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Abstract

MicroRNAs (miRNAs) are small noncoding RNAs that direct posttranscriptional gene silencing in eukaryotes. They are frequently

clustered in the genomes of animals and can be independently transcribed or simultaneously transcribed into single polycistronic

transcripts. Only a few miRNA clusters have been described in plants, and most of them are generated from independent transcrip-

tional units. Here, we used a combination of bioinformatic tools and experimental analyses to discover new polycistronic miRNAs in

rice. A genome-wide analysis of clustering patterns of MIRNA loci in the rice genome was carried out using a criterion of 3 kb as the

maximal distance between two miRNAs. This analysis revealed 28 loci with the ability to form the typical hairpin structure of miRNA

precursors in which 2 or more mature miRNAs mapped along the same structure. RT-PCR provided evidence for the polycistronic

nature of seven miRNA precursors containing homologous or nonhomologous miRNA species. Polycistronic miRNAs and candidate

polycistronic miRNAs are located across different rice chromosomes, except chromosome 12, and resided in both duplicated and

nonduplicated chromosomal regions. Finally, most polycistronic and candidate polycistronic miRNAs showed a pattern of conser-

vation in the genome of rice species with an AA genome. The diversity in the organization of MIR genes that are transcribed as

polycistrons suggests a versatile mechanism for the control of gene expression in different biological processes and supports addi-

tional levels of complexity in miRNA functioning in plants.
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Introduction

Rice is one of the world’s most important food crops and a

main food source for more than half of the world’s popula-

tion. The genus Oryza comprises 2 cultivated and 22 wild

species representing different genome types, both diploid

and tetraploid (AA, BB, CC, EE, FF, GG, BBCC, CCDD, KKLL,

and HHJJ) genomes. The AA genome includes two cultivated

species, Oryza sativa (Asian rice) and Oryza glaberrima (African

rice), and their closest relatives and ancestors. The Oryza rufi-

pogon (perennial) and Oryza nivara (annual) species have been

proposed to be the direct ancestors of O. sativa (Sweeney and

McCouch 2007; Dogara and Jumare 2014). Oryza glaberrima

was independently domesticated from the wild progenitor

Oryza barthii after the domestication of Asian rice (Wang

et al. 2014). Furthermore, the cultivated rice varieties belong-

ing to the O. sativa group include japonica and indica subspe-

cies. Oryza sativa japonica was first domesticated around the

middle region of the Pearl River in Southern China and that

O. sativa indica rice was subsequently developed from crosses

between japonica rice and local wild rice as the initial cultivars

spread into southern Asia (Huang et al. 2012). In addition to its

long history of natural selection and domestication, rice rep-

resents the model plant for research in monocotyledoneous

species. The genome sequence is available for cultivated rice

varieties (indica and japonica) and wild rice species.

MicroRNAs (miRNAs) are small noncoding RNAs that have

emerged as important players in posttranscriptional gene si-

lencing (Jones-Rhoades et al. 2006). They have critical roles

during plant development and adaptation to environmental

stress (Aukerman and Sakai 2003; Palatnik et al. 2003; Mallory

et al. 2004; Chiou et al. 2006; Navarro et al. 2006; Sunkar

et al. 2007). Genes encoding miRNAs (MIR genes) are tran-

scribed as long primary transcripts (pri-miRNAs) with unique

stem-loop structures that are sequentially processed by the
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RNase III DICER-like (DCL) enzyme, typically DCL1, which re-

sults in a miRNA-5p/miRNA-3p duplex (also named miRNA/

miRNA*) (Kurihara and Watanabe 2004; Arikit et al. 2013).

The duplex is then exported to the cytoplasm, where the

active miRNA sequence is loaded into the RNA-induced silenc-

ing complex and directs cleavage or translational repression of

the target mRNA (Llave et al. 2002; Brodersen et al. 2008).

The prevalent model to explain the origin of plant miRNAs

is that they arise from inverted duplication of their target

genes, which generates a proto-MIR gene (Allen et al. 2004;

Fahlgren et al. 2007; Axtell and Bowman 2008).

Accumulation of mutations would shape the proto-MIR into

a young MIR gene and, eventually, an ancient MIR gene. In

addition, the spontaneous evolution from random sequences

with hairpin-like structures or derivation from transposable

elements has been proposed to explain the origin of plant

miRNAs (Felippes et al. 2008; Piriyapongsa and Jordan

2008). Evidence for frequent birth and death of Arabidopsis

MIRNA genes exists (Fahlgren et al. 2007; Nozawa et al. 2012)

which proposed that the number and diversity of miRNAs has

changed in a lineage-specific manner after the divergence of

dicotyledonous and monocotyledonous species.

Processes driving expansion and evolution of miRNAs in

plants include whole-genome duplication (polyploidization),

duplication of subchromosomal regions (segmental duplica-

tions), and local duplications that involve one or two genes

(tandem duplications). Segmental and tandem duplication

events occurred during the evolution of the rice genome

(Guyot and Keller 2004; Thiel et al. 2009), and members of

distinct miRNA families have been found to locate in dupli-

cated genomic sequences in rice (Jiang et al. 2006).

Duplication events may also lead to diversification in the ex-

pression of miRNAs (Baker et al. 2005; Guo et al. 2005;

Campo et al. 2013).

Occurrence of miRNA clusters is common in animals, but

only a few miRNA clusters have been found in plants (i.e.,

miR166, miR169, and miR395) (Boualem et al. 2008; Zhao

et al. 2009; Calviño and Messing 2013; Patanun et al. 2013;

Barik et al. 2014). Evidence in animals also supports that clus-

tered miRNAs can be independently transcribed or simulta-

neously transcribed into single polycistronic transcripts

(Altuvia et al. 2005). The precursor structures of these poly-

cistronic miRNAs might contain copies of the same miRNA

family member (e.g., homologous miRNAs) or unrelated

miRNAs (e.g., nonhomologous miRNA clusters). Plant

miRNA precursors are generally much longer and heteroge-

neous than animal miRNA precursors. It is then plausible that

long miRNA precursors in plants might contain more than one

miRNA that can be transcribed as a single transcriptional unit.

However, a systematic analysis of polycistronic miRNAs in

plants is still lacking.

In this work, we present evidence for the existence of poly-

cistronic miRNA precursors encoding homologous or nonho-

mologous miRNAs in rice. We discuss the importance of the

genomic organization of miRNAs as polycistrons for regulation

of gene expression. The chromosomal distribution of polycis-

tronic miRNAs was investigated in the context of the duplica-

tion history of the rice genome. The conservation of

polycistronic miRNAs in Oryza species, both cultivated and

wild species, is presented.

Materials and Methods

RNA Isolation and RT-PCR Analysis

Rice (O. sativa cv. Nipponbare) plants were grown at 28 ± 2�C

with a 16-h/8-h light/dark cycle. Leaves from 3-week-old plants

were harvested and used for total RNA extraction with

TriReagent (Ambiont), followed by DNase treatment (Turbo

Free DNase, Ambiont). Reverse transcription was performed

using the High Capacity cDNA Reverse Transcription Kit

(Applied Biosystems, Foster City, CA). Nested RT-PCR (reverse

transcription- polymerase chain reaction) was used for obtain-

ing polycistronic DNA sequences with specific primers for each

polycistron (supplementary table S3, Supplementary Material

online). SequencingDNAfragments confirmedthespecificam-

plification of the entire precursor sequences.

Expression Analysis of miRNAs Encoded in Policistronic
miRNA Precursors

MiRNA expression data were obtained from the Gene

Expression Omnibus (GEO) database (http://www.ncbi.nlm.

nih.gov/geo/) and described by Baldrich et al., (2015).

Data sets correspond to transcript profiles of leaves

and roots of 3-week-old rice plants (accession

numbers GSM1626119, GSM1626120, GSM1626121,

GSM1626131, GSM1626132, and GSM1626133). We

considered miRNA species with �50 reads in the Illumina

sequencing data. The degradome sequencing data sets

were also retrieved from GEO (accession numbers

GSM1626143 and GSM1626144).

Genome-Wide Identification of Polycistronic miRNAs

Mature miRNAs were downloaded from the miRBase registry

(http://www.mirbase.org, version 21). To identify candidate

polycistronic miRNAs, we used a stringent criterion of 3 kb

as the interval between mature miRNAs. Distances between

miRNAs were calculated by subtracting the start coordinate of

the downstream miRNA and the end coordinate of the up-

stream miRNA. Secondary structure prediction involved use

of RNAFold with default parameters (Vienna 2.1.0; http://

rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). Following the cur-

rent annotation, the miRNAs originating from opposite

arms of the same miRNA precursor are denoted with a -5p

or -3p suffix. Nucleotide sequences were retrieved by using

miRBase annotation coordinates. MEGA 6.0 (http://www.

megasoftware.net/; Tamura et al. 2013) was used for se-

quence alignment of miR1861 precursors.

Analysis of Polycistronic MicroRNAs GBE
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To investigate whether the polycistronic miRNAs arose or

evolved from segmental duplication events, we examined

their chromosomal location. For this, the genomic map of

duplicated blocks in the rice genome was taken from Thiel

et al. (2009).

Conservation Analysis of Polycistronic miRNAs in Rice
Species

Genome sequences for O. sativa ssp japonica (cv Nipponbare)

(AA genome), O. sativa ssp indica (AA), O. rufipogon (AA),

O. barthii (AA), Oryza glumaepatula (AA), O. nivara (AA),

O. glaberrima (AA), Oryza punctata (BB) and Oryza bra-

chyantha (FF) were retrieved from Ensembl Plants release 25

(http://plants.ensembl.org/index.html). Orthologous polycis-

tronic miRNA precursors were identified by using a similarity

criterion with BLAST release 27 (Camacho et al. 2009) with

default conditions.

Results

In this study, we performed a genome-wide analysis of clus-

tering patterns for MIRNA loci representing potential polycis-

tronic miRNA precursors in the rice genome. To prevent

overestimation of the number of clustered miRNAs, we used

a stringent criterion of a maximal distance of 3 kb between

same-strand consecutive miRNAs. This analysis scheme was

previously used to identify clustered miRNAs in the human

genome (Altuvia et al. 2005). Then, we analyzed the genomic

region encompassing each of these miRNA clusters for its abil-

ity to form hairpin-forming precursor structures. In this way,

28 loci that contain two or more annotated miRNAs mapping

into a common precursor structure were identified (table 1;

their RNA secondary structures and nucleotide sequences are

shown in supplementary figs. S1 and S2, Supplementary

Material online). We named these precursor structures as can-

didate polycistronic miRNAs. Among them, there were pre-

cursor structures with homologous miRNAs (e.g., precursors

encoding two or more members of the same family), and

precursors encoding miRNAs belonging to different miRNA

families (table 1).

A region containing 15 miR2118 sequences spanning

approximately 20 kbs was identified at chromosome 4 (sup-

plementary fig. S3, Supplementary Material online). For pre-

diction of secondary structures, we considered regions

encompassing miR2118 mature miRNAs within this super

cluster located at a maximum distance of the 3 kb. In this

way, five precursors containing two or three mature

miR2118 sequences in the same structure were identified

(table 1 and supplementary figs. S1–S3, Supplementary

Material online). A clustering pattern of miR2118 sequences

was previously reported in Brachypodium dystachium, Panax

ginseng, and Panicum virgatum (Xie et al. 2010; Wu et al.

2012; Jeong and Green 2013). Similarly, miR395 appears to

be organized in compact clusters in plants (Guddeti et al.

2005; Merchan et al. 2009).

To note, we identified four candidate polycistronic miRNAs

encoding nonhomologous miRNAs. They were miR1423-

1868, miR1876-1862d, miR5147-437, and miR6255-6253

(table 1 and supplementary figs. S1 and S2, Supplementary

Material online). Two precursors each comprising two se-

quences that were annotated in miRBase as two different

members of the miR1440 family or the miR5512 family

(e.g., “a” and “b” members in each family) were also

found in this study (table 1 and supplementary figs. S4 and

S5, Supplementary Material online). However, folding analysis

revealed that the two miRNA sequences annotated in miRBase

represented the miRNA-5p/miRNA-3p species for the corre-

sponding miRNA mapping opposite to each other with the

characteristic 2-nt 30-overhangs (a signature of DICER cleav-

age for miRNA/miRNA* duplexes) (Kozomara and Griffiths-

Jones 2014). Therefore, the miRNA annotation for these par-

ticular miRNAs is likely incorrect, and these sequences can no

longer be considered different family members.

By using the same criterion of 3 kb as the maximal distance

between 2 miRNAs, 14 of the 28 candidate polycistronic

miRNAs identified in the rice genome were also found in

the genome of other plant species, both monocotyledonous

and dicotyledonous species (table 1). For this analysis, plant

species with the highest number of miRNAs registered in

miRBase were considered. Thus, 14 candidate polycistronic

miRNAs, including the 4 precursors containing nonhomolo-

gous sequences, were found only in the rice genome

(table 1). Whether these candidate polycistronic miRNA loci

are present in plant species not included in this analysis or are

not clustered by the criteria used in this study remains to be

determined.

To investigate whether candidate polycistronic miRNAs are

transcribed as polycistronic units, we carried out nested RT-

PCR followed by sequencing of PCR products. Total RNA was

isolated from leaves of 3-week-old rice plants. We confirmed

transcripts for seven miRNA precursors, each comprising the

expected mature miRNAs, thus supporting that these miRNA

precursors are transcribed as single transcriptional units

(fig. 1). The experimentally validated polycistronic miRNAs in-

cluded three homologous (miR166k-166h, miR1428e-1428d,

and miR1861b-1861c) and four nonhomologous (miR1423-

1868, miR1876-1862d, miR5147-437, and miR6255-6253)

polycistronic precursors. Their corresponding secondary struc-

tures are presented in figure 2. A search in small RNA data-

bases, Expressed Sequence Tag (EST), and transcriptomic data

sets did not give indication on the polycistronic transcription of

any other candidate polycistronic miRNAs. Further studies are

then needed to provide evidence on the polycistronic nature

of the precursor structures that have not been experimentally

validated in this work. As only RNA samples from rice leaves

were assayed in this work, a spatiotemporal or conditional

expression pattern of these candidate rice tissues might well

Baldrich et al. GBE
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explain our failure to detect transcripts for other candidate

polycistronic miRNAs. Also, the complex secondary structure

of some of these precursors or their low-level expression might

hamper their detection in rice tissues. Finally, due to the high

similarity in nucleotide sequence of miR1861 precursors (sup-

plementary fig. S6, Supplementary Material online) the pres-

ence of less abundant miR1861 polycistronic transcripts other

than those encoding miR1861b-1861c in the same PCR reac-

tion cannot be excluded.

On the other hand, coexpression of clustered miRNAs has

been widely used as evidence that they derive from a common

primary transcript in eukaryotes (Bartel, 2004). In order to ex-

plore the potential for coexpression of miRNAs contained in

polycistronic precursors validated in this work, we interro-

gated publicly available miRNA profiling data sets for leaf

and root tissues of 3-week-old rice plants (miRNA species

with �50 reads in Illumina sequencing data sets were condir-

ered). This analysis demonstrated that mature miRNAs in the

miR166k-166h, miR1423-1868, and miR1876-1862d polycis-

trons are indeed coexpressed in leaf and root tissues (fig. 3). In

the case of miR5147-437, the mature miRNA species located

in the 50 region of this precursor (e.g., miR5147) was barely

A

B

miR166k miR166h

45 bp

miR1876 miR1862d

90 bp

miR1861b miR1861c

95 bp

miR1423 miR1868
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miR1428e miR1428d
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H
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FIG. 1.—Experimental validation of polycistronic miRNAs in rice. (A) Schematic representation of miRNA precursors showing the positions of mature

miRNAs (boxes) and distances between them. Arrows indicate the position of primers used for nested RT-PCR in B. (B) Nested RT-PCR detection of

polycistronic miRNA transcripts. Total RNAs were extracted from leaves of 3-week-old rice seedlings, subjected to DNase treatment and used for cDNA

synthesis. (�) negative controls (samples with no reverse transcriptase added).
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miR166k-3p

miR166k-5p miR166h-3p
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miR166k-166h  (-102.40) 

miR1861b

miR1861c

miR1861b-1861c  (-172.50) 

m
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miR1868

m
iR1423-3p

miR1423-1868  (-245.00) 

miR1428e-1428d   (-122.70) 
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miR
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A   Homologous miRNAs 

B  Non-homologous miRNAs 

FIG. 2.—Secondary structures of polycistronic miRNAs experimentally validated in this work. (A) Homologous polycistronic miRNAs. (B) Nonhomologous

polycistronic miRNAs. Nucleotide sequences are shown in supplementary figure S2A and B, Supplementary Material online. Mature miRNA sequences are

indicated with a red line. Minimal free energy for each structure is indicated in parentheses.
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detected. This observation might reflect a different turnover

rate of mature miRNAs derived from this polycistron.

Posttranscriptional regulatory mechanisms might also explain

a differential accumulation of miRNA species produced by a

common precursor transcript. Unfortunately, very little is

known about the posttranscriptional regulation of polycis-

tronic miRNAs. Additionally, the structure of primary tran-

scripts (pri- and/or pre-miRNAs) for polycistronic precursors

might establish a differential processing (and hence a differ-

ential accumulation) of individual miRNAs. As an additional

complexity, the individual miRNAs of a particular polycistronic

miRNA might also be independently transcribed from other

loci (as well as being transcribed as polycistrons).

A search in the literature and publicly available information

on degradome analysis of rice tissues allowed us to examine

the target genes for mature miRNAs encoded by the experi-

mentally validated polycistronic miRNAs (supplementary table

S1, Supplementary Material online). The target genes for

miRNAs encoded by homologous polycistronic miRNA precur-

sors are known to regulate the expression of genes that have

diverse functions during development and stress responses.

For instance, miR1867 family members are known to target

glyoxalase transcripts, glyoxalases playing an important role in

oxidative stress tolerance by recycling reduced glutathione

(Kaur et al. 2014). As for the target genes for miRNAs

encoded by nonhomologous polycistronic miRNAs, they are

known to be involved in the control of a range of biochemical

processes, such as calcium signaling, protein synthesis, and

degradation and transcriptional regulation (supplementary

table S1, Supplementary Material online). In some cases, how-

ever, the target gene for miRNAs encoded by nonhomologous

polycistronic miRNAs has not been identified, whereas in

other cases, no function has been assigned for the target

gene.

Next, we examined the chromosomal distribution of rice

polycistronic miRNAs. Also, by taking advantage of the known

duplication history of the rice genome (Guyot and Keller 2004;

Yu et al. 2005), we investigated the relationship between the

location of polycistronic miRNAs and the designated genome-

wide intra- and interchromosomally duplicated regions.

Except for chromosome 12, the various polycistronic

miRNAs (and candidate polycistronic miRNAs) distributed

among the different rice chromosomes. They are located in

both duplicated (large and small segmental duplications) and

nonduplicated regions of the reference genome for O. sativa

(japonica cv Nipponbare) (fig. 4). For instance, miR169-con-

taining precursor structures are located in the duplicated re-

gions of chromosomes 8 and 9. Chromosomes 8 and 9 have

been reported to have extensive collinearity of marker loci

arrangement, which indicates a possible common origin

(Wang et al. 2000). Two miR1861 precursors are located

within chromosomal regions with large genomic duplication

events (chromosomes 8 and 9), whereas the other miR1861

precursors are located in regions with no segmental duplica-

tion history (chromosomes 2, 4, 5, and 6) (fig. 4). Thus, poly-

cistronic miRNAs identified in this study are located in both

duplicated and nonduplicated regions of the reference

genome for O. sativa cv. Nipponbare.

To further explore the evolutionary history of the rice poly-

cistronic miRNAs (and candidate polycistronic miRNAs), we

investigated their presence/absence in the genome of Oryza

species from different geographical regions representing the

FIG. 3.—Coexpression of miRNAs produced by polycistronic precursors in rice. Expression in leaf and root tissues. Histograms indicate the abundance of

mature miRNAs encoded in each polcistronic precursor in leaves (dark gray) or roots (light gray), as revealed by Solexa/Illumina sequencing data sets

deposited in GEO (accession numbers GSM1626119, GSM1626120, GSM1626121, GSM1626131, GSM1626132, and GSM1626133).
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AA genome, both cultivated and wild species. The Oryza spe-

cies examined were the following: O. sativa spp. japonica (cv.

Nipponbare), O. sativa spp. indica (cv. 9311), and their wild

relatives O. rufipogon and O. nivara; O. glumaepatula (culti-

vated in Central and South America) and O. glaberrima

(African rice) and its wild relative O. barthii. Additionally,

Oryza species representing the BB (O. punctata) and FF (O.

brachyantha) genome types were included in this study.

Most polycistronic miRNAs, either experimentally validated

or candidate polycistronic miRNAs, showed a pattern of con-

servation in their length, sequence, and chromosomal location

in the rice species with an AA genome (e.g., O. sativa ssp.

japonica, O. sativa ssp. indica, O. rufipogon, and to a lesser

extent O. nivara) (table 2; chromosomal coordinates and

lengths are shown in supplementary table S2,

Supplementary Material online). Some of them, although pre-

sent, had a different chromosomal location as compared with

O. sativa ssp. japonica. Not all polycistronic miRNA precursors

were identified in the genome of O. glaberrima, the African

rice species with an AA genome, even though all were present

in its wild ancestror O. barthii. Finally, O. punctata (BB

genome) had 16 of the 23 polycistronic miRNA precursors

Chr10 (23.66 Mb)

miR1876-1862d

Chr11 (30.82 Mb)

miR5534a-5534b

miR2118p-2118r-
2118q

Chr12 (27.75 Mb)Chr3 (37.25 Mb)

miR1428e-1428d
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miR6255-6253

Chr6 (32.12 Mb)
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miR1861b-1861c
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FIG. 4.—Chromosomal location of polycistronic miRNAs and candidate polycistronic miRNAs in rice. The relative locations of polycistronic miRNAs

identified by 3-kb distance between mature miRNAs is shown. Segmentally duplicated regions in the 12 rice chromosomes are indicated by the same color.

Connecting lines indicate a correlation between duplicated regions and the presence of the indicated miRNA precursors.
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found in O. sativa cv. Nipponbare, whereas only 4 polycis-

tronic miRNA precursors were identified in the O. brachyantha

genome (FF genome). The low sequence similarity observed

between O. brachyantha (FF genome) and rice species with an

AA genome might indicate primitive forms of these MIR genes

in the FF genome. Similar to what was proposed for

Arabidopsis MIR genes (Fahlgren et al. 2007), polycistronic

miRNA might have spawned and been lost frequently

during evolution of rice. However, we should be cautious

before concluding that the observed differences among

Oryza species are biologically relevant because for wild species

only one accession has been sequenced. Furthermore, infor-

mation on the miRNA transcriptome is publicly available only

for four of the nine Oryza species. The generation of genome

sequences for more Oryza accessions (cultivated and wild rel-

atives of Oryza species) and their miRNA transcriptomes is a

requisite to get reliable information on the evolutionary history

of polycistronic MIR genes.

Discussion

Evidence is presented on the occurrence of polycistronic

miRNAs in the rice genome. By using a criterion of 3-kb dis-

tance between 2 consecutive mature miRNAs, we identified

28 loci encompassing 2 or more miRNAs mapping into a hair-

pin-forming precursor structure. Seven of these miRNA

precursor structures were experimentally validated as polycis-

tronic miRNAs encoding homologous (miR166k-166h,

Table 2

Polycistronic miRNAs in Oryza Species

Polycistronic miRNA

Oryza sativa ssp.

japonica (AA)

O
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)

O
ry

za
g

lu
m

a
e
p

a
tu

la
(A

A
)

O
ry

za
g

la
b

e
rr

im
a

(A
A

)

O
ry

za
b

a
rt
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)

O
ry
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p

u
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(B
B

)

O
ry

za
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ch

ya
n

th
a

(F
F)

miR156c-156b (Chr01) 98% 98% 98% 98% — 98% 86% —

miR166k-166h (Chr02) 94% 98% 98% (Chr01) 98% 98% 98% 88% 83%

miR169j-169k (Chr09) 98% 99% 98% 99% 97% 98% — —

miR169m-169l-169q (Chr08) 99% 100% 98% 99% 97% 96% — —

miR395a-395b-395c-395d-395e-395f-395g (Chr04) 99% 99% 99% 99% 90% 99% 82% 78%

miR395h-395i-395j-395k-395y-395j (Chr08) 99% 100% 98% 99% 97% 99% 93% 81%

miR395t-395u-395v-395w (Chr09) 100% 99% 98% (Chr01) 98% — 98% — —

miR399c-399h (Chr05) 99% 100% 99% (Chr08) 97% — 99% 86% —

miR399e-399a (Chr01) 99% 99% — 99% — 99% 85% —

miR1423-1868 (Chr04) — 100% 98% 98% 98% 97% — —

miR1428e-1428d (Chr03) 98% 99% 98% (Chr11) 99% 99% 98% — —

miR1861b-1861c (Chr02) 99% 100% 99% 98% 99% 94% (Chr05) 93% —

miR1861d-1861e (Chr04) 98% 97% 97% (Chr01) 99% 99% 98% 95% —

miR1861f-1861g (Chr05) 99% 99% 94% (Chr02) 99% 99% 96% 90% —

miR1861h-1861p (Chr06) 99% 99% 99% 99% 98% 98% 92% —

miR1861k-1861j (Chr08) 97% 100% 97% 98% 98% 98% 91% —

miR1861l-1861m (Chr09) 98% (Chr04) 99% 92% 98% 99% 96% (Chr08) 95% —

miR1876-1862d (Chr10) 99% 99% 99% 99% 99% 99% 93% —

miR2118c-2118d-2118e (Chr04) 100% 100% 99% 99% 98% 98% 94% 89%

miR2118f-2118g (Chr04) 100% 100% 99% — 96% 96% 96% 92%

miR2118h-2118i (Chr04) 100% 99% 99% 99% 98% 98% 93% —

miR2118k-2118l (Chr04) 100% 99% 99% 99% 99% 99% 92% —

miR2118n-2118o (Chr04) 99% 100% 99% 99% 97% 97% 93% —

miR2118p-2118r-2118q (Chr11) 99% 99% 99% 99% 99% 99% 92% —

miR5143b-5143a (Chr01) 99% 99% 99% 99% 99% 99% 93% —

miR5147-437 (Chr02) 99% 94% 99% (Chr11) 97% — 97% — —

miR5534a-5534b (Chr11) 93% 90% 93% 90% — 78% — —

miR6255-6253 (Chr07) 99% 100% 99% (Chr06) 99% 97% 97% 99% 82%

NOTE.—Oryza sativa ssp. japonica corresponds to cv. Nipponbare, and Oryza sativa ssp. indica corresponds to cv. 9311. Includes polycistronic miRNAs experimentally
validated in this work (in bold) as well as candidate polycistronic miRNAs. For each precursor, the percentage of sequence homology relative to the sequence in O. sativa ssp.
japonica (cv Nipponbare) is shown. In parenthesis, precursors with a different chromosomal location relative to O. sativa cv. Nipponbare. —, not present.
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miR1428e-1428d, and miR1861b-1861c) or nonhomologous

(miR1423-1868, miR1876-1862d, miR5147-437, and

miR6255-6253) miRNAs. Analysis of miRNA transcriptomes

allowed us to demonstrate coexpression of mature miRNAs

encoded in miR166k-166h, miR1423-1868, and miR1876-

1862 precursor transcripts further supporting that these pre-

cursors represent bona fide polycistronic miRNAs.

Most plant miRNAs, in contrast with animal miRNAs, are

encoded as single units in a miRNA precursor. Several miRNA

clusters containing copies of the same miRNA which are in-

dependently transcribed have been identified in plants (i.e.,

miR156, miR166, miR395, or miR159a) (Guddeti et al. 2005;

Wang et al. 2007; Boualem et al. 2008; Lacombe et al. 2008;

Merchan et al. 2009; Barik et al. 2014), and the few polycis-

tronic miRNAs so far described in plants generally contain ho-

mologous miRNAs. Only a few examples of nonhomologous

polycistronic miRNAs have been reported in plants (mainly in

A. thaliana) (Guddeti et al. 2005; Wang et al. 2007; Boualem

et al. 2008; Lacombe et al. 2008; Merchan et al. 2009; Barik

et al. 2014). Also in Arabidopsis, two functionally related

miRNAs, miR846 and miR842, were found to be generated

by the same transcriptional unit but from alternative splicing

isoforms of the primary transcript (Jia and Rock 2013). The

polycistronic nature of miR166k-166h, miR1428e-1428d, and

miR1861b-1861c in rice has been reported (Zhu et al. 2008;

Barik et al. 2014).

Because cotranscription is often used to imply a functional

relationship of miRNAs in polycistrons, there is the possibility

that polycistronic miRNAs have evolved to fine tune gene ex-

pression in pathways or regulatory networks controlling re-

lated processes. Of particular interest are polycistronic

miRNAs containing nonhomologous miRNAs potentially con-

trolling target genes involved in different physiological pro-

cesses. Because polycistronic transcription eliminates the

need for individual promoters and regulatory factors, polycis-

tronic miRNAs provide opportunities to coordinate the spatial

and/or temporal gene expression patterns. A better knowl-

edge of target genes for rice miRNAs is, however, needed

to infer the functional significance of the organization of

these miRNAs as polycistrons in rice.

When analyzing the distribution of polycistronic miRNAs in

the rice genome, they were found to locate in both duplicated

and nonduplicated chromosomal regions. Thus, genomic seg-

mental duplication events cannot be considered the only

factor contributing to the expansion and diversification

of polycistronic MIR genes in rice. Similar to the evolution of

protein gene families, miRNAs might evolve by a process

of gene duplication, including segmental duplication and

tandem duplication, followed by dispersal and diversification

(Maher et al. 2006; Nozawa et al. 2012). An increase in gene

copy number of polycistronic miRNAs might also cause a

dosage effect in the accumulation of individual miRNAs pro-

duced by polycistrons.

Conclusion

The results here reported demonstrate the existence of poly-

cistronic transcripts encoding homologous and nonhomolo-

gus miRNAs in rice. The simultaneous production of several

miRNAs from a common transcript with the ability to regulate

the expression of genes involved in diverse functions during

plant development and adaptation to stress conditions ex-

pands the gene regulatory capacity of this class of riboregula-

tors. Investigating potential functional interactions between

individual miRNAs encoded by a common precursor operating

in various biological contexts is then of great interest. The

information here presented provides a foundation for further

investigations on the biological significance of polycistronic

miRNAs in plants while being potentially useful in future stud-

ies on the evolution and functionality of polycistronic MIR

genes in rice, a species with agronomical importance and a

model in cereal research.

Supplementary Material

Supplementary tables S1–S3 and figures S1–S6 are available

at Genome Biology and Evolution online (http://www.gbe.

oxfordjournals.org/).
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