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MicroRNAs (miRNAs) are produced from highly structured primary

transcripts (pri-miRNAs) and regulate numerous biological processes

in eukaryotes. Due to the extreme heterogeneity of these structures, the
initial processing sites of plant pri-miRNAs and the structural rules that
determine their processing have been predicted for many miRNAs but
remain elusive for others. Here we used semi-active DCL1 mutants and
advanced degradome-sequencing strategies to accurately identify the initial
processing sites for 147 of 326 previously annotated Arabidopsis miRNAs
and toillustrate their associated pri-miRNA cleavage patterns. Elucidating
theinvivo RNA secondary structures of 73 pri-miRNAs revealed that about
95% of them differ frominsilico predictions, and that the revised structures
offer clearer interpretation of the processing sites and patterns. Finally,
DCL1partners Serrate and HYL1 could synergistically and independently
impact processing patterns and in vivo RNA secondary structures of
pri-miRNAs. Together, our work sheds light on the precise processing
mechanisms of plant pri-miRNAs.

MicroRNAs (miRNAs) regulate numerous biological processes in
plantsand animals' . Mature miRNAs are loaded into Argonaute (AGO)
protein to form RNA-induced silencing complex (RISC), which ful-
fils slicing or translational repression of the target transcripts on the
basis of sequence complementarity*°. The production of functional
miRNAs entails precise and efficient processing of primary miRNAs
(pri-miRNAs) by Microprocessor. Pri-miRNAs are characterized by
stem-loop structures consisting of flanking single-stranded (ss) basal
segments, alower stem, a double-stranded (ds) duplex of miRNA and

its complementary strand (miRNA/*), an upper stem, and a terminal
loop®. In metazoans, the structures of pri-miRNAs are relatively uni-
form’™. By contrast, plant pri-miRNAs display remarkable diversity in
shapesandsizes, with variable positioning of miRNA/*duplexes, even
within the same MIRNA families®. Due to structural heterogeneity, plant
pri-miRNAs canbe processed from base-to-loop (BTL) and sequential
BTL (SBTL) or from loop-to-base (LTB) and sequential LTB (SLTB)"* ™.
Notably, terminal-loop-branched pri-miRNAs can be processed bidi-
rectionally from either BTL or LTB, frequently resulting in productive
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and abortive processing of miRNAs, respectively®. Plant Microproces-
sor canonically cuts pri-miRNAs at a site 15-17 nucleotides (nt) from
areference ssRNA-dsRNA junction region®' (Fig. 1a). Paradoxically,
numerous pri-miRNAs lack the reference region within the expected
distance according to in silico RNA modelling. Also, RNA secondary
structures (RSS) of pri-miRNAs are dynamic and can be remodelled by
RNA helicases, as exemplified by CHR2 in vivo". How these pri-miRNAs
are recognized and precisely processed by Microprocessor in vivo
remainselusive. Inaddition, due to the RSS complexity of pri-miRNAs
and challenges in identifying the processing patterns, the bona fide
identities of numerous annotated miRNAs are still inconclusive' .
Furthermore, many pri-miRNAs contain extended hairpin structures,
and their first cutting sites and the reference structures determining
the initial cleavages remain to be determined.

Arabidopsis Microprocessor comprises Dicer-likel (DCL1) and two
core cofactors, zinc-finger protein Serrate (SE) and a dsRNA-binding
protein called hyponastic leaves 1 (HYL1)? >, Microprocessor sequen-
tially processes pri-miRNAs to precursors of miRNAs (pre-miRNAs) and
finally to miRNA/* duplexes®. DCL1 harbours two RNase lll domains—
the RIll a and RIIl b domains. We have previously identified two key
residues, Glu1507 and Glul696, located in Rlll a and b, respectively,
as critical to the enzymatic activity of this protein®. The substitu-
tion of glutamine for glutamate at either of the residues leads to two
semi-active DCL1point mutants (E1507Q and E1696Q, respectively) that
only cut one strand of pri-miRNA duplexes and fail to proceed to further
processing, resultingin partially processed pri-miRNA intermediates.
This abortive processing event would create an opportunity to pinpoint
thefirst cleavage sites by Microprocessorinvivo. Both HYL1and SE have
beenreported to stimulate cleavage of the precursors by DCL1and to
improve its accuracy” . This notwithstanding, their contributions
to the molecular ruler of plant Microprocessor and impacts on RSS of
pri-miRNAs are poorly understood.

Here we pinpointed thefirst cleavage sites of pri-miRNAs via degra-
dome sequencing (degradome-seq) of lines expressing semi-active
DCL1variants. We clarified the 147 bona fide substrates of DCL1 from
the 326 annotated pri-miRNAs and then comprehensively re-sorted the
processing patterns of the true pri-miRNAs. In parallel, we conducted
DMS-MaPseq?® to decipher the in vivo RSS of pri-miRNAs. Notably,
69 of 73 detectable pri-miRNAs (-95%) displayed RSS that deviated to
varying degrees from the in silico predicted RSS, providing a better
interpretation of the initial cleavage sites for numerous pri-miRNAs.
Surprisingly, whereas numerous pri-miRNAs contain the canonical ref-
erencesites to direct Microprocessor for cleavage, they tend to harbour
internalloops or bulges that are 9-11 nt away from the initial cleavage
sitesand might be meaningfulin plants. Furthermore, approximately
77% of pri-miRNAs underwent their first cuttings at internal loops or
bulge regions, providing a new guideline for artificial miRNA design.
Wealso found that SEand HYL1imposed varying impacts on the effec-
tiveness and precision as well as in vivo RSS of different pri-miRNAs.

This comprehensive study thus substantially revises the current model
of pri-miRNA processing from different perspectives in plants.

Results

Degradome-seq defines the first cutting sites of pri-miRNAs

To systematically pinpoint the first cleavage sites of pri-miRNAs,
we transformed native-promoter-driven Flag-4Myc (FM) tagged
semi-active forms of DCL1-E1507Q and DCL1-E1696Q into dcli1-9 het-
erozygotes (Fig.1b and Supplementary Fig.1a,b). Since dc/1-9harbours
atransfer DNAinsertionin the second dsRNA-binding domain (exon19)
anditshomozygotes are embryoniclethal, we initially assumed that the
introduction of DCLI®*? and DCLIF**into dclI-97 would generate
hypomorphicalleles. Among hundreds of complementation lines, we
were able to obtain numerous transgenic lines with clear developmen-
tal defects mimicking dclI-97 lines. However, all these plants were
genotyped as dcl1-9";DCLI®*? and dcl1-9";DCLIF*®*?lines, which
still harboured a copy of the wild-type (WT) DCL1 allele (Fig. 1c). Fur-
thermore, the severity of the plant growth abnormality was correlated
with the expression level of the semi-active DCL1 variants and reduced
levels of miRNAs in the transgenic lines (Supplementary Fig. 1a,b).
The semi-active variants of DCL1 thus served as dominant-negative
forms to compete with the WT DCLI1 protein for pri-miRNAs, leading
to the accumulation of a series of intermediately processed forms
of pri-miRNAs with descending orders of amounts in the transgenic
lines (Supplementary Fig. 1c). From these materials, we recovered 3’
ends of cleaved pri-miRNA segments, performed degradome-seq, and
obtained in-depth and high-quality datasets (Methods) (Fig. 1d and
Supplementary Fig.1d,e).

Bona fide miRNAs based on the cleavage activity of DCL1

We extended the reads 200 bp upstream and downstream of the anno-
tated pri-miRNAs, aiming at capturing the possible cleavage sitesina
broader context flanking the pri-miRNAs. Mapping of sequence reads
onto the extended regions revealed that the patterns of reads’ dis-
tributions are remarkably diversified among different pri-miRNAs
(Fig.1e-g).For two canonical pri-miRNAs, pri-miR864 and pri-miR162a,
wewere able to detect some remnants of DCL1-processed intermediates
in WT plants (Fig. 1e,f, top). By contrast, we clearly observed several
abruptsteps of read accumulation in pri-miRNA regions (the purple and
yellow-brown arrows in the shaded transcript areas) in the complemen-
tation lines expressing DCL1-E1507Q and DCL1-E1696Q, respectively
(Fig.1e,f, middle two panels). The abruptincrease of reads indicates that
intermediate pri-miRNA products, resulting from a series of abortive
processing steps by the DCL1 complex, were substantially accumulated
in DCL1 semi-active mutants, enabling us to track sequential activi-
ties of DCL1 on pri-miRNAs. The steep patterns of read accumulations
along pri-miRNAs could also serve as abenchmark to identify bona
fide substrates of DCL1 and resultant miRNAs in vivo. With this crite-
rion, we surveyed all 326 previously annotated pri-miRNAs from the

Fig.1|Identification of bona fide pri-miRNAs by degradome-seq of semi-
active DCL1 mutants in Arabidopsis. a, Five processing patterns of pri-miRNAs:
BTL, SBTL, LTB, SLTB and bidirectional processing. In each case, DCL1 initially
cleaves pri-miRNAs at asite that is ~15-17 nt away from a reference ssSRNA-

dsRNA junction (15-17-nt molecular ruler). The blue and pink regions in the
pri-miRNA diagrams represent miRNA/* duplexes. Black arrowheads and text
inthe cartoon indicate the cleavage direction from base to loop, while grey
arrowheads and text represent the cleavage pattern fromloop tobase.b, The
domainarrangement of DCL1(WT) and point alterations in semi-active DCL1
mutants (E1507Q and E1696Q). The nuclear localization signal (NLS), helicase
domain, DUF283, Platform, PAZ, RNase Illaand 1l b, and dsRNA-binding domain
(dsRBD) are shown in black, yellow, green, pink, dark orange, yellow-brown,
purple and blue, respectively. ¢, Phenotypes of three-week-old Col-0, dcl1-9*~ and
transgenic dcl1-9*";Py¢, ,~FM-DCLI®™*? and dcl1-9*";P,¢, ,—~FM-DCLI"***? plants.
Scale bars,1cm.d, Scheme for construction of the degradome-seq libraries. RT,

reverse transcription. e-g, Exemplified cleavage patterns of DCL1-dependent
pri-miR864 (BTL direction) (e), DCL1-dependent pri-miR162a (LTB direction)

(f) and DCL1-independent sSRNA5630a (g). The yellow-brown and purple arrows
represent RNase Illaand Il b cleavage sites, respectively. The percentages
indicate the relative cutting ratios. Note that the previously claimed pri-
miR5630a does not have a clear cleavage site by DCL1in the WT or the DCLI®7?
and DCLIF****?lines. h, The fraction of pri-miRNAs that have been verified to

be DCL1dependent. The total number of Arabidopsis pri-miRNAs is taken

from miRBase Release 22.1. Note that only 147 of the 326 previously annotated
pri-miRNAs are bona fide miRNAs on the basis of the cleavage activity of DCL1.
The processing patterns for 35% of the true pri-miRNAs could be re-validated,
whereas the other 30% display processing patterns deviating from the published
literature and have now been re-annotated. Additionally, the processing patterns
ofthe other 35% of pri-miRNAs were newly identified here.
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miRBase Release 22.1and found that atotal of 147 pri-miRNAs displayed
clear processing patterns in the two DCL1semi-active mutants. These
pri-miRNAs were thus confirmed to be genuine targets of DCL1, and
their products are bonafide miRNAs (Type I: DCL1-dependent miRNAs)
(Fig.1h and Supplementary Table 1).

Intriguingly, we found that 81 of the 326 annotated pri-miRNAs,
exemplified by pri-miR5630a, did not show any DCL1 cleavage
activity in the DCL1 semi-active mutants and WT plants, as the
read accumulations are gradually distributed along the reference
sequence (Fig.1g,h). This group of small RNAs (sRNAs) should thus be
re-annotated to DCL1-independent sRNAs. In addition, 98 pri-miRNAs
remained to bere-annotated because the read counts of the processed
pri-miRNAs were extremely low (less than 15 reads) or barely detect-
ablein this study.

Algorithm for classifying the processing patterns of
pri-miRNAs
We next pinpointed the first cleavage positions for 147 true pri-miRNAs.
We calculated the ratios of cleavages at the sites of individual nucleo-
tides by dividing the accumulated reads at each position by the total
accumulated reads across the extended pri-miRNAs (Supplementary
Fig.1f). Because the dominant-negative form of DCL1yielded the largest
amount of abortive processing products after the first cleavage that
could not proceed to the next round of processing, the nucleotides
with the highest cutting ratios should be defined as the first cleav-
age sites along the pri-miRNAs. For instance, pri-miR864 displayed
a predominant cutting (86%) at one position and a satellite cutting
at a nearby site (7%) along the extended pri-miRNAs in the DCLI¢%¢2
transgenic line. This position should be counted as the first cleavage
site onone strand of the pri-miR864 duplex. In parallel, a predominant
cutting site (46%) and its neighbourhood with a16% cutting ratio were
detected in the DCLI®**?[ine, and this position should be the first cut
onthe other strand of pri-miR864. Two minor cutting events (13% and
5%) were also detected in the DCLIF®**?line, clearly resulting from the
activity of residual WT DCL1 protein in the dominant-negative line
(Fig. 1e, bottom). Concomitant alignment of the two predominant
cutting sites on the two strands of the pri-miR864 duplex placed the
first cleavage sites close to the base region relative to the miR864/*
duplex. This type of processing patternindicates that Microprocessor
processes pri-miR864 from a BTL direction, asreported previously'>"*",
Pri-miR162a displayed the highest cutting frequency of 56% at
one site in the DCLI®*?line, representing the first cleavage on one
strand of the pri-miR162a duplex. The second-largest cleavage event
(5%) took place 21 nt downstream due to the activity of the WT DCL1
proteinintheline.Similarly, we detected the highest cutting frequency
0f28.5%, indicative of the first processing site on the other strand of the
pri-miR162aduplex, in the DCLI®***?ine. Again, two additional cutting
sites with ratios of approximately 10.1% and 11.7% with a 21-nt internal
distance ononestrand of the duplex were observed due to one copy of

WT DCL1proteinintheline, also because only the poly(A)-harboured
debris of pri-miRNAs processed from Microprocessor could be recov-
eredintheassay (Fig. 1f, bottom). Since the two cleavage sites with the
highest cutting frequency were proximal to the top region relative to
the miR162/* duplex, and the secondary cleavage sites were distal from
the top region, this type of processing is considered to be a standard-
ized LTB pattern, as observed in previous studies™*".

Wealso found that DCL1RNase domain b first cleaved at the 5’ arm
of pri-miRNA in the DCLI®**"?line, while DCL1 RNase domain a fulfilled
the first cleavage at the 3" arm in the DCLI®***?[ine for the BTL-type
pri-miRNAs. By contrast, the DCL1RNase domainsaand b cut the 5’ and
3’7arms, respectively, for the LTB-type pri-miRNAs. This finding aligns
with the in vitro conclusion from our previous work®. Taken together,
our degradome analysis of pri-miR864 and pri-miR162a served as a
benchmark for annotating the processing patterns and exploring new
features of all 147 bona fide pri-miRNAs.

The processing atlas of 147 pri-miRNAs

Pri-miRNAs (37) with the BTL pattern. We found that 37 of 147
pri-miRNAs adhered to the BTL processing mode (Fig. 2a-c and Sup-
plementaryFig.2). Amongthese, 21 pri-miRNAs were previously dem-
onstrated'>"*"* and were re-validated unambiguously here (Fig. 2a and
Supplementary Fig. 2a,b(i)-(iii)). These pri-miRNAs include pri-miR161;
pri-miR165a; pri-miR166f and pri-miR166g; pri-miR167a, pri-miR167c
and pri-miR167d; pri-miR168b; pri-miR169a; pri-miR170; pri-miR172b;
pri-miR393b; pri-miR395b and pri-miR395f; pri-miR397a and
pri-miR397b; pri-miR399a, pri-miR399d and pri-miR399f; pri-miR827;
and pri-miR864.

Pri-miR173, pri-miR399b and pri-miR156f were re-annotated to the
BTL pattern. Notably, pri-miR173 predominantly generates the canoni-
cal miR173/* as reported previously'" (Fig. 2b and Supplementary
Fig.2c). However, we observed an additional cutting site with a 5-nt shift
ataconsiderableratio (14%), leading to anew species of miRNA/* that
is clearly enriched in AGO2 complexes®*° (Supplementary Fig. 2d).In
line with this, a target (AT4G20460) of the new miRNA could be read-
ily recovered from our degradome-seq data (Supplementary Fig. 2e).
We thus designated the new species of miRNA/* as 5p-2 in the 5’ arm
and 3p-2in the 3’ arm (red brackets), whereas we refer to the previ-
ously annotated products as 5p-1in the 5 arm and 3p-1in the 3’ arm
(blue brackets) (Fig. 2b). Similarly, pri-miR399b and pri-miR156f also
exhibited two distinct starting sites for cleavage and generated two
pairs of functional miRNA/*s (5p-1/3p-1in blue and 5p-2/3p-2 inred;
Supplementary Fig. 2f,g).

We also report the BTL processing pattern for 13 species of
pri-miRNAs whose processing directions were unknown. They are
pri-miR158b, pri-miR776, pri-miR777, pri-miR780a, pri-miR831,
pri-miR847, pri-miR851a, pri-miR857a, pri-miR859, pri-miR867,
pri-miR4240, pri-miR5013 and pri-miR5020b (Fig. 2c and Supple-
mentary Fig. 2h-j(i),(ii)). Most of these pri-miRNAs showed clear and

Fig.2|Degradome-seqreveals that 37,16, 38,13 and 43 pri-miRNAs

display the BTL, SBTL, LTB, SLTB and bidirectional processing patterns,
respectively. a, Pri-miR167ais 10f 21 examples whose canonical BTL processing
patterns are fully validated here. b, Pri-miR173 is one of three examples whose
processing patterns are re-annotated here. The cleavage site marked with an
asterisk was also discovered in fieryl (ref. 14). ¢, Pri-miR780ais 1 of 13 examples
whose processing patterns are newly identified. d, Pri-miR169jis 10f13 examples
whose canonical SBTL processing patterns are fully validated here. e, Pri-miR823
isone of three newly identified examples following the SBTL processing pattern.
f, Pri-miR160ais 1 0f 13 examples whose canonical LTB processing patterns are
fully validated here. g, Pri-miR395d is one of five examples that are revised to

be processed through LTB. h, Pri-miR4245 is 1 of 20 examples whose processing
patterns are newly identified to follow the LTB direction. i, Pri-miR159ais one

of five examples whose canonical SLTB processing patterns are fully validated
here.j, Pri-miR839a is one of eight newly identified examples following the

SLTB pattern. k, Pri-miR166ais 10f 24 canonical pri-miRNAs with bidirectional
processing patterns. I, Pri-miR396ais one example of five re-annotated
bidirectional pri-miRNAs with new productive and abortive products. m, Pri-
miR825 is one example of 14 re-annotated bidirectional pri-miRNAs with new
productive products. It can follow BTL processing to produce a non-canonical
but abundant pair of miRNA/* (5p-2/3p-2) besides the previously reported LTB
pattern that produces canonical miR825/* (5p-1/3p-1). The cleavage site marked
with an asterisk was also discovered in the WT*. Ina-m, the percentages indicate
the relative ratios of cleavage sites of individual pri-miRNAs by two semi-active
DCL1variants. Black dotted arrows denote the intended cutting positions that are
not detectable in our system. Thicker arrows indicate higher cutting ratios. The
pri-miRNA names in orange, blue and green indicate re-validated, re-annotated
and newly identified ones, respectively. The five patterns (BTL, SBTL, LTB, SLTB
and bidirectional) are summarized in the middle.
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unique first cleavage sites at the base regions and generated uniform
pre-miRNAs for the next round of processing. However, there were
some exceptions. Pri-miR780a showed two initial cutting sites proxi-
mal to the base region: the predominant one, which produced alarge
amount of miR780/* (5p-1/3p-1, in blue), and a minor one that gener-
ated anew species of miRNA/* (5p-2/3p-2,inred). Both products were
functional, because sufficient read counts could be recovered from
AGO1-RISC (Fig.2c and Supplementary Fig. 2h,i). Similarly, three other
pri-miRNAs, pri-miR831, pri-miR847 and pri-miR851a, also displayed
two or more types of the BTL processing pattern and new functional
or abortive forms of miRNA/*s (Supplementary Fig. 2j(i)).

Pri-miRNAs (16) with the SBTL pattern. Certain pri-miRNAs have
extended stems and undergo sequential cleavages before reach-
ing the positions of miRNA/*s. Approximately 13 pri-miRNAs have
been reported to exhibit the SBTL processing pattern'>™ and were
re-validated here. These pri-miRNAs include pri-miR163; pri-miR169b,
pri-miR169c, pri-miR169f, pri-miR169g, pri-miR169i, pri-miR169j,
pri-miR1691, pri-miR169m and pri-miR169n; pri-miR394a; pri-miR402;
and pri-miR447b (Fig. 2d and Supplementary Fig. 3a,b(i),(ii)). We also
extended the list to include pri-miR823, pri-miR822 and pri-miR845a
(Fig. 2e and Supplementary Fig. 3c,d).

Pri-miRNAs (38) with the LTB pattern. A total of 13 pri-miRNAs have
been reported to undergo the LTB mode of processing'>'*" and were
fully validated in our study (Fig. 2f and Supplementary Fig. 4a,b(i),(ii)).
These pri-miRNAs include pri-miR156a-pri-miR156e and pri-miR156h,
pri-miR160a-pri-miR160c, pri-miR162a, pri-miR171b and pri-miR171c,
and pri-miR400. We re-annotated the LTB processing pattern for
pri-miR395d, pri-miR159c, pri-miR390b, pri-miR408 and pri-miR779a
(Fig.2g and Supplementary Fig. 4c,d).

We deciphered the LTB processing mode for 20 new species of
pri-miRNAs (Fig. 2h and Supplementary Fig. 4e,f(i)-(iii)). They include
pri-miR775, pri-miR833a, pri-miR841a, pri-miR848a, pri-miR849a,
pri-miR852, pri-miR853, pri-miR1888a, pri-miR2112, pri-miR3440b,
pri-miR4245, pri-miR5012, pri-miR5017, pri-miR5021, pri-miR5026,
pri-miR5028, pri-miR5634, pri-miR5637, pri-miR5640 and pri-miR5654.
A representative case is pri-miR4245, which produced two sets of
miRNA/*s: one was the canonical 5p-1/3p-1 (in blue), while the other
was the newly identified 5p-2/3p-2 (in red); they could both be recov-
ered from AGO-RISC (Fig. 2h and Supplementary Fig. 4e). Similarly,
pri-miR775, pri-miR848a, pri-miR3440b and pri-miR5017 (Supplemen-
tary Fig. 4f(i),(ii)) all showed two or three kinds of the LTB processing
patternthatgenerated new species of miRNA/*sinadditionto the previ-
ously reported miRNA/*s. Notably, the processing site for the canonical
miR848/*(5p-1/3p-1,inblue) was not detectable in our study, although
very low reads of the miRNA/* could be recovered from AGO1-RISC.In
contrast, the new set of miRNA/* (5p-2/3p-2, inred) can be recovered
from AGO1-RISC even with more reads (Supplementary Fig. 4f(i)).

Pri-miRNAs (13) with the SLTB pattern. Five pri-miRNAs, pri-miR159a
and pri-miR159b and pri-miR319a-pri-miR319c, were previously
reported to have the SLTB pattern and were further validated in our
study (Fig. 2i and Supplementary Fig. 5a,b). We also extended this
patternto eight new pri-miRNAs including pri-miR835a, pri-miR839a,
pri-miR840a, pri-miR856, pri-miR869a, pri-miR1888b, pri-miR5024
and pri-miR5656 (Fig. 2j and Supplementary Fig. 5c,d). Interest-
ingly, pri-miR869a could produce a new set of miRNA/* (5p-2/3p-2,
inred) that was even more abundant than the annotated 5p-1/3p-1(in
blue) (Supplementary Fig. 5d). Pri-miR1888b produced two sets of
miRNA/*s (5p-1/3p-1,inblue; 5p-2/3p-2, inred) which could be detected
insRNA-seq data. However, neither of themis identical to the predicted
miRNA/*, which should be re-annotated (Supplementary Fig. 5d).
Additionally, pri-miR5656 did not produce the annotated duplex
(5p-1/3p-1,inblue) but produced anew miRNA/* product, highlighted

by red brackets (5p-2/3p-2), which can be recovered from AGO1-RISC
(Supplementary Fig. 5d).

Pri-miRNAs (43) with the bidirectional processing pattern. Many
plant pri-miRNAs showed the bidirectional processing pattern due to
the presence of terminal branched loops®. One exampleis pri-miR166a,
which could undergoBTL processing to produce the canonical miR166/*
(5p-1/3p-1) oranLTB mode to produce an abortive product, 5p-2 (Fig. 2k
and Supplementary Fig. 6a). In fact, this scenario could be extended to
anadditional 23 pri-miRNAs (Supplementary Fig. 6b(i)-(iv)). Surpris-
ingly, many founding pri-miRNAs such as pri-miR158a, pri-miR164b
and pri-miR164c, pri-miR165b, and pri-miR166b displayed bidirectional
processing. These pri-miRNAs do not have terminal branched loops,
butthey havebiginternal loops that serve as triggers for bidirectional
processing (Supplementary Fig. 6b(i)).

Pri-miR396a displayed a unique pattern of processing (Fig. 21
and Supplementary Fig. 6¢): it underwent major BTL processing and
produced the annotated miR396/* (5p-1/3p-1, in blue) that was loaded
into AGO1-RISC. This pri-miRNA could also be processed in an LTB
direction, yielding anew set of productive products (5p-2/3p-2,inred).
The miR396/* (5p-2/3p-2) was sorted into AGO2 with considerable read
numbers and had anew target (AT2G29340) for silencing (Supplemen-
tary Fig. 6d,e). Moreover, this pri-miRNA could also be cut right in the
middle of the miR396/* duplex with a moderate frequency (24%) but
yielded a set of abortive products (5p-3/3p-3, in light green) (Fig. 21).
This pattern with three initial processing sites was also detected for
pri-miR162b, pri-miR172c, pri-miR167b and pri-miR844a (Supplemen-
tary Fig. 6f(i),(ii)).

We also found that 14 pri-miRNAs could employ a bidirectional
processing pattern but produce two sets of miRNA/*s that are both
functional. For instance, pri-miR825 could be cleaved in an LTB direc-
tion, producing the annotated miR825/* (blue bracket) (Fig. 2m and
Supplementary Fig. 6g). This pri-miRNA could also be processed in
a BTL manner, producing the new functional 5p-2/3p-2, which was
sorted into AGO2 (red brackets) (Fig. 2m and Supplementary Fig. 6h).
The other 13 pri-miRNAs with such a pattern included pri-miR157c,
pri-miR169d, pri-miR171a, pri-miR393a, pri-miR396b, pri-miR398a,
pri-miR403, pri-miR472a, pri-miR824, pri-miR868a, pri-miR3933,
pri-miR5014a and pri-miR8183 (Supplementary Fig. 6i(i)-(iv)).

Taken together, we have validated the previously reported pro-
cessing patterns for 52 pri-miRNAs">>*!, while re-annotating the pro-
cessing modes for 43 pri-miRNAs and reporting the processing patterns
of 52 new pri-miRNAs that were not revealed before (Fig. 2 and Sup-
plementary Table 1). We sorted all 147 pri-miRNAs into five categories
according to their cleavage patterns and present these new productive
miRNA/*s as well as their potential targets in Supplementary Table 2.

SE and HYL1act in defining the first cutting sites of pri-miRNAs
We next assessed the influence of HYL1 and SE on the determina-
tion of the initial processing sites on pri-miRNAs. To this end, we
re-sorted the 147 bona fide pri-miRNAs into three patterns: BTL-,
LTB- and sequential-processed pri-miRNAs (including SBTL and
SLTB; Methods). Since the sites with the highest cutting ratios in the
DCLI®? and DCLIF'**? lines represent the first cleavage positions
in pri-miRNAs, we designated positions as ‘0’ for all pri-miRNAs pro-
cessedineither the BTL or LTB mode. We then extended from the ‘0’
positions to 100 nt upstream and downstream at 10-nt intervals and
counted the number of initial cleavages that fell at each interval of
pri-miRNAs in Col-0, DCLI®*%7?, DCLI®%*¢?, hyl1-2 and se-2 (Fig. 3a,b).
Importantly, ensemble analysis of all pri-miRNAs did not reveal signifi-
cantaccumulation of theinitial cutting sites acrossboth BTLand LTB
pri-miRNAs in hylI-2 and se-2. These results suggest that the first cut
selections of most pri-miRNAs are dependent on HYL1/SE (Fig. 3a,b).
Alternatively, these pri-miRNAs might not be accessible to DCL1 for
cleavage in the mutants.
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a,b, Distributions of the first cleavage sites for 72 BTL-processed (a) and 46
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(yellow-brown), hyl1-2 (green) and se-2 (orange). The positions labelled ‘0’

are defined as the first cutting sites detected in the DCLIF*"?and DCLIF'¢%%?
transgenic lines in the top and bottom panels and shown by the purple and
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by black arrowheads. d, Venn diagram showing overlapping of miRNAs that are
dependent on orindependent of SEand HYL1. e, List of 11 pri-miRNAs for which
SE and HYL1exert opposite impacts on their processing.

Certain pri-miRNAs, however, indeed exhibited the first cutting
sitesat position ‘0’ inthe seand hyl/l mutants, implying that the absence
of SE or HYL1 does not impact the selection of the first cutting sites
for these pri-miRNAs (Fig. 3a,b). The numbers of such pri-miRNAs
in the se and hyll mutants are lower than those in Col-0, indicating
that the selection of first cleavages for the missing pri-miRNAs can be

dependent on SE and HYL1 (Fig. 3a,b). In this scenario, we re-sorted
pri-miRNAs on the basis of the impact of SE/HYL1 on the selection of
the initial cleavage sites. First, certain pri-miRNAs did not exhibit any
cuttingeventsintheir transcript regionsinthe seor hylIl mutants. These
pri-miRNAs could be genuinely classified as SE/HYL1-dependent, as
their initial processing fully relies on SE or HYL1. With this definition,
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approximately 41 and 29 of 147 pri-miRNAs are fully dependent on SE
andHYL], respectively (Fig. 3c). By contrast, one group of pri-miRNAs
(20 or 25 of 147 pri-miRNAs, respectively) exhibited identical or even
higher cutting ratios at position ‘0’ in the se or hy/I mutants compared
with those of Col-0 (Fig. 3c and Supplementary Fig. 7a,b). This pattern
strongly indicates that the initial processing of these pri-miRNAs is
genuinely independent of either SE or HYL1. Further analysis identified
two other groupsthat fellbetween dependence onand independence
of SE/HYL1. Approximately 31 or 30 pri-miRNAs could undergo the first
cleavages into pri-miRNA regions in the se or hylI mutants, but the
first cutting sites could be in the lower stem, miRNA/* duplex, upper
stem and eventerminal loop regions for both BTL and LTB pri-miRNAs
(Fig.3a-cand Supplementary Fig. 7a,b). This patternindicates that SE/
HYL1 affects the processing accuracy of pri-miRNAs, and the absence
of SE/HYL1leads to random cutting throughout the pri-miRNAs. This
pattern also suggests that SE/HYL1 might act as a molecular ruler for
this type of pri-miRNAs. Finally, one group of pri-miRNAs could be also
cleaved at position ‘0’ but with lower cutting ratios in se/hyll mutants,
indicative of a significant decrease in cleavage efficiency. This type of
pri-miRNAs could be classified as SE/HYL1-partially-dependent, and
the numbers are approximately 16 or 18 of 147 pri-miRNAs (Fig. 3a-c
and Supplementary Fig. 7a,b). This group of pri-miRNAs might require
relaying through SE/HYL1to DCL1to be processed.

Next, weinvestigated theimpact of SE/HYL1on the initial process-
ing of 28 pri-miRNAs following SBTL/SLTB processing patterns. By
designating the first nucleotide of the miRNA/* duplex as position ‘0’,
we observed that the processing of the pri-miRNAs relied on SE/HYL1to
different extents considering the correct selection of the initial cutting
sitesand high cutting ratios in the se/hylI mutants compared with Col-O
(Supplementary Fig. 7c,d). Together, these findings are well in line
with the previously published sSRNA data'*?, which demonstrate that
not all miRNA levels are significantly decreased in se or hylI mutants.
Of course, the temporal/spatial expression difference between MIR
lociand SE/HYLI mightalso contribute to the variationin the miRNAs’
dependency on the proteins.

In summary, we reclassified pri-miRNAs into four categories on
the basis of their initial cleavage’s dependence on the two proteins:
SE/HYLI1-fully-dependent, SE/HYL1-dependent accuracy-affected,
SE/HYL1-dependent efficiency-affected and SE/HYL1-independent
(Fig. 3c). Among the 116 pri-miRNAs with enough detectable reads,
41,31,16 and 20 fell into these four categories regarding SE’s depend-
ence, respectively. In parallel, 29, 30, 18 and 25 of 116 pri-miRNAs
displayed varied dependences on HYL], respectively (Fig. 3c). When
combining all SE- or HYL1-fully-dependent or partially dependent
pri-miRNAs, we observed that 68 pri-miRNAs are reliant on both SE
and HYL1, exemplified by pri-miR398b, as their cleavage sites were
not detectable at all (Fig. 3d and Supplementary Fig. 7e), whereas 15
pri-miRNAs are entirely independent of SE and HYL1, exemplified
by pri-miR319a, because their processing patterns were exactly the
same in se/hylI mutants as in the DCL1 semi-active lines (Fig. 3d and

Supplementary Fig. 7f). Moreover, 11 pri-miRNAs showed different
requirements regarding SE or HYL1for processing (Fig. 3e). Specifically,
2 of the 11 pri-miRNAs, pri-miR779a and pri-miR864a, required HYL1
but not SE. Conversely, the remaining 9 pri-miRNAs required SE but not
HYL1for their miRNA biogenesis, including pri-miR165b, pri-miR167a,
pri-miR168a, pri-miR169e, pri-miR171a, pri-miR390a, pri-miR395b,
pri-miR398c and pri-miR5014a (Fig. 3e and Supplementary Table 3).
The processing of these 9 pri-miRNAs showed independence of HYL1,
probably due to the functional redundancy of five DRB proteins in
Arabidopsis®**. This notwithstanding, these pri-miRNAs, whether
dependent on or independent of SE or HYL1, did not exhibit a prefer-
ence for cleavage patterns (BTL or LTB) (Supplementary Fig. 7g and
Supplementary Table 3). In summary, our degradome-seq of the se
and hyllI mutants revealed distinctimpacts of SEand HYL1 on the first
cutting sites for pri-miRNA processing and offers detailed insights
into the molecular mechanisms underlying their contributions to the
processing of specific pri-miRNAs.

Invivo andinsilico RSS of pri-miRNAs largely differ
We next investigated how the initial cutting sites and processing pat-
terns of individual pri-miRNAs are determined in vivo. To this end,
we determined the RSS of pri-miRNAs in vivo using our optimized
DMS-MaPseq method?®®. Briefly, we treated three-week-old plantsand
flower tissues from Col-0, dcl1-9, se-1 and hyl1-2 with dimethyl sulfate
(DMS), a chemical that can methylate unpaired adenines (As) and
cytosines (Cs) located at ss or loop regions of RNA molecules. The
DMS-induced lesions are decoded in reverse transcription by the ther-
mostable group Ilintron reverse transcriptase (TGIRT) enzyme, which
caninduce random mismatches for the methylated Asand Cs (Fig. 4a).
Bioinformatic analysis revealed that all biological replicates of Col-0,
dcli1-9, hyll-2 and se-1 largely exhibited consistently higher mismatch
ratios of As and Cs than their mock-treated counterparts, indicating
the reliability of the experimental strategy (Extended Data Fig. 1a).
For 147 bona fide pri-miRNAs, we were able to obtain sufficient
read counts (=500 reads) for 73,77, 76 and 78 pri-miRNAs in Col-0, dclI-
9, se-1 and hyl1-2, respectively, but not for the rest of the pri-miRNAs
dueto primer specificity and/or extremely low expression levels. First,
22 nt were extended both upstream and downstream from the first
cleavage sites (position ‘0’), which covers the lower stem regions for
the BTL-type pri-miRNAs and the upper stemregions for the LTB-type
ones, as well as the miRNA/* duplex regions. Interestingly, for the
BTL-patterned pri-miRNAs, the distal regions of the lower stems, or
the basal regions, exhibited higher DMS reactivities than those of the
duplex regions (Fig. 4b). This pattern indicates the presence of more
unpaired nucleotides in the distal regions of the lower stems, whichis
inline with the structural features of pri-miRNAs. Conversely, for the
LTB-patterned pri-miRNAs, the upper stems and terminal loop regions
displayed significantly higher DMS reactivities than those of the duplex
regions, indicative of single-strandedness in the upper regions of
pri-miRNAs (Fig. 4c). The duplex regions of LTB-patterned pri-miRNAs

Fig.4 | DMS-MaPseq reveals bona fide RSS of pri-miRNAs in vivo. a, Schematic
illustration of DMS-MaPseq to detect RSS of pri-miRNAs. GSP, gene-specific
primers. b,c, The DMS reactivities on basal segments, lower stems and duplex
regions of BTL-processed pri-miRNAs (b) and on terminal loops, upper stems and
duplex regions of LTB-processed pri-miRNAs (c) in Col-0. Positions labelled ‘0’
are defined as the first cutting sites in DCLI®™*"® and DCLI™***®transgenic lines in
the top and bottom panels and are indicated by purple and yellow arrowheads,
respectively, in the pri-miRNA diagrams. The blue and pink regions represent the
miRNA/* duplex. The data are from three biological replicates. The central lines
inthe boxes represent the median values, the upper and lower bounds show the
firstand third quartiles, the whiskers indicate data within 1.5x the interquartile
range of both quartiles, and points past the ends of the whiskers represent
outliers. d, Venn diagram showing the overlap between DMS-reactivity-based
structures (DRS) and RNAfold-predicted structures (RPS). e, Pri-miRNAs with

different structures in vivo and insilico are further divided into four categories
on the basis of detailed structure differences. f,g, BTL-processed pri-miR170
and pri-miR397b (f) and LTB-processed pri-miR160a and pri-miR160c (g)

are four representative examples of the 69 pri-miRNAs that show different
structures between in vivo DMS-reactivity-based modelling (right) and in silico
modelling (left). The annotated miRNA/* regions are shaded with the outlines
inblue and pink. The black dotted arrow denotes an intended cutting position
that was not detectable in our system. The black and grey arrows indicate the
first cleavage sites for BTL-and LTB-patterned pri-miRNAs, respectively. The
structural differences are highlighted in the blue dashed boxes. The residues
with the top 5%, 25% and 70% DMS activities are labelled with red, yellow and cyan
backgrounds, respectively. The remaining residues with mismatch ratios below
0.01% are labelled with a white background. Guanines (G) and uracils (U) are
marked witha grey background.
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tended to display higher overall DMS reactivities, indicating more
open-structured duplex regions than the BTL-patterned pri-miRNAs.
This pattern is also found in pri-miRNAs with sequential processing
patterns (Extended Data Fig. 1b).

Next, we modelled the in vivo RSS of pri-miRNAs in Col-0 samples
onthebasis of an algorithm that combines both minimum free energy
and DMS reactivity as constraints. We found that ~5.5% of pri-miRNAs
(4 of 73) exhibited the same structures between DMS-reactivity-based
structures (DRS) and RNAfold-predicted structures (RPS) (Fig. 4d).
These pri-miRNAs were pri-miR156a, pri-miR168a, pri-miR844a and
pri-miR856a (Extended Data Fig. 1c). In contrast, the vast majority,
~94.5% (69 of 73) demonstrated distinct structures between DRS and
RPS. The most common differences involved the presence of more
and larger internal loops or bulges in DRS than in RPS (Fig. 4d,e,
Extended Data Figs. 2-8 and Supplementary Table 4). For instance,
BTL-type pri-miR170 and pri-miR397b harboured three internal loops
(bulges) inthe basal region according to DRS, instead of one biginter-
nal loop as predicted from in silico RNAfold (Fig. 4f). LTB-processed
pri-miR160ashowed alarger terminalloop and one additional internal
loop atits basal regionin DRS compared with RPS (Fig. 4g, left). Another
LTB-cleaved example, pri-miR160c, obtained one additional internal
loop (mismatch) in the top region and four internal loops (bulges) in
thebasal regionin DRS, instead of having one big bulge in RPS (Fig. 4g,
right). Collectively, these findings highlight a substantial disparity
between the in silico and in vivo structures that could help us under-
stand the complexity of pri-miRNA processingin vivo.

Invivo RSS better explains the first cutting sites of pri-miRNAs
Since Microprocessor tends to cut15-17 ntaway from the ssRNA-dsRNA
reference junctions, and since a vast majority of plant pri-miRNAs seem
to lack such structures in silico, we performed a systemic survey of
RSS of DMS-reacted pri-miRNAs in vivo. Indeed, there were internal
loops orbulgesinboth BTL-and LTB-patterned pri-miRNAs, and their
distances from the first cleavage sites peaked at 15-17 nt with roughly
normal distributions (Fig. 5a).

Systemic assessment of all 73 pri-miRNAs with detectable in vivo
RSS revealed that an additional ~5% of pri-miRNAs adapted to the
optimized length of the molecular ruler (15-17 nt) for BTL-patterned
processing on the basis of in vivo RSS compared with in silico folding
(Extended DataFig.9aandFig. 5a, left). Forinstance, RNAfold predicted
that pri-miR397a displayed 6-nt and 19-nt distances from the internal
loop and ss basal segment to the initial processing site, respectively,
while in vivo RSS showed that the pri-miRNA obtained a new bulge
(10 nt away), and a new internal loop (14 nt away) in the lower stem
that is closer to 15 nt and thus could more efficiently guide BTL
processing (Fig. 5b, left). For another BTL-type pri-miR851a, twointer-
nalloopsinthe lower stem were detected fromin vivo RSS, serving as
preferable reference sites (16 nt and 9 nt) for Microprocessor versus
insilico ones (9 ntand 3 nt) (Fig. 5b, right).

For the LTB-patterned pri-miRNAs, we found that an additional
~13% contained new structural elements that could serve as more opti-
mal molecular rulers (15-17 nt) on the basis of in vivo RSS compared
with RPS (Extended Data Fig. 9b and Fig. 5a, right). For example, in vivo
RSS showed that pri-miR390b now exhibited a new small bulge in the
upper stem and thus introduced a 16-nt ruler to guide LTB process-
ing. Moreover, another 10-nt distance between a new internal loop
and theinitial cleavage appeared in DRS. However, both the 16-nt and
10-nt lengths are obscure in the RPS (Fig. 5c, left). Another LTB-type
pri-miR4245 presented anew bulge in the upper stem that served as a
more optimal 15-nt reference for a new species of miRNA/* from DRS
thanthe 20-nt distance in RPS for one set of cuttings. In addition, this
same new bulge could introduce an 11-nt length to another set of cut-
tings, instead of the 7-nt distance in RPS (Fig. 5c, right). Taken together,
approximately 5% and 13% more BTL- and LTB-patterned pri-miRNAs
presented more optimal reference sites for DCL1in in vivo RSS analy-
sis thaninsilico, facilitating the activity of Microprocessor (Fig. 5b,c,
Extended Data Fig. 9a,b and Supplementary Table 5).

New features of internal loops/bulges and DCL1’s first cuts
Intriguingly, both BTL- and LTB-patterned pri-miRNAs tended to har-
bouradditionalinternal loops or bulges nearby that are approximately
9-11 nt away from the first cleavages (Fig. 5d,e). This characteristic is
more pronounced in LTB-processed pri-miRNAs, as nearly the same
numbers of pri-miRNAs contained the two loops/bulges that are 9-11
or 15-17 nt away from the initial processing sites with 23 species in
common. Similarly, the corresponding numbers for BTL-patterned
pri-miRNAs were 23 and 40, respectively, with 20 in common (Extended
Data Fig. 9¢). These results indicate that Microprocessor might have
more flexibility to adapt to different locations of internal loops as
observedinvitro®. Of course, whether additional internal loops/bulges
serve as new hidden or additional molecular rulers or regulatory ele-
ments awaits future investigation.

Furthermore, we explored the structural features of the first cut-
ting positions for all 73 pri-miRNAs with DRS in Col-0. Overall, approxi-
mately 77% of pri-miRNAs had their first cleavage sites located in an
unpaired region, comprising small internal loops or bulges. Around
16% of pri-miRNAs had their first cutting sites situated near internal
loops, while only 7% had their first cleavages at fully paired regions
(Fig. 5f, left). Further characterization of the first cutting sites based on
different processing patternsrevealed clear differences between BTL-
and LTB-processed pri-miRNAs. For the BTL pattern, the first cleavage
sites were predominantly located in unpaired regions (82%), 16% had
their first cutting sites situated near internal loops and only 2% showed
their first cleavage at paired regions (Fig. 5f, middle). These results
indicate that Microprocessor predominantly prefersto place the first
cleavage sites at unpaired regions of BTL pri-miRNAs. By contrast, for
LTB pri-miRNAs, the proportion of first cutting sites located in unpaired
regionsislower (69%, right), and the proportion of first cutting sites in

Fig. 5| DRS provides more meaningful interpretation for determination of
theinitial cleavages of pri-miRNAs than RPS. a, Profiling of distances from

the reference dsRNA-ssRNA junction sites derived from both RNAfold and
DMS-MaPseq to the first cleavage sites revealed that ~15-17 nt is the predominant
molecular ruler length for BTL-processed (left) and LTB-processed (right) pri-
miRNAs. b, Pri-miR397a (left) and pri-miR851a (right) are two representative BTL-
type examples that have more optimal distances for DCL1 processing between
theinternal reference regions and the first cleavage sites (black arrows) detected
in DRS (right) than predicted from RPS (left). The black and grey brackets show
15-17-ntand 9-11-nt lengths from the reference loops, shown in black and grey
dashed boxes, to the first cutting sites, respectively. ¢, Pri-miR390b (left) and
pri-miR4245 (right) are two representative LTB-type examples that have more
optimal distances for DCL1 processing between the internal reference regions
and thefirst cleavage sites (grey arrows) detected in DRS (right) than predicted
from RPS (left). The black dotted arrow denotes an intended cutting position

that was not detectable in our system. d, Both RNAfold and DMS-MaPseq showed
that pri-miRNAs typically harboured extrainternal loops or bulges positioned
approximately 9-11 nt away from their initial cleavage sites for BTL-processed
(top) and LTB-processed (bottom) pri-miRNAs. e, Reanalysis of the cryogenic
electron microscopy density map of the DCL1-pri-miR166f complex from
published data® suggests the presence of new binding pockets for additional
internal loops/bulges that might be 9-11 nt away from the first cleavage sites
(black arrowhead). Dark blue represents positively charged surfaces of DCLI.
Theblue lines indicate three different bulges in the lower stem of pri-miR166f.
The colour scheme for the different domains of DCL1is the same as in Fig. 1b.

f, Parallel DMS-MaPseq and degradome-seq analyses show that the first cleavage
sites are predominantly located at the unpaired regions for BTL-processed pri-
miRNAs, whereas the pattern is less pronounced for LTB-typed pri-miRNAs. Solid
and hollow circles represent paired and unpaired nucleotides, respectively. Solid
blue and pink circles represent the partial miRNA/* duplex.
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paired regionsis higher (17% for near internal loops and 14% for paired
regions) (Fig. 5f, right). Again, Microprocessor appears to have less
preferenceinselecting the first cleavage sites for LTB-type pri-miRNAs
than for BTL-type ones. These results indicate that artificial miRNA
design entails more stringent selection of the first cutting site when
BTL-patterned backbones are used over LTB-patterned backbones.

DCLI1, SEand HYL1 actin shaping the structures of pri-miRNAs
We next assessed whether and how DCL1, SE and HYL1 impact
pri-miRNAs’ structures. We also computed the overall DMS reactivi-
tiesfor allcommon detectable BTL and LTB pri-miRNAsin Col-0, dcl1-9,
se-1and hyl1-2. Interestingly, ensemble DMS reactivities for both BTL
(Fig. 6a) and LTB (Fig. 6b) patternsin all three mutants were obviously
elevated in comparison with Col-0. Furthermore, we calculated the Gini
index for pri-miRNAs, where higher values indicate larger structure-
omes. The Giniindex of pri-miRNAs in hyl-2 and se-I showed a significant
decrease, and that in dcl1-9 showed a slight decrease, compared with
those in Col-0 (Extended Data Fig. 10a). These results suggest that
the structures of pri-miRNAs are more open in these mutants thanin
Col-0. Since the prevailing view is that ribonucleoprotein complexes
donot seem to impact the impermeability and reactivity of DMS with
bound RNA*, the more openstructures or heterogeneity of pri-miRNAs
in the mutants might result from conformational dynamics or from
lack of function of helicases that are recruited through SE or HYL1, or
DCL1itself.

Subsequently, we modelled RSS of selected pri-miRNAs in the
three mutants using RNAstructure software constrained by DMS reac-
tivity. Pri-miR395f, arepresentative of the BTL-processed pri-miRNAs,
displayed a compact lower stem, a 2-ntinternal loop in the miRNA/*
duplexand twointernalloopsintheupperstemin Col-0.In contrast,
this pri-miRNA exhibited an enlarged internal loop in the lower stem
and a small but new internal loop in the proximity of miRNA/*, but
nointernalloop inthe miRNA/*indcl1-9. Onthe other end, two small
but new internal loops occurred in dcl1-9, replacing one internal
loop observed in Col-0. Similarly, pri-miR395f also displayed distinct
structures in the hyl1-2 and se-1 mutants, reflected by loose-shaped
upper stems among other changes in the lower stems and miRNA/*
regions (Fig. 6¢).

Pri-miR1564a, a representative of the LTB-patterned pri-miRNAs,
displayed similar folding in dcl/1-9 and Col-0 despite the seemingly
increased DMS reactivity in the basal areas. This result suggests that
there might be no helicase directly involved in this situation, lead-
ing to the lack of obvious structural changes in dcl1-9. However, this
pri-miRNA clearly exhibited more unpaired regionsin the basal regions
and/or upper stemin hyl1-2 and se-1 thanin Col-0 (Fig. 6d). Additional
examples including SBTL-processed pri-miR447b, SLTB-processed
pri-miR319aand bidirectionally processed pri-miR166a displayed vary-
ing degrees of structural changes in dcli1-9, hyl1-2 and se-1 compared
with Col-0 (Extended Data Fig. 10b-d). These findings collectively
suggest that DCL1, SE and HYL1 directly or indirectly modulate the
RSS of pri-miRNAs.

Discussion
Understanding miRNA biogenesis has been a major challenge for
plant miRNAs, as their substrates display profound heterogeneity

in structures and lengths** %, Here we managed to identify the pre-
cise first cutting sites for all annotated pri-miRNAs through a unique
strategy of degradome-seq of DCL1 dominant-negative lines. We were
also able to draw a comprehensive atlas of processing patterns of all
pri-miRNAsin Arabidopsis. One unexpected finding is that only 147 of
326 annotated miRNAs can now be unambiguously validated as bona
fide species at this stage. Importantly, we clarified that nearly 25% (81
of 326) of pri-miRNAs are not bona fide substrates of DCL1. Addition-
ally, 98 pri-miRNAs do not have reads in degradome-seq, and their
authenticity awaits future clarification (Fig. 1h).

Precise identification of the first cutting sites for all bona fide
pri-miRNAs enabled us to survey their processing patterns. While we
validated the processing patterns of 52 pri-miRNAs (35%) from earlier
workin the field>*">*, we re-annotated or newly reported the process-
ing modes for 95 pri-miRNAs (65%) (Fig. 2). Systematic investigation
of147 true pri-miRNAs now places theminto BTL, SBTL, LTB, SLTB and
bidirectional processing types, whose shares are 37,16, 38,13 and 43,
respectively (Fig. 7a). Importantly, 28 pri-miRNAs can produce new
species of productive miRNA/*s as they are born by Microprocessor
and loaded into AGOs. We have also pinpointed the cognate mRNA
targets for 10 of the 28 newly identified miRNAs (Supplementary Figs. 2
and 6). The physiological implications of these new species of miR-
NAs, especially their impact on canonical miRNA homeostasis and
functional connections between two sets of miRNA/*s from the same
pri-miRNAs and between two sets of targets, would be exciting topics
for further studies.

Furthermore, DMS-MaPseq largely re-shaped our understanding
of plant pri-miRNA processing from both structural and sequence
perspectives. First, in vivo RSS exhibited significant differences from
the insilico predicted structures. These differences are underscored
by the fact that approximately 95% of 73 pri-miRNAs with detectable
RSS demonstrate a prevalence of larger or more loops/bulges in vivo
than the in vitro RPS (Figs. 4 and 7b). This observation is reminis-
cent of human pre-miRNAs that also display larger terminal loops in
icSHAPE-MaP-determined RSS thanin the theoretical model from miR-
Base®. Like their animal counterparts, plant pri-miRNAs possess more
unpaired nucleotidesin their RSSin vivo. Second, approximately 78%
and 68% of BTL- and LTB-patterned pri-miRNAs are processed through
the canonical molecular ruler (15-17 nt). These in vivo RSS features
largely clarified ~-5% additional BTL- and ~-13% additional LTB-processed
cleavage patterns that could not be previously explained on the basis
of RNAfold structures. This notwithstanding, we also noticed that
approximately 43% of BTL- and 61% of LTB-type pri-miRNAs harbour
additional internal loops and bulges that are ~9-11 nt away from the
initial cleavages (Fig. 7b and Extended Data Fig. 9a,b). These additional
internalloops and bulges seemto fit into the new pockets of DCL1found
through the reanalysis of DCL1’s cryogenic electron microscopy struc-
ture with pri-miR166f (Fig. 5¢)**. DCL1 clearly uses a binding pocket in
the PAZ domainto recognize the canonical reference internal loops of
pri-miRNA that are 15-17 nt away from the cleavage site. However, DCL1
also harboursanample and adaptable space that couldaccommodate
the internal loops/bulges that are 9-11 nt away from the cleavage site
(Fig. 5e). This DCL1 structural feature underscores our observation
that pri-miRNAs exhibit more and larger internal loops or bulges in
DRS than in RPS (Fig. 4d-g and Extended Data Figs. 2-8). Third, we

Fig. 6 | DCL1, SE and HYL1 maintain the proper pri-miRNA secondary
structures for processing. a,b, DMS reactivities on the basal segments, lower
stem and duplex regions for BTL-processed pri-miRNAs (a) and on the terminal
loops, upper stem and duplex regions for LTB-processed pri-miRNAs (b) in
Col-0 (blue), dcl1-9 (purple), hylI-2 (green) and se-1 (orange). Positions labelled
‘0’ are defined as the first cutting sites in DCLI®*"?and DCLI™***? transgenic
lines in the top and bottom panels and are shown by the purple and yellow
arrowheads, respectively, in the pri-miRNA diagrams. The blue and pink regions
inthe pri-miRNA diagrams represent the miRNA/* duplex. The data are from 67

commonly detected pri-miRNAs from 3 biological replicates for Col-0, dcl1-9
and hyl1-2, but 2 biological replicates for se-1. The central lines in the boxes
represent the median values, the upper and lower bounds show the first and
third quartiles, and the whiskers indicate data within 1.5x the interquartile range
of both quartiles. ¢,d, Pri-miR395f (c) and pri-miR156a (d) are two examples of
BTL-processed and LTB-processed pri-miRNAs, respectively, that show different
RSSindclI-9, hyl1-2 and se-1 compared with Col-0. The dashed boxes indicate
structural differences in the mutants.
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Fig.7| Atlas of miRNA biogenesis in Arabidopsis drawn from degradome-seq
and DMS-MaPseq. a, Degradome-seq identified 147 bona fide pri-miRNAs from
326 previously annotated pri-miRNAs, and reclassified theminto 5 processing
patterns, namely, BTL, SBTL, LTB, SLTB and bidirectional processing. b, Ninety-
five percent of in vivo RSS for pri-miRNAs, derived from our DMS-MaPseq (DRS),

3

were different from RNAfold-predicted structures (RPS). The DRS better explains
why DCL1selects the first cutting sites (black arrows) that are 15-17 nt (black
lines) away from the internal loops or bulges. DRS also detects additional internal
loops or bulges that are 9-11 nt (grey lines) away from the first cleavage sites by
DCL1. See ‘Discussion’ for details.

observed that up to 77% of pri-miRNAs had their first cleavage sites
atunpaired regions (Figs. 5f and 7b). This ratio is significantly higher
than the earlier reported number (approximately 40%)*°, although
the preference of DCL1 to process unpaired regions in the stem of
pri-miRNAs has been appreciated before®*. These discoveries have
provided new guidelines for designing artificial miRNAs: first, it will
be more effectiveif the cleavage sites targeted by DCL1are located on
theinternalunpaired regions; and second, the backbones of LTB-type
pri-miRNAs seem to tolerate more mismatches or unpaired sequences
intheir duplexregionsthanthe BTL-type ones. Taking pri-miR159aas an
example*>*, we propose to modify an amiR-backbone that resembles
its DRS instead of its RPS (Extended Data Fig.10e).

Parallel degradome-seq and DMS-MaPseq enabled us to revisit
the role of SE and HYL1in pri-miRNA processing in a physiological
context. Whereas SEand HYL1 concertedly impact theinitial cleavage
sites, they each haveindependent functions. We discovered that SE and
HYL1 have completely opposite effects on 11 pri-miRNAs, which had
notbeenreported before (Fig. 3e). HYL1-independent pri-miRNAs are
more abundant than SE-independent ones, and this discrepancy may
be offset by the presence of HYL1homologues in plants. Furthermore,
we did not observe the preference of SE or HYL1 for the processing of
specifically patterned pri-miRNAs (suchas BTL or LTB). It has been well
established that SEand HYL1impact miRNA biogenesis through various

genetic and biochemical pathways?2**%, We have recently reported
that SE could recruit SWI2/SNF2 ATPase CHR2 to remodel pri-miRNA
RSS to inhibit miRNA production”. Here we can strengthen the idea
that RSS can serve as a critical regulatory layer to control pri-miRNA
processing. This concept can be highlighted by the observation that
pri-miRNAs in dclI-9, se-1 and hyl1-2 displayed higher DMS reactiv-
ity than those in Col-0, indicative of flexible RSS in vivo (Fig. 6 and
Extended Data Fig. 10). This result further suggests that RSS changes
might also contribute to the inaccurate or abnormal processing of
pri-miRNAs observed inseand hy/I mutants. It is generally assumed at
this stage that protein-RNA interaction negligibly impacts DMS activi-
ties on bound substrates®***. In this scenario, the alteration of RSS
by DCL1 can be attributed to its inherent helicase function, while the
impact of SEand HYL1on RSSis probablyindirect and occurs through
theactivities of their interacting helicases exemplified by CHR2. Oth-
erwise, the current dogma that protein binding does not affect the
chemical probing of RNA structures in vivo needs to be revisited.

In summary, parallel degradome-seq and DMS-MaPseq have
provided a comprehensive atlas of pri-miRNA processing steps and
the structural determinants for such processing. The dissection of
connections between RSS features and first cleavage sites provides
new guidelines for designing artificial miRNAs for more precise and
efficient silencing of targeted transcripts. As a side outcome, these
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findings unambiguously clarify theidentities of the bona fide miRNAs.
Theideas and approachesin this study can thus be readily adopted to
different organisms.

Methods

Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0), dcl1-9 (CS3828),
se-1 (CS3257), se-2 (SAIL_44_G12) and hyli-2 (SALK_064863) were
used for this study as described previously*’. The pBA0O02a-P,, -
FM-gDCLI®™™? and pBAOO2a-P,¢,;~FM-gDCLI®***? constructs were
transformed into the dclI-9* background and screened by genotyping.
The primers used for PCR identification are listed in Supplementary
Table 6. All plants were grown on soil (Jorry Gardener/LP5) or stand-
ard Murashige and Skoog (PhytoTech Labs, catalogue number M524)
medium platesin alé6-hour light/8-hour dark cycleat22 +1°C.

Vector construction

The pBA002a-P,c,,-FM-gDCLIF*"7® and pBAOO2a-P,q,,~FM-
gDCLIF**?used for this study were constructed as follows: pBA-Flag-
Myc-DCLI®**"? and pBA-Flag-Myc-DCLI*"***? (described previously®)
were digested by BamHI (New England BioLabs, catalogue number
R3136S)/Pmel (New England BioLabs, catalogue number R0560S),
and theresultant fragments were ligated into the BamHI/Pmel-treated
pBA002a-P,,,~FM-gDCLI (ref. 17) to yield the pBAOO2a—P,, ,~FM-
gDCLI™>%and pBA002a—P,¢ ;-FM-gDCLIF**? constructs; these were
confirmed by sequencing using seq-F: AAGGATGAGGCAACAAATGG
and seq-R: ACCTTCCAAGCAGCAGTTGT. They were then transformed
intothe dclI-9~ background via the floral dip transformation method*.

Western blot assays

Western blot analysis was performed with ten-day-old plants that were
grown on Murashige and Skoog plates or three-week-old plants that
were grownonsoil. The extraction and experimental procedures were
performed as described previously”. The blots were detected with
primary antibodies against Myc (Sigma-Aldrich, catalogue number
C3956,1:10,000 dilution) and actin (Sigma-Aldrich, catalogue number
A0480,1:10,000 dilution). The secondary antibodies were anti-rabbit
immunoglobulin G (Cytiva, catalogue number NA934v, 1:5,000 dilu-
tion) and anti-mouse immunoglobulin G (Cytiva, catalogue number
NA931yv,1:5,000 dilution).

sRNA blot assays

Total RNAs from ten-day-old seedlings were separated in15% denatur-
ing Urea-PAGE gels, followed by semi-dry transferring onto Hybond-N+
hybridization membranes (GE Healthcare, RPN303B). The membranes
were UV crosslinked and hybridized with miRNA probes labelled with
[y-*P] ATP (PerkinElmer), with U6 serving as a loading control. The
membranes were covered with a phosphor imaging plate (GE Health-
care), and signals were detected witha Typhoon FLA7000 (GE Health-
care) as described previously”. The probes used for sSRNAblot are listed
inSupplementary Table 6.

Library construction for degradome-seq

The RNA was extracted from three-week-old or flower tissues of Col-
0, dcl1-9"~;DCLIFS7?, dcl1-9*;DCLIF'***?, hyl1-2 and se-2 using TRIzol
reagent (Sigma-Aldrich, catalogue number T9424) according to the
manufacturer’sinstructions. Weisolated poly(A)-RNA from total RNA
using oligo(dT) dynabeads; then, an amount of 5 pg of DNase-treated
poly(A)-RNA was ligated to the 5 RNA adaptor (rGrUrUrCrArGrAr-
GrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrC) using T4 RNA ligase
1(New England BioLabs, catalogue number M0204S) according to
the manufacturer’s instructions. The ligation products were puri-
fied with RNAClean XP beads (Beckman Coulter, reference number
A63987). Then, chimeric RNA was reverse transcribed by Superscript
Il Reverse Transcriptase (Invitrogen, CA) using the 3’ adaptor with

oligo(dT) (CCTTGGCACCCGAGAATTCCATTTTTTTTTTTTTTTTTTVN)
and amplified by PCRwith adaptorsincludingindex primers (Supple-
mentary Table 6) for lllumina sequencing.

Degradome-seq analysis

The raw data (PE150) were initially filtered for quality control requiring
a quality score >25 at the 3’ end and trimmed to remove the adaptor
sequences by Cutadapt*®. Only Readl reads from the PE150 data have
cleavage information; these were retained for the following analysis.
Cleanreads over 50 nt were retained and aligned using hisat2 (ref. 49)
tothe Arabidopsis Araportll genomereference’®. The software feature-
Counts* was used to count the read number located in pri-miRNA with
a200-bp extensioninboth the upstream and downstream directions.
Degradome-seqrecovered roughly 13-21 million clean reads for each
replicate, among which more than 74% could be uniquely mapped
to the reference genome. A Pearson correlation between replicates
exceeded 0.92, indicating high-quality and reproducible datasets. Data
fromtwo biological replicates were merged for the following analyses
due to high repeatability.

To calculate the cutting ratio for each position of all pri-miRNAs,
theread countdifference for each nucleotide was first determined by
subtracting the read count of the upstream position from that of the
current position. The cutting ratio was calculated by dividing the read
countdifference fromthe total reads mapped to the current pri-miRNA.
The highest cutting ratio position was defined as the first cleavage site
for each pri-miRNA, and the processing directions were sorted into
five different types on the basis of the location of the first cutting site.

Prediction of the in vitro RSS of pri-miRNA via RNAfold
Thesecondary structures were predicted from the RNAfold web server
(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) on the
basis of minimum free energy and partition function. The annotated
miRNA/* duplex sequences of pri-miRNAs collected from the miRBase
website (https://www.mirbase.org/browse/results/?organism=ath)
were coloured with blue and pink backgrounds, respectively, on struc-
ture models using VARNAvV3-93 (https://varna.lisn.upsaclay.fr).

Determination of productive and abortive pri-miRNA
products

We downloaded and repurposed previously published databases,
whichincluderegular sRNA-seqand AGOs-IP sRNA-seq datafromboth
ourlaboratory and others**%*, To ascertain whether these newly dis-
covered products are functional (productive) or non-functional (abor-
tive), we established the following criterion:if there are sufficient read
counts (>20) supporting these new products, they are categorized as
productive processing. If the read counts are not evident (<20), these
products are considered abortive cleavage.

Target prediction for new species of productive miRNAs

The command-line version of psRNATarget>® (https://github.com/
jtremblay/mirnatarget) was used to predict targets for 28 newly dis-
covered miRNAs against the Araportll cDNA reference (https://www.
arabidopsis.org). Predicted target regions with no more than one
mismatchinthe seed region were preserved for subsequent validation.
Cutting sites from Col-0 degradome-seq were employed to ensure
the prediction accuracy. Only predicted target regions overlapping
with cutting sites (with read coverage >20 and cutting ratio >0.1) were
considered as authentic targets of the new miRNAs.

Assessing theimpact of SEand HYL1 on pri-miRNAs’ first
cutting sites

The 147 bona fide pri-miRNAs were re-sorted into three patterns:
72 BTL-processed pri-miRNAs, 46 LTB-processed pri-miRNAs and
28 sequential-processed pri-miRNAs (including SBTL and SLTB).
Pri-miR169d was excluded from the classification due to the presence
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of two cutting ratio sites with equal proportions (50%), which could
introduce ambiguity in our computational analysis. All 42 bidirection-
ally processed pri-miRNAs were re-assigned to either (S)BTL (34 of the
cases) or LTB (8 of the cases) depending on the directions the canoni-
cal miRNAs are produced by. The positions with the highest cutting
ratios inthe DCLIF*"®and DCLI®'**?[ines were designated as ‘0’ for all
pri-miRNAs processed in either the BTL or LTB mode. Thefirst cutting
sites of RNase b, reflected in the DCLI®*°’[ine, are centred at position
‘0’ in the top panel of Fig. 3a, while the initial cutting sites of RNase a,
reflected in the DCLI®***Cline, are illustrated in the bottom panel of
Fig.3a. These results are well aligned with our in vitro results that the
RNase b and a domains process the 5 and 3’ arms of BTL-patterned
pri-miRNAs, respectively®. By contrast, an inverted pattern was shown
for LTB-patterned pri-miRNAs, in which the RNase b and a domains
preferably cleave the 3’ and 5’ arms of pri-miRNAs, reflected by the
locations of the highest cutting ratios in the DCLI®*’? and DCLIF'**?
lines, respectively (Fig. 3b).

Pri-miRNA-specific DMS-MaPseq library preparation

For three-week-old plants, about 5 g of Col-0, dcli-9, hyl1-2 and se-1
plants grown on soil were collected within one hour and completely
covered in 40 ml of 1x DMS reaction buffer (40 mM HEPES pH 7.5,
100 mM KCl and 0.5 mM MgCl,) in a clean 50 ml Corning tube. DMS
(Sigma, catalogue number D186309) was added to a final concentra-
tion of 1% as described previously*®. Mock treatment was performed by
adding the same volume of deionized water. The samples were treated
inthe DMS reaction buffer or mock solution at room temperature under
avacuum for 15 min. Tostop thereaction, afinal concentration of 20%
B-mercaptoethanol (Sigma-Aldrich, catalogue number M6250) was
added, and the mixture was incubated for 5 min under vacuum. After
being washed three times with 50 ml of cold deionized water, the sam-
ples wereimmediately frozen with liquid N, and ground into powder.

For flower tissues, the same plants were grown on soil until flow-
ering, and then samples were collected and treated with or without
DMS using the same conditions as above except the incubation time
under vacuum. Different time courses for DMS treatment including
14 min, 28 min, 42 min and 56 min were also tested; eventually, 56 min
was chosen for the assay after comparison, because incubation times
less than 56 min are not sufficient to distinguish the DMS-treated
samples from the mock-treated samples, and total RNA appeared to
start decaying by 56 min.

Total RNA was isolated using TRIzol reagent according to the
manufacturer’sinstructions and then treated with TURBO DNase (Inv-
itrogen by Thermo Fisher, catalogue number AM2239). For each sam-
ple, 2 pg of DNase-treated RNA was mixed with gene-specific reverse
transcription primers (2 pmol of each primer, up to ten gene-specific
primers in one reaction). Then, 1 pl of 10 mM dNTP and DEPC-H,0O
was added to a total volume of 13 pl and incubated at 65 °C for 5 min,
then immediately put on ice for 2 min. Then, 4 pl of 5x First-Strand
buffer (250 mM Tris-HCI pH 8.3, 375 mM KCI and 15 mM MgCl,), 1 ul
of 0.1MDTT (prepared fresh), 1 pl of RNase inhibitor (Thermo Fisher,
catalogue number AM2696) and 1 pl of TGIRT-III (Ingex, catalogue
number TGIRT50) were added. The mixture wasincubated at42 °Cfor
30 min, and then reverse transcription proceeded at 60 °C for 1.5 h.
The reaction was stopped by adding 2.3 pl of 1M NaOH and heating
the mixture at 98 °C for 15 min, then immediately putting it onice.
After neutralization by 2.5 M HCI, H,0 was added to a total volume of
30 plforeachsample, followed by purification with 39 pl of AMPure XP
beads (Beckman Coulter, reference number A63881), whichis intended
for performing DNA cleanup and efficient removal of unincorporated
dNTPs, primers, salts and other contaminants.

The cleaned cDNA was precipitated and resuspended in deionized
water. Pri-miRNAs were then amplified using KOD hot start DNA poly-
merase (Millipore Sigma, catalogue number 71086) with gene-specific
primers (Supplementary Table 5). PCR bands were gel purified and

normalized according to band intensity before library construction.
PCR products were mixed equally and fragmented into 50-200 bp
using a sonication machine (Diagenode SA Plcoruptor) following the
manufacturer’s protocol. After purification using AMPure XP beads,
the fragments were subjected to end repair, adenylation and adaptor
ligation using lllumina adaptors (Supplementary Table 6), mainly fol-
lowing the published protocol. The fragments were barcoded through
adaptor ligation. The ligation products were purified again by two
steps of cleanup with AMPure XP beads. Next, the purified barcoded
libraries were enriched by 11 cycles of PCR using KOD hot start DNA
polymerase. Finally, the PCR products were cleaned using AMPure XP
beads and sent for sequencing by NovaSeq PE150.

Pri-miRNA-specific DMS-MaPseq analysis

The raw fastq files were initially filtered for quality control requiring
a quality score >25in the 3’ end and trimmed to remove the adaptor
sequences by Cutadapt*®. To further guarantee high sequence quality,
Fastq_quality filter fromthe Fastx-toolkit (http://hannonlab.cshl.edu/
fastx_toolkit) was used tofilter reads with low quality with the param-
etersg=25and p =80, meaning that 80% of the nucleotides had abase
call accuracy of more than 99.7%. High-quality reads over 50 nt were
retained and mapped to the Arabidopsis Araportll genome reference
by tophat2 (ref. 54) with the parameters N =15; read-gap-length, 10;
read-edit-dist, 15; max-insertion-length, 5; max-deletion-length, 5; g, 3’
(ref.35). Only uniquely mapped reads were kept for mismatch calling.
A homemade Python script called CountMismatch2Bed.py (https://
github.com/changhaoli/TAMU_02RSS) was used to call mismatches.
DMS reactivity was calculated as the ratio between the mismatch count
and the total read count for each nucleotide. The average mismatch
ratios including A/C/G/U were calculated and plotted in a bar plot
using the R package ggpubr (https://cran.r-project.org/web/packages/
ggpubr/index.html).

DMS-reactivity-guided modelling of bona fide pri-miRNAs’ RSS
Onthe basis of the DMS signal, the secondary structures of pri-miRNAs
were modelled by RNAstructure (version 6.3)*. The following thresh-
old was used to separate adenine and cytosine bases into paired and
unpaired nucleotides to produce the best-fitting model for our experi-
mental data. For each pri-miRNA, in Col-0 samples, we set the highest
5% of DMS reactivities of As or Cs asred, which fit to the unpaired region
very well; 25% mismatch ratios were coloured with yellow, mainly
located in unpaired regions; and the rest with signals higher than
0.0001were cyan. For mutants, the same pri-miRNA follows the exact
same threshold constraint to model its secondary structure. On the
basis of miRBase annotation, allmature miRNA sequences are outlined
inblue, while miRNA/* sequences are outlined in pink.

Selection of the reference loops/bulges for molecular rulers
The canonical molecular ruler is approximately 15-17 nt; thus, the
sSRNA-dsRNA junction regions that are more than 14 ntaway, but close
to15-17 nt, fromthe first cutting sites are considered as the reference
sites (related to Fig. 5a). For the potential non-canonical 9-11-ntruler,
the junction regions that are more than 8 nt but less than 14 nt from
the first cleavage sites were selected in this study (related to Fig. 5d).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The degradome-seq and DMS-MaPseq data have been deposited in
the NCBI Sequence Read Archive under the BioProject database with
accession code PRJNA1092576. The Arabidopsis genome reference
was obtained from TAIR (https://www.arabidopsis.org) and the NCBI
Nucleotide database (CP002684-CP002688).Informationonthe 326
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previously annotated pri-miRNAs was from the miRBase (https://www.
mirbase.org/browse/results/?organism=ath). sRNA-seq and AGOs-IP
sRNA-seq datawere obtained from the NCBIwebsite with Gene Expres-
sion Omnibus accession codes GSE78090, GSE66599 and GSM707678~
GSM707691. All other data supporting the findings of the study are
present in the main text and/or the Supplementary Information.

Code availability

The code (CountMismatch2Bed.py) used for mismatch calling
of DMS-MaPseq generated in this study is accessible via GitHub at
https://github.com/changhaoli/TAMU_O2RSS.
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Extended Data Fig. 1| Quality control of DMS-MaPseq library and overall
patterns of DMS-MaPseq signals cross pri-miRNA backbones. (a) Average
mismatch ratios of A/C/G/U caused by DMS reactivities in Col-0, dcl1-9, hyl1-2 and
se-1. The data are from 67 commonly detected pri-miRNAs from three biological
replicates for Col-0, dclI-9 and hylI-2, but two biological replicates for se-1. P
(dcl1-9vs Col-0) = 0.132, P (hyl1-2 vs Col-0) = 0.06494, P (se-1 vs Col-0) = 0.1714.
Pvalue by Wilcoxon test. (b) Boxplots show the DMS reactivities for 16 SBTL

(left panel) and 12 SLTB (right panel) pri-miRNAs around base/top and duplex
regions in Col-0, from three biological replicates. In both top and bottom panels,
position ‘0’ is defined as the first nucleotides of duplex region, the purple
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and yellow arrowheads labeled in the pri-miRNA cartoon represent the first
cleavage sites. The blue and pink regions represent miRNA/* duplex. Centres

of the boxes represent the median values. Upper bound and lower bound show
the first and the third quartiles respectively. Whiskers indicate data within 1.5x
theinterquartile range of both quartiles. Data points at the ends of whiskers
represent outliers. (c) Pri-miR156a, pri-miR168a, pri-miR844a and pri-miR856a
show identical structuresin DRS (right) compared to RPS (left). Black and gray
arrows indicated first cutting sites for BTL and LTB directions, respectively. RPS:
RNAfold Predicted Structures. DRS: DMS Reactivity based Structures.
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dotted boxes indicated structural differences in DRS.
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Extended Data Fig.10 | DCL1, SE and HYL1impact RSS of pri-miRNAs.

(a) Giniindex of 67 common pri-miRNAs in Col-0, dcl1-9, hyl1-2 and se-1. P value by
Wilcoxon test. The data are from three biological replicates for Col-0, dclI-9 and
hyl1-2, but two biological replicates for se-1. P (dcl1-9 vs Col-0) = 0.43, P (hylI-2vs
Col-0) = 0.073, P (se-I vs Col-0) = 0.0015. Pvalue by Wilcoxon test. Centres

ofthe boxes represent the median values. Upper bound and lower bound

show the first and the third quartiles respectively. Whiskers indicate data within

1.5x the interquartile range of both quartiles. (b-d) Examples of SBTL-processed
pri-miR447b (b), SLTB-processed pri-miR319a (c) and bidirectional-processed
pri-miR166a (d) that show structural difference of pri-miRNAs in dcl1-9, hyl1-2 and
se-1compared to Col-0. Dotted boxes indicated structural differences in mutants.
(e) Re-design of aknown amiR backbone from pri-miR159a. An existing amiR
backbone of pri-miR159a (top panel). Re-designing of the amiR backbone of
pri-miR159a (bottom panel). amiR sequence is labelled with purple.
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featureCounts (version 2.0.0)
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The degradome-seq and DMS-MaPseq data were deposited in the NCBI Sequence Read Archive (SRA) under BioProject database with accession code
PRINA1092576. The Arabidopsis genome reference was obtained from TAIR (https://www.arabidopsis.org) and (CP002684—CP002688). Early annotated 326 pri-
miRNAs information was from the miRBase (https://www.mirbase.org/browse/results/?organism=ath). sRNA-seq and AGOs-IP small RNA-seq data were obtained
from NCBI website with GEO accession GSE78090, GSE66599 and GSM707678—-GSM707691. All other data supporting the findings of the study are present in the
main text and/or the Supplementary Information.
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Sample size were conducted with three biologic replicates. Two biologic replicates for degradome sequencing, three biologic replicates for DMS-MaPseq.
Box plots were illustrated, showcasing five values arranged from top to bottom: maximum, third quartile, median, first quartile, and minimum.
The lower whisker represents the minimum value, while the upper whisker denotes the maximum value, potentially including outliers—data
points identified as statistically deviating beyond the upper and lower whiskers.

Data exclusions  No data exclsuion in this study.

Replication All analyses in this study were conducted with two or three biological replicates, as specified in the respective figure legends. All attempts at
replication were successful.

Randomization  For library construction, plants in the indicated background were grown in one tray containing 32 or 36 plants, and the plants in the same tray
is one replicate.

Blinding Blinding wasn't implemented during experiments and data analysis, but the investigators were blinded to group allocation while collecting
samples.
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Clinical data
Dual use research of concern

X Plants

XX XXX []

Antibodies

Antibodies used Anti-Myc antibody (rabbit Ab, Cat# C3956, Sigma-Aldrich, 1:10,000 dilution, clone name: not provided by the manufacturer).
Anti-actin antibody (mouse Ab, Cat# A0480, Sigma-Aldrich, 1:10,000 dilution, clone name: 10-B3 (MAbGPa)).
Anti-rabbit Ig G, Horseradish peroxidase linked whole antibody (from donkey) (Cat#: NA934v, Cytiva, 1:5,000 dilution,clone name: not
provided by the manufacturer).

Anti-mouse Ig G, Horseradish peroxidase linked whole antibody (from sheep) (Cat#: NA931v, Cytiva, 1:5,000 dilution, clone name:
not provided by the manufacturer).

Validation All antibodies were validated in Western Blot in Arabidopsis. Their validation statements and experiment tests can also be found in
the manufacturers' websites.
Anti-Myc (Sigma, Cat# C3956). The antibody is validated at https://www.sigmaaldrich.com/US/en/product/sigma/c3956.
Anti-actin (Sigma, Cat# A0480). The antibody is validated at https://www.sigmaaldrich.com/US/en/product/sigma/a0480.
Anti-rabbit (Cytiva, Cat# NA934v) and Anti-mouse (Cytiva, Cat# NA931v). The antibody is validated at https://
www.cytivalifesciences.com/en/us/shop/protein-analysis/blotting-and-detection/blotting-standards-and-reagents/amersham-ecl-
hrp-conjugated-antibodies-p-06260.

Plants

Seed stocks Arabidopsis thaliana (A. thaliana) ecotype Columbia (Col-0); dcl1-9 (CS3828); se-1(CS3257); se-2 (SAIL_44_G12); hyl1-2
(SALK_064863)

Novel plant genotypes Novel transgenic lines including pBA002a-PDCL1-FM-gDCL1 (E1507Q) and pBA002a-PDCL1-FM-gDCL1 (E1696Q) were transformed
into the dcl1-9(+/-) background by the floral dip transformation method, each one get 5 independently transgenic lines.

Authentication For all seed stocks, they were used for this study as verified previously(Wang, L. et al. PRP4KA phosphorylates SERRATE for
degradation via 20 S proteasome to fine- tune miRNA production in Arabidopsis). For transgenic plants, they were screened by
western blot with an anti-Myc antibody (Sigma, Cat# C3956) and PCR analysis with primers listed in Supplementary Table6.
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This file includes:

Supplementary Figures

Supplementary Figure 1. Quality control analysis shows that degradome sequencing

libraries have high quality and repeatability.

Supplementary Figure 2. Degradome sequencing reveals that 37 pri-miRNAs have BTL

processing pattern (Be noted that this figure contains five pages).

Supplementary Figure 3. Degradome sequencing reveals that 16 pri-miRNAs have SBTL

processing pattern (Be noted that this figure contains two pages).

Supplementary Figure 4. Degradome sequencing reveals that 38 pri-miRNAs have LTB

processing pattern (Be noted that this figure contains five pages).

Supplementary Figure 5. Degradome sequencing reveals that 13 pri-miRNAs have the

SLTB processing pattern (Be noted that this figure contains two pages).

Supplementary Figure 6. Degradome sequencing reveals that 43 pri-miRNAs have
bidirectional processing pattern and pri-miR867 possibly yields new miRNA clusters (Be

noted that this figure contains eight pages).
Supplementary Figure 7. SE and HYL1 show different impacts on pri-miRNA processing.

Unprocessed western blots for Supplementary Fig. 1a
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Supplementary Figure 1. Quality control analysis shows that degradome sequencing

libraries have high quality and repeatability.

(a) Screening of elite lines expressing dominant-negative forms (DCL15'%%? and DCL 15%%9)
via western blot analysis using an anti-Myc antibody. Col-0 is a negative control. Actin

serves as a loading control.

(b) sRNA blot analyses of the selected miRNAs in the indicated lines. U6 is a loading
control. nt, nucleotides. The experiment was independently repeated by three times with

similar results.

(c) Schematic illustration of the cleavage products by DCL1 (WT) (top), DCL1-E1507Q
(middle) and DCL1-E1696Q (bottom). Yellow-brown and purple arrowheads show the
cleavage sites by RNase llla and RNase lllIb, respectively. BTL: base to loop; SBTL:

sequential base to loop; LTB: loop to base; SLTB: sequential loop to base.

(d) Table shows total and unique reads that match the reference transcripts for all samples.

R1: replicate 1. R2: replicate 2.

(e) Heatmap shows high Pearson correlation (= 0.92) between two biological replicates for

all samples.

(f) Schematic illustration of algorism for ratio calculation of the cleavage sites.
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Supplementary Figure 2. Degradome sequencing reveals that 37 pri-miRNAs have

BTL processing pattern.

(a) IGV graphs of reads’ numbers and relative ratios at detected cleavage sites of pri-

miR167a in Col-0 and semi-active DCL1 expressing lines. Related to Fig. 2a.

(b) A total of 20 BTL-processed pri-miRNAs discovered earlier are re-validated here. Be

noted: there are three pages for this panel (2b(i) to 2b(iii)).

(c) IGV graphs of reads’ numbers and relative ratios at detected cleavage sites of pri-

miR173 in Col-0 and semi-active DCL1 expressing lines. Related to Fig. 2b.

(d) IGV graphs of two species of mMiRNA/*s from pri-miR173. The canonical miR173/* (5p-
1/3p-1) is sorted into AGO1 whereas the non-canonical pair (5p-2/3p-2) newly discovered

here is recovered from AGO2. Related to Fig. 2b.

(e) Degradome-seq data verified that the newly identified 3p-2 of pri-miR173 can target a
different mMRNA (AT4G20460) for cleavage compared to annotated 5p-1 (one representative
target is AT3G07400). Blue rectangular boxes represent the target range, numbers

represent read counts for each cleavage site. Related to Fig. 2b.

(f) Pri-miR399b is now re-annotated to three kinds of BTL processing patterns (left panel)
and resultant two productive species of miRNA/*s shown in the IGV graphs (right panel).
One functional miRNA/* is the canonical miR399/*, designated as the 5p-1 and 3p-1
products (blue brackets) while the other is a new set of mMiRNA/* duplex in red that could be
recovered in sSRNA-seq and that we referred as 5p-2 and 3p-2. The reads of the recovered
miRNA/*s (5p-1/3p-1; 5p-2/3p-2) are shown on the right panels. Of note, pri-miR399b also
underwent the third mode of processing that is shifted 7 nt toward the canonical miR399/*
duplex, producing a 3p-3 abortive product in the 3' arm (light green brackets). The presence
of multiple starting processing sites for pri-miR399b is likely due to its complicated terminal
loop structure. The black dotted arrows denoted the intended cutting positions but were not
identified in our data. The cleavage site marked with an asterisk (*) was also discovered in
WT and fiery1™.

(g) Pri-miR156f is now re-annotated to the two types of BTL processing, resulting in
miR156f/* (5p-1/3p-1) and a newly productive miRNA/* species (5p-2/3p-2) (left panel) that
could be recovered from sRNA-seq. Be noted that 5p-1 targets mMRNA (AT1G53160), 3p-2
cleaves mMRNA (AT5G63290) according to the degradome-seq (right panel).

(h) IGV graphs of reads’ numbers and relative ratios at detected cleavage sites of pri-

miR780a in Col-0 and semi-active DCL1 expressing lines. Related to Fig. 2c.



(i) IGV graphs of two species of miRNA/*s from pri-miR780a, both (5p-1/3p-1) and (5p-2/3p-
2) are sorted into AGO1. Related to Fig. 2c.

(j) Newly identified BTL patterns for 12 pri-miRNAs with some new targets included. Be
noted that there are two pages for this panel (2j(i) and 2j(ii)). Pri-miR158b had an alternative
starting cleavage site that is in the middle of miR158/*, likely resulting in an abortive product,
which is not recovered in RISC. Pri-miR831 does not generate the products (5p-1/3p-1) as
predicted from miRBase. Rather, the initial cleavage position shifted 3 nt away from the
predicted site and generated a new pair but functional duplex (5p-2/3p-2, in red). Pri-miR847
follows two kinds of BTL modes, producing functional 5p-1/3p-1 recovered from AGO1-RISC
(in blue), but abortive 3p-2 (in pink). The processing of pri-miR851a is even more
heterogeneous as it has three different sites for initial cleavages with comparable ratios: one
produces miR851a/* as predicted (5p-1/3p-1, in blue); another way shifted 3 nt toward the
base region and generated a new pair but productive form of miRNA/* (enclosed by red
brackets). Importantly, 5p-1 targets AT4G21350 whereas the new 5p-2 cleaves AT2G34750.
Additionally, the third processing shifted 6 nt onto the canonical miRNA/* duplex but yielded
an abortive product (marked by a light green bracket). Finally, pri-miR4240 displays two
ways of BTL processing: one produces the canonical miRNA/* (in blue), but the other
generates abortive product with only one strand of sSRNA that could be recovered in RISC

but with low read counts (labelled in pink).
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Supplementary Figure 3. Degradome sequencing reveals that 16 pri-miRNAs have

SBTL processing pattern.

(a) IGV graphs of reads’ numbers and relative ratios at detected cleavage sites of pri-

miR169j in Col-0 and semi-active DCL1 expressing lines. Related to Fig. 2d.

(b) The rest 12 SBTL-processed pri-miRNAs discovered earlier are re-validated here. Be

noted: there are two pages for this panel (3b(i) and 3b(ii)).

(c) IGV graphs of reads’ numbers and relative ratios at detected cleavage sites of pri-

miR823 in Col-0 and semi-active DCL1 expressing lines. Related to Fig. 2e.

(d) Two more newly identified examples following SBTL processing pattern, including pri-
miR822 (top) and pri-miR845a (bottom).
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Supplementary Figure 4. Degradome sequencing reveals that 38 pri-miRNAs have

LTB processing pattern.

(a) IGV graphs of reads’ numbers and relative ratios at detected cleavage sites of pri-

miR160a in Col-0 and semi-active DCL1 expressing lines. Related to Fig. 2f.

(b) The rest 12 LTB-processed pri-miRNAs discovered earlier are re-validated here. Be

noted that there are two pages for this panel (4b(i) and 4b(ii)).

(c) IGV graphs of reads’ numbers and relative ratios at detected cleavage sites of pri-

miR395d in Col-0 and semi-active DCL1 expressing lines. Related to Fig. 2g.

(d) Pri-miR159c, pri-miR390b, pri-miR408 and pri-miR779a display LTB pattern rather than
the earlier proposed modes. The cleavage site marked with an asterisk (*) was also
discovered in WT or fiery1'. Of note, pri-miR408 was presented ambiguity between BTL
and LTB modes, while our analysis unambiguously identified it as the LTB pattern. Pri-
miR779a was reported to follow the SLTB pattern as the predicted miRNA/* is proximal to
the base region and multiple times of processing from the top region would be otherwise
necessary to reach the hypothetic miR779/* position (in red brackets). However, we
observed the pri-miRNA also produced another set of miRNA/* (5p/3p in blue brackets) that
could be recovered from AGO1-RISC with being even more abundant than the predicted
miR779/*. Since the new species of MiIRNA/* and the first cleavage site with the highest
cleavage ratios were both proximal to the top region, pri-miR779a is re-annotated to follow

an LTB pattern.

(e) IGV graphs of two species of miRNA/*s from pri-miR4245. The canonical miR4245/* (5p-
1/3p-1) is sorted into AGO1 whereas the non-canonical pair (5p-2/3p-2) newly discovered

here is recovered from AGO2, even with more sRNA reads. Related to Fig. 2h.

(f) 19 newly discovered LTB pri-miRNAs in our data presented in the panels in three pages
(4f(i) to 4f(iii)). Notably, pri-miR775 displays three distinct LTB processing modes with
comparable cleavage frequencies that produce the canonical miR775/* (5p-1/3p-1 in blue)
and two new sets of miRNA/*s (5p-2/3p-2 in pink; 5p-3/3p-3 in light green). Similarly, pri-
miR848a, pri-miR3440b, and pri-miR5017 all show two or three kinds of LTB processing
patterns that generate new species of miRNA/*s in addition to the earlier reported miRNA/*s.
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Supplementary Figure 5. Degradome sequencing reveals that 13 pri-miRNAs have the

SLTB processing pattern.

(a) IGV graphs of reads’ numbers and relative ratios at detected cleavage sites of pri-

miR159a in Col-0 and semi-active DCL1 expressing lines. Related to Fig. 2i.
(b) The rest four SLTB-processed pri-miRNAs discovered earlier are re-validated here.

(c) IGV graphs of reads’ numbers and relative ratios at detected cleavage sites of pri-

miR839a in Col-0 and semi-active DCL1 expressing lines. Related to Fig. 2.

(d) Newly identified SLTB pattern for the rest seven pri-miRNAs.
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Supplementary Figure 6. Degradome sequencing reveals that 43 pri-miRNAs have

bidirectional processing pattern and pri-miR867 possibly yields new miRNA clusters.

(a) IGV files of reads’ numbers and relative ratios at the cleavage sites of pri-miR166a in

Col-0 and semi-active DCL1 expressing lines. Related to Fig. 2k.

(b) The rest 23 pri-miRNAs show bidirectional processing patterns and can produce
additional abortive products instead of the earlier reported single-directional modes that only
produce one type of miRNA/*s. The cleavage site marked with an asterisk (*) was also

discovered in fiery1'. Be noted that there are four pages for this panel (6b(i) to 6b(iv)).

(c) IGV files of reads’ numbers and relative ratios at the cleavage sites of pri-miR396a in

Col-0 and semi-active DCL1 expressing lines. Related to Fig. 2I.

(d) IGV graphs of two species of miRNA/*s from pri-miR396a. The canonical miR396/* (5p-
1/3p-1) is sorted into AGO1 whereas the other productive pair (5p-2/3p-2) newly discovered
here is recovered from AGO2. Related to Fig. 2I.

(e) Degradome-seq data verified that the newly identified 3p-2 of pri-miR396a can target a
different mMRNA (AT2G29340) for cleavage compared to annotated 5p-1. Related to Fig. 2I.

(f) The rest four pri-miRNAs display three initial processing sites and generate a new set of
abortive products, and a new set of productive miRNA/* products that have their cognate
mMRNA targets in addition to the annotated miRNA/*s. For pri-miR162b, both the canonical
5p-1/3p-1, indicated by 67% and 3.2% cutting ratio at the upper stem, and the newly
produced 5p-2/3p-2, indicated by 2% cleavage frequency at the lower stem could be
recovered from sRNA-seq with adequate read counts. In addition, another set of abortive
products (5p-3/3p-3 in light green) could also be produced from pri-miR162b, with a
moderate frequency (6.6%). Since miR162 targets DCL1 itself, the presence of three
processing sites at the same pri-miR162b suggests that there might be sophisticated
regulatory layers to fine tune the expression of this key enzyme in miRNA production in
plants. The cleavage site marked with an asterisk (*) was also discovered in WT and

fiery1'*. There are two pages for this panel (6f(i) and 6f(ii)).

(g) IGV files of reads’ numbers and relative ratios at the cleavage sites of pri-miR825 in Col-

0 and semi-active DCL1 expressing lines. Related to Fig. 2m.

(h) IGV graphs of two species of mMiRNA/*s from pri-miR825. The canonical miR825/* (5p-
1/3p-1) is sorted into AGO1 whereas the other productive pair (5p-2/3p-2) newly discovered
here is recovered from AGO2, with more sRNA reads than canonical one. Related to Fig.

2m.



(i) Newly identified bidirectional processing patterns for the rest 13 pri-miRNAs and resultant
productive products with some new targets included. The cleavage site marked with an
asterisk (*) was also discovered in fiery1'. Be noted that there are four pages for this panel
(6i(i) to Bi(iv)).

(j) Pri-miR867 is one of the newly identified cases that undergo BTL processing and/or
possibly additional processing of the adjacent arm to produce new but low abundant miRNA
clusters. IGV graphs of sSRNAs reads recovered from AGO1-IP are shown (right panel). Be
noted: pri-miR867 was detected with several cutting sites with high cutting ratios at
downstream of the transcript. RNAfold predicted that pri-miR867 had two bilateral fold-back
hairpin structures: one fold-back structured segment appeared to be cut from base to loop,
producing miR867/* that can be recovered from AGO1-RISC. The other fold-back segment,
however, displayed a SBTL pattern with cutting ratios of 15% and 13% that generates
intermediate product (enclosed by the pink bracket). Meanwhile, this segment also
underwent a BTL mode with cutting ratios 12% and 17%, resulting in new products
(enclosed by the red brackets) that can be found in AGO1-RISC, despite of the relatively low
read counts. Furthermore, an additional BTL processing with cutting frequencies of 16% and
19% was also detected but yielded an abortive product (enclosed by the light green bracket).
This scenario bears resemblance to the clustered miRNAs observed in the animal system,

suggesting the presence of additional but non-canonical DCL1 substrates in plants.
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Supplementary Figure 7. SE and HYL1 show different impacts on pri-miRNA

processing.

(a, b) Boxplots show the cutting ratios for BTL (a) and LTB (b) pri-miRNAs in Col-0 (blue
bar), DCL1E"%7? (purple bar), DCL15'%%5¢ (yellow-brown bar), hy/1-2 (green bar) and se-2
(orange bar). In the top panel, position “0” is defined as the first cutting sites in DCL15"507Q,
same sites as the purple arrowhead labeled in the pri-miRNA cartoon. In the bottom panel,
position ‘0” is defined as the first cutting sites in DCL15'%%°9, the same sites as the yellow
arrowhead labeled in the pri-miRNA cartoon. The blue and pink regions in the pri-miRNA
cartoon represent miRNA/* duplex. Data are from two biological replicates for each sample.
Centres of the boxes represent the median values. Upper bound and lower bound show the
first and the third quartiles respectively. Whiskers indicate data within 1.5x the interquartile

range of both quartiles. Data points at the ends of whiskers represent outliers.

(c, d) Boxplots show the cutting ratios for SBTL (¢) and SLTB (d) pri-miRNAs around
base/top and duplex regions in Col-0 (blue bar), DCL15"%"? (purple bar), DCL18'%%2 (yellow-
brown bar), hyl1-2 (green bar) and se-2 (orange bar). In both top and bottom panels, position
“0” is defined as the first nucleotides of duplex region, the purple and yellow arrowheads
labeled in the pri-miRNA cartoon represent first cleavage sites. The blue and pink regions
represent miRNA/* duplex. Data are from two biological replicates for each sample. Centres
of the boxes represent the median values. Upper bound and lower bound show the first and
the third quartiles respectively. Whiskers indicate data within 1.5x the interquartile range of

both quartiles. Data points at the ends of whiskers represent outliers.

(e, f) Schematic diagram of reads accumulation to present two categories of pri-miRNAs for

which, the processing is dependent (e) or independent (f) on SE and HYL1.

(g) Chi-Squared Test for SE/HYL1 dependency on pri-miRNA processing patterns. The P
value from 88 SE-dependent (55 for BTL and 33 for LTB) and 20 SE-independent (12 for
BTL and 8 for LTB) pri-miRNAs is 1. The P value from 77 HYL1-dependent (40 for BTL and
37 for LTB) and 25 HYL1-independent (17 for BTL and 8 for LTB) pri-miRNAs is 0.24. The

data are from two biological replicates for se-2 and hy/1-2.



Unprocessed western blots for Supplementary Fig. 1a.
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