG 22 22.32 56.21 0.00 2.52
osa-miR1861m CGGTCTTGTGGCAAGAACTGAG 22 3.64 9.49 0.00 2.61
osa-miR1878 ACTTAATCTGGACACTATAAAAGA 24 222.24 636.80 0.00 2.87
osa-miR1883a ACCTGTGACGGGCCGAGAATGGAA 24 0.57 1.94 0.01 3.37
osa-miR1884a TGTGACGCCGTTGACTTTTCAT 22 0.67 2.75 0.00 4.11
osa-miR2118d TTCCTGATGCCTCCCATGCCTA 22 3.35 8.67 0.00 2.59
osa-miR2118e TTCCCAATGCCTCCCATGCCTA 22 0.77 2.65 0.00 3.46
osa-miR2118r TTCCCAATGCCTCCCATGCCTA 22 0.77 2.65 0.00 3.46
osa-miR2121a AAAACGGAGCGGTCCATTAGCGCG 24 0.38 2.14 0.00 5.59
osa-miR2121b AAAACGGAGCGGTCCATTAGCGCG 24 0.38 2.14 0.00 5.59
osa-miR2123a TAAAAAGTCAACGGTGTCAAAC 22 232.39 466.02 0.00 2.01
osa-miR2123c TAAAAAGTCAACGGTGTCAAAC 22 232.39 466.02 0.00 2.01
osa-miR319a-3p ACTGGATGACGCGGGAGCTAA 21 0.00 29.99 0.00 –
osa-miR319b TTGGACTGAAGGGTGCTCCC 20 135.45 5514.23 0.00 40.71
osa-miR5145 ACCTGTTTGGATTCTTGAGGGCTA 24 2.78 12.55 0.00 4.52
osa-miR5148a TGAGGGGTAGAAATGTCATATCAT 24 0.00 0.82 0.00 –
osa-miR5148b TGAGGGGTAGAAATGTCATATCAT 24 0.00 0.82 0.00 –
osa-miR5148c TGAGGGGTAGAAATGTCATATCAT 24 0.00 0.82 0.00 –
osa-miR5151 TAATGATGTGGGTACGAATGAA 22 0.29 1.33 0.01 4.62
osa-miR5153 TGGATTCCACTGACACGTAGACGT 24 0.00 0.71 0.01 –
osa-miR5159 AACTAGAGTGGGTCAACGGGTACC 24 8.62 23.77 0.00 2.76
osa-miR5160 CGAGATCGATGGTATATTTCTG 22 2.39 4.79 0.00 2.00
osa-miR529a CTGTACCCTCTCTCTTCTTC 20 0.00 1.63 0.00 –
osa-miR5337 AAATTACTTGTCGTTCTAGCT 21 0.29 1.43 0.01 4.97
osa-miR811a ACCGTTAGATCGAGAAATGGACGT 24 5.36 14.18 0.00 2.64
osa-miR811b ACCGTTAGATCGAGAAATGGACGT 24 5.36 14.18 0.00 2.64
osa-miR812n-5p AAGTGCAGCCATGAGTTTCCGTGC 24 0.67 2.24 0.00 3.35
osa-miR819a-3p TATGAATGTGGGCAATGCTAGAAA 24 22.51 47.23 0.00 2.10
osa-miR819c-3p TATGAATGTGGGCAATGCTAGAAA 24 17.43 42.75 0.00 2.45
osa-miR819d-3p TATGAATGTGGGCAATGCTAGAAA 24 22.51 47.23 0.00 2.10
osa-miR819e-3p TATGAATGTGGGCAATGCTAGAAA 24 22.51 47.23 0.00 2.10
osa-miR819j-3p TATGAATGTGGGCAATGCTAGAAA 24 22.51 47.23 0.00 2.10
miR-2120b* CAACCGGGACTAAAGATTGATCTT 24 0.48 2.96 0.00 6.18
miR-442*-2 TAGATTCGTCTCGCAGTTTATAGG 24 0.57 6.12 0.00 10.65
miR-5205* AGTACTCCCTCCATCCCAAAATAT 24 0.77 4.59 0.00 5.99
miR-1436b* ACTCCCTCCGTCCCATAAAAAACT 24 0.86 3.67 0.00 4.26
miR-812f TGTTCAACGTTTGACCGT 18 0.86 2.35 0.01 2.72
miR-812c CATGTTCAACGTTTGACCGT 20 1.05 7.24 0.00 6.87
miR-812 g* GTCCAACTTTGACCGTCCGTCTT 23 1.82 4.08 0.00 2.24
miR-2275 AGGATTAGAGGGAACTGAACC 21 4.41 17.65 0.00 4.01
miR-811a ACCGTTGGATCGAGAAATGGACGT 24 5.17 14.49 0.00 2.80
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bin/mirna_summary. pl?org = osa). However, the miRNA tran-
scriptome of wild rice, including O. longistaminata, is poorly
characterized [32]. In the present study, 380 known ricemiRNAs
were identified in ASs and rhizomes, indicating that the
majority of the identified rice miRNAs could be expressed in
O. longistaminata. In addition, 72 conserved miRNAs and 151

http://www.mirbase.org/cgi-bin/mirna_summary
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putative novel miRNAs were found to be expressed in the ASs
and rhizomes of O. longistaminata, providing a rich resource for
the further elucidation of small RNA functions in rice.

Many miRNAs display temporal or tissue-specific expres-
sion patterns [33]. Some miRNAs were expressed exclusively
in ASs and rhizomes of O. longistaminata, indicating their
possible regulatory roles in tissue development. We identified
19 miRNAs, including osa-miR319a-3p and osa-miR529a,
which were highly and exclusively expressed in the rhizome,
and four predicted target genes for osa-miR319a-3p were
characterized as encoding the Alg9-like mannosyltransferase
protein, dihydrodipicolinate reductase, LSD ONE LIKE 3 (LOL3),
and a retrotransposon protein (Table S4). LOL3 is a zinc finger
that may be involved in programmed cell death and defense
responses [34].While the targets for osa-miR529awere predicted
to encode a carboxyl-terminal proteinase, a phytosulfokine
receptor, a conserved hypothetical protein, and a transposon
protein (Table S4), their detailed functions in rhizome develop-
ment need further investigation.

Comparative analysis of miRNAs differentially expressed
between ASs and rhizomes could promote understanding of
miRNA functions in rhizome growth regulation and develop-
ment. In this study, 117 known rice miRNAs, including several
important miRNA families, were found to be differentially
expressed in rhizomes relative to ASs. Ten members of the
osa-miR156 family, whose target genes are TGA1, SBP TFs, and
SPL TFs, which were previously reported to be related to growth
and development in plants [35–37], had significantly lower
expression levels in rhizomes than in ASs. Seven members of
the osa-miR444 family, whose predicted target genes included
several MADS-box TFs and SNF2 TF, which were found to be
involved in cellular processes, also had lower expression levels
in rhizomes [38,39]. In contrast, osa-miR319b, whose target
genes are two TCP TFs, which have been reported to control the
morphology of shoot lateral organs [40], was highly enriched in
the rhizome. These results revealed that the identified differen-
tially expressed miRNAs, correlated with their respective target
genes, could function in the regulation of rhizome formation.

miRNAs bind to target sequences in mRNAs, typically
resulting in repressed gene expression, and targets can also
reciprocally control the level and function ofmiRNAs [41]. In the
present study, expression antagonismwas observed for several
miRNAs and their corresponding target genes, including
osa-miR156a and two TGA1s. However, a correlative antagonis-
tic expression pattern could not be detected for osa-miR319b
and its target TCP gene, indicating their co-expression in
specific tissues, a finding consistent with previous reports
[42,43]. These results imply the existence of other mechanisms,
such as feedback regulation between miRNAs and their targets
[15,44,45], in addition to the reciprocal regulatory mechanism.

In conclusion, a genomewide miRNA expression analysis
from ASs and rhizomes of O. longistaminata was performed
using high-throughput small RNA sequencing. A set of
miRNAs was determined to be exclusively or differentially
expressed in the two tissues. The results of target gene
predictions suggest that the differentially expressed miRNAs
are involved in the regulatory control of tissue development,
especially rhizome formation, in a complex way.

Supplementarymaterial related to this article can be found
http://dx.doi.org/10.1016/j.cj.2014.03.005.
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