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Abstract 

MicroRNA s (miRNA s) are essential regulators of gene e xpression, defined b y their unique biogenesis, which requires the precise e x cision of 
the small RNA from an imperfect fold-back precursor. Unlike their animal counterparts, plant miRNA precursors exhibit variations in sizes and 
shapes. Plant MIRNAs can undergo processing in a base-to-loop or loop-to-base direction, with DICER-LIKE1 (DCL1) releasing the miRNA after 
two cuts (two-step MIRNAs ) or more (sequential MIRNAs ). In this study, we demonstrate the critical role of the miRNA / miRNA* duplex region 
in the processing of miRNA precursors. We observed that endogenous MIRNAs frequently experience suboptimal processing in vivo due to 
mismatches in the miRNA / miRNA* duple x, a k e y region that fine-tunes miRNA le v els. Enhancing the interaction energy of the miRNA / miRNA* 
duple x in tw o-step MIRNAs results in a substantial increase in miRNA le v els. Con v ersely, sequential MIRNAs displa y distinct and specific 
requirements for the miRNA / miRNA* duplexes along their foldback str uct ure. Our work establishes a connection between the miRNA / miRNA* 
str uct ure and precursor processing mechanisms. Furthermore, we reveal a link between the biological function of miRNAs and the processing 
mechanism of their precursors with the e v olution of plant miRNA / miRNA* duplex str uct ures. 
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Introduction 

Small RNAs are essential regulators of gene expression in
plants. Among these, miRNAs are a crucial class defined by
their precise excision from a fold-back precursor, playing key
roles as post-transcriptional regulators of plant genes. Evo-
lutionarily conserved miRNAs significantly contribute to di-
verse plant processes, such as the regulation of transcription
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factors controlling plant development, hormone signalling,
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scripts by RNA polymerase II, referred to as primary miRNAs 
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YPONASTIC LEAVES1 (HYL1) and SERRATE (SE), pro-
esses the stem-loop precursor found within the primary
ranscript [reviewed in ( 1–3 )]. This DCL1 complex cleaves
he precursor to release two paired RNA strands of ap-
roximately 21 nucleotides (nt) with two 3 

′ nt overhanging
miRNA / miRNA*). One of these strands is incorporated into
n ARGONA UTE (A GO) protein, generally A GO1 in plants,
o regulate the miRNA target [reviewed in ( 4–6 )]. That many
roteins participate in all the steps of miRNA biogenesis, in-
luding MIRNA gene transcription, pri-miRNA stabilization,
rocessing, as well as the fact that DCL1, SE and HYL1 activ-
ty are precisely regulated highlights the pathway’s complexity
reviewed in ( 1–3 )]. 

MIRNA precursors are a collection of diverse structures
nd lengths and their recognition and processing by the DCL1
omplex may unfold through various mechanisms. Precur-
ors can be processed by two DCL1 cuts (two-step MIRNA )
r by three or four sequential cleavages, which produce sev-
ral small RNA duplexes with the biologically relevant small
NA being released in the final two cuts (sequential MIRNAs )

 7–15 ). The miRNA precursor harbours a double-stranded
NA (dsRNA) segment that can be below or above the
iRNA / miRNA* region and which determines the position
f DCL1’s first cut and therefore the processing direction;
rom base-to-loop or from loop-to-base, respectively ( 7 ,9–
6 ). After the first cleavage, DCL1 generates a subsequent
ut approximately 21 nt away, releasing the miRNA / miRNA*
 17 ,18 ). 

Studies of the precursor primary structure indicate that a
C-rich sequence signature favours their processing ( 19 ). Fur-

hermore, recent work has shown that the identity of mis-
atches in miRNA precursors with imperfect fold-backs plays
 role in their processing ( 20 ). Notably, C-C mismatches
trongly disrupt the precursor processing, implying that this
air should be avoided in structural and functional analy-
es of plant miRNA precursors ( 20 ). Finally, several reports
ave described the importance of the miRNA / miRNA* struc-
ure on AGO sorting ( 21–26 ). Both AGO1 and AGO2 load
iRNA duplexes with paired bases at 15th position how-

ver the pairing or unpairing of the 11th position of the
iRNA / miRNA*, results in AGO2 or AGO1 differential

oading ( 23 ). Other AGOs exclusively bind one miRNA, such
s AGO7 loading miR390 duplex by recognizing the 5-A and
 G 

∧ A mismatch at position 11th ( 21 ,27 ) and AGO10 selec-
ively loading miR165 / 166 due to their extensive mismatches
urrounding the 12th and 13th positions of the duplex
 22 ,25 ). 

Here, we focus on understanding the significance of the
iRNA / miRNA* duplex region during the processing of
rabidopsis miRNA precursors. Our findings indicate that

he structure of this duplex plays a crucial role, albeit with
arying requirements depending on the precursor’s process-
ng mechanism. Interestingly, we found that most endogenous
iRNA precursors undergo suboptimal processing, a situa-

ion that can be improved by adjusting the energy levels of
he miRNA / miRNA* region in two-step MIRNAs . However,
equential MIRNAs have different miRNA / miRNA* require-
ents. We found that the miRNA / miRNA*, generated in the

ast two cuts by DCL1, is the most stable duplex from sequen-
ial precursors. In contrast, the other small RNAs have several
npaired bases on their central region, resulting in duplexes
ith low interacting energy and reduced final levels. Further-
ore, we found that the distinct roles of the miRNA / miRNA*
duplex regions in the processing of MIRNAs correlate with
their sequence conservation during evolution. 

Materials and methods 

Plant material 

All the experiments were done in wild-type (wt) Arabidop-
sis thaliana plants, Col-0 accession. Plant transformation was
performed via the floral dip method ( 28 ). Transgenic plants
were selected on plates containing Murashige and Skoog me-
dia with 50 μg / ml of kanamycin. Plants were grown at 16
hours light / 8 hours dark photoperiod at 22 

◦C and 100 μmol
photons m 

−2 s −1 of light intensity. 

Transgenes 

MIR164a (AT2G47585) , MIR171b (AT1G11735) ,
MIR172a (AT2G28056), MIR172c (AT3G11435) ,
MIR319a (AT4G23713) , MIR319c (AT2G40805) , MIR394a
(AT1G20375) and MIR397a (AT4G05105) were cloned
from Arabidopsis genomic DNA. Mutations were introduced
by site-directed mutagenesis ( 11 ). All wt and mutant precur-
sors were cloned in pCHF3 binary vector under a 35S viral
promoter ( 29 ). See Supplementary Table S1 for the expressed
sequences of each vector. 

RNA expression analysis 

Each sample corresponded to 15 pooled ten-day-old seedlings
or inflorescences from independent primary transgenic plants.
Plant material was collected and processed with TRI Reagent
(MRC) following the manufacturer’s instructions. For small
RNA blots four to eight micrograms of total RNA were re-
solved in 17% (w / v) polyacrylamide denaturing gels (7M
urea). RNA was transferred to a Nytran SPC membrane (GE
Healthcare) by semi-dry blotting and UV-crosslinked. Probes
listed on Supplementary Table S2 were 5 

′ end labelled with
[ γ - 32 P] ATP using T4 polynucleotide kinase (Thermo Scien-
tific) and hybridized as described previously ( 11 ). Images were
obtained with Typhoon FLA 7000 (GE Healthcare). U6 hy-
bridization and the ethidium bromide (EB) staining were used
as transference and RNA integrity controls respectively. The
signal intensity of each band was determined using FIJI ( 30 ).
The intensity values of the bands detected with the miRNA
probes were normalized to the signal obtained with the U6
snRNA probe. In several figures featuring small RNA blots,
the miRNA corresponding to the empty vector sample was
not detectable. This is because the endogenous miRNA levels
were low compared to the miRNAs derived from the trans-
genic precursors ectopically expressed from the 35S promoter
in the analyzed tissues. The Appendix I contains the original
images of every small RNA blot and biological replicates from
Figures 1 –5 . 

RT-qPCR 

Pri-miRNA transcript levels were determined by RT-qPCR.
500 ng of total RNA were treated with RQ1 RNAse-free
DNase (Promega). The first strand cDNA synthesis was car-
ried out with M-MLV reverse transcriptase (Invitrogen) us-
ing dTV oligonucleotide for polyadenylated RNAs. Quanti-
tative (q) PCR reactions were performed in Aria Mx Real-
time PCR System (Agilent) using SYBR Green I (Roche) to
monitor double-stranded (ds) DNA synthesis. At least three

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
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biological replicates were used in every experiment. The gene
RPS26E (AT3G56340) was used to normalize the expression
of pri-miRNA levels. Expression levels were relativized to the
wt precursor. In Supplementary Figure S3 , the expression lev-
els were relativized to the empty vector since the expression of
two different precursors was being compared and the oligonu-
cleotides used hybridized in the transcribed regions of pCHF3.
See Supplementary Table S2 for a complete list of the oligonu-
cleotides used. 

Analysis of small RNA libraries 

We analysed publicly available and deposited data at the
National Center for Biotechnology Information Gene Ex-
pression Omnibus ( http:// www.ncbi.nlm.nih.gov/ geo/ ). Small
RNA libraries from seedlings used in Figures 5 , 6 and
Supplementary Figure S5 were obtained from (( 11 ), accession
number GSE116330). Small RNA libraries from leaves and
inflorescences used in Supplementary Figure S4 and S5 were
extracted from (( 31 ), accession number GSM506656-8 and
GSM506662-4). Only sequential MIRNAs with at least 100
reads in two libraries of seedlings or 100 reads in four libraries
of leaves and inflorescences were considered for the analysis.
The reads were mapped to different small RNAs from sequen-
tial precursors: miRNA, miRNA*, miRNA.1, miRNA.1*,
miRNA.2 and miRNA.2*. The reads of each duplex were cal-
culated as the sum of the reads for each small RNA com-
posing the duplex. For example, to calculate the reads of
miRNA / miRNA* duplex we add the reads of miRNA and
miRNA*. Finally, we obtained the logarithm in base ten of
the reads of each duplex. See Supplementary Table S3 for the
number of reads used to calculate small RNA duplex accumu-
lation from sequential MIRNAs . 

In vitro transcription 

Pri-miR319a and pri-miR394a were transcribed in vitro us-
ing T7 RNA polymerase as described before ( 11 ). The tran-
scription products were purified from a denaturing 6% (w / v)
polyacrylamide gel and precipitated (Tris 0.01 M pH 8, EDTA
0.001 M pH 8, NaCl 0.6 M and three volumes of absolute
ethanol). Using a T4 polynucleotide kinase (Thermo Fisher
Scientific), 100 pmol of dephosphorylated pri-miR394a and
pri-miR319a transcripts were 5 

′ end labelled with [ γ - 32 P]
ATP (10 μCi / μl). The products were purified from a denatur-
ing 8% (w / v) polyacrylamide gel using autoradiography and
precipitated as described above. 

Nuclease digestions 

Radioactively labelled products of in vitro transcription were
partially digested using T1 RNAse (Fermentas, denaturing
conditions), V1 RNase (Ambion, native conditions) and S1
nuclease (Fermentas, native conditions) as described before
( 11 ). Three different V1 concentrations were used 0.001,
0.005 and 0.01 U / μl. Three different S1 concentrations were
used 0.25, 0.5 and 1 U / μl. Alkaline hydrolysis was included as
a ruler, and an incubation with water as integrity control. The
digested products were separated in an 8% (w / v) denaturing
gel. The results were obtained by phosphor-imaging using a
Typhoon FLA 7000 (GE Healthcare). 
Statistical analysis 

Statistical tests with statistically significant results are detailed 

in the Figure captions including p-values. All statistical tests 
are included and detailed in Supplementary Table S4 . Their 
respective tables as well as details of sample sizes (n) and plant 
tissue used are included in Supplementary Table S4 . RT-qPCR 

quantification, flowering time phenotype, | �G | of small RNA 

duplexes, and reads of small RNA duplexes were analyzed 

with InfoStat software ( 32 ) ( http://www.infostat.com.ar ). 

Bioinformatics analysis 

MIRNA secondary structure was predicted using the mfold 

web server for RNA folding ( 33 ). See Appendix II for the 
secondary structure of the wild-type and mutant precur- 
sors used here. Note that, as determined by mfold, the 
mutations in the miRNA / miRNA* duplexes do not affect 
the folding of the overall structures. �G values and sec- 
ondary structure of small RNA duplexes were predicted 

using the Two-state-Melting version of mfold ( http://www. 
unafold.org/ mfold/ applications/ rna- folding- form.php ) and 

( http:// www.unafold.org/ Dinamelt/ applications/ two-state- 
melting-hybridization.php , using energy rules: RNA (2.3). 

Sequence conservation analysis 

We employed a comprehensive approach to assess the con- 
servation of miRNA and miRNA* sequences. We aligned 

sequences of miRNA and miRNA* from the orthologs of 
MIR164a , MIR395a , MIR408 and MIR162b from dicots 
species previously identified in ( 16 ). Then, using these aligned 

sequences, we generated a WebLogo (v 3.7.12) to visually rep- 
resent the conservation patterns. To quantify the conserva- 
tion of miRNA and miRNA* sequences, we utilized Phast- 
Cons to compute base-by-base conservation scores of aligned 

miRNA precursors. The alignment included orthologs present 
in at least 20 dicots species from ( 16 ), allowing us to evalu- 
ate the degree of conservation in both miRNA and miRNA* 

regions. 

Results 

The processing of two-step plant MIRNAs is 

suboptimal 

The dsRNA region in the precursor that contains the miRNA 

has a variable number of mismatches. To assess their signifi- 
cance, we closed them in different DCL1 two-step MIRNA s 
through site-directed mutagenesis. Given that the structural 
determinants governing processing modes are located out- 
side the miRNA / miRNA* region, specifically as additional 
dsRNA segments of 15–17 nt above or below the duplex 

( 11 ), we do not expect these mutations to affect the pro- 
cessing mode. First, we cloned MIR164a-wt precursor, which 

contains three mismatches in the miR164 / miR164* duplex 

( MIR164a-3MMwt ) and introduced a point mutation in 

miR164a* to close a mismatch at position 9 ( MIR164a-2MM ) 
and two-point mutations to close the mismatches at position 

9 and 14 ( MIR164a-1MM ) of the miRNA / miRNA* (Figure 
1 A). Next, we expressed MIR164a-3MMwt , MIR164a-2MM,
and MIR164a-1MM from the 35S promoter in Arabidop- 
sis (Figure 1 A). Then, we analysed miRNA accumulation by 
small RNA blots in ten-day-old seedlings, with each sample 
being a pool of 15 independent primary transgenic plants.
We found that closing one and two mismatches increased 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
http://www.ncbi.nlm.nih.gov/geo/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
http://www.infostat.com.ar
http://www.unafold.org/mfold/applications/rna-folding-form.php
http://www.unafold.org/Dinamelt/applications/two-state-melting-hybridization.php
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Figure 1. Improving miRNA / miRNA* pairing increases miRNA accumulation. ( A, C, E, G and I ) Small RNA blots of Arabidopsis plants expressing different 
precursors from the 35S promoter. Each sample corresponds to 15 pooled ten-da y -old seedlings from independent primary transgenic plants. The U6 
hybridization and ethidium bromide (EB) staining of each gel are shown below. Numbers above small RNA blots correspond to miRNA levels quantified 
relative to the wt precursor. Top panels show a schematic representation of the precursor analysed according to the mfold secondary str uct ure prediction 
(see Appendix II). MiRNA is shown in red and miRNA* in grey. Black letters specify the closed mismatches and numbers to the right indicate their 
position counting from the 5´end of the miRNA. Supplementary Figure S1 E shows the original image of the miR397a blot. ( B , D, F, H and J ) Detection of 
pri-miRNA le v els b y R T-qPCR in at least three biological replicates that are sho wn as triangles in different shades of gre y, lines represent the mean v alue 
for each MIRNA . Different letters in (B) indicate statistically significant differences, according to ANO V A ( P -value = 0.0011) f ollo w ed b y Tuk e y’s multiple 
comparison test ( p < 0.05). Asterisks in D and F indicate statistically significant differences according to Student t-test (two-tailed), p < 0.05 (*). No 
statistically significant differences were observed in H and J. See Supplementary Table S4 for the statistical analysis conducted in all the samples. 
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iR164 accumulation by 5- and 10-fold, respectively. Using
T-qPCR, we determined the pri-miR164 levels of these pre-
ursors. We found that MIR164a-2MM and MIR164a-1MM
ad a ∼6- and 10-fold reduction compared to MIR164a-
t (Figure 1 B). The relative increase in miR164 and the de-

rease in pri-miR164 levels indicate that closing mismatches
nhances the precursor processing. MIR164 overexpression
s known to interfere with the meristem function and cause
mportant developmental defects ( 34 ). We analysed the phe-
otypic defects in plants overexpressing MIR164a-2MM and
IR164a-1MM and found an increased frequency of these

efects compared to the wt precursor, demonstrating that
he increased levels in miR164 were biologically functional
 Supplementary Figure S1 A). 

Next, we closed mismatches at position 18 of the
iRNA / miRNA* of MIR172c and at position 1 of MIR172a
y mutating the miRNA* sequence (Figure 1 C and E). This
ed to a 3-fold increase in miR172 levels in both cases. Over-
xpression of miR172 is known to cause flower developmen-
al defects ( 35 ), and we confirmed that the increased levels of
miR172 by these mutant precursors also resulted in more pro-
nounced defects ( Supplementary Figure S1 BC) and a decrease
of their pri-miRNA transcripts (Figure 1 D, F). We also intro-
duced a mutation in MIR397a to close a mismatch in position
19 (Figure 1 G, H). In this case, we observed a 10-fold increase
in the miRNA levels (Figure 1 G). 

MIR164a , MIR172c , MIR172a and MIR397a are pro-
cessed in two steps in a base-to-loop direction ( 9 ,11 ). To study
a pri-miRNA processed by DCL1 in two steps in a loop-to-
base direction, we assessed MIR171b . We generated two dif-
ferent mutants closing one mismatch at position 19 or at po-
sition 12 ( MIR171b-1MMU and MIR171b-1MMG, respec-
tively) and expressed them in Arabidopsis under the 35S pro-
moter. In this case, we observed that a single change at po-
sition 19 almost did not affect the accumulation of the ma-
ture miRNA. However, with one change at position 12 in
the miRNA / miRNA* duplex, we observed a 50% increase
in the accumulation of miR171 (Figure 1 I) with more pro-
nounced developmental defects that are known to be caused
by miR171 overexpression ( 12 ) ( Supplementary Figure S1 D).

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
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The latter mutant also accumulated less pri-miRNA, although
the changes were not statistically significant (Figure 1 J). In
summary, our results indicate that reducing the number of
mismatches in the miRNA / miRNA* regardless of the nt iden-
tities in precursors processed in two steps increases the pro-
duction of miRNAs, which causes stronger developmental de-
fects, while simultaneously reducing the levels of their pri-
mary transcripts. Taken together, our results show that the
processing of several plant two-step MIRNAs is suboptimal
in vivo . 

Quantitative regulation of miRNA processing by 

the miRNA / miRNA* duplex 

The observation that closing mismatches regardless of posi-
tions and nt identities led to increased processing efficiency
prompted us to perform a systematic study of miRNA du-
plexes. We calculated the Gibbs free energy ( �G ) with the
Two State Melting web server ( 33 ) and obtained the ab-
solute value of �G (| �G |). Higher values of | �G | corre-
spond to thermodynamically more stable miRNA / miRNA*
( Supplementary Table S5 ). We analysed 62 Arabidopsis MIR-
NAs evolutionary conserved and experimentally validated to
be processed by two cuts ( 11 ). Of these duplexes, 95% dis-
played interacting energy levels within the range of ∼17 to 31
kcal / mol (Figure 2 A top panel, red box). Additionally, we as-
sessed the frequency of unpaired nt in the duplex (including
mismatches or bulges) which ranged from 0.05 to 0.26 (Fig-
ure 2 A, bottom panel, Supplementary Table S5 ). All mutants
tested in Figure 1 were within these limits (Figure 2 A, blue
dots and bars). 

To investigate the impact of reducing miRNA duplex
stability on miRNA accumulation, we generated three sin-
gle mutants of MIR172a . These mutations included open-
ing: an A–U pair at position 5 by replacing it with a C-U
( MIR172a-3MMC ), a G–C pair at position 12 with a G–G
( MIR172a-3MMG ), and a G–C pair at position 16 with an
A–C ( MIR172a-3MMA ) (Figure 2 A yellow dots and bars and
Figure 2 B). When these precursors were expressed in plants,
all three mutants exhibited reduced levels of miRNA, approx-
imately 40–70% of the wt precursor (Figure 2 C). A similar
effect, irrespective of the identity of the opened pair (A–U
or G–C) or its position, was observed for all three mutants.
Next, we combined both mutations at positions 12 and 16
( MIR172a-4MM ), resulting in cumulative effects that further
reduced miR172 levels to 20% (Figure 2 C). 

In the miR172a blot (Figure 2 C) we observed RNA species
of larger size also detected with the miRNA probe. In plants
overexpressing MIR172a-wt , only the miRNA was detected.
However, in the precursor mutants with additional mis-
matches, we observed the accumulation of pri-miR172 (Figure
2 C, grey arrow). Furthermore, the MIR172a-4MM mutant ac-
cumulated increased levels of the pri-miR172 compared to the
mutants with three mismatches, concurrently with decreased
miR172 levels (Figure 2 C). Interestingly, in two of the mu-
tants ( MIR172a-3MMC and MIR172a-3MMG ) we detected
an additional band corresponding to pre-miR172 (Figure 2 C,
purple arrow, see schematic representation to the right of the
blot). These results support the observation that the overall
number of mismatches in the miRNA / miRNA* quantitatively
affects processing efficiency, and that lower processing effi-
ciencies cause the accumulation of miRNA precursor inter-
mediates, especially when the interacting energy is below the
∼17 kcal / mol threshold found for most two-step MIRNAs 
(Figure 2 A, top panel). 

Processing of sequential MIRNAs is largely 

insensitive to variations in the miRNA / miRNA* 

region 

In Arabidopsis, nearly 25% of experimentally validated pro- 
cessed MIRNAs require more than two DCL1 cuts to re- 
lease the miRNA ( 11 ). The base-to-loop sequential MIR394a 
stands out by presenting the miRNA / miRNA* with the low- 
est interacting energy ( Supplementary Table S5 ). To assess the 
impact of this low interaction energy, we introduced point 
mutations into miR394a*, increasing the interacting energy 
from 15.8 to 25 kcal / mol in MIR394a-2MM . In this case,
small RNA blots revealed that the mutant precursor gener- 
ated slightly reduced amounts of miR394 with minor changes 
in pri-miR394 levels (Figure 3 A, B and Supplementary Figure 
S2 A), indicating that the increase in the miR394 / miR394* 

interaction energy does not result in a higher accumu- 
lation of the mature miRNA. Next, we sought to en- 
hance the duplex stability of another sequentially processed 

MIRNA , the loop-to-base MIR319a . We introduced point 
mutations to progressively close the three mismatches within 

the miR319a duplex, creating MIR319a-2MMU , MIR319a- 
2MMC , MIR319a-1MM and MIR319a-0MM (Figure 3 C).
Small RNA blots showed that miR319 levels remained 

similar or were slightly reduced across all MIR319a ver- 
sions (Figure 3 C) without changes in pri-miRNA levels 
(Figure 3 D). 

Finally, we introduced a point mutation to generate a 
fourth mismatch in miR319a / miR319a*, reducing the du- 
plex interacting energy ( MIR319a-4MM ). Small RNA blots 
showed MIR319a-3MMwt and MIR319a-4MM miR319 lev- 
els were comparable, as well as their pri-miRNA levels de- 
termined by RT-qPCR (Figure 3 E, F). Phenotypic analysis of 
MIR319a -wt and all mutant versions agreed with the small 
RNA blot results ( Supplementary Figure S2 B–D). Most con- 
spicuously, the production of miR319 was similar in a wide 
range of interaction energies from 19.7 to 33.1 kcal / mol,
showing a ∼13 kcal / mol tolerance (Figure 3 ); in contrast 
to our observations in two-step MIRNAs, whose processing 
could be considerably modified by changes of 2 kcal / mol 
(Figures 1 and 2 ). Altogether, our findings suggest that while 
the processing of two-step MIRNAs is susceptible to changes 
in the miRNA duplex, sequential MIRNAs processing is 
largely insensitive to variations in the interacting energy 
of their miRNA / miRNA*, irrespective of their processing 
direction. 

Two-step and sequential MIRNAs have differential 
miRNA / miRNA* requirements for their biogenesis 

We sought to compare side-by-side the miRNA / miRNA* 

from two-step and sequential MIRNAs . We calculated the 
percentage of GC and percentage of unpaired nts for 
two-step (Figure 4 A) and sequential (Figure 4 B) MIR- 
NAs ( Supplementary Table S5 ). We observed that for two- 
step MIRNAs an increase in GC content correlated with 

an increase in unpaired positions (Figure 4 A), suggest- 
ing a tendency to maintain the overall interacting en- 
ergy of the miRNA / miRNA* within certain limits, as ex- 
pected from its key role in processing efficiency. Con- 
versely, we did not observe any correlation for the sequen- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
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Figure 2. Quantitative regulation of MIRNA processing efficiency by the miRNA / miRNA* secondary str uct ure. ( A ) Dot plot representing the | �G | of 62 
miRNA duple x es from tw o-step MIRNAs sho wn as red dots. A dotted red line sho ws the mean | �G |. A red bo x encloses 95% of the duple x es which 
ha v e an interacting energy between ∼17 and 31 kcal / mol. Unpaired nt frequency is shown as red bars on the bottom panel. Blue and yellow dots and 
bars indicate modifications in the | �G | and unpaired nt frequency of miRNAs duplex from Figures 1 and 2 B, respectively. ( B ) Schematic representation of 
MIR172a , the sequence of the wt and mutant miRNA duple x es is shown to the right. These depictions are based on mfold secondary str uct ure 
prediction (see Appendix II). Black letters specify the introduced mismatches, and the numbers indicate their position counting from the 5´end of the 
miRNA. MiRNA is shown in red and miRNA* in grey. | �G | of the duplex are shown above each small RNA sequence. ( C ) Small RNA blot for miR172 
transgenic lines expressing different precursors from the 35S promoter. Each sample corresponds to 15 pooled 10-da y -old seedlings from independent 
primary transgenic plants. Numbers abo v e small RNA blots correspond to miRNA le v els quantified relative to the wt precursor. Schematic 
representation of the detected MIR172 processing intermediates is shown on the right. A grey empty arrow and purple empty arrow indicate the 
pri-miRNA and pre-miRNA detected in the blot, respectively. Both U6 hybridization and EB staining are shown at the bottom. 
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ial MIRNAs (Figure 4 B), in agreement with the low im-
act of this region on the processing efficiency of these
recursors. 
To confirm that the miRNA / miRNA* requirements de-

end on the processing mechanism and not the primary se-
uence, we express the same miRNAs within the identical
iRNA / miRNA* using a two-step ( MIR172a ) and a sequen-

ial ( MIR319a ) precursor backbone. First, we over-expressed
iR172 sequence from MIR172 and MIR319 backbones us-

ng the wt secondary structure of miR172a / miR172a*, which
as two mismatches, and introduced a third mismatch in the
iRNA / miRNA* (Figure 4 C, left). Small RNA blots revealed

hat MIR172 was more efficient than MIR319 backbone in
xpressing miR172 from the endogenous miRNA / miRNA*
tructure with two mismatches. However, introducing a
hird mismatch almost completely abolished miR172 produc-
tion from the MIR172 backbone, while the production of
miR172 from MIR319 was mostly unaffected (Figure 4 C,
right). Moreover, expression of miR172 from MIR172 back-
bone with 3MM in the miRNA / miRNA* failed to induce
early flowering time in Arabidopsis, while either variant of
MIR319 expressing miR172 produced early flowering time
( Supplementary Figure S3 A). Note that all precursors were ex-
pressed to similar levels ( Supplementary Figure S3 B). 

Next, we expressed miR319a from MIR172 and MIR319
backbones using the same miRNA / miRNA* (Figure 4 D).
Small RNA blots showed that miR319a / miR319a* with
3MM produces similar amounts of miRNA from either
MIR172a or MIR319a backbone (Figure 4 D). However, in-
troducing an additional mismatch (4MM) significantly af-
fected miR319 from the MIR172a , but did not affect its bio-
genesis from the MIR319a backbone (Figure 4 D). These re-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data


8362 Nucleic Acids Research , 2024, Vol. 52, No. 14 

Figure 3. The biogenesis of sequential MIRNAs is tolerant to changes in the miRNA / miRNA*. ( A , C and E ) Small RNA blots of transgenic plants 
expressing different precursors from the 35S promoter. Each sample corresponds to 15 pooled inflorescences from independent primary transgenic 
plants. Numbers abo v e small RNA blots correspond to miRNA le v els quantified relative to the wt precursor. The U6 hybridization and the EB staining of 
each gel are shown below. Supplementary Figure S2 A shows the original image of miR394a blot autoradiography. Note that the probe against miR319 
also detects miRNA miR159, due to its high sequence similarity, and the abundance of endogenous miR159. Despite this, both miRNAs are easily 
distinguishable by their different electrophoretic mobilities ( 36 ). Top panels show a schematic representation of (A) MIR394a and (C and E) MIR319a 
precursor and the sequence of the wt and mutant miRNA duple x es according to the mfold secondary str uct ure prediction (see Appendix II). Black letters 
specify the introduced mutations, and the numbers indicate their positions counting from the 5´end of the miRNA. MiRNA is shown in red and miRNA* 
in grey. | �G | of the duplex are shown above each small RNA sequence. ( B , D and F ) RT-qPCR analysis of pri-miRNA levels determined in three biological 
replicates are shown as triangles in different shades of grey. Lines represent the mean value for each MIRNA. No statistically significant differences 
w ere observ ed in B, D and F. See Supplementary Table S4 f or the det ailed st atistical analysis conducted in all the samples. 

 

 

 

 

 

 

 

 

 

 

 

sults are in agreement with our previous observations indicat-
ing that the two-step MIRNAs are more sensitive to changes in
the energy of the miRNA / miRNA* duplex than the sequential
MIRNAs . 

Distinct properties of small RNA duplexes from 

sequential MIRNAs 

DCL1 processing of sequential MIRNAs releases the
miRNA / miRNA* in the last two cuts. The other small
RNA duplexes produced during the processing will be re-
ferred to as miRNA.1 / miRNA.1* and miRNA.2 / miRNA.2*
according to their relative distance to the miRNA / miRNA*
(Figure 5 A, dark grey, and light blue lines, respectively). 

We examined the relative accumulation of all small
RNA duplexes derived from evolutionary conserved se-
quential MIRNAs : miRNA / miRNA*, miRNA.1 / miRNA.1* 

and miRNA.2 / miRNA.2* using publicly available small 
RNA libraries ( 11 ) ( Supplementary Table S3 ). As expected 

from the definition of miRNAs ( 37 ), the data showed 

that miRNA / miRNA* had the highest number of small 
RNA reads in all the detected sequential MIRNAs , while 
miRNA.1 / miRNA.1* and miRNA.2 / miRNA.2* were de- 
tected at much lower levels (Figure 5 B, top panel). This 
accumulation pattern was consistent across various small 
RNA libraries ( Supplementary Figure S4 A). We calculated the 
| �G | of the miRNA / miRNA* (red), miRNA.1 / miRNA.1* 

(dark grey) and miRNA.2 / miRNA.2* (light blue) (Figure 5 B,
lower panel and Supplementary Table S5 ). In all cases, the 
miRNA / miRNA* presented the highest | �G | when compared 

to miRNA.1 and miRNA.2 duplexes, thus showing that se- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
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Figure 4. Chimeric precursors expressing the same miRNAs show differential miRNA / miRNA* requirements depending on their processing 
mechanism. ( A and B ) Dot plot and correlation analysis of the percentage of GC nt versus percentage of unpaired nt in the miRNA / miRNA* of (A) 
two-step and (B) sequential MIRNAs shown as red dots . A red dotted line shows the linear regression curve obtained from the plotted data. For 
two-step miRNAs, there is a significant positive correlation, Spearman’s correlation test (see Supplementary Table S4 ). ( C and D ) Small RNA blot of 
transgenic plants expressing different precursors from the 35S promoter. Each sample corresponds to 15 pooled inflorescences from independent 
primary transgenic plants. Numbers abo v e small RNA blots correspond to miRNA le v els quantified relative to the wt precursor. U6 hybridization and EB 

staining are shown at the bottom. Supplementary Figure S3 C shows the original image of (D) blot. Schematic representation of the expressed MIRNA 

and their sequences: (C) miR172a-2MMwt and miR172a-3MM expressed from two-step MIR172a (left) and from the sequential MIR319a (right) . (D) 
miR319a-3MMwt and miR319a-4MM expressed from MIR319a (right) and from MIR172a (left). These depictions represent the mfold secondary 
str uct ure prediction for each precursor (see Appendix II). Black letters specify the introduced mismatches, and the numbers indicate their position 
counting from the 5´end of the miRNA. MiRNA is shown in red and miRNA* in grey. 
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uential MIRNAs mostly accumulate the small RNA duplex
ith the highest stability. Moreover, the interacting energy of
ost of the miRNA.1 / miRNA.1* and miRNA.2 / miRNA.2*

ell within the 7–15 kcal / mol range (Figure 5 B), which is lower
han the miRNA / miRNA* energy of the sequential MIRNAs
15–27 kcal / mol) (Figure 5 B) or the two-step MIRNAs (17–
1 kcal / mol, Figure 2 B). 
To gain experimental insights into the secondary struc-

ure of these sequential precursors, we performed in vitro
tructural mapping of MIR319a (Figure 5 C). The results
howed that the most stable regions of miRNA.1 / miRNA.1*
nd miRNA.2 / miRNA.2* were located at the ends of the
uplexes (Figure 5 C, blue lines) ( Supplementary Figure 
4 BC). Consequently, the structural features of these long
equential precursors rely on unstable small RNA duplexes
miRNA.1 / miRNA.1* and miRNA.2 / miRNA.2*), with in-
ernal mismatches and paired ends that generate suit-
ble DCL1 cleavage sites ( 20 ). On the other hand, the
iRNA / miRNA* presented an overall better pairing (Figure
 C, blue lines) as expected from its higher interacting energy
nd consequent accumulation. 

To validate this model, we introduced changes in the
iR319a.2 / miR319a.2* region of MIR319a (13.1 kcal / mol)

o match the minimal interaction energy of two-step
iRNA / miRNA* of ∼17 kcal / mol (Figure 2 A). Specifically,
e closed one mismatch at position 15 of miR319a.2* by

enerating either a G:U ( MIR319a.2GU , 16.8 kcal / mol) or
:U ( MIR319a.2AU , 17.1 kcal / mol) base pair. Small RNA

lots showed that MIR319a.2GU and MIR319a.2AU ac- 

 

cumulated miR319a.2 while MIR319a.2wt did not (Figure
5 D). We also mutated the miR319c.2 / miR319c.2* region of
MIR319c to increase the interacting energy yielding similar
results ( Supplementary Figure S4 D). Next, we altered the rel-
ative position of a 12 unpaired nt internal loop found in the
middle region of miR319a.1 / miR319a.1*, from 9 nt below
DCL1 second cut, to 2 nt below the cleavage site (Figure 5 F).
As predicted, the mutated precursor ( MIR319a-MIL ) failed to
accumulate miR319. Finally, we introduce point mutations in
miR319* to lower the interacting energy of miR319 duplex
similar to a miR319a.2 duplex, MIR319a-5MM , with a | �G |
of 13.7 kcal / mol. Small RNA blot showed that MIR319a-
5MM failed to accumulate miRNA (Figure 5 H). We did not
observe significative changes in the pri-miRNA levels for any
variant, suggesting that the changes in miRNA level were not
due to the impairment of DCL1 first cleavage (Figure 5 E, G
and I). Overall, these results suggest that small RNA accu-
mulation from a sequential MIRNA requires a minimal inter-
acting energy independently of its relative position within the
precursor. 

Conservation and divergence of miRNA / miRNA* 

Our results indicate distinct roles and structural require-
ments for the miRNA / miRNA*, depending on the precur-
sor processing mechanism. We decided to analyse evolution-
arily conserved and young MIRNAs . First, we examined
the miRNA / miRNA* and miRNA.1 / miRNA.1* regions of
young sequential MIRNAs and calculated the | �G | for the dif-
ferent small RNA duplex ( Supplementary Table S5 ). In young

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
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Figure 5. Sequentially processed MIRNAs generate se v eral small RNA duple x es with different str uct ural requirements. ( A ) Scheme of a sequential 
MIRNA . The first DCL1 cut is highlighted with a black arrow. Small RNAs derived from sequential precursors. MiRNA is shown in red, distal miRNA 

duplex (miRNA.2) is depicted in light blue and proximal miRNA duplex (miRNA.1) is indicated in dark grey (right). ( B ) Top panel: logarithm in base 10 of 
number of reads of small RNA duplex (n.d.: not detected). See Supplementary Table S3 for the number of reads detected for each duplex. Bottom panel: 
dot plot representing | �G | calculated for each small RNA duplex from evolutionary conserved sequentially processed MIRNAs . The colour code of the 
small RNA duple x es is shown in (A). ( C ) Str uct ural analysis of MIR319a . Denaturing 8% (w / v) polyacrylamide gels shown: OH −: alkaline hydrolysis; V1: 
RNAse V1 in decreasing concentrations; H2O: incubation with water (control). Blue lines indicate the double-stranded bases obtained after V1 digestion 
as determined from polyacrylamide gels. The arrows correlate the position of DCL1 cuts in the precursor (right) with the experimental determination of 
the secondary str uct ure (left). See Supplementary Figure S4 BC for the original image of the polyacrylamide gel. ( D, F and H ) Small RNA blots of 
transgenic lines expressing different precursors from the 35S promoter. Each sample corresponds to 15 pooled inflorescences from independent 
primary transgenic plants. Numbers abo v e small RNA blots correspond to miRNA le v els quantified relative to the wt precursor. The EB staining of each 
gel is shown below. Top panels show a schematic representation of MIR319a including the wt and modified sequences of (D) miR319.2 (miR319a.2GU 

and miR319a.2AU) (F) MIR319a-MIL where a black arrow indicates how the central internal loop in miRNA.1 duplex was moved closer to DCL1 second 
cut (F); and MIR319a-3MMwt and MIR319a-5MM (H). These depictions represent the mfold secondary str uct ure prediction for each precursor (see 
Appendix II). Black letters specify the closed mismatches, and the numbers indicate their position counting from the 5´end of the miRNA or miRNA.2. 
MiRNA is shown in red and miRNA* in grey, miRNA.2 is shown in light blue, and miRNA.2* is shown in grey. | �G | is shown above each small RNA 

sequence. ( E , G and I ) RT-qPCR of pri-miRNA determined in three biological replicates are shown as triangles in different shades of grey. Lines represent 
the mean value for each MIRNA. No statistically significant differences in E, G and I. See Supplementary Table S4 for the statistical analysis conducted in 
all the samples. 
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A B C D

E F G

Figure 6. Conservation and divergence of small RNA duplexes. ( A ) Dot plot representing | �G | calculated for each small RNA duplex derived from 

e v olutionary y oung sequentially processed MIRNAs. Duple x es are sho wn in red (miRNA / miRNA*), dark gre y (miRNA.1 / miRNA.1*) and light blue 
(miRNA.2 / miRNA.2*). ( B ) B o x plots representing | �G | values of miRNA (red) and miRNA.1 (dark grey) duplexes from conserved and young sequential 
MIRNAs . Different letters indicate statistically significant differences, according to ANO V A ( P -value < 0.0 0 01) followed by Tukey’s multiple comparison 
test ( P < 0.05). ( C ) B o x plots representing differential interacting energy (| ��G |) between the miRNA / miRNA* and the miRNA.1 / miRNA.1* from each 
e v olutionarily y oung (green) or conserv ed (light gre y) sequential MIRNA . Asterisks indicate st atistically significant differences according to W ilco x on 
signed-rank test (two-sided), P < 0.001 (***). ( D ) Frequency of small RNA duplex accumulation. The colour is described in (A). ( E ) B o x plots representing 
| �G | of miRNA duple x es from e v olutionary y oung (left) and conserv ed (right) MIRNAs processed with tw o DCL1 cuts, no statistically significant 
differences were observed. See Supplementary Table S4 for all statistical tests performed. ( F ) Conservation of the miRNA / miRNA* region of MIR164a , 
MIR395a , MIR408 and MIR162b region. Sequence logos were generated using WebLogo (v 3.7.12). Arrows indicate the sites of DCL1 cuts. ( G ) B o x plot 
showing the conservation of miRNA (red) and miRNA* (grey) using phastCons (v 1.5) for miRNA and miRNA* sequences according to the function of 
the miRNA’s targets: transcription factors (TF, 25 miRNAs, 651 orthologues), nutrient deficiency (nine miRNAs, 221 orthologues) and RNA metabolism 

and hormone signalling (RNA & Signalling, six miRNAs, 155 orthologues). Different letters indicate statistically significant differences (Kruskal–Wallis 
multiple comparison test, P -value < 0.05). 

M  

m
S  

w  

M  

i  

c  

(  

e  

m  

k  

t  

t  

d  

i  

F  

(  

f

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IRNAs , the miRNA / miRNA* was more stable than the
iRNA.1 / miRNA.1* (Figure 6 A and Supplementary Figure 

5 A), albeit the difference was not statistically significant
hen analysed as a group (Figure 6 B). In conserved sequential
IRNAs , this difference was larger, due to both an increase

n the interacting energy of the miRNA / miRNA* and a de-
rease in the interaction energy of the miRNA.1 / miRNA.1*
Figure 6 B). Considering each MIRNA individually, the en-
rgy difference (| ��G |) between the miRNA / miRNA* and
iRNA.1 / miRNA.1* was on average approximately 11
cal / mol for conserved MIRNAs and only 2–3 kcal / mol for
he young ones (Figure 6 C). Moreover, the accumulation pat-
ern of small RNAs derived from young sequential MIRNAs
id not have a clear preference for the miRNA as observed
n the conserved ones (Figure 6 D, Supplementary Table S3 ).
urthermore, it should be noted that miR402 and miR447
miRbase v22, ( 38 )) were not the most abundant small RNAs
rom their precursors in the libraries analysed. 
We also compared the interacting energy of
miRNA / miRNA* from evolutionarily young and con-
served two-step precursors ( Supplementary Table S5 ). In
this case, while the interaction energy was higher in the
conserved ones, this difference was not statistically significant
(Figure 6 E). Given the strong influence of miRNA / miRNA*
interacting energy on the processing efficiency of two-step
MIRNAs , we analysed the conservation of this region across
different species. We detected a varying conservation of
miRNA / miRNA* along MIRNA orthologs from different
species (Figure 6 F). For example, the sequence and there-
fore the secondary structure of MIR164a and MIR162b
miRNA / miRNA* were rather conserved in different species,
compared to MIR408 and MIR395a (Figure 6 F). Inter-
estingly, the miRNA* region was more variable in certain
MIRNAs (Figure 6 F). An inspection of the biological roles
of these MIRNAs revealed that many of them participate
in the response to nutrient deficiency. We then classified the
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miRNAs into three groups according to the biological roles
of their targets: miRNAs that regulate transcription factors
(TF), nutrient deficiency, and RNA processes and hormone
signalling (RNA & Signalling) and calculated the conserva-
tion of the miRNA and miRNA* sequences using phastCons.
We found that the miRNA sequences were equally conserved
for the three groups (Figure 6 G). On the other hand, we
found that the miRNA* sequences were less conserved than
the miRNAs, as expected (Figure 6 G). However, the miRNA*
sequences corresponding to the MIRNAs that participate in
the response to nutrient deficiency were largely more variable
than the others (Figure 6 G). Therefore, we observed a corre-
lation between the miRNA function and the conservation of
the miRNA / miRNA* in two-step precursors. 

Discussion 

In contrast to their stereotypical animal counterparts, plant
miRNA precursors comprise a collection of fold-back struc-
tures with largely variable shapes and sizes ( 7 ). To cope with
this structural variation, the DCL1 complex processes MIR-
NAs in diverse ways, guided by different structural determi-
nants beyond the miRNA / miRNA*. In certain cases, the pro-
cessing complex identifies a 15–17 base pair ds RNA segment
below the miRNA / miRNA* region that determines the posi-
tion of the first cut at the base of this duplex ( 10 , 12–14 , 18 ).
After this initial cleavage, DCL1 performs a second cut 21 nt
away from the precursor end ( 17 ,39 ), proceeding in base-to-
loop direction. However, only a fraction of the miRNA pre-
cursors harbours this structural determinant. In other cases,
a dsRNA region above the miRNA / miRNA* region and be-
low a small terminal loop guides the DCL1 complex to per-
form the first cut, resulting in a loop-to-base processing mech-
anism ( 9 , 11 , 15 , 16 ). In addition, approximately a quarter of
the precursors in plants are processed sequentially by more
than two DCL1 cuts, generating several small RNA duplexes
( 7–9 , 11 , 40 ). Here, we systematically analysed the role of the
miRNA / miRNA* structure in miRNA biogenesis and found
a link between the MIRNA processing mechanism and the
structural features of this small RNA duplex. 

Quantitative regulation of miRNA processing by 

the pairing of the miRNA / miRNA* in two-step 

precur sor s 

It has been demonstrated that the identity of the bases at mis-
matched positions in the precursor influences miRNA precur-
sor processing, with C–C mismatches being severely deleteri-
ous for MIRNA processing as they particularly increase the
flexibility of the precursor stem ( 20 ). In addition, a previous
study showed that a natural variant of MIR164 c with a sin-
gle nucleotide polymorphism (SNP) producing a G–C to G–U
change resulted in reduced miRNA levels ( 41 ) and that a GC-
signature formed by G-C pairs at specific positions favours
the precursor processing ( 19 ). Therefore, we conducted stud-
ies modifying both G–C and A–U pairs, as well as different
positions such as 1, 5, 8, 9, 12, 14, 16, 18 and 19 count-
ing from the miRNA 5 

′ end and avoided introducing C-C
mismatches (Figures 1 , 2 and 4 ) in several two-step endoge-
nous MIRNA precursors ( MIR164a , MIR171b , MIR172c ,
MIR172a and MIR397a ). We found that these changes in the
miRNA / miRNA* affected miRNA biogenesis quantitatively.
Our results show that the overall interaction energy and likely
the rigidity of the stem quantitatively regulate the efficiency of 
processing in these precursors. 

Most notably, we observed that these MIRNA precur- 
sors are processed at a sub-optimal efficiency in vivo . There- 
fore, it is plausible that this is a common feature of many 
plant MIRNA precursors processed in two steps. Further- 
more, their biogenesis can be improved by increasing the 
miRNA / miRNA* pairing. We found that a minimal inter- 
acting energy of ∼17 kcal / mol is required for a functional 
miRNA / miRNA* in these precursors. Interestingly, the quan- 
titative effect the miRNA / miRNA* allows the differential 
production of a miRNA in a wide dynamic range by adjusting 
its structure. The biogenesis of miR172 can be quantitatively 
up or downregulated by increasing (Figure 1 ) or decreasing 
(Figure 2 ) the paring of the miR172 / miR172*, respectively,
resulting in an expression range for the miRNA of more than 

one order of magnitude. This feature might be useful for the 
precise expression of artificial miRNAs designed to fine-tune 
the expression of key genes of interest. 

In certain cases, the precise expression of a miRNA might 
be of biological significance, a possibility further supported 

by the fact that an increased number of mismatches in the 
miRNA / miRNA* tends to be compensated by an increase in 

the number of GC content (Figure 4 ). This might be of particu- 
lar importance for those miRNAs involved in regulatory feed- 
back loops, such as miR172, whose transcription is negatively 
regulated by its targets, AP2 transcription factors ( 42–44 ). In 

turn, the pairing of the miRNA / miRNA* could be targeted in 

vivo to inactivate miRNA expression, as shown by the ATPase 
subunit of the switch / sucrose non-fermentable (SWI / SNF) 
complex, CHR2, impairing MIR164b processing by increas- 
ing the unpaired bases on the miRNA / miRNA* region ( 45 ).
In the same direction, m6A MIRNA methylation, prevents the 
miRNA / miRNA* to adopt an unpaired conformation, which 

reduces HYL1 binding and processing efficiency ( 46 ). Interest- 
ingly, we observed that miRNA / miRNA* from miRNAs reg- 
ulating transcription factors and RNA & Signalling pathways 
were more conserved across evolution than those whose tran- 
scription is strongly activated during stress conditions, such 

as those miRNAs regulating enzymes, transporters and metal- 
binding proteins that become repressed during nutrient defi- 
ciency. We hypothesize that the expression of the latter miR- 
NAs is predominantly regulated at the transcriptional level,
suggesting that the biological regulation and function of the 
miRNA might be linked to the pattern of evolution of the 
miRNA / miRNA* region. 

Processing of sequential MIRNA 

The processing of sequential miRNA precursors, which gen- 
erate at least two small RNA duplexes, harbours different 
structural determinants. Usually, the region that mostly accu- 
mulates a small RNA, which has an evolutionarily conserved 

target gene and is generated by the last two DCL1 cuts, also 

has the highest interaction energy. The other small RNA du- 
plexes generally act as bridges allowing the processivity of 
the sequential precursor. These duplexes have a | �G | usually 
less than ∼15 kcal / mol, with a prevalence of interacting base 
pairs in the DCL1 cleavage sites. Increasing the interaction en- 
ergy above 17 kcal / mol results in an increased accumulation 

of these small RNAs, while moving the mismatches near the 
DCL1 cleavage site abolishes the precursor processing. How- 
ever, we cannot discard that these additional small RNA du- 
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Figure 7. Proposed model of MIRNA e v olution. A protein-coding gene undergoes an in v erted duplication, generating a hairpin that is processed by DCL3 
and / or DCL4. The processing of this proto- MIRNA generates a diverse mixture of small RNAs. In the next stage, the accumulation of mutations 
determines that the fold-back is processed by DCL1 and establishes the str uct ural determinants for its first cut. In a subsequent stage, mutations in the 
small RNA duplex region of the precursor provide specificity for selected miRNAs in sequential MIRNAs , while mutations in the two-step precursors 
determine the quantitative levels of miRNA biogenesis. 
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lexes can have specific biological roles, as it has been reported
hat miR319b.2 can guide the cleavage of an additional target
ene in Arabidopsis ( 47 ). 

The miRNA / miRNA*, which is released by the last two
CL1 cuts, results quite impervious to the changes in the in-

eraction energy. Changes in the range of ∼14 kcal / mol in
he interaction of miR319 / miR319* resulted in variations of
p to 30% in accumulation (Figure 3 –5 ). In contrast, changes
f 2–3 kcal already produced significant modifications in the
iogenesis of two-step miRNAs, which can be up to ∼0.1–
0 times (Figures 1 and 2 ). Similar results were obtained after
xpressing the same miRNAs with identical miRNA / miRNA*
sing the two-step MIR172 and the sequential MIR319 , being
ensitive and tolerant to an increased number of mismatches,
espectively . Interestingly , the data also revealed that the two-
tep MIR172 precursor was more effective than the sequen-
ial MIR319 when using a stable miRNA / miRNA* (Figure
 ). This is in agreement with detailed studies of the two-step
IR390 , which has been developed as a system to efficiently

roduce artificial miRNAs in plants ( 48–50 ). 

volution of plant MIRNAs 

ne hypothesis about the origin of miRNAs proposes that
hey were generated as inverted duplications of protein-coding
genes ( 51 ,52 ). The result would be a perfectly paired stem-
loop RNA that could be processed by diverse DCL proteins
such as DCL3 and DCL4, in a process that generates diverse
small RNAs potentially capable of regulating the gene of ori-
gin. Over time, this proto- MIRNA would accumulate muta-
tions, giving rise to MIRNA with an increased number of
mismatches along the stem of the precursor, resulting in a
fold-back precursor preferentially processed by DCL1 ( 51–
53 ) ( Supplementary Figure S5 B). 

We propose that the accumulation of mutations in the fold-
back structures proceeds through different phases (Figure 7 ).
As a result of the first phase, the proto- MIRNA becomes a
fold-back that is recognized by DCL1 and generates phased
small RNA duplexes with relatively high precision (Figure
7 ). In the second stage, the accumulation of mutations in the
miRNA / miRNA* promotes the accumulation of the miRNA
over other small RNAs. Evolutionarily young sequential MIR-
NAs produce several small RNA duplexes that have similar
energies, and accumulate to similar degrees (Figures 6 and 7 ),
while evolutionary ancient sequential MIRNAs present addi-
tional mutations in the passenger small RNA duplexes and
generate mainly a single miRNA (Figures 5 –7 ). For example,
the evolutionarily young MIR163 is processed sequentially by
DCL1 generating two small RNAs that are easily detected
in vivo ( 17 ). The energy difference between these two small

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae458#supplementary-data
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RNA duplexes is less than 6 kcal / mol, in contrast to the 11
kcal / mol average difference found in evolutionarily conserved
sequential MIRNAs . We propose that, in the case of sequential
precursors, mutations provide specificity to generate a single
miRNA (Figure 7 , left). 

On the other hand, the accumulation of mutations in the
miRNA / miRNA* of two-step MIRNAs contributes to regu-
lating the amount of the produced miRNA. We propose that
for MIRNAs involved in complex gene regulatory networks,
a precise amount of miRNA needs to be produced to meet
the physiological demands. This might explain the conserva-
tion of the miRNA* and the fine-tuning of the miRNA level
by the structure of miRNA / miRNA* in certain MIRNAs such
as those involved in the regulation of transcription factors and
RNA metabolism and signalling. 

Data availability 

All data presented in this work is available in the manuscript
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