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% Check for updates Small RNAs (sRNAs) are widespread across diverse flowering plant species and

play important roles regulating reproduction and environmental responses.
However, how sRNAs exert their function is largely unknown, likely due to their
typical origin in non-genic regions, the lack of distinct gene targets, and the
sparse characterization of their associated Argonaute (AGO) effector proteins.
Here we show that Arabidopsis male reproductive SRNAs associate with AGO4,
5,6 and 9, all of which are enriched in meiocytes along with RNA Polymerase V
(Pol V). This enables these SRNAs to methylate loci with imperfect sequence
homology. AGO4, AGO6 and AGO9 predominantly load 24-nucleotide (nt) Pol
IV-derived sRNAs and mediate DNA methylation in meiocytes in a dosage-
dependent manner. Despite closer homology to microRNA-associated AGO1
and AGO10, AGOS5 primarily binds CLSY3- and Pol IV-derived 21-24 nt SRNAs.
Transcriptomic and methylomic analyses of meiocytes from single and com-
pound ago mutants demonstrate distinct yet complementary roles of AGO4/6/
9 and AGOS in regulating protein-coding genes and silencing transposons in
the germline. These molecular disruptions are accompanied by significant
meiotic defects. Together, our findings reveal how AGO4/6/9-mediated DNA
methylation and AGOS5, likely acting through post-transcriptional gene silen-
cing, work together to promote male germline development.

Small RNAs (sRNAs) are essential regulators of gene expression, gen-
ome stability and immunity in eukaryotes, contributing to diverse
biological processes from development to stress response’. In plants,
sRNAs typically range from 20 to 24 nucleotides (nt) in length and are
primarily categorized into microRNAs (miRNAs) and small interfering
RNAs (siRNAs)’. Among these, 24-nucleotide (nt) siRNAs are the most
abundant in plant genomes and play a central role in RNA-directed
DNA methylation (RADM)’.

RdDM is composed of two interconnected branches that form a
positive feedback loop: the siRNA biogenesis branch, also known as
the RNA Polymerase IV (Pol IV) pathway, and the DNA methylation
branch, also known as the Pol V pathway’. The siRNA biogenesis is
initiated when Pol IV is recruited to a genomic locus through the action
of four CLASSY (CLSY) proteins*®. CLSY1-4 exhibit tissue-specificity
and govern the recruitment of Pol IV to different genomic loci*’. Pol IV
transcribes a short non-coding RNA and forms a complex with RNA-
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DEPENDENT RNA POLYMERASE 2 (RDR2), which synthesizes the
complementary strand, forming double-stranded RNA (dsRNA)*™°,
dsRNA precursors are then released from Pol IV-RDR2 complex and
processed by DICER-LIKE 3 (DCL3) into 24-nt siRNA duplexes''. In the
Pol V pathway, one strand of the siRNA duplex is loaded onto an
ARGONAUTE (AGO) protein, typically AGO4/6/9"". This siRNA-AGO
complex then binds to a complementary transcript generated by Pol V,
enabling the recruitment of DOMAINS REARRANGED METHY-
TRANSFERASE2 (DRM2) to methylate the genomic region®. DRM2
catalyzes cytosine methylation across all sequence contexts (CG/CHG/
CHH, where H=A, T, or C)". RdDM is self-reinforcing, as siRNAs guide
DNA methylation through the Pol V pathway, while DNA methylation,
in turn, recruits the Pol IV pathway to generate siRNAs’.

Besides AGO4, 6 and 9, the Arabidopsis genome encodes six other
AGO proteins (excluding the pseudogene AGOS), which are classified
into two additional clades based on their sequence similarity: AGO1/5/
10 and AGO2/3/7". The AGO1/5/10 clade proteins, particularly AGO1,
which plays a central role in development'*®, are primarily associated
with miRNAs, which mediate post-transcriptional gene silencing
(PTGS) through transcript cleavage or translational repression’.
Among the AGO2/3/7 clade proteins, AGO2 is a key component of
antiviral defense, and ago2 mutants exhibit increased susceptibility to
RNA virus infections”. AGO3, which shares approximately 70%
sequence identity with AGO2, has been implicated in the RdDM
pathway”**. In Arabidopsis, AGO7 plays a crucial role in developmental
regulation, particularly through the production of transacting small
interfering RNAs (ta-siRNAs) via its interaction with miR390%. TasiR-
NAs participate in PTGS by guiding the cleavage of target mRNAs,
thereby playing crucial roles in immune defense and developmental
regulation>”%,

Although most AGOs have been well studied, the SRNAs asso-
ciated with AGOS and their biological functions are unclear. AGOS has
been reported to exhibit specific expression patterns in reproductive
cells, including the egg and sperm, as well as in subepidermal cells of
the shoot apical meristem (SAM), precursor cells giving rise to lateral
(incl. sex) organs®?. Interestingly, despite its close relationship to
AGOL1 and 10, a recent study indicates that AGOS associates with SRNAs
derived from transposable elements (TEs) in the SAM, suggesting a
role in RADM?*. However, the features and biological functions of
AGOS5-associated sRNAs are largely unexplored, and the significance of
AGOS5’s specific accumulation in germ cells and related lineages
remains unclear.

Specialized siRNAs accumulate at high levels during male repro-
ductive development across diverse flowering plant species. In
monocots such as maize and rice, reproductive-phase secondary siR-
NAs (phasiRNAs) are generated from intergenic PHAS loci®**. These
phasiRNAs are transcribed by RNA polymerase Il (Pol II), cleaved by
miRNAs, and subsequently converted into double-stranded RNA
(dsRNA) by RDR6**. The resulting dsRNA precursors are processed by
DCL enzymes into phasiRNAs with a characteristic phased pattern.
There are two major groups of reproductive phasiRNAs: 21-nt pha-
siRNAs, generated by DCL4 following miR2118 cleavage, and 24-nt
phasiRNAs, produced mainly by miR2275 and DCL5*2, These two
groups exhibit distinct spatiotemporal expression patterns during
male reproductive development. While 21-nt phasiRNAs accumulate
pre-meiotically*>**, most 24-nt phasiRNAs are expressed during
meiosis and persist through post-meiotic development®’. In maize, 21-
nt phasiRNAs are absent in mutants lacking epidermal tissue, indicat-
ing that these siRNAs are synthesized in these cells®. In contrast, the
tapetum — but not the male meiocytes — is required for 24-nt pha-
siRNA production®. DCL5-specific expression in the tapetum, coupled
with the highest accumulation of 24-nt phasiRNAs in meiocytes, indi-
cates that these tapetum-derived 24-nt phasiRNAs are transported
intercellularly into germ cells*.

21- and 24-nt phasiRNAs are important for male fertility, especially
under environmental stress®*>%, highlighting their functional sig-
nificance in reproductive development. Despite their importance, the
molecular functions of phasiRNAs remain poorly understood due to
several challenges. First, the absence of clear genic targets in the
genome complicates functional characterization. Second, our knowl-
edge of the AGO proteins that associate with phasiRNAs is limited.
Reproductive 21-nt phasiRNAs in rice have been shown to load into
MEL1 (the rice AGO5 homolog) and OsAGO1d, which regulate meiotic
progression and cold stress response, respectively®>****~*!, However,
the identity of AGO proteins that directly load meiotic 24-nt phasiRNAs
and mediate their biological functions remain unclear. Third, progress
is further hampered by the complexity of monocot genomes and the
time-consuming nature of genetic studies in these species.

Although 24-nt reproductive phasiRNAs have also been reported
from eudicot species*’, Arabidopsis is an exception, as it lacks both
reproductive 21-nt and 24-nt phasiRNAs*. However, we previously
discovered that Arabidopsis anthers accumulate a high abundance of
Pol IV-produced 24-nt siRNAs during early meiosis*’. These siRNAs
originate primarily from intergenic and repetitive regions that are
hypermethylated in all sequence contexts (CG, CHG and CHH) in the
tapetum; as 70% of these source loci overlap TEs, these are named
HyperTEs (797 loci in total)*>. Genetic mosaic analysis demonstrated
that these tapetal siRNAs move into meiocytes, where they induce
methylation at HyperTEs via perfect sequence complementarity, as
well as at homologous loci with up to three mismatches*. Many of
these imperfectly matched target loci overlap genes and are hyper-
methylated in the meiocyte; hence, we named them MetGenes (469
loci in total)*>. MetGene methylation regulates gene expression and
splicing in meiocytes, thereby promoting meiosis**. The specific ability
of the tapetum to generate these siRNAs is attributed to the tapetum-
specific expression of CLSY3, which recruits Pol IV to HyperTEs*.
Although the tapetum is similarly enriched in HyperTE-derived siRNAs,
they fail to induce methylation at MetGenes*. This indicates that
unknown molecular features specific to meiocytes are required for the
broad targeting of loci with sequence mismatches. Understanding this
meiocyte-specific targeting mechanism is crucial for elucidating
germline epigenetic regulation and may also shed light on the biolo-
gical functions of phasiRNAs. Given the spatiotemporal similarity
between HyperTE-derived siRNAs and 24-nt phasiRNAs, it is con-
ceivable that they play analogous regulatory roles in plant reproduc-
tive development.

In this study, we aimed to elucidate the special molecular
mechanism in meiocytes responsible for DNA methylation repro-
gramming by identifying the AGO effector proteins involved. We
comprehensively examined the spatial distribution of 9 AGO proteins
in Arabidopsis meiotic anthers and found that AGO4, AGOS, AGO6, and
AGO9 are abundantly expressed in meiocytes. RNA immunoprecipi-
tation coupled with sequencing (RIP-seq) revealed that all of these
AGOs predominantly bind siRNAs derived from Pol IV-dependent
siRNA clusters. Using genetic analyzes, we further demonstrated that
the biogenesis of AGO5-loaded siRNAs is dependent on Pol IV and
CLSY3. We discovered that the Pol V pathway of RADM is elaborated in
the meiocyte, including an elevated expression of AGO4/6/9 and Pol V
itself, and further showed that this elaboration is required for targeting
MetGenes with sequence mismatches. In comparison, AGO5 plays a
relatively minor, if any, role in meiocyte RADM. Transcriptome and
DNA methylome analyzes of meiocytes from various ago single and
compound mutants further demonstrate that AGO5—likely through
PTGS—and AGO4/6/9-mediated DNA methylation play important roles
in regulating the transcription of protein-coding genes and silencing
TEs in the male germline. Meiotic phenotyping revealed significant
meiotic defects in agoS and ago4,6,9 mutants. Taken together, our
results show that Arabidopsis germline siRNAs are incorporated into
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Fig. 1| AGO4, AGO5, AGO6, and AGO9 are abundantly enriched in meiocyte.

a Heatmap illustrating transcription levels of indicated genes across various tissues
and cell types in Arabidopsis. b Confocal images depicting localization patterns of
Venus-tagged AGO4, AGOS, AGO6, and AGO9 in Stage 6 anthers. Scale bar, 25 um.
¢ Confocal images showing localization patterns of NRPD1-GFP and NRPEI-GFP in
Stage 6 anthers. Both lines are in the pRPS5A::RFP-TUAS background, which labels
the microtubule cytoskeleton. Scale bar, 5 um. d Cartoon depicting the decoupling
of Pol IV and Pol V pathways in the meiocyte. In the tapetum, the Pol IV pathway
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(e.g., Pol IV, CLSY3) is highly enriched, producing large quantities of siRNAs that are
transported into neighboring meiocytes. In the meiocyte, the Pol IV pathway is
inactive, while the Pol V pathway is highly enriched (e.g., Pol V, AGO4, AGO6 and
AGO09), allowing tapetal siRNAs to target both HyperTEs and MetGenes. The
absence of Pol IV pathway in meiocytes prevents the production of perfectly
matching siRNAs from MetGenes, limiting the spread of methylation to additional
targets. Blue lines on the MetGene model indicate nucleotide mismatches.

multiple AGO proteins, which play distinct yet complementary reg-
ulatory roles in male meiocytes.

Results

AGO4, 5, 6 and 9 are abundantly expressed in Arabidopsis
meiocytes

To identify AGO proteins highly expressed in meiocytes, we analyzed
publicly available RNA-sequencing (RNA-seq) data**™* for AGO family
members (AGOI-AGO10) in meiocytes and somatic tissues. AGOS,
AGO6, and AGO9 exhibited higher expression levels in meiocytes

compared to somatic tissues (Fig. 1a). However, as transcriptional
levels do not always reflect protein abundance, we generated AGO1-
AGOIO0 reporter lines (excluding AGOS, a pseudogene), in which the
AGO open reading frames were fused with a Venus tag at the
N-terminus and driven by their native promoters (Supplementary
Fig. 1a). Confocal imaging of stage 6 anthers (meiosis stage; anther
stages defined in ref.*®) from these reporter lines revealed that AGO3,
AGO7 and AGO10 were undetectable in the meiocyte, while AGO1 and
AGO2 exhibited weak cytoplasmic signals relative to surrounding
anther wall layers (Supplementary Fig. 1b). In contrast, AGO4, AGOS,
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AGO6, and AGO9 were strongly expressed in the meiocytes, with
AGO4, AGO6 and AGO9 localized to the nucleus while AGOS5 to the
cytoplasm (Fig. 1b). Notably, AGO4 and AGO6 were also expressed in
the tapetum and other somatic cell layers, though at lower levels than
in the meiocyte (Fig. 1b). In contrast, AGOS5 and AGO9 were strictly
confined to meiocytes, consistent with a previous report®® (Fig. 1b).
Therefore, while canonical RADM in somatic tissues predominantly
relies on AGO4*’, RADM in meiocytes seems to involve a broader range
of AGO proteins, including the distinct and robust expression of AGO9,
and elevated levels of AGO4 and AGO6.

The highly elevated levels of AGO4/6/9 in meiocytes suggest that
the increased dosage of Pol V pathway components could contribute
to the pronounced off-target methylation effects. To test this idea, we
constructed Pol V-GFP reporter lines using Pol V’s largest subunit,
NRPE], driven by its own promoter (pNRPEI::NRPEI-GFP) and examined
its localization pattern in meiotic-stage anthers. Consistent with our
hypothesis, we found that the NRPE1-GFP signal strongly localizes in
the nucleus of meiocyte, at a much higher level than that in the tape-
tum and somatic tissues (Fig. 1c). In parallel, we also created reporter
lines of Pol IV using its largest subunit NRPD1 (pNRPD1::NRPDI-GFP)
and observed NRPD1-GFP was undetectable in meiocytes, but promi-
nent in the nucleus of parietal cell layers, especially the tapetum
(Fig. 1c). This result is consistent with our previous finding that meio-
cytes do not produce their own 24-nt siRNAs, and that 24-nt siRNAs in
meiocyte are transported from the tapetum*. Typically, RADM oper-
ates as a self-reinforcing loop between the Pol IV and Pol V pathways’.
Our findings demonstrate that these pathways are spatially decoupled
in the anther, with elevated Pol IV activity in the tapetum generating
abundant siRNAs while AGO and Pol V activities are strongly elevated
in the meiocyte (Fig. 1d). The higher abundance of Pol V pathway
components in the meiocyte, together with a high siRNA load (Fig. 1d),
potentially enable siRNAs to direct methylation beyond loci with per-
fect sequence homology.

AGO04/5/6/9-bound sRNAs are predominantly derived from pol-
iv-dependent siRNA clusters

To determine the sRNA populations incorporated into AGO4, AGOS,
AGO6, and AGO9, we performed small RNA immunoprecipitation
followed by high-throughput sequencing (RIP-seq) using flower buds
from corresponding reporter lines (Supplementary Table 1). Con-
sistent with previous findings****"', AGO4, AGO6, and AGO9 pre-
dominantly associate with 24-nt siRNAs, whereas AGOS5 binds to 21-, 22-
, and 24-nt sRNAs, with 24-nt being the most abundant (42.4% of all
AGO5-bound sRNAs) (Fig. 2a). Analysis of the 5’ terminal nucleotide
preference revealed that AGO4, AGO6, and AGO9 preferentially load
sRNAs with 5’A (63.1%, 74.3% and 77.6%, respectively), while AGO5
favors sRNAs with a 5°C (72.7%) (Fig. 2a); as a control, SRNAs pulled
down by GFP from pro35S::GFP transgenic plants displayed no dis-
cernible size or 5’ nucleotide bias (Fig. 2a). These analyzes confirmed
the robustness of our data.

Mapping AGO4/5/6/9-bound sRNAs to the Arabidopsis reference
genome showed that the majority (~90%) of AGO4/5/6/9-bound 24-nt
SRNAs originate from pol-iv-dependent siRNA clusters (defined in ref.’)
in flower buds (Fig. 2b). Additionally, more than 60% and 80% of AGO5-
bound 21-nt and 22-nt sRNAs, respectively, also map to pol-iv-depen-
dent siRNAs clusters (Supplementary Fig. 2a). These findings suggest
that the biogenesis of siRNAs incorporated into AGO4, AGO5, AGO6 or
AGO9 is largely dependent on Pol IV.

To investigate whether AGO4-, AGO5-, AGO6-, and AGO9-bound
siRNAs originate from distinct regions within pol-iv-dependent sSRNA
clusters, we quantified the abundance of 24-nt siRNAs bound to each
AGO at individual loci (Fig. 2c). Hierarchical analysis revealed that
AGO4-, AGO6- and AGO9-bound siRNAs clustered together, indicative
of similar distribution patterns, whereas AGO5-bound siRNAs exhib-
ited a different pattern (Fig. 2c). Compared to AGO4/6/9-bound

siRNAs, AGOS5-bound siRNAs accumulated more at clsy3- and clsy3,4-
dependent clusters and less at clsy1,2-dependent clusters (Fig. 2d).
These results suggest that while AGO4, AGO6, and AGO9 bind Pol IV-
siRNAs from similar genomic loci, AGOS preferentially loads siRNAs
from a subset of these loci that are largely dependent on CLSY3.
Notably, most AGOS5-bound 21- and 22-nt siRNAs also mapped to clsy3-
or clsy3,4-dependent sRNAs clusters (Supplementary Fig. 2b). Fur-
thermore, the abundance values of AGOS-bound 21-, 22-, and 24-nt
siRNAs at clsy3-dep clusters were highly correlated (Supplementary
Fig. 2c), supporting the hypothesis that the production of AGOS5-
bound 21/22-nt siRNAs, like AGO5-bound 24-nt siRNAs, relies on CLSY3
and Pol IV.

Pol IV and CLSY3 are essential for the biogenesis of AGO5-bound
21-, 22-, and 24-nt siRNAs

Given that AGOS is cytoplasmically expressed and evolutionally closest
to AGO], it is unexpected that AGOS5-bound 21-, 22- and 24-nt siRNAs
are predominantly derived from pol-iv-dependent sRNA clusters. To
determine whether the biogenesis of AGO5-bound siRNA depends on
Pol IV, we crossed the AGOS reporter line (pAGOS::Venus-AGOS) with
pol-iv to generate pAGOS::Venus-AGOS transgenic plants in the pol-iv
mutant background (pol-iv, pAGOS::Venus-AGOS). We then performed
AGOS RIP-seq and analyzed the loaded sRNAs. Our results showed a
sharp decrease in the abundance of AGO5-bound 21-, 22-, and 24-nt
sRNAs in pol-iv compared to WT (Fig. 3a). Additionally, the 5" C pre-
ference for AGO5-bound sRNAs was also abolished (Fig. 3a). To
exclude the possibility that this reduction results from decreased
AGOS abundance in the pol-iv background, we examined pAGOS::Ve-
nus-AGOS pol-iv plants by confocal microscopy and observed com-
parable AGOS5 signals in meiocytes relative to pAGOS::Venus-AGOS
(Supplementary Fig. 3a). These results demonstrate that AGO5-bound
siRNAs are largely produced by Pol IV.

Since the vast majority of AGOS5-bound siRNAs mapped to clsy3-
and clsy34-dependent clusters (Fig. 2d, and Supplementary Fig. 2b),
we introduced pAGOS::Venus-AGOS into a series of clsy mutants,
including clsy1,2 double, clsy3 single, clsy4 single, and clsy3,4 double
mutants. The overall abundance of AGO5-bound sRNAs, particularly
24-nt siRNAs, was greatly reduced in clsy3 and clsy3,4 mutants but
remained largely unchanged in the clsyl,2 mutant (Fig. 3a). Con-
sistently, the loss of AGO5-bound sRNAs in clsy3 and clsy3,4 mutants
also resulted in a noticeable decrease in the 5C preference (Fig. 3a).
Importantly, confocal imaging revealed comparable AGOS levels in
meiocytes of clsy3 mutants and control plants (Supplementary Fig. 3a),
excluding reduced AGOS abundance as a cause of the observed sRNA
loss. Together, these results show that AGO5-bound 24-nt siRNAs are
primarily dependent on CLSY3 (and to a lesser extent, CLSY4). Con-
sistent with the known ability of CLSY3-dependent siRNAs to target
genic loci in meiocytes with reduced sequence complementarity,
AGOS5-bound 24-nt siRNAs, like those associated with AGO4/6/9, have
the capacity to target MetGenes with up to three mismatches (Sup-
plementary Fig. 3b).

We further examined AGOS5-bound siRNAs at different clsy-
dependent clusters (Fig. 3b, ¢, and Supplementary Fig. 3c-g). Con-
sistent with the above findings, clsy3-dependent clusters showed a
substantially higher enrichment of 24-nt AGO5-bound siRNAs, com-
pared to clsyl2- and clsy4-dependent clusters (Fig. 3b-d). This
enrichment was significantly reduced in the clsy3 mutant, confirming
its dependency on CLSY3 (Fig. 3c, d). In the clsy3,4 double mutant,
AGOS5-bound 24-nt siRNAs were further depleted (Fig. 3¢, d, and Sup-
plementary Fig. 3c), indicating that CLSY4 also plays a minor and
partially redundant role in driving the production of these siRNAs.
AGOS5-bound 21- and 22-nt siRNAs displayed similar trends across these
clsy mutants (Supplementary Fig. 3d-g). Taken together, these results
establish that the biogenesis of AGO5-bound siRNAs is mediated by Pol
IV and CLSY proteins, with CLSY3 playing a predominant role.
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Fig. 3 | Biogenesis of AGO5-bound siRNAs requires Pol IV and CLSY3. a Heatmap
showing the normalized abundance of each size (18-28 nt) of AGO5-bound sRNAs in
different genetic backgrounds (left panel) with the 5’ terminal nucleotide compo-
sition of these SRNAs shown in the right panel. R, biological replicate. b Bar plots
showing the proportions of AGOS5-bound 24-nt sRNAs derived from various cate-
gories of clsy-dependent clusters (as used in Fig. 2c) relative to the total number

clsy3-dep cluster

clsy4-dep cluster

derived from pol-iv-dependent clusters. ¢ Boxplots representing the levels of AGOS-
bound 24-nt sRNAs at indicated clsy-dependent clusters across various mutant
backgrounds. Box plots show the median (center line), interquartile range (box),
and 1.5 x IQR whiskers. d Genome browser snapshots displaying the abundance of
AGO5-bound 24-nt sRNAs at representative loci from clsy-dependent clusters in
indicated genotypes.

Dosage-dependent role of AGO4, AGO6 and AGO9 in tapetal
siRNA-induced DNA methylation in meiocytes

Since AGOS predominantly associates with Pol IV-derived siRNAs, we
tested its role in establishing de novo DNA methylation in the male
meiocyte. We performed whole-genome bisulfite sequencing (BS-
seq) on meiocytes isolated from wild-type (WT) and ago$5 mutant

plants (Supplementary Table 2). Consistent with our previous
findings****, both MetGene and HyperTE loci exhibited significant
CHH hypermethylation in WT meiocytes compared to WT somatic
tissue (Fig. 4a, b). Methylation levels at both sets of loci remained
unaffected in ago$ meiocyte (Fig. 4a, b), indicating that the loss of
AGO5 alone has a minimal impact on the methylation
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Fig. 4 | AGO4/6/9, but not AGOS5, mediate de novo methylation in meiocytes.
a Boxplots depicting CHH methylation levels of HyperTEs (n =797) and MetGenes
(n=469) in the meiocytes of WT and ago5 mutant, and WT leaf. b Genome browser
snapshots showing the CHH methylation at representative HyperTE (blue color) or
MetGene (pink color) loci in WT, ago5, ago4,6,9 and pol-iv meiocytes. ¢ Boxplots

displaying DNA methylation levels at MetGenes (n =469) in meiocytes from plants
of indicated genotypes. Note that the WT controls in (a) and (c) were from different

plants grown side by side with the corresponding mutant plants in the same panel.
Consistent with the knowledge that CHH methylation is influenced by the
environment®, these WT controls show slightly different methylation levels. For all
box plots unless otherwise indicated, the center line indicates the median, the box
indicates the interquartile range (IQR), the whiskers extend to 1.5 x IQR, and P
values were calculated using a two-sided Kolmogorov-Smirnov test.

reprogramming in meiocytes. This is consistent with the lack of
AGOS signal in the nucleus (Fig. 1b).

To investigate the role of AGO4, AGO6, and AGO9 in estab-
lishing meiocyte DNA methylation, we performed BS-seq on meio-
cytes isolated from ago4, ago6, ago9, ago4,6, ago6,9, and ago4,6,9
mutants (Supplementary Table 2). We observed that single muta-
tions caused slight DNA methylation reduction at MetGenes
(Fig. 4c). Among these, ago6 single mutant showed a stronger effect
than ago4 or ago9 (Fig. 4c). DNA methylation was further reduced in
ago4,6 and ago6,9 double mutants, and the ago4,6,9 triple mutant
completely abolished the hypermethylation at both sets of loci,
reducing methylation to levels observed in pol-iv mutant meiocyte
(Fig. 4b, c). These findings suggest semi-redundancy between
AGO4, AGO6, and AGO9 and support our model in which the high
overall dosage of AGO proteins in meiocytes facilitates the broad
targeting ability of siRNAs (Fig. 1d). Similarly, DNA methylation at
HyperTEs was reduced by ago4, ago6 and ago9 compound muta-
tions (Supplementary Fig. 4). Together, these results demonstrate
that tapetal siRNAs-induced hypermethylation in the meiocyte
depends on the dosage of AGO4, AGO6, and AGO9 proteins. The
comparable DNA methylation levels between ago4,6,9 triple and

pol-iv mutants (Fig. 4c) suggest that AGOS5 does not contribute to
DNA methylation establishment in meiocytes.

AGOS and AGO4/6/9 work synergistically to regulate gene
expression in meiocytes

We next investigated the impact of these meiocyte-enriched AGOs on
transcription by performing RNA-sequencing (RNA-seq) on meiocytes
isolated from WT, agos, ago4,6,9, and pol-iv mutants (Supplementary
Table 3). We identified 271, 1488, and 3254 differentially expressed
genes (DEGs) in ago$, ago4.6,9, and pol-iv meiocytes, respectively, in
comparison to WT meiocytes (Fig. 5a-c, Supplementary Fig. 5a, b, and
Supplementary Data 1). These DEGs exhibited significantly higher
levels of AGO-associated siRNAs than non-DEGs (Supplementary
Fig. 5c), suggesting that at least a subset of these genes are direct
targets of siRNA-mediated regulation.

Consistent with the RADM pathway’s prevalent role in tran-
scriptional repression®?, the majority (approximately 75%) of DEGs
were upregulated in ago4,6,9 and pol-iv mutants (Fig. 5b, c).
Moreover, upregulated DEGs in ago4,6,9 and pol-iv meiocytes
significantly overlapped with MetGenes, whereas ago5 DEGs and
downregulated DEGs in ago4,6,9 or pol-iv meiocytes did not show
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Fig. 5| AGOS5 and AGO4/6/9 play synergistic roles to regulate gene expression
in meiocytes. a-c Volcano plots illustrating the numbers of differentially expres-
sed genes (DEGs) identified in the meiocyte of agoS$, ago4,6,9, and pol-iv compared
to WT. DEGs, log2 (fold change) >1 and ¢ < 0.01. d Venn diagram displaying the
overlap of up-regulated genes found in the meiocyte of pol-iv, ago4,6,9, and agos.
e Heatmap showing the expression levels of genes categorized into different
groups in the meiocyte of WT, ago$, ago4,6,9, and pol-iv, with RNA-seq data from
three biological replicates (R1-3). Sp, specific; N, intersection. f Boxplots indicating

the expression levels of different sets of genes in WT, ago5, ago4,6,9, and pol-iv
meiocytes. The number of genes in each group is showed in (e). Boxes show the
interquartile range (IQR), with the center line indicating the median and whiskers
extending to 1.5 x IQR. g Expression changes of genes located within the flanking
20 kb regions of MetGenes in the meiocyte of ago5 vs. WT (upper panel), ago4,6,9
vs. WT (middle panel), and pol-iv vs. WT (lower panel). The number of genes in each
box plot is indicated at the top of the panel. The box plots are formatted as
described in (f).

significant overlap (Supplementary Fig. 5d). Nevertheless, the
overlap between upregulated DEGs and MetGenes remained
relatively small (-2%; Supplementary Fig. 5d), suggesting that
most transcriptional changes are likely indirect consequences
rather than direct effects of DNA methylation loss. Consistent
with AGO4, AGO6, AGO9, and Pol IV functioning in the same de
novo methylation pathway, 65% (724/1113) of upregulated and
27% (100/375) of downregulated genes in ago4,6,9 meiocytes
overlapped with those showing corresponding changes in pol-iv
meiocytes (Fig. 5d, and Supplementary Fig. 5e). Together, these
results indicate that the Pol IV-AGO4/6/9 pathway exerts broad

effects on meiocyte gene expression, despite directly methylating
only a limited subset of genes.

Previously, we showed that the de novo methylation pathway
promotes male meiosis, as the drmi1 drm2 double mutant produces an
increased proportion of triads at the end of meiosis compared to WT
(7% in drml drm2 versus 0% in WT)**. This phenotype was shown to
result from defective splicing of the key meiotic gene MULTIPOLAR
SPINDLE 1 (MPSI; also known as PUTATIVE RECOMBINATION INITIA-
TION DEFECTS 2, PRD2), in which loss of DNA methylation at the last
intron causes increased intron retention, generating a premature stop
codon and reducing functional MPSI transcript levels**. Consistently,
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we detected elevated retention of the last MPSI intron in both ago4,6,9
triple mutant and pol-iv mutant meiocyte RNA-seq data, which was
further confirmed by RT-PCR (Supplementary Fig. 6a). Correspond-
ingly, both ago4,6,9 triple mutant and pol-iv mutant also exhibited
elevated frequencies of meiotic triads relative to WT (Supplementary
Fig. 6b, and Supplementary Table 4). The penetrance of this phenotype
was modestly lower than previously reported for drml drm2 mutant
(4% versus 7%), likely reflecting differences in growth conditions,
which are known to influence RdDM activities™°.

Although fewer genes were misregulated in ago5 meiocytes
compared to pol-iv and ago4,6,9 meiocytes, a substantial proportion of
both upregulated (76%) and downregulated genes (32%) in agoS
meiocytes overlapped with those with corresponding changes in pol-iv
meiocytes (Fig. 5d, and Supplementary Fig. 5e), consistent with our
finding that AGOS binds Pol IV-derived siRNAs. Additionally, 39% of
upregulated genes in ago5 meiocytes overlapped with those upregu-
lated in ago4,6,9 meiocytes (Fig. 5d), suggesting that AGOS may
function in partial redundancy with AGO4/6/9 in regulating meiocyte
gene expression. Supporting this idea, genes upregulated in ago4,6,9
or pol-iv meiocytes often showed a modest transcriptional increase in
agoS5 meiocytes (Fig. Se, f). However, because AGO5 does not con-
tribute detectably to DNA methylation and is predominantly localized
in the meiocyte cytoplasm, these observations suggest that AGOS
modulates gene expression through an alternative mechanism,
potentially PTGS. The ago5 mutant nevertheless exhibited a modest
but significant increase in triad formation together with elevated MPS1
mis-splicing (Supplementary Fig. 6a, b, and Supplementary Table 4),
suggesting that AGOS partially converges with meiotic regulatory
pathways controlled by Pol IV and AGO4/6/9.

Notably, a large number (1729) of DEGs were categorized as being
specifically upregulated in pol-iv mutant meiocytes (Fig. 5d). These
transcripts tend to be slightly elevated in ago5 and ago4,6,9 mutants,
suggesting that AGOS and AGO4,6,9 have distinct, but synergistic roles
in gene regulation in meiocytes (Fig. 5e, f). In addition, a subset of
genes upregulated in ago46,9 mutants did not exhibit significant
expression changes in pol-iv or ago5 mutants (Fig. 5e). This aligns with
the known flexibility of the siRNA pathways in adapting to disruptions
by utilizing alternative non-canonical component proteins, as pre-
viously demonstrated for DCL proteins, Pol IV and Pol I, and AGOs*"%,

Since DNA methylation of MetGenes was abolished in ago4.6,9
and pol-iv meiocytes, we next evaluated how MetGene-targeted gene
expression was affected in these mutants. We assessed expression
changes in genes located within 20-kilobase (kb) regions flanking
MetGenes. Consistent with DNA methylation patterns, genes located
near MetGenes (<1.2kb) exhibited a clear trend of transcriptional
upregulation in pol-iv and ago4,6,9 meiocytes, but not in ago5 meio-
cytes (Fig. 5g). These results align with our previous study** and further
support that DNA methylation at MetGenes plays an essential role in
transcriptional regulation in meiocytes.

Distinct but intersecting roles of AGO5 and AGO4/6/9 in trans-
poson silencing in meiocytes

To investigate the involvement of AGO5, AGO4/6/9 and Pol IV in TE
regulation in meiocytes, we compared TE transcription in these
mutants to that in WT meiocytes. While only one differentially
expressed TE (DETE) was identified in ago5 meiocytes, 64 and 57 DETEs
were detected in ago46,9 and poliv meiocytes (Supplementary
Data 2), respectively, with the majority being upregulated (Fig. 6a-c).
Upregulated TEs are associated with significantly higher levels of
AGO4/6/9-bound siRNAs, compared to downregulated or non-
differentially expressed TEs (Supplementary Fig. 7a), consistent with
the established role of RADM in TE repression*’. TE family enrichment
analysis revealed that the AtGP1 family was enriched among upregu-
lated TEs in pol-iv meiocytes, whereas both the METAL and AtGP1
families were highly represented among upregulated TEs in ago4,6,9

meiocytes (Supplementary Fig. 7b, c). This is consistent with our pre-
vious finding that an AtGP1 Gypsy retrotransposon is specifically
derepressed in rdr2 single and drml drm2 double mutant male
germlines®. Our data demonstrate that AGO4/6/9 and Pol IV are key
regulators of TE silencing in meiocytes.

Among the 50 upregulated TEs in ago4 6,9 mutant meiocytes, 10
(20%) were also substantially upregulated in the pol-iv mutant (Fig. 6d,
e, and Supplementary Fig. 7d), indicating that their silencing depends
on AGO4/6/9- and Pol-IV-mediated DNA methylation. Indeed, these
transposons, primarily from the AtGP1 family, showed significant loss
of DNA methylation at their long terminal repeat (LTR) sequences in
ago4,6,9 and pol-iv mutant meiocytes (but not in ago5 mutant meio-
cytes) (Fig. 6f, g). In contrast, the remaining 40 (80%) upregulated TEs
in ago4,6,9 mutant meiocytes were not upregulated by more than
fourfold in pol-iv mutant meiocytes (Fig. 6d). Most (34 out of 40, 85%)
of these exhibited mild upregulation in pol-iv meiocytes, such as
ATITES8825 (Fig. 6f, g), whereas some others remain unaffected in pol-
iv mutant (Fig. 6f). This result is consistent with the strong flexibility of
siRNA pathways™** mentioned in the previous section and suggests
that AGO4/6/9 also participate in Pol IV-independent RNA interference
pathways to maintain TE silencing in the germline.

Additionally, 44 TEs were categorized as being only activated in
the pol-iv mutant (Fig. 6d). A closer look at the RNA-seq data revealed
that many (42 of 44, 95%) of these TEs nonetheless exhibited mild
increases of transcription in ago46,9 mutant meiocytes, exemplified
by AT2TE23670 from the AtGP1 family (Fig. 6e, f). Consistent with this
derepression, the LTR regions of AT2TE23670 showed reduced DNA
methylation in both ago4,6,9 and pol-iv mutants (Fig. 6g), and its
transcriptional activation was further confirmed using an LTR-YFP
reporter (Supplementary Fig. 8). Notably, 33 of these 44 (75%) TEs also
showed slight upregulation in the ago5 mutant (Fig. 6e, f). Similarly, for
the 40 TEs upregulated exclusively in ago4,6,9 meiocytes, 29 (72.5%) of
them also exhibited a slight elevation in ago$ (Fig. 6e, f). Therefore,
AGOS also contributes to TE silencing in meiocytes, likely through
PTGS. Together, these results indicate that Pol IV-derived siRNAs
mediate TE repression in the meiocytes through synergistic AGO5-
mediated PTGS and AGO4/6/9-mediated DNA methylation.

Discussion

Our study reveals that Arabidopsis AGO4, AGO5, AGO6, and AGO9 are
highly expressed in meiocytes and associate with Pol IV-dependent
siRNAs. We also show that Pol V is strongly enriched in meiocytes,
whereas Pol IV is absent in meiocytes but highly expressed in the
tapetum. Genetic and transcriptomic analyzes demonstrate that
AGO4, AGO6, and AGO9 act in a dosage-dependent manner to mediate
DNA methylation at MetGenes, thereby regulating gene transcription
in meiocytes. Collectively, these results elucidate three key mechan-
isms by which tapetal siRNAs methylate genic regions with imperfect
sequence homology: (1) elevated Pol IV pathway activity in the tapetum
ensures the production of abundant siRNAs; (2) highly expressed Pol V
pathway components (inc. AGOs and Pol V) compensate for reduced
affinity due to siRNA-scaffold mismatches and allow broad targeting;
(3) Pol IV absence in meiocytes prevents the generation of perfect-
matching siRNAs from MetGenes, restricting target expan-
sion (Fig. 1d).

Unexpectedly, we find AGOS binds 21, 22, and 24-nt siRNAs that
are predominantly dependent on Pol IV and CLSY3 for their produc-
tion. Given that AGO5 and CLSY3 are exclusively expressed in the
meiocyte and tapetum, respectively, during the meiotic stage in the
anther, and that the production of tapetal siRNAs requires CLSY3, this
indicates that tapetal siRNAs also bind AGO5 in the meiocyte, in
addition to AGO4, 6 and 9. However, our data show that AGOS5 does
not mediate DNA methylation in meiocytes, because: (1) AGOS is
localized in the meiocyte cytoplasm (Fig. 1b); (2) ago5 mutants show no
significant hypomethylation (Fig. 4a) and (3) ago4.6,9 triple mutants
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exhibit comparable methylation loss to pol-iv mutants (Fig. 4c). A
previous study reported AGOS association with 21-22 nt siRNAs and its
involvement in DNA methylation in sperm cells®. Together, these
observations suggest AGOS undergoes a stage-specific functional shift
between meiocytes and sperm cells, highlighting functional diversifi-
cation of AGOS5 during male germline development.

Interestingly, these AGO4/5/6/9-bound, Pol IV-derived siRNAs
show striking similarities with phasiRNAs in monocots. These siRNAs
are produced by the tapetum and transported into meiocytes during
meiotic prophase I, resembling 24-nt phasiRNAs in maize***’. Second,
their source loci (HyperTEs) are hypermethylated, similar to the source
loci of 24-nt phasiRNAs in maize®. Like phasiRNAs, these siRNAs are
important for male fertility, as both ago4,6,9 and ago5 mutants display
significant meiotic defects (Supplementary Table 4). Finally, the AGO5
homolog in rice is also meiocyte-specific and is associated with
phasiRNAs**¢%¢!, These similarities suggest that Pol IV-derived siRNAs
may functionally substitute for phasiRNAs in Arabidopsis. This idea is
highly plausible, given the well-documented plasticity of siRNA
pathways**%, including this study. Given its simple genome and
tractable genetics, Arabidopsis thus serves as an excellent model for
investigating phasiRNA mechanisms. Our findings indicate that tapetal
siRNAs regulate gene expression and TE silencing in meiocytes via
distinct yet complementary pathways mediated by AGOS5 and AGO4/6/
9. Exploring these mechanisms in monocot crops could deepen our
understanding of phasiRNA function and facilitate their application in
agriculture. Given their crucial role in fertility, particularly in response
to environmental cues, this knowledge could be leveraged to develop
environment-sensitive male sterility lines for hybrid seed production.

Methods

Plant material

Plants used in this study (Arabidopsis thaliana Col-0) were grown
under 16 h light/8 h dark in a growth chamber (21°C, 70% humidity).
The following published mutants were used in this study: ago4-5%,
ago9-2°°, ago5-1°, nrpd1-3% (pol-iv), clsyl-7, clsy2-1, clsy3-1, clsy4-I°. The
ago4-4 ago6-2 (ago4,6) double, ago6-2 ago9-1 (ago6,9) double, and
ago4-4 ago6-2 ago9-1 (ago4,6,9) triple mutants were obtained from
Wang et al.*’. The clsy1,2 and clsy34 double mutants were generated
from our previous study®. Transgenic plants were obtained by
Agrobacterium-mediated floral dip. Individual Venus-AGO constructs
(AGO1-AGO10), driven by their native promoters, were transformed
into Col-0 wild-type plants. For these, two independent T1 lines were
used for cytometric analysis, and T2 transgenic plants of AGO4/5/6/9
reporter lines were used for AGO immunoprecipitation assays. The
PAGOS::Venus-AGOS constructs were transformed into, respectively,
pol-iv, clsy1,2, clsy3, clsy4, and clsy3,4 mutant backgrounds by crossing
PAGOS::Venus-AGOS (Col-0) with the corresponding mutant. Both
PNRPDI::NRPD1-GFP and pNRPEI::NRPEI-GFP constructs were trans-
formed into plants expressing pRPSSA:RFP-TUAS®® (Col-0 back-
ground), which labels the microtubule cytoskeleton, via the
Agrobacterium-mediated floral dip method. T1 plants were recov-
ered and used for microscopic examination. The GPI, rz::YFP reporter
line (Col-0 background)** was crossed into agos, ago4,6,9 and pol-iv
mutant backgrounds.

Isolation of meiocyte

Arabidopsis male meiocytes (meiotic prophase I) were isolated as
described previously*’. Briefly, stage 9 flower buds were collected and
gently squeezed between a glass slide and a coverslip. The released
meiocytes were examined carefully under a microscope. Clean meio-
cytes free from any somatic-cell debris were transferred to a new slide
with capillary glass pipettes, washed with 1x PBS buffer three times and
frozen in liquid nitrogen. RNA and DNA were extracted for subsequent
library preparation.

Plasmid construction

For the AGO (AGO1/2/3/4/5/6/10) reporter constructs, approximately
2 kb upstream of each AGO gene was cloned as the promoter and
each AGO gDNA sequence (including introns) was amplified using the
primers listed in Supplementary Data 3. The PCR products were first
cloned into the donor vector pK7m34GW*, followed by cloning into
the destination vector pGWBI13-Bar** using the MultiSite Gateway
method (Invitrogen, cat. no. 11791-020). For AGO7 and AGO9
reporter constructs, approximately 2 kb upstream of each gene was
cloned as the promoter. The Venus tag and each AGO gDNA
sequence (incl. introns) were amplified using the primers listed in
Supplementary Data 3. The PCR products were ligated to the
PpCAMBIA1301 backbone vector using the In-Fusion cloning system
(Takara, cat.no 638908). pNRPDI::NRPDI-GFP and pNRPEI::NRPEI-
GFP constructs consisting 6.3 and 4.0 kb of promoter sequences, 5.9
and 8.4 kb of coding genomic sequences, 2.2 and 1.4 kb of down-
stream sequences, respectively, and sGFP sequences at C-terminus
were generated in pENTR2B backbone (Invitrogen, cat.no: A10463)
using subcloning and re-assemble strategy combining SLiCE
reaction® and restriction enzymes (Supplementary Data 3). Resul-
tant constructs were subsequently cloned into a binary plant
expression vector pGWB601%° via a Gateway LR reaction.

AGO immunoprecipitation and sRNA preparation

Flower buds (up to flower stage 12), with open flowers carefully
removed, from Arabidopsis plants transgenic for Venus-tagged AGO in
either the wild-type or mutant backgrounds, were harvested on ice.
Approximately 50 plants were frozen and ground into a fine powder
using liquid nitrogen. The powder was then mixed with IP buffer
(20 mM Tris-HCI (pH=7.5), 10 mM NP-40, 10% glycerol, 1mM EDTA,
1 mM PMSF, 5 mM DTT and protease inhibitor (Roche, #11836170001))
and incubated on a rotating wheel for 30 min. This and all subsequent
steps were performed at 4°C. Cell debris was removed by cen-
trifugation at 12,000 x g for 10 min, repeated twice. The supernatant
was incubated with 50 pL GFP-trap magnetic beads (ChromoTek) on a
rotating wheel for 2 h. Afterwards, the beads were washed 5 times with
IP buffer. Finally, TRIzol reagent was used to elute immunoprecipitants
and extract AGO-bound sRNAs, which were then prepared for library
construction.

Library preparation and high-throughput sequencing
AGO-immunoprecipitated sRNA libraries were prepared as previously
reported®. All sSRNA-seq libraries were constructed from two biologi-
cal replicates. Bisulfite sequencing (BS-seq) libraries of meiocytes iso-
lated from WT and different mutants were constructed as previously
described*’. RNA-seq libraries of WT, agoS$, ago4,6,9 and pol-iv meio-
cytes were prepared as previously reported*’. All RNA-seq libraries
were constructed from three biological replicates of isolated cells. All
the above libraries were sequenced on the NextSeq 500 (Illumina)
platform. Statistics of all libraries are listed in Supplementary
Tables 1-3.

Confocal microscopy

Anthers at stage 6 were dissected from floral buds in a drop of ster-
ilized water under a stereo microscope (Zeiss Stemi 1000). Dissected
anthers were examined using a Leica SP8 confocal microscope with
20x lens (HCX PL APO CS 20.0x 0.70 DRY UV; for AGO reporter lines)
or a Zeiss LSM780 confocal microscope with a W-plan-Apochromat
40x/1.0 DIC objective (for NRPD/NRPEI1 reporter lines). The following
settings were used for the visualization of Venus (excitation at 514 nm,
emission bandpass at 511-563 nm), autofluorescence (excitation at
514 nm, emission bandpass at 616-668 nm), GFP (excitation at 488 nm
and emission bandpass at 488-559 nm), and RFP (excitation at 561 nm
and emission bandpass at 567-646 nm).

Nature Communications | (2026)17:10758


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-77326-1

Meiotic phenotype analysis

Meiotic cell spreads were prepared using fixed flower buds as descri-
bed previously”. Slides were stained with DAPI and analyzed using a
Zeiss AxioScan slide scanning microscope. The formation of tetrads
and triads was analyzed and quantified by two independent investi-
gators in a double-blind manner.

RT-PCR

300 ng total RNA was reverse transcribed with a RevertAid First Strand
c¢DNA Synthesis Kit (Thermo Fisher Scientific, K1621) for RT-PCR
(Supplementary Fig. 6a). RT-PCR was performed to detect the reten-
tion of the last intron in MPSI as previously described*’.

Data analysis

For BS-seq, adaptor, low-quality sequencing reads and the first
9bp of each read were trimmed using TrimGalore version 0.4.1
with default parameters. Clean reads were then mapped to the
TAIR10 Arabidopsis reference genome using Bismark’ (version
0.22.2). Duplicated reads were filtered out using Picard tools
MarkDuplicates version 1.141 (http://broadinstitute.github.io/
picard/). Subsequent DNA methylation analysis was performed as
previously described. For sRNA-seq, adaptor trimming for raw
sequencing reads was performed using Cutadapt’ (version 3.7).
AGO-bound 18-28 nt sRNAs were mapped to the TAIR10 Arabi-
dopsis reference genome with zero mismatches (-v 0) using
ShortStack” (V3.85). The abundance of 21-, 22- or 24-nt sRNAs
loaded into each AGO at pol-iv-dependent clusters or different
categories of clsy-dependent clusters (all defined in ref.’) was cal-
culated using Reads per Kilobase Per Million (RPKM). The FastQC
software (Version 0.12.0, https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/) was used for analysis of the 5 terminal
nucleotide composition for AGO-loaded sRNAs. For RNA-seq,
reads were mapped to Arabidopsis reference transcriptome
(TAIR10) using Hisat2’*. FeatureCounts’ was used to calculate the
number of raw counts for individual TEs or genes, and DEseq2’®
was used to identify differentially expressed TEs or genes in the
corresponding mutant versus WT. To minimize mapping artefacts
from repetitive TE regions, TEs whose coverage was dominated by
low-MAPQ multi-mappers and secondary alignments over poly(A/
T) tracts were excluded.

Statistical analysis

For all the violin plots in this study, the plot shows the distribution of
the data and its probability density, with the box enclosing the middle
50% of the distribution (the horizontal line marks the median) and
whiskers illustrating 1.5 times the interquartile range. Unless otherwise
stated, P values in violin plots were all calculated using a two-sided
Kolmogorov-Smirnov test. All reps included were biological
replicates.

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

Data availability

lllumina sequencing data (RIP-seq, BS-seq, and RNA-seq) generated in
this study have been deposited in the NCBI BioProject and are acces-
sible under accession number PRJNA1192978. Published BS-seq data of
Arabidopsis meiocyte used in this study for Fig. 4a are available in the
NCBI GEO database under accession code GSE161625.

Code availability
All custom codes are available via the request to the corresponding
author.
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