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ABSTRACT

Many evolutionarily conserved microRNAs (miRNAs)
in plants regulate transcription factors with key func-
tions in development. Hence, mutations in the core
components of the miRNA biogenesis machinery
cause strong growth defects. An essential aspect
of miRNA biogenesis is the precise excision of the
small RNA from its precursor. In plants, miRNA pre-
cursors are largely variable in size and shape and
can be processed by different modes. Here, we op-
timized an approach to detect processing interme-
diates during miRNA biogenesis. We characterized
a miRNA whose processing is triggered by a ter-
minal branched loop. Plant miRNA processing can
be initiated by internal bubbles, small terminal loops
or branched loops followed by dsRNA segments of
15-17 bp. Interestingly, precision and efficiency vary
with the processing modes. Despite the various po-
tential structural determinants present in a single a
miRNA precursor, DCL1 is mostly guided by a pre-
dominant structural region in each precursor in wild-
type plants. However, our studies in fiery1, hyl1 and
se mutants revealed the existence of cleavage signa-
tures consistent with the recognition of alternative
processing determinants. The results provide a gen-
eral view of the mechanisms underlying the speci-
ficity of miRNA biogenesis in plants.

INTRODUCTION

MicroRNAs (miRNAs) are endogenous small RNAs found
in plants and animals. In plants, miRNA primary tran-
scripts are transcribed by RNA polymerase II, capped,
spliced and polyadenylated [reviewed in (1-3)]. They
are processed in the nuclei by complexes that cut the
precursor using RNAse type III activity to release a
miRNA/miRNA* duplex. The ~21 nt miRNA is methy-
lated and loaded into an ARGONAUTE (AGO) protein,
generally AGOL1 (1,2). MiRNAs provide AGO complexes
with sequence specificity to identify target RNAs by base
complementarity; the target RNAs may be cleaved, transla-
tionally repressed or destabilized (1,2).

Transcription factors can control the expression of spe-
cific MIRNAs, while general factors such as Elongator com-
plex have more global effects on miRNA levels (1). Result-
ing MIRNA primary transcripts are then recognized by a
dicing complex, that harbors DICER-LIKEI (DCL1) and
the core components HYPONASTIC LEAVES 1 (HYL1),
a dsRNA binding protein (4-7) and the zinc finger domain
SERRATE (SE) (8-11). DCL1, HYL1 and SE interact in
vivo and are required for an efficient and precise processing
of miRNA precursors (12-17). Several other factors have
been shown to aid on miRNA biogenesis modulating the
final levels of the small RNAs [reviewed in (1)].

Plant MIRNA precursors comprise a largely variable
group of stem-loop shapes and sizes (18,19), contrasting
with the stereotypic precursors found in animals (20). In-
terestingly, MIRNA processing can occur through differ-
ent modes (21). In some cases, the miRNA processing
machinery recognizes a 15-17 bp dsRNA stem below the
miRNA/miRNA* duplex and above an internal bubble to
produce a first cut that releases a stem-loop. This base-to-
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loop processing mode, resembles miRNA precursor pro-
cessing in animals (22-25). In other cases, a first cut by
DCL1 is produced in the distal part of the precursor, below
a small terminal loop, and precursor processing proceeds in
a loop-to-base direction (19,21,26). In either case, after the
first cleavage reaction, DCL1 produces a second cut ~21 nt
away from the first cut releasing the miRNA/miRNA* du-
plex. DCL1 can also continue producing further sequential
cuts every ~21 nt generating several small RNA duplexes
(19,26-28). Intriguingly, precursors that harbor a terminal
branched loop can be recognized by the DCLI1 processing
complex to generate unproductive cuts (29). Cleavage trig-
gered by the recognition of terminal branched loops has
been linked to a pathway leading to the destruction of the
precursors (29).

We have previously described a method called SPARE
(Specific Parallel Amplification of RNA Ends) to identify
miRNA processing intermediates (21) that was mainly used
in fieryl mutants as they accumulate remnants of MIRNA
processing due to a low XRN activity (30,31). Here, we opti-
mized the method and describe the processing of many pre-
viously uncharacterized MIRNAs. Almost one third of the
evolutionarily conserved MIRNAs are processed from the
loop to the base. Furthermore, we describe the biogenesis
of MIRI157c, which depends on the recognition of a termi-
nal branched loop, a process previously shown to eliminate
MIRNAs. We found differences in the efficiency and pre-
cision among the processing modes of Arabidopsis, which
in turn can generate variability in the sequence of the miR-
NAs. Although in wild-type plants MIRNA processing pro-
ceeds through the recognition of a main structural determi-
nant in most cases, alternative structures may become rele-
vant under certain conditions.

MATERIALS AND METHODS
Plant material

Arabidopsis thaliana used in the study were wild-type plants,
accession Col-0, and plants defective in HYLI, SE and
FIERYI. After that, 40 ten-day old seedlings were harvested
and frozen in liquid nitrogen for each library. Seeds of iy/I-2
(SALK_064863), se-1 (CS3257) and fieryl (SALK_020882)
were obtained from the Arabidopsis Biological Resource
Center (ABRC). For the analysis of primary transforma-
tions MIRI57a, MIRI157b and MIRI57¢ wild-type and
mutant versions were used, grown under short day (8h
light/16h dark) at 22°C.

SPARE library construction

Total RNA was obtained using TRIzol reagent (Invitro-
gen). Independent biological duplicates were made for each
genotype with 40 pg of total RNA as starting material. Af-
ter DNase treatment (DNase I, NEB M0303S), RNA frag-
ments including processing intermediates were ligated to an
RNA oligo adapter as described before (21). Ligated RNA
was purified using the Dynabeads™ mRNA DIRECT™ Pu-
rification Kit (Thermo Fisher Scientific, 61011) and divided
into eight tubes for cDNA synthesis. The cDNA reactions
were carried out with specific oligos using SuperScript™
III RT (Invitrogen, 18080093) and 14 or 15 MIRNAs

in each tube. To do this, specific primers containing a
5'-common tail; 5-TGGAATTCTCGGGTGCCAAGG-3’
were used (see Supplementary Table S1 for a complete
list). The resulting cDNAs were pooled together for
a single PCR reaction using Phusion® High-Fidelity
DNA Polymerase (NEB, MO0530S) using FWI1 5-
GTTCAGAGTTCTACAGTCCGA-3 and RVl 5-
TGGAATTCTCGGGTGCCAAGG-3' common primers.
The PCR program was 98°C for 1 min, 20 cycles of 98°C
for 30 s, 63°C for 30 s, 72°C for 50 s and 72°C for 10
min. The PCR products were purified from an agarose
gel. A second PCR was done, using the same conditions
for ten cycles and Illumina indexed primers (Illumina
RS-200-0012 TruSeq® Small RNA Sample Prep Kit).
After gel purification the PCR product was sequenced on
the Illumina HiSeq platform at the University of Delaware.

The SPARE protocol (21,32) included the following mod-
ifications. Oligonucleotides designed for each precursor
were located 100 nt downstream of the miRNA /miRNA*.
They were used for reverse transcriptase using eight reac-
tions (Supplementary Table S1). Phusion® High-Fidelity
DNA Polymerase (NEB, M0530S) was used for the library
construction. Two PCR reactions were performed with the
latter used to incorporate indexed primers. A purification
step was added between the first and second PCR to elimi-
nate remaining primers.

Raw data process and normalization

Reads were first processed to remove the adapters using
cutadapt v1.14 (33) and only reads ranging from 18 to 51
nt in length after adapter removal were kept. Adapter-free
reads were mapped to the miRNA precursors using Bowtie
v1.1.2 (34). Reads counts were normalized by the linear
count scaling method to allow comparison of reads from
different libraries. The normalized abundance was calcu-
lated according to the formula: Normalized abundance =
raw/(precursor match) x 120 000.

Analysis of cleavage sites in wild-type and mutant plants

Precursors with at least ten reads flanking the
miRNA/miRNA* and detected in both biological repli-
cates in wild-type plants were used for detailed analysis
(MIRI156a, MIRI157b, MIRI57¢, MIRI62a, MIRI65a,
MIRI66a, MIRI166b, MIRI67a, MIRI69a, MIRI70,
MIRI71b, MIRI71c, MIR393a, MIR395¢, MIR398b,
MIR398c, MIR399a, MIR399b, MIR399¢, MIR408,
MIRI73, MIR400, MIR824, MIRS25 and MIRS827. The
same precursors were used for further analysis in fieryl,
hyll and se plants.

In base-to-loop precursors, the proximal cut is coinciden-
tal with the first cut, and the accurate position (most fre-
quent cut) is defined as ‘0’. On the other hand, in loop-to-
base precursors, the first cut (distal cut) and the second cut
(proximal cut) are detected. Accurate positions were con-
sidered ‘0’ in each case. Reads found in a range of +3 nt
from the ‘0’ position were considered in our analysis. The
shifts towards the miRNA were defined as —1, -2 and -3,
respectively.

Primary transcripts were divided into three regions, the
stem-loop, the 5’ and 3’ end, which are upstream and
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downstream regions, respectively. The stem-loop region
was further classified in two regions, cuts flanking the
miRNA/miRNA* duplex and other cuts. To calculate the
frequency of cuts found in each region every read for each
MIRNA was grouped into one of these categories.

Small RNA libraries construction and analysis

1 wg of total RNA was extracted from wild-type seedlings
using TRIzol (Invitrogen). The small RNA library was
constructed using the Illumina TruSeq sRNA kit, and se-
quenced on the Illumina HiSeq platform at the University
of Delaware. Only abundant miRNAs, with at least 100
reads of a small RNA in one biological replicate were con-
sidered for the isomiR frequency variation analysis.

Bioinformatics analysis

For the prediction of RNA secondary structure the soft-
ware Mfold RNA folding (35) (http://unafold.rna.albany.
edu/?q=mfold/RNA-Folding-Form) was used with its de-
faults parameters. Combined box/violin plots were made
using the public software available on http://shiny.chemgrid.
org/boxplotr/.

In vitro transcription

Pri-miR157c and pri-miR171b were transcribed in vitro
from plasmids containing a genomic copy of each MIRNA
with T7 RNA polymerase. Before the transcription, primers
containing the T7 RNA promoter on the 5'end and comple-
mentary to MIRI57c and MIR171b were used for a PCR re-
action. The expected PCR products were purified from a 2%
(w/v) agarose gel. The transcription reaction was done in a
two-step protocol. An initial mix of 10 wl template DNA
(~900 ng/pl), 4 w1l T7 RNA polymerase buffer and 6 pl
DEPC treated water was heated at 95°C for 2 min and then
left for 15 min at room temperature. After that, a second mix
was composed of the following: 20 wl 100 mM NTP each,
2.5 p1 RNase Out (Promega), 3 pl T7 RNA polymerase (60
U, Thermo Fisher Scientific) and 38.5 ul DPEC treated wa-
ter was added. The transcription reaction was carried out
for 5 h at 37°C. The transcription products were purified
from a denaturing 6% (w/v) polyacrylamide gel and precip-
itated (Tris 0.01 M pH 8, EDTA 0.001 M pH 8, NaCl 0.3
M and ethanol). 100 pmol of pri-miR 157c and pri-miR171b
transcript were 5'-end-labeled with *?P-y-ATP (10 w.Ci/pl),
using T4 polynucleotide kinase (Thermo Fisher Scientific).
The reaction product were purified from a denaturing 8%
(w/v) polyacrylamide gel using autoradiography and pre-
cipitated as described below.

Nuclease digestions

Partial RNA digestions were performed with T1 (Fermen-
tas, native and denaturing conditions), S1 nuclease (Fer-
mentas), V1 RNase (Ambion) and alkaline hydrolysis. The
alkaline hydrolysis reaction was performed by heating at
95°C for 3 min a mix of 1.5 pwl RNA (1 wM) with 3 pl
NaHCO; (200 mM, pH 7). The reaction was stopped by
adding loading buffer (80% v/v formamide, 0.025% p/v xy-
lene cyanol, 0.025% p/v bromphenol blue, 20% v/v TBE
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and 50 mM EDTA pH 8) and freezing. The denaturing T1
digestion was done by heating 1.5 wl RNA (1 uM), 7.5 pl
CEU buffer (20 mM sodium citrate pH 5, 1 mM EDTA and
7 M urea) at 50°C for 5 min. After adding 1 pl of T1 (1
U/ul) the reaction went through 15 min at 50°C and then
was stopped by precipitating the RNA overnight. All the
overnight RNA precipitations were performed by adding
enough quantity of DEPC treated water for 100 wl, 10 wl
NacCl (3 M), 300 pl ethanol and 1 pl of Glycoblue (Invit-
rogen). For the native T1 reaction, 1.5 wl RNA (1 wM),1
pl folding buffer (20 mM Tris pH 7.5, 25 mM KCI and
10 mM MgCly), 0.3 pl of Escherichia coli transfer RNA
(Sigma, 0.1 mg/ml) and 6.2 pl DEPC treated water were
incubated at room temperature for 15 min. After that, 1 pl
T1 (0.01 U/wl) was added, the reaction was carried out for
15 min, and then stop by precipitating the RNA overnight.
The S1 reaction was done by incubating for 15 minutes at
room temperature a mix of 1.5 ul RNA (1 uM), 1 pl fold-
ing buffer, 0.3 pl E. coli transfer RNA (0.1 mg/ml) and 5.2
pwl DEPC treated water. After that, 1 wl of S1 (1 U/pl) and
1 pl of ZnCl, (10 mM) were added for a 15 min reaction
and then stopped by precipitation of the RNA overnight. A
second S1 reaction was performed as described before but
with a higher enzyme concentration; 10 U/pl. For the V1
reaction 1.5 wl RNA (1 wM), 1 pl folding buffer, 0.3 pl E.
coli transfer RNA (0.1 mg/ml) and 6.2 pl DEPC treated
water were incubated for 15 min at room temperature, after
which 1 pl V1 (0.001 U/wl) was added. The reaction was
carried out for 15 min, and then stopped by precipitating
the RNA overnight. A second V1 reaction was performed
as described before but with a higher enzyme concentration;
0.01 U/pl. Finally the incubation control consisted of mix-
ing 1.5 pl RNA (1 M) and 8.5 pl DEPC treated water for
30 min at room temperature before precipitating overnight.
To analyze the digested products, half of each sample was
loaded on an 8% (w/v) denaturing polyacrylamide gel and
run for 3 h at 3000 V. The remaining half was loaded on a
6% (w/v) denaturing polyacrylamide gel and run for 4 h at
3000 V. For pri-miR171b, only an 8% (w/v) denaturing gel
was run, as described before. The results were visualized by
Phosphor Imaging (Typhoon FLA 7000, GE).

Transgenes

MIRI57a, MIR157b and MIRI157c were cloned from Col-
0 genomic DNA. For the mutant versions of MIRI57c,
MIRI157¢-ALS and MIR157¢-SL site directed mutagenesis
was done as described before (21). Both the wild-type and
mutant precursors were expressed from the 35S promoter
present in the CHF 3 binary vector (36). Supplementary Ta-
ble S2 lists the sequences of each vector.

RINA expression analysis

12 g of total RNA extracted from inflorescences using
TRIzol (Invitrogen) was resolved on 17% (w/v) polyacry-
lamide denaturing gels (7 M urea). Each sample contained
at least 20 independent primary transformants. For miR 157
detection, an antisense primer was used. The probe was
5'end labeled with [y-*?P] ATP and hybridized as described
previously (37). For the original image of the miR 157 small
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RNA blot and auto-radiography see Supplementary Figure
S1.

RESULTS

Genome-wide identification of miRNA processing intermedi-
ates in wild-type seedlings

We improved the SPARE approach to detect miRNA pro-
cessing intermediates in wild-type samples (Figure 1A, see
Material and Methods and Supplementary Figure S2). We
also used fieryl mutants, as they accumulate remnants
of MIRNA processing due to low XRN activity (30,31)
and may provide complementary information to wild-type
plants. First, we analyzed four samples from wild-type and
fieryl of 10-day-old seedlings resulting in ~240 000 reads
that mapped into miRNA precursors for each genotype
(Appendix I and Supplementary Table S3). Due to the rel-
ative position of the precursors’ specific oligos, the SPARE
method detects the proximal cleavage site in precursors pro-
cessed in a base-to-loop direction, and all the cleavage sites
in those processed from the loop to the base (see Supple-
mentary Figure S2 and Appendix I). The proximal cleavage
site is located at the base of the miIRNA/miRNA* duplex
while the distal cleavage site is at the top of the duplex (Fig-
ure 1A, left panel).

New data was obtained for 17 MIRNAs, including mem-
bers of the MIR399 family and MIRI173 that are processed
in a base-to-loop direction (Figure 1B-E, and Appendix I).
These precursors harbor a structured dsRNA segment of
15-17 bp below the miRNA/miRNA* duplex (Figure 1B-
E, and Appendix I). As we analyzed seedlings, we did not
detect precursors of the evolutionary conserved MIRI172
family, which are induced during Arabidopsis flowering
(38-40).

A caveat of small RNA sequencing data is that many ma-
ture miRNAs cannot be assigned to a unique precursor as
they might originate from different MIRNAs of the same
family. In our analysis of the SPARE data, we only consid-
ered reads longer than 30 nt, so that all sequences can be
mapped unambiguously to specific precursors. One exam-
ple is the case of MIR399h and MIR399¢, which can po-
tentially generate the same mature miRNAs (miRbase re-
lease 21). However, our analysis revealed that MIR399b and
MIR399c¢ precursors are specifically cleaved at different po-
sitions; generating two different miR NAs that are offset two
nucleotides (Figure 1D and E).

Identification of processing intermediates for precursors pro-
cessed from the loop

We identified processing intermediates for additional MIR-
NAs processed from the loop, such as MIR162a, MIR408
(Figure 2C and D). These precursors had two cuts flank-
ing the miRNA/miRNA* (Figure 2A-D, and Supplemen-
tary Figure S2). A general analysis of the precursors pro-
cessed by two cuts in a loop-to-base direction showed that
the reads of the proximal and distal cut corresponded to
~50%, respectively, in wild-type plants. In contrast, 90% of
the reads of in fieryl mutants corresponded to the position
of the second cleavage site (Figure 2E, and Appendix I).
This result is consistent with the low XRN activity in fiery!

that causes the accumulation of the remnants of miRNA
biogenesis after the proximal cut (30,31). Therefore, while
fieryl increases the detection of certain RNA fragments,
their relative accumulation might not reflect wild-type con-
ditions. An example is MIR408, whose precursor has 99%
of the reads in the second cut region in fiery! mutants, while
in wild-type samples there are two cleavage sites yielding 20
and 80% of the reads (Figure 2D).

Precursors processed by two cuts in a loop-to-base
direction yield a 15-17 bp dsRNA segment above the
miRNA/miRNA* followed by small terminal loops (Fig-
ure 2A-D, G) (21). An exception was the MIRI157¢ pre-
cursor that has a large distal region of ~125 nt (Figure
2F and G). Unlike MIR319/MIRI159, which are processed
by several cuts and have a long dsRNA distal region (Fig-
ure 2G, and Appendix I) (19,21,26), the distal part of
MIRI157¢ is mainly unstructured and it is processed by two
cuts (Figure 2F and Supplementary Figure S3), suggest-
ing that MIRI57¢ has a particular biogenesis mode. RNA
folding prediction showed several potential structures of
similar energy, with different lengths of the dsSRNA region
above miR157/miR157* (inset Figure 2G, and Supplemen-
tary Figure S3).

Productive recognition of a plant MIRNA via terminal
branched loop

To experimentally determine the secondary structure of the
distal region of MIR157¢c, the precursor was transcribed in
vitro, labeled on the 5’ end with 32P, treated with RNases
that differentiate the structure of the RNA, and the prod-
ucts were resolved using in denaturing gels (Figure 3A and
B) (see Material & Methods for details). We found that S1
Nuclease, which selectively digests regions of ssSRNA (41),
could differentiate between the different predicted struc-
tures (Figures 2G, 3A-C, and Supplementary Figure S3).
The results show that MIR157¢ has a 17-19 bp dsRNA re-
gion above the miR157/miR157* followed by a terminal
branched loop. Interestingly, the experimentally validated
structure was not the most stable structure as predicted
by the folding prediction algorithm. Previous results have
shown that terminal branched loops can guide unproduc-
tive cuts that dampened the biogenesis of miRNAs (29).
Here, our results show that a terminal branched loop fol-
lowed by a ~18 bp dsRNA can also trigger the produc-
tive biogenesis of small RNAs in vivo. In addition, we ex-
perimentally determined the secondary structure of the ter-
minal region of MIR171b (Figure 3D-F). In this case, we
found that the bases present in the small loop of MIRI71b
were detected as ssSRNA (Figure 3D and E), correlating well
with the secondary structure prediction.

The terminal branched loop reduces the efficiency of miR157¢
biogenesis

To characterize the processing of MIRI57¢, we expressed
different versions of the precursor from the 35S promoter
in Arabidopsis. First, we deleted the region below the
miR157/miR157* duplex. We observed that the mutant
precursor (MIR157¢-ALS) accumulated similar levels of
the miRNA with respect to the wild-type precursor (Fig-
ure 4A), demonstrating that these regions were dispensable

0202 49qWIaAON 6} U0 1sNB Aq $285 1 L5/60.01/0Z/9%/3l0IE/1eu /W0 dNo"olWapeo.//:sdjy Woy papeojumod



Nucleic Acids Research, 2018, Vol. 46, No. 20 10713

A
Distal cut :
< :
DCLt cut > | .. MIRNA Dot ] [ RNAoligo
“Proximal cut 5 Specific primer
, -3-AAA
5'-Cap- o /3’-AAnA
cDNA 5’ — ——— 3
Fw1 ‘l’
—
PCR1 = =—=
Fw2 {; Rv1
>
PCR2 — ——————
KIS
Rv2
2 \l’ 1
NGS ———— ———
Index
B C BCU% D E wt
fiery1
UA
3 £%
G¢ c GU,
o& Qo SE # Y
b A Ux g c
G % aU Ag G U
&U Ayl B AS A yp G
GU ¢y Ah &G et
5y AU oy el GC
acR % ST ¢
P AGLE cu % Ay
A AU U UG
A ¢ oé U &
Y AG Caya &5
ACU(;cU Cc UaA UA 9
UA .
GC cé UA L 53
U U AU CU AU
GC AU G GC
Ay A A A CAa
[ole] U ¢ ¢
40 c c 5]
Vi U U U
A g & g
a c C € m1 32
G Y A A 34
& A A Y 25
A g G G
oA 5 ¢ 2 g
c G G s
G 17 A A A
g g G G
N o o =193 g
: q : :
U 15 Jod GC ¢
g 10 A 85 =5109 =750 A5 =266 = 1,131
{,g 618~ 415  §§ =3,143-376 §§ 5 364 ue 3,482 ;,17973
UA AC
GC UA UA UA 147
A% chY &8 LA ( BEE B!
re G U g cg 38
A GC
AU U ¢ U o}
Lﬁc A C ¢ 4 AU
c &y UA GC
é cG GC
GC AC CG
C% Gy ag GC
%xA UG o& S5
] I@§CA 3 %U

w

0,

S'j CIB S%CCAC_?), SJ LB’

b
Fopc?

B
=]

v s

MIR173 MIR399a MIR399b MIR399¢c

Figure 1. Detection of miRNA processing intermediates in wild-type plants. (A) Scheme of the SPARE method (see Supplementary Figure S2 for details).
MIRNASs are cut by DCLI (grey triangles) and the resulting fragments with free 5" end are ligated to an RNA oligo (purple line) and subjected to retro-
transcription (green arrow). DNA is sequenced after PCR amplification. (B-E) Predicted secondary structure of (B) MIR173, (C) MIR399a, (D) MIR399b,
and (E) MIR399¢. The miRNA is indicated in red and the miRNA* in light purple. Horizontal lines indicate cleavage sites detected in wild-type plants
(green) and fieryl mutants (gray). Independent reads for each cut are shown as numbers next to the lines. A green box highlights a 15-17 bp dsRNA
segment below the miRNA/miRNA* duplex.

0202 49qWIaAON 6} U0 1sNB Aq $285 1 L5/60.01/0Z/9%/3l0IE/1eu /W0 dNo"olWapeo.//:sdjy Woy papeojumod



10714 Nucleic Acids Research, 2018, Vol. 46, No. 20

A B C D = wt
2ACGy fiery1
{}UC% £% aPa 5 3
gg A SA
S5 jg
B S £3
CG 8
& i £ ¢
AU C
A ZU &6 ﬁ oty
A9 3}{ £209 =25 ¢ a
A C é CUé 2 CC
fole] 34 AU | C w7l
clzloi-gy  TlelereT0. De1882:72 §=1572-86
3 A ok T 10 a130 <13
[ a A
g 5 a U Cm
¢ R =439 2 5 =3
G g & é 6
& a ¢ 10 ¢ =109 =29
A U v c
3 % § on -
g ¢ atts =21 ¢ =62
c G A c 47
A U 13
G 5 =234 c g 21
g ¢ 282 .138
¢ 15 UAZDC L Foct, 4538 . 6,248
By =408 189 g g0 Gc 126501683  AUZghy - 1419
R 105 v Uc:.g ’g £ ¢ 3250 - 1,109
A §¢ 2 AU 39 - 5422
s ) s s +J s
MIR156a MIR400 MIR162a MIR408
E Structure 1 Structure 2 Structure 3
AG=-7758  AG=-75.66 AG= -74.85
kcal/mol kcal/mol kcal/mol
208
f =
[0}
=)
g04
w
1212 1212
D P D P
wt fiery1
: w6 g ) W
123 nt fiery1

100
CGL145
2U.3679 - 385
G = 1,268 88
AT™1,756 %16 80
ao=1 e
G E
3 g
A B 60
. ®
g 30 kS
é °
2 3
e 2 3 40|
Bl=217 - K
U 57 o
UG
Clbmogm %
é‘-j% 193 = 70
U, U
GU 0
J s 8888 88835 CRRE_88 28y
I3 By CooEEb G888 0REg
MIR1576 A 1 I T I I I I I I I
SSSSSSSSSSSSSSSSsSsSss
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Figure 3. MIRI157c is processed via a terminal branched loop. (A and B)
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miR157c. (C) Experimentally validated secondary structure of MIR157¢
distal region. Yellow lines represent the single stranded bases obtained af-
ter S1 digestion as determined from polyacrylamide gels (A, B). (D) De-
naturing 8% (w/v) polyacrylamide gel of digested pri-miR171b. (E) Ex-
perimentally determined secondary structure of MIRI71b distal region.
Yellow lines indicate the single stranded bases obtained after S1 digestion
as determined from polyacrylamide gels (D). (F) MIRI171b processing pat-
ter obtained from wild-type plants (green lines). Notations are as indicated
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Material & Methods for details.
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for the biogenesis of miR157¢c. Next, we expressed the fold-
back precursors of MIRI57a, MIR157b and MIR157¢ from
the 35S promoter. All these MIRNAs are processed from
the distal part of the precursor but differ in their terminal
regions (Figure 2F and, Appendix I). We found that the
biogenesis of MIR157a and MIRI157b, which have smaller
loops, was more efficient than that of MIRI57¢ (Figure 4B).
Then, we replaced the terminal branched loop of MIRI57¢
by a small loop of 4 nt (Figure 4C, MIR157¢-SL). We found
that MIR157c¢-SL was processed much more efficiently than
the wild-type precursor. We further determined the pheno-
typic changes caused by the different MIR157c¢ precursors
on leaf number upon flowering (Figure 4D). In all cases,
we found a good correlation between small RNA levels and
the resulting phenotypes. Furthermore, the overexpression
of the small loop version of MIRI57¢ caused a significant
increase in leaf number compared to the wild-type branched
loop version (Figure 4D). Therefore, while precursors with
branched loops can be processed productively to render ma-
ture miRNAs in plants, their processing efficiency seems to
be relatively low.

Flexibility in the processing of loop-to-base precursors gener-
ates variability in the miRNA sequences

While analyzing the processing intermediates, we realized
that precursors processed from the base were accurately
processed (Figure 1). In contrast, we noticed that there was
flexibility in the position of the first cut in the precursors
processed from the loop (Figure 2). To study the flexibility
in the position of the first cut, we determined the most fre-
quent cleavage position for the first cut on each precursor
(position 0), and the three nearby positions on each side of
this cut (positions +3, +2, +1, -1, -2, -3) (Figure 5A and B).
In wild-type plants, the precursors processed from the base
have most of the cuts (>97%) in position 0 (Figure 5C), in-
dicating an accurate processing of base-to-loop precursors.
By comparison, we observed that ~84% of the cuts cor-
responded to position 0 in precursors that were processed
from the loop (Figure 5SD). Similar results were obtained in
fieryl mutants, suggesting that the first cut in the precursors
processed from the loop had more flexibility than in those
processed from the base (Figure SE and F).

IsomiRs are miRNA variants that derive from the same
precursor (42,43). We investigated whether the flexibility
in the processing of the precursors processed from the
loop was translated into sequence heterogeneity of the ma-
ture miRNAs. To do this, we isolated and sequenced small
RNAs from seedlings grown in similar conditions as those
used for the SPARE analysis. Interestingly, we found a good
correlation between the flexibility of the cuts detected in
the precursors (Appendix I, Figure 1-2) and the sequence
variation of the small RNAs (Figure 6, Supplementary Fig-
ure S4, and Supplementary TableS 4). In general, miRNAs
originated from precursors processed from the loop (Figure
61-P) were more variable than those from base (Figure 6A—
G). The average variation in the small RNAs due to flexi-
bility on the position of the first cut turned out to be 14% in
the miRNAs deriving from precursors processed from the
loop (Figure 6Q), while it was only 2% in those processed
from the base (Figure 6H).
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Precise processing of Arabidopsis precursors with diverse
structures in wild-type plants

The genome-wide analysis performed on fieryl and wild-
type plants [data obtained here, (21)] allows the determina-
tion of the processing direction of most Arabidopsis MIR-
NAs (Figure 7A). The optimization of the method per-
formed here, allowed the efficient determination of precur-
sors’ intermediates in wild-type plants, which do not have
an enrichment of proximal cuts as seen in fiery! (Figure 2E).
Interestingly, approximately 30% of the precursors are pro-
cessed from the loop (Figure 7A). MIRNA processing can

be triggered by small internal bubbles (Figure 7B) and ter-
minal small (Figure 7C) or branched (Figure 7D) loops fol-
lowed by 15-17 bp dsRNA regions.

We classified the cuts in the MIRNA precursors depend-
ing on whether they were flanking the miRNA/miRNA*,
other regions of the foldback, and upstream or downstream
the stem loop (Figure 7E). Even though miRNA biogene-
sis can proceed through different modes, we observed that
in nearly all cases, cuts were flanking the miRNA /miRNA*
duplexes in wild-type samples (Figure 7F, and Appendix I),
suggesting that the miRNA processing machinery is in gen-
eral accurate. An exception was MIR169 family members,
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bars.

which are processed sequentially in a base-to-loop direc-
tion. Some of these MIRNAs were shown to be transcribed
in tandem with other members of the same family (44). We
noticed that MIRI169k, a precursor that is downstream of a
tandem with MIR169; had poor processing precision (Sup-
plementary Figure S5). In contrast, we observed an accurate
processing of the precursors upstream of the tandem.

Unproductive cuts detected in MIRNA precursors in Ara-
bidopsis mutants

Analysis of fieryl data revealed a minor increase in the fre-
quency of erroneous cuts (Figure 7G) with respect to wild
type (Figure 7F). We explored in more detail the erroneous
cuts in the stem-loop precursor. We found additional cuts

that were likely triggered by terminal branched loops (see
MIR393a, MIR396a, MIR403 and MIR864 in Appendix I),
in agreement with previous results showing branched loops
guiding unproductive cuts that destroy MIRNA precursors
(29). Interestingly, we also identified additional cleavage
sites in fieryl, which are compatible with the recognition of
additional alternative structural determinants (Figure 8A—
D). In MIRI65a, MIRI70, MIR395¢c, and MIRI57b we
found a cleavage site 15-16 bp distal to an internal bubble
in the region below the miRNA/miRNA* (Figure 8A-D).
Next, we analyzed hyll and se mutants that have key
roles in miRNA processing efficiency (4,5,8,9,12). To do
this, we also prepared SPARE libraries from these mutants.
Even though hy/l and se demonstrate a strong reduction in
miRNA biogenesis, we were able to detect processing inter-
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mediates in these mutants (Appendix IT). However, we also
noticed an important increase in the frequency of erroneous
cuts (Figure 7H and I). Analysis of localization of the cuts
along the miRNA primary transcripts revealed an increase
of cuts in the 5 end and 3’ end region of the precursors,
with respect to wild-type samples (Figure 7E-I). Further-
more, we noticed that in certain precursors there were ad-
ditional cuts present in /y/l and/or se that were also con-
sistent with the recognition of additional structural deter-
minants (Figure 8E-G). A cleavage site in MIRI156a was
consistent with the recognition of an internal bubble below
miR156/miR156* in se (Figure 8F). Interestingly, we did
not detect this cut in hyll (Figure 8F). We also observed a
cut in MIR827 ~16 bp away from the small terminal loop
in hyll mutants (Figure 8E, Appendix II). Neither wild-
type nor fieryl samples showed these cuts (Figure SE, F,
Appendix I). In addition, we observed an enhanced cut in
MIRS825 in both hyll and se mutants with respect to wild-
type plants (Figure 8G). The results suggest that alterna-

tive or cryptic structural determinants can be active during
miRNA biogenesis in certain conditions or genetic back-
grounds.

DISCUSSION

The position of the first cleavage site in MIRNA precur-
sors is essential to determine the sequence of the mature
miRNA. While the second cut uses the staggered ends of
a processed precursor committed in the miRNA biogene-
sis pathway, the first cleavage must rely on structural cues
that guide the processing complex to the correct position.
A common aspect between the animal and plant process-
ing machinery is that the processing complex defines the ini-
tial cut in a primary miRNA transcript at a distance from
a ssRNA-dsRNA junction and into a stem region. How-
ever, plant MIRNA precursors are more variable than their
animal counterparts and are, in turn, processed by differ-
ent modes. In certain cases, the processing machinery rec-
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ognizes an internal bubble and cuts 15-17 bp away in a
lower stem to release a fold-back precursor (22-25,29,37).
In other cases, a small terminal loop and a 15-17 bp upper
stem above the miRNA/miRNA* are recognized in a loop-
to-base processing mode [(21), this work]. In both cases, the
processing complex acts as a molecular ruler recognizing a
ssSRNA-dsRNA transition, between a stem and an internal
bubble or a terminal loop.

It has been shown that primary miRNA transcripts with
branched loops can also be recognized and cut unproduc-
tively by DCLI1 in plants (29). This recognition occurs on
top of the biogenesis of the miRNA as pathway that de-
grades the MIRNA precursor (29). Here, we report that this
pathway can lead to the productive biogenesis of mature
miRNAs in wild-type plants, as members of the MIRI57

family are processed via the recognition of branched loops
followed by a ~18 bp dsRNA segment. The length of
this dsRNA spacer segment between the miRNA /miRNA*
duplex and the branched-terminal loop likely determines
whether the cut is productive or not.

Based on these results, terminal branched loops followed
by dsRNA segments can be added to the toolkit of struc-
tural determinants recognized by DCL1 complexes, high-
lighting the plasticity of the small RNA pathways in plants.
Whether the processing mode of MIR157¢ has a specific bi-
ological role remains to be elucidated. Since the efficiency of
miR 157c biogenesis was improved after replacing the termi-
nal branched loop by a small loop, the processing efficiency
might also vary with the different biogenesis modes.
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Interestingly, we detected some differences in the process-
ing modes of MIRNA precursors. The first cut by DCL1 is
more flexible in those precursors processed from the loop
than in those initiating from the base. This difference in
turn causes variation at the level of the small RNAs. It
has been shown that variation in mature miRNA sequences
of miR168 causes the sorting of the miRNA into different
AGOs and modify its activity (45,46). In this case, hetero-
geneity in miR168 sequences is the result from the flexibil-
ity of the miRNA/miRNA* region, which affects the po-
sition of the second cut by DCLI1 (45). Our results show
that isomiRs can also be generated by variability in the posi-
tion of the first cut, especially in those precursors processed
from the loop. Actually, isomiRs deriving from MIRI57¢
are quite frequent, representing >30% of the mature se-
quences, so it is plausible that the structural flexibility con-
ferred by the terminal branched loop contributes to this
variation.

Both HYLI1 and SE participate in the different biogen-
esis modes of plant miRNAs, as mutations in their genes
result in a global decrease of miRNA levels (4,5,8,9). These
proteins have been implicated in several processes includ-
ing processing precision (12,14,16,47,48), strand selection
(49) and splicing (10,50). In vitro processing studies using
MIRI167b and MIRI166g precursors have shown that DCLI
generates more incorrect cuts in the absence of HYLI, es-
pecially near the end of the transcript (12,14). However, in
vivo studies of wt and /1y/l small RNA libraries revealed that
incorrect small RNAs generated from other regions of the
precursors represent less than two percent of the total popu-
lation (47,48), suggesting that additional factors play a role
during miRNA processing in vivo.

The complex landscape of precursor structures and bio-
genesis modes poses a major challenge to the processing
machinery. A single miRNA primary transcript harboring
an imperfect fold-back structure may contain several re-
gions that can potentially initiate miRNA processing, such
as an internal bubble followed by dsRNA segments and
a small or branched terminal loop as seen for MIRI57c.
Yet, nearly all the cuts found in the precursors of wild-
type plants were flanking the miRNA/miRNA*, indicat-
ing a high degree of specificity. The analysis of processing
intermediates in fieryl, hyll and se mutants showed mis-
placed cuts in the precursors at sites that are coincidental
with the recognition of cryptic structural determinants. In
the case of fiery, that has a minor increase in additional
cuts, detection of misplaced cuts could be related to the ab-
sence of XRNs that rapidly degrade misprocessed precur-
sors in wild-type plants. On the other hand, HYL1 and SE
might have additional functions aiding DCLI in finding the
correct structural determinants in the precursors. Interest-
ingly, we observed potentially different alternative determi-
nants recognized in 4yll and se mutants suggesting that they
might contribute differently to the recognition of the appro-
priate structural determinant. In most cases, the cuts that
we detected in MIRNA precursors in hyll and se were 15-17
bp from the ssSRNA/dsRNA junctions, indicating that the
processing complex can still function as a molecular ruler
in the absence of HYL1 or SE. Recent findings in animals
showed that the RNase type IIl DROSHA acts as a molecu-
lar ruler to determine the position of the first cut during an-
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imal miRNA biogenesis, 11 bp away of the ssRNA/dsRNA
transition in the precursor stem (51). Therefore, it is possible
that the same ability resides in plant DCL1 proteins, with
HYLI1 and SE having a major impact on miRNA biogene-
sis efficiency and additional roles helping DCLI1 to identify
the correct structural determinants.
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