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Abstract
Animal and plant microRNAs (miRNAs) are essential for the spatio-temporal regulation of development. Together with
this role, plant miRNAs have been proposed to target transposable elements (TEs) and stimulate the production of epige-
netically active small interfering RNAs. This activity is evident in the plant male gamete containing structure, the male ga-
metophyte or pollen grain. How the dual role of plant miRNAs, regulating both genes and TEs, is integrated during pollen
development and which mRNAs are regulated by miRNAs in this cell type at a genome-wide scale are unknown. Here, we
provide a detailed analysis of miRNA dynamics and activity during pollen development in Arabidopsis thaliana using small
RNA and degradome parallel analysis of RNA end high-throughput sequencing. Furthermore, we uncover miRNAs loaded
into the two main active Argonaute (AGO) proteins in the uninuclear and mature pollen grain, AGO1 and AGO5. Our
results indicate that the developmental progression from microspore to mature pollen grain is characterized by a transition
from miRNAs targeting developmental genes to miRNAs regulating TE activity.

Introduction

Small noncoding RNAs control essential gene regulatory net-
works in eukaryotes at the transcriptional, post-transcriptional

and translational level. This RNA category includes different
classes of small RNAs (sRNAs) that have distinct biogenesis
pathways, roles and cellular distribution that (in general) use
sequence complementarity to recognize their target RNAs
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and degrade their transcripts and/or inhibit their translation
(Stefani and Slack, 2008). Several technical innovations have
enabled researchers to uncover the role of novel classes of
sRNAs, their cellular distribution and their roles during differ-
ent stages of development of an organism or a tissue.
According to their origin and biogenesis mechanisms, sRNAs
can be classified into microRNAs (miRNAs), small interfering
RNAs (siRNAs), piwi-interacting RNAs, or tRNA-derived frag-
ments, among others (for recent reviews on the topic, see,
Czech et al. (2018); Martinez (2018); Rosa et al. (2018).

In plants, two classes of sRNAs predominate: siRNAs and
miRNAs (Borges and Martienssen, 2015). These two types of
sRNAs have different biogenesis pathways and functions.
siRNAs are the result of the processing of double-stranded
RNAs of diverse origin by Dicer-like proteins (DCL), mainly
DCL4, DCL2, and DCL3. This leads to the production of dou-
ble-stranded sRNAs of 21, 22, and 23/24 nucleotides (nt,
produced by DCL4, DCL2, and DCL3, respectively) of which
one of the strands will be selectively incorporated into an
Argonaute (AGO) protein. Particularly, AGO1 and AGO2
load siRNAs associated with posttranscriptional gene silenc-
ing while AGO3, AGO4, AGO6, and AGO9 load siRNAs orig-
inated from heterochromatic regions that are associated
with RNA-directed DNA methylation (RdDM; Axtell, 2013).
On the other hand, miRNAs originate from MIRNA genes
that produce noncoding transcripts with high self-
complementarity that fold into a short hairpin structure
that naturally generates a dsRNA without the need of RNA-
dependent RNA polymerase (RDR) activity. This hairpin is
cleaved by DCL1 into a double-stranded sRNA of 21–22 nts
in length. One of these sRNAs will then be selectively loaded
into AGO1, AGO7, or AGO10 and form the RNA-induced
silencing complex, which uses the sRNA sequence to target
mRNAs with perfect or imperfect sequence homology. In
plants, this targeting normally leads to the cleavage of the
mRNA, but can also induce translational repression or the
production of secondary siRNAs (Axtell, 2013; Ma et al.,
2013).

Both miRNAs and siRNAs regulate a diversity of processes
including development, defense, reproduction, and genome
stability. Generally, miRNAs are associated with the regula-
tion of development through the post-transcriptional con-
trol of transcription factor mRNAs (Axtell, 2013).
Additionally, miRNAs are involved in the generation of sec-
ondary siRNAs through the initial targeting of a transcript
that stimulates RDR activity leading to the synthesis of a
dsRNA that is processed into secondary siRNAs by DCL ac-
tivity. Secondary siRNAs can target their original transcript
or act in trans, targeting other mRNA targets (Axtell, 2013).
Secondary siRNAs such as trans-acting siRNAs (tasiRNAs)
and phased siRNAs (phasiRNAs) regulate important pro-
cesses such as organ morphogenesis, developmental timing,
and somatic embryogenesis (tasiRNAs; Hunter et al., 2006)
or pre-meiotic reproductive development, flowering time,
and resistance to biotic and abiotic stresses (phasiRNAs; Liu
et al., 2020). Furthermore, miRNAs play a role in genome

protection through the initial targeting of transposable ele-
ments (TEs) and generation of secondary siRNAs from their
transcripts (Creasey et al., 2014a; Surbanovski et al., 2016).
Interestingly, one of the miRNAs targeting TEs, miR845, is in-
volved in generating TE-derived siRNAs in the male gameto-
phyte and mediating genome dosage response (Borges et al.,
2018). These examples show the complexity of miRNA-
mediated processes and highlight their adaptability as regu-
latory molecules.

The functional versatility of miRNAs is especially impor-
tant during reproduction, where cells face the duality of car-
rying out a very specific developmental program while
protecting the genome against TE activity. In organisms like
zebrafish (Danio rerio; Presslauer et al., 2017), mouse (Yuan
et al., 2016), Caenorhabditis elegans (McJunkin and Ambros,
2014), or Drosophila melanogaster (Eun et al., 2013) miRNAs
do not only have a differential accumulation pattern in
sperm, but play important roles in sperm maturation, fertili-
zation, and post-fertilization events. In Arabidopsis thaliana,
hypomorphic alleles of dcl1 and weak alleles of ago1 have
different reproductive abnormalities and reduced seed set
(Jacobsen et al., 1999; Kidner and Martienssen, 2005; Nodine
and Bartel, 2010), which points to an important role of
miRNAs during reproduction in plants. However, little is
known about how miRNA activity might shape the tran-
scriptome during pollen development.

Previous reports of Arabidopsis pollen sRNAs have focused
on analysis of their accumulation in the mature pollen grain
(Grant-Downton et al., 2009; Borges et al., 2011). Here, we
analyze in depth the contribution of miRNAs to the sRNA
population during the different stages of pollen grain devel-
opment, their loading into AGO proteins and their target
mRNAs. Overall, our work demonstrates that miRNAs in-
volved in epigenetic regulation, like miR845, are enriched
and have higher activity at later stages of pollen grain devel-
opment, and are preferentially loaded in AGO5. In contrast,
miRNAs targeting genes involved in development decrease
their activity during pollen development. This coincides with
increased transcript levels of their target genes at pollen ma-
turity, which are mainly involved in pollen grain germina-
tion. In summary, our work demonstrates that miRNAs
modulate the transcriptional and epigenetic landscape dur-
ing pollen grain development and adapt to its transcrip-
tional and epigenetic reprogramming.

Results

Dynamic accumulation of miRNAs during pollen
development
To understand the potential sRNA reprogramming during
the transition leading to the mature pollen grain, we ana-
lyzed sRNA accumulation at four different stages of pollen
development (uninuclear, binuclear, trinuclear, and mature
pollen grain, representative pictures shown in Figure 1A).
Using density centrifugation we isolated four different devel-
opmental stages of pollen (Supplemental Figure S1A) as pre-
viously described (Dupl’akova et al., 2016). From each
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Figure 1 miRNome dynamics during pollen development. A, Representative images of the pollen developmental stages analyzed here. B,
microRNA size distribution and accumulation for the developmental stages shown in (A). C, Principal component analysis of the small RNA librar-
ies from different pollen developmental stages based on miRNA levels. D, Bar charts depicting the accumulation of main miRNAs during pollen
development for each developmental stage expressed in reads per million. On top of each the same data are shown as a pie chart. E, Heat map of
miRNA families accumulation level during pollen development. F, Northern blot showing the increase in accumulation of miR845, the stable accu-
mulation of miR156 and the decrease of miR161.1. The U6 small nuclear RNA was used as a control for RNA loading. 20 lg of total RNA from the
uninuclear and mature pollen stages were used to obtain a better resolution of the accumulation dynamic. UNP, uninuclear pollen; MP, mature
pollen grain. G, Scatter plot of miRNA family expression values in the uninuclear and mature pollen grain developmental stages. The red line
marks a two-fold change in accumulation. H, Categorization of miRNA families according to their increase (more than two-fold, grey), decrease
(more than two-fold, orange), or no change (blue) in accumulation in the mature pollen grain compared to the uninuclear pollen. I, Volcano plot
of miRNA expression changes between uninuclear and mature pollen grain developmental stages. Significant values (assessed with a paired t test,
P5 0.05) are marked in blue or red for downregulated or overexpressed miRNAs in the mature pollen stage.
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different fraction, we isolated total RNA, prepared and se-
quenced sRNA libraries from two biological replicates for
each of the developmental stages (Supplemental Table S1).

We initially focused on analyzing miRNA accumulation
due to their important roles both in the regulation of gene
and TE transcript abundance, despite accumulating to lower
levels during all pollen developmental stages than in other
tissues (Supplemental Figure 1B). The total miRNA accumu-
lation profiles between the different developmental stages
did not reveal striking differences between the stages
(Figure 1B); we only found a slight increase in 21 and 22-nt
miRNAs in the trinuclear stage and 22-nt miRNAs in the
mature pollen grain in comparison to uni- and binuclear
(Figure 1B). Principal component analysis of miRNA family
levels in libraries generated from pollen developmental
stages demonstrated that biological replicates clustered to-
gether (Figure 1C). The analysis of qualitative differences in
the miRNA populations between our samples revealed that
the majority of miRNA families were present in all our li-
braries (233 miRNAs); however, we also detected specific
miRNAs in each developmental stage, including 23 miRNAs
in the mature pollen grain and 13, 7, and 5 in the uni-, bi-,
and trinuclear stages, respectively (Supplemental Figure S1C
and Supplemental Data Set S1).

We further analyzed the quantitative changes experienced
by the most highly accumulating miRNAs (Figure 1, D and
E and Supplemental Data Set S2). The comparison between
the accumulation level of the top seven miRNA families
(representing 490% of all sRNAs in uni-, bi-, and trinuclear
pollen and 77% of the mature sRNAs) revealed that there is
a striking progressive change in the accumulation of some
miRNA families during pollen development. In particular,
miR156, miR161.1, miR159, miR166, and miR162, which reg-
ulate juvenile-to-adult transitions, defense response and
DCL1 (Xie et al., 2003; Zhou et al., 2007; Wu et al., 2009;
Guo et al., 2017), maintained or decreased their accumula-
tion at later stages of pollen development (Figure 1, D and
E). In comparison, the relative levels of the miRNA families,
miR158 and miR845 substantially increased their accumula-
tion (Figure 1, D and E). Specifically, the miR845 family in-
creased until occupying close to 45% of the all sRNAs at
pollen maturity (Figure 1D). Although this relative enrich-
ment could be due to a bias in sRNA sequencing (Baldrich
et al., 2020), we found a consistent and significant detection
of this increase in trinuclear and mature pollen sRNA librar-
ies (Figure 1, D, E, and I). We confirmed this accumulation
trend by sRNA gel blot for miR845, miR156, and miR161.1,
which increased, maintained, and decreased their accumula-
tion level respectively (Figure 1F; Supplemental Figure S1, D
and E).

Globally, a comparison of the accumulation values be-
tween uninuclear and mature pollen indicated that about
34% of miRNA families increased their accumulation, while
66.48% of miRNA families reduced or maintained their accu-
mulation (Figure 1, G and H). However, the contribution of
these families to the total miRNome differed, and miRNA

families decreasing their accumulation more than two-fold
vary during pollen development from a 33% of all miRNA
reads in uninuclear pollen to 4% of all reads in mature pol-
len (Figure 1H). miRNA families with no change of accumu-
lation also slightly decreased during this transition from 42%
of all reads in uninuclear pollen to 21% of all reads in ma-
ture pollen (Figure 1H). miRNA families with statistically
significant increases in accumulation in mature pollen in-
clude miR158, miR160, miR172, miR403, and miR845
(Figure 1I). Together, our analysis shows that during pollen
development there is a transition of the miRNome from a
diverse miRNA pool to a miRNA pool monopolized by
miR845.

AGO1 and AGO5 loading explains miRNA
enrichment in the mature pollen grain
miRNA loading into AGO proteins determines their effect at
the cellular level (Hutvagner and Simard, 2008). Several
AGO proteins have been reported to be active in the
Arabidopsis male gametophyte, including AGO1, AGO2,
AGO4, AGO5, and AGO9 (Olmedo-Monfil et al., 2010;
Borges et al., 2011; Martinez et al., 2016; Oliver et al., 2016),
but the sRNA populations loaded into them have not been
studied. To shed light into the characteristics of the RISCs in
the pollen grain, we analyzed the subcellular localization
during pollen development and sRNAs bound to the main
miRNA-related AGO proteins expressed in the pollen grain:
AGO1 and AGO5 (Supplemental Figure S1, F–H). Previous
reports indicated that these two AGOs have different sub-
cellular localization in the mature pollen grain; while AGO1
is located in the vegetative nucleus and in the vegetative
cell (VC; McCue et al., 2012), AGO5 accumulates in the
sperm cell (SC) cytoplasm (Borges et al., 2011). To under-
stand their role during pollen development we investigated
their cellular localization during this process using recently
developed reporter lines that functionally complement their
respective mutants (Jullien et al., 2020). AGO1 was present
already in the cytoplasm of uninuclear pollen and this locali-
zation pattern was maintained in the binuclear stage, while
it changed at the trinuclear and mature stages, where it is
located mainly in the SCs (Figure 2a). On the other hand,
AGO5 was only detected in the generative cell (GC) at the
binuclear stage and in the SCs at the trinuclear and mature
stages (Figure 2A).

Next, to understand their molecular roles in detail, we
identified the sRNAs loaded into each AGO in the uninu-
clear and mature pollen stages by immunoprecipitation of
AGO complexes using AGO-specific antibodies followed by
sRNA sequencing. In line with their predicted role, we
detected enrichment for miRNAs in the immunoprecipi-
tated sRNAs compared to their input controls (Figure 2B;
Supplemental Figure S2, A and B, P5 0.00001 tested with a
Mann–Whitney U test). Principal component analysis of
miRNA family levels in libraries generated from AGO immu-
noprecipitates demonstrated that both AGO-enriched
miRNAs clustered together (Figure 2C). Indeed, both AGOs
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Figure 2 Comparison of AGO1 and AGO5 activity and loaded miRNAs during pollen development. A, Analysis of the cellular localization of
AGO1 and AGO5–mCherry–AGO fusion proteins during pollen development. Drawings accompanying the images represent the localization of
the different nuclei on each picture. B, Analysis of miRNA enrichment for AGO1 and AGO5 immunoprecipitated sRNAs compared to their re-
spective input controls. Significance was assessed by means of a Mann–Whitney U test (**** denotes a significance of P5 0.00001). C, Principal
component analysis of the small RNA libraries from different AGO immunoprecipitations and their input controls based on miRNA levels. Venn
diagram shows the overlap between the miRNA families loaded in AGO1 and AGO5. D, 50-nt enrichment for AGO-enriched miRNAs. E, Size distri-
bution of miRNAs enriched in the AGO1 and AGO5 IPs. F, Accumulation of enriched miRNA families in AGO1 and AGO5. In (C)–(F) miRNAs
were considered enriched if their accumulation was higher than two-fold their accumulation in the input library or if it was only detected in the
AGO immunoprecipitated library. G, Venn diagram showing the overlap of miRNA families enriched more than two fold in the mature pollen
grain (blue circle) and miRNA families enriched more than two-fold in AGO5 IP compared to AGO1 IP. Significance (P = 0.032807) was calculated
using the Chi-square statistic with Yates correction.
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shared a proportion of their respectively enriched miRNAs
at the uninuclear and mature stages (59/81% and 73%/85%
for AGO1/AGO5 miRNomes at uninuclear and mature
stages, respectively, for miRNAs only detected in the immu-
noprecipitated fraction or enriched more than two-fold re-
spective to the input control, Supplemental Figure S2C).
Both AGOs were enriched in miRNAs with different charac-
teristics according to their 50-nt preference (Figure 2D) and
size (Figure 2E). Both at the uninuclear and mature stages
AGO5 loads miRNAs of 21 nts in size with a 50-terminal C,
while AGO1 binds miRNAs with a size ranging from 20 to
22 nt with a 50-terminal U (Figure 2, D and E). This is in
line with previous reports of AGO loading preferences in so-
matic tissues (Mi et al., 2008).

Next, we analyzed the enrichment for miRNA families for
each AGO (Figure 2F; Supplemental Data Set S3). Both
AGOs at both pollen developmental stages had a strong
preference to load miR845 family members (36/41% and 53/
78% of the total miRNome for AGO1/AGO5 at uninuclear
and mature stages, respectively). Despite this preferential
loading at the uninuclear stage, AGO1 and AGO5 loaded a
substantial fraction of miRNAs with well-known roles in the
regulation of processes like development, transcription, or
RNA silencing. For instance, uninuclear pollen-accumulating
AGO1-loaded miRNAs involved in the regulation of different
transcriptional and post-transcriptional regulatory factors,
including pentatricopeptide (PPR) repeat-containing pro-
teins targeted by miR158 (10%) and miR161.1 (4%),
SQUAMOSA PROMOTER BINDING-LIKE transcription factors
targeted by miR156 (9%), and DCL1 regulated by miR162
(5%; Rhoades et al., 2002; Wu et al., 2009). Mature pollen-
accumulating AGO1 increased the accumulation of certain
miRNAs like miR156 (25%) and miR161.1 (7%), while reduc-
ing the accumulation of the majority of the families
(Figure 2F; Supplemental Data Set S3). On the other hand,
uninuclear pollen AGO5 loaded a similar fraction of the
miRNAs preferentially loaded by AGO1 at the same devel-
opmental stage: miR158 (11%), miR156 (6%), miR162 (5%),
and miR161.1 (2%; Figure 2F). At the mature stage, AGO5
experienced a greater decrease in the majority of miRNA
families loaded, with only small fractions of miR158 (4%) or
miR403 (3%), which regulate, as previously mentioned, PPR
proteins and AGO2, respectively (Rhoades et al., 2002; Allen
et al., 2005; Figure 2f; Supplemental Data Set S3). AGO5 is
furthermore enriched in miRNAs that are enriched in the
mature pollen grain (Figure 2G, P = 0.032807) indicating
that AGO5-loaded miRNAs might be responsible of the
overall miRNome changes observed in the mature pollen
grain. The different miRNA-loading pattern might reflect the
different roles of both AGOs in relation to their cellular lo-
calization, with AGO1 being required to regulate both the
developmental program and post-transcriptional activity of
TEs in the VC and SCs during the whole extent of pollen de-
velopment and specially prior to the appearance of the ga-
metic cells (Slotkin et al., 2009; Martinez et al., 2016), while
AGO5 might mediate TE control specifically in the GC/SCs

(Borges et al., 2018). This also relates to the known role of
the VC in controlling the regulation of pollen development,
germination and pollen tube growth (Glockle et al., 2018).
In summary, AGO1 and AGO5 have different pollen localiza-
tion patterns and incorporate different populations of
miRNAs.

Inhibition of sRNA activity affects pollen
development and germination
To evaluate the level of influence of sRNA activity on pollen
grain development and germination, we aimed to inhibit
their activity at late stages of pollen development where
AGO1 and AGO5 primarily accumulate (Figure 2A). Strong
ago1 and dcl1 mutants fail to develop gametes (Bohmert
et al., 1998; Kidner and Martienssen, 2005; Oliver et al., 2017)
making it impossible to analyze their effects during gameto-
phyte maturation. Weak mutants of ago1 and dcl1 showed
defects in pollen development, with a moderate increase in
aborted or shrunken mature pollen grains which was signifi-
cant for ago1-27 and ago5-5 (Supplemental Figure S3A).

To discern the potential effect of miRNA and/or siRNA
activity inhibition without the availability of strong mutant
alleles, we hypothesized that the overexpression of a viral si-
lencing suppressor using pollen promoters would drive a
cell-specific reduction of AGO1 activity as previously
reported (Martinez et al., 2016). The Tombusvirus silencing
suppressor P19 is a well-studied protein that inhibits
miRNA/miRNA* duplex (Chapman et al., 2004) and siRNA
action (Kontra et al., 2016). Accordingly, we expressed P19
(Csorba et al., 2015) fused to red fluorescent protein (RFP)
under the control of the KRP6 promoter to drive the expres-
sion at late stages of development of the pollen grain VC
(Kim et al., 2008; Martinez et al., 2016; Figure 3A).
KRP6pro::P19-RFP transgenic lines had defects in pollen de-
velopment with many of the mature pollen grains aborted
at maturity and reduced pollen grain germination (Figure 3,
A and B). Furthermore, mutants carrying the weak allele of
DCL1, dcl1-14, showed a significant decrease in pollen grain
germination (Figure 3B). Mutants carrying another weak al-
lele for AGO1, ago1-52, displayed abnormal germination
phenotypes, with branched pollen tubes (Supplemental
Figure S3B), which have not been described in Arabidopsis
wild-type pollen although they are common in gymno-
sperms and certain angiosperm species (Lora et al., 2016). In
brief, inhibition of miRNA (and/or siRNA) activity in the
male gametophyte VC supports a role of VC sRNAs in the
regulation of pollen function.

AGO1 and AGO5 are required for the triploid block
response
Gametic sRNAs establish hybridization barriers in different
species (Martienssen, 2010; Senti and Brennecke, 2010). In
plants, polyploidization establishes hybridization barriers due
to the unbalanced expression of imprinted genes in the en-
dosperm (Kradolfer et al., 2013; Wolff et al., 2015; Huang
et al., 2017; Jiang et al., 2017; Wang et al., 2018), in a
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phenomenon known as the triploid block (Kohler et al.,
2010). In Arabidopsis, the triploid block is established upon
crosses of a pollen donor forming 2n pollen with a diploid
maternal plant. Depletion of paternal sRNAs through muta-
tion of the major Pol IV subunit NRPD1 or the miRNA gene
MIR845B suppresses the triploid block response (Erdmann
et al., 2017; Borges et al., 2018; Martinez et al., 2018; Satyaki
and Gehring, 2019).

To test whether the miRNA populations loaded in AGO1
or AGO5 are responsible for establishing the triploid block,

we created tetraploid versions of the AGO1 weak allele
ago1-27 and of the AGO5 alleles ago5-1 and ago5-5 and per-
formed crosses with a wild-type diploid mother. The results
of these pollinations revealed that paternal tetraploid ago1-
27 weakly, but nevertheless significantly increased triploid
seed viability (Figure 3, C and D). Similarly, paternal tetra-
ploid ago5-1 and ago5-5 significantly increased triploid seed
viability and seed germination (Figure 3, C and D) to a simi-
lar level as ago1, suggesting that both function in the trip-
loid block response. Thus, paternal AGO1 and AGO5 are
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part of the triploid block response potentially through their
loading of miRNAs.

miRNA activity against genes is reduced during
pollen maturation
To uncover the dynamics of miRNA-regulated transcripts
during pollen grain development, we aimed to identify the
overall miRNA-targeted mRNAs in the uninuclear, binuclear,
and mature pollen grain developmental stages, which repre-
sent the most characteristic stages in terms of miRNome di-
versity and AGO accumulation. To identify miRNA-targets,
we made use of the characteristic cleavage activity of plant
miRNAs, which leave a fingerprint of their cleavage activity
on their target mRNAs (Addo-Quaye et al., 2008; Gregory
et al., 2008; German et al., 2009). To that end, we generated
and sequenced parallel analysis of RNA ends (PAREs) librar-
ies as previously described (Zhai et al., 2014) from uninu-
clear, binuclear, and mature pollen grains (Supplemental
Table S1). PARE is a technique that enriches AGO protein
cleaved mRNAs with a polyA tail but without a 50-cap for li-
brary preparation and sequencing and is conventionally
used for miRNA-target identification (Addo-Quaye et al.,
2008; Gregory et al., 2008; German et al., 2009). We focus
our analysis on 143 high-confidence target sites that were
represented in at least two bioreplicates of each of the tis-
sues under study (Supplemental Table S2 and Supplemental
Data Set S4).

miRNAs regulate their target transcripts at the post-
transcriptional level by inducing their cleavage and by inhib-
iting their translation (Yu et al., 2017). In other organisms,
mRNAs targeted by miRNAs in the gametes increase their
stability (Dallaire et al., 2018). We explored if a similar sce-
nario may apply to Arabidopsis by analyzing the mapping of
PARE reads for all miRNA-targeted mRNA reads relative to
the miRNA target position. The distribution of 50-P end
reads in a 100-nt window from the identified target sites for
all the pollen developmental stages analyzed showed that
most of the targeting events resulted in cleavage of the tar-
get RNAs (Figure 4A) in opposition to the expected ribo-
some stalling-characteristic peaks caused by noncleavable
miRNA targeting (Hou et al., 2016). Furthermore, miRNA-
mediated cleavage was higher in uninuclear pollen com-
pared to binuclear and mature pollen grains (4.39-fold be-
tween uninuclear and mature pollen at the predicted
miRNA target position, profiles of the bioreplicates shown in
Supplemental Figure S4A).

A global categorization of pollen miRNA-regulated tran-
scripts (cleaved by miRNAs in the uninuclear, binuclear, or
mature pollen) revealed that the majority are associated
with molecular functions related to transcription factor and
DNA binding activity and biological functions associated
with organ development and growth, reproduction, and ge-
netic/epigenetic regulation (Figure 4B; Supplemental Table
S2). Interestingly, the pollen miRNA-targeted mRNAs in-
cluded well-studied genes involved both in pollen-associated
processes such as GROWTH-REGULATING FACTOR 1/2/3/8

(GRF1/2/3/8), ARABIDOPSIS TRITHORAX 3 (ATX3), UDP-
GALACTOSE TRANSPORTER 1 (UTR1), BASIC
LEUCINE_ZIPPER 34 (AtbZIP34), and AUXIN SIGNALING F-
BOX 3 (AFB3; involved in pollen maturation) or LOST IN
POLLEN TUBE GUIDANCE 1 (LIP1) and MYB101 (involved in
pollen tube germination; Cecchetti et al., 2008; Gibalova
et al., 2009; Liang et al., 2013; Dong et al., 2015; Chen et al.,
2017; Slane et al., 2017; Supplemental Table S2). miRNA-
targeted genes increased their expression during pollen de-
velopment following the opposite trend to miRNA activity
(Supplemental Figure S4b). This trend was also the opposite
to the majority of transcripts, which decrease their accumu-
lation during pollen maturation (Honys and Twell, 2004).
This indicates that there is a distinct and specific miRNA ac-
tivity during pollen development that regulates genes in-
volved in pollen grain development and germination.

To test the observation that miRNA activity regulates the
expression of genes that are important for pollen develop-
ment, we obtained homozygous mutants for two genes with
uncharacterized role in pollen-associated processes that are
regulated by miRNAs: SKU5 SIMILAR 12 (SKS12, AT1G55570,
mutant termed sks12-1) and ETHYLENE-INSENSITIVE3 (EIN3,
AT3G20770, ein3-1; Kieber et al., 1993; Figure 4C;
Supplemental Figure S4D), which are targeted specifically in
pollen by miR5021 and miR5015, respectively (Supplemental
Figure S4D and Supplemental Data Sets S4 and S5). We ini-
tially evaluated the ability of their mature pollen grains to
germinate in vitro (Figure 4D). Measurement of pollen tube
length and germination rate after 16 h of incubation indi-
cated that while only ein3-1 was significantly affected in the
rate of pollen germination (Figure 4F), both mutants were
significantly impaired in pollen tube growth (Figure 4E), in-
cluding a second allele of SKS12 (Supplemental Figure S4C).

To confirm that the activity of these genes is impaired by
miRNA activity, we purified uninuclear and mature pollen
grains from ago1-27 and ago5-1 mutants and analyzed the
transcript levels of the target genes SKS12 and EIN3 by re-
verse transcription quantitative polymerase chain reaction
(RT-qPCR). The transcript levels of SKS12 and EIN3 were sig-
nificantly increased in ago1-27 in the uninuclear pollen grain,
while only SKS12 transcripts were significantly increased in
the ago1-27 mature pollen grain (Figure 4G). This result
indicates that miRNA activity, potentially modulated by
AGO1, regulates transcript levels during pollen development
and specially in uninuclear pollen. Thus, we conclude that
miRNA cleavage activity (potentially mediated by AGO1)
takes place during pollen development and regulates the
transcript levels of genes needed for processes that are im-
portant for pollen grain development and germination.

miR845-targeted TEs progressively decrease their
level of 24-nt sRNAs during pollen development
In plants, miRNAs are important post-transcriptional regula-
tors of TEs (Creasey et al., 2014a; Borges et al., 2018). In par-
ticular, the miR845 family is involved in the biogenesis of
epigenetically active siRNAs (easiRNAs) through the
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targeting of the primer binding site (PBS) of TEs (Borges
et al., 2018). In Arabidopsis the miR845 family is composed
by two members, miR845a and miR845b, which are 21 and
22 nt in length, respectively (Borges et al., 2018). Analysis of
their presence in our pollen-development sRNA libraries
showed that the two members of the miR845 family in-
creased their accumulation, especially miR845a which in-
creased its accumulation by 2.7-fold from uninuclear to
mature pollen (Figure 5A). Both miRNAs did not seem to
be affected by fluctuations of the processing precision and
were of the expected size at all stages of development
(Supplemental Figure S5A). Interestingly, the 50-terminal nu-
cleotide of miR845a and miR845b (C and U respectively,
Figure 5B) suggests a preferential loading in AGO5 and
AGO1, respectively (Mi et al., 2008). We analyzed if this pre-
dicted differential loading was detectable in our AGO1 and
AGO5 IP sRNA libraries and, indeed, AGO5 showed a clear
preferential loading of miR845a at the mature pollen stage
(77% of AGO5-enriched IPed miRNA sequences, Figure 5C).

Members of the miR845 family were proposed to trigger
Pol IV-dependent easiRNA biogenesis during meiosis or early
gametogenesis (Borges et al., 2018). Analysis of easiRNAs de-
rived from miR845-targeted TEs indicates that easiRNAs ac-
cumulated to high levels already at the uninuclear stage
(Figure 5D), consistent with recently published work (Wang

et al., 2020). As expected from its preferential loading into
AGO1, miR845b-targeted TEs produced easiRNAs earlier and
to a greater extent than miR845a targets (Supplemental
Figure S5B). Interestingly, during pollen grain development,
there was a gradual transition from a majority of 24 nt at
the uninuclear stage to a majority of 22 nt at pollen matu-
rity (Figure 5, D and E), a feature that was exclusive for TE-
derived sRNAs since total sRNAs did not follow this trend
(Supplemental Figure S5B).

This tendency of losing 24-nt sRNAs during pollen grain
development was common for all TEs and independent of
the presence of a miR845 target site (Figure 5, F and G).
This might indicate that either all TEs are targeted by a simi-
lar mechanism, or that miR845 is able to induce a silencing
cascade that extents to the majority of TEs in the pollen
grain. To better understand this, we analyzed TE-derived
sRNAs in MIR845B mutant pollen sRNA libraries (Borges
et al., 2018). This analysis showed that TE-derived 21/22-nt
sRNAs were reduced when miR845b accumulation was im-
paired (Supplemental Figure S5C), indicating that miR845b
globally affects the generation of 21/22-nt sRNAs from TEs.
However, we cannot exclude that a potential degradation of
AGO4-24 nt sRNA complexes might be taking place during
pollen development biasing the presence of TE-derived 21/
22 sRNAs, as recently suggested (Panda et al., 2020). Overall,
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these results show that TEs tend to lose 24-nt sRNAs while
gaining 21/22-nt sRNAs during pollen development in line
with an increase of the accumulation of miR845 family
members, specially miR845a, which is preferentially loaded
into AGO5.

TE-targeting activity mediated by miRNAs increases
during pollen development
Next, we analyzed miRNA activity against TEs during pollen
development. Using the same stringent parameters used for
genic miRNA targets, miR845 activity was identified in indi-
vidual bioreplicates. As expected from the higher accumula-
tion of miR845a in the mature pollen grain, we identified a
higher number of targeting events in the mature pollen
compared to uninuclear pollen (Figure 6A). These targeting
events include the nonstandard target position of miR845 at
the tRNA-Met PBS of several ATGP and ATCOPIA elements
as previously predicted (Borges et al., 2018; Figure 6B;
Supplemental Data Sets S6 and S7 and Supplemental Figure
S6, A–C). Using similar target prediction parameters as
Creasey et al. (2014b) allowed us to identify a higher num-
ber of TEs targeted by the miR845 family in our PARE librar-
ies compared to more stringent parameters (Supplemental
Data Set S8 including several TEs previously predicted by
Borges et al. (2018)). Analysis of the distribution of PARE
reads for these miR845-targeted TEs indicated that miR845
cleavage activity was slightly higher in the mature pollen
compared to the uninuclear pollen (2.3-fold higher on aver-
age at the predicted target site, Figure 6C replicates shown
in Supplemental Figure S6A).

Following the same stringent detection parameters used
for the detection of genic miRNA targets (target sites that
were represented in at least two bioreplicates of each of the
tissues under study), we identified 31 miRNA-targeted TEs
(37 miRNA-targeting events, Figure 6, D and E), strongly
suggesting that Pol II transcribes these TEs (since they are
detected by PARE sequencing). Interestingly, these TEs were
targeted mostly by pollen-specific miRNAs like miR5021,
miR5658, and miR5645 (Figure 6E), which were enriched or
only detected in AGO1 and AGO5-IPed sRNA libraries from
uninuclear pollen grains (miR5021, miR5645, and miR5658)
and/or identified also in AGO5-IPed sRNAs from mature
pollen grains (miR5021 and miR5658; Supplemental Data
Set S3).

To confirm that the activity of these TEs is impaired by
miRNA activity, we purified uninuclear and mature pollen
grains from ago1-27 and ago5-1 mutants and analyzed by
RT-qPCR the transcript levels of the TEs AT5TE48930 (tar-
geted by miR845) and AT5TE81850 (targeted by miR5658).
The transcript levels of the two miRNA-targeted TEs were
significantly increased in ago5-1 in the uninuclear pollen
grain, and additionally AT5TE48930 was significantly in-
creased in ago5 mature pollen grain (Supplemental Figure
S6B). This indicates that miRNA activity, potentially medi-
ated by AGO5, regulates TE transcript levels.

miRNA-targeted TEs produced high levels of 21/22-nt
sRNAs even at the uninuclear stage, but their maximum
production took place at the mature stage (Figure 6F), re-
vealing a potential increased activity of miRNAs against this
group of TEs at pollen maturity. Supporting the notion that
this group of TEs is bonafide miRNA targets, their sRNA
production decreased in dcl1, dcl2/4, and dcl1/2/4
(Supplemental Figure S6D). This group of TEs did not show
differences in their DNA methylation levels compared to the
rest of TEs (Supplemental Figure S6E), suggesting that
miRNA targeting does not seem to have consequences for
their DNA methylation levels. Altogether, our data point to
the existence of Pol II-transcribed TEs during pollen epige-
netic reprogramming that are regulated by miRNAs more
actively in the mature pollen grain.

Finally, to understand the dynamics of miRNA targeting
of TEs during pollen development, we studied in detail their
accumulation patterns in our sRNA libraries from AGO
immunoprecipitates at different stages of pollen develop-
ment. High-confidence TE target sites increase their presence
in mature pollen compared to uninuclear pollen, while the
opposite happens for genic target sites (Figure 6G). This
indicates that the activity of miRNAs against TEs is higher in
the mature pollen grain. In parallel with the increase of tar-
geting events in TEs, miRNAs targeting TEs increased their
accumulation during pollen development (Figure 6H,
P5 0.0075). Furthermore, miRNA target sites present in TEs
in mature pollen belonged mainly to miRNAs that were
enriched at least two-fold in mature pollen grain-
accumulating AGO5 (69.2% of all target sites, Figure 6I). All
these lines of evidence indicate that AGO5 accumulation in
the mature pollen SCs might influence the global population
of miRNAs and lead their activity against TEs in the gamete
cells. In summary, our data show that during pollen devel-
opment there is a switch of miRNA activity towards in-
creased TE-targeting in the mature pollen grain that is
mainly mediated by miRNAs loaded into AGO5.

Discussion
The pollen grain undergoes transcriptional and epigenetic
reprogramming during its transition to maturity, but
whether the first is a consequence of the latter is unknown
(Honys and Twell, 2004; Slotkin et al., 2009; Calarco et al.,
2012; Feng et al., 2013). Through the use of a technically
challenging protocol for pollen developmental stage separa-
tion combined with high-throughput sRNA sequencing,
PARE sequencing from uninuclear, binuclear and mature
pollen grain pollen developmental stages and AGO immu-
noprecipitation followed by sRNA sequencing from uninu-
clear and mature pollen grains we have: (1) identified the
characteristics of the miRNome during pollen grain develop-
ment; (2) determined the miRNA populations loaded into
the main AGO proteins in the pollen grain, AGO1 and
AGO5; (3) identified miRNA targets (both TEs and genes);
and (4) identified the involvement of both AGO1 and
AGO5 in the triploid block. Our data reveal that the
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Figure 6 Analysis of miRNA TE targets in the uninuclear, binuclear, and mature pollen grain identified by PARE sequencing. A, Number of
miR845a- and miR845b-targeted TEs identified in uninuclear and mature pollen grain PARE libraries using high-confidence parameters. B,
Representative examples of miR845a targeting positions in TEs. The location of the two different PBSs is highlighted in gray. C, Distribution of 50-
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represents the physical position covered by the bound miRNA. D, Distribution of 50-ends of PARE reads around the confirmed miRNA-targeted
TEs cleavage site (located at coordinate 0 in the X-axis) in a 100-nt window. Gray zone represents the physical position covered by the bound
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pollen grain enriched more than two-fold (black) or not enriched (white) in AGO5 and AGO1.
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miRNome experiences a transition during pollen develop-
ment from a miRNome involved in the control of tran-
scripts associated with pollen development and germination
to a miRNA population focused on the post-transcriptional
control of TEs (Figure 7).

This duality of miRNA activity is highlighted in our work
through sRNA sequencing and identification of miRNA-
targeted mRNAs through PARE sequencing, which show
their importance in the regulation of both genes and TEs
(Figures 4 and 6). Interestingly, our PARE and sRNA data in-
dicate that these two activities are partially restricted during
pollen development to the uninuclear pollen (gene regula-
tion) or mature pollen (TE regulation).

During pollen maturation, genes targeted by miRNAs
(identified by PARE sequencing) were functionally associated
with processes related with pollen development and germi-
nation and increased their expression in the mature pollen
stage (Figure 4B; Supplemental Figure S4B). This could be
explained by two different mechanisms: (1) miRNAs increase
the stability of their target transcripts, as previously observed
in C. elegans (Dallaire et al., 2018) or (2) miRNA activity
against genes is higher at the uninuclear stage and is re-
duced in the mature pollen grain. According to our data we
favor the second mechanism since several pieces of evidence
indicate that miRNA activity is higher in the uninuclear pol-
len: (1) the miRNome is more diverse in the uninuclear pol-
len (Figure 1D); (2) reduction of miRNA activity using a
weak dcl1 allele or via the expression of the P19 viral silenc-
ing suppressor in the VC reduced pollen grain viability and
germination (Figure 3, A and B); (3) PARE data indicate
that miRNA targeting events induced the cleavage of their
target mRNAs mainly in the uninuclear pollen (Figure 4A);
and (4) transcript levels of selected miRNA targets affecting
pollen development (SKS12 and EIN3) were upregulated in
an ago1 mutant mainly in the uninuclear pollen
(Figure 4G). Furthermore, AGO1 localization and miRNA
activity in the VC at the uninuclear and binuclear stages are
in line with the known role of the VC in the regulation of
pollen development and germination, which is independent
of the presence of SCs (Glockle et al., 2018).

In summary, our data show that during pollen develop-
ment miRNA activity against genes is more active in the
uninuclear pollen, affects genes important for pollen devel-
opment and germination and is probably regulated by
AGO1 in the VC. Furthermore, our PARE sequencing analy-
sis indicates that miRNA gene-targeting activity decreases in
mature pollen (Figure 4A; Supplemental Table S2). This de-
crease of activity might be linked to the accumulation of
AGO1 in the SCs at later stages of pollen development.
Additionally, our PARE analysis identified several compo-
nents of the miRNA pathway that are regulated by miRNAs
and have activity in the mature pollen grain including
AGO1 (miR168), AGO2 (miR403), and RS41 (miR447). We
hypothesize that miRNA gene-targeting role could also be
self-regulated by the miRNA pathway itself. However, we
cannot exclude that, by an unknown mechanism, miRNA

activity mediated by AGO1 switched from inducing cleavage
of their target mRNAs in uninuclear pollen to induce their
translational repression in the mature pollen grain as previ-
ously demonstrated (Grant-Downton et al., 2013) and/or
that RNA degradation is very active in the mature pollen
grain, which would hide the presence of miRNA-mediated
cleavage events in PARE libraries. Nevertheless, our data
might indicate that higher miRNA activity in uninuclear pol-
len could serve to avoid premature expression of important
pollen germination or maturation genes in the unicellular
stage, in a similar way to the role of miRNAs in embryo de-
velopment (Nodine and Bartel, 2010). Our work has also
identified a number of biological processes and candidate
genes associated with pollen development that provide a
platform for future reverse genetic studies.

Additionally, we have explored the influence of miRNAs
on the regulation of TEs in the pollen grain. During pollen
grain development the miR845 family members (miR845a
and miR845b) increase in abundance (Figure 1D). This in-
crease likely results in the preferential loading of miR845a
into AGO5, a highly abundant AGO protein in the SCs
(Figures 2, A and 5, C). miR845 members have been pro-
posed to target Pol IV transcripts of several retrotransposons
and induce the production of 21/22-nt easiRNAs from those
transcripts (Borges et al., 2018; Martinez et al., 2018). Our
analysis demonstrates that indeed simultaneous to the in-
crease in the accumulation of miR845 members during pol-
len development, there is a parallel decrease of 24-nt sRNAs
from their targets and a progressive increase of 21/22-nt
sRNAs (Figure 5, D and E), potentially a consequence of
their targeting. Indeed, our PARE analysis identified several
TEs targeted by miR845a and miR845b, which have higher
activity in mature pollen (Supplemental Data Set S6;
Figure 6, D and F). Furthermore, PARE-identified TEs that
are miRNA targets have high levels of accumulation of 21/
22-nt sRNAs, which are at a maximum level in the mature
pollen grain (Figure 6C). Interestingly, the preferential load-
ing of miR845 by AGO5 correlates with general low levels of
CHH methylation of TEs in the SCs (Calarco et al., 2012).
Due to the detection of miR845 activity via PARE sequenc-
ing, we speculate that miR845 increased presence in the SCs
could be a way to regulate transcriptional reactivation of
TEs in the gametic cells. Alternatively, due to the proposed
role of miR845 in targeting Pol IV transcripts (Borges et al.,
2018), it is also plausible that the increased presence and ac-
tivity of this miRNA in the SCs upon AGO5 loading might
also impair CHH methylation establishment. Interestingly,
both AGO1 and AGO5 are required for establishing the trip-
loid block-induced seed collapse (Figure 3, C and D), which
might be the consequence of their redundant ability to load
miR845 family members.

Together with this, our PARE sequencing and analysis has
identified a series of TEs transcribed by Pol II and regulated
by miRNAs, which induce the production of 21/22-nt sRNAs
from their transcripts (Figure 6, D–F). We speculate that
miRNA-targeting of these TEs might be a safeguard
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mechanism counteracting spurious TE expression
(Supplemental Figure S6B). Alternatively, or in parallel,
miRNA targeting might produce TE-derived secondary sRNAs,
which could be transmitted from the VC to the SCs
(Martinez et al., 2016), to protect the SCs against spurious ex-
pression of TEs or to target Pol IV transcripts and maintain
low levels of CHH methylation in the SCs. Our analysis also
highlights an interesting fact about miRNA activity in the pol-
len grain: while AGO5 loads preferentially 21-nt miRNAs,
AGO1 can load miRNAs ranging from 20 to 22 nt in length
(Figure 2E). miRNAs of 22 nt are known to induce the pro-
duction of secondary sRNAs (Chen et al., 2010; Cuperus et al.,
2010), which are the class of sRNAs identified as mobile be-
tween the VC and the SCs (Martinez et al., 2016). It is plausi-
ble to speculate that this relaxation on the size selection of
miRNAs by AGO1 leads to a production of mobile secondary
sRNAs.

In summary, our work highlights the relevance of miRNAs
for the developmental and epigenetic events that occur dur-
ing pollen grain development in Arabidopsis. The pollen
grain needs to face the duality of organizing the transcrip-
tome and epigenome of the newly established gametes in
the SCs, while accomplishing a complex developmental

program that culminates in the germination of the pollen
tube and the successful transfer of the male gametes to the
female gametophyte. In mouse and human cell lines,
changes in DNA methylation and miRNAs are an important
part of the reprogramming of cells to pluripotency (Anokye-
Danso et al., 2011; Lin et al., 2011; Miyoshi et al., 2011; von
Meyenn et al., 2016), which might be linked to a potential
miRNA control of DNA methylation, cell cycle transitions,
and regulation of apoptosis (Fabbri et al., 2007; Leonardo
et al., 2012). Our data show that during the maturation of
the Arabidopsis male gametophyte the main AGO proteins
AGO1 and AGO5 are responsible for the regulation of gene
(AGO1) and TE (AGO1 and AGO5) transcript levels
(Figure 7). The lack of activity of miRNAs against gene tran-
scripts and the appearance of AGO5 at later stages of pollen
development (with a preferential loading of miR845a and
other miRNAs that shape the mature pollen grain miRNA
profile, Figure 2G) explain the switch of the miRNome to-
ward TE control (Figures 2, G and 6, D, H, I). Hence, our
work provides insights that the complexity of the orchestra-
tion of the miRNome is not exclusive of mammalian reprog-
raming for pluripotency, but also takes place during
reproductive development in plants.
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Materials and methods

Plant material
Arabidopis thaliana plants were grown under standard long-
day conditions (16-h light and 8-h dark) in a growth cham-
ber illuminated with fluorescent tubes (Philips F25T8/TL841
25 watt tubes with a light intensity of 130 lmol m–2 s–1) at
22 �C. Plants were sown into potting soil (S-Jord, Hasselfors
Garden). The mutant alleles used in this study were ein3-1
(NASC accession number: N8052), sks12-1 (SALK_061973),
sks12-2 (SALK_009750), ago5-1, ago5-5, ago1-52 (Ler back-
ground), and ago1-27. The KRP6pro:P19-RFP transgene con-
struction, plant transformation and selection were
performed as described in Martinez et al. (2016). Primers
used for cloning are shown in Supplemental Table S3.

Total RNA, sRNA RNA gel blot, AGO
immunoprecipitation, and sRNA/PARE library
construction
Total RNA was isolated using TRIzol reagent (Life
Technologies). For miRNA RNA gel blot detection 20 lg of
total RNA were loaded in each lane for pollen developmen-
tal stage RNA gel blots. sRNA gel electrophoresis, blotting,
and cross-linking were performed as described in Pall and
Hamilton (2008). The AGO1 and AGO5 proteins were
immunoprecipitated using commercially available polyclonal
AGO1 (AS09 527) and AGO5 (AS10 671) antibodies
(Agrisera AB). AGO immunoprecipitated sRNA libraries
were constructed as indicated in McCue et al. (2012)
adapted to pollen tissue. PARE libraries were constructed
following the protocol described in Zhai et al. (2014)
adapted to pollen tissue and using mRNA enriched fractions
obtained with the NEB Magnetic mRNA Isolation Kit. All
sRNA libraries were made using the NEBNext Small RNA
Library Prep Set for Illumina (New England Biolabs) follow-
ing the manufacturer’s instructions and using gel-enriched
sRNAs as described in Martinez et al. (2016).

Pollen grain separation, germination, viability test,
and microscopy
Pollen grain separation was performed as described in
Dupl’akova et al. (2016). The pollen developmental stages
used for sRNA sequencing correspond to the fractions
termed B1 (Uninuclear), B3 (Binuclear), and A3 (Trinuclear).
Pollen germination was determined using the media recipe
from Rodriguez-Enriquez et al. (2013). Each germination as-
say was performed in triplicates. Standard Alexander staining
method was used to visualize pollen grain abortion as de-
scribed in Alexander (1969). Visualization of pollen grain ger-
mination and Alexander stained pollen grains were
performed in a Leica DM RX microscope. For pollen grain
fluorescence, pollen grains of T3 plants were mounted on
slides containing 50% glycerol and analyzed under a Zeiss
Axioplan or a Leica DMI 4000 microscope fluorescence
microscopes.

Bioinformatic analysis
sRNA libraries were trimmed using Trim Galore. Reads were
aligned using bowtie (Langmead et al., 2009) with the com-
mand “bowtie –q –t –v2” that allows two mismatches. The
TAIR10 version of the Arabidopsis genome and the miRbase
version 21 were used in this analysis. Reads were normalized
to reads per million to the total reads mapped to the
Arabidopsis chromosomes. Principal component analysis
was performed using the plotPCA tool from deepTools
(Ramirez et al., 2016) through the Galaxy platform (Afgan
et al., 2018). For PARE library analysis, miRNA cleavage
events were identified using PARESnip (Stocks et al., 2018).
Identification of high-confidence target sites was performed
using astringent PARESnip criteria and considering the pres-
ence of such target site in at least two bioreplicates in either
uninuclear, binuclear, or mature PARE libraries. For genome-
wide plots of PARE reads, PARE libraries were aligned using
bowtie and allowing two mismatches in the alignment (-v2).
Only confirmed targets on individual bioreplicates were
used for the generation of the plots, which represent the av-
erage values (in reads per million) from the different
bioreplicates.

Accession numbers
Accession numbers of discussed miRNA-targeted genes are
provided in Supplemental Data Set S4. Accession numbers
for miRNA-targeted TEs identified in this work are provided
in Supplemental Data Sets S6 and S8. Accession numbers of
public datasets analyzed in this work are provided in
Supplemental Table S4.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Overview of miRNA activity
during pollen maturation.

Supplemental Figure S2. Analysis of the sRNA popula-
tions loaded into AGO and AGO5 at uninuclear and mature
stages.

Supplemental Figure S3. Characterization of pollen phe-
notype in mutants for different components of miRNA
pathway.

Supplemental Figure S4. Overview of miRNA gene-
cleavage activity during pollen maturation.

Supplemental Figure S5. Analysis of miR845 family mem-
bers and target TEs during pollen development.

Supplemental Figure S6. Overview of miRNA TE-cleavage
activity during pollen maturation.

Supplemental Table S1. Libraries produced in this study.
Supplemental Table S2. High-confidence identified

miRNA-targeted genes in PARE libraries.
Supplemental Table S3. Primers used in this study.
Supplemental Table S4. Publicly available data analyzed

in this study.
Supplemental Data Set S1. Common and tissue specific

miRNAs identified in this study.
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Supplemental Data Set S2. Accumulation value of
miRNA families during pollen development (values
expressed in reads per million).

Supplemental Data Set S3. miRNA families identified
and enriched in AGO1 or AGO5 immunoprecipitates in
uninuclear and mature pollen grains.

Supplemental Data Set S4. Pollen miRNA-targeted genes
identified by PARE sequencing.

Supplemental Data Set S5. Accumulation of PARE reads
at miRNA target sites.

Supplemental Data Set S6. Pollen miRNA-targeted TEs
identified by PARE sequencing.

Supplemental Data Set S7. Accumulation of PARE reads
at miRNA target sites for TEs.

Supplemental Data Set S8. Pollen miR845 family-
targeted TEs identified by PARE sequencing using parame-
ters similar to Creasey et al. (2014b).
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Gustafsson Foundation for Research in Natural Sciences and
Medicine. Research in R.K.S. group is supported by NSF grant
MCB-1252370. P.E.J. is supported by an SNF professorship
grant (no.163946).

Conflict of interest statement. None declared.

References

Addo-Quaye C, Eshoo TW, Bartel DP, Axtell MJ (2008)
Endogenous siRNA and miRNA targets identified by sequencing of
the Arabidopsis degradome. Curr Biol 18: 758–762

Afgan E, Baker D, Batut B, van den Beek M, Bouvier D, Cech M,
Chilton J, Clements D, Coraor N, Gruning BA, et al. (2018) The
Galaxy platform for accessible, reproducible and collaborative bio-
medical analyses: 2018 update. Nucleic Acids Res 46: W537–W544

Alexander MP (1969) Differential staining of aborted and nona-
borted pollen. Stain Technol 44: 117–122

Allen E, Xie Z, Gustafson AM, Carrington JC (2005)
microRNA-directed phasing during trans-acting siRNA biogenesis
in plants. Cell 121: 207–221

Anokye-Danso F, Trivedi CM, Juhr D, Gupta M, Cui Z, Tian Y,
Zhang Y, Yang W, Gruber PJ, Epstein JA, et al. (2011). Highly ef-
ficient miRNA-mediated reprogramming of mouse and human so-
matic cells to pluripotency. Cell Stem Cell 8, 376–388.

Axtell MJ (2013) Classification and comparison of small RNAs from
plants. Annu Rev Plant Biol 64: 137–159

Baldrich P, Tamim S, Mathioni S, Meyers B (2020) Ligation bias is
a major contributor to nonstoichiometric abundances of second-
ary siRNAs and impacts analyses of microRNAs. bioRxiv,
2020.2009.2014.296616

Bohmert K, Camus I, Bellini C, Bouchez D, Caboche M, Benning
C (1998) AGO1 defines a novel locus of Arabidopsis controlling
leaf development. EMBO J 17: 170–180

Borges F, Martienssen RA (2015) The expanding world of small
RNAs in plants. Nat Rev Mol Cell Biol 16: 727–741

Borges F, Pereira PA, Slotkin RK, Martienssen RA, Becker JD
(2011) MicroRNA activity in the Arabidopsis male germline. J Exp
Bot 62: 1611–1620

Borges F, Parent JS, van Ex F, Wolff P, Martinez G, Kohler C,
Martienssen RA (2018) Transposon-derived small RNAs triggered
by miR845 mediate genome dosage response in Arabidopsis. Nat
Genet 50: 186–192

Calarco JP, Borges F, Donoghue MT, Van Ex F, Jullien PE, Lopes T,
Gardner R, Berger F, Feijo JA, Becker JD, et al. (2012)
Reprogramming of DNA methylation in pollen guides epigenetic
inheritance via small RNA. Cell 151: 194–205

Cecchetti V, Altamura MM, Falasca G, Costantino P, Cardarelli M
(2008) Auxin regulates Arabidopsis anther dehiscence, pollen mat-
uration, and filament elongation. Plant Cell 20: 1760–1774

Chapman EJ, Prokhnevsky AI, Gopinath K, Dolja VV, Carrington
JC (2004) Viral RNA silencing suppressors inhibit the microRNA
pathway at an intermediate step. Genes Dev 18: 1179–1186

Chen HM, Chen LT, Patel K, Li YH, Baulcombe DC, Wu SH (2010)
22-Nucleotide RNAs trigger secondary siRNA biogenesis in plants.
Proc Natl Acad Sci USA 107: 15269–15274

Chen LQ, Luo JH, Cui ZH, Xue M, Wang L, Zhang XY, Pawlowski
WP, He Y (2017) ATX3, ATX4, and ATX5 encode putative H3K4
methyltransferases and are critical for plant development. Plant
Physiol 174: 1795–1806

Creasey KM, Zhai J, Borges F, Van Ex F, Regulski M, Meyers BC,
Martienssen RA (2014a) miRNAs trigger widespread epigenetically
activated siRNAs from transposons in Arabidopsis. Nature 508:
411–415

Creasey KM, Zhai JX, Borges F, Van Ex F, Regulski M, Meyers BC,
Martienssen RA (2014b) miRNAs trigger widespread epigenetically
activated siRNAs from transposons in Arabidopsis. Nature 508:
411–415

Csorba T, Kontra L, Burgyan J (2015) viral silencing suppressors:
tools forged to fine-tune host-pathogen coexistence. Virology
479–480: 85–103

Cuperus JT, Carbonell A, Fahlgren N, Garcia-Ruiz H, Burke RT,
Takeda A, Sullivan CM, Gilbert SD, Montgomery TA,
Carrington JC (2010) Unique functionality of 22-nt miRNAs in
triggering RDR6-dependent siRNA biogenesis from target tran-
scripts in Arabidopsis. Nat Struct Mol Biol 17: 997–1003

Czech B, Munafo M, Ciabrelli F, Eastwood EL, Fabry MH, Kneuss
E, Hannon GJ (2018) piRNA-guided genome defense: from biogen-
esis to silencing. Annu Rev Genet 52: 131–157

MicroRNA dynamics and role during pollen development THE PLANT CELL 2022: 34: 784–801 | 799

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/34/2/784/6424912 by Sw

edish U
niversity of Agricultural Sciences user on 14 April 2022

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab280#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab280#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab280#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab280#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab280#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab280#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab280#supplementary-data


Dallaire A, Frederick PM, Simard MJ (2018) Somatic and germline
microRNAs form distinct silencing complexes to regulate their tar-
get mRNAs differently. Dev Cell 47: 239–247.4

Dong X, Nou IS, Yi H, Hur Y (2015) Suppression of ASKbeta
(AtSK32), a Clade III Arabidopsis GSK3, leads to the pollen defect
during late pollen development. Mol Cells 38: 506–517

Dupl’akova N, Dobrev PI, Renak D, Honys D (2016) Rapid separa-
tion of Arabidopsis male gametophyte developmental stages using
a Percoll gradient. Nat Protoc 11: 1817–1832

Erdmann RM, Satyaki PRV, Klosinska M, Gehring M (2017) A
small RNA pathway mediates allelic dosage in endosperm. Cell Rep
21: 3364–3372

Eun SH, Stoiber PM, Wright HJ, McMurdie KE, Choi CH, Gan Q,
Lim C, Chen X (2013) MicroRNAs downregulate Bag of marbles to
ensure proper terminal differentiation in the Drosophila male
germline. Development 140: 23–30

Fabbri M, Garzon R, Cimmino A, Liu Z, Zanesi N, Callegari E, Liu
S, Alder H, Costinean S, Fernandez-Cymering C, et al. (2007)
MicroRNA-29 family reverts aberrant methylation in lung cancer
by targeting DNA methyltransferases 3A and 3B. Proc Natl Acad
Sci USA 104: 15805–15810

Feng X, Zilberman D, Dickinson H (2013) A conversation across
generations: soma-germ cell crosstalk in plants. Dev Cell 24:
215–225

German MA, Luo S, Schroth G, Meyers BC, Green PJ (2009)
Construction of parallel analysis of RNA ends (PARE) libraries for
the study of cleaved miRNA targets and the RNA degradome. Nat
Protoc 4: 356–362

Gibalova A, Renak D, Matczuk K, Dupl’akova N, Chab D, Twell D,
Honys D (2009) AtbZIP34 is required for Arabidopsis pollen wall
patterning and the control of several metabolic pathways in devel-
oping pollen. Plant Mol Biol 70: 581–601

Glockle B, Urban WJ, Nagahara S, Andersen ED, Higashiyama T,
Grini PE, Schnittger A (2018) Pollen differentiation as well as pol-
len tube guidance and discharge are independent of the presence
of gametes. Development 145

Grant-Downton R, Kourmpetli S, Hafidh S, Khatab H, Le
Trionnaire G, Dickinson H, Twell D (2013) Artificial microRNAs
reveal cell-specific differences in small RNA activity in pollen. Curr
Biol 23: R599–R601

Grant-Downton R, Le Trionnaire G, Schmid R, Rodriguez-
Enriquez J, Hafidh S, Mehdi S, Twell D, Dickinson H (2009)
MicroRNA and tasiRNA diversity in mature pollen of Arabidopsis
thaliana. BMC Genomics 10: 643

Gregory BD, O’Malley RC, Lister R, Urich MA, Tonti-Filippini J,
Chen H, Millar AH, Ecker JR (2008) A link between RNA metabo-
lism and silencing affecting Arabidopsis development. Dev Cell 14:
854–866

Guo C, Xu Y, Shi M, Lai Y, Wu X, Wang H, Zhu Z, Poethig RS, Wu
G (2017) Repression of miR156 by miR159 regulates the timing of
the juvenile-to-adult transition in Arabidopsis. Plant Cell 29:
1293–1304

Honys D, Twell D (2004) Transcriptome analysis of haploid male ga-
metophyte development in Arabidopsis. Genome Biol 5: R85

Hou C-Y, Lee W-C, Chou H-C, Chen A-P, Chou S-J, Chen H-M
(2016) Global analysis of truncated RNA ends reveals new insights
into ribosome stalling in plants. Plant Cell 28: 2398–2416

Huang F, Zhu QH, Zhu A, Wu X, Xie L, Wu X, Helliwell C,
Chaudhury A, Finnegan EJ, Luo M (2017) Mutants in the
imprinted PICKLE RELATED 2 gene suppress seed abortion of fer-
tilization independent seed class mutants and paternal excess
interploidy crosses in Arabidopsis. Plant J 90: 383–395

Hunter C, Willmann MR, Wu G, Yoshikawa M, de la Luz
Gutierrez-Nava M, Poethig SR (2006) Trans-acting
siRNA-mediated repression of ETTIN and ARF4 regulates hetero-
blasty in Arabidopsis. Development 133: 2973–2981

Hutvagner G, Simard MJ (2008) Argonaute proteins: key players in
RNA silencing. Nat Rev Mol Cell Biol 9: 22–32

Jacobsen SE, Running MP, Meyerowitz EM (1999) Disruption of an
RNA helicase/RNAse III gene in Arabidopsis causes unregulated
cell division in floral meristems. Development 126: 5231–5243

Jiang H, Moreno-Romero J, Santos-Gonzalez J, De Jaeger G,
Gevaert K, Van De Slijke E, Kohler C (2017) Ectopic application
of the repressive histone modification H3K9me2 establishes
post-zygotic reproductive isolation in Arabidopsis thaliana. Genes
Dev 31: 1272–1287

Jullien P, Bonnet D, Pumplin N, Schröder J, Voinnet O (2020)
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