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Upstream regulator of genomic imprinting
in rice endosperm is a small RNA-associated
chromatin remodeler

Avik Kumar Pal, Vivek Hari-Sundar Gandhivel , Amruta B. Nambiar &
P. V. Shivaprasad

Genomic imprinting is observed in endosperm, a placenta-like seed tissue,
where transposable elements (TEs) and repeat-derived small RNAs (sRNAs)
mediate epigenetic changes in plants. In imprinting, uniparental gene
expression arises due to parent-specific epigeneticmarks on one allele but not
on the other. The importance of sRNAs and their regulation in endosperm
development or in imprinting is poorly understood in crops. Here we show
that a previously uncharacterized CLASSY (CLSY)-family chromatin remodeler
named OsCLSY3 is essential for rice endosperm development and imprinting,
acting as an upstreamplayer in the sRNApathway. Comparative transcriptome
and genetic analysis indicated its endosperm-preferred expression and its
likely paternal imprinted nature. These important features are modulated by
RNA-directed DNA methylation (RdDM) of tandemly arranged TEs in its pro-
moter. Upon perturbation of OsCLSY3 in transgenic lines, we observe defects
in endosperm development and a loss of around 70% of all sRNAs. Interest-
ingly, well-conserved endosperm-specific sRNAs (siren) that are vital for
reproductive fitness in angiosperms are also dependent on OsCLSY3. We
observed that many imprinted genes and seed development-associated genes
are under the control of OsCLSY3. These results support an essential role of
OsCLSY3 in rice endosperm development and imprinting, and propose similar
regulatory strategies involving CLSY3 homologs among other cereals.

Seed formation is a major stage in the life cycle of gymnosperms and
angiosperms. The embryo is embedded in a nourishment tissue and
protected by a seed coat in a typical seed, and such an arrangement
protects the embryo from unfavorable environmental conditions and
mechanical damage. Unlike gymnosperms, angiosperms seeds
evolved a unique nourishment tissue called endospermwhich is also a
product of fertilization like embryo. Among the two haploid sperm
nuclei in the pollen, one fertilizes the egg and the other fertilizes with
typically a diploid central cell, in a process called as double fertiliza-
tion. This results in a diploid embryo and a triploid endosperm1,2.

Apart from the nourishment of the developing embryo, endo-
sperm also senses the environmental parameters such as temperature,

nutrient availability, biotic factors, etc. to control seed germination3–6.
Endosperm derived signals such as small molecules, hormones, pro-
teins, peptides, RNAs, etc. play crucial roles in the development of the
embryo7. Besides, endosperm is the major source for carbohydrates,
proteins and fat for most of the animals, including humans8.

Despite several landmark studies, mechanism of endosperm
development is still an obscure area of research8. Multiple studies in
model plant Arabidopsis indicated that genetic, hormonal and epige-
netic pathways play vital roles in endosperm development. Unique
ploidy, genomic imprinting and chromatin organization in endosperm
distinguishes it from other plant tissues2,9. Imprinting is important
since it regulates endosperm development, providing reproductive
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fitness to the embryo. A gene is imprinted when one of the parental
alleles is partially or completely silenced due to allele-specific epige-
netic marks in chromatin and the other allele gets expressed. Among
the imprinted genes that are paternally silent butmaternally expressed
are called maternally expressed imprinted genes (MEGs), and genes
that are maternally silent but paternally expressed are referred to as
paternally expressed imprinted genes (PEGs)9–14.

Epigenetic players such as DNA methylation, demethylation and
polycomb group (PcG) of proteins and associated processes regulate
genomic imprinting through chromatinmodifications inArabidopsis15–17.
In agreement with this, mutations in several epigenetic-associated
imprinted genes led to defective endosperm and embryos14,18–21. Sur-
prisingly, across plants, most of the major epigenetic regulators of
imprinting themselves were imprinted in endosperm, including FIS2,
MEA, VIM5, OsFIE1, OsEMF2a, ZmFIE1, ZmFIE2 genes. Often, tissue- and
allele-specific expression of these major players were also tightly regu-
lated by epigenetic pathways10,22–29. Thus, epigenetic pathways seem to
play a crucial role in endosperm development by regulating expression
of imprinted and development-related genes.

DNAmethylation, considered as the primary epigenetic mark, is a
major contributor to genomic imprinting in plants30,31. The cytosine
methylation of DNA is peculiar in plants as it is observed in CG, CHG
and CHH contexts (where H corresponds to A, T, or C). Multiple DNA
methyltransferases encoded by plants establish and maintain methy-
lation marks. There is a division of labor to maintain these marks, the
CGmethylation ismaintainedbyMETHYLTRANSFERASE1 (MET1)while
CHG methylation requires CHROMOMETHYLASE3 (CMT3). The CHH
methylation is regulated by a de novo DNA methyltransferase named
DOMAINS REARRANGED METHYLTRANSFERASE2 (DRM2) which is
guided by RdDM. Another methyltransferase named CMT2 also
maintains CHH methylation in specific loci32.

A plant-specific DNA-dependent RNA polymerase IV (Pol IV) gen-
erates small (∼30–40 nt) transcripts predominantly from TEs and
repeats to initiate RdDM. These RNAs get converted into double-
stranded (ds) forms by RNA DEPENDENT RNA POLYMERASE2 (RDR2).
The ds substrates are processed into 23–24nt sRNA duplexes by
DICER-LIKE3 (DCL3). The 24 nt sRNAs are preferentially loaded into
ARGONAUTE4/6/9 (AGO4/6/9) to guide DRM2 to methylate TEs and
repeats by associating with long non-coding transcripts (150–200nt)
generated by another plant-specific polymerase named Pol V. Pol IV is
specifically recruited to TEs and repeats by a family of SNF2 chromatin
remodelers named CLASSY (CLSY) along with SAWADEE HOME-
ODOMAINHOMOLOG1 (SHH1)proteins.The tissue-specific expression
of CLSYs regulates tissue-specific DNA methylation in Arabidopsis33–38.

Although RdDM is known to regulate imprinting in Arabidopsis39,
there seems to be some variations in theway it contributes to genomic
imprinting across plants. For example, RdDM pathway derived 24 nt
sRNAs are majorly maternally biased in the young seeds of
Arabidopsis40,41 and these sRNAs regulate imprinting and seed
development42,43. However, paternal genome also contributes sub-
stantial amount of sRNAs in endosperm44. In maize and Brassica rapa,
24 nt sRNAs weremajorly maternally biased in endosperm45,46 whereas
in rice, 24 nt sRNAs were derived from both parental genomes14,27,47.
Unlike other tissues, a major portion of 24 nt sRNAs were majorly
derived from genic regions and not from TEs in rice endosperm47. The
same study found a unique class of highly expressing sRNA loci in rice
endosperm named siRNA endosperm-specific (siren) loci. These loci
overlapped with genic and inter-genic regions47. Multiple studies have
also revealed the presenceof siren loci inB. rapa andArabidopsis, both
in endosperm and ovule tissues. The siren derived sRNAs not just
induced DNA methylation46,48, but also regulated expression of adja-
cent genes. Siren loci derived sRNAs can also trigger DNAmethylation
in trans at specific protein-coding genes48,49, indicating their versatile
nature, functions of which is not well understood. In rice, maize and
Arabidopsis, many imprinted sRNA loci are located proximal to the

imprinted genes. Surprisingly, silenced alleles of many imprinted
genes generate imprinted sRNAs14,27,44,45,47.

The early stages of endosperm development are very similar
between cereals like rice and dicots like Arabidopsis. However, differ-
ences are observed in the later stages of development. After the cel-
lularization, endosperm among cereals differentiates into two types of
tissues—theouter aleurone layer and the inner starchy endosperm.The
cereal endosperm rapidly accumulates large amounts of storage
material which nourishes the embryo during embryogenesis and seed
germination. In Arabidopsis, endosperm provides nourishment only
during embryogenesis. How such variations in development are
imposed and maintained in plants are unknown50,51. Such a variation
holds huge commercial and agronomic value. Few imprinting-
associated genes were found conserved between dicots and
monocots14,25,27,47,52–54, while, the number of conserved imprinted genes
were comparatively higher among monocots25,26,54. Cereals seem to
havemany different regulators for endospermdevelopment; however,
their contributions are unknown.

Here, we used a transcriptome screen to identify epigenetic
players of endosperm development in rice. A previously unannotated
ortholog of Arabidopsis CLSY3 was identified. This gene is majorly
expressed in endosperm and regulated key TE-derived sRNAs, siren
loci and imprinted sRNA loci. Using genetic and molecular methods
including knockdown (kd) and knockout (KO) lines, we show that rice
CLSY3-dependent loci regulate several imprinted genes and seed
development-related genes. Mutation in OsCLSY3 negatively affected
endosperm development, whereas its overexpression (OE) led to lar-
ger seeds with defective cellularization. OsCLSY3 predominantly
bound to long terminal repeat (LTR)TEs in the genomeas seen inChIP-
analysis performed using twodifferent epitope tags.We also identified
that OsCLSY3 itself is a MEG and its silencing in vegetative tissues was
maintained through an RdDM loop operating at TEs in its promoter.
These results indicated RdDM-controlled tissue-specific roles of aMEG
chromatin regulator OsCLSY3 in rice endosperm development.

Results
OsCLSY3 is an endosperm-preferred imprinted gene
To understand key regulators of endosperm development in rice, we
performed a tissue-specific transcriptomeanalysis using rice seeds.We
isolated rice embryo as well as endosperm (20–25 days after pollina-
tion—DAP), and performed transcriptomic analysis with biological
replicates using an elite indica rice variety Pusa Basmati-1 (henceforth
PB1) as described in “Methods” section (Fig. 1A and Supplementary
Fig. 1A). More than 90% of the intact reads of about 30 million reads/
library were mapped to rice genome (Supplementary Table 1). Well-
known tissue-specific marker genes55 that express either in embryo,
suchasOsH1,OsARF2,OsRS2,OsGRF4, or in endosperm, such asOsFIE1,
OsNF-YC1128,56, showed expected patterns, indicating that the tissues
taken for analysis were free fromcross-contamination (Supplementary
Fig. 1B, C). The green (non-seed) tissue contamination, considered as a
major problem in seed transcriptomes, was not observed in embryo
and endosperm transcriptomes, since expression of green tissue-
specific genes such as Os12g0516000 and Os09g0537700 (OsRRP)
were not detected (Supplementary Fig. 1D)57. To find the endosperm
and embryo-preferred genes, we considered log2 2-fold upregulated
and downregulated genes, respectively, in endosperm when com-
pared to embryo for further analysis. Around 3607 transcripts (3459
annotated) showed embryo-preferred expression, while transcripts
that expressed highly in endosperm were around 3686 (3367 anno-
tated) (Supplementary Data 1 and 2). From the gene ontology (GO)
analysis, we observed embryo-preferred genes were majorly involved
in hormonal pathways, transcription-related functions, development-
related, while endosperm-preferred genes were related to carbohy-
drate, protein metabolism and transport-related pathways (Supple-
mentary Fig. 1E, F). The genes that showed endosperm-preferred
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expression in dicots such as AP2, WRKY, bHLH, MADS box, NAC tran-
scription factors behaved similarly in rice58–60. We also observed mul-
tiple carbohydrate storage, starch branching and sugar metabolism-
related genes such as OsSGL, OsGBP, SBDCP1, and OsFLO2 were
uniquely expressed in cereal endosperm (SupplementaryData 1 and 2).

We explored if the differential expression of genes were due to
epigenetic players, chromatin modifiers, transcription factors and
associated co-factors. To find possible endosperm-preferred epige-
netic regulators, we compared expression of 159 epigenetic genes in
endosperm61–65. Among these, 21 were highly expressed in endosperm
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bidopsis, rice and maize. 1000 bootstrap replications. E Domain architecture of
CLSY3 proteins (predicted). F Expression of rice CLSYs across tissues (RNA-seq).
G RT-qPCR analysis of OsCLSY3 and OsCLSY4 across different tissues. OsActin
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results were obtained. H Vector map of P: OsCLSY3: GUS, and GUS expression
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OsCLSY3 (putative MEG) and OsSHH1 (BiG). Punnett square showing possible EN
genotypes. Transcript contribution from the WWP genotype seeds is shown for
imprinted genes. Stacked barplots showing theoretical and observed transcript
contribution of three genes in WWP EN. Dotted lines indicate the theoretical
percentage of maternal and paternal SNPs. Source data are provided as a Source
Data file.

Article https://doi.org/10.1038/s41467-024-52239-z

Nature Communications |         (2024) 15:7807 3

www.nature.com/naturecommunications


(Fig. 1B). We observed that candidates such as SDG714, OsAGO12,
OsMORC6, ENL-1 like chromatin remodelers, several methyl-
transferases, JMJ genes and previously studied PcG complex-related
genes showed endosperm-preferred expression (Supplementary
Data 1 and 2). Many epigenetic genes themselves were imprinted and
they can regulate endosperm development and imprinting of other
genes10,21,22,40,66–68. To find endosperm-preferred imprinted epigenetic
genes, we overlapped endosperm-preferred genes with 635 known
imprinted genes14,27,52,53 and 159 epigenetic genes (Supplementary
Data 3). We found three epigenetic genes, i.e.,OsFIE1,OsJMJ706 and an
unannotated gene Os02g0650800 (LOC_Os02g43460) that were
imprinted as well as highly expressed in rice endosperm (Fig. 1B). The
roles of OsFIE1 in endosperm development28,29,67–69, and OsJMJ706 in

flower development are well known70,71. However, identity and func-
tion of Os02g0650800, which is a majorly endosperm-preferred gene
that is listed as an imprinted gene in two published datasets was
unknown (Fig. 1C). The gene was grouped in DRD1 family of SNF2
domain containing chromatin remodeler in rice (CHR740)72. A phylo-
genetic analysis indicated that CHR740was close to Arabidopsis CLSY3
(Fig. 1D) andmatched previous phylogenetic studies73 (Supplementary
Table 2). The gene Os02g0650800 (LOC_Os02g43460) was recently
named as FEL174. The CHR740 had 29.3% amino acid identity, 44.5%
amino acid similarity with Arabidopsis CLSY3 and both having
N-terminal Intrinsically disordered region (IDR), C-terminal SNF2
domains as predicted in InterProScan and Prosite tools75,76 (Fig. 1E).
IDRs are crucial formany chromatin associated epigenetic regulators77.
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Monocots such as rice andmaize seem to have threeCLSY genes unlike
four CLSYs found in Arabidopsis (Fig. 1D)72,73,78. We found that maize
ortholog of OsCLSY3 GRMZM2G178435 (RMRL1), is also a MEG25 and it
is closely related to OsCLSY3 (45.3% amino acid identity and 57.5%
amino acid similarity). We noted that rice CHR722 (Os07g0692600/
LOC_Os07g49210/FEL2) and CHR742 (Os05g0392400/LOC_Os05
g32610/FEM2) were similar to Arabidopsis CLSY1 and CLSY4, respec-
tively (Fig.1D). The CHR722 was already denoted as OsCLSY1, and also
as where it was implicated in anaerobic germination and seedling
growth79 and the same gene also named as FEL2 in a recent report74. In
Arabidopsis, CLSYs have tissue-specific expression, while CLSY1, CLSY2
are majorly expressed in leaf and flower buds, whereas CLSY3, CLSY4
are majorly expressed in unfertilized ovules37. We observed that
OsCLSY3 and OsCLSY1 are majorly expressed in endosperm and
embryos, respectively in PB1. However, unlike Arabidopsis, OsCLSY4/
FEM2 is expressed ubiquitously (Fig.1F and Supplementary Fig. 2A, B).
The expression patterns ofCLSY genes inmaize alsomatched the same
pattern as in rice, indicating that monocot CLSYs have similar expres-
sion patterns (Supplementary Fig. 2C). RT-qPCR analysis across dif-
ferent rice tissues further confirmed spatiotemporal expression of
CLSYs (Fig. 1G and Supplementary Fig. 2D). In indica rice PB1, using
RNA-seq and RT-qPCR analysis, we found that OsCLSY3 and OsCLSY4
were expressed in different stages of endosperm unlike a previous
report from japonica rice74. In order to further clarify the tissue-
specific expression ofOsCLSY3, we generated a β-glucuronidase (GUS)
reporter construct driven by 1.1 kb promoter of OsCLSY3 (Supple-
mentary Fig. 2E). We observed that its expression was restricted in the
unfertilized ovule, specific-anther stages and all tissues within the
endosperm, but not in embryo (Fig. 1H).

To investigate imprinting status of OsCLSY3 further, we identified
single nucleotide polymorphisms (SNPs) in the OsCLSY3 CDS of dif-
ferent rice varieties. We performed crossing with indica rice variety
Whiteponni (WP) as a maternal and PB1 as a paternal parent. Endo-
spermofF1 plantswasgenotyped and imprinting status ofOsCLSY3 (10
DAP) was tested (Supplementary Fig. 2F). We used OsSHH1 as a bi-
allelic gene (BiG) and a published PEG OsARF22 as controls27. We
observed that for OsCLSY3, 86.1% of transcripts came from the
maternal genome when compared to OsSHH1 (BiG) which showed
65.3%. As expected in the case forOsARF22, a PEG, 86.4% of transcripts
were from the paternal genome (Fig. 1I and Supplementary Fig. 2F).
These analyses demonstrated that OsCLSY3 is a MEG in rice.

DNA methylation at MITE TEs controls expression of OsCLSY3
Since MEGs in rice are majorly regulated by DNA methylation at their
proximal regions, we probed DNA methylation status of OsCLSY3
promoter to understand the basis for its endosperm-preferred
expression. Two heavily methylated Miniature Inverted TE repeats
(MITE)-like regions, one similar to Ditto element, and another to
Tourist element, were observed 600bp upstream of OsCLSY3 tran-
scription start site. To investigate the role of methylation in OsCLSY3
regulation, PB1 seeds were germinated inMSmedia and transferred to
DNA methyltransferase blocker 5-aza-2′-deoxycytidine (AZA) contain-
ing media, as described27 (Supplementary Fig. 3A). We observed
ectopic expression ofOsFIE1, a well-known endosperm-specificMEGas
well asOsCLSY3 in a dose-dependent manner (Supplementary Fig. 3B).
Ubiquitously expressed OsCLSY4 was found unaltered upon AZA
treatment, indicating that DNA methylation regulated the expression
of OsCLSY3 but not of OsCLSY4 (Supplementary Fig. 3B). In leaf, the
OsCLSY3 promoter (2 kb) was heavily methylated majorly at CHH sites
when compared to the OsCLSY4 promoter (Supplementary Fig. 3C).
Since TEs and repeats at the genepromoter can regulate tissue-specific
DNA methylation16,31, we measured DNA methylation levels of those
MITEs by targeted bisulfite (BS)-PCR (Supplementary Table 1). DNA
methylation at MITE TEs was higher in vegetative leaf and panicle tis-
sues when compared to endosperm (Supplementary Fig. 3D). This

result was in agreement with published embryo and endosperm DNA
methylation datasets52, specific toOsCLSY3 promoter and notOsCLSY4
promoter (Supplementary Fig. 3E). These results supported the
antagonistic relation between DNA methylation at OsCLSY3 promoter
and its expression across tissues.

Further, to study the role ofMITE TEs in context of transcriptional
regulation of OsCLSY3, we generated transgenic GUS reporter plants,
with GUS gene driven by wild type (PB1) OsCLSY3 promoter (1.1 kb)
(Fig. 1H) or by OsCLSY3 promoter with deleted MITE TEs. Removal of
TEs significantly elevatedGUSexpressionwhich further suggested that
DNA methylation repressed OsCLSY3 expression via MITE TEs (Sup-
plementary Fig. 3F). Further, the GUS expression was increased upon
AZA treatment, supporting our previous observations (Supplementary
Fig. 3G, H). We also generated a transgenic line in which GUS gene is
driven by CLSY3 promoter having a single MITE (Tourist MITE). The
plant showed higher GUS expression when compared to native
OsCLSY3promoterwith twoMITEs (Supplementary Fig. 3F). UponAZA
treatment, the GUS expression was also higher in these transgenic
plants (Supplementary Fig. 3H, I). Short TEs near to gene are regulated
by the RdDMpathwaywhen cytosinemethylationmarks aremajorly at
CHHcontexts80. SinceMITEsweremethylated densely at CHH sites, we
quantified the sRNA levels across different tissues from previously
published datasets81,82. We found that 24 nt sRNAs at the MITEs TEs
were more abundant in embryo and flag leaf when compared to
endosperm in our sRNA datasets (Supplementary Fig. 3J) and in
northern analysis (Supplementary Fig. 3K). The sRNA level variation
across tissues also suggested a clear correlation between sRNAs and
DNA methylation at the OsCLSY3 promoter.

DNA methylation at MITE TEs is regulated through RdDM
If the RdDM pathway is involved in regulation of DNA methylation of
MITE TEs, signatures of perturbation of this regulation must be seen
across mutants in the RdDM pathway. Abundance of MITE derived
sRNAs in osnrpd1-kd panicle81 were drastically reduced in comparison
to PB1 (Fig. 2A, B). Since sRNAs that establish DNA methylation are
loaded into AGO4 in Arabidopsis83, we investigated available rice AGO
RNA Immunoprecipitation (RIP) datasets84 and found that MITE
derived sRNAs were enriched in OsAGO4a and OsAGO4b (Fig. 2C).
Correspondingly, OsCLSY3 mRNA expression was high in osnrpd1-kd
youngpanicle and anther tissues (Fig. 2D).We alsomeasured sRNAand
DNA methylation levels using published datasets of several RdDM
mutants64,85,86. We found that RdDM mutants in rice such as osrdr2/
fem1 and osnrp(d/e)2 showed reduction of MITE derived sRNAs in the
OsCLSY3 promoter, whereas, as expected, MITE derived sRNAs were
unaltered in osnrpe1 (Fig. 2E and Supplementary Table 3). Corre-
spondingly, there was higher expression of OsCLSY3 in some mutants
such as osdrm2 and osnrpd1-kd RNA-seq datasets that are publicly
available (Supplementary Fig. 4A and Supplementary Table 3). How-
ever, similar increase in OsCLSY4 mRNA was not observed in these
mutants (Supplementary Fig. 4B). Since Arabidopsis CLSYs recruit Pol
IV at specific TEs and repeats36, we hypothesized that MITE TEs might
be regulated by another member of the CLSY family. OsCLSY4 was
found majorly expressed in vegetative tissues unlike OsCLSY3
(Fig. 1F, G). We hypothesized that OsCLSY4 might be recruiting Pol IV
to the MITE regions in the OsCLSY3 promoter in vegetative tissues. To
check this, we generated clsy4-kd plants by artificial miRNA (amiR)
strategy87–89 and compared silencing of MITEs through sRNAs. Inde-
pendent amiR-expressing transgenic lines had reduced expression of
OsCLSY4 (Supplementary Fig. 4C, D). In clsy4-kd leaf, we observed a
dose-dependent reduction of MITE sRNAs (Fig. 2F). Also, we observed
drastic reduction inMITE derived sRNAs in clsy4-kd similar to osnrpd1-
kd panicle, indicating that OsCLSY4 is likely recruiting Pol IV into
OsCLSY3 promoter (Fig. 2F). Using bisulfite sequencing (BS-PCR), we
found a reduction of DNAmethylation at theOsCLSY3 promoter in leaf
tissues of clsy4-kd, which indicated that OsCLSY4 controls expression
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of OsCLSY3 via RdDM (Fig. 2F). Also, OsCLSY3 level was elevated in
5-day old clsy4-kd seedling tissues (Supplementary Fig. 4E). The
osclsy4-kd plants generated in this study showed various agronomic
phenotypes such as reduced height of plants, increased tillering and
less grain filling matching previous observations in fem2 (osclsy4)
mutant in japonica rice74 (Supplementary Fig. 4F–H). However, we also
found osclsy4-kd plants had smaller endosperm a phenotype that was
not explored in fem2 mutant74 (Supplementary Fig. 4F). We also
quantified DNAmethylation levels in theMITE region in several known
RdDM mutant datasets86,90. We observed, similar to sRNAs, methyla-
tion was also reduced in osrdr2/fem1 mutant in rice (Fig. 2G). Among
datasets derived from several DNAmethyltransferasemutants in rice86

(Supplementary Table 3), only in osdrm2 and its other combinations, a
total abolishment of DNA methylation at OsCLSY3 promoter was
observed (Fig. 2H). All these results conclusively demonstrate that the
RdDM pathway regulates expression of OsCLSY3.

OsCLSY3 knockout (KO) plants exhibited sterility
While OsCLSY3 is an endosperm-preferred imprinted gene in mono-
cots such as rice and maize25,27,53, in Arabidopsis its homolog is not an
imprinted gene58,91. However, the RdDM pathway derived sRNAs reg-
ulate endosperm development in Arabidopsis43. Since role of CLSY3 in
the context of rice endosperm development is not explored, we tar-
getedOsCLSY3with CRISPR-Cas9 gRNA against a unique region of first
exon of OsCLSY3 and generated KO plants. Presence of intact T-DNA
was confirmed by junction-fragment southern blot analysis (Supple-
mentary Fig. 5A). In all these plants, the OsCLSY3 gene was edited as
desired (Supplementary Fig. 5B). Vegetative growth of KO plants was
unaffected (Supplementary Fig. 5C), however, three mutants (KO #1,
#4, #5) showed strong phenotypes in panicles including complete
sterility, indicating thatOsCLSY3plays anessential role in reproduction
(Supplementary Fig. 5D). Other edited mutants in which defects were
not observed, had either one or two amino acids deletions without
altering the protein significantly. A KO of a homolog of OsCLSY3 in
japonica rice named FEL1 did not show adverse phenotype74. This
variation in phenotypes between subspecies of rice might be due to
the sequence difference in theN-terminal endwhereOsCLSY3 and FEL1
are quite dissimilar, or due to the difference in editing and the nature
of the truncated protein generated in these experiments. The nrpd1
mutant of rice andCapsella showedvery low yield due to drastic pollen
defects81,92. In order to check if KO plants show pollen sterility, we
performed pollen viability assay and found non-viable pollen grains in
KO plants (Supplementary Fig. 5E). A drastic reduction in number and
morphologically defective, prematurely deadpollenswere observed in
KO lines (Supplementary Fig. 5F, G). There were very few endosperms
developing in KO seeds and they showed severe morphological
defects. The endosperms were partially filled and had brown spots on
the surface (Supplementary Fig. 5H). However, none of the KO plants
displayed growth defects in vegetative stages, indicating that the role
of OsCLSY3 is restricted to specific tissues such as pollens and endo-
sperm (Supplementary Fig. 5I). All these results collectively suggest
that OsCLSY3 is crucial for overall reproductive development.

Knockdown (kd) and overexpression of OsCLSY3 (OE) led to
yield-related phenotypes
Since KO plants were sterile, we planned to kd the gene through amiR
strategy87–89. We generated transgenic plants with two amiRs driven by
constitutive promoters in one T-DNA which was named as osclsy3-kd2
(double amiR) (Supplementary Fig. 6A, B). To silence OsCLSY3 in a
dose-dependent manner, we also generated transgenics expressing
single amiR (Supplementary Fig. 6A, B). Integration of T-DNA in the
genome was verified by southern blot (Supplementary Fig. 6C). We
obtained a total of 7 transgenic plants (lines 1 and 5–10) with double
amiRs (osclsy3-kd2) (Fig. 3A and Supplementary Fig. 6D) and 8 plants
(lines 1–8) with single amiR (osclsy3-kd1) (Fig. 3A). We selected two

different osclsy3-kd lines for phenotyping and RT-qPCR (osclsy3-kd1
plant #1 was denoted as osclsy3-kd1, and osclsy3-kd2 plant #5 as
osclsy3-kd2, respectively). About 76% and 60% reduction in OsCLSY3
transcripts were observed in osclsy3-kd2 and osclsy3-kd1 endosperm
tissues, respectively (Fig. 3B). Both osclsy3-kd lines did not show
abnormalities in vegetative tissues (Fig. 3C, E), but they had smaller
seeds when compared to PB1 (Fig. 3D). The osclsy3-kd had reduced
seed length, seed width and weight, indicating a crucial role of
OsCLSY3 in endosperm development (Fig. 3F). We obtained one
transgenic line (osclsy3-kd2 #2) in which T-DNA was intact but amiR
was completely silenced (Fig. 3A and Supplementary Fig. 6C). We
observed that seeds of this line were similar to PB1 (Supplementary
Fig. 6E). The osclsy3-kd plants displayed minor alterations in primary
root length in the second generation, probably due to the change in
germination resulting from abnormal endosperms (Supplementary
Fig. 6F, H). To investigate the tissue-specific role of OsCLSY3 further,
we generated OE plants driven by a constitutive promoter (Supple-
mentary Fig. 6G). The single copy OE plants (Fig. 3G and Supplemen-
tary Fig. 6G, I), showed robust vegetative growth and had bigger seeds
when compared to PB1 (Fig. 3H–K). We observed that grain length and
grain width were also increased in OE plants (Fig. 3F). However, the
grain filling rate was significantly reduced probably due to trade-off
phenotype (Fig. 3L). To study the internal morphology of osclsy3-kd
and OE seeds, we sectioned endosperm and observed chalkiness, a
signature of altered cellularization, in OE endosperms (Supplementary
Fig. 6J). In KO, osclsy3-kd and OE lines, endosperm filling and cellu-
larization timing defects were observed when we performed detailed
histochemistry and scanning electron microscope (SEM) analysis
(Supplementary Fig. 7A–D). The chalkiness is considered as a poor
agronomic quality of the grains93,94. In OsCLSY3 OE seedlings, we
observed shorter roots which was exactly the opposite of that we
observed in osclsy3-kd seedlings (Supplementary Fig. 6F). These
phenotypes were in agreement with perturbed endosperm develop-
ment, since this tissue plays important roles in germination and
seedling development4,95. Our germination assay revealed slower seed
germination in OE when compared to PB1 and osclsy3-kd (Fig. 3M, N).
These results collectively suggest that proper spatiotemporal expres-
sion of OsCLSY3 is crucial for normal development in rice.

Majority of 23–24 nt sRNA producing loci in endosperm were
OsCLSY3-dependent
CLSYs in Arabidopsis recruit Pol IV into repeats and transposons,
hallmark of which include production of 24 nt sRNAs derived from
these regions36,73. To identify endosperm expressing sRNA loci, sRNA
sequencing in osclsy3-kd was carried out (osclsy3-kd2). Nearly 90% of
about 20 million reads/library mapped to the reference rice genome
(Supplementary Table 1). The 23–24 nt sRNA profile was different in
endosperm when compared to other tissues as observed
previously46,47. Unlike flag leaf and embryo tissues, fewer sRNA loci
contributed to the 23–24 nt sRNA pool in endosperm (Fig. 4A). A clear
reduction in different size classes of sRNAs was observed in osclsy3-kd
endosperm (Fig. 4B and Supplementary Fig. 8A). Principal component
analysis (PCA) also indicated that 23–24 nt sRNAs were altered in
osclsy3-kd and osnrpd1-kd endosperm tissues (Supplementary
Fig. 8B). Further analysis indicated that the sRNAs dependent on
OsCLSY3 were also reduced in osnrpd1-kd lines (Fig. 4C). Reduction in
23–24 nt sRNAs was observed chromosome-wide (Fig. 4D). These
sRNAs were derived from genic regions as well as from class I (repli-
cates in the genome by copy–paste mechanism) and class II TEs
(replicates in genome by cut–paste mechanism) (Fig. 4E). Majority of
the 23–24 nt sRNAs which had 5′A were drastically reduced in osclsy3-
kd (Supplementary Fig. 8C). To identify CLSY3-dependent sRNA loci,
we quantified number of loci present in PB1 and osclsy3-kd endosperm
by ShortStack analysis (Supplementary Data 4 and 5). We observed
that around 70% of sRNA loci lost 23–24 nt sRNAs in osclsy3-kd, when
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osclsy3-kd with and without de-husking. E Boxplots showing height and panicle
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phology in OE. (SB—1mm). I Images showing de-husked OE seeds (SB—1 mm).
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a Source Data file. All experiments were repeated at least twice with consistent
results.
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compared to PB1 in a bedtools based analysis and these were termed
CLSY3-dependent sRNA loci (Fig. 4F and Supplementary Data 6). As
expected, the CLSY3-dependent sRNA loci were also regulated by Pol
IV (Fig. 4C). The bedtools intersect analysis showed the CLSY3-
depenedent sRNAs predominantly originated from LTRs, different
DNA TEs and genes (Supplementary Fig. 8D). Along with 23–24 nt
sRNAs, there was also reduction in 21–22 nt sRNAs derived from the
same loci (Supplementary Fig. 8E) as shown previously in Arabidopsis
endosperm44. Since osclsy3-kd plants displayed a global reduction of
sRNAs, we checked pools of 21–22 nt sRNAs mapped to miRNA
encoding loci96,97, and theywerenot significantly reduced inosclsy3-kd
(Fig. 4G). The 23–24 nt CLSY3-dependent sRNAs were derived from
both class I (Gypsy, LINE1, SINE, LTR) and class II (MITE, En-Spm) TEs
(Fig. 4H and Supplementary Fig. 8F).

In order to further understand the role of OsCLSY3 in genome-
wide DNA methylation through sRNAs, we performed whole-genome
BS sequencing (Supplementary Table 1). The level of DNAmethylation
in EN tissues was at much lower levels than other reproductive tissues
as observed previously in model plants including Arabidopsis98,99.
However, a clear reduction in DNA methylation was observed in sev-
eral loci overlapping with CLSY3-dependent sRNAs (Fig. 4I and Sup-
plementary Fig. 9A). We analyzed DNA methylation at 21,653 CLSY3-
dependent loci that lost sRNAs and 2620 CLSY3-dependent loci that
gained sRNAs (Supplementary Data 6). After removing non-numerical
values, among the 13,259 CLSY3-dependent loci that lost sRNAs, DNA
was hypermethylated in 7257 loci and hypomethylated in 4953 loci.
Among the 1800 CLSY3-dependent sRNA gained loci, 898 loci showed
increased DNA methylation, while 723 loci showed decrease in DNA
methylation (Supplementary Data 7). In all these loci, reduction was
largely in CHH context. However, as observed previously, there was a
clear hypermethylation in the adjacent cytosines next to CLSY3-
dependent loci in osclsy3-kd lines (Fig. 4J and Supplementary Fig. 9B).
As indicated previously73,74, this hypermethylation was largely over
CHH contexts (Supplementary Fig. 9C–E). These are likely due to the
redundancy between CLSY members, or overlap and/or competition
with other epigenetic information. However, a clear reduction in DNA
methylation across 4953 loci that also lost CLSY3-dependent sRNAs in
osclsy3-kd indicated regulation of RdDM by OsCLSY3 in endosperm
tissues (Supplementary Fig. 9F–H). These results collectively suggest
that OsCLSY3 is a major regulator of sRNAs in endosperm and CLSY3-
dependent sRNAs are crucial for silencing of specific classes of TEs and
repeats through RdDM.

OsCLSY3 preferentially binds to specific motifs in TE-rich
regions
In order to understand the role ofOsCLSY3 in silencing specific regions
in the genome, we performed chromatin immunoprecipitation fol-
lowed by sequencing (ChIP-seq) in panicle tissue (Supplementary
Table 1).We generated transgenic rice lines expressingOsCLSY3 under
its own promoter with two different epitope tags (GFP and 2Xmyc) at
C-terminal (Supplementary Figs. 6B and 10A). We obtained 8864
peaks with GFP-tagged CLSY3 and 7958 peaks with 2Xmyc tagged
CLSY3, respectively (Supplementary Fig. 10B and Supplementary
Data 8). There were more than 90% peaks (7115 peaks) overlapping
between ChIP-seq datasets with two different tags, indicating a clear
enrichment for specific binding regions (Fig. 5A). These 7115 peaks
were broad peaks as observed in Arabidopsis CLSY members (Fig. 5B).
Among the peaks bound byOsCLSY3, there was a clear enrichment for
LTR TE regions (Fig. 5C and Supplementary Fig. 10C). This is striking
because thousands of regions are bound by a single CLSY in rice with a
preference for TEs (Fig. 5D), while Arabidopsis CLSY proteins seem to
be binding to fewer regions in hundreds without a clear preference for
genomic features37. In Arabidopsis, CLSY3 bound to a short AT rich
motif in <200 loci37. Interestingly, OsCLSY3 bound to specific regions
that are enriched with two 29-nt long sequence motifs (Fig. 5E). Rice

CLSY3 also had minor preference for a few other TE classes but the
number of overlapping peaks were <300, and in those loci CLSY3
bound to longer sequence motifs (Supplementary Fig. 10D). Among
7115 CLSY3-bound peaks, 1398 peaks clearly overlapped with CLSY3-
dependent sRNA loci. In these 1398peaks, sRNAabundancewas clearly
reduced and the regions were adjacent to, or overlapped with CLSY3-
dependent sRNA loci (Fig. 5F, G).

OsCLSY3 regulates expression of endosperm-specific sRNAs
(siren RNAs) and adjoining genes in endosperm
Since in Arabidopsis ovules, CLSY3 and CLSY4 generate sRNAs from
siren loci37,38, we investigated if OsCLSY3 is also involved in the reg-
ulation of siren loci (Supplementary Data 9). We measured 23–24 nt
sRNAs derived from known rice siren loci52, and found sRNAs from
these loci were reduced in osnrpd1-kd endosperm tissues (Fig. 6A and
Supplementary Fig. 11A, B). We also found the same pool of siren loci
derived sRNAs were reduced in osclsy3-kd endosperm tissues
(Fig. 6B–D). As observed previously, siren loci were less expressed in
embryo and flag leaf tissues47,52. The sRNAs from siren loci were also
reduced in osnrpd1-kd endosperm (Fig. 6D and Supplementary
Fig. 11B). According to expression levels of siren loci in osclsy3-kd
endosperm, we further categorized siren loci into three groups (Sup-
plementary Data 8). Among all the categories, siren loci derived sRNAs
were downregulated in osnrpd1-kd (Supplementary Fig. 11C, D). We
found among 797 siren loci in rice, 316 weremajorly downregulated in
osclsy3-kd and these were likely regulated by OsCLSY3 (category-I).
Category-2 loci of about 464 were moderately affected in osclsy3-kd.
We also got 17 loci which were upregulated in osclsy3-kd (category-3)
(Supplementary Data 9 and Supplementary Fig. 12A, B). In a sRNA
northern blot analysis, we found siren sRNAs were reduced in osclsy3-
kd and osnrpd1-kd endosperm tissues, indicating a direct role of
OsCLSY3 in their accumulation (Fig. 6F). Since siren loci derived sRNAs
have the potential to guide DNAmethylation at cis or trans loci46–49, we
performed a targeted BS-PCR to understand the impact of DNA
methylation upon osclsy3-kd and osnrpd1-kd. The observed reduction
of methylation was comparatively more drastic in nrpd1-kd than in
osclsy3-kd endosperm, probably due to compensatory effect, likely
involving other CLSYs as discussed above (Supplementary Fig. 11E).
While we did not find global reduction in DNA methylation when all
siren lociwere considered (SupplementaryFig. 12C),weobserved clear
hypomethylation in multiple siren loci (Fig. 6E and Supplementary
Fig. 12D, E). Among 316 category-1 siren loci where CLSY3-dependent
sRNAswere clearly reduced, DNAhypomethylationwasobserved in 94
loci, whereas hypermethylation was observed in 134 loci in osclsy3-kd
lines. In category-2 siren loci, DNA hypermethylation was observed in
176 loci and hypomethylation was observed in 146 loci. In category-3,
among 17 loci, 7 loci were hypomethylated and 6 loci got hyper-
methylation. Lack of complete correlation between levels of CLSY3-
dependent siren RNAs and DNA methylation indicated a possible role
for other size classes of sRNAs regulatingDNAmethylation. A crosstalk
with DNA demethylation pathways that might contribute to altered
DNAmethylation inmany loci is also a distinct possibility in osclsy3-kd
lines. This is also observed previously in Arabidopsis37. We also
observed hypermethylation of DNA methylation in multiple siren loci
as discussed earlier73,74. These indicate a partially redundant role for
OsCLSYs in regulating siren loci in endosperm tissues. These results
collectively suggested that OsCLSY3 regulated a major portion of
sRNAs production from the siren loci and contributed to their DNA
methylation status.

Although endosperm development-related phenotypes were
not reported in Arabidopsis clsy mutants, we found smaller sized
endosperm in osclsy3-kd seeds when compared to PB1 (Fig. 3D). To
understand the mechanism that might be operating, a tran-
scriptomic analysis was carried out in osclsy3-kd endosperm tissues
(Supplementary Table 1). We shortlisted 2870 differentially
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expressed genes (DEGs) with log2 1.5-fold upregulation or down-
regulation (Fig. 6G and Supplementary Data 10, 11). To understand
the correlation between levels of CLSY3-dependent sRNAs and
DEGs, we compared 23–24 nt sRNA levels ±2 kb windows near DEGs
and observed a reduction of sRNAs near the DEGs (Fig. 6H). A strong
antagonistic correlation (Pearson’s correlation coefficient: −0.96)
between CLSY3-dependent sRNAs and gene expression was
observed among thousands of loci, indicating that CLSY3-
dependent sRNAs might be regulating their expression (Fig. 6I

and Supplementary Data 12). This observation suggested that sig-
nificant number of the DEGs were regulated by OsCLSY3 in endo-
sperm. Around 24 genes which were upregulated in osclsy3-kd,
clearly overlapped with CLSY3-dependent sRNA loci and their DNA
methylation levels were reduced in osclsy3-kd (Fig. 6J and Supple-
mentary Data 13). It is possible that CLSY3 also plays a significant
role in the expression of the remaining DEGs through less abundant
sRNAs or due to altered development of the plants. We also found
mis-expression of 58 well-known endosperm development and
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yield-related genes100,101 having siren loci adjacent to them (±2 kb) in
osclsy3-kd lines (Fig. 6K). Around 1258 genes which located next to
CLSY3-dependent sRNA loci were significantly mis-expressed in
osclsy3-kd (Supplementary Fig. 13A and Supplementary Data 13).
Around 12 MADS box genes previously identified as crucial reg-
ulators of endosperm development21,102–106 were mis-expressed in

osclsy3-kd (Supplementary Fig. 13A). As a control, we analyzed few
genes that overlapped with CLSY3-independent sRNA loci. As
expected, we observed these genes were unaltered in osclsy3-kd
(Supplementary Fig. 13B). In addition, many well-known seed
development-related genes such as OsMKKK10, OsFAD2, OsTAR1,
OsNF-YB1 known for their role in seed development related to
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signaling and fat/carbohydrate metabolism were mis-expressed in
osclsy3-kd endosperm (Supplementary Fig. 13C). Among these 58
genes were overlapped with CLSY3-dependent sRNA loci indicating
a direct role ofOsCLSY3 in their regulation (Supplementary Data 13).
These results collectively demonstrate that CLSY3-dependent
sRNAs direct endosperm development by regulating expression of
multiple development, hormone and metabolism-related genes.

OsCLSY3 regulates expression of imprinted genes through
imprinted sRNA loci
It was observed that RdDM dependent sRNAs regulated expression of
imprinted genes in Arabidopsis43,44, however, it was not known if CLSYs
played any role in genomic imprinting. Inosclsy3-kd transcriptome,we
observed mis-expression of well-established imprinted genes, sug-
gesting a possible role for OsCLSY3 in imprinting (Fig. 7A, B). The
detailed analysis further showed 265 genes were upregulated and 44
genes were downregulated in osclsy3-kd endosperm (Supplementary
Fig. 14A and Supplementary Data 14). The majority of those imprinted
genes were also a part of the DEGs (Fig. 6G). Quantification of total
sRNAs derived from gene bodies and 5′ and 3′ regions of 2 kb of all
imprinted genes showed a drastic reduction in osclsy3-kd (Fig. 7C).
However, many imprinted genes which mis-expressed in osclsy3-kd,
did not overlap with CLSY3-dependent sRNA loci. To understand
direct role of sRNAs in regulation of imprinted genes, we further
focused on the imprinted genes which were proximal to CLSY3-
dependent sRNA loci. In Arabidopsis, imprinted sRNAs regulated
expression of proximal imprinted genes44. In rice, imprinted sRNA loci
were also found adjacent to many imprinted genes, and it was hypo-
thesized previously that these sRNAs might be regulating imprinted
genes14,27,47,52. We found among the 15 maternally expressed sRNA loci,
around 9 loci weredownregulated, whereas all 16 paternally expressed
sRNA loci were downregulated in osclsy3-kd endosperm (Fig. 7D). As
expected, imprinted sRNA loci were also downregulated in osnrpd1-kd
similar to osclsy3-kd (Supplementary Fig. 14B, C and Supplementary
Data 15). Interestingly, all the 20 imprinted genes identified in rice that
have antagonistic expression pattern with imprinted sRNAs, showed
upregulation in osclsy3-kd lines (Fig. 7E and Supplementary Data 16).
Out of those, nine imprinted genes clearly showed significant upre-
gulation inosclsy3-kdwhen compared to PB1, correlatingwith reduced
DNA methylation in many of them (Fig. 7F). While DNA methylation
across all imprinted genes was largely unchanged (Supplementary
Fig. 14D), in the above examples, there was a clear reduction in DNA
methylation. Measurement of DNA methylation level by targeted BS-
PCR indicated a reduction of methylation in osclsy3-kd as well as in
osnrpd1-kd endosperm (Supplementary Fig. 15A). In agreement with
this, DNA methylation by quantitative chop-qPCR showed decrease
in DNA methylation in osclsy3-kd in selected imprinted genes
(Fig. 7F). In this experiment, OsActin and another control locus
(Chr5:2048475–2049215) did not show any significant change as
expected (Fig. 7F and Supplementary Fig. 15C). We further verified our
observation bywhole-genomemethylation analysis. Themajorly of the
loci which were used in targeted BS-PCR and quantitative chop-qPCR
showed decreased DNA methylation in osclsy3-kd (Fig. 7G and Sup-
plementary Fig. 15B, C). In case of five imprinted genes, we observed a
decrease in DNA methylation in CHH context (Fig. 7H and

Supplementary Figs. 15D, 16A). However, for four imprinted genes, we
observed either redistribution or increase DNA methylation in CHH
context (Supplementary Fig. 16B). These results collectively suggested
that OsCLSY3 mediated sRNA-directed DNA methylation contributed
to the expression of some imprinted genes.

Discussion
OsCLSY3 is essential for endosperm development in rice
Endosperm is unusual because it is a triploid tissue with more acces-
sible chromatin where TEs and gene regulation is vastly different from
other tissues including embryo8,107. Development of endosperm is
unique and regulated by multiple genes that are further regulated by
epigenetic pathways9,30. Only in endosperm tissue, genomic imprint-
ing, a key process for its development is observed. In agreement with
all these, several DNA methylation and histone modification pathway
players such as—FIE, MEA, NRPD in Arabidopsis and OsFIE1, OsEMF2a,
ZmFIE1 in monocots, were identified as crucial players for endosperm
development and imprinting21,23,28,29,66,67,69,108. Interestingly, many of
these genes were also found imprinted in endospermwhere they were
preferably expressed. Along with DNA methylation, DNA demethyla-
tion pathway players, such as demethylase DME in Arabidopsis and
ROS1a in rice central cells, were also implicated in imprinting across
plants15,109,110. sRNAs are crucial players in plant epigenetics and their
expression drastically increases in reproductive tissues81,111. Unlike
Arabidopsis, other dicots like B. rapa and Capsella RdDM mutants
showed pollen and seed abnormalities40,92,112. In rice too, RdDM path-
way genes such as Pol IV (OsNRPD1), OsRDR2/FEM1, Pol V (OsNRPE1)
regulate important agronomic traits such as panicle development,
seed setting, pollen development, etc.63,64,81,85,90. The guides for sRNA
production in plants are a family of chromatin remodelers named
CLSYs that regulate DNA methylation in a tissue- and locus-specific
manner36,37.

In rice, CLSYs are also showed tissue-specific expression.We and a
previous report found OsCLSY4/FEM2 expressed ubiquitously74 indi-
cating it is a major CLSY, while OsCLSY3 in indica line PB1 majorly
expressed in endosperm and specific-reproductive tissues. We also
found endosperm-related abnormalities in osclsy3-kd as well as in
osclsy4-kd lines in indica rice. This indicatesOsCLSY4 is also important
for rice endosperm and seed development. It would be interesting to
identify how redundant and non-redundant functions of these CLSY
proteins promote endosperm development, its timing as well as
genomic imprinting. Since single mutants in japonica rice in fel1 were
not studied74, it is difficult to understand if there is a difference in
expressionpatterns and functions ofOsCLSYmembersbetween indica
and japonica lines.

There aremultiple reports suggesting howCLSY can shownatural
variation between closely related rice lines and between Arabidopsis
ecotypes. In Arabidopsis, using genome-wide association study, a
natural genetic variation ofCLSY1havingD538E amino acid changewas
found associated with reduced lateral roots under the low K+ condi-
tions in specific ecotypes113. It has been elegantly proposed that such
variations in epigenetic players including CLSYs might help in adap-
tation to diverse environmental conditions38. In agreement with these,
variable phenotypes were also reported in a few RdDM pathway
mutants between japonica rice varieties85,90.

Fig. 6 | OsCLSY3 controls expression of siren loci and development-
related genes. A Boxplot showing sRNAs (23–24nt) derived from siren loci in
osnrpd1-kd EN (797 loci). ASINH converted RPKM values were used for boxplot.
B Boxplot representing status of sRNAs (23–24 nt) from siren loci in osclsy3-kd EN.
C Heatmap showing siren sRNAs in osclsy3-kd EN. Row Z-score was plotted. D IGV
screenshot showing expression of siren loci in osclsy3-kd and osnrpd1-kd EN. VL
vegetative leaf. E IGV screenshots showing expression of siren sRNAs and DNA
methylation in osclsy3-kd EN. F Northern blot showing siren sRNAs in RdDM
mutants. G Volcano plot representing all DEGs of osclsy3-kd. H Boxplot showing

sRNA levels near DEGs. I Correlation plot showing accumulation of CLSY3-
dependent sRNAs and mRNA expression of adjacent genes (RPKM). J IGV screen-
shots showing expression of two selected DEGs and levels of adjacent sRNA loci in
osclsy3-kd EN (violet lines mark DNA hypomethylated regions). K Heatmap show-
ing expression of genes adjacent to siren loci (510) and seed development (102)
genes. Row Z-score was plotted. In (A), (B) and (H), boxes showmedian values and
interquartile range. Whiskers shows minimum and maximum values, excluding
outliers. Comparisons were made with two-sided Wilcoxon test (P <0.01 was con-
sidered significant). Source data are provided as a Source Data file.
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Using genetic, genomic and molecular approaches, we identified
OsCLSY3, a previously unannotated, imprinted and tissue-specifically
expressed gene as a critical player in these processes. An ortholog of
this gene is imprinted and majorly expressed in maize endosperm,
indicating that monocot endosperms that are preserved during seed
development, also have atypical regulatory layers. Unlike Arabidopsis,

OsCLSY3 bound to thousands of specific sequence motifs of 20–50nt
length predominantly from LTR TE regions. Among 7115 CLSY3 peaks,
only 1398 peaks were overlapped with CLSY3-dependent sRNA loci,
probably because of different tissues used for analysis. The strong
phenotypes observed in the seeds of OsCLSY3 mis-expression lines
clearly indicate the importance of OsCLSY3 in seed development
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(Fig. 3D, H and Supplementary Fig. 5H). Our results conclusively sug-
gest thatOsCLSY3 is an upstream regulator, essential for reproduction
and endosperm development (Fig. 8).

The RdDM pathway regulates tissue-specific expression of
OsCLSY3 via TEs
One of the most striking features of a few epigenetic regulators of
imprinting operating in endosperm is their imprinted nature.
Imprinting and expression of such players were tightly regulated by
epigenetic pathways, usually involving TEs or repeats. Tomaintain the
genome integrity, plants were thought to have evolved silencing
involving various epigenetic layers114, including silencing mechanisms
that have the ability to spread or influence neighboring genes65. Sev-
eral such examples exist, for example, in Arabidopsis, reproductive-
tissue-specific and paternally imprinted FWA gene was regulated by
SINE retroelements located in its promoter. Here, DNA methylation
marks silence the gene in vegetative tissue and paternal allele in
endosperm16,115. In Arabidopsis, a balance between DNA methylation
and demethylation was regulated by a TE located in the 5′ flanking

sequences of demethylase gene ROS1116. Also, DNA binding sites of
imprinted gene PHE1 have TEs of RC/Helitron type117. The paternally
imprinted gene ALLANTOINASE (ALN) is a negative regulator of seed
dormancy in Arabidopsis, and it is regulated by a DNA transposon
named POGO present in its promoter4. In rice too, a CACTA DNA
transposon derived miRNA820 negatively regulated DNA methyl-
transferaseOsDRM2 by PTGS118. Rice tillering is regulated by the RdDM
pathway throughMITEs elements present at theOsmiRNA156j andD14
gene119. A stowaway-like MITE embedded in the 3′ UTR of Ghd2 (a
CONSTANS-like gene) regulates its expression through RdDM120. A PcG
complex MEG gene MEA in Arabidopsis is itself silenced by PcG com-
plex in vegetative stages121. All these studies suggest a strong feedback
loop for effective control of a critical process such as endosperm
development, acting as a negative deterrent. Our finding of imprinted
nature ofOsCLSY3 through two tandemMITE TEs, a Ditto element and
a Tourist element, supports this idea. Those TEs were methylated in
vegetative tissues by the RdDM pathway where another CLSY namely
OsCLSY4 recruited Pol IV to regulate its expression. The presence of
MITEs as regulatory elements of a crucial gene such as OsCLSY3 is not

Fig. 7 |OsCLSY3 controls expressionof imprinted genes by regulating proximal
imprinted sRNA loci. A Heatmap showing expression of all imprinted genes in
osclsy3-kd EN (635 genes). B Boxplot representing expression of imprinted genes in
osclsy3-kd EN. ASINH converted RPKM values were used for boxplot. C Boxplots
showing abundanceofCLSY3-dependent sRNAs in thepromoter, terminator andgene
body of imprinted genes. D Heatmaps showing expression of sRNAs in imprinted
sRNA loci. Row Z-score was plotted. E Heatmap representing expression of imprinted
genes proximal to imprinted sRNA loci. F Chop-qPCR showing methylation levels in

six imprinted genes. Data represent means ±SE, n=3. Experiments repeated twice
with consistent results. G IGV screenshots showing the sRNA and DNA methylation
status of two significantly changed imprinted sRNA loci used in (F).H IGV screenshots
showing DNA methylation, sRNA and mRNA levels of two selected imprinted genes
(violet lines mark hypomethylated regions). In (B) and (C), boxes showmedian values
and interquartile range. Whiskers shows minimum and maximum values, excluding
outliers. Comparisons were made with two-sided Wilcoxon test (P<0.01 was con-
sidered significant). Source data are provided as a Source Data file.
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Fig. 8 | Tissue-preferred expression and functions of OsCLSY3 in rice endo-
sperm. A Tissue-preferred expression of OsCLSY3 regulated by the RdDM pathway
through MITE TEs present in its promoter. In vegetative tissues, OsCLSY4 recruits
Pol IV intoOsCLSY3promoter andmethylatesMITE TEs via 24nt sRNAs (left panel).
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sRNAs, siren loci and imprinted sRNAs in endosperm. Those sRNAs directed DNA
methylation and induced associated epigenetic regulations that are crucial for
proper development. CLSY3-dependent sRNAs regulated expression of imprinted
and seed development-related genes, thereby contributing to endosperm size,
cellularization and its quality. Roles of all indicated genes on OsCLSY3-related
regulation, except those with question marks, were delineated in this study. Filled
and unfilled lollypops indicate methylated and unmethylated DNA, respectively.
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entirely surprising. After all, MITEs are the largest family of TEs in the
rice genome, located close to more than 23,000 genes (nearly 58% of
all genes)14. Most of these MITEs are targets of RdDM and are methy-
lated in most tissues99. In endosperm, methylation at TEs occupying
the OsCLSY3 promoter was likely abolished due to ROS1a-dependent
hypomethylation, similar to other genes under its control110. The
expression level of OsCLSY3 appears to be vital in determining endo-
sperm size, its morphology and functions. OE of OsCLSY3 produced a
larger endosperm with chalkiness (Supplementary Fig. 6J) implicat-
ing its role in cellularization. The chalkiness is an indication of starch
and protein synthesis and storage defect in endosperm, suggesting
that OsCLSY3 is important for maintaining nutrient quality. In
monocot seeds, endosperm plays an important role in seed germi-
nation as seen in mis-expression lines of OsCLSY3, where seed ger-
mination rate and initial root development were affected
(Supplementary Fig. 6F, H).

OsCLSY3 regulates siren loci
In endosperm of flowering plants, fewer sRNA loci closer to genes
contribute a large number of sRNAs in endosperm tissues46,47. Such
sRNAs, named siren, are a conserved feature of Angiosperms, but they
are not identical sequence-wise45–48. The siren loci derived sRNAs
direct DNAmethylation of genes by RdDM46. Recently, studies showed
that siren sRNAs can also methylate protein-coding genes in trans48. In
our study, we showed OsCLSY3 is the major regulator of siren loci in
rice.We alsoobserved siren loci derived sRNAs guideDNAmethylation
which regulates expression of proximal genes (Fig. 6J). The involve-
mentofOsCLSY3, likelywith otherCLSYs, in the generationof siren loci
is in complete agreement with its larger role as a key regulator of
endosperm development. Our whole-genome DNA methylation ana-
lysis also suggested redundancy in the functions of CLSYs as observed
previously in Arabidopsis and recently in rice38,73,74.

OsCLSY3 regulates expression of many imprinted genes and
seed development-related genes
In Arabidopsis, rice and maize, previous studies indicated that
imprinted sRNA loci were located near the silenced allele of few
imprinted genes14,27,40,44,45,47,52. Due to these observations, it was sus-
pected that imprinted sRNAs might be regulating expression of
imprinted genes44. Same study also documented perturbation of
maternal and paternal sRNA ratios in endosperm that can shift the
mRNA ratio generated from parental genomes44,122. Unlike Arabi-
dopsis, where Pol IV appears to be a PEG, Pol IV is not an imprinted
gene in rice endosperm probably becauseOsCLSY3 is a MEG acting as
an upstream player. We observed that OsCLSY3 regulates expression
of many imprinted sRNA loci as well as some adjoining imprinted
genes (Fig. 7D, E). In rice, OsCLSY3 might be regulating transcription
of genes via sRNAs as observed in the case of nrpd1 mutant in
Arabidopsis.

In several examples, CLSY3-dependent sRNAs regulated genes via
DNA methylation. Several genes also had expression changes inde-
pendent of DNA methylation or sRNAs. Such variations might be due
to alterations in other epigenetics marks, altered chromatin state or
due to mis-regulation of regulatory modules. We observed several
auxin, brassinosteroid signaling pathway genes such as TUD1, OsD-
WARF/BRD1, BRD2, OsGSK3which were well documented as important
players in grain size123–126, weremis-expressed in osclsy3-kd lines. Grain
development-related MAPK pathway genes127,128 and transcription
factors (TF) such as OsMADS6, OsMADS29, OsWRKY53 which were
known for starch synthesis, proper cellularization, cell size regulation
and programmed cell death also mis-regulated in osclsy3-kd
lines103,129–132 (Supplementary Data 13). Multiple starch, protein, lipid
metabolism-related genes such as OsSGL, RSS, OsSWEET11, OsFAD2,
OsLHT1, OsGAD3 thatwere important for synthesis and their transport,
were mis-regulated in osclsy3-kd, further indicating a critical role of

OsCLSY3133–137. Since size, quality and nutritive aspects of rice endo-
sperm, a major staple food for the majority, is under OsCLSY3 control,
this gene can be an important candidate to improve nutritional ben-
efits of rice grains.

Methods
Rice transformation and plant growth
For generating rice transgenic plants, Agrobacterium-mediated trans-
formation was performed as described previously138,139. About 21-day-
old embryogenic calli were used from indica variety rice (Oryza sativa
indica) PB1. Calli were infected with freshly grown Agrobacterium
tumefaciens strain LBA4404 (pSB1), where pSB1 carries extra copies of
vir genes, carrying the designated binary plasmid. The regenerated
transgenic plants were maintained in a growth chamber at 23 °C with
16h/8h light/dark cycle at 70% RH. The plants were then transferred to
a greenhouse.

Vector design and construction
To generate OE plants, the OsCLSY3 gene (Os02g0650800) (5.4 kb)
was amplified using appropriate primers (Supplementary Table 4)
from genomic DNA. The full-length gene was cloned under maize
ubiquitin promoter (P: ZmUbi) in pCAMBIA1300 with hygromycin
phosphotransferase (hph) gene as a selection marker. The 3xFLAG
epitope tag was added to N-terminal ofOsCLSY3. Two osclsy3-kd lines
were generated using amiR strategy. The amiRs were designed using
the WMD3 web tool87,88, with the stringent criteria for robust amiR
generation as described89. The amiR-precursors were synthesized by
GeneArt (Thermo Fisher). The amiR sequences were cloned into
pCAMBIA1300 under P: ZmUbi and into pRT100 vector under CaMV
35S (P:35S) promoter. For constructing a double amiR containing
binary vector, an amiR cassette containing pRT100 was cloned into a
binary vector that alreadyhadP: ZmUbidriven amiR. TheKO lineswere
generated using CRISPR-Cas9 strategy. Guide RNAwas designed using
CRISPR-PLANT (http://omap.org/crispr/index.html). Guide RNA tar-
geting a unique region of OsCLSY3 gene at first exon (5′-
GUCUUCCTCCCGGCUCUCCU-3′) was cloned into pRGEB32 vector
(Addgene #63142)138. All the constructs were verified by restriction
analysis and/or Sanger sequencing. Constructs were mobilized into
Agrobacterium strain LBA4404 (pSB1), and the mobilization was ver-
ified by PCR analysis.

Genetic crosses
To understand the imprinting status of the OsCLSY3 gene, two rice
varieties—WP and PB1 were crossed. The hybrid was confirmed by
Sanger sequencing of knownSNP containing regions. Endosperm from
the hybrid plant was collected and dissected into embryo and endo-
sperm. Embryo region was used for the DNA isolation and endosperm
wasused for RNA isolation. After validationof the genotype, cDNAwas
synthesized from 1.5 µg of total RNA using ThermoScientific RevertAid
First Strand cDNASynthesis Kit as permanufacturer’s instructions, and
regions of interest were amplified. The amplicons were purified and
deep sequenced on NovaSeq 6000 (2 × 100bp mode). The obtained
reads were adapter trimmed using cutadapt139 and aligned to genes by
using CRISPResso2140.

5-Aza-2′-deoxycytidine (AZA) treatment
After 3 days of germination in half-strength MS media, seedlings were
placed inMSmedia containing 35 and70mg/l Aza27. DMSOwasusedas
control. After 7 days, seedlings were collected for RNA extraction or
GUS staining.

Phenotyping of transgenic plants
Phenotypes of transgenic plants, such as plant height, leaf length,
panicle length, were measured using (n > 6) mature plants grown for
4 months along with appropriate control plants. Other details
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including replicates arementioned in thefigure legends. Images of rice
spikelets and seeds from PB1, osclsy3-kd and OE lines were obtained
using Lecia S8APO stereomicroscope and Nikon camera. For statistical
analysis, paired t-test was used.

RNA extraction and RT-qPCR
Total RNA extraction from rice tissues was performed using TRIzol®
Reagent (Invitrogen) as permanufacturer instructions. For endosperm
tissue, RNA isolation was performed as described earlier141. RT-qPCR
was performed for expression of CLSYs and other RdDM pathway-
related genes. First-strand cDNA was synthesized from 1.5 µg of total
RNAusingThermoScientificRevertAid First Strand cDNASynthesis Kit
as per manufacturer instructions, and the qPCR was carried out with
Solis Biodyne—5x HOT Firepol Evagreen qPCR Master Mix. OsActin
(Os03g0718100) and Glyceraldehyde-3-phosphate dehydrogenase
(OsGAPDH) (Os04g0486600) were used as internal control. RT-qPCRs
were performed at least three times using the BioRad CFX system.
Primers used for expression analysis are listed in Supplementary
Table 4. The data were plotted using the GraphPad Prism software
(version 8).

sRNA northern hybridization
About 8–15 µg of total RNA was used for sRNA northern as described
earlier142,143. HybondN+ (GEHealthcare)membraneswere stripped and
used for multiple hybridizations. Hybridization was done at 35 °C. The
blot was exposed to a phosphor imager screen and re-probed with
controls. Typhoon scanner (GE healthcare) was used to detect the
hybridization signal. Details of the DNA oligonucleotide probes are
provided in Supplementary Table 4.

Southern hybridization
Junction-fragment southern analysis was performed as described
earlier144,145. Total DNA was extracted from equally grown control and
transgenic plants using CTAB method146. For the probe, hph gene was
amplified from binary plasmid (~1 kb). Probe was labeled with [α-32P]
dCTP (BRIT, India) using the Rediprime random DNA labeling system
(GE Healthcare). The prehybridization, hybridization and subsequent
washes were performed at 65 °C. Details of the probe that was used in
this study are provided in Supplementary Table 4.

DNA methylation analyses
Total DNA was isolated from endosperm using CTABmethod146. Equal
amount of DNA was sheared to produce 350bp fragments using
ultrasonication (Covaris). Bisulfite conversion was performed using EZ
DNA Methylation-Gold Kit as per manufacturer’s instructions. The
libraries were constructed using the IDT xGen™ Methyl-Seq Lib Prep
(Catalog no—10009860) as per manufacturer’s instructions and
sequenced in NovaSeq 6000 (2 × 150bp mode). The obtained reads
were quality checked and trimmed using Trimmomatic147. The reads
were aligned to IRGSP1.0 genome using Bismark aligner tool with
default parameters148. DNA methylation status was extracted and
coverage reports were generated using Bismark tools. The results were
analyzed and plotted using the ViewBS methylation package149.

For the targeted BS sequencing, total DNA was isolated from
different tissues using CTABmethod. About 200–400 ng of DNAwas
treated using EZ DNA Methylation-Gold Kit (Zymo Research). The
bisulfite treated DNAwas used as the template for PCR. Amplification
of targeted regions performed by JumpStart™ Taq DNA Polymerase
(Sigma). The PCR products were deep sequenced in paired endmode
(100 bp) on a Hiseq2500 platform. The obtained reads were quality
checked and trimmed using cutadapt139 and aligned to create gen-
ome (target sites) using Bismark aligner tool with default
parameters148. The obtained results are analyzed using methylation
package ViewBS149. Primers used for analysis are provided in Sup-
plementary Table 4.

sRNA library preparation and differential expression analyses
sRNA libraries were prepared as described previously81. The obtained
reads were quality checked and trimmed by UEA sRNA Workbench150.
The filtered sRNAs were classified into 21–22 nt and 23–24 nt reads,
aligned using Bowtie151 -v 1 -m 100 -y -a --best --strata and sRNAs loci
were identified using ShortStack152 with following parameters: --nohp
--mmap f --mismatches 1 -mincov 2rpmm followed by bedtools inter-
sect. For quantifying the sRNA expression from transposons, siren loci,
etc., bedtools multicov153,154 was used to obtain raw abundance and
then normalized to RPKM values. These values were plotted as box-
plots using custom R scripts in ggplot2155. The Venn diagrams were
generated by intervene online tools156. During the generation of Venn
diagram, 48 CLSY3-dependent sRNA loci and 3 siren loci weremerged
by the tool, and this resulted in altered number of a few overlapping
loci between features/samples while representing them in Venn dia-
gram when compared to individual lists of loci. For siren loci, all loci
were divided into three major categories. The category-1 listed the
loci which were more than −1 log2 fold downregulated in osclsy3-kd.
The category-2 listed the loci which weremis-regulated in the range of
−1 to +1 log2 fold and caterogy-3 had more than +1 log2 fold
upregulated loci.

RNA-seq and analyses
RNA-seq was performed using 20-day-old endosperm tissues. Poly(A)
enrichment was done before library preparation. Library preparation
was done with NEBNext® Ultra™ II Directional RNA Library Prep kit
(E7765L) as per manufacturer’s instructions. The obtained libraries
were sequenced in paired end mode (100 bp) on the Illumina
Hiseq2500 platform. The obtained reads were adapter trimmed using
Trimmomatic147. The reads were aligned to IRGSP1.0 genome using
HISAT2157 with default parameters. Cufflinks were used to perform
DEGs analyses and statistical testing158. Volcano plots were generated
for DEGs using custom R scripts with the p value cutoff of <0.05 and
absolute log2 (fold change) expression cutoff of more than 1.5. For
quantifying the expression of genes, bedtools multicov153,154,159 was
used to obtain raw abundance and then normalized to RPKM values.
These values were plotted as boxplots and heatmaps using custom R
scripts in ggplot2155.

AGO-IP data analyses
Previously published, AGO-IP datasets of various AGOs from rice were
processed in the same way as the sRNA datasets, mapping to the
IRGSP1.0 genome153,154.

ChIP-seq and its analyses
ChIP-seq was performed as described previously81,160. Briefly, around
1 g of panicles before anthesis were collected and crosslinked with 1%
formaldehyde. Equal amount of isolated nuclei were lysed and sheared
using ultrasonication (Covaris) until DNA fragments in 350bp range
were obtained. The sheared chromatin was incubated overnight with
appropriate antibodies conjugatedwith protein G dynabeads (Thermo
Fisher) at 4 °C. The beads were pre-bound with 4–5 µg of antibodies
(Myc-Abcamab9106 andGFP-SigmaG1544) before incubationwith the
sheard chromatin. After overnight incubation, washes, elution, de-
crosslinking and purification were performed as described earlier81.
Purified IP products were used for library preparation using NEBNext®
Ultra™ II DNA Library Prep Kit using purification beads (NEB, E7103L)
as per manufacturer’s protocol. The libraries were sequenced on
NovaSeq 6000 platform (2 × 100 bp mode).

The adapter of the obtained reads was trimmed using cutadapt139

and aligned to IRGSP1.0 genome using Bowtie -v 3 -k 1 -y -a -- best
--strata151. The PCR duplicates were removed before further analysis.
The aligned bam files were compared with input DNA using
deepTools161,162. The peak calling was performed using MACS2163. The
coverage signal metaplots were plotted using plotprofile. The number
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of peaks overlapping with different genomic features were counted by
bedtools intersect154.

Chop-qPCR
The chop-qPCRperformedwith 20days endospermDNAofosclsy3-kd
and PB1 as described85. Total DNA was isolated by CTAB method and
500 ng DNA digested with NlaIII (10 K units/ml) restriction enzyme for
2 h. The digested DNA was used as template for qPCR. Equally treated
DNA, without any enzyme was used as mock. Target loci as well as
OsActin with NlaIII restriction site, was used as a control. qPCRs were
performed at least twice using BioRad CFX system. Primers used for
chop-qPCR are provided in Supplementary Table 4.

GO analysis
The GO analysis was performed using ShinyGO v0.75 platform164.
Genes IDs were used from RAPDB. The biological processes with FDR
cutoff of p value—0.05.

GUS histochemical assay
Histochemical assay was performed as described165. Plant tissues
were collected in 50mM phosphate buffer that contained 1% Triton-
X 100 and incubated for 3 h at 37 °C. Explants were transferred into
X-Gluc staining solution (1mM) and vacuum infiltrated for 15min.
Next, the explants were incubated at 37 °C for 16 h. Further, explants
were washed once with double distilled water followed by 70%
ethanol and then transferred to acetone: methanol mix (1:3) in
rotospin at 4 °C for 1 h to remove chlorophyll. After chlorophyll
removal, explants were imaged by Nikon camera or Leica S8APO
stereomicroscope.

Histochemistry of endosperm
Seeds were harvested (10 DAP) and fixed under vacuum in 4% PFA
solution at 4 °C overnight and sliced to 60μm sections by
vibratome166. The slices were stained in 1% w/v iodine and 1% w/v
potassium iodide. The extra stain was removed with 1X PBS wash and
imaged under microscope (OLYMPUS BX43). For manual sectioning,
15 DAP endosperms (4% PFA fixed) were dehydrated through an
ethanol series. The seeds were cut by razor blade and stained using 1%
w/v iodine and 1% w/v potassium iodide. Sections were imaged under
Leica S8APO stereomicroscope.

SEM imaging
For SEM imaging, rice spikeletswere collected just before flowering and
endosperms were collected (15 DAP). Samples were fixed in 16% for-
maldehyde, 25% glutaraldehyde and 0.2M cacodylate buffer for
12–16 h. The samples were rinsed with double distilled water and
dehydrated in series of ethanol and dried in critical point drying (CPD,
Leica EM CPD300), gold coated, and the images were obtained using a
Carl Zeiss scanning EMat an accelerating voltage of 2–4 kV as described
before81,167. After CPD, endosperms were cut by a sharp razor blade.

Germination assay
The germination assaywasperformed as described previously168. Total
20 seeds of different genotypes (5 seeds/replicate) were imbibed on
the wet filter paper in 5 cm diameter petri-plates. In all the plates, 4ml
of single distilled water was used to wet the filter papers and seeds
were germinated at 25 °C for 6 days in the dark. Experiments were
repeated twice independently.

Pollen staining
Pollen viability test was performed using I2–KI staining solution con-
taining 0.2% (w/v) I2 and 2% (w/v) KI as described earlier167,169,170. Anthers
fromsix spikelets ofmaturepanicleswere collected in 200 µl of solution
1 day before the fertilization. Pollen grains were released in the solution
bymechanical shearing. After 10min, viable pollen grainswere counted

under the bright-field microscope (OLYMPUS BX43). Round and dark
blue stained pollen grains were considered as viable, while very light
blue and distorted pollens were considered as non-viable81,171.

Statistics and reproducibility
No data were excluded from the analysis. All northern blots were
repeated twice with biological replicate samples. All SEM images were
performed at least twicewith different samples. Statistical analysis was
performed using two-tailed paired Student’s t-test or two-sided Wil-
coxon test to determine differences between two groups. Statistical
analyses were performed using excel and R studio. Details such as the
number of replicates, the level of significance and sample sizes for RT-
qPCR, RNA analysis, sequencing, phenotyping were mentioned in the
corresponding figure legends, text and Supplementary Data. A full list
of primers, probes, sequences and other details are available in Sup-
plementary Tables.

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

Data availability
All the rawandprocessed sequencingdata generated in this study have
been submitted toNCBI Gene ExpressionOmnibus (GEO; https://www.
ncbi.nlm.nih.gov/geo/) and are accessible under accession number
GSE229961. Other publicly available data used in this study can be
found under GSE180457, GSE138705, GSE130168, GSE158709,
PRJNA758109, GSE130122, GSE138705, GSE18251, GSE20748. The reads
were aligned to IRGSP1.0 genome. Source data are provided with
this paper.
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