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ABSTRACT

Micro RNAs (miRNAs) are processed from precur-
sor RNA molecules with precisely defined secondary
stem-loop structures. ARGONAUTE1 (AGO1) is the
main executor component of miRNA pathway and its
expression is controlled via the auto-regulatory feed-
back loop activity of miR168 in plants. Previously we
have shown that AGO1 loading of miR168 is strongly
restricted leading to abundant cytoplasmic accumu-
lation of AGO-unbound miR168. Here, we report, that
intrinsic RNA secondary structure of MIR168a pre-
cursor not only defines the processing of miR168,
but also precisely adjusts AGO1 loading efficiency
determining the biologically active subset of miR168
pool. Our results show, that modification of miRNA
duplex structure of MIR168a precursor fragment or
expression from artificial precursors can alter the
finely adjusted loading efficiency of miR168. In dc/1-
9 mutant where, except for miR168, production of
most miRNAs is severely reduced this mechanism
ensures the elimination of unloaded AGO1 proteins
viaenhanced AGO1 loading of miR168. Based on this
data, we propose a nhew competitive loading mecha-
nism model for miR168 action: the miR168 surplus
functions as a molecular buffer for controlled AGO1
loading continuously adjusting the amount of AGO1
protein in accordance with the changing size of the
cellular miRNA pool.

INTRODUCTION

RNA interference (RNAi) or RNA silencing is a
widespread gene regulatory mechanism, playing roles
in diverse biological processes in most eukaryotic or-

ganisms (1,2). The hallmark molecules of RNAi are the
21-24 nt long small RNAs (SRNA). A subclass of SRNAs
are the micro RNAs (miRNAs) (3). They predominantly
control endogenous gene expression (4,5) to coordinate
developmental processes and stress responses (6,7).

During the biogenesis of miRNAs, a genome-encoded
RNA, primary miRNA (pri-miRNA) with specific stem—
loop secondary RNA structure is subjected to subsequent
cleavages producing 21-24 nucleotide (nt) long miRNA du-
plexes (3,8). The stem-loops of plant pri-miRNAs exhibit
extreme variability in length and structure compared to ani-
mal counterparts (9,10). In plants, miRNA precursors (pre-
miRNAs) are typically excised initially from pri-miRNA
transcripts by the action of DICER-LIKE1 (DCL1) with
a cleavage event near the base of the stem. The next DCL1
cleavage occurs in 21-24 nucleotide distance from the end
of the stem resulting in a miRNA duplex (3,11). In specific
cases loop-to-base or bidirectional maturation can also take
place by DCLI (11-13).

The generated miRNA intermediate duplexes consist of
a guide (miRNA) and a passenger (miRNA*) strand with
2-nt 3’ overhang and a 5 phosphate at each strand. Plant
pri-miRNAs produce miRNAs either from the 5 or from
3’ arm of their precursors. Precise and efficient process-
ing depends on pri-miRNA structural signals, like terminal
loop structure, 14-15 bp paired stem proximal and base-
pairing at defined region of stem distal to the miRNA
duplex (3,14). The accurate and efficient processing of
pri-miRNAs requires DCL1 co-factors, like the G-patch
domain protein TOUGH (TGH), the zinc finger protein
SERRATE (SE), and the dsRNA binding domain protein
HYPONASTIC LEAVES] (HYL1/DRB1)/ DOUBLE-
STRANDED RNA-BINDING PROTEIN 1 (5,15). The
miRNA/miRNA* duplexes are methylated by the SRNA
methyltransferase HUA Enhancer 1 (HEN1) at the 3’ ends
that aids their protection against exonucleases (16). The
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methylated miRNA/miRNAx duplexes, according to the
previous model, were thought to be exported to the cyto-
plasm by the animal Exportin 5 (EXPOS) homologous pro-
tein HASTY (HST) (17).

Subsequently, miRNA/miRNA* duplexes are incorpo-
rated into the RNA-induced Silencing Complex (RISC),
the effector of RNA silencing. During RISC assembly the
guide miRNA strand is loaded onto ARGONAUTE pro-
tein, the central component of RISC, while the miRNA* is
ejected and degraded (1). AGOI1 is the major effector pro-
tein for miRNAs among the ten Arabidopsis encoded AGO
proteins which are specialized for various RNAi pathways
but often display functional redundancies (18). Recently,
it has been shown that AGOI containing RISC is mainly
assembled in the nucleus and exported to the cytosol as
a nucleoprotein complex by EXPOI transporter (19). The
miRNA-programmed AGO-RISC identifies its RNA tar-
gets via complementary base pairing and mediates their re-
pression through cleavage (slicing) and/or translational in-
hibition (1).

Diverse intrinsic  structural features of the
miRNA/miRNA* duplexes determine their AGO loading
specificities (20). Guide strand is selected according to the
thermodynamic stability of the miRNA duplex ends (21).
The 5-nucleotide predominantly determines the sorting
preference of miRNAs into specific AGO proteins (22,23).
AGOI1 exhibits strong preference for sSRNAs having uri-
dine at their 5 end (5'U), consequently the majority of
miRNAs fulfil this requirement ensuring their sorting into
AGOI. Structural characteristics of the miR165/166 and
miR390 miRNA duplexes target them specifically into
AGO10 and AGO7, respectively (24,25). The AGO1 and
AGOI10 sorting properties of miR168 is also determined
by metastable structural configurations of its precursor
(26). Transient expression studies revealed that distinct
secondary structural motifs of the miRNA/miRNA* du-
plexes control AGO1 and/or AGO?2 sorting (27). Sorting
of various miRNAs into different AGO-RISCs according
to the structural and/or sequence characteristics therefore
represents an important regulatory check-point of RNAI
pathway.

However, recently another checkpoint of miRNA AGO
loading was revealed by the identification of cytoplasmic
protein unbound pool of miRNAs (28). This observation
indicated that a highly controlled post-production regula-
tory mechanism is able to adjust the loading efficiency of
particular miRNAs into the same AGO-RISC. This con-
trol mechanism can determine the biologically active por-
tion of the produced miRNAs in the given cellular en-
vironment. Moreover, it was also suggested that RISC-
loading efficiencies of distinct canonical 5U miRNAs
are predominantly controlled by their diverse precursor
RNAs.

AGOI protein is an absolutely essential trans factor of the
miRNA pathway in Arabidopsis. Null agol mutations are
lethal and hypomorphic ago/ mutants show severe devel-
opmental aberrancies (29). Moreover, over-accumulation of
AGOTL also induces disturbances in miRNA levels and ex-
tremely drastic phenotypic/developmental alterations (30).
Besides, AGOI1 is also the central effector in siRNA-
induced post-transcriptional gene silencing, antiviral im-
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munity pathways and the target of virus RNAIi suppressors
(31,32).

The amount of functional AGO1 protein is precisely
regulated through transcriptional and post-transcriptional
feed-back loop mechanisms: (i) miR168-programmed
AGOI-RISC controls the expression of AGOI mRNA
(33), (i1)) AGOI cleavage leads to production of secondary
small interfering (siRNAs that further repress AGOI
protein expression (34), (iii)) AGOI and MIRI68 gene
expressions are regulated co-transcriptionally (30), (iv)
the existence of two MIRI68 genes producing primary
transcripts (pri-MIR168a and pri-MIRI68b) with both
distinct and overlapping functions gives an additional layer
to the control of AGO1 (35), (v) miR168 is stabilized by
AGOI1 binding but insensitive to DCL1 levels (30). This
complex multilayer regulation of AGOI1 ensures a robust
and precise functioning of the RNA silencing pathway
itself.

Intriguingly, transgenic over-expression of miR168 in-
duces limited phenotypic alterations such as delayed flow-
ering and leaf serration (30). Recently, it has been shown
that miR 168 accumulates dominantly in a protein-unbound
form in the cytoplasm suggesting a regulatory step at AGO1
loading (28). Why miR 168 is expressed and maturated in
such great quantities far exceeding its competence to be
loaded into AGO1 and whether the unbound miR168 has
any biological roles remains entirely elusive.

Given the importance of miRNA pathway self-regulation
through AGOI1 feed-back, here we investigated more in
depth the effect of miR168/miR168* duplex structure on
AGOl-loading efficiency. First, we have shown that intrin-
sic structural features precisely calibrate the loading effi-
ciency of miR168/miR 168* duplexes. Structural alterations
of the miR168/miR 168* duplex resulted in changes of load-
ing efficiency, in both positive and negative manner that
caused AGOI protein amount changes and phenotypic al-
terations. Moreover, by altering the amount of competitor
miRNA cellular pool we observed the establishment of a
new AGOI protein steady state level. In general, our data
reveal a new RNAI regulatory action where not only the
production rate but the finely tuned competitive loading
rate into the RISC determines the biological activity of the
miRNA in the given sSRNA environment. Our findings sug-
gests that the produced miR 168 /miR 168* surplus coupled
with structurally determined loading efficiency serves as a
pivotal self-calibrator tool of the miRNA pathway.

MATERIALS AND METHODS
Plant material and growth conditions

Arabidopsis thaliana seeds were surface sterilized and after
incubation for three days at 4°C, transgenic, mutant and
wild type Columbia plants were germinated at 21°C on MS
agar medium supplied with 1% sucrose with or without
the presence of 50 pg/ml kanamycin, respectively. Seedlings
were transferred into Jiffy peat blocks after seven days, and
spent three weeks there before planting to pots filled with
soil. Plants were grown under 8 h light 16 h darkness cycles
at 21°C until planting, and then were moved to light room
under 16 h light 8 h darkness at 21°C. Nicotiana benthami-
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ana plants were grown under the light room conditions de-
scribed above.

Plasmid constructs

All constructs were built using pGreen binary vector sys-
tem (pGreen0029) and 35S cassette according to the in-
structions of the manufacturer (http://www.pgreen.ac.uk).
cDNA was produced with RevertAid First strand cDNA
synthesis Kit (Thermo Fisher Scientific) from A. thaliana
RNA in all cases. Constructs of MIRI68a, MIRI68b,
MIRI156a and MIRI71a contained the region 10-10 bp
upstream and downstream from the position of miRNA
stem-loop structure. For A MIRs, we used the modified Avu-
MIRI171 stem-loop described previously (36). PCR mutage-
nesis was applied to alter respective nucleotides in passen-
ger strand of MIR168 stem—loop, and to change duplex part
of hvu-MIR171 to miR168a and to its respective passenger
strand. For the AGOI-sensor, a 558-bp-long cDNA frag-
ment containing miR 168 target site was amplified and fused
to the 5 part of GFP in-frame. Primers used to create con-
structs were presented in Additional file 2: Supplementary
Table S1. All construct was introduced into Agrobacterium
tumefaciens AGL1 strain with electroporation (3602, 25.F,
2,5k V; Biorad) in the presence of pSoup helper plasmid.

Transient assay

Young leaves of six weeks old N. benthamiana were infil-
trated with the respective mixture of Agrobacterium tume-
faciens (AGL1) suspensions at 1.0 optical density of 600
nm [ODg] containing sensor, miRNA-producing and pl14
constructs as described previously (37). P14, as a suppres-
sor of siRNA pathway, was included in every experiment
with uniform concentration (38), so it did not interfere with
observation of relative signal reduction. Presence of pl4
was checked with northern blot (Additional file 1: Supple-
mentary Figure S1C) according to protocol described previ-
ously (38,39). To reduce the differences in miRNA produc-
tion ability of the different constructs, normalized amounts
were applied and mixtures were supplemented with empty
pGreen0029 vector containing A. tumefaciens (AGL1). For
detailed compilation of infiltration mixtures, see Additional
file 2: Supplementary Table S2. Samples were taken at the
third day post-infiltration; four discs of 1 cm diameter were
pooled from patches of separate leaves for individual con-
structs. Samples were collected in parallel from both sides
of same leaves. Every miRNA producing sensor construct
combination was tested on four to five plants and each ex-
periment was repeated at least three times.

Transgenic line production

Arabidopsis thaliana Columbia ecotype plants were trans-
formed with the appropriate miR168 producing construct
according to the standard floral dip protocol (40). Trans-
formant TO plants were selected on MS plates supple-
mented with 50 pg/ml kanamycin. Four weeks after plant-
ing their miR 168 expression profile in young rosette leaves
was analysed and plants exhibiting appropriate miR168
over-expression level were self-pollinated and used to gen-
erate transgenic lines. Homozygous lines were produced

with self-pollination during two further generations. Selec-
tion was based on kanamycin resistance and consistent level
of miR168 expression. To demonstrate the effect of over-
expression, lines with comparable expression level were se-
lected within one panel. To ensure the comparability of the
used transgenic lines, different categories of over-expression
levels were investigated, 10-35 times for MIRI68a and
MIRI168-4bp, 2—6 times for MIRI168a and MIRI168-3mm
and 8-19 times for MIR168a and AMIRI-2 lines.

Gel-filtration assay

Gel-filtration based size separation of crude extracts using
Superdex-200 column was performed as described previ-
ously (41,42) with minor modifications. Optimized buffer
of separation contained 50 mM Tris-HCI (pH 7.5), 10
mM NaCl, 5 mM MgCl, and 4 mM DTT. 48 fractions
of gel-filtration were divided into two and RNA was ex-
tracted with phenol-chloroform method from the odd sam-
ples, while even samples were used for protein purification
using acetone precipitation. Crude extracts were prepared
from 0.3 g plant material collected from leaves of N. ben-
thamiana plants three days post-infiltration (Figure SD, Ad-
ditional file 1: Supplementary Figures S4D and S6B), from
young leaves of Hordeum vulgare (Additional file 1: Supple-
mentary Figure S6A), from 7-day-old Arabidopsis seedlings
(Figures 2D, 3D, 4D and Additional file 1: Supplementary
Figure S4A, B and C) and from young rosette leaves of 6
weeks old Arabidopsis thaliana plants (Figure 1D). In case
of the given panel, all samples were collected in parallel and
gel-filtration runs were carried out subsequently with same
parameters.

RNA extraction and protein sample preparation

For miRNA and protein analyses indicated amount of agro-
infiltrated leaves, 0.05-0.2 g of 4. thaliana seedlings (Figures
1C, 2C, 3C and 4C and Additional file 1: Supplementary
Figure S3B) or young rosetten leaves (Figure SE and Ad-
ditional file 1: Supplementary Figure S2B) were collected,
homogenized in an ice-cold mortar in 355 pl of extraction
buffer (0.1 M glycine—-NaOH, pH 9.0, 100 mM NacCl, 10
mM EDTA, 2% sodium dodecyl sulfate and 1% sodium lau-
roylsarcosine) and divided into two aliquots. To one part
(60 wl) an equal amount of 2x Laemmli buffer was added
and was centrifuged 5 min after boiling for 5 min. The
remaining part was supplemented with 355 pl extraction
buffer and was used for RNA extraction with the standard
phenol-chloroform method. This method ensures the com-
parability of protein and RNA samples within one panel.

miRNA detection and quantitation

For small RNA northern blot analyses 4 pwg of total RNA
or samples of gel-filtration were fractionated on denatur-
ing 12% polyacrylamide gels containing 8§ M urea and
transferred to Hybond NX membrane (GE Healthcare)
with semi-dry blotting (Biorad). Membranes were chemi-
cally cross-linked (43) and probed with radiolabelled locked
nucleic acid (LNA) oligonucleotide probes (Exiqon, Ved-
baek, Denmark) or DNA probes as described (44). To de-
tect AGOI-derived siRNAs probes described previously


http://www.pgreen.ac.uk

were used simultaneously; AGGAGCTCCCAGTCAGGC
AAT, AGCCTACACTGTCTGAGGTGA, AGGCTTTC
AAGTTTCCAATGA, GTCCTACCCAGGTACCAGAA
C (45). Signal was detected using X-ray film or phosphorim-
ager screen (Amersham). In gel-filtration replicates (Addi-
tional file 1: Supplementary Figure S4A, B and C) miR 168
was hybridized with biotinylated LNA oligonucleotide and
detected using Chemiluminescent Nucleic Acid Detection
Module Kit (ThermoFischer, Cat.: 89880).

For the analysis of gel-filtration blots, images were ac-
quired with ChemiDoc equipment in Colorimetric mode.
Volume intensity of the four most prominent RISC loaded
and unbound fractions were measured and summarized.
Loading efficiency (LE) was calculated as RISC loaded vol-
ume intensity divided with the total sum of RISC loaded
plus unbound volume intensities and was represented as
a percentage. Within one panel miR168 expression of all
different constructs was detected with same exposure time
and images of different miRNAs were produced with sub-
sequent probing of the same membrane after washing. Be-
tween the two hybridizations, membranes were checked for
activity with phosphorimager screens (Amersham).

Northern blotting

To detect pl4 6 pg of same RNA as was used to detect
miR 168 was separated on formaldehyde agarose gels, blot-
ted onto Hybond NX membrane (GE Healthcare) with cap-
illary transfer, UV crosslinked and subjected to hybridiza-
tion with radiolabeled PCR product of p14 at 65°C as de-
scribed previously (39). Probe was labelled using Decalabel
DNA labelling Kit of Thermo Fisher Scientific according
to the manufacturer’s instructions. Image was created with
phosphorimager screen (Amersham).

Western blotting

S pl extract of infiltrated N. benthamiana leaves, or 20 wl
of Arabidopsis samples were separated on 10 or 8% sodium
dodecylsulphate—polyacrylamide gel, blotted overnight to
PVDF Transfer Membrane (Hybond-P; GE Healthcare,
Freiburg, Germany) using wet tank transfer and subjected
to western blot analysis. Membranes were blocked using 5%
non-fat dry milk in phosphate-buffered saline (PBS) con-
taining 0.05% Tween 20 (PBST) for 60 min. Blots were cut
into two, and respective parts were incubated with anti-BiP
(Agrisera, AS09 481) for 1 h or with anti-AGO1 (Agrisera,
AS09 527) for 2.5 h at a dilution of 1:7500 in 1% non-fat
dried milk in 1x PBST. AGOl-sensor was also detected
on Supplementary Figure S1A with anti-EGFP (Agrisera,
AS132700) at a dilution of 1:7500. After washing in PBST,
blot was incubated with secondary goat anti-rabbit IgG
HRP conjugated antibody (Agrisera, AS09 602) for | hata
dilution of 1:10 000 in 1x PBST with agitation. Blots were
developed with High Clarity Western ECL (Biorad), expo-
sure was made using ChemiDoc (Biorad) equipment in sig-
nal accumulation mode.

Immuno-precipitation

For crude extracts, 0.4 g of seedlings (Figures 2E, 3E, 4E
and Additional file 1: Supplementary Figure S5A, B and
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C) or same amount of small rosette leaves (Figure 5F and
Additional file 1: Supplementary Figure S5D) were homog-
enized in four volume of lysis buffer (10 mM Tris—HCI
pH 7.6; 1 mM EDTA; 150 mM NacCl; 10% glycerol; 0.5%
Nonidet P-40; 5 mM NaF; 1 mM dithiothreitol; 0.5 mM
Na3;VOs; 1 mM phenylmethylsulfonyl fluoride), and cen-
trifuged three times at 4°C in fresh tubes to get rid of cellular
debris. 100-100 pl of extracts were used to purify RNA with
the phenol-chloroform method and protein by adding an
equal volume of Laemmli buffer (2x). RNA was dissolved
in 20 pl nuclease-free water. 1 ml extract was pre-incubated
with 3 pl anti-AGO1 HRP conjugated antibody (Agrisera)
for 2 h at 4°C with agitation, then applied to Dynabeads
Kit according to the manufacturer. Immuno-precipitated
fraction was eluted in 20 pl, from which 10 pl was used
to purify RNA. Immuno-precipitated RNA samples were
dissolved in 20 pl nuclease-free water. To the remaining 10
pl equal volume of Laemmli buffer was added, and used
as a protein sample. Input RNA samples for northern blot
were diluted 40 times before loading, and the same vol-
ume of input and immune-precipitated samples were ap-
plied on the gel. Northern and western blots were carried
out as described above. Volume intensities of miR168 blots
were measured with ImagelLab 5.2.1. software of Chemi-
Doc equipment (Biorad). MiR168 signal volume intensi-
ties of immuno-precipitated samples were referred to AGO1
level in corresponding IP samples. Fold change values (FC
on figures) were presented relative to the point of refer-
ence (35S::MIR168a plants on Figures 2E, 3E, 4E and Ad-
ditional file 1: Supplementary Figure S5A, B and C; col
on Figure 5F and Additional file 1: Supplementary Figure
S5D).

High-throughput sequencing (HTS)

To create cDNA libraries for sequencing, high quality RNA
samples were purified with the phenol-chloroform method
from 0.3 g of bulked seedlings of respective homozygote
lines. 20 g of the samples were loaded onto separate poly-
acrylamide gels, the 21-22 nt enriched small RNA fraction
was isolated and libraries were prepared only from this frac-
tion using the Truseq Small RNA Library Preparation Kit
(Illumina, San Diego, CA, USA) and the modified protocol
described earlier (46). Sequencing was carried out on HiS-
canSQ by UD-Genomed (Debrecen, Hungary) with a 50
bp, single-end chemistry (8 samples/sequencing lane). QTA-
GEN CLC Genomics Workbench 20 was used for sequence
analysis. First, raw sequences were subjected to quality con-
trol, adapters and stop sequence were trimmed and reads
within the 15-30 nucleotide size range were used for fur-
ther analysis. Trimmed read number of different libraries
varied between 1.5 and 7.7 million, and were used as a base
of RPM calculations. The size-selected reads were mapped
to the wild type ath-pri-MIRI168a, ath-pri-MIR168b and to
the respective modified precursor sequence using the Map
Reads to Reference tool. The created alignments were ex-
tracted to new sequence lists, and with the help of Microar-
ray and Small RNA Analysis tool of CLC Genomics Work-
bench, reads of individual sequences were counted and ex-
ported to a single Excel file. The selected complementary
reads were used for further analysis. For analysis of 4GOI
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derived siRNAs the whole cDNA sequence of ath-AGO1
mRNA was used as reference.

Semi-quantitative RT-PCR

2 pg of DNase I (NEB) treated RNA samples were used
to ¢cDNA synthesis with RevertAid First Strand cDNA
Synthesis Kit (ThermoFischer). 100 ng of the samples
was used to amplify ath-AGO5 (CATTCCGTGCCCGC
TACTACAT; ATTAGCAATAAAACATAACCTC) and
ath-CPH (GGCGAGAAAGGAATGGGAAA; GTTCTT
GGCGGTGAAATCA).

RESULTS

Over-expression of miR168 from ath-MIRI68 precursor
fragments induces limited AGO1 down-regulation

First, we investigated the AGO1 controlling efficiency of
miR 168, over-produced from the wild type A. thaliana
MIRI168a precursor fragment containing the hairpin struc-
ture and 10-10 base pairs up- and downstream. Due to the
limited sensitivity of AGO1 antibody to detect endogenous
AGOI in Agrobacterium-infiltrated N. benthamiana leaves
we built a sensor construct expressing an AGO1-GFP fu-
sion protein (AGOI-sensor; Figure 1A). AGOI-sensor was
expressed transiently in Nicotiana benthamiana leaves in the
presence or absence of 35S::pri-MIR168a (MIRI168a) pre-
cursor binary construct (Figure 1A). To eliminate siRNA
mediated transgene induced RNAI, viral p14 silencing sup-
pressor construct was added to Agrobacterium infiltration
mix. The expression of pl4 mRNA was checked by northern
blot analyses in the experiments (Additional file 2: Supple-
mentary Table S2, Additional file 1: Supplementary Figure
S1C) (38,47).

The robust miR168 over-expression, however, resulted
in only a moderate decrease in the GFP signal of AGOI-
sensor compared to control infiltration with empty vec-
tor (Figure 1B, Additional file 1: Supplementary Fig-
ure S1A). The AGOI-sensor showed also moderate down-
regulation. To further investigate the regulatory efficiency
of miR168 on AGO1 accumulation we produced transgenic
A. thaliana (Columbia) plants over-expressing both wild
type ath-MIR168a and ath-MIRI68b precursor fragments
(MIR168a and MIRI68b). In accordance with a previous
work (30), transgenic over-expression of MIRI168a caused
only minor changes in the phenotype. The overall look and
fertility of the transgenic plants resembled to the wild-type
ones. We observed only minor developmental alterations,
like serrated rosette leaves and delayed flowering in trans-
genic lines (Figure 1C, Additional file 1: Supplementary
Figure S2A). The severity of the phenotypes correlated with
miR 168 accumulation levels.

In MIR168a over-expressing transgenic lines we observed
only a moderate down-regulation of AGO1 protein level
compared to wild type plant (Figure 1C, Additional file
1: Supplementary Figure S2B). Similarly to previous re-
sults (30), we detected slightly decreased accumulation of
miR 159 in parallel with the reduced AGO1 level (Figure
1C). Over-expression of MIR168b induced similar pheno-
typic alterations and also associated with moderate AGO1
protein down-regulation in young leaves (Additional file 1:

Supplementary Figure S2A and B). Since MIRI168a and
MIRI168b transgenic plants exhibited similar phenotypes
and AGO1 down-regulation properties, only MIR168alines
were used in following experiments.

The limited impact of miR 168 over-expression on AGO1
protein levels, detected in transient and stable transformant
systems, correlated very well and suggested that miR168
inefficiently programs AGO1-RISC complexes. To inves-
tigate the loading efficiency of miR168 into AGO1-RISC
we employed size separation gel-filtration assay (42). Crude
extracts of young leaves were loaded onto size-separating
column and the collected fractions were analysed for their
miRNA and AGOI protein content. In line with our previ-
ous data, miR 159 was present predominantly in high molec-
ular weight (HMW) AGO1-RISC containing complexes. In
contrast, miR 168 accumulated mainly in protein-unbound
form in the same sample and only the minority of miR168
was loaded into HMW AGO1-RISC (28,42) (Figure 1D).

Similarly, as was described previously the elevated
miR 168 level resulted only in a moderate increase in HMW
AGOI1-RISC loading of miR168 (Figure 1D). This obser-
vation indicates that the massive excess of miR 168 matured
from over-produced wild type MIRI68a precursor frag-
ment is not able to incorporate into AGO1-RISC efficiently.
This restricted loading efficiency of miR168 resulted only
in a moderately reduced AGO1 protein level. The major-
ity of the produced miR168 accumulated in fractions rep-
resenting protein-unbound miRNAs. This phenomenon is
characteristic of miR 168 since transient or transgenic over-
expression of miR 159 and miR 171 results in almost total or
very efficient loading of HMW AGO1-RISC, respectively
(28). In MIR168a over-expressing plants, miR 159 preserved
its well-loading feature (Figure 1D). This observation con-
firms that not the unavailability of free, unloaded AGO1
proteins limits the incorporation of miR168 into AGO1-
RISC.

Altogether, the observation that MIRI68a precursor
fragment mediated miR 168 over-accumulation is not asso-
ciated with drastically enhanced AGOI1-RISC loading im-
plies that AGO1 loading efficiency of miR 168 is strictly reg-
ulated.

Modification of miR168/miR168* duplex structure of
MIR168a precursor fragment can further reduce AGO1 load-
ing efficiency

According to gel-filtration experiments, miRNAs processed
from structurally different precursors, can be incorporated
into AGO1-RISC to variant extents (28) (Figure 1D). In sil-
ico analyses of miR168/miR168* duplex structure encoded
by genomes of various plant species revealed a dominantly
conserved nucleotide mismatch at the fourth nucleotide of
the duplex. Structural features may affect AGOIl-loading
efficiency. To test whether this mismatch has any impact on
AGO-loading we created a construct in which base pairing
at position fourth was introduced by the modification of
the miR168* strand only (MIR168-4bp precursor fragment
construct, Figure 2A, Additional file 1: Supplementary Fig-
ure S2C).

Transient over-expression of MIRI68-4bp by agro-
infiltration resulted in higher GFP signal coupled with el-
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Figure 1. Over-expression of wild type ath-pri-MIR168a in transient and transgenic systems. (A) Schematic representation of the AGO1-sensor construct.
AGO1-derived part of the sensor is indicated with red, miR 168 target site is marked with blue rectangle. (B) Transient over-expression of ath-pri-MIR168a
(MIR168a on figures) precursor fragment in the presence of AGOI-sensor. Left panel shows the GFP fluorescence in leaves after co-infiltration of AGOI-
sensor construct containing Agrobacteria and either empty vector (pGreen0029) or MIRI68a. Right panels indicate the RNA levels of miR168 and the
protein levels of the AGO1-sensor in the infiltrated patches. AGO1 part of the sensor fusion protein was detected with antibody raised against ath-AGO1.
For the northern blot U6, while for the western blot BiP (Lumenal binding proteins) and Ponceau staining were used as loading controls. (C) Phenotypes
of nine weeks old MIR168a precursor fragment over-expressing transgenic lines. Right panels show miR168, miR 159 and AGOI1 levels in over-expressing
and control plants. U6, BiP and Ponceau staining were used as loading controls, respectively. (D) MiR 168 distribution among gel-filtration fractions of
wild type A. thaliana Columbia (col) and MIR168a over-expressing plants. High molecular weight (HMW) RISCs were detected with AGO1 western and
miR 159 northern blots. Even fractions were used for protein extraction, odd fractions for RNA purification. Black triangles show positions of known

molecular weight markers amongst gel-filtration fractions.

evated AGOI-sensor protein level compared to wild type
MIRI168a precursor fragment over-expression (Figure 2B,
Additional file 1: Supplementary Figure SIA and B). This
observation indicates that despite the high production rate
the biological activity of MIRI68-4bp derived miR168
species was reduced.

To corroborate these observations, we generated multiple
independent MIRI168-4bp stable transformants. MIRI68-
4bp and wild type MIRI68a over-expressing lines hav-
ing comparable miR168 level were selected and their phe-

notype and AGOI1 content were analysed. The selected
MIRI168-4bp lines showed less delay in flowering and higher
AGOI1 protein level than the corresponding MIRI68a
lines suggesting reduced control of AGOI level (Figure
2C, Additional file 1: Supplementary Figure S3B-E). Al-
though the severity of delayed flowering phenotype and
AGO1 down-regulation showed correlation with miR168
level, even extreme over-expression of MIRI168-4bp derived
miR 168 could not provoke greater effect than observed by
the MIRI168a control line (Additional file 1: Supplemen-
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efficiency (LE) is calculated as described in Materials and Methods. (E) AGO1 IP of the investigated MIR168-4bp and the corresponding MIRI68a over-
expressing lines. Cytoplasmic contamination in IP samples at RNA and protein level was checked by detection of rRNA, U6 and BiP, respectively. Fold
change (FC) of AGOI associated miR 168 was calculated as the volume intensity ratio of miR 168 and AGO1 signals in IP samples and was presented on
the basis of corresponding MIR168a line.



tary Figure S3B-E). In gel-filtration experiments MIRI168-
4bp over-expressing plants showed reduced HMW-RISC
loading efficiency of miR168 relative to MIRI168a over-
expressing plants (Figure 2D, Additional file 1: Supplemen-
tary Figure S4A). This observation was further confirmed
by AGO1 immuno-precipitation experiments detecting rel-
atively decreased accumulation of miR168 in MIRI168-4bp
versus MIR168a transgenic plants (Figure 2E, Additional
file 1: Supplementary Figure S5A).

All together, these data suggest that establishment of the
miR168/miR168* duplex base-pairing at the fourth nu-
cleotide does not inhibit the production of miR 168 but de-
creases its AGO1-RISC loading capacity leading to a new
AGOI1 protein steady state level compared to wild type pre-
cursor fragment (MIRI68a) over-expression.

AGOL1 loading efficiency can be enhanced by modifying the
miR168/miR168* duplex structure of MIRI168a precursor
fragment

In contrast to miR168, Arabidopsis miR171 exhibits a
higher AGO1-RISC loading efficiency (28). Remarkably, in
barley hvu-miR 168 is also inefficiently loaded, while hvu-
miR 171 efficiently loaded into HMW AGO1-RISC (Addi-
tional file 1: Supplementary Figure S6A). These observa-
tions suggest that the loading properties of miRNAs are
precisely set and conserved through evolution. In our previ-
ous work we have successfully used partial svu-MIR171 pre-
cursor to produce efficient artificial miRNAs (amiRs) (36).

Next, we attempted to increase the loading efficiency of
miR 168 into AGO1-RISC by remodelling the secondary
structure of miR 168 /miR 168* duplex to mimic that of hvu-
miR171/miR171* duplex. In ~vu-MIR171 the miRNA du-
plex contains three mismatches at the 4th, 9th and 12th
positions and the mature miRNA originates from the 3’
arm of the stem-loop structure. In contrast, ath-MIR168a
miRNA duplex has two mismatches at the 4th and 15th
positions and the mature miR168 originates from 5" arm
of the precursor (Additional file 1: Supplementary Figure
S2C). Mutations were introduced into the passenger strand
of ath-MIR168a precursor fragment to create the three mis-
matches in the appropriate positions, producing MIR16S-
3mm precursor fragment construct (Figure 3A, Additional
file 1: Supplementary Figure S2C).

The transient test of MIRI68-3mm revealed that despite
the profoundly reduced production rate of miR168, it ex-
hibits increased capacity in down-regulating 4GOI-sensor
compared to MIR168a construct (Figure 3B; Additional file
1: Supplementary Figure S1). In accordance with this, leaf
patches agro-infiltrated with MIR168-3mm showed remark-
able GFP signal reduction and low level of AGOI-sensor ac-
cumulation compared to MIRI68a infiltrated leaves (Fig-
ure 3B, Additional file 1: Supplementary Figure S1A and
B). Transgenic plants containing MIRI168-3mm construct
showed only moderate miR 168 over-expression. However,
this moderate over-expression of miR168 resulted in more
pronounced delay in flowering and greater AGO1 down-
regulation compared to transgenic lines expressing miR 168
more abundantly from the wild type MIRI68a construct
(Figure 3C, Additional file 1: Supplementary Figure S3B
and C).
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To test whether the enhanced activity of MIRI168-3mm
originated miR168 species is caused by their enhanced
RISC-loading efficiency, gel-filtration experiments were
performed. We found indeed that, MIRI68-3mm derived
miR168 incorporates more efficiently into HMW-RISC
bringing about the enhanced down-regulation of AGO1
protein (Figure 3D, Additional file 1: Supplementary Figure
S4B). Immuno-precipitation of AGO1 from MIRI168-3mm
transgenic line also confirmed the tendency of enhanced
loading efficiency of miR 168 compared to the MIR168aline
(Figure 3E, Additional file 1: Supplementary Figure S5B).

These data imply that intrinsic structural features of wild
type miR 168/miR 168* duplex restrictively regulate AGO1-
loading of miR168.

MiR168 produced from Avu-MIR171 stem-loop based artifi-
cial constructs exhibits increased AGO1 down-regulation ca-
pacity

MIRI168-3mm construct exhibits hvu-MIRI171 specific fea-
tures in miR 168 /miR168* duplex region but the backbone
is derived from MIRI68a precursor fragment. We wanted
to further investigate the role of structural features defin-
ing miR168 AGO1-loading capacity in other experimental
system. For this we built different artificial miR168 pre-
cursor (AMIR) constructs based on the modified version
of barley hvu-MIRI171 precursor fragment (36). Two vari-
ants of artificial AMIR constructs were created to express
miR 168 from hvu-MIRI71 backbone. To retain the hvu-
MIRI71 stem-loop structure we changed the orientation of
miR 168 guide strand and modified the star strand in order
to keep the distribution of the three mismatches within the
duplex in the same positions as in hvu-miR 171 duplex (Fig-
ure 4A and Additional file 1: Supplementary Figure S2C).
AMIR-1 and AMIR-2 differ only in the identity of mis-
matched nucleotides in the duplex at 4th and 9th positions.

These miR 168 producing AMIRI168 constructs (A MIR-
1, -2) were expressed transiently in N. benthamiana leaves by
agro-infiltration in the presence of AGO1-sensor. Both con-
structs induced a higher reduction of the GFP signal and the
AGOI-sensor level compared to MIR168a (Figure 4B and
Additional file 1: Supplementary Figure S1A and B). More-
over, as small RNA northern blot results indicated, the in-
creased AGO1 down-regulation in these cases were associ-
ated with less amount of miR 168 over-expression compared
to MIRI168a (Figure 4B and Additional file 1: Supplemen-
tary Figure S1A and B).

Gel-filtration experiments of crude extracts originated
from AMIR-1 and AMIR-2 agro-infiltrated leaf patches
confirmed elevated HMW-RISC loading ability of miR168
compared to transient over-expression of MIRI68a (Addi-
tional file 1: Supplementary Figure S6B). Complete load-
ing of miR159 showed the existence of functional AGO1-
RISCs in HMW fractions of leaves expressing 4 MIR con-
structs. These membranes were also used to detect miR 168*
strands using probes specific for every A MIR constructs.
Signals detected in the low molecular weight, protein-
unbound fractions suggest that A MIR originated miR 168
species exist at least partly in duplex form (Additional file
1: Supplementary Figure S6B) confirming previous results
(28).
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Figure 3. Effect of MIRI168-3mm over-expression. (A) Structure of the modified duplex region in MIR168-3mm in comparison with wild type MIR168a
duplex. Modified nucleotides of star strand are highlighted with bold capital letters, grey background indicates structural changes. Mature miRNAs and star
strands were marked with red and blue, respectively. (B) Transient over-expression of MIR168-3mm and wild type MIR168a precursor fragment constructs.
Blots demonstrate miR 168 and AGO1-sensor content of infiltrated patches of N. benthamiana leaves. AGO1 part of the sensor fusion protein was detected
with antibody raised against ath-AGO1. For the northern blot U6, while for the western blots, BiP and Ponceau staining were used as loading controls. (C)
Phenotypes of nine weeks old MIR168-3mm and a MIR168a line. MiR 168 and AGO1 content of a transgenic line over-expressing MIR168-3mm and a wild
type ath-pri-MIRI168a line with a comparable over-expression rate of miR 168. Statistical presentation of four MIR168a (#: 11-14) and eight MIR168-3mm
(#: 1-8) lines. Asterisks label significant difference (7-test, P = 0,01). (D) MiR 168 distribution in gel-filtration fractions of the investigated lines and wild
type Columbia. High molecular weight (HMW) RISC is presented with AGO1. Loading efficiency (LE) is calculated as described in Methods. (E) AGO1
IP of the investigated MIR168-3mm and the corresponding MIRI68a over-expressing line. Cytoplasmic contamination in IP samples at RNA and protein
level was checked by detection of rRNA, U6 and BiP, respectively. Fold change (FC) of AGOL1 associated miR 168 was calculated as the volume intensity
ratio of miR168 and AGO1 signals in IP samples and was reported on the basis of corresponding MIR168a line.



Nucleic Acids Research, 2021, Vol. 49, No. 22 12921

MIR168a
A ath-MIR168a B
a - c¢c g c u a ggcugacacagccucgugacuuu
S'cacc ucg gg uc gauucg uuggugcagg cggga ccaauuc u A (3 a2 0
PERE TR T b berr e beere et e ‘$\$’ \$$G$@$' @s@
3'gugg agc cc ag cuaagu aacuacguuc gccecu gguuagg a » \B P\ Ql\
- u u g c c a gacgaguguuugguuauuuccaa —

miR168a
mod-hvu-MIR171

agaggagga - c u u 1 a - -a g ga
5'gaca ugc ugaaa gg cacua gauguugg j cuca ucaga cC cgccg agg g
(RRR! (AR R R R N R R R e N AR R R R I RN E AN

U6

3'cuugu acg acuuu uc guggu cuauaaccg gc gagu agucu gg gcggc ucu C AGO1-sensor
g--ugcg-c u c - ul u c u u cg g ac
- MIR168a
! A C c ! BiP
5’ uucccgAcC gc| Ccaa CgaGA Pon
AMIR-1

FEEEEEner re e il
3' aagggcugg cg gguu gcucu

a u (o]
AU U
5’ uucccgAcC gc| Ccaa CgaGA
AMIR-2 RN R
3" aagggcugg cg gguu gcucu
a u Cc
C 650 \\,:m X A n=4 n=5 n=
MIR168a AMIR-1 AMIR-2 N\“G & W o 10 * %k g5
— B l—
#5 col #1 #2 #1 #2 HL #2_H#1#2 *kk
) miR168 (long exp.) E-O.B B 20 %
miR168 (short exp.) . s . “os 15 @
[}
7 1 6454545 10?«_?
Ue | = - 8 : m
AGO1 (short exp.) - - <p.2 5 E

.|
:
l.
=)
o
o

AGOL1 (long exp.)

3 N W
BiP | = — e &S &
Pon. | SR K K
B AGO1 O miR168
D HMW RISC unbound
. 00 e AGO1
MIR168a #5 E
.. ~‘ miR168 o " g
- (22 A 2
W W R~
LE: 5.6 % W la [
in 4 in P in IP
] emes . ; . 7 AGO1 miR168
AMIR-1 #1 ol e o & rRNA b
miR168
LE: 15.4 %
aco1| - o= ——t
- AGO1 BiP | W— — -—
y FC 1 2 6.3
AMIR-2 #1 oo e ; ——
LE: 12.1 %
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To further investigate how the altered stem-loop struc-
tures affect miR 168 HMW-RISC loading efficiency, 4 MIR-
1 and -2 stable transgenic lines were generated. Over-
expressing lines producing similar amount of miR 168 were
selected for further studies. AMIR-1 and AMIR-2 dis-
played more pronounced phenotypic alterations (including
delayed flowering time, reduced rosette diameter) compared
to MIRI68a line. (Figure 4C, Additional file 1: Supplemen-
tary Figure S2A and B). The severity of phenotypes of the
analysed AMIR-1 and AMIR-2 lines correlated with the
level of over-produced miR 168 and in the cases of plants ex-
pressing extremely high level of miR 168 resembled to that
of hypomorph agol-25 and agol-27 mutants (Additional
file 1: Supplementary Figure S2A). Although the amount of
miR 168 over-expression was moderately lower, the AGO1
protein content of A MIR lines was severely reduced com-
pared to MIRI168a lines (Figure 4C).

Next, size separation of protein complexes with gel-
filtration experiments were performed from seedlings of se-
lected AMIR-1 and AMIR-2 transgenic lines and a con-
trol MIRI68a line. AMIR-1 and AMIR-2 lines displayed
enhanced miR 168 accumulation in AGO-RISC containing
fractions in spite of the reduced accumulation of AGO1
protein (Figure 4D, Additional file 1: Supplementary Figure
S4C). Immuno-precipitation experiments from seedlings of
AMIR-1 and A MIR-2 over-expressing lines confirmed that
miR 168 incorporation into AGOI-RISC is increased in
both cases (Figure 4E, Additional file 1: Supplementary
Figure S5C).

These data indicate that production of miR168 from al-
ternative stem-loop structures could increase the AGOI1-
RISC loading efficiency leading to its enhanced biological
activity.

High-throughput sequencing analysis of transgenic plants
identifies canonical miR168 species

Over-production of miR168 from modified precursor frag-
ments can be associated with the misprocessing of the
miR168/miR168* duplex structure resulting in the dif-
ferential accumulation of canonical and potentially non-
canonical mil68 species. The non-canonical miR 168 species
may be loaded into different AGOs, at different rates to al-
ternatively program the RISC effectors leading to the dis-
torted auto-regulation of RNAI. To get a comprehensive
understanding about how the miR168 species are matu-
rated in our stable transgenic lines, we performed a high-
throughput sequencing (HTS) analyses of sSRNA pools of
the selected transgenic lines.

Samples originated from bulked seedlings of the repre-
sentative lines were used in two replica experiments. Fol-
lowing the quality check and adapter and stop oligo se-
quence trimming (Additional file 1: Supplementary Figure
S7A) reads between 15-26 nt were initially analysed for their
size distribution (Additional file 1: Supplementary Figure
S8A). In the investigated samples the 21 nt reads exhibited
the highest abundance, but reads between 15 and 24 nt long
were also represented in high proportion. In contrary to to-
tal read size distribution, reads mapped to miR 168 produc-
ing precursors revealed the high dominance of 21 nt long
small RNAs. 81-98% of the sequences were find to be be-

tween 20 and 22 nt, with the lowest proportion observed in
case of MIRI68a over-expressing plants (Additional file 1:
Supplementary Figure S§B).

Investigation of the reads per million (RPM) data re-
vealed, in accordance with the small RNA northern blot
data, that all the investigated precursor fragments over-
produced miR 168 compared to the wild type plant (Figure
5A; Additional file 1: Supplementary Figure SSE). In ad-
dition to the dominant over-production of 5'U miR168 we
also experienced the over production of 5C and the pres-
ence of minor quantity 5G and 5’A miR168 species in the
transgenic plants (Figure 5A). The differential accumula-
tion of various miR 168 species in transgenic lines can raise
the possibility that misprocessing of miR 168 can be an im-
portant factor influencing AGOI1 loading efficiency.

To investigate this possibility, we calculated the relative
accumulation of different 5 end miR168 species (Figure
5B). Detailed investigation of iso-miRNA168 species re-
vealed, that the majority of 5'U reads represent the canoni-
cal miR 168 species except A MIR-2 where one nt truncated
version of miR168 accumulated to the highest level (Ad-
ditional file 1: Supplementary Figure S7B). The 5'C iso-
miRNA content of MIRI168-4bp and MIRI68-3mm over-
expressors was similar to that of wild type and MIR168a
precursor fragment over-expressing transgenic plants ex-
hibiting one nt truncation at the 5 end. In contrary, in
AMIR-2 and especially A MIR-1 over-expressors the domi-
nant version of 5'C iso-miRNAs were one nt longer at the 5
end. (Additional file 1: Supplementary Figure S7B). Since,
AMIR-1 and AMIR-2 exhibit very similar features it is un-
likely that the observed differences in the accumulation of
iso-miR 168 species play important role in enhanced AGO
loading. G and A miR168 iso-miRNAs were strongly
under-represented in the samples, less than 4 and 0.6% of
total miR 168 reads, respectively. Due to the small quantity
of these sSRNAs it is unlikely that they contribute consider-
ably to the investigated phenomenon.

MIRI168a and AMIR-1 lines revealed a very similar dis-
tribution of 5U and 5'C miR168 species, even detecting
slightly less 5U miR168 in AMIR-1 line compared to
MIRI168a (Figure 5B). This observation suggests that the
generated 5'C miR 168 species do not interfere with or take
part in differential AGOI1 loading at a high extent since at
the level of comparable expression 4 MIR-1 derived miR 168
is more efficient in AGOI1 loading than that of MIRI68a
(Figure 4E, Additional file 1: Supplementary Figure S5C).
AMIR-2 line, which has slightly more 5'U but less 5'C
miR 168 relative to MIRI68a line, behaved very similarly to
AMIR-1 (Figure 4E, Additional file 1: Supplementary Fig-
ure S5C). This finding also indicates that the ratio of 5'U
and 5'C iso-miRNAs may not have profound effect on the
AGOI1 loading efficiency.

In the case of MIRI68-3mm we detected elevated 5'U
miR 168 ratio relative to 5C miR168, very similar to that
of was detected in AMIR-2 line (Figure 5B). However,
MIRI168-3mm was associated with more efficient AGOI
loading at less than 20% miR168 over-expression level
compared to AMIR-1-2 and MIRI68a lines (Figure 5A).
MIR168-4bp mediated over-production of miR 168, exhibit-
ing very inefficient AGO loading, was associated with
higher 5C miR168 ratio (Figure 5B). However, due to
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12924 Nucleic Acids Research, 2021, Vol. 49, No. 22

the high over-expression level in MIR168-4bp the absolute
content of 5U miR168 was comparable to MIRI68a and
AMIR-2, and higher than MIR168-3mm and AMIR-1 (Fig-
ure 5A.). This finding further supports the assumption that
the altered 5'C miR 168 content is not the major component
that determines the loading efficiency changes in the inves-
tigated transgenic lines.

Furthermore, by comparing analysis of miR168 species
in previously published AGO1 immuno-precipitation data
(22) (Additional file 1: Supplementary Figure S8C) with 5'C
miR 168 ratio in input total RNA of our Columbia sample,
we found, that in wild type Arabidopsis the 5’C miR168 ra-
tio in input total RNA and AGO1 precipitated samples is
very similar (7-8%). This observation suggests that most
of the produced 5'C miR 168 species are biologically active
and follow the same AGO loading rules as 5'U miR168. To
further investigate the potential alternative function of 5'C
miR 168 we tested the accumulation of AGOS5, an AGO pro-
tein preferentially associated with 5C miRNAs. We found,
in accordance with published data (48), that AGOS5 does
not express at detectable level in the investigated tissue type
under our conditions (seedlings) (Additional file 1: Sup-
plementary Figure S8D). These data indicate that the ac-
tivity of this AGO protein does not interfere with our re-
sults. Moreover, we found that 4GOI mRNA associated
siRNAs do not exhibit higher level accumulation in our
HTS data and northern blot analysis in plants expressing
the manipulated precursor constructs indicating that the ac-
tivity of this pathway has not been altered in the used trans-
genic lines (Additional file 1: Supplementary Figure SSE
and F).

Altogether these data suggest that mainly the structural
features of miRNA duplex govern the loading efficiency
changes of miR168 in our study. However, we cannot ex-
clude the possibility that, to a lesser extent, the altered pro-
duction of miR 168 species can also contribute to the phe-
nomenon in some cases.

Competing miRNAs can affect the loading of miR168 into
AGO1-RISC

Our findings suggest that loading efficiency of miR168 into
AGOI1-RISC is tuned-down by structural elements located
within miRNA duplex. Importantly, low loading proper-
ties of miR168 seem to be conserved (Figure S6A and
B; (42)), suggesting its biological relevance. We hypothe-
sized that the high excess of unbound miR168 may act as a
balancer continuously adjusting the required physiological
level of AGO1 in response to external or endogenous stim-
uli. Modification in the secondary structure of the duplex
can shift this adjusted loading balance leading to miR 168
over/under loading into AGOI1-RISC. The general exis-
tence of high excess of miR 168 pool unbound to AGO1 sug-
gests that the calibrated loading efficiency of miR168 into
AGOI1-RISC represents a flexible adaptive regulatory sys-
tem.

To test this hypothesis, first we investigated whether mod-
ulating the small RNA content of the cellular environment
can competitively alter the loading of miR168 into AGO1-
RISC. Previously we demonstrated that miR171 is well-
loaded, while miR 156 exhibits very inefficient AGO1 load-

ing ability since it accumulates predominantly in protein-
unbound form in A. thaliana (28).

In transient assays, MIR156 and MIR171 precursor frag-
ments were massively over-expressed in the presence of
Agol-sensor to find out whether the endogenous miR168
can be competitively sequestered from AGOI1 loading.
Robust over-expression of miR171 resulted in a higher
GFP signal and slightly but consistently increased AGO1-
sensor level compared to miR156 co-infiltrated control
(Figure 5C, Additional file 1: Supplementary Figure S4D).
These findings suggest that the miR171 efficiently outcom-
petes miR168 from AGOI1 loading that subsequently re-
sults in de-repression of AGOI-sensor. Size separation gel-
filtration assays confirmed that the over-expression of well-
loaded miR171 reduced the loading efficiency of endoge-
nous miR168 into HMW AGO1-RISC compared to low-
loaded miR 156 infiltration control (Figure 5D, Additional
file 1: Supplementary Figure S4D). These observations in-
dicate that AGOI loading of miR 168 can respond to alter-
ations in the small RNA pool of the given cellular environ-
ment in a competitive manner.

The competitive loading model of miR168 predicts that
the decrease of AGOI1 protein amount should be achieved
by increasing the competitiveness of miR168 inversely to
the cellular miRNA pool. For this we took advantage of
dcll-9 mutant, in which the production of most miRNAs
is severely impaired (49). Intriguingly, miR 168 level was re-
ported to be relatively unaffected in this mutant plant (30).
To avoid potential deteriorating effects of the presence of
unloaded AGO1-RISCs in these mutants, it is expected that
AGOI1 protein level is adjusted to the available miR NA pool
by the action of miR168/AGO1 regulatory loop. We spec-
ulated that in dcll-9 background, the competitiveness of
miR 168 would be elevated due to the stoichiometric im-
balance, the relatively high level of miR168 in compari-
son to the competitor miRNA pool. We confirmed that in
contrast to miR159, miR168 content was only slightly af-
fected in dc/1-9 mutant, while AGO1 protein level was re-
markably down-regulated (Figure 5E). Since the low level
of AGO1 made it technically difficult to use gel-filtration
assays, Immuno-precipitation experiments were carried out.
Supporting our hypothesis, the relative miR168 content
in AGOI immuno-precipitates of dc//-9 mutants increased
(Figure SF, Additional file 1: Supplementary Figure S5D).

These data indicate that in dc//-9 mutant miR 168 loading
into AGOI is enhanced. This new miR 168 loading kinetics
in turn generates a lower AGOI1 protein level adjusted to the
suppressed miRNA content of the cells.

DISCUSSION

Plant miRNAs play fundamental roles in plant growth
and development, as well as in adaptation to biotic, abi-
otic stresses and other physiological processes via con-
trolling the expression of target transcription factors and
stress-response linked proteins (6). The multi-layered reg-
ulatory roles render the miRNA pathway to be one of the
most pliable and versatile controlling mechanisms. Accord-
ing to these attributes, the miRNA pathway is fine tuned
in an environment responsive manner involving transcrip-
tional control of the miRNA encoding genes, tissue-specific



expression of biogenesis co-factors, post-translational mod-
ifications, control of miRNA stability and processing (50).

The secondary structure of the pre-miRNA, encompass-
ing the miRNA/miRNA* duplex region, plays a pivotal
role in determining the efficiency of miRNA biogenesis
(14,15,51,52). Moreover, structural motifs of the precursors
can also contribute to specification of AGO proteins de-
termining the sorting of miRNAs in proper executor com-
plexes (20,26). The central executor component of miRNA
pathway, AGOI, is feedback regulated by the conservative
AGO1-competent miR168 family (48). The importance of
miR 168 driven auto-regulatory loop was demonstrated by
the over-expression of miR168-resistant version of AGO/
mRNA inducing various developmental defects and even-
tually the death of the plants (33). These data revealed that
unbalanced over-accumulation of AGO1 protein imposes
severe danger to the proper functioning of the plant.

Previously, the utilization of size-separation gel-filtration
method of plant crude extracts revealed an extraordinary
property of miR168. It was shown that only a small sub-
set of mature miR 168 was present in HMW-RISC while the
majority of mature miR 168 accumulated in the low molec-
ular weight fractions in protein-unbound form (42). No-
tably, the accumulation of unbound miR168 seems to be
conserved, however the significance of the free miR 168 pool
remains elusive.

Previously, we demonstrated that the transient or trans-
genic over-expression of various miRNA precursors can
lead to complete (miR159), efficient (miR171) or limited
(miR168) HMW-RISC loading in the same cellular envi-
ronment (28). These miRNAs are matured from precur-
sors having different secondary structures raising the pos-
sibility that structural motifs of miRNA precursors can af-
fect the AGOI1 loading rate. To study the biological func-
tion of this low-calibrated loading efficiency of miR168
into AGO1-RISC, the wild type ath-MIRI168a and ath-
MIRI168b precursor fragments were over-expressed in both
transient and stable transgenic systems. Drastic enhance-
ment of miR168/AGO1-RISC loading and AGO1 down-
regulation could not be achieved in transgenic lines. Major-
ity of the over-expressed miR168 were sorted into the free
pool and only a smaller subset was loaded into the RISC.
This finding suggested that restricted miR 168 loading equi-
librium into AGO1 has an important biological role. We
hypothesized that structural motifs of MIR168a precursor
can be responsible for the restricted loading of miR 168 into
AGOI1-RISC.

To test this hypothesis, a series of alternative, but miR 168
producing precursor fragments were created by modifying
the wild type MIR168a precursor miRNA duplex region or
by expressing miR168 from heterologous constructs con-
taining hvu-MIRI71 precursor backbone. The secondary
structure of miRNA /miRNA* duplex regions of these con-
structs were manipulated by introducing modifications into
the star strand only, leaving the guide strand intact. In the
transformation experiments several transgenic lines have
been generated with various expression levels of miR168
(Additional filel: Supplementary Figure S2A, B and S3).
The distribution of various construct lines amongst the
over-expression rate categories was different raising the pos-
sibility that structural modifications in duplex may also af-
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fect the efficiency of biogenesis (Additional filel: Supple-
mentary Figure S3A). Since our work focuses on the AGO
loading efficiency of miR168, over-produced from modi-
fied precursor fragments, transgenic lines displaying similar
expression properties have been selected to allow the pre-
cise comparison in the experiments. According to this, high,
intermediate and low MIRI68a precursor fragment over-
expressing lines were used for the analyses of MIRI68-4bp,
AMIRI68-1-2 and MIR168-3mm, respectively.

The majority of these modifications resulted in en-
hanced down-regulation of AGO1-sensor in transient as-
says or AGOI level in transgenic plants. Gel-filtration
and immuno-precipitation experiments indicated that in-
creased AGOI1 down-regulation is a consequence of en-
hanced AGOI1-RISC loading of miR168. Both 4AMIR-1
and A MIR-2 have similar effect on AGO1 down-regulation.
This observation suggests that the identity of mismatched
nucleotides within a duplex do not have strong influence on
AGOI loading rather the structure of the duplex is impor-
tant. Intriguingly, in the case of M1R168-4bp the introduced
modification resulted in even less efficient miR168/AGO1
loading showing that the loading balance can be altered in
both directions.

The over-expressed miR168 species were produced
mainly in correct size and no elevated secondary siRNA
production was detected from 4GOI mRNA in the ex-
periments. However, we experienced altered 5U/C ended
miR 168 ratio during the over-expression of various mod-
ified miR168 precursor fragments. Alternative maturation
of miR168 may affect loading and downstream effects on
AGOI feed-back loop. The similar AGO loading proper-
ties of 5'C or 5U miR168 species in the wild type plant
(col on Figure 5B; Additional file 1: Supplementary Figure
S8C) and association of various AGO1 loading efficiencies
with similar 5U/C miR 168 ratios renders this possibility
less likely. Still, we cannot absolutely exclude the role of al-
tered production of miR168 isoforms in differential AGO
sorting or loading as for example in the floral tissue where
AGOS5 is dominantly expressed (33).

Moreover, we also demonstrated that loading of miR 168
into AGO1-RISC is an environmentally responsive regula-
tory process. The drastic suppression of the overall miRNA
level in dcll-9 biogenesis mutant triggered adjustment of
AGOI1 content to a lower level through the enhanced load-
ing of miR168 into AGO1. Furthermore, miR168 can be
outcompeted from RISC by massive over-expression of an
efficiently AGO1-competent miRINA suggesting that miR-
NAs compete for RISC loading. Combining previous find-
ings with our new results we propose a refined model for
miR 168 mediated regulation of AGO1 homeostasis (Fig-
ure 6).

According to this ‘competitive’ model, the efficiently
processed MIRI68a precursor produces a high excess of
miR 168 but only a small subset of this is loaded into AGO1-
RISC. The unincorporated miR 168 species accumulates as
miR168/miR168* duplexes in the cytoplasm. Balance of
AGOI1-RISC loaded and unbound miR 168 is determined
by structural features of the precursor encompassing the
miR168/miR168* duplex region. Other miRNA precur-
sors such as MIRI59a or MIRI71a, for example, possess
structural features enabling their more efficient AGOI1 load-
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Figure 6. Proposed model for calibrated loading efficiency based miR 168-AGO1 autoregulatory loop. (A) Action of MIRI68a precursor in wild type plant.
AGOI mRNA, possessing miR 168 recognition site, is expressed by tissue specific manner under the control of AGO1 gene promoter (dotted black line with
arrowheads). Unloaded AGO1 proteins (gray rectangles) are continuously translated from the mRNA. MiRNA precursors are also expressed in a tissue
specific manner (schematically represented by black hairpin structures), including MIR168a precursor (red), which are subjected to subsequent cleavages
to produce miRNA duplexes (short paired lines) determining the composition of the miRNA pool. The mature miRNA strand of the miRNA duplexes
can associate with AGOI proteins with different efficiencies (lines with arrowheads) generating miRNA loaded AGO1 pool (grey rectangles (AGO1) with
lines (miRNAs)). MiRNA duplexes not able to load into AGOI can accumulate in protein-unbound forms (paired lines on the right side of the precursor
structures). The AGO1 loading of miR 168 is finely calibrated by structural features of the precursor RNA allowing only a subset of the miR 168 pool to be
loaded into AGOL (grey rectangles with red line) and majority of miR168 accumulates in duplex form, unbound to protein (red paired lines on the right
side of the precursor structures). Due to this highly sensitive autoregulatory loop, the defined miR 168/AGO1 complexes negatively regulate AGOI mRNA
(red dashed lines) determining the proper physiological AGOI threshold (schematically represented by the column of miRNA loaded AGO1 proteins
(gray rectangles with lines). (B) Regulatory action of miR168/AGO1 autoregulatory loop in RNAIi defective mutants. In dc//-9 mutant the production
of endogenous miRNAs is strongly inhibited (represented by the absence of black paired lines) except the biogenesis of miR168. Because of the lack of
AGO1-competent miRNAs there is a danger of over-accumulation of unloaded AGO1 proteins leading to interference with proper cell functions. However,
in the absence of efficiently AGO1-competent miRNA species the extensively produced miR168 is able to load into AGO1 proteins with higher efficiency
imposing strong control on 4GOI mRNA. Due to this regulatory mechanism, a new, controlled, AGO1 equilibrium is formed in balance with reduced

miRNA content of the cell.

ing (28). The amount of AGO1-RISC associated miR 168
is determined by competition of miR168 with the AGO1-
competent small RNA pool of the cell for the limiting free
AGOI1 proteins. The low-calibrated AGO1-RISC loading
of miR 168 could fine tune the proper physiological level of
AGOlI relative to given small RNA population of the cell
(Figure 6A).

The fundamental requirement of this regulatory mech-
anism is the continuous presence of biologically active
miR 168 excess competent to be incorporated into AGO1-
RISC. This requirement seems to be guaranteed by uncou-
pling the biogenesis of miR168 from the canonical miR-
NAs since miR 168 production is insensitive to many muta-
tions affecting miRNA pathway, such as dcl/1-9 (30) (Figure
5E). The insensitivity of miR 168 production to disorders in
miRNA pathway can ensure the continuous miR 168 driven
control of AGO1 level eliminating the risk of over-loading
AGO1 with unwanted sRNA species. Indeed, we found that
in dcll-9 mutant where the level of endogenous miRNA
pool is severely lowered, less AGO1 protein is present due
to enhanced incorporation of miR168 into AGO1 (Figure
5F). This finding suggests that the suppressed miRNA pool
results in less loaded AGO1. The availability of free AGO1

proteins enables the more efficient loading of the miR 168
excess. The enhanced loading of miR168 in turn reinforces
the feedback regulatory loop bringing down the AGO1 pro-
tein level to a new equilibrium (Figure 6B). The observa-
tion that MIRI168 and AGOI expression is co-regulated
(30) is in line with this model since increase in AGO1 pro-
tein level requires the increase in miR 168 level to maintain
the proper balance between AGOI1 loaded and unbound
miR 168 species.

Previously, we showed that various virus infections on
different host plants induce drastic miR168 induction in
the infected leaves which is usually associated with strong
down-regulation of AGOI level (42,53). The efficiency of
the virus mediated AGOI1 control can be explained by
the observation that virus infection also resulted in dras-
tic AGOI mRNA induction. The AGOI mRNA excess can
continuously produce AGO1 proteins enabling the loading
of miR 168 in higher extent and the establishment of a strong
feedback loop.

The striking variability of RNA stem-loop shape and size
of plant miRNA precursors (13,54) compared to stereo-
typic animal counterparts (55) suggests that structural fea-
tures can play a dominant role in the biogenesis and action



of plant miRNAs. The calibrated loading action of miR 168
governed by RNA structural motifs is potentially applicable
to other miRNAs. This hypothesis is supported by the ob-
servation that many miRNAs exhibit the presence of AGO-
loaded as well AGO-unbound forms (28). It is not clear,
whether miRNA duplexes accumulated in the cytoplasm in
protein-unbound form represent a biologically active pool
of AGO1 loading competent molecules or they are superflu-
ous by-products of the miRNA biogenesis. Recently it has
been shown that miRNA loading of AGO1 predominantly
takes place in the nucleus (19) suggesting that the loading
rate of miR 168 is calibrated in the nucleus. However, it can-
not be excluded that the cytoplasmic miRNA duplexes rep-
resent a biologically active reservoir.

In summary, we used an artificial system built for com-
parative analyses of AGOI1 loading efficiency of miR168
derived from differently altered precursor fragments. This
comparative analysis, carried out in transient and stable
transgenic lines, helped us to provide a biologically rele-
vant explanation for the existence of the recently discov-
ered AGO unbound miR 168 species, and refine the model of
RNA silencing autoregulation. According to this, (i) the ex-
cessive processing of ready-to-load miR 168 species, (ii) the
structural properties embedded in miR168/miR168* du-
plex structure, and (iii) the amount of competing cellular
miRNAs are defining the AGO1-RISC loading efficiency
of miR168. This competition-based mechanism precisely
and dynamically correlates the amount of AGOI1 protein
according to cellular needs. The presence of unbound cy-
toplasmic pool was demonstrated for many miRNAs (28)
indicating that regulatory action of competition based load-
ing efficiency can be valid for other miRNAs as well.

Since we investigated solely the role of precursor frag-
ment stem-loop structures further experiments will be nec-
essary to investigate this phenomenon in the complex con-
text of miRNA biogenesis. Moreover, it will also be impor-
tant to fine map the requirements of precursor stem-loop
structure for governing AGO1 loading by extensive compre-
hensive structural-function analyses. In the future it will be
also important to identify and characterize protein cofac-
tors playing a role in RNA structure-based communication
between miRNA biogenesis and action.
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