c Indian Academy of Sciences


RESEARCH ARTICLE

Genomewide analysis of intronic microRNAs in rice and Arabidopsis
G. D. YANG, K. YAN, B. J. WU, Y. H. WANG, Y. X. GAO and C. C. ZHENG∗
State Key Laboratory of Crop Biology, College of Life Sciences, Shandong Agricultural University,
Tai’an, Shandong 271018, People’s Republic of China

Abstract
MicroRNAs (miRNAs) are potent regulators of gene transcription and posttranscriptional processes. The majority of miRNAs
are localized within intronic regions of protein-coding genes (host genes) and have diverse functions in regulating important
cellular processes in animals. To date, few plant intronic miRNAs have been studied functionally. Here we report a comprehensive computational analysis to characterize intronic miRNAs in rice and Arabidopsis. RT-PCR analysis conﬁrmed that the
identiﬁed intronic miRNAs were derived from the real introns of host genes. Interestingly, 13 intronic miRNAs in rice and
two in Arabidopsis were located within seven clusters, of which four polycistronic clusters contain miRNAs derived from
different families, suggesting that these clustered intronic miRNAs might be involved in extremely complex regulation in
rice. Length analysis of miRNA-carrying introns, promoter prediction and qRT-PCR analysis results indicated that intronic
miRNAs are coexpressed with their host genes. Expression pattern analysis demonstrated that host genes had a very broad
expression spectrum in different stages of development, suggesting the intronic miRNAs might play an important role in plant
development. This comparative genomics analysis of intronic miRNAs in rice and Arabidopsis provides new insight into the
functions and regulatory mechanisms of intronic miRNAs in monocots and dicots.
[Yang G. D., Yan K., Wu B. J., Wang Y. H., Gao Y. X. and Zheng C. C. 2012 Genomewide analysis of intronic microRNAs in rice and
Arabidopsis. J. Genet. 91, 313–324]

Introduction
MicroRNAs (miRNAs) are small noncoding RNAs with a
length of approximately 21–25 nucleotides which can regulate the expression of certain target genes, either by messenger RNA (mRNA) degradation or by translation repression
(Lagos-Quintana et al. 2001). Studies conducted over the
past decade have ﬁrmly established the important role of
small RNAs in the control of gene expression and epigenetic modiﬁcation of the genome (Chapman and Carrington
2007; Ghildiyal and Zamore 2009). There is evidence that
the primary transcripts of miRNA genes contain a 5 cap and
3 ploy(A) tail that are characteristic of an RNA polymerase
II (pol II) transcript. Sequence analysis of miRNA genes in
Arabidopsis has identiﬁed core promoter elements, including
TATA box transcription initiator (INR) elements that are typically found in pol II genes (Xie et al. 2005; Zhou et al. 2007).
In animals, miRNAs originating from the primary transcripts
(pri-miRNAs) are processed by RNAase-III-like enzyme
(Drosha) to form hairpin precursors before nuclear export.
Sequentially, in the cytoplasm, precursor miRNAs (pre∗ For correspondence. E-mail: cczheng@sdau.edu.cn.

miRNAs) are further cleaved by a second RNAase-III-like
enzyme (Dicer) and miRNA/miRNA∗ duplexes are released
(Lee et al. 2003; Lund et al. 2004). In contrast, most plant
miRNAs are processed by Dicer-like 1 (DCL1), converting
pri-miRNAs to pre-miRNAs, then to the miRNA/miRNA∗
duplexes in the nucleus (Kurihara and Watanabe 2004; Zhu
et al. 2008; Axtell et al. 2011).
According to genomic organization, miRNA genes can be
deﬁned as intergenic miRNA genes and intragenic miRNA
genes. Intergenic miRNAs have independent transcription
units (TUs), including promoter, transcript sequence and terminator units, and they do not overlap with other genes.
However, intragenic miRNAs are located within other TUs
(host genes), within either intronic or exonic regions (LagosQuintana et al. 2003; Olena and Patton 2010). In the special case of mirtrons, the intron of host gene is the exact
sequence of the premiRNA with splice sites on either side. In
this case, Drosha processing is unnecessary in mirtron maturation (Okamura et al. 2007). In animals, since the majority of miRNAs are located in noncoding TUs, it was initially
thought that miRNAs are encoded mostly in intergenic
regions (Kim 2005). However, improved technology and
more reﬁned mapping capabilities have allowed researchers
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to determine that the number of miRNAs located within
other TUs is roughly 50% of all miRNAs, especially in
the introns of protein-coding genes (Rodriguez et al. 2004;
Grifﬁths-Jones et al. 2008).
The expression of intronic miRNA genes largely coincides with the transcription of the host protein-coding genes,
indicating that these miRNAs and the mRNAs of their
hosting genes might be coregulated and derived from a
common precursor transcript (Baskerville and Bartel 2005).
In animals, it is generally believed that intronic miRNAs
are released by Drosha from excised introns after the splicing reaction has occurred. Recently, it has been reported that
intronic miRNAs can be processed from unexcised intron
regions before excision and splicing catalysis (Kim and Kim
2007). These miRNAs that are expressed in coordination
with their hosting genes could introduce the possibility of
feedback loops, both negative and positive. For example,
miR-208, a cardiac-speciﬁc miRNA, is encoded in intron
27 of human and mouse alphaMHC gene and regulates a
transcription factor that can act as a negative regulator of
betaMHC gene in response to stress in the heart (van Rooij
et al. 2007). These studies highlight the complex levels of
regulation that are possible with miRNAs, especially those
encoded in introns of protein-coding genes.
More and more miRNAs have been found to be encoded
within the introns of protein-coding genes and have diverse
functions in regulating important cellular processes in animals (Barik 2008; Najaﬁ-Shoushtari et al. 2010; Rayner et al.
2010). In plants, although intronic miRNAs and a few putative mirtrons have been mentioned recently (Brown et al.
2008; Zhu et al. 2008; Chen et al. 2011; Meng and Shao
2012), no detailed information concerning intronic miRNAs
is available. In the present study, we carried out a
genomewide analysis with a particular focus on the characterization of intronic miRNAs in rice and Arabidopsis.
Intronic miRNA gene cluster, promoter elements, functions
and regulatory mechanisms were investigated genomewide.
qRT-PCR analysis results indicated that intronic miRNA
genes are coexpressed with their host genes. Expression pattern analysis revealed that host genes in both rice and Arabidopsis had a very broad expression spectrum in different stages of development, suggesting intronic miRNAs may
play roles in regulating plant growth and development. Our
results provide a framework for future studies concerning the
complex regulation of intronic miRNAs in plants.

Materials and methods
Identiﬁcation of intronic miRNAs in rice and Arabidopsis

The rice annotated sequences were downloaded from Rice
Genome Annotation Project (RGAP, release 6.1; http://rice.
plantbiology.msu.edu/) (Ouyang et al. 2007), and all transposable element (TE) related genes and gene models were
denoted according to all.TE_related using Perl object. The
Arabidopsis annotated sequences were downloaded from
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TAIR (TAIR9 Genome release; http://www.arabidopsis.
org/). Based on TAIR9_locus_type, annotated pseudogenes,
and transposable-element-related and RNA-coding genes
were registered in genomic data sets. Hairpin sequences of
miRNAs were downloaded from miRBase (release 18;
http://www.mirbase.org/) (Kozomara and Grifﬁths-Jones
2011), Plant microRNA database (PMRD) (Zhang et al.
2010), and other published literature. 291 and 581 precursors were gleaned from miRBase for rice and Arabidopsis,
respectively. The numbers of precursors that we immediately retrieved from the PMRD were 1204 and 2104 for Arabidopsis and rice respectively. Seventy-ﬁve miRNA stem–
loop sequences for rice came from one literature (Wei et al.
2011). To identify the genomic organization of miRNA
genes, we searched for miRNA hairpin sequences in the rice
and Arabidopsis annotated sequences (the intron sequences,
gene sequences (including UTRs and introns) and intergenic
sequences), using the appropriate Perl object and running
stand-alone versions of Blastn from NCBI (http://blast.ncbi.
nlm.nih.gov/). We only retained the BLAST results that
were perfectly matched to genome sequence and annotated
sequences.

Gene structure analysis

Using the genomic sequences and coding region sequences
(CDS) of host genes, the gene structure were detected by
gene structure display server (GSDS, http://gsds.cbi.pku.
edu.cn/), in which the intronic miRNA genes were labelled
based on the location in host gene from BLAST result.
The gene sequences (including UTRs and introns) and CDS
were retrieved from The Arabidopsis Information Resource
(TAIR) (TAIR9 genome release) and Rice Genome Annotation Project (RGAP) (release 6.1) for Arabidopsis and rice,
respectively.

RT-PCR analysis

Seeds of rice (Oryza sativa ssp. japonica cv. Nipponbare)
were soaked in water for 48 h in darkness. Then, they
were germinated on vermiculite soaked in half-strength
Hoagland’s solution. After a week, the seedlings were
transferred to hydroponic tanks containing half-strength
Hoagland’s solution. Seedlings were grown for another two
weeks in a growth chamber (27◦ C, 16 h light 8 h dark), and
then were harvested and used for PCR analysis.
The A. thaliana genotype used in this study was Columbia
(Col-0) wildtype. Surface-sterilized seeds were sown on
full-strength Murashige and Skoog (MS) medium supplemented with 3% sucrose and stratiﬁed at 4◦ C for two days
in the dark prior to germination. Seedlings were grown
on soil under 16 h / 8 h dark conditions at 22◦ C. Threeweek-old seedlings were collected and used for PCR analysis. Total RNA was isolated with RNeasy Plant Mini kit
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(Qiagen, Germany) according to the manufacturer’s instructions. RT-PCR was performed as described earlier (Shan
et al. 2007). The primers were designed within the host
gene exons beside the miRNA harbouring introns. Details
of primers are listed in table 1a in electronic supplementary
material at http://www.ias.ac.in/jgenet/.

Promoter analysis of intronic miRNAs

To investigate the promoter of intronic miRNAs, we extract
the upstream sequences of pre-miRNA hairpin sequences
within intron regions in rice and Arabidopsis. In table 6 in
electronic supplementary material, the upstream sequences
are described in detail. The upstream sequences were analysed by two popular promoter prediction tools for plant
genes: TSSP (http://linux1.softberry.com/) and Promoter
Scan (http://www-bimas.cit.nih.gov/molbio/proscan/) with
the default parameters.

QRT-PCR analysis of intronic miRNA and host genes

Small RNA for mature miRNA qRT-PCR was isolated with
miRcute miRNA Isolation kit (Transgen, Beijing, China).
Poly(A) modiﬁcation and ﬁrst-strand cDNA synthesis were
performed with miRcute miRNA ﬁrst-strand cDNA synthesis kit (Trangen). Mature miRNA qRT-PCR analysis was performed with 0.5 μg small RNA and miRcute miRNA qPCR
detection kit (Transgen). The experiments were carried out
at least thrice under identical conditions using U6 RNA as
an internal control. The procedures were similar for host
gene qRT-PCR analysis. Total RNA was extracted using Trizol reagent from different tissues of Arabidopsis, and ACTIN
gene was used as an internal control. Primers for amplifying genes were designed according to the sequences downloaded from the TAIR database. Details of primers are listed
in table 1b in electronic supplementary material.

In silico expression analysis of intronic miRNAs and host genes

We used Genevestigator (https://www.genevestigator.com/
gv/index.jsp) (Barrett et al. 2011), expressed sequence tags
(EST) (http://www.ncbi.nlm.nih.gov/unigene/) and massively parallel signature sequencing (MPSS) data (http://
mpss.udel.edu/) to detect expression of intronic miRNA
genes and their host genes. The locus names of host genes
and intronic miRNAs were used to query the MPSS database
containing the signature information. EST data of host genes
came from NCBI UniGene (http://www.ncbi.nlm.nih.gov/
unigene) for Arabidopsis and RGAP (http://rice.plantbiology.
msu.edu/) for rice. Microarray data from Genevestigator
were used to determine the expression patterns of host genes
in different developmental stages.

Results
Identiﬁcation of intronic miRNAs in rice and Arabidopsis

To identify intronic miRNA genomewide, we gleaned 2760
and 1495 miRNA precursors from miRBase (Kozomara and
Grifﬁths-Jones 2011), PMRD (Zhang et al. 2010) and a
recent reference (Wei et al. 2011) for rice and Arabidopsis,
respectively. For each miRNA, we identiﬁed the putative
host gene by querying the intronic sequence, gene sequence
and intergenic sequence databases using the appropriate Perl
object and running a BLAST analysis. All BLAST results
for rice are shown in table 2 in electronic supplementary
material, and those for Arabidopsis are shown in table 3 in
electronic supplementary material. In addition, to verify the
reliability of the BLAST results, we retrieved all chromosomal coordinates for rice and Arabidopsis miRNAs from
miRBase as a reference. Our BLAST results and the references showed remarkable consistency. Overall, 2669 rice and
1229 Arabidopsis miRNA precursors fully matched genome
annotated sequences.
In rice, the BLAST results revealed that 401 miRNAs
(15% of total matched miRNAs) were fully located within
the intronic regions (ﬁgure 1a), of which 214 were the
sense strand of intronic regions of protein-coding gene, 40
were located in the sense strand of introns of transposableelement-related genes, and 147 were found to reside in
the antisense strand of intronic regions of protein-coding
or transposable-element-related genes. Only 278 miRNAs
(10.4% of the total) were found to reside within exons of
hosting TUs, of which 67.9% were in the antisense strand of
exon regions. In addition, a total of 1925 miRNAs (72.1%
of the total) could be matched to intergenic regions, and
65 miRNAs to both intergenic and intragenic regions, and
denoted as mixed miRNAs. These mixed miRNAs may be
the result of duplication of miRNA genes (ﬁgure 1a).
In Arabidopsis, 71 intronic miRNAs (5.8% of total
miRNAs) were identiﬁed (ﬁgure 1b), of which 44 were fully
located in the sense strand of intronic regions of proteincoding genes and 12 were fully located in the sense strand
of noncoding-RNA genes; 15 miRNAs were found to reside

(a)
Intronic
401 (15%)

Mixed
65 (2.4%)

(b)

Mixed
Intronic 107 (8.7%)
71 (5.8%)
Intergenic
472 (38.4%)

Exonic
278 (10.4%)
Intergenic
1925 (72.1%)

Exonic
579 (47.1%)

Figure 1. Genomic location of microRNAs relative to their host
genes in (a) rice and (b) Arabidopsis. The miRNAs and their host
genes are described in a greater detail in tables 2 and 3 in electronic
supplementary material. Because of no perfect match to any annotated genome sequences in rice, some miRNAs were not listed on
the map.

Journal of Genetics, Vol. 91, No. 3, December 2012

315

G. D. Yang et al.
in the antisense strand of intronic regions of protein-coding (a) LOC_Os01g12240
LOC_Os02g14020
LOC_Os02g57410
or transposable-element-related genes. In contrast, 579
LOC_Os02g28830
*
miRNAs (47.1% of the total) overlap with exonic regions of
LOC_Os10g10160
LOC_Os10g30410
the hosting TUs. Of these, 414 reside in the antisense strand
LOC_Os11g16540
LOC_Os04g54400
of exon regions, and most of the exonic miRNAs (378 out of
LOC_Os07g47040
LOC_Os03g16080
579) are within transposable-element-related genes. In addiLOC_Os03g47360
LOC_Os07g25660
tion, 472 intergenic miRNAs (38.4% of the total) and 107
LOC_Os10g04900
LOC_Os08g31940
mixed miRNAs (8.7% of the total) were identiﬁed. OverLOC_Os05g25770
all, the BLAST results demonstrate that the vast majority of
LOC_Os02g58790
LOC_Os02g55110
miRNA genes reside within intergenic regions in both rice
LOC_Os03g19340
LOC_Os03g64190
and Arabidopsis; the opposite is true in animals (Rodriguez
LOC_Os05g48970
LOC_Os10g35060
et al. 2004; Kim and Kim 2007; Grifﬁths-Jones et al. 2008).
LOC_Os08g10240
Because most of the intronic miRNAs were located in
* LOC_Os04g32710
LOC_Os08g15204
LOC_Os08g04190
the sense strand of intronic regions of protein-coding genes
LOC_Os01g36640
(214 out of 401 in rice, and 44 out of 71 in Arabidopsis),
LOC_Os04g36810
LOC_Os05g34940
we further analysed and characterized this kind of intronic
LOC_Os11g18366
LOC_Os11g05850
miRNAs. For one unique position of host gene, only one
LOC_Os01g46070
LOC_Os10g30860
miRNA was retained. In total, 181 rice and 37 Arabidop* LOC_Os10g08930
sis intronic miRNAs and their corresponding host protein* LOC_Os11g05562
* LOC_Os12g09290
LOC_Os02g25580
coding genes are shown in detail in tables 4 and 5 in
LOC_Os03g53190
electronic supplementary material for rice and ArabidopLOC_Os06g36160
LOC_Os06g22850
sis respectively, and their gene structures are displayed in
LOC_Os07g22640
LOC_Os10g10244
ﬁgure 2 here and in ﬁgure 1 in electronic supplementary
LOC_Os11g24484
LOC_Os11g23880
material.
LOC_Os02g18660
Conﬁrmation of intronic origin of intronic miRNAs

LOC_Os01g73460
LOC_Os12g28520
LOC_Os01g46970
LOC_Os03g47760
LOC_Os12g41430
LOC_Os09g14410
LOC_Os03g13560
LOC_Os11g28300
LOC_Os11g30790
LOC_Os05g46460
LOC_Os01g47540
LOC_Os08g25624
LOC_Os08g42850
LOC_Os06g29650
LOC_Os04g48040
LOC_Os08g41460
LOC_Os02g31960
LOC_Os03g23950
5

osa-MIR437

osa-MIR1423

osa-MIR1876 osa-MIR1862d
osa-MIR1862e
osa-MIR1863b

osa-MIR159f
osa-MIR399i
osa-MIR418
osa-MIR5147
osa-MIR439b
osa-MIR439j
osa-MIR440
osa-MIR442
osa-MIR445a
osa-MIR808
osa-MIR809a
osa-MIR809d
osa-MIR811b
osa-MIR812j
osa-MIR815b
osa-MIR818c
osa-MIR819c
osa-MIR819d
osa-MIR819e
osa-MIR819g
osa-MIR819k
osa-MIR827
osa-MIR1868
osa-MIR1427
osa-MIR1429
osa-MIR1847
osa-MIR1849
osa-MIR1852
osa-MIR1856
osa-MIR1857
osa-MIR1862a
osa-MIR1862c
osa-MIR1884b
osa-MIR2872
osa-MIR1863c
osa-MIR1864
osa-MIR1867
osa-MIR1870
osa-MIR1871
osa-MIR1873
osa-MIR1879
osa-MIR1880
osa-MIR1883a
osa-MIR1884a
osa-MIR2099
osa-MIR2103
osa-MIR2862
osa-MIR2863a
osa-MIR2864
osa-MIR2865
osa-MIR2866
osa-MIR2867
osa-MIR2868
osa-MIR2869
osa-MIR2870
osa-MIR2874
osa-MIR2875
osa-MIR2876
osa-MIR2877
osa-MIR2878
osa-MIR2879
osa-MIR2905

To verify that regions where the intronic miRNAs mapped
are really introns, reverse transcriptional PCR (RT-PCR) was
performed with primers designed from the exon sequences
surrounding the miRNA-harbouring introns, using cDNA
as template and genomic DNA as positive control. In rice,
the RT-PCR results indicated that all 10 intronic miRNAs
tested were indeed derived from the excised intron regions
of host genes (ﬁgure 3). In Arabidopsis, 14 out of 16
3
0kb
5kb
10kb
15kb
20kb
25kb
miRNA-carrying introns were positive. AT5G62850 (carrying ath-MIR420) and AT1G01040 (carrying ath-MIR838)
AT5G10946
ath-MIR156d
AT5G08185
ath-MIR162a
were not detected in our RT-PCR conditions. This may be (b)
AT1G32583
ath-MIR400
due to their low abundance or developmental features; or
AT1G77230
ath-MIR402
AT5G62850
ath-MIR420
inducible features of expression of their host genes. Further
AT2G41620
ath-MIR778
AT1G18880
ath-MIR837
microarray analysis (using Genevestigator) demonstrated
AT1G01040
ath-MIR838
AT2G23348
ath-MIR844
that AT5G62850 was not detected in any stage of developAT5G13890
ath-MIR848
ment except stamen tissue, and AT1G01040 was present at a
AT4G14500
ath-MIR852
AT3G23325
ath-MIR853
very low level in all stages of development and was mainly
AT2G25170
ath-MIR862
AT2G37160
ath-MIR1886
identiﬁed in seed tissue (ﬁgure 3 here; ﬁgure 2 in electronic
AT5G21100
ath-MIR1888
supplementary material). Moreover, deep sequencing analAT1G01650
ath-MIR2112
3
5 0kb
ysis of miRNAs from MPSS, indicated that the identiﬁed
2.5kb
5kb
7.5kb
10kb
real introns could be processed to form mature miRNAs (see
Legend:
ﬁgures 3 and 4 in electronic supplementary material). The
Exon
Intronic miRNA
intron
UTR
RT-PCR results and the deep sequencing analysis together
strongly suggest that most of the identiﬁed intronic miRNAs Figure 2. Schematic structure of host protein-coding genes carrying intronic miRNAs in (a) rice and (b) Arabidopsis. The host gene
in rice and Arabidopsis were reliably truly intronic.
structures in terms of intron number and intronic miRNA location
Intronic miRNA clusters

MiRNA clusters frequently contain representatives from
different miRNA families, meaning that the miRNAs of a
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were detected based on the genomic sequence and coding region
sequence of host genes, and displayed by gene structure display
server. The schematic structures of other host genes are shown in
ﬁgure 1 in electronic supplementary material. *Intronic miRNAs
residing within the same cluster in rice.
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Figure 3. RT-PCR analysis of host genes carrying intronic miRNAs in Arabidopsis and rice. Three-week-old seedlings
of Arabidopsis and rice were collected for isolation of total RNA. The primers were designed beside the miRNA
harbouring introns to examine the identiﬁed miRNAs were derived from the real spliced intron of host genes. All
introns were conﬁrmed, except the introns carrying ath-MIR420 and ath-MIR838. The numbers 1, 2 and 3 indicate ‘no
template’, and cDNA and genomic DNA as template respectively. Detailed information about the primers, the length of
cDNA and genomic DNA for each gene are shown in table 1a in electronic supplementary material.

cluster can target multiple different messenger RNAs, which
is a popular feature of intronic miRNAs in animals (GrifﬁthsJones et al. 2008; Thatcher et al. 2008). Gene structure
analysis revealed that 13 out of 181 intronic miRNAs in
rice resided within six clusters (ﬁgure 2 here; ﬁgure 1 in
electronic supplementary material). osa-MIR437 and osaMIR5147 reside within the sixth intron of LOC_Os02g28830.1;
osa-MIRf10971-akr and osa-MIRf10974-akr come from
the third intron of LOC_Os06g34420.1; Osa-MIR1423
and osa-MIR1868 were located in the third intron of
LOC_Os04g32710.1; osa-MIR1862d, osa-MIR1876, and
osa-MIR1884b reside within the second intron of LOC_
Os10g08930.1; osa-MIR1862e and osa-MIR2872 were
located in the third intron of LOC_Os11g05562.1; and
osa-MIR1863b and osa-MIR1863c were located in the ﬁrst
intron of LOC_Os12g09290.1 (ﬁgure 2). In Arabidopsis,
one cluster was found, which contains ath-MIRf10368-akr in
the ﬁrst intron and ath-MIRf10367-akr in the second intron
of AT1G56100.1 (ﬁgure 1b in electronic supplementary

material). These results indicate that most clusters contain polycistronic transcription units derived from different
miRNA families, which suggests that these intronic miRNAs
are involved in extremely complex regulation of genetic
networks and pathways in plants.

Length distribution and promoter analysis of intronic regions
carrying miRNAs

In animals, it is believed that intronic miRNA genes are only
cotranscribed with their host protein-coding genes. However, it is also possible that intronic miRNAs can have their
own independent regulatory unit, especially if they resided
in a large intronic segment. Previous studies have shown
that more than 54% of introns carrying miRNAs in human
are longer than 5 kb, and 18% of them are longer than
50 kb (Li et al. 2007). On investigation of the length of
introns in rice and Arabidopsis (ﬁgure 4) reveals that rice and
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The average length of introns (bp)

2500

Table 2. Upstream length distribution of introns carrying intronic
miRNAs in rice and Arabidopsis.

2187
2000

Upstream length (bp)
>3 k
2 k-3 k
1 k-2 k
<1 k
Total

1500

Intron
Intron with miRNA

1000

625
500

164
Rice

Arabidopsis

Figure 4. Average length of introns in rice and Arabidopsis. To
investigate all introns of protein-coding genes, annotated pseudogenes, transposable-element-related and RNA-coding genes were
discarded from sequence database in rice and Arabidopsis. The
ﬁnal data sets comprise 40,577 and 27,169 protein-coding genes
and their corresponding introns in rice (RGAP, release 6.1) and
Arabidopsis (TAIR9 Genome release), respectively.

Arabidopsis introns are smaller. The average lengths of
introns are 422 bp and 164 bp, and the average lengths of
miRNA-carrying introns are 2178 bp and 625 bp in rice
and Arabidopsis, respectively. Examination of the length distribution of introns carrying miRNAs in rice indicated that
only 8.1% of the introns carrying miRNAs were longer than
5 kb, including the longest intron with 12,626 base pairs,
whereas 83% of them were shorter than 3 kb (table 1). Further, length analysis of miRNA hairpin upstream sequences
within the intronic region revealed that most of the upstream
sequences in rice (71.4%) were shorter than 1 kb (table 2). In
Arabidopsis, 79.2% of introns carrying miRNAs were
shorter than 1 kb. Only intron 2 (3298 bp) of AT1G65960.2
carrying ath-MIR5014 was longer than 3 kb (table 1). Most
upstream sequences of intronic miRNA hairpin in Arabidopsis were shorter than 1 kb (91.7%) (table 2). Our results indicate that introns carrying miRNAs are much shorter in plants
than in animals.
To further investigate the mechanism of transcriptional
of intronic miRNA genes in rice and Arabidopsis, we also
analysed the upstream sequences of intronic miRNA hairpin
within the intronic regions using Promoter Scan and TSSP,
which are two popular promoter prediction tools used for

Table 1. Length distribution of introns carrying intronic miRNAs
in rice and Arabidopsis.
Intron length (bp)

318

11
14
49
185
259

4.2%
5.4%
18.9%
71.4%
100%

Arabidopsis
0
0
4
44
48

0
0
8.3%
91.7%
100%

422

0

>5 k
3 k-5 k
1 k-3 k
<1 k
Total

Rice

Rice
21
23
132
83
259

8.1%
8.9%
51.0%
32.0%
100%

Arabidopsis
0
1
9
38
48

0
2.1%
18.8%
79.2%
100%

plants. As shown in tables 4, 5 and 6 in electronic supplementary material, only in 7.7% (14 out of 181 miRNAs) of
rice intronic miRNAs were prompters detected within intron
regions by both TSSP and Promoter Scan; in Arabidopsis
only one promoter sequence (ath-MIRf10368-akr) was predicted by both approaches. To identify more promoters, up
to 3 kb upstream sequences of intronic miRNAs within host
gene regions were reextracted for analysis. These results
also showed that few promoters were predicted by both programmes (25 and 5 in rice and Arabidopsis, respectively;
table 6 c&d in electronic supplementary material). Together,
short introns and few predicted promoter sequences indicate
that most intronic miRNAs in rice and Arabidopsis have no
independent transcription units within the intronic regions,
and imply they are coexpressed with their host genes.
Expression of intronic miRNA and host genes

To investigate coexpression of intronic miRNA and host
genes, we employed quantitative real-time RT-PCR (qRTPCR) to examine expression of seven intronic miRNA and
host genes in two-week-old seedling and bolting stages in
Arabidopsis. All these genes were expressed in seedling and
bolting stage in Arabidopsis, and qRT-PCR results showed
similar expression pattern of ﬁve intronic miRNAs and
their host genes (ﬁgure 5). Expression of miRNA/host gene
pair ath-miR5650 and AT2G48140 was higher in seedling
than in bolting stage, while expression of ath-miR402 and
AT1G77230, ath-miR420 and AT5G62850, ath-miR853
and AT3G23325, and ath-miRf11194-akr and AT5G41340
was lower in seedling than in bolting stage. These results
strongly indicated that intronic miRNA is cotranscribed with
host gene as a single unit in Arabidopsis. For ath-miR1888
and ath-miR838, the expression pattern of miRNA does not
show similarity with their host gene. miRNA ath-miR1888
is expressed at a similar level in seedling and bolting stages,
while its host gene AT5G21100 is highly expressed in seedling
than in bolting stage; ath-miR838 is highly expressed in seedling than in bolting stage, whereas, its host gene AT1G01040
does not show obvious difference in the two developmental stages. This may suggest a complex regulation after
cotranscription of host gene and intronic miRNA.
By using MPSS database of rice and Arabidopsis
(Meyers et al. 2007; Barrett et al. 2011), expression proﬁles for 48 rice miRNA, and 19 Arabidopsis miRNAs
were obtained, as shown in ﬁgures 3 and 4 in electronic
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Figure 5. Relative gene expression levels of intronic miRNA and host genes using qRT-PCR. The expression
was investigated in two-week-old seedling and bolting stage (four-week-old) in Arabidopsis. Small RNA and
total RNA were isolated with Trizol reagent and miRcute miRNA Isolation kit (Transgen) for mature miRNA
qRT-PCR and host gene qRT-PCR analysis, respectively. The experiments were carried out at least thrice
under identical conditions using U6 RNA and ACTIN gene as internal control for miRNA and host genes,
respectively. Details of primers are listed in table 1b in electronic supplementary material.
Journal of Genetics, Vol. 91, No. 3, December 2012

319

G. D. Yang et al.

(a)

0%

100%

Percent of Expression Potential

(b)
(c)
Genevestigator

EST

MPSS

Combined

Rice

152/174

166/174

156/174

174/174

Arabidopsis

21/36

32/36

32/36

36/36

Figure 6. Expression patterns for host genes in different development stages in (a) rice and (b) Arabidopsis. The expression proﬁles for
rice and Arabidopsis host genes carrying intronic miRNAs were combined from microarry (derived from Genevestigator), MPSS and EST
abundance data (c). Detailed information is shown in table 7 in electronic supplementary material. The numbers in (c) indicate identiﬁed host
genes out of total host genes. The results show that all host genes expression proﬁles were identiﬁed in combined data of Genevestigator,
MPSS, and EST. The heat maps from Genevestigator were used to determine the expression pattern of host genes in different development
stages. A positive signal is indicated by a red box for different development stage. The darker red box means stronger expression and
the white box indicates that no expression could be detected. The developmental stages include germination, seedling, tillering stage,
stem elongation, booting stage, heading stage, ﬂowering stage, milk stage, dough stage in rice; and germination, seedling, young rosette,
developed rosette, bolting, young ﬂower, developed ﬂower, ﬂowers and siliques, mature siliques in Arabidopsis (from left to right).
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supplementary material. The results revealed that a number of intronic miRNAs are transcribed at high level (the
number of expressed unique signature reads >10), including
osa-MIR159f, osa-MIR437, osa-MIR445a, osa-MIR808,
osa-MIR809a, osa-MIR809d, osa-MIR819c, osa-MIR819d,
osa-MIR819e, osa-MIR819g, osa-MIR819k, osa-MIR1856,
osa-MIR1884b, osa-MIR1867, osa-MIR1871, osa-MIR1873,
osa-MIR2099, ath-MIR156d, ath-MIR162a, ath-MIR400,
ath-MIR402, ath-MIR838, ath-MIR853, ath-MIR1886 and
ath-MIR2112. Moreover, the expression levels of most
intronic miRNAs are consistent with those of their host
genes, such as osa-MIR437, osa-MIR808, ath-MIR162a and
ath-MIR853 (see ﬁgures 3 and 4 in electronic supplementary
material), supporting that intronic miRNAs do co-express
with their host genes as disscused above.

In Arabidopsis, for 36 distinct host genes, expression
signatures of 21 host genes were detected using Genevestigator, 32 using ESTs, and 32 of using MPSS data
(ﬁgure 6c). Expression data analysis revealed that all
host genes exhibited a very steady expression spectrum
in most developmental stages, from seed germination to
mature siliques stage, except AT1G77230, AT2G19390
and AT2G37160. AT1G01040 (carrying ath-MIR838) was
mainly detected in ﬂowers and siliques tissue with low
expression level, and AT2G48140 was mainly expressed in
young seedling stage and mature siliques. Unfortunately, 15
host genes were not retrieved in the microarray database, but
transcript evidence for these host genes was seen in the EST
or MPSS database. For example, AT1G05780, which was not
retrieved in Genevestigator, was identiﬁed with 39 expressed
sequences in UniGene database.

Discussion

Expression pattern of host genes in developmental stages

The expression pattern of protein-coding genes in different
stages of development can easily be detected using abundant public microarray data. MIR host-protein-coding genes
were examined in different stages of development using
Genevestigator, EST data and MPSS.
In rice, because some miRNA genes as a cluster reside
within the same host gene, 181 intronic miRNAs were
located in 174 distinct host genes. Expression proﬁles for
152, 166, and 156 host genes were extracted from Genevestigator, EST and MPSS databases, respectively (ﬁgure 6
here; table 7 in electronic supplementary material). After
integrating the three data sets, we found that all of the
host genes had a very broad expression spectrum. According to the expression proﬁles in different developmental
stages derived from Genevestigator, the host genes were
classiﬁed into three groups. The largest group contained
60 host genes which were expressed steadily in all stages
of development, and the second group comprised 32 genes
whose expressions were detected in the majority, but not
all, stages of development. Interestingly, the third group
included 20 genes with very speciﬁc expressions. LOC_
Os03g11400, LOC_Os06g45380 and LOC_Os09g12970 are
mainly expressed in germination stage; LOC_Os09g20040
is expressed in tillering stage; LOC_Os10g30410, LOC_
Os08g10150, LOC_Os02g49130, LOC_Os10g10160, LOC_
Os01g02780 and LOC_Os05g03972 are only detected in stem
elongation stage; LOC_Os04g19370, LOC_Os06g34420,
LOC_Os03g47760 and LOC_Os05g34940 are expressed
in ﬂowering stage; LOC_Os07g19190, LOC_Os10g04900
and LOC_Os12g31790 are expressed in milk stage; LOC_
Os06g07941 is expressed in seedling and stem elongation
stages; LOC_Os03g01240 is expressed in booting and heading stages; LOC_Os11g31430 is expressed in ﬂowering and
milk stages. In addition, the expression of 40 host genes was
not detected in any developmental stage; this may be due to
very low abundance of the RNAs, or inducible features of
these host genes.

Although intronic miRNAs in plants have been referred to
several earlier studies (Rajagopalan et al. 2006; Brown et al.
2008; Zhu et al. 2008; Chen et al. 2011), their detailed
and overall characterization is still lacking. In the present
study, we have provided more detailed information about
intronic miRNAs in rice and Arabidopsis. We have shown
that 13 intronic miRNA genes in rice are located in six clusters, of which four polycistronic clusters contain miRNAs
derived from different families (ﬁgure 2). Length analysis
of miRNA-carrying introns, promoter prediction and qRTPCR analysis results indicated that intronic miRNA genes are
coexpressed with their host genes (tables 1&2; ﬁgure 5 here;
table 6 in electronic supplementary material). The broad
expression spectrum of host genes in developmental stages
suggested that intronic miRNAs might play important roles
in plant growth and development (ﬁgure 6). These detailed
analyses about intronic miRNAs will serve as a useful guide
for future research.
Our analysis also revealed that the number of intronic
miRNAs is about 5.6 times higher in rice than in Arabidopsis (401 versus 71) (ﬁgure 1). Considering the differences
in genome sizes (389 Mb versus 125 Mb) and number of
encoded miRNAs (2669 versus 1229) between rice and Arabidopsis, the proportion of intronic miRNAs is still higher in
rice than in Arabidopsis (15% versus 5.8%), which indicates
that more intronic miRNAs are distributed in the genome
of rice. Such a difference was also reﬂected in the analysis of intronic miRNAs in other monocots such as Brachypodium distachyon, Sorghum bicolor and Zea mays, and
dicots such as Glycine max, Populus trichocarpa and Vitis
vinifera (table 3).
It has been speculated that the current wealth of miRNA
genes results mainly from genomic episodes dominated by
large duplication events, in addition to local expansions
(Bentwich et al. 2005; Hertel et al. 2006; Shomron et al.
2009). These events occur frequently in both intergenic and
intronic regions (Rodriguez et al. 2004; Weber 2005; Kim
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Table 3. Genomic location of miRNAs relative to their host genes in plant species.

Monocots
Dicots

Species

Intergenic

Exonic

Intronic1

Percentage of
intragenic miRNAs2

Brachypodium distachyon
Sorghum bicolor
Zea mays
Arabidopsis lyrata
Glycine max
Populus trichocarpa
Ricinus communis
Vitis vinifera

107
147
128
168
311
178
60
133

8
1
28
7
15
19
3
10

23
23
0
24
24
6
0
16

22.46%
14.04%
17.95%
15.58%
11.14%
12.32%
4.76%
16.35%

All the miRNA hairpin sequences were retrieved in miRBase (release 18), and annotated genome
sequences were retrieved in Phytozome 6.0 (http://www.phytozome.net/).
1 No or only a few intronic miRNAs were identiﬁed in some plants, which may be because few published miRNAs and poorly annotated genomic sequence.
2 The average percentage of intragenic miRNAs (including miRNAs which match to sense or antisense
strand of exonic and intronic regions) is 18.15% in monocots, whereas it is 12.03% in dicots.

and Kim 2007; Shomron et al. 2009). Maher et al. (2006)
also reported that evolution of Arabidopsis miRNA genes
happened as a process of genomewide duplication, tandem
duplication and segmental duplication followed by dispersal and diversiﬁcation; duplicated copies acquire new function by change in spatial and temporal expression patterns
(Maher et al. 2006). Moreover, rice and Arabidopsis were
both thought to have experienced independent genomewide
duplication events (Lynch and Conery 2000; Yu et al. 2005).
The process of genome evolution by duplication appears
to have been quite different in the two species. Approximately 30% of the rice genome is composed of repetitive elements, whereas only about 10% of the Arabidopsis genome
is estimated to be made up of repetitive sequences (Itoh
et al. 2007). Further, the introns and UTRs of rice may have
accepted more transposon inserts than those of Arabidopsis
(Itoh et al. 2007). The difference in intron length between
rice and Arabidopsis also supports this ﬁnding (ﬁgure 4). The
average length of all the introns of protein-coding genes in
rice is larger than that in Arabidopsis (422 bp versus 164 bp),
especially miRNA-carrying introns (2187 bp versus 625 bp).
In summary, the different genome duplication mechanisms in
the two species perhaps may cause the higher percentage of
intronic miRNAs in rice compared to Arabidopsis.
Coexpression of intronic miRNA genes with their host
genes is more common, and is better studied in animals
(Baskerville and Bartel 2005; Wang et al. 2009a). In the
present study, the transcriptional proﬁle of intronic miRNAs
was analysed in rice and Arabidopsis. Length distribution
analysis of introns carrying miRNAs showed that most
introns are short (tables 1 and 2), and promoter prediction
revealed that few promoters reside within intron or exon
regions of host genes (table 6 in electronic supplementary
material), which indicate that there is no independent transcription unit for most intronic miRNAs. Moreover, from
qRT-PCR analysis and deep-sequencing results, we see
that the expression pattern and expression level of intronic
322

miRNAs are consistent with the expression of their host
genes (ﬁgure 5). Together, the results provide powerful evidence that intronic miRNA genes coexpressed with their host
genes in plants.
Previous reports about known plant intronic miRNAs indicate that they have important functions in regulating cellular
processes. ath-miR162a and ath-miR838 are found to participate in the regulation of DCL1 gene. ath-miR162a, which
resides within intron 2 of At5g08185, targets the middle of
DCL1 messenger RNA for degradation (Xie et al. 2003). athmiR838, located within the 14th intron of DCL1 gene, suggests a homeostatic autoregulation for DCL1 expression by
processing ath-miR838 from the pre-mRNA and thus disrupting the mRNA (Rajagopalan et al. 2006). ath-miR853 is
located in intron 3 of At3g23325, which encodes the protein
of splicing factor SF3b (Brown et al. 2008). Studies have also
reported that the low-phosphate-induced miR399 and the
seedling-speciﬁc miR156 function as regulators during abiotic stress response in rice and as a developmental pathway
in Arabidopsis, respectively (Bari et al. 2006; Wang et al.
2009b). As members of the osa-MIR399 and ath-MIR156
families, perhaps the intronic miRNAs osa-MIR399i and
ath-MIR156d are also involved in regulation of plant stress
response and development, respectively.
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