LETTER

doi:10.1038/nature14346

Primary transcripts of microRNAs encode
regulatory peptides
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MicroRNAs (miRNAs) are small regulatory RNA molecules that
inhibit the expression of specific target genes by binding to and
cleaving their messenger RNAs or otherwise inhibiting their translation into proteins1. miRNAs are transcribed as much larger primary transcripts (pri-miRNAs), the function of which is not fully
understood. Here we show that plant pri-miRNAs contain short open
reading frame sequences that encode regulatory peptides. The primiR171b of Medicago truncatula and the pri-miR165a of Arabidopsis thaliana produce peptides, which we term miPEP171b and
miPEP165a, respectively, that enhance the accumulation of their
corresponding mature miRNAs, resulting in downregulation of target genes involved in root development. The mechanism of miRNAencoded peptide (miPEP) action involves increasing transcription
of the pri-miRNA. Five other pri-miRNAs of A. thaliana and M.
truncatula encode active miPEPs, suggesting that miPEPs are widespread throughout the plant kingdom. Synthetic miPEP171b and
miPEP165a peptides applied to plants specifically trigger the accumulation of miR171b and miR165a, leading to reduction of lateral
root development and stimulation of main root growth, respectively,
suggesting that miPEPs might have agronomical applications.
The biogenesis of miRNAs involves two maturation steps: processing of large pri-miRNAs to shorter pre-miRNAs, and their subsequent
maturation to produce active, mature miRNAs1. Whether the primiRNAs themselves have a regulatory function is not known. Like
protein-encoding mRNAs, pri-miRNAs are synthesized by RNA polymerase II1; therefore, we hypothesized that they might also encode proteins or peptides. To test this hypothesis, we studied the miR171 family
in the model plant Medicago truncatula, because we have previously
documented the role of one of its members (miR171h) in mycorrhization2. Here we selected miR171b for further analysis because it regulates
the formation of lateral roots, a more easily monitored developmental
step. We first identified the primary transcript of miR171b by performing a rapid amplification of cDNA ends (RACE)–PCR analysis (Extended Data Fig. 1). The DNA sequence surrounding the miR171b of
284 ecotypes of M. truncatula, (http://www.medicagohapmap.org) were
compared for single-nucleotide polymorphism (SNP). As expected, the
regions corresponding to the pre-miRNA, the miRNA and its partially
complementary sequence miRNA* were highly conserved, with only
0.85% of SNPs in the pre-miRNA sequence, and none in the miRNA
and in the miRNA* sequences (Extended Data Table 1). By contrast,
the promoter and 39 region of the pri-miRNA were much more divergent (8.07% and 15.06% of SNPs, respectively; Extended Data Table 1),
whereas the sequence of the 59 part of the pri-miRNA was more conserved (3.1% of SNPs), suggesting a functional constraint for coding
regions. In support of our hypothesis, we identified two putative open
reading frames (ORFs) potentially encoding peptides of 20 and 5 residues in this region of the pri-miR171b (Extended Data Fig. 1).
To investigate whether the start codons of the two putative ORFs are
active, we fused the b-glucuronidase reporter gene GUS to the promoter
region of the pri-miR171b. This region was sufficient to confer expression

specifically at lateral root initiations (Fig. 1a and Extended Data Fig. 2a–c).
We next fused the GUS and the promoter region before either one of
the two ATG and observed that only the first ATG drove the translation
of the reporter gene at these sites (Fig. 1b); no translation was detected
when GUS was placed downstream of the second ATG (Fig. 1c). Finally,
we fused the promoter region and the first ORF (ORF1) to GUS and
observed translation of this small ORF where lateral roots initiated
(Fig. 1d and Extended Data Fig. 2d–f), demonstrating that ORF1 is
translated in the plant.
To detect the endogenously produced peptide encoded by ORF1 in
M. truncatula, we produced an antibody against this peptide. Immunofluorescence microscopy using this antibody indicated the presence
of the peptide in lateral root initiations (Fig. 1e, f and Extended Data
Fig. 2g–r), suggesting co-expression of the pri-miRNA. Immunoblotting showed that this antibody is highly specific for the peptide and that
the peptide is produced naturally in M. truncatula roots (Fig. 1g). We
call this miRNA-encoded peptide miPEP171b.
To investigate the possible regulatory role of miPEP171b in miR171b
production, we used transformation of tobacco leaves3 to express native
and mutant forms of M. truncatula pri-miR171b. In contrast to the
large amount of miR171b produced by expression of the native primiR171b (Fig. 2a), expression of a mutant in which ORF1 was deleted
produced smaller amounts of miR171b (Fig. 2a). Likewise, expression
of a pri-miR171b in which the ATG start codon of ORF1 was mutated
to ATT also produced smaller amounts of miR171b than did expression of the native pri-miR171b (Fig. 2a). This suggests that miPEP171b
enhances the accumulation of its corresponding miRNA. To test this
hypothesis further, we expressed the pri-miR171b together with the
miPEP171b or with a control. The miR171b was more abundant when
co-expressed with miPEP171b than with the control (Fig. 2b). Mutation of the start codon of the miPEP171b ORF from ATG to ATT
abolished this enhanced accumulation of miR171b (Fig. 2b). Finally, a
mutated miPEP171b ORF in which most nucleotides were changed
without modifying the amino acid sequence of the peptide retained its
positive effect on the accumulation of miR171b, reinforcing the conclusion that the ORF sequence acts as a peptide, not as an RNA (Fig. 2b).
To test whether miPEP171b enhances accumulation of miR171b in
M. truncatula, we overexpressed miPEP171b in M. truncatula roots.
This led to increased accumulation of endogenous miR171b (Fig. 2c).
Also, overexpression of miPEP171b reduced lateral root density to a similar extent as did overexpression of pri-miR171b (Extended Data Fig. 3).
Finally, overexpression of miPEP171b had no effect on the expression
of other miRNAs we analysed, suggesting that miPEPs are active specifically on their respective miRNAs (Extended Data Fig. 4a).
We next investigated whether a synthetic miPEP171b applied exogenously would modify the expression of miR171b, and consequently
modify plant development. The addition of miPEP171b to M. truncatula seedlings increased the abundance of miR171b (Fig. 2d), with consequent reduction of lateral root formation (Extended Data Fig. 3c).
Treatment with a control peptide, with the same amino acid composition

1
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Figure 2 | Effect of miPEP171b on accumulation of miR171b.
a, Quantification of miR171b in tobacco leaves expressing the pri-miR171b, or
the pri-miR171b in which the ORF1 was deleted (DORF), or in which the ORF1
start codon was mutated to ATT. b, Quantification of miR171b in tobacco
leaves expressing the pri-miR171b and a control, or the native miPEP171b,
or a miPEP171b in which the ORF1 start codon was mutated to ATT, or in
which the ORF1 nucleotide sequence was mutated without modifying the
amino acid sequence (synonymous). c, Quantification of miR171b in control
and miPEP171b-overexpressing M. truncatula roots. d, Quantification of
miR171b in M. truncatula roots treated with solvent (control), synthetic
scrambled or miPEP171b peptides. (Error bars, s.e.m.; asterisks, significant
difference according to Student’s t-test (a, b) or a Kruskal–Wallis test (c, d);
n 5 30 leaves or n 5 10 roots, P , 0.05.)
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Figure 1 | Expression of M. truncatula miPEP171b in lateral root
initiations. a, b, Expression of GUS (blue) fused to the transcription initiation
site of the pri-miR171b (a), or to the first ATG (ATG1) (b), under the control
of the miR171b promoter (Pro-miR171b). c, Absence of GUS expression
when fused to the second ATG (ATG2). d, Expression of GUS fused to
the ORF1. e-f, Bright-field (e) and fluorescence (f) images of the
immunolocalization of the miPEP171b (red). Green, autofluorescence.
Scale bars, 50 mm. g, Immunoblotting of synthetic miPEP171b and of root
extracts with a specific antibody. Red and blue arrows, 75 kDa and 5 kDa,
respectively; see full scan blots in Supplementary Information. One
representative experiment of nine (e, f) or four (g) performed is shown.

as the miPEP171b but a scrambled sequence, had no effect (Fig. 2d).
Finally, exogenous application of miPEP171b had no effect on other
M. truncatula miRNAs (Extended Data Fig. 4b).
To see whether plant pri-miRNAs generally encode miPEPs, we analysed the data from ref. 4, which contain the sequences of the 59 ends of
50 pri-miRNAs in Arabidopsis thaliana. All of these pri-miRNAs contained at least one putative ORF, the 59-most ORFs encoding peptides
of 3–59 amino acid residues, without any indication of biological evidence (Extended Data Table 2). We found no common signature among
them, suggesting each of these putative miPEPs is likely specific for its
miRNA (Extended Data Table 2).
We next examined whether the miPEP encoded by pri-miR165a of
A. thaliana might have similar regulatory functions in this plant as
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Figure 3 | Expression and effect of A. thaliana miPEP165a.
a, Immunobloting of miPEP165a in wild-type (Col-0) and in miPEP165a
overexpressing seedlings. b, Northern blot analysis of miR165a in seedlings
treated with water or with synthetic miPEP165a. (a, b, see full scan blots in
Supplementary Information.) c, Quantification of miR165a and of its target
genes (PHAVOLUTA (PHV), PHABOLUSA (PHB) and REVOLUTA (REV))5
in seedlings treated with water or with synthetic miPEP165a. Darker bars
represent increasing concentration of miPEP165a. One representative
experiment of three (a) or four (b) performed is shown. Error bars, s.e.m.;
asterisks, significant difference according to a Kruskal–Wallis test; n 5 10
seedlings, P , 0.05.
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those of the miPEP171b in M. truncatula. This miRNA is normally expressed in the root endodermis cells5. Notably, the miPEP165a amino
acid sequence is well conserved in Brassicales (Extended Data Fig. 5).
We first expressed fusions between the GUS-GFP and the promoter
region before the first ATG or before putative alternative start codons
CTG and GTG of pri-miR165a in A. thaliana (Extended Data Fig. 6a).
The first ATG was active in endodermis cells, whereas the CTG and
GTG codons were not active, indicating that the ATG is the functional
start codon of this peptide (Extended Data Fig. 6b–f). Notably, the
ribosome footprint data of ref. 6 revealed that the sequence encoding
miPEP165a in pri-miR165a is occupied by ribosomes in A. thaliana
seedlings, strongly suggesting that this sequence is translated (data not
shown). Indeed, immunoblotting with an antibody recognizing the
miPEP165a showed the presence of this peptide in wild-type (Col-0)
seedlings, and the amount of the peptide increased when overexpressing the miPEP165a (Fig. 3a).
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Figure 4 | Mode of action of miPEP165a.
a, Quantification of pri-miR165a in seedlings
treated for 2 h with water or synthetic scrambled or
miPEP165a peptides, simultaneously with or
without cordycepin. b, Quantification of primiR165a in seedlings treated for 12 h with water
or synthetic scrambled or miPEP165a peptides
and then with cordycepin for up to 45 min.
c, Quantification of pri-miR165a in wild-type
(Col-0) or nrpb2-3 mutant seedlings treated with
water or scrambled or miPEP165a peptides.
Error bars, s.e.m.; asterisks, significant difference
according to a Kruskal–Wallis test, n 5 10
seedlings, P , 0.05.
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Treatment of A. thaliana seedlings with synthetic miPEP165a increased the accumulation of miR165a (Fig. 3b). Moreover, the effect of
miPEP165a on accumulation of miR165a, downregulation of its target
genes, and increase of root length was proportional to the dose of peptide (Fig. 3c and Extended Data Fig. 6g).
To know whether this activation of miRNAs by miPEPs is a general
phenomenon, we tested five additional miPEPs and miRNAs from different miRNA families in M. truncatula and A. thaliana. In each case,
application of the synthetic peptide or overexpression of the miPEP
increased accumulation of the corresponding miRNA (Extended Data
Fig. 7).
To understand better how miPEPs result in accumulation of their
corresponding miRNAs, we analysed the expression of pri-miR165a
in seedlings treated with miPEP165a for 2 h. This treatment increased
the amount of pri-miR165a, unlike the treatments with water or with
scrambled miPEP165a (Fig. 4a), suggesting that the miPEP either stabilized the pri-miRNA or increased its transcription. To distinguish between these two hypotheses, we treated the seedlings with miPEP165a,
water or scrambled peptide for 2 h but in the presence of cordycepin, an
inhibitor of RNA synthesis7. Cordycepin treatment completely abolished the positive effect of miPEP165a on pri-miR165a accumulation,
suggesting that miPEPs activate the transcription of miRNAs (Fig. 4a).
We also treated plants with miPEP165a, water or scrambled peptide,
and 12 h later with cordycepin. Then we quantified the pri-miR165a at
various times (Fig. 4b). As expected, the miPEP165a treatment increased
the amount of pri-miR165a at time 0 (before treatment with cordycepin)
compared to control roots. Upon inhibition of RNA synthesis, however,
the loss of pri-miR165a was similar over time in the treated and control
roots (except during the first 5 minutes), showing that the peptide does
not increase the stability of pri-miR165a. Finally, we analysed the effect
of miPEP165a in nrpb2-3 mutant plants. These mutants carry a weak
allele of a subunit of RNA polymerase II, which transcribes pri-miRNAs8,9.
We treated wild-type (Col-0) and nrpb2-3 plants with miPEP165a, water
or scrambled peptide and found no increase in the accumulation of
miR165a in the mutant plants in response to the miPEP165a (Fig. 4c),
further supporting the hypothesis that miPEPs are transcriptional activators of their corresponding pri-miRNAs.
The discovery of miPEPs encoded by pri-miRNAs and their effect
on pri-miRNA transcription raises several questions (see Supplementary Information). Not least, how is pri-miRNA translation in the cytoplasm co-ordinated with the maturation of pri-miRNAs in the nucleus?
How do miPEPs interact with the transcriptional machinery and what
is the molecular basis of their specificity for their corresponding primiRNAs? From a practical perspective, the fact that exogenous application

of miPEPs can specifically modify plant development may have important agronomical applications.
Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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CNRS, Toulouse) and C. Featherstone for critical reading of the manuscript.
Author Contributions J.-P.C. designed the research; J.-P.C., D.L. and G.B. designed the
experiments and discussed the results; J.-P.C., D.L., J.-M.C. and Y.M. performed the
experiments; J.-P.C., H.S.C. and C.D. performed bioinformatics analyses; J.-P.C. and
G.B. wrote the paper.
Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of the paper. Correspondence
and requests for materials should be addressed to J.-P.C. (combier@lrsv.ups-tlse.fr).

2 A P R I L 2 0 1 5 | VO L 5 2 0 | N AT U R E | 9 3
G2015

Macmillan Publishers Limited. All rights reserved

RESEARCH LETTER
METHODS
Biological materials. Medicago truncatula Gaertn cv. Jemalong genotype A17
plants were cultivated on Fahraeus medium as described previously3. Arabidopsis
thaliana Col-0 plants were cultivated on Murashige and Skoog (MS)-based medium containing 4.4 g l21 MS base (Sigma), 10% sucrose (Sigma), 6 g l21 agarose
(Sigma), pH 5.8.
Plasmid constructs. Plasmids were obtained by using pPEX or pBIN3 vectors or
Golden Gate cloning strategy10. Expressions in tobacco leaves were performed using
35S promoter. pPEX and pBIN plasmids were used for overexpression studies, by
cloning the fragment of interest with XhoI-NotI and ClaI-BamHI, respectively (see
Extended Data Table 3 for primers used). A modified pCAMBIA2200 binary vector11 was used with the Golden Gate strategy for other cloning. The fragments
to be cloned were flanked by BsaI restriction sites during the PCR amplification
step. One-step digestion–ligation reactions were carried out with 100 ng modified
pCAMBIA, 100 ng of each PCR fragment, 1 ml 103 ligase buffer (Promega), 2.5 U T4
DNA ligase (Promega), 2.5 U BsaI (NEB), in a final volume of 10 ml and incubated
at 37 uC for 30 min and 16 uC for 30 min and repeated once. A final incubation step
at 50 uC for 20 min was used to cleave any remaining undigested cloning vector. In
studies of miPEP171b and miPEP165a, 2.3 kilobase (kb) and 4 kb of promoter
sequences were used for GUS analyses, respectively.
Plant transformation. Composite plants of M. truncatula A17 with Agrobacterium rhizogenes-transformed roots were obtained by the procedure described previously3. Tobacco leaf transformation was performed as described previously3. A.
thaliana were transformed according to ref. 12. Transformants were selected on
MS medium (4.4 g l21 MS base (Sigma), 10% sucrose (Sigma), 6 g l21 agarose (Sigma),
pH 5.8) supplemented with 25 mg l21 kanamycin.
Histochemical staining. GUS staining was performed as described previously3.
The samples were observed with an Axiozoom V16 microscope (Zeiss).
Expression analyses. miRNA quantification was performed by northern blot analyses2, or by stem-loop quantitative reverse transcription (qRT)–PCR13. In brief,
RNAs were extracted by using the TRI Reagent (Molecular Research Center, Inc.)
following the manufacturer’s instructions, except that the RNAs were precipitated
with three volumes of ethanol. RNAs were reverse-transcribed using a specific
reverse-transcription-primer stem-loop in combination with hexamers, adapted
from ref. 13. One microgram of RNAs was added to stem loop primer (0.2 mM),
hexamers (500 ng), reverse transcription buffer (13), SSIII (Invitrogen) (1 U), dNTPs
(0.2 mM each), and dithiothreitol (0.8 mM) in a total volume of 25 ml. Gene expression was measured by qRT–PCR (see Extended Data Table 3 for primers used)
and performed as described previously3. Actin was used as housekeeping gene to
normalize qRT–PCR analyses on A. thaliana (See Extended Data Table 3). For
northern blotting analyses, U6, which is a non-coding small nuclear RNA was used
as a control for equal loading. Levels of expression in Fig. 4a, c for the controls were
set at 100. For all the qPCR, each biological sample has two technical replicates.
Statistical analyses. The mean values of relative gene expression, lateral root production or root length were compared by using Student’s t-test (when n . 30) or
the Kruskal–Wallis test (when n , 30). In each case, n represents independent
biological replicates. Error bars represent the standard error of the mean (s.e.m.).
Asterisks indicate significant differences (P , 0.05). No statistical methods were
used to predetermine sample size.
Peptide assays. Peptides were synthesized by Smartox (http://www.smartoxbiotech.com) and dissolved at 10 mM in water (miPEP164a, miPEP65a), in 10%
acetic acid (v/v) (miPEP169d), or in 40% water, 50% acetonitrile and 10% acetic
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acid (v/v/v) (miPEP171b). Plants were treated with concentrations from 0.01 to
10 mM peptide diluted in the agar growth medium or in solution in water (for
Fig. 4a, b).
Sequences. miPEP164a: MPSWHGMVLLPYVKHTHASTHTHTHNIYGCACE
LVFH; miPEP165a: MRVKLFQLRGMLSGSRIL; scrambled miPEP165a: SMKQ
RVLLGRLSIFGLMR; miPEP169d: MVKESFMERLKVR; miPEP171b: MLLHRLS
KFCKIERDIVYIS; scrambled miPEP171b: LIVSHLYSEKFDCMRKILRI.
Antibodies. Polyclonal antibodies against full-length miPEP165a and miPEP171b
were obtained by inoculating rabbits (http://www.agrobio.com). Antibodies were
purified by affinity chromatography on columns containing the appropriate peptide.
Immunoblots. Total protein extracts were obtained as described previously3, and
50 mg were loaded and separated by SDS PAGE. Transfer was performed in phosphate buffer overnight at 4 uC and at 15 V, and the membrane was incubated for
45 min at room temperature in 0.2% (v/v) glutaraldehyde. Primary antibodies were
used at 1:1,000 (v/v) dilution and HRP-conjugated goat anti-rabbit IgG (http://
www.agrobio.com) was used as secondary antibody at 1:40,000 (v/v) dilution. Immunoblotting of tubulin was performed as a control for equal loading (Fig. 3a).
Immunohistochemistry. Hairy roots and plantlets of M. truncatula were fixed for
two hours in 4% (v/v) formalin in 50 mM cacodylate buffer (pH 7.2). Then they
were embedded in 5% low melting-point agarose dissolved in water. Semi-thin
sections (100 mm) were prepared and placed on Teflon-coated well slides in phosphate buffer for immunology (PBi: 0.1 M potassium phosphate buffer pH 7.5). The
sections were blocked by incubating in PBi containing 2% Tween (PBiT) and 1%
bovine serum albumin for 2 h (PBiT-BSA), then incubated overnight (12 h) at 4 uC
with primary antibody diluted 1:50 (v/v) in PBiT-BSA. They were then washed five
times with PBiT over the course of 3 hours and incubated at room temperature for
2 hours with a goat anti-rabbit IgG coupled to Alexa Fluor 633 (Molecular Probes)
diluted 1:1,000 (v/v) in PBiT-BSA. Finally, the slides were washed in PBi for 1 hour,
mounted in Citifluor (antifading mounting medium) and observed by confocal
microscopy on a LeicaTCS SP2 laser scanning confocal microscope. The signal
obtained from controls with pre-immune serum instead of primary antibody, or in
the absence of primary antibody, were subtracted from the signal obtained with the
specific antibody.
RNA stability. Two-week-old plants grown vertically on solid MS medium were
transferred into wells of six-well plates containing 1 ml liquid MS medium. Simultaneously or after 16 h incubation with 1 mM miPEP165a, the plants were treated
with 100 mg ml21 cordycepin (Sigma) and harvested after various times for RNA
extraction and quantification. Experiments were repeated three times.
RACE–PCR. For pri-miRNA 59 end identification, RACE–PCR was carried out
following the manufacturer’s instructions (FirstChoiseRLM-RACE kit, Ambion).
For pre-miRNA 59 end identification, the Calf Intestinal Phosphatase treatment
was omitted.
10.
11.

12.
13.

Engler, C., Kandzia, R. & Marillonnet, S. A one pot, one step, precision cloning
method with high throughput capability. PLoS ONE 3, e3647 (2008).
Fliegmann, J. et al. Lipo-chitooligosaccharidic symbiotic signals are recognized
by LysM receptor-like kinase LYR3 in the legume Medicago truncatula. ACS Chem.
Biol. 8, 1900–1906 (2013).
Clough, S. J. & Bent, A. F. Floral dip: a simplified method for Agrobacteriummediated transformation of Arabidopsis thaliana. Plant J. 16, 735–743 (1998).
Mestdagh, P. et al. High-throughput stem-loop RT-qPCR miRNA expression
profiling using minute amounts of input RNA. Nucleic Acids Res. 36, e143
(2008).
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Extended Data Figure 1 | Characterization of the M. truncatula
miPEP171b. The 59 part of the pri-miR171b, as identified by 59 RACE–PCR
analysis. The short putative ORFs are in blue, the miR171b* in green, and the
mature miR171b in red. The two first ATG start codons of the pri-miR171b

G2015

are underlined, and the sequences of their corresponding peptides are shown
below. The black vertical line indicates the 59 end of the pre-miR171b
precursor, identified by 59 RACE–PCR.
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Extended Data Figure 2 | Expression of miPEP171b in M. truncatula roots.
a–c, Staining for GUS activity (blue) showing expression of the miR171b at
different stages of lateral root development. d–f, Staining for GUS activity
(blue) showing expression of the miPEP171b at different stages of lateral
root development. g–r, Immunolocalization of miPEP171b. Confocal
immunofluorescence microscopy of endogenous miPEP171b (red) in the
main roots (g) and lateral root primordia (i) of wild-type plants, and their
corresponding bright-field images (h, j). Confocal immunofluorescence
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microscopy of miPEP171b (red) in main roots (k) and lateral root primordia
(m) in roots overexpressing miPEP171b, and their corresponding bright-field
images (l, n). Controls for immunofluorescence staining of main roots (o)
and lateral root primordia (q) of wild-type plants, and their corresponding
bright-field images (p, r), in which the primary antibody was omitted (scale
bars, 100 mm). One representative experiment of nine (g–j), four (k–n) or
seventeen (o–r) performed is shown.
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Extended Data Figure 3 | Effect of an upregulation of the miR171b on
root development in M. truncatula. a, Relative production of lateral roots in
roots overexpressing the pri-miR171b compared to the production in control
roots. b, Relative production of lateral roots in roots overexpressing the
miPEP171b compared to the production in control roots. c, Relative
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production of lateral roots in plants treated with 0.1 mM miPEP171b synthetic
peptide (0.1 mM miPEP171b) compared to the production in roots treated
with control solvent (control). Error bars represent s.e.m., asterisks indicate a
significant difference between the overexpressing roots and the control
according to Student’s t-test (n 5 100 independent plants, P , 0.05).
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Extended Data Figure 4 | Effect of miPEP171b on the expression of various
miRNAs in M. truncatula. a, Effect of overexpression of miPEP171b. b, Effect
of exogenous treatment with 0.1 mM of the synthetic miPEP171b. Histograms
represent the relative expression of each miRNA in roots overexpressing
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miPEP171b compared to wild-type roots (a) or in roots treated with the peptide
compared to the roots treated with solvent (b). Error bars represent s.e.m.,
asterisks indicate a significant difference between the treatment and the control
according to a Kruskal–Wallis test (n 5 10 independent roots, P , 0.05).
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Extended Data Figure 5 | Alignment of miPEP165a amino acid sequences
of seven species of Brassicales using MultAlin. MultAlin available at
http://multalin.toulouse.inra.fr/multalin/multalin.html. At, Arabidopsis
thaliana; Aly, Arabidopsis lyrata; Bn, Brassica napus; Bo, Brassica oleracea;
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Bc, Brassica carinata; Bj, Brassica juncea; Br, Brassica rapa. Red represents
homology in all seven species; blue represents homology in most of the species.
Upper-case letters denote high-consensus sequence; lower-case letters denote
low-consensus sequence.
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Extended Data Figure 6 | Characterization of miPEP165a from A. thaliana.
a, miPEP165a sequence: the 59 part of the pri-miR165a, as identified in ref. 7.
The miPEP165a-coding sequence is in blue, the miR165a* in green, and
the mature miR165a in red. The putative alternative start codons are in light
blue, the ATG start codon of the miPEP165a is underlined, and the amino
acid sequence of the miPEP165a is shown below. The black vertical line
indicates the 59 end of the pre-miR165a precursor (http://www.mirbase.org).
b–f, Expression of the miPEP165a in A. thaliana roots. b, c, Confocal
fluorescence microscopy of A. thaliana root tips showing expression of a
GUS-GFP fusion gene fused to the first ATG of the sequence encoding the
pri-miR165a under the control of 4 kb of the promoter (green), and the
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corresponding bright-field image. The red fluorescence is due to the
constitutively expressed DsRed fluorescent protein. d, A root tip as in
(b, c) showing staining for GUS activity (blue) due to expression of the
GUS-GFP fusion gene. e, f, Absence of staining for GUS activity in root tips
transformed with expression vectors encoding GUS fusion genes fused to
the first GTG (e) or CTG (f) of the pri-miR165a-coding sequence under the
control of 4 kb of the promoter (scale bars, 100 mm). g, Main root length of
seedlings treated with water (control) or with various concentrations of
synthetic miPEP165a dissolved in water. Error bars represent s.e.m., asterisks
indicate a significant difference between the treatment and the control
according to Student’s t-test (n 5 100 independent plants, P , 0.05).
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Extended Data Figure 7 | Effect of various miPEPs from Arabidopsis
thaliana and Medicago truncatula on the expression of their corresponding
miRNA. a–c, miPEPs from A. thaliana. a, Expression of miR160b in response
to overexpression of miPEP160b. b, Expression of miR164a in response to
treatment with 0.1 mM of miPEP164a. c, Expression of miR319a in response to
overexpression of miPEP319a. d–e, miPEPs from M. truncatula. d, Expression

G2015

of miR169d in response to treatment with 0.1 mM of miPEP169d. e, Expression
of miR171e in response to overexpression of miPEP171e. Error bars represent
s.e.m., asterisks indicate a significant difference between the treatment and
the control according to a Kruskal–Wallis test (n 5 10 independent roots or
tobacco leaves, P , 0.05).
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Extended Data Table 1 | DNA polymorphism analysis of various regions of the pri-miR171b in 284 ecotypes of M. truncatula

A haplotype is defined as a sequence that differs by at least one SNP from the other haplotypes.
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Extended Data Table 2 | List of putative miPEPs identified in A. thaliana (in which the putative start codon is ATG)

aa, amino acids; MW, molecular weight.
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Extended Data Table 3 | List of primers used
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