N
N

N

HAL

open science

Plant polycistronic precursors containing non-homologous
microRNAs target transcripts encoding functionally related
proteins.

Francisco Merchan, Adnane Boualem, Martin Crespi, Florian Frugier

» To cite this version:

Francisco Merchan, Adnane Boualem, Martin Crespi, Florian Frugier. Plant polycistronic precursors contain-
ing non-homologous microRNAs target transcripts encoding functionally related proteins.. Genome Biology,

2009, 10 (12), pp.R136. (10.1186/gb-2009-10-12-r136). <hal-00856234)

HAL Id: hal-00856234
https://hal.science/hal-00856234v1

Submitted on 31 May 2020

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License


https://hal.science/hal-00856234v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Research

Plant polycistronic precursors containing non-homologous
microRNAs target transcripts encoding functionally related
proteins

Francisco Merchan™’, Adnane Boualem*, Martin Crespi* and

Florian Frugier”

Addresses: "Institut des Sciences du Végétal (ISV), Centre National de la Recherche Scientifique (CNRS), Avenue de la terrasse, 91198 Gif sur
Yvette cedex, France. ‘Current address: Dto Microbiologfa y Parasitologia, Facultad de Farmacia, Universidad de Sevilla, C/Profesor Gareia

Gonzéilez 2, 41012 Sevilla, Spain. “Unité de recherche en Génomique Végétale (URGV), Institut National de la Recherche Agronomique (INRA),
Rue Gaston Crémieux, 91057 Evry cedex, France.

Correspondence: Adnane Boualem. Email: boualem@evry.inra.fr. Martin Crespi. Email: crespi@isv.cnrs-gif.fr

Published: | December 2009 Received: 28 May 2009

Genome Biology 2009, 10:R |36 (doi:10. | 186/gb-2009-10-12-r136) ii‘é:;fe d"4| s;zt;”n’qi‘:r 22%%99

The electronic version of this article is the complete one and can be
found online at http://genomebiology.com/2009/10/12/R136

© 2009 Merchan et al,; licensee BioMed Central Ltd.
This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Background: MicroRNAs (miRNAs) are endogenous single-stranded small RNAs that regulate
the expression of specific mRNAs involved in diverse biological processes. In plants, miRNAs are
generally encoded as a single species in independent transcriptional units, referred to as MIRNA
genes, in contrast to animal miRNAs, which are frequently clustered.

Results: We performed a comparative genomic analysis in three model plants (rice, poplar and
Arabidopsis) and characterized miRNA clusters containing two to eight miRNA species. These
clusters usually encode miRNAs of the same family and certain share a common evolutionary origin
across monocot and dicot lineages. In addition, we identified miRNA clusters harboring miRNAs
with unrelated sequences that are usually not evolutionarily conserved. Strikingly, non-homologous
miRNAs from the same cluster were predicted to target transcripts encoding related proteins. At
least four Arabidopsis non-homologous clusters were expressed as single transcriptional units.
Overexpression of one of these polycistronic precursors, producing Ath-miR859 and Ath-miR774,
led to the DCLI-dependent accumulation of both miRNAs and down-regulation of their different
mRNA targets encoding F-box proteins.

Conclusions: In addition to polycistronic precursors carrying related miRNAs, plants also contain
precursors allowing coordinated expression of non-homologous mMiRNAs to co-regulate
functionally related target transcripts. This mechanism paves the way for using polycistronic MIRNA
precursors as a new molecular tool for plant biologists to simultaneously control the expression
of different genes.
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Background

MicroRNAs (miRNAs) are endogenous approximately 21-
nucleotide single-stranded small RNAs derived from MIRNA
precursors that are able to fold-back into a stable secondary
structure (stem loop or hairpin). miRNAs act in many devel-
opmental processes as well as environmental and pathogenic
responses [1-4] through the post-transcriptional regulation of
target mRNAs. These targets carry a sequence-specific
miRNA recognition site, leading to transcript cleavage and/or
inhibition of mRNA translation [1,5,6]. Primary miRNA tran-
scripts (pri-MIRNA) are transcribed by RNA polymerase 11,
and several ribonucleoprotein (RNP) complexes are involved
in their maturation, a process that differs between animals
and plants [1,6-11]. In animals, formation of an approxi-
mately 21-bp miRNA-miRNA* duplex successively involves
two RNase III enzymatic complexes: the Drosha enzyme,
which cleaves long pri-MIRNA in the nucleus to generate
short (approximately 70- to 8o0-nucleotide) hairpins (so
called pre-MIRNA) and the Dicer enzyme, which produces
the miRNA after cytoplasmic export of pre-MIRNAs through
Exportin 5 [11]. In plants, however, both cleavages are likely
nuclear localized and involve a single Dicer-like enzyme 1
(DCL1) complex [6,9,10]. The miRNA-miRNA* duplex is
exported to the cytoplasm by HASTY, the plant ortholog of
Exportin 5 [12,13]. Subsequently, these duplexes are con-
verted into single-stranded miRNAs upon incorporation into
an ARGONAUTE (AGO) ribonucleoprotein complex, referred
to as the RNA-induced silencing complex (RISC). The miR-
NAs guide sequence-specific cleavage and/or translational
repression of target transcripts into the RISC complex [6,9-
11].

Recent deep sequencing of plant small RNA libraries has led
to the identification of more than 1,300 miRNAs in various
plants (miRBase, release 13.0, March 2009) [14]. Based on
comparison of all available plant genomes (even partial ones;
16 genera referenced in miRBase), evolutionarily conserved
and non-conserved miRNAs have been proposed. The non-
conserved miRNAs have probably emerged in recent evolu-
tionary time scales, and show a wide diversity compared to
the restricted number of conserved miRNAs [15]. Indeed,
only 5 miRNA families are found in more than 40 plant spe-
cies whereas 25 exist in more than one plant genus [16]. The
three higher plant models showing the most comprehensive
description of their miRNome are rice (Oryza sativa; 377
MIRNAS), poplar (Populus trichocarpa; 234 MIRNAs) and
Arabidopsis (Arabidopsis thaliana; 187 MIRNAs), with 22
families 'conserved' between them (indicated in bold in Addi-
tional data file 1 based on miRBase 13.0). The numerous non-
conserved miRNAs are thus likely to play species-specific
roles [15].

Plant and animal MIRNA genes differ in their genomic loca-
tion and organization. Most plant miRNAs are encoded in
intergenic loci, whereas animal miRNAs are also frequently
encoded within introns of protein coding genes [17-19]. Plant
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miRNAs are mainly generated from independent transcrip-
tional units, whereas in Drosophila, nematodes, zebrafish
and mammals, around 40 to 50% of the predicted MIRNA
genes are located within clusters that are often evolutionarily
conserved [18-27]. A maximal distance of 3 kb between two
consecutive miRNAs has been used as a stringent criterion to
estimate cluster numbers [18]. Clusters in animal genomes
usually encode two to three miRNAs but some encode up to
eight. Even larger miRNA clusters were predicted in human
and zebrafish, containing more than 40 MIRNA loci
[18,25,26]. In these clusters, miRNAs are encoded either in
independent hairpins or sometimes in both arms of the same
hairpin [28]. In plants, even though no systematic analysis of
miRNA clusters has been performed in the different available
genomes, a few miRNA clusters have been reported [16,29-
33l

Clustered miRNAs can be either simultaneously transcribed
into a single polycistronic transcript or independently tran-
scribed [1,28,34]. Short distances between consecutive
MIRNA loci and coordinated expression of clustered miRNAs
are hallmarks of polycistronic transcription [18,22,34]. Most
of the few reported plant miRNA clusters contain several cop-
ies of the same conserved miRNA (miR156, miR166, miR169,
miR395 or miR399), in contrast to animals where miRNAs
with unrelated sequences are often included in the same clus-
ters [18,19,25,35]. Interestingly, certain animal miRNA clus-
ters showing co-regulated expression can simultaneously
target transcripts encoding different functionally related pro-
teins. It has been proposed that this may coordinate the fine
tuning of the regulation of specific molecular processes
[1,18,19,25]. Recently, functional analysis of two human
miRNA clusters revealed that the different encoded miRNAs
co-regulate related cyclin dependent kinase inhibitors and
facilitate cell cycle progression [27]. In plants, beyond the
identification of a few expressed sequence tags (ESTs) span-
ning miRNA clusters [16,29-33], few experimental data indi-
cate that clustered miRNAs are transcribed simultaneously.
In the model legume Medicago truncatula, a miR166 tandem
was shown to be encoded in a single transcriptional unit [32].
However, as both miRNAs are nearly identical, it is difficult to
definitively conclude that this pri-MIRNA generates more
than one miRNA.

In this study, we demonstrate that approximately 20% of
plant miRNAs are clustered, and generally contain conserved
miRNAs of the same family. Synteny analysis suggested a
common evolutionary origin for certain clusters. Strikingly, a
few clusters encode tandem non-conserved miRNAs with
unrelated sequences, whose predicted targets correspond to
transcripts encoding related proteins. In Arabidopsis, four of
these clusters were transcribed as polycistronic precursors
and we show that at least one cluster is processed to form both
mature miRNA species in a DCL1-dependent manner. Accu-
mulation of the mature miRNAs affected the stability of their
respective predicted target transcripts. Consequently, plant
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polycistronic MIRNA precursors can encode functional non-
homologous miRNAs. This genomic organization may serve
to co-regulate different mRNA targets post-transcriptionally.

Results

In silico identification of miRNA clusters in Arabidopsis,

rice and poplar genomes

A systematic search for consecutive MIRNA loci was carried
out in three model plant genomes that have an exhaustive
description of their miRNA species (miRBase 13.0 [14]). Ini-
tially, a 3-kb distance between consecutive MIRNA was used
as a stringent criterion to define miRNA clusters, similar to
previous studies in animals [18,26]. As a result, 16, 10 and 9
clusters were identified in rice, Arabidopsis, and poplar,
respectively, which represented 13%, 11% and 8% of the total
MIRNA loci (Table 1; Additional data file 2). Co-expression
studies and ESTs available in animal genomes have indicated
that some miRNA clusters can be very large; therefore, the 3-
kb criterion, which is useful to avoid overestimation of
miRNA clusters, is probably too stringent [18,25,35]. Using a
less stringent 10-kb cluster size criterion, the number of plant
miRNA clusters increased to 18 to 24 in these genomes, thus
representing up to 22% of the total MIRNA loci (Table 1).

Independently of the size threshold used, most of the clusters
(61%, 75% and 90% in Arabidopsis, rice and poplar, respec-
tively) contained several copies of the same miRNA family,
generally two to three and a maximum of eight (the latter is
the rice Osa-MIR395m-s, x cluster spanning 497 bp; Table 1;
Additional data file 2), and were therefore called homologous
clusters. These clusters frequently contained conserved miR-
NAs (Additional data file 1), and represent 90%, 54% and 44%
of the clustered miRNAs in poplar, rice, and Arabidopsis,
respectively (Table 1). Homologous clusters were found for

Table |
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miR166, miR169 and miR395 families (based on the <10-kb
threshold). This suggested a putative common origin of these
clusters, involving successive gene duplications and losses as
described for animal miRNA clusters [18,28]. Analysis of
these miRNA clusters using VISTA Plot [36,37] (Figure 1)
revealed that some were syntenic between monocot and dicot
plants (Figure 1a, b, f; two rice miR395 clusters and the Ath-
MIR169i-n locus) or only within monocot plants (Figure 1c; a
third rice miR395 cluster). Surprisingly, no miR395 syntenic
locus could be retrieved in the poplar genome (Figure 1a-d).
Other miRNA clusters were specific to one plant genome ana-
lyzed (Figure 1d, e; the fourth rice miR395 cluster and the
Ath-MIR166¢, d locus). These results suggest that certain
ancestral miRNA clusters appeared before the divergence of
monocot and dicot lineages and showed differential expan-
sions in the various plant genomes analyzed. Furthermore,
clustering of specific miRNAs (for example, miR395, miR169,
miR166) is evolutionarily conserved.

Non-homologous miRNAs are expressed as
polycistronic pri-MIRNAs

When MIRNA loci at a distance of <1 kb on the same DNA
strand were considered, 8, 9 and 14 miRNA clusters were
identified in Arabidopsis, poplar, and rice, respectively
(Table 1). In contrast, only four clusters encoding two miR-
NAs on opposite strands were found (Additional data file 2).
These results indicate that short range clustering (based on
the 1-kb threshold) is strongly biased (2 test, P = 9.4 E-13)
towards 'same DNA-strand' clustering, suggesting an even-
tual co-transcription. As small clusters may correspond to
polycistronic MIRNA precursors, we searched pri-MIRNAs
containing several tightly linked miRNAs (Additional data file
2). For example, homologous rice miR395 clusters show the
highest number of miRNAs, each encoded in independent
stem-loops that are probably generated by successive dupli-

Summary of clustered miRNAs in Arabidopsis thaliana, rice (Oryza sativa) and poplar (Populus trichocarpa) genomes2

Populus trichocarpa Oryza sativa Arabidopsis thaliana

Number of clusters with consecutive miRNAs at a distant of (same strand
miRNAs):

<l kb

<3 kb

<10 kb

% of clustered miRNAs (number of clustered miRNAs/total miRNAs)
Maximal number of miRNAs encoded in a cluster (cluster size)
% of clusters with (number/total of <10 kb miRNA clusters):

A single miRNA family
Conserved miRNAs

99) 16 (14) 10 (8)
14 (14) 16 (14) 13(11)
20 (20) 24 (22) 18 (16)

20% (47/234) 19% (68/353) 22% (42/187)

4 (4,593 bp) 8 (497 bp) 6 (5,522 bp)

90% (18/20)
90% (18/20)

75% (18/24)
54% (13/24)

61% (11/18)
44% (8/18)

Analyses were based on miRNA described in miRBase version 13.0 (March 2009).
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Microsynteny between homologous miRNA clusters conserved between A. thaliana, rice (O. sativa) and poplar (P. trichocarpa). VISTA plots [37,70] shows
the conservation of different clustered miRNAs in the three selected genomes (Table |; Additional data file 2): (a-d) the four rice miR395 clusters; (e) the
Ath-MIR 1 66c, d cluster; (f) the Ath-MIR69i-n cluster. To analyze evolutionary conservation between monocots, the sorghum genome is indicated. In each
graph, gene models (blue for protein coding gene exons, and red for miRNA clusters) are indicated above, and percentage (50 to 100%) on the right side
indicates the level of identity between target and reference genomes, visualized through pink and blue peaks for intronic/non-protein coding, and exonic
regions, respectively. The name of syntenic clusters in non-reference genomes is indicated, and syntenic clusters are delimited by black bars. Ath,
Arabidopsis thaliana; Ptc, Populus trichocarpa; Osa, Oryza sativa, Sbi, Sorghum bicolor.

cations of an ancestral hairpin (Figure 2a; Figure S1 in Addi-
tional data file 3). Folding analyses also revealed additional
hairpins in the rice Osa-MIR395m-s and Osa-MIR395h-1
clusters containing new miR395 loci not yet listed in miRBase
(Osa-MIR395x [MiRBase:MI0013350] and Osa-MIR395Y
[MiRBase:MIoo013351]; Additional data file 2).

In addition to clusters encoding homologous miRNAs, sev-
eral clusters (two in rice, three in poplar and five in Arabidop-

sis) consisting of miRNAs with unrelated sequences were
identified (Table 2). These non-homologous clusters mainly
corresponded to non-conserved miRNAs, and their size
ranged between 271 and 1,192 bp, with predicted hairpins
separated by 81 to 670 bp (median of 114 bp; Additional data
file 2), strongly suggesting that these clusters were polycis-
tronic. Most of them were encoded in regions located between
protein-coding genes, with the exception of two rice clusters
that derive from intronic regions of different putative ribos-

Genome Biology 2009, 10:R136

R136.4



http://genomebiology.com/2009/10/12/R136

Genome Biology 2009,

Volume 10, Issue 12, Article R136 Merchan et al.

(a)

(b)

N
-t
5
i
o
miR859 a
i
LA
w1
H
'l
| miR774
i
10 nt

Figure 2

Representative RNA secondary structure of putative polycistronic clustered miRNAs. Representative examples of (a) a homologous miRNA cluster, Osa-
MIR395m-s, x, and (b) a non-homologous cluster, Ath-MIR859-774. Mfold software [66,67] was used to generate the most probable RNA secondary
structures. Mature miRNA sequences are indicated with a line. In the case of the rice cluster, a new miR395 locus (Osa-MIR395x) not yet present in
miRBase (version 13.0) was annotated. Ath, Arabidopsis thaliana; Osa, Oryza sativa. Black bar = 10 nucleotides (nt).

omal protein encoding genes (ESTs listed in Table 2). In most
cases, non-homologous clusters encoded two miRNAs, with
the exception of the Osa-MIR1876-1862d-1884b cluster. Sim-
ilarly to the homologous miRNA clusters, this novel MIRNA
precursor class contained several hairpins, each carrying a
single annotated miRNA in the stem (Figure 2b; Figures S2
and S3 in Additional data file 3). A majority of 21- to 22-bp
species was found for each predicted miRNA in Arabidopsis
non-homologous clusters (Genome View browser, Arabidop-
sis Small RNA Project (ASRP) database) [38-40], and we sys-
tematically annotated miRNA* to identify bona fide miRNAs
[41] (Figure S4 in Additional data file 3). However, for Ath-
MIR859, Ath-MIR397b and Ath-MIR857 loci, no miRNA*
could be identified in small RNA databases.

Currently, the Arabidopsis genomic regions corresponding to
candidate polycistronic non-homologous MIRNA genes are
represented as independent transcriptional units in the ASRP
database (Figure S4 in Additional data file 3). Indeed, no EST
comprising tandem miRNAs was available in Arabidopsis.
ESTs spanning the two MIRNA hairpins were reported only
for the poplar Ptc-MIR482-1448 locus (Table 2), indicating
that these two miRNAs are indeed co-transcribed. To deter-
mine whether Arabidopsis non-homologous miRNA clusters
are encoded into single polycistronic units, WWwe performed
semi-quantitative RT-PCR experiments (Figure 3). Primers
designed to amplify precursors spanning the two predicted
hairpins revealed expression for Ath-MIR859-774, Ath-
MIR850-863, Ath-MIR851-771 and Ath-MIR397b-857 in

Genome Biology 2009, 10:R136
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Summary of targets predicted for non-homologous putative polycistronic clustered miRNAs in Arabidopsis, rice and poplar

Non-homologous MIRNA clus- ESTs overlapping the cluster

Targets

Predicted Cleavage validated for at least

ters one target [reference]*
Arabidopsis
Ath-MIR397b-857 No Laccases (3/1) Yes [15,49,50]
Ath-MIR859-774 No F-box proteins (35/5) Yes [15,48]
Ath-MIR842-846 No JR/MBP (1/10) Yes [15]
Ath-MIR851-771 No EIF2 for miR771 (1) no target for No [15]
miR851
Ath-MIR850-863 EG495879 EG495880 EG514601 No target -
DR380439, AV5231 |5t
Poplar
Ptc-MIR482-1448 DB893204 DB893031 BP928209  Disease resistance proteins (12/2) Yes [44]
CX175581
Ptc-MIR1446b-477a No Gibberellin response modulator- Yes [43,44]
like protein (DELLA) (1)
Ptc-MIR1446a-477b No Gibberellin response modulator- Yes [43,44]

Rice
Osa-MIR|1876-1862d-1884b
Osa-MIR1423-1868

Os10g0170200%
0s04g327 10+

like protein (DELLA) (1)

No target -
No target -

For predicted targets, the number of targets found for each miRNA of the non-homologous cluster is indicated in parentheses. *Validated using 5'
RACE (rapid amplification of cDNA ends) PCR. tESTs cover the region including only miR863. iThe consecutive miRNAs are predicted in the intron
of a protein coding gene (putative ribosomal protein). Ath, A. thaliana; Osa, O. sativa; Ptc, P. trichocarpa.

seedlings (Figure 3a; Figure S4 in Additional data file 3, with
RT-PCR amplified regions indicated as ESTs with green
arrows). Cloning and subsequent sequencing of RT-PCR
products confirmed the specific amplification of these pri-
MIRNAs  ([NCBI:GU125419] for  Ath-MIR859-774;
[NCBI:GU125420] for Ath-MIR850-863; [NCBI:GU125421]
for Ath-MIR397B-857; [NCBI:GU125422] for Ath-MIR851-
771). However, no amplification was obtained for the Ath-
MIR842-846 cluster (even using various primer combina-
tions). Expression of these four polycistronic miRNAs in dif-
ferent Arabidopsis organs revealed specific patterns: Ath-
MIRB859-774 pri-MIRNA was only detectable in roots, Ath-
MIR397b-857in roots and cauline leaves, Ath-MIR851-771 in
aerial parts, including flowers, and Ath-MIR850-863 mainly
in rosette leaves (Figure 3b).

Overall, these results suggest that clusters comprising func-
tional miRNAs with unrelated sequences exist in plants as
single transcriptional units, defining a novel class of plant pri-
MIRNA genes.

Polycistronic non-homologous miRNAs regulate
related targets

In contrast to animals, in silico predictions revealed only a
few targets for each plant miRNA based on strong sequence
complementarity [42]. Strikingly, all predicted targets corre-
sponding to different miRNAs from the same cluster encode

proteins of the same family (Table 2; complete target list in
Additional data file 4; based on the ASRP database for Arabi-
dopsis, and on [43-45] for poplar). Indeed, the Ath-MIR397b-
857 locus encodes two miRNAs that regulate laccases (three
and one gene, respectively), the Ath-MIR842-846 locus
encodes two miRNAs that regulate JR/MBP proteins (Jacalin
repeat/Myrosinase binding protein; one and ten genes,
respectively), and the Ath-MIR859-774 locus encodes two
miRNAs that regulate F-box proteins (35 and 5 genes, respec-
tively). More importantly, three of these F-box proteins are
likely to be targeted by both Ath-miR859 and Ath-miR774
(Additional data file 4). Similarly, the Ptc-MIR482-1448
locus encodes miRNAs that regulate disease resistance pro-
teins (12 and 2 genes, respectively, based on various gene
models [46]), and one of them is probably co-regulated by the
two miRNAs (Additional data file 4). Finally, the two Ptc-
MIR1446-477 loci encode miRNAs that both target a single
'gibberellin response modulator-like protein' homologous to
the Arabidopsis RGL1/RGL2 (Repressor of gibberellic acid
requiring (GA1)-LIKE; DELLA transcription factors [45]).
For the other non-homologous clustered miRNAs, targets
were either predicted for only one miRNA of the tandem (for
example, a single EIF2 encoding transcript - The Arabidopsis
Information Resource database entry TAIR:At1g76810 - for
Ath-miR771), or no target could be identified (Table 2). Tar-
get validation based on 5' RACE (5' rapid amplification of
cDNA ends) PCR experiments was determined in Arabidop-
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Expression of Arabidopsis polycistronic non-homologous miRNA clusters
and selected targets in different organs. (a) Detection by RT-PCR analysis
of the expression of Arabidopsis polycistronic non-homologous clusters as
single transcriptional units: Ath-MIR859-774, Ath-MIR397b-857, Ath-
MIR850-863, and Ath-MIR851-771. Total RNAs from wild-type (Col-0)
seedlings were used for DNAse | treatment and cDNA synthesis to
perform RT-PCR reactions. A control without reverse transcriptase (-RT)
was systematically included to check for the absence of genomic DNA.
Specificity of PCR amplicons was verified by sequencing. (b) Expression
analysis by RT-PCR of the different Arabidopsis polycistronic non-
homologous clusters (Ath-MIR859-774, Ath-MIR397b-857, Ath-MIR850-
863, and Ath-MIR851-771) in different organs (R, roots; RL, rosette
leaves; S, stems; CL, cauline leaves; F, flowers). (c) Expression analysis by
RT-PCR of selected Ath-MIR859-774 targets in the same organs (roots,
rosette or cauline leaves, stems, flowers) as in (b). The Arabidopsis
Information Resource database entry TAIR:At3g49510 was used as an
Ath-miR859 validated target (by 5' RACE (rapid amplification of cDNA
ends) PCR) [15], and TAIR:At3g19890 for Ath-miR774 [48]. At3g|8780
encoding an ACTIN isoform was used as RNA loading control.

sis  (AtPARE  database) [47] for  Ath-miR859
[TAIR:At3g49510] [15], Ath-miR774 [TAIR:At3g19890]
[48], Ath-miR397 ([TAIR:At2g29130], [TAIR:At5g260020]
and [TAIR:At2g38080]) [49,50]1, Ath-miR857
[TAIR:At3g09220], Ath-miR842 [TAIR:At5g38550] and
Ath-miR846 [TAIR:At5g49850] [15] (Table 2). In poplar,
Ptc-miR477/Ptc-miR1446-mediated  cleavage  of  the
DPTF:fgenesh4_pg.C_LG_XII000915 target (from the Data-
base of Poplar Transcription Factors) was validated for each
miRNA, as well as the JGI-Ptr-vi.1:eugene3.00102261 target
for Ptc-miR482 and JGI-Ptr-vi.1:eugene3.01310091 for Ptc-

Genome Biology 2009,
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miR1448 (both from the Join Genome Institute poplar data-
base) [43,44,46].

These analyses suggest that non-homologous miRNA polycis-
tronic clusters are likely to target transcripts encoding pro-
teins of the same family, suggesting that co-transcription of
miRNAs may co-regulate their respective targets.

The polycistronic Ath-MIR859-774 pri-MIRNA is
processed by a DCLI-dependent pathway

To determine the functionality of a non-homologous polycis-
tronic pri-MIRNA in planta, the Ath-MIR859-774 locus was
selected. Expression of several Ath-MIR859-774 predicted
targets encoding F-box proteins was analyzed in different
organs (Figure 3¢). Among validated targets, the Ath-miR774
target TAIR:At3g19890 and the Ath-miR859 target
TAIR:At3g49510 exhibited detectable expression in roots
that also express Ath-MIR859-774 pri-MIRNA. This indi-
cates that both partners of this post-transcriptional regula-
tion are present in this organ. We then overexpressed this
precursor to analyze the transcriptional regulation of these
target genes (Figure 4). Independent lines accumulating the
pri-MIRNA transcripts at high levels in wild-type (Col-0)
Arabidopsis plants were obtained (Figure 4a). Northern blot
analyses showed accumulation of both mature approximately
21-bp miRNAs corresponding to Ath-miR859 and Ath-
miR774 in comparison to control plants (expressing an empty
vector; Figure 4b). In addition, significant down-regulation of
both the Ath-miR859 target TAIR:At3g49510 and the Ath-
miR774 target TAIR:At3g19890 was observed in these trans-
genic lines (Figure 4c¢). These results indicate that both miR-
NAs from the Ath-MIR859-774 polycistronic pri-MIRNA can
be processed and simultaneously co-regulate the expression
of their respective predicted targets.

To determine whether the maturation of this atypical polycis-
tronic MIRNA precursor depends on DCL1, which processes
canonical single MIRNA precursors, the Ath-MIR859-774
overexpression construct was introduced into a dcli-9
mutant. This weak DCL1 allele affects miRNA processing but
is more viable than the embryonic lethal dclz null alleles [51].
Several independent lines overexpressing Ath-MIR859-774
did not accumulate Ath-miR859 and Ath-miR774 in aerial
tissues of the homozygous dcli-9 background (dcli-9/dcl1-9),
in contrast to the heterozygous siblings (dcl1-9/DCL1); Figure
5a, b). This indicates that the processing of polycistronic
MIRNA precursors such as pri-MIR859-774 requires DCL1.
Furthermore, down-regulation of the Ath-miR859 and Ath-
miR774 targets was abolished in these dcli-9/dcl1-9 trans-
genic lines (Figure 5¢).

Discussion

A comparative genomic analysis of miRNA clustering in three
model plants (a monocot, rice, a herbaceous dicot, Arabidop-
sis, and a dicot tree, poplar) led us to identify a novel class of
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Figure 4

Ath-MIR859-774 encodes a functional polycistronic pri-MIRNA. (a) Overexpression of Ath-MIR859-774 pri-MIRNA (under the control of a 355-CaMV
promoter) in wild-type Col-0 transgenic lines (seven representative OverExpressing (OE) lines) is shown. Real-time RT-PCR analysis was performed based
on equal amounts of total RNAs. A green fluorescent protein encoding transcript present 3' to the overexpressed pri-MIRNA was used as a tag to
efficiently amplify the overexpressed transcript. Threshold cycles are indicated and error bars indicate standard deviation of values obtained based on two
independent cDNA syntheses (technical replicates). (b) Detection of mature 21-bp Ath-miR859 and Ath-miR774 by Northern blot analysis in two
representative independent transgenic lines (selected from (a)) overexpressing the Ath-MIR859-774 pri-MIRNA. Total RNAs (10 pg/lane) from each
sample were blotted and probed with 32P-labeled standard DNA complementary to U6 RNA (loading control) or oligonucleotides complementary to
mature miRNA sequences. (c) Real-time RT-PCR analysis of the relative accumulation of selected Ath-MIR859-774 validated targets (Ath-miR859 target
TAIR:At3g49510 and Ath-miR774 target TAIR:At3g19890) in the two transgenic lines used in (b). The histogram represents amounts of specific PCR
amplification products (verified by sequencing and dissociation curve analyses) normalized to reference genes [72] defined using Genorm software [73]
(see Materials and methods). Values of target expression in the control line (Col-0) are set to |. Error bars indicate the standard deviation of values

obtained based on three independent cDNA syntheses (technical replicates).

polycistronic MIRNA precursors encoding miRNAs with
unrelated sequences. These non-homologous miRNA clusters
target transcripts encoding proteins of the same family, sug-
gesting that this unusual genomic organization may allow co-
regulation of different but related targets.

Most miRNA clusters encode several copies of conserved
miRNAs from the same family, that is, miR166, miR169, or
miR395. Previous analyses of miR395 clusters in rice and M.
truncatula, as well as a miR156 cluster in rice, maize, sugar-

cane, sorghum and even a dicot (Ipomea nil), have suggested
conservation of homologous miRNA clusters in various plant
genomes [16,29,30]. Our analysis revealed certain homolo-
gous miRNA clusters at syntenic genomic positions, implying
a common evolutionary origin across monocot and dicot lin-
eages. Specific miRNA families seem positively selected for
expansion and clustering in several genomes. For cultivated
species, it has been proposed that this spreading may contrib-
ute to advantageous agricultural traits [29,30]. In addition,
homologous miRNAs or cluster duplication may lead to the
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Figure 5

Ath-MIR859-774 polycistronic pri-MIRNA is processed by a DCL |-dependent pathway. (a) Overexpression of Ath-MIR859-774 pri-MIRNA in
dcll.9 mutant and in the corresponding DCLI.9/dcll.9 heterozygous siblings (three representative OverExpressing (OE) transgenic lines) is shown. Real-
time RT-PCR analysis was done on equal amounts of total RNAs. A green fluorescent protein encoding transcript present downstream of the
overexpressed pri-MIRNA was used to efficiently detect the overexpressed transcript. Threshold cycles are indicated and error bars indicate standard
deviation of values obtained based on two independent cDNA syntheses (technical replicates). (b) Detection of mature 21-bp Ath-miR859 and Ath-
miR774 by Northern blot analysis in the three independent transgenic lines (shown in (a)) over-expressing Ath-MIR859-774 pri-MIRNA in dc/l.9 and in the
DCL1.9/dcl1.9 heterozygous siblings. Total RNAs (10 pg/lane) from each sample were blotted and probed with 32P-labeled standard DNA complementary
to U6 RNA (loading control) or modified oligonucleotides complementary to mature miRNA sequences. (c) Real-time RT-PCR analysis of the relative
accumulation of selected Ath-MIR859-774 validated targets (Ath-miR859 target TAIR:At3g49510 and Ath-miR774 target TAIR:At3g19890) in the three
transgenic lines (used in (a, b) overexpressing the corresponding pri-MIRNA in dcll.9 and in the related DCL/.9/dcl/1.9 heterozygous background. The
histogram represents amounts of specific PCR amplification products (verified by sequencing and dissociation curve analyses) normalized to reference
genes [72] defined using Genorm software [73] (see Materials and methods). Error bars indicate the standard deviation of values obtained based on three

independent cDNA syntheses (technical replicates).

emergence of new spatio-temporal expression patterns
through the accommodation of alternative promoter regions
[29,52,53].

A combination of tandem duplication of miRNAs as well as
segmental duplications of whole clusters has been proposed
to explain such genomic organization [29,52]. In animal
genomes, mMiRNAs encoded in the miR17 cluster arose
through a complex duplication and loss of individual mem-
bers as well as duplications of entire clusters [28]. In plant
genomes, miR156, miR160, miR162, miR167, miR169,
miR171 and miR395 families experienced large expansions

via tandem or segmental duplication events and loss of family
members ([29,30,52] and this study). This is in agreement
with the detection of two to three miRNAs in most (that is, 70
to 80%) of the clusters in our analysis, similar to protein cod-
ing gene clusters [52]. These duplication events may there-
fore represent a major evolutionary route for birth and death
of miRNAs in plants.

Folding of putative transcripts derived from homologous
miRNA clusters revealed additional hairpins in the rice Osa-
MIR395h-1 and Osa-MIR395m-s clusters, which were not
annotated in miRBase. In animal genomes, systematic fold-
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ing of genomic regions encoding miRNA clusters has helped
to identify additional miRNAs [18]. A recent analysis of rice
miRNA clusters has revealed a different genomic organiza-
tion of upstream sequences corresponding to their promoters
[53]. Osa-MIR156b-c, Osa-MIR166k-h, Osa-MIR169n-o,
Osa-MIR172b-806a, Osa-MIR395a-g, Osa-MIR395h-I, and
Osa-MIR395m-s clusters may contain only one promoter and
be transcribed as polycistronic units. Interestingly, we found
that the Osa-MIR395t-w cluster was specific to the rice
genome. This cluster has previously been reported as having
no predicted promoter [53]; a transposable element identi-
fied in its vicinity [29] may be associated with the recent evo-
lution of this MIRNA cluster [6,54].

Our results indicate that short range (<1 kb) clustering of
'same DNA strand' miRNAs are highly suggestive of co-tran-
scription as reported in animal genomes [18]. Accidental for-
mation of hairpins followed by loss of miRNAs subsequent to
duplication was indeed proposed as a general mechanism for
the origin of polycistronic MIRNA transcripts in animals
[28]. Although the clustered miRNAs characterized were
always encoded in independent hairpins, a stem-loop encod-
ing the rice miR159 was recently shown to produce additional
approximately 21- to 24-nucleotide small RNAs from the 21
bp next to the miR159 sequence [33]. This unusual case is
reminiscent of sequential DCL1-dependent processing of the
Arabidopsis miR163, and of DCL4-dependent processing of
tasiRNAs (trans-acting siRNAs) or young Arabidopsis miR-
NAs, which may correspond to 'proto-miRNAs' [6,55,56]. Our
results show that maturation of the Ath-MIR859-774 polycis-
tronic cluster is mediated by DCL1, but we cannot exclude
that other (DCL) enzymatic complexes may contribute to the
processing of polycistronic MIRNA precursors.

In each of the three plant genomes, we identified several clus-
ters encoding distinct miRNAs, in addition to clusters con-
taining homologous miRNAs. Their low abundance in plant
genomes contrasts with animal genomes, where miRNA clus-
ters frequently encode miRNAs from different, although evo-
lutionarily related, families, for example, the miR17 gene
cluster [25,28]. These clustered non-homologous MIRNA
genes are proposed to simultaneously regulate multiple func-
tionally related genes in animals. Indeed, a recent study has
demonstrated that two human miRNA clusters regulate vari-
ous cyclin dependent kinase inhibitors, leading to a coordi-
nated regulation of cell cycle progression [27]. In contrast to
animals where hundreds of translational targets are fre-
quently predicted for a single miRNA, plant miRNAs target
few transcripts, usually showing an extensive homology with
the miRNA leading to its cleavage [42] (Table 2; Additional
data file 4). Although the recent identification of translational
regulation in plants may affect this view, all known transla-
tionally regulated targets presently contain binding sites
highly homologous to miRNAs [5]. Interestingly, we show
that all predicted targets of the different non-homologous
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miRNAs present in a single cluster always corresponded to
proteins of the same family.

Ath-MIR859-774 and a representative target of each miRNA
were mainly expressed in the roots. However, anti-correla-
tion between the MIRNA precursor and target transcript lev-
els was not identified in the different organs tested. This could
be due to the fact that several plant miRNAs quantitatively
regulate gene expression and a low level of variation in a spe-
cific organ could not be detected [6]. Indeed, both miRNA
and targets were expressed at low levels in each organ tested
(Figure 3; Figure S4 in Additional data file 3). Additionally,
spatial expression domains of the miRNAs and their targets
may vary in the different cell types constituting an organ,
resulting in non-significant differences at the whole organ
level or even positive correlations ([6,57] and references
therein). Furthermore, post-translational regulations may be
superimposed upon post-transcriptional regulations, as in
the case of another recently evolved plant miRNA, miR834,
initially suspected to be inactive [5]. In the latter case, the
absence or near absence of transcriptional anti-correlation
between miRNA and target transcripts suggests that post-
translational regulation is predominant over mRNA regula-
tion.

Ectopic expression of the Ath-MIR859-774 pri-MIRNA led to
the simultaneous down-regulation of distinct F-box tran-
scripts, which are likely to be independently regulated by each
miRNA. F-box proteins co-regulated by Ath-MIR859-774
may participate in specific pathways involving proteasome-
dependent degradation of signaling components [58]. Ptc-
MIR1446-477 loci are predicted to target a DELLA-like tran-
scription factor similar to the Arabidopsis RGL1/RGL2 pro-
teins involved in gibberellin control of seed germination and
floral development [45], and shoot and root development in
poplar [59]. The Ath-MIR397b-857 targets transcripts encod-
ing laccase copper proteins associated with lignin synthesis,
metal nutrition and response to abiotic stresses [50,60].
Among the four laccase encoding transcripts targeted by
these miRNAs, the knock-out mutant of TAIR:At2g29130
(AtLAC2) shows slightly reduced root elongation under
osmotic stress. Finally, miRNAs derived from the Ath-
MIR842-846 loci target transcripts encoding related JR/
MBP, while Ptc-MIR482-1448 miRNAs target transcripts
encoding disease resistance proteins. Both pathways may
affect pathogen defense responses [44,61]. Co-transcription
of similar or identical miRNAs has been proposed to have a
dosage effect on target expression [29]. Co-expression of dif-
ferent miRNAs may serve to increase the efficiency of the reg-
ulatory process. Whereas different miRNAs have been shown
to bind a single mRNA target in animal systems to coopera-
tively control its expression [19,62], only three Ath-MIR859-
774 targets were predicted to be recognized by both miRNAs.
This result might be biased due to the restrictive criteria used
in plants to predict targets, in contrast to animal genomes
[42].
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MIRNA genes are proposed to originate from the duplication
of a target gene [6,15,56,63]. In the case of polycistronic non-
homologous MIRNA precursors, we could hypothesize that
the duplication of a single target locus may have led to the
selection of two divergent 'proto-miRNA' regions targeting
other members of the family. An alternative is the duplication
of an overlapping region between two clustered target genes,
leading to the selection of miRNAs that target both clustered
ancestral genes. Indeed, predicted targets of tandem polycis-
tronic non-homologous MIRNA precursors are often them-
selves clustered (Additional data file 4), notably the F-box
proteins targeted by Ath-MIR859-774 and the laccases tar-
geted by Ath-MTR397b-857 (37 clustered F-box proteins and
4 clustered laccases).

Our results show that plant genomes generally contain less
clustered or polycistronic miRNAs than animal genomes.
Indeed, approximately 20% of total plant miRNAs are clus-
tered, whereas in animals they represent approximately 50%
using a similar criterion (that is, cluster size up to 10 kb) [18].
In animals, the Drosha complex specifically catalyzes matura-
tion of long pri-MIRNAs, including the numerous polycis-
tronic clusters, into approximately 70 nucleotide pre-
MIRNAs hairpins [6]. In plants, however, a Drosha-like
enzyme is lacking. We have shown that the processing of at
least one Arabidopsis polycistronic MIRNA is DCL1-depend-
ent, similar to most non-polycistronic MIRNA precursors.
We can speculate that the occurrence of a single step matura-
tion process of polycistronic precursors in plants may not be
functionally equivalent to the two-step process existing in
animals.

Conclusions

In contrast to plants, clusters of miRNAs are frequently
present in animal genomes. Our comparative genomic analy-
sis in three model plants (rice, poplar and Arabidopsis), how-
ever, has demonstrated the presence of several clusters
containing two to eight miRNA species. Certain ancestral
miRNA clusters appeared before the divergence of monocot
and dicot lineages, and showed differential expansions in
plants. Specific miRNA clusters (such as those coding for
miR395, miR169 and miR166) are highly conserved. Interest-
ingly, other clusters comprise functional miRNAs with unre-
lated sequences (non-homologous miRNAs) and are
expressed as single transcriptional units, defining a novel
class of plant pri-MIRNA genes. These polycistronic non-
homologous miRNAs regulate related target genes and are
processed by a DCL1-dependent pathway. This mechanism
paves the way for using polycistronic MIRNA precursors as a
new molecular tool in plants to simultaneously express artifi-
cial miRNAs [64] that control the expression of different
genes.
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Materials and methods

Plant genotypes and growth conditions

The wild-type Columbia (Col-0) ecotype of A. thaliana was
used, as well as a dcl1-9 mutant backerossed five times to Col-
0 [51,56]. All plants were grown in long day conditions (16-h
light/8-h dark photoperiod) at 23°C. Inflorescences, stems
and cauline leaves, or rosette leaves were collected from 3-
week-old greenhouse-grown plants. Roots were collected
from seedlings grown 3 weeks in vitro on 1/2 Murashige and
Skoog (MS) medium (Sigma, Lyon, France) supplemented
with 1% sucrose (Sigma, Lyon, France).

Bioinformatic analysis

Arabidopsis, poplar and rice miRNA sequences (mature and
precursor) were downloaded from the microRNA Registry
version 13.0 [65]. miRNA coordinates, chromosome locations
and DNA strand orientation were retrieved from the micro-
RNA Registry.

MIRNA genes were sorted by their chromosome locations
and coordinates to identify miRNA clusters. The distance
between two consecutive MIRNA loci was calculated by sub-
tracting the start coordinates of the downstream pre-MIRNA
(that is, hairpin) to the end coordinates of the upstream pre-
MIRNA. MIRNA loci located within a distance of less than 1,
3 or 10 kb were considered to define the best candidates for
polycistronic clusters and clusters with stringent or non-
stringent criteria, respectively. The DNA strand containing
the miRNA sequence was considered in these analyses.

Secondary structures were predicted using the mfold pro-
gram [66] with default parameters [67] and a window size
between 1 and 2 kb depending on MIRNA precursors.

Conservation analysis of miRNA clusters between
plant genomes

Conservation between selected clustered miRNAs in Arabi-
dopsis, poplar, sorghum and rice genomes as well as determi-
nation of candidate orthologous regions were determined
using Genome VISTA [36,37]. Query sequence (1 to 1.5 kb
depending on clusters) was anchored on the reference
genome by local alignment matches and then globally aligned
to candidate regions in different selected genomes based on
the AVID program [68,69]. Alignments were then displayed
with the VISTA graphic server [70]. Identified syntenic
regions were manually inspected to identify and annotate
orthologous miRNA clusters.

Northern blot analysis of small RNA expression

Tissues were frozen in liquid nitrogen, ground to a fine pow-
der with a mortar and pestle, and then homogenized in TRI-
Reagent® (Sigma, Lyon, France) supplemented with B-mer-
captoethanol. Total RNAs were prepared according to the
manufacturer's instructions (Sigma, Lyon, France) with addi-
tional steps: samples were extracted with one volume of Tris/
HCl-buffered phenol/chloroform (Sigma, Lyon, France),
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then with two volumes of chloroform, and finally RNAs were
precipitated with three volumes of ice-cold 100% ethanol and
one-tenth volume of 3 M sodium acetate (pH 6) in diethyl-
enepyrocarbonate (DEPC)-treated water. Northern blot anal-
ysis of low molecular weight RNAs (10 pg of total RNAs per
lane) was carried out on denaturing 15% polyacrylamide
(19:1) gels cast in 7 M urea/Tris borate EDTA (TBE) buffer,
followed by blotting onto a nylon hybridization membrane
(Hybond-NX®, Amersham/Pharmacia, Les Ulis, France) pre-
wetted in distilled water. An EDC (1-ethyl-3- [3-dimethylami-
nopropyl]carbodiimide hydrochloride)-mediated cross-link-
ing step was then performed as described [71]. Blots were
hybridized with gamma-ATP 32P end-labeled oligonucle-
otides (20 pmoles) complementary to miRNAs, and at the
same time with an end-labelled oligonucleotide U6 RNA
probe as loading control.

Analysis of gene expression by RT-PCR

Total RNAs were extracted using the total RNA Isolation kit
(Macherey-Nagel, Diiren Germany). cDNA was synthesized
by reverse transcription of 1.5 pg of total RNAs using the
SuperScript II Reverse Transcriptase (Invitrogen, Paisley,
UK) and (T)16 A/G/C oligonucleotides. Primer pairs used for
RT-PCR are listed in Additional data file 5. Specificity of
amplification was checked by cloning and sequencing of PCR
amplicons, and ESTs corresponding to Arabidopsis non-
homologous pri-MIRNAs were submitted to GenBank
([INCBI:GU125419] for Ath-MIR859-774; [NCBI:GU125420]
for Ath-MIR850-863; [NCBI:GU125421] for Ath-MIR397B-
857; [NCBI:GU125422] for Ath-MIR851-771). For Ath-
MIRB842-846 loci, no amplification was obtained despite test-
ing eight different primer combinations, even on genomic
DNA (data not shown). A control without reverse tran-
scriptase was systematically included.

Real-time RT-PCR was performed on an Eppendorf Master-
cycler®realplex real-time PCR system (Eppendorf, Hamburg,
Germany) using FastStart Universal SYBR Green Master Mix
(Rox) from Roche Applied Science (Meylan, France). Techni-
cal triplicates were done for each datapoint, and two inde-
pendent Dbiological replicates (per condition and/or
transgenic line) were assayed. Normalization was done with
averaged reference genes TAIR:At1g13320, TAIR:At4g26410,
and TAIR:At5g15710 [72], which were systematically vali-
dated under our experimental conditions using Genorm soft-
ware [73].

Cloning and transgenic plants

Firstly, pri-MIRNA Ath-MIR859-774 was amplified by RT-
PCR from seedling cDNA and cloned into pCR8®/GW/
TOPO® TA Cloning® vector (Invitrogen, Paisley, UK). The
construct was then transferred to the destination vector
pEarlyGate103 [74] using the LR recombination kit (Invitro-
gen, Paisley, UK). These constructions (based on the 35S-
CaMV promoter) were used to transform A. thaliana plants
by floral dipping [75]. Transgenic plants were selected in T1
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generation by spraying seedlings with Basta® solution (120
mg/L glufosinate ammonium; Bayer CropScience, Monheim
am Rhein, Germany) successively at 12, 14, and 16 days after
germination. Basta-resistant plantlets were then tested for
transgene expression by real time RT-PCR as described
above. Since amplification across the successive hairpin
regions of the Ath-MIR859-774 pri-MIRNA was not efficient
and quantitative enough for real time RT-PCR analyses, a
GFP mRNA present 3' of the pEarlyGate103 vector cloning
site, for which efficient and specific primers were available
(Additional data file 5), was used as a 3' tag to analyze trans-
gene expression.
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