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Introduction

Summary

¢ RNA-dependent RNA polymerases (RDR) generate double-stranded (ds)RNA triggers for
RNA silencing across eukaryotes. Among the three clades, a-clade and B-clade members are
key components of RNA silencing and mediators of stress responses across eukaryotes. How-
ever, y-clade members are unusual in that they are represented in phylogenetically distant
plants and fungi, and their functions are unknown.

e Using genetic, bioinformatic and biochemical methods, we show that y-clade RDRs from
Oryza sativa L. are involved in plant development as well as regulation of expression of coding
and noncoding RNAs.

e Overexpression of y-clade RDRs in transgenic rice and tobacco plants resulted in robust
growth phenotype, whereas their silencing in rice displayed strong inhibition of growth. Small
(s)RNA and RNA-seq analysis of OsRDR3 mis-expression lines suggested that it is specifically
involved in the regulation of repeat-rich regions in the genome. Biochemical analysis con-
firmed that OsRDR3 has robust polymerase activities on both single stranded (ss)RNA and
ssDNA templates similar to the activities reported for a-clade RDRs such as AtRDR®6.

e Our results provide the first evidence of the importance of y-clade RDRs in plant develop-
ment, their atypical biochemical activities and their contribution to the regulation of gene
expression.

The triggers for RNA silencing are dsRNAs. Among plants

and worms, completely complementary dsRNA substrates are

RNA silencing is a regulatory mechanism that employs small (s)
RNAs and associated effector proteins to induce silencing at tran-
scriptional or  post-transcriptional levels across eukaryotes
(Baulcombe, 2004). In plants, RNA silencing is mediated by 21—
24-nt long sRNAs. Initiation of gene silencing requires the gener-
ation of double-stranded (ds)RNA, that can be generated either
by bi-directional transcription of DNA, self-complementary
RNA fold-backs, or through the action of specialised proteins
called RNA-dependent RNA polymerases (RDRs) (Baulcombe,
2004; Matzke & Birchler, 2005). These dsRNA precursors are
processed in a stepwise manner by Dicer-like (DCL) proteins
into sSRNAs. sSRNAs are recognised by Argonaute (AGO) proteins
to target RNAs complementary to the sSRNA (Voinnet, 2008).
The activity of this complex may include RNA cleavage or trans-
lational inhibition of the target mRNA, or methylation of specific
DNA sequences (Brodersen ez al., 2008; Wu ez al., 2010).
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mostly generated by RDRs. Based on sequence similarity, RDRs
have been divided into o, B and y-clades. A family of RDRs that
are conserved only among fungi and few animals are classified
into B-clade and they seem to have roles in antiviral silencing
(Zhang et al., 2014). There are six members of RDRs in model
plant Arabidopsis thaliana (three each in o- and y-clades, respec-
tively), while their numbers are slightly fewer in larger genomes
such as in rice, where there are five RDRs, three from the o-clade
and two that belong to the y-clade (Wassenegger & Krczal, 20065
Willmann ez al., 2011).

Members of a-clade RDR are involved in RNA silencing and
related pathways among plants, fungi and worms. For example,
AtRDRI is mainly involved in viral RNA silencing, by convert-
ing viral single-stranded (ss)RNAs into dsRNA forms that are
then cleaved by DCL4 into 21-nt sRNAs (Xie eral, 2001;
Bouché ez al., 2006; Diaz-Pendon ez al., 2007; Wang ez al., 2010;
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Lee et al., 2016). Mutants of AtRDRI are phenotypically normal.
RDRI mostly provides defence against viruses and, in agreement
with this, most RDR1 mutants are hypersusceptible to viral
infections (Yang eral, 2004). Surprisingly, RDRI1 is also
involved in resistance against herbivory in Nicotiana attenuata
(Pandey & Baldwin, 2007). In addition, it has been shown that
OsRDRI1 is involved in DNA repair by helping in the production
of qiRNAs (QDE-2 interacting sRNA) from aberrant RNAs
(Chen et al, 2013). Another member of the a-clade, RDR2, is a
nuclear protein involved in the production of 24-nt sRNAs by
converting transcripts of plant-specific polymerase IV (PollV),
which are subsequently cleaved by DCL3. This transcriptional
silencing pathway is involved in the regulation of repeats and
transposons, involving DNA-methylation and histone modifica-
tions (Xie etal, 2004; Lu etal, 2006; Matzke etal, 2009;
Bologna & Voinnet, 2014; Blevins ezal, 2015; Singh eral.,
2019). Similar to RDR1, RDR2 mutants are phenotypically nor-
mal in A. thaliana. RDRG, conversely, is involved in the produc-
tion of 21-nt secondary siRNAs that are hallmarks of post-
transcriptional gene silencing (PTGS), such as mrans-acting si(-
tasi)RNAs, virus-induced silencing, and transgene silencing (Dal-
may etal., 2000; Mourrain eral, 2000; Peragine eral., 2004;
Vazquez etal., 2004; Yoshikawa, 2005). Recent evidence also
indicates that 21/22-nt siRNAs generated through the action of
RDR6 participated in transcriptional gene silencing (Nuthikattu
et al., 2013; Cuerda-Gil & Slotkin, 2016). RDRG6 silenced lines
in A. thaliana show downward curling of rosette leaves (Vazquez
etral., 2004), whereas rice RDR6 mutant was normal (Hong
etal., 2015). Overexpression of RDR6 in Arabidopsis had no
effect on growth and development of the plant (Curaba & Chen,
2008). Although DCL4 and RDR6 regulate hundreds of sSRNA
loci in the genome, mutations in them are associated with differ-
ential production of ta-siRNAs and mis-regulation of few ARFs
loci to induce a leaf curling phenotype (Peragine eral, 2004;
Vazquez et al., 2004; Allen ez al., 2005; Yoshikawa, 2005; Adenot
et al., 2006; Fahlgren et al., 2006; Garcia et al., 2006). It has been
reported that #y-/ and #-3 loci in tomato that share high
sequence similarity to DFDGD (conserved catalytic motif in y-
clade RDRs) class of RDRs, are involved in resistance against
DNA viruses (Verlaan etal, 2013; Butterbach eral, 2014).
However, functions of y-clade RDRs in plants are largely
unknown. Expression analysis showed that AcRDR3, 4 and 5
members of y-clade, express well in the apex of inflorescence
(Willmann eral, 2011), although these RDR members were
never functionally characterised. Viral polymerases that use RNA
as substrate for viral genome replication are also known as RNA-
dependent RNA polymerases (RdRps), however they are shorter
than eukaryotic RDRs, with huge sequence variations (Bruenn,
1991, 2003; Gorbalenya ez al., 2002).

Biochemical characterisation of a few eukaryotic RDRs has
been undertaken, for example tomato RDR was able to catalyse
RNA synthesis i vitro (Schiebel ez al., 1993a, 1998). RDR activ-
ity was routinely detected in the extracts of several plants (Astier-
Manifacier & Cornuet, 1971, 1978; Duda, 1979; lkegami &
Fraenkel-Conrat, 1979; Xie etal, 2001; Tang, 2003). These
experiments have indicated that RDRs have both primer-

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

Research™ 1675

dependent and independent activities, iz wvivo and in vitro
(Schiebel ez al., 1993b; Tang, 2003; Curaba & Chen, 2008; Dev-
ert etal., 2015). Most of these RDRs are sequence and template
independent (Curaba & Chen, 2008). For unknown reasons, the
newly formed transcript remains hybridised to the parental strand
(Curaba & Chen, 2008; Devert ez al., 2015). All these functions
are key differences that distinguish eukaryotic RDRs from viral
RdRps that perform de novo synthesis, where the first nucleotide
acts as a primer or in a primer-independent manner but requiring
specific structure in the 3'-end of the templates (Honda eral,
1986; Paul et al, 1998; Kao etal, 1999). Purified RDR named
QDEI1 from Neurospora crassa, had polymerase activity on both
ssRNA and ssDNA substrates (Makeyev & Bamford, 2002; Liu
etal., 2010). QDE1 can also generate short ssRNA from ssRNA
and circular ssDNA templates (Makeyev & Bamford, 2002; Liu
eral., 2010). QDEI, together with replication protein A and
DNA helicase, produce dsRNA and aberrant RNA after DNA
damage in Neurospora (Liu et al., 2010).

Reports on the function of y-clade RDRs are limited, although
they are conserved across plants and fungi. Here we report the
functional characterisation and biochemical activities of y-clade
RDRs named OsRDR3 and OsRDR4 from rice. We found that
OsRDR3-overexpressing rice plants (OE) showed vigorous
growth and increase in tiller number by contrast with RDR3 arti-
ficial miRNA (amiR) knockdown (KD) lines that have stunted
growth and that did not survive beyond vegetative growth. RDR4
OE plants exhibited less intense vigorous growth phenotype
when compared with OsRDR3 OE plants. However, OsRDR4
KD lines had stunted growth and severe defects in panicles result-
ing in poor seed setting. SRNA and RNA-seq analysis in
OsRDR3 OE and KD lines identified hundreds of transposons
and repeat-rich loci where RDR3 induced production of 21-nt
and 24-nt sRNAs. Biochemically, OsRDR3 synthesised abun-
dant new RNAs from both ssRNA and ssDNA templates. Our
results indicated novel functions of y-clade OsRDR3 in plant
development and regulation of gene expression, likely to be
through its polymerase activities.

Materials and Methods

Protein sequence alignment and phylogenetic tree
construction

Plant RDR sequences were downloaded from UniProt and
aligned in GenEeious 11.0.3 software (https://www.geneious.
com). The phylogenetic tree was constructed using a neighbour-
joining algorithm in MEGA 7.0 (Kumar ez al., 2018) with 100
bootstraps. The phylogenetic tree was fine tuned using the iTOL
online server (Ciccarelli, 20006).

Plasmid constructions

Full-length cDNA of OsRDR3 was amplified from Oryza sativa
indica Pusa Basmati 1 (PB1) callus and cloned into the pGEM-T
easy vector (Promega). For generating RDR3 OE lines of rice,
RDR3 (coding sequence of 2499 bp; 832 aa) was cloned into the
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pCAMBIA1300 vector. RDR3 amiR construct was designed
using WMD tool (http://wmd2.weigelworld.org). For generating
GFP-RDR3 OE transgenic Nicotiana tabacum, RDR3 was
cloned into modified the pCAMBIA1300 vector containing an
N-terminal mGFP tag. For translational fusion of RDR3 with
maltose-binding protein (MBP), RDR3 was cloned into the
modified pMAL—p5E vector (NEB, Ipswich, MA, USA) having
an N-terminal MBP tag under the tac promoter. For creating
mutation in the conserved catalytic domain, the MBP-RDR3
plasmid was amplified by RDR3_MBP_D-A mut._fw and
RDR3_MBP_D-A mut._Rv. primers (Supporting Information
Table S1) to substitute the 693 D to A, treated with Dpnl
(NEB) and transformed into Escherichia coli DH50 competent
cells. OsRDR4 was amplified from PB1 and cloned into the
pGEM-T easy vector (Promega). For generating GFP-RDR4 OE
lines of rice, RDR4 was cloned into the pCAMBIA1300 vector
by GIBSON assembly. The RDR4 amiR construct, where amiR
was driven by the maize ubiquitin promoter was designed using

the WMD tool (http://wmd2.weigelworld.org).

Plant transformation

Rice transformation was performed as described earlier (Sridevi
etal., 2008). Tobacco was transformed using the leaf disc method
as described previously (Shivaprasad et al., 2000).

SRNA library preparation, sequencing and analysis

sRNA sequencing libraries were prepared with the TruSeq sSRNA
Sample Preparation Guide (Illumina, San Diego, CA, USA) and
sequenced on the Illumina NextSeq500 platform in two biologi-
cal replicates. The sSRNA-seq reads were adapter trimmed, filtered
for invalid sequences and retained reads of length ranged between
20 and 25-nt using the UEA sRNA Workbench v.3 (Stocks ez al.,
2012). Processed reads were aligned to the O.sativa japonica
genome (IRGSP1) allowing one mismatch using BowTiE (Lang-
mead ez al., 2009). Library sizes were normalised by calculating
reads per million (RPM) of 20 to 25-nt genome matched sRNAs.
The abundance of known miRNAs (Table S2) was determined
using miRProf (Stocks ez al., 2012). sSRNAs mapping to different
genomic features were determined using the annotation file from
Ensembl plants and a repeat annotation file from TIGR. The
sRNA sequences were submitted to GEO datasets (accession nos.
GSE115056-OsRDR3 and GSE181778-OsRDR4). sRNA clus-
ters across the genome were determined using SHORTSTACK
v.3.8.5, with default parameters (Johnson ezal, 2016). EDGER
was used to identify differentially expressed sSRNA with loci fold
change cut-off of 1.5 and an FDR <0.05.

RNA sequencing and analysis

Paired-end (150 x 2) RNA-seq reads were adapter trimmed
using CUTADAPT (Martin, 2011) and aligned to the genome
(IRGSP1) using HisaT2 (Kim et al., 2019). Differential expres-
sion analysis was performed using CUFFDIFF (Trapnell ezal,
2011), and GO analysis was performed using AGRIGO v.2.
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Protein expression and purification from E. coli

MBP-RDR3 wild-type (WT) and mutant constructs were trans-
formed into C41 (DE3) cells. Protein expression was induced in
secondary culture at 0.6 OD, by 0.1 mM IPTG at 25°C for 10 h.
Cells were pelleted down and resuspended in 20 ml of lysis buffer
(50 mM Tris—HCI pH7.6, 250 mM NaCl, 5% glycerol, 3 mM
B-mercaptoethanol, 5 mM MgCl, and one tablet of EDTA-free
protease inhibitor (Sigma-Aldrich)). Cells were lysed by sonica-
tion (65% amplitude, 10 s pulse on, 35 s pulse off for 10 min in
ice) and centrifugation was performed at 30 900 g for 1 h at 4°C.
The supernatant was passed through a 0.45-pm syringe filter
(Millex-HV). MBP beads (dextrin sepharose; GE Healthcare,
Chicago, IL, USA) were first washed with eight column volumes
(CV) of buffer A (50 mM Tris—HCI pH 7.6, 200 mM NaCl, 5%
glycerol and 5 mM MgCl,) and the protein lysate was passed
through the beads slowly. Beads were again washed with eight
CV of buffer A, then eight CV of buffer B (50 mM Tris—HCl
pH 7.6, 1 M NaCl, 5% glycerol and 5 mM MgCl,) and again
with eight CV of buffer A. Finally, the protein was eluted in 6 ml
of elution buffer (50 mM Tris—HCI pH 7.6, 200 mM NaCl, 5%
glycerol, 5 mM MgCl, and 15 mM maltose). The eluted protein
was concentrated using Amicon ultracentrifugal filters (50 kDa
cut-off). The concentrated protein was further purified using a
HiLoad Superdex 200 pg preparative size exclusion chromatogra-
phy (SEC) column (GE Healthcare). The fraction containing the
MBP-RDR3 protein (fraction 2-9) was pooled and again con-
centrated using Amicon ultracentrifugal filters (50 kDa cut-off).

RNA and DNA templates

A 60-nt long ssRNA corresponding to the 853-912 region of e-
GFP was purchased from IDT (Table S1). PAGE-purified 74-nt
long ssDNA oligos were obtained from Bioserve (Hyderabad,
India; Table S1).

RDR activity assay

RNA-dependent RNA polymerase activity assays were performed as
described previously (Makeyev & Bamford, 2002) with some modi-
fications. Briefly, an assay was conducted in a 30 pl reaction mixture
containing 50 mM HEPES-KOH, 20 mM ammonium acetate, 1%
polyethylene glycol (PEG) 8000 (w/v), 10 mM MgCl, 0.1 mM
EDTA, 0.25mM each of ATP, CTP, GTP, 0.01 uM of UTP,
0.5 ul of 3000 Ci mmol ™" [0->*P] UTP and 0.5 U pl~" of RNasin
(Promega). Final quantities of RNA/DNA templates were 100—
150 ng. Reactions were initiated by adding 50-100 ng of SEC-
purified MBP-RDR3 protein (or affinity-purified MBP-RDR3 for
Fig. 8b—d, to be described later) or immunoprecipitated GFP-
RDR3 protein and incubated at 25°C for 150 min. The reaction
mixture was extracted with phenol : chloroform : isoamyl alcohol
(25:24:1) and RNAs/DNAs were precipitated by ethanol precipi-
tation. RNAs/DNAs were loaded on a denaturing urea—PAGE gel
and visualised by phosphor imaging. As shown in Fig. 8(b—d) (de-
scribed later), reaction products were directly loaded onto a denatur-
ing urea—PAGE gel and visualised by phosphor imaging.
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Nuclease treatment

For RNase A treatment, purified reaction products (reconstituted in
water) were treated with 0.5 pl of 10 mg ml™" RNase A (Thermo
Fischer Scientific, Waltham, MA, USA) at 37°C for 25 min. For
RNase I (Thermo Fischer Scientific) and RNase H (NEB) treat-
ments, nuclease reactions were performed in RNase I buffer (50 mM
Tris-HCI, pH 7.6, 15 mM MgCl, and 600 mM NaCl,) or 1x
RNase H buffer (75 mM KCl, 50 mM Tris-HCl, 3 mM MgCl,,
and 10 mM DTT), respectively. Treatment was initiated by adding
0.2 ul of 10 U pl~" RNase I or 5 U of RNase H followed by incuba-
tion at 37°C for 15 min (for RNase I) and 25 min (for RNase H).

Results

OsRDR3 and OsRDR4 belong to the y-clade of RDRs with
an atypical catalytic motif

To establish a relationship between different clades of plant RDRs,
we constructed a phylogenetic tree using RDR sequences derived
from three different plant species. We found that RDR3, 4 and 5
(all y-clade RDRs) formed a separate branch compared with RDR1,
2 and 6, all members of the a-clade of RDRs (Fig. 1a). y-Clade
RDRs were also distinct between monocots and dicots. We aligned
amino acid sequences of RDRs and found that there was a leucine
to phenylalanine (L—F) substitution in the conserved catalytic
domain of y-clade RDRs such as in RDR3, 4 and 5, when com-
pared with o-clade members that had L in this position (Fig. 1b).
Except for OsRDRI1 and OsRDR3, all other RDRs were > 1000
amino acids in length (Fig. 1c). Careful analysis of protein sequences
suggested that y-clade RDRs are more similar to each other when
compared with their o-clade counterparts that varied at the amino
acid sequence level (Fig. 1d). This suggested a possible functional
redundancy in functions among y-clade RDRs. Both OsRDR3 and
OsRDR4 are located on chromosome 1 in close proximity, suggest-
ing a possible gene duplication event resulting in the formation of
these members (Fig. le,g) (Kawahara ez 4k, 2013; Sakai ez al., 2013).
Highest expression of OsRDR3 was observed in vegetative leaf and
root tissues, while OsRDR4 expression was high in leaf and panicle
tissues (Fig. 1£h; Methods S1). This difference in expression indi-
cated a possible neofunctionalisation. The expression profile of -
clade RDRs in indica subspecies members is different from those in
Jjaponica rice, suggesting their potential to mediate different roles in
these subspecies (Fig. S1). By contrast with y-clade RDRs in rice,
Arabidopsis o-clade RDRs such as AtRDR1 were expressed at higher
levels in older leaves and inflorescence apex, while AtRDR2 and
AtRDR6 were consistently expressed at high levels in all tissues
(Willmann eral, 2011). Similarly, expression of y-clade RDRs in
rice is also ubiquitous, with a slightly higher expression seen in inflo-
rescence tissues (Kapoor et 4l., 2008), leaves and root tissues.

Mis-expression of y-clade RDRs in transgenic rice altered
growth and development

To find out the functional significance of y-clade RDRs in
planta, we generated OE and KD lines on the PB-1 background;
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PB-1 is an elite indica rice line. For generation of OE lines of
OsRDR3, we expressed the coding sequences under the maize
ubiquitin promoter for constitutive high expression (Fig. 2a).
The OsRDR3 OE plants had robust regeneration in selection
media with robust callus formation (Fig. S2a,b), showing faster
growth, increase in height and increased number of tillers, when
compared with the controls (Figs 2a—c, S3¢). We verified genome
integration of RDR3 by junction fragment Southern analysis
(Fig. S3a,b; Methods S2), and OE of the transgene was also veri-
fied by semiquantitative RT-PCR (Fig. S3¢,d; Method S3). Inter-
estingly, a transgenic line (#9) that had high expression of
antibiotic resistance marker gene had OsRDR3 silenced, which
was likely to be due to homology-dependent RNA silencing
(Fig. S3¢,d). This plant had poor growth and did not progress to
the adult phase (Figs 2a, S3e). To observe the effect of downregu-
lation of OsRDR3, we also generated KD lines of OsRDR3 using
an amiR strategy as discussed in the Materials and Methods
section (Schwab ezal, 2006; Warthmann ezal, 2008). These
amiRs were incapable of targeting other closely related RDRs as
they targeted unique motifs. The silencing of the OsRDR3 gene
was confirmed by RT-PCR in amiR-expressing silenced lines
(Figs 2d, S3f). Similar to the line #9 described in Fig. 2(a) where
OsRDR3 was silent, OsRDR3 amiR lines produced fewer leaves,
the plant height and tiller numbers were drastically decreased and
they did not progress beyond the vegetative phase (Figs 2d—f,
S2¢). Conversely, robust growth was also observed when
OsRDR3 was heterologously expressed under the CaMV 358
promoter in tobacco (Fig. S4a—c). Taken together these results
indicated that RDR3 overexpression increased plant growth
while silencing of RDR3 was detrimental to plant growth.
Furthermore, to determine the significance of other y-clade
RDRs in rice, we also generated both overexpression and knock-
down lines of another closely related protein of RDR3, OsRDR4
(Figs S5a—d, S6a—c; Methods S1, S4). Overexpression of OsRDR4
did not result in as vigorous a growth phenotype as that of
OsRDR3 (Figs 3a—, S5e,f), with these plants producing slightly
higher numbers of seeds per panicle when compared with controls.
However, this increase in yield was not statistically significant
unlike the enhanced yield that was observed when OsRDR3 was
overexpressed. Similarly, OsRDR4 KD lines were stunted, their
heading dates were delayed, panicle length and the number of filled
grain were drastically reduced (Fig. 3d—j). Together, these results
indicated that OsRDR3 and OsRDR4 play an important role in
rice growth and development to such an extent that mis-expression
of these y-clade members resulted in either enhanced growth or
drastically poor growth. These phenotypes in silenced lines also
indicated the likely absence of functional redundancy among
y-clade members in spite of having high sequence similarity. By
contrast, such drastically altered phenotypes were not observed in
Arabidopsis lines mis-expressing a-clade RDRs, while silencing the
RDR2 homologue in maize produced strong growth phenotypes
(Jia eral., 2009). Absence of strong phenotype in a-clade RDR-
silenced lines in Arabidopsis is striking especially as these genes
control phenotypes ranging from vegetative phase change, lateral
root production, cell identity, anthocyanin production and deter-
mination of leaf abaxial and adaxial polarity (Peragine ez al., 2004;
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Fig. 1 Sequence and expression analysis of rice RNA-dependent RNA polymerases (RDRs). (a) Phylogenetic analysis of selected a-clade and y-clade RDRs.
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The error bars indicate SE. (g) Chromosomal location, exon positions and expression of OsRDR4. The G-Browser picture was downloaded from RAP-DB.
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Chitwood etal, 2009; Hsieh etal, 2009; Schwab etal, 2009;
Marin eral., 2010; Olmedo-Monfil eral, 2010). Taken together,
these observations reinforced the idea that plants with complex
genomes and evolutionary histories have evolved diverse silencing
pathways when compared with plants with smaller genomes. Func-
tional diversity between recently duplicated, additional copies of
silencing-associated genes have been characterised in monocot
model plants (Nishimura ezal, 2002; Nagasaki ezal, 2007;
Vaucheret, 2008; Wu et al., 2009; Das eral, 2020; Pachamuthu
etal, 2021).

OsRDR3 alters the expression of various endogenous loci
including those coding for proteins and noncoding sSRNAs

As OsRDR3 has a more drastic effect on rice growth and devel-

opment when compared with OsRDR4, we further focused on

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

OsRDR3 to decipher the role of y-clade RDRs. As all RDRs are
key components of RNA silencing, and as generation of dsRNA
synthesised by RDRs is a key trigger for silencing, we explored if
OsRDR3 had specific targets for silencing in the rice genome. To
identify targets of OsRDR3, we isolated sSRNA and mRNA frac-
tions from RDR3 OE as well as the silenced line #9 and com-
pared the RNA profiles with the controls. We obtained an
average of 20 million (M) reads per sample in sSRNA datasets and
20 M paired-end reads in RNA-seq datasets (Table S3). RNA-seq
analysis identified differential expression of multiple genes in
RDR3 OE and KD lines when compared to WT plants (Fig. 4a,
b; Datasets S1, S2). This analysis revealed that there were 917
and 1044 differentially expressed genes in RDR3 OE and KD
lines, respectively, indicating changes in gene expression when
OsRDR3 was mis-expressed (Fig. 4c). Gene ontology analysis
identified enrichment of many important processes, such as

New Phytologist (2021) 232: 1674-1691
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changes to cell wall synthesis genes, cell cycle-related genes, those
responding to oxidative stress and many others that were differ-
entially regulated in RDR3 mis-expressed lines (Fig. 4d). These
changes in gene expression were in agreement with the changes
seen in host plants when other clades of RDRs were mis-
expressed. In the mopl mutant of maize (RDR2 homologue),
transposons and protein-coding genes were mis-regulated. Sur-
prisingly, RNA-directed DNA-methylation (RADM) pathway
players were also mis-regulated in mopl (Jia eral, 2009).
Localised alterations in DNA-methylation level and correspond-
ing changes in expression of genes around such loci were reported
in osrdrl (Wang et al., 2014), whereas AtRDR1 was not reported
to be associated with RADM. AtRDRG6 is involved in tasiRNA
production and therefore indirectly regulated the expression of
ARF genes. AtRDRG also indirectly regulated expression at

New Phytologist (2021) 232: 1674-1691
www.newphytologist.com

RDR6-dependent RADM loci (Song eral, 2012; Nuthikattu
et al., 2013). Although the extent of changes in transcriptome in
OsRDR3 mis-expressing lines is comparatively high, transcrip-
tomic studies in mis-expressing lines of other members of RDRs
in monocots is likely to assist in finding conserved targets of such
RDRs and their functional significance. Together, these results
pointed out that the role of OsRDR3 is to regulate host gene
expression, directly or indirectly, to an extent similar to RDR
family members of the well studied a-clade.

OsRDR3 mis-expressed lines also showed altered populations
of sRNAs. sRNA profiling and 5’-nt bias comparison identified
higher abundance of 24-nt reads in RDR3 OE plants (Fig. 5a).
There was also an increased percentage of 21-nt reads with a bias
for 5 U in OE lines when compared with KD lines (Fig. 5b).
Differential expression analysis of miRNAs revealed that

© 2021 The Authors
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Fig. 4 RNA-seq analysis of OsRDR3 mis-expressing lines. (a, b) Volcano plots representing differentially expressed genes in RDR3OE (a) and RDR3KD (b),

respectively. See the Materials and Methods section for details. (c) Venn diagram detailing number of differentially expressed genes overlapping between

RDR3 OE and RDR3 KD lines. (d) GO enrichment of biological processes among the differentially expressed genes in RDR3 mis-expression lines. KD,
knockdown; OE, overexpression.

expression of many miRNAs (e.g. miR166 and miR2118) were  that regulate yield-related or stress tolerated genes were upregu-
altered in RDR3 mis-expression lines (Fig. 5¢c). When we anal- lated in KD lines. These miRNAs when present at higher levels,
ysed the expression levels of corresponding targets of these  reduced the yield and tolerance to stress among plants. miR1432
miRNAs, obtained from degradome analysis, we observed an ~ when overexpressed caused a reduction in acyl-CoA thioesterase
inverse correlation (Fig. 5d). miR1432, miR398 and miR408 (ACOT) levels thereby lowering the yield (Zhao eral, 2019).
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Fig. 5 sSRNA-seq analysis of OsRDR3 OE and KD lines. (a) Size—class distribution of sSRNAs in WT, RDR3 OE and RDR3 KD lines, represented as bar graphs.
R1 and R2 are biological replicates. (b) 5'-nucleotide abundance profile of 21-nt, 22-nt and 24-nt sRNAs in three samples including replicates. (c) Heatmap
of differentially expressing miRNAs in RDR3 OE and RDR3 KD, represented as log, (fold change) values. (d) Heatmap of differentially expressed miRNA
targets in RDR3 OE and RDR3 KD represented as log, (fold change) derived from RNA-seq analysis. (e) Stacked-bar plot representing SRNA abundance in
TAS3 loci in three samples. (f) Stacked-bar plot representing percentage abundance of sSRNAs (20-25 nt) in genomic repeat loci. KD, knockdown; OE,
overexpression; WT, wild-type.

miR398 and miR408 that target CSD1/2 and UCLS8 respec-
tively, are normally downregulated in stress so that their targets
are upregulated to confer stress tolerance (Sunkar ez al., 2006; Lu
eral., 2011; T. Zhang eral., 2017). Also, among the upregulated
miRNAs in KD lines was miR2118, which regulates reproductive
development in rice (Komiya etal, 2014; Das etal, 2020).
Among the miRNAs downregulated in RDR3 KD lines was
miR167 that targets OsARF12, OsARF17 and OsARF25. These
genes control tiller angle (Li ez al., 2020). Similarly, miR164 that
targets OsCUCI, which is required for boundary establishment

and maintenance during differentiation (Wang ezal, 2021),
miR172 that targets INB and OsIDS1, two members of the AP2
family that control floral organ identity and development (Lee &
An, 2012), miR399 that targets LTN1, takes part in regulating
phosphate starvation response in rice (Hu & Chu, 2011),
miR530 whose target is PL3, which encodes a PLUS3 domain-
containing protein (Sun ezal., 2020) were downregulated in KD
lines. Among the miRNAs that were upregulated only in RDR3
OE was miR166 that targets HD-ZIPIII TFs, regulators of
growth, vascular development, and establishment of leaf polarity

New Phytologist (2021) 232: 1674-1691
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(Mallory ezal., 2004; Kim ezal, 2005; Williams ezal., 2005;
J-P. Zhang ez al., 2017). It is tempting to speculate that the mis-
expression of these miRNAs might have contributed to the poor
development of OsRDR3 and OsRDR4 KD lines. To find out if
RDR3 played a role in tasiRNA biogenesis similar to AtRDRG,
we compared abundance of well conserved TAS3-derived siRNAs
(Fig. 5e), as well as 21-nt and 24-nt siRNAs from PHAS loci
across samples (Fei ez al., 2016; Tables S4, S5), and observed that
OsRDR3 also influenced their accumulation. To identify if func-
tions of OsRDR3 overlapped with RDR2, we compared sRNA
abundance in repeat and transposon loci that are usually under
the influence of RDR2 or its homologues and observed that
RDR3 OE plants accumulated increased amounts of these
siRNAs, whereas KD lines had reduced accumulation (Fig. 5f).
Together, these results indicated that RDR3 is involved in the
production of sRNAs in several genomic loci, probably by
directly acting on specific loci or indirectly acting by competing

with other clades of RDRs.

OsRDR3 regulates the expression of repeat-rich regions in
rice genome

To identify the loci responsible for altered abundance of sSRNAs
in RDR3 OE/KD lines, we compared the expression of sRNA
loci between these datasets. Among the loci that had differential
expression in RDR3 OE and KD lines, there was an enrichment
of genic regions and miRNAs (Fig. 6a,b). Among the 24-nt class,
repeats of class I (2.40% in RDR3 OE compared with 2.25% in
RDR3 KD for 20-22-nt; and 14.95% in RDR3 OE compared
with 10.84% in RDR3 KD for 23-24-nt) and class II (5.10% in
RDR3 OE compared with 4.20% in RDR3 KD for 20-22nt;
and 35.15% for RDR OE compared with 26.83% for RDR3
KD for 23-24-nt) showed major changes in accumulation. In
addition, there were changes in other repeats (0.40% in RDR3
OE compared with 0.32% in RDR3 KD for 20-22-nt; and
3.53% for RDR3 OE compared with 2.60% for RDR3 KD for
23-24-nt), transposons and rRNA repeats (47.29% in RDR3
OE compared with 54.27% in RDR3 KD for 20-22-nt and
26.74% in RDR3 OE compared with 37.01% in RDR3 KD for
23-24-nt) (Figs 6a,b, S7a). Together, among the loci that had
differential expression, loci derived from rRNA, rRNA repeats,
class I and class II repeats were the major loci responsible for the
differential expression of sRNAs (Figs 6c,d, S7b). In all such
cases, expression of SRNA from the coding sequences were not
altered (Fig. 6e) suggesting that OsRDR3 is specifically generat-
ing sSRNAs from repeat-rich regions in rice genome. While there
was no significant difference in the sSRNA derived from rRNA
repeats in RDR4 mis-expressing transgenic plants, similar to
RDR3, repeats and transposons had altered accumulation
(Fig. S8a,b), suggesting that RDR3 and RDR4 might have some-
what similar roles in genome regulation. Differential expression
analysis of sSRNA loci suggested that there were 1124 and 1007
differentially expressed sRNA loci in RDR3 OE and KD lines,
respectively (Fig. 6f; Dataset S3). Three representative transposon
loci with higher abundance of sSRNAs in OE plants and lower in
KD plants are shown in Fig. 6(g—i). Many genomic loci, where

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

OsRDR3 acted on the specific regions have been summarised in
Figs S10-S13. These results suggested a likely involvement of
OsRDR3 in a pathway partly catalysed by RDR2 in Arabidopsis
and other model systems, where RDR2 plays a major role in con-
verting PollV-derived transcripts from repeats and transposon-
rich regions to dsRNAs so that DCL3 generates a pool of 24-nt
sRNAs. These signals are utilised to induce DNA-methylation
and histone modifications in model plants such as Arabidopsis.
To identify if other component of RNA silencing pathway, such
as DCLs, RDRs of other clades and AGOs, have an effect or con-
tribution to RDR3-dependent loci, we overlapped RDR3-
dependent loci with publicly available datasets and found that
components of the RADM pathway influenced the sSRNA abun-
dance at these loci (Fig. $9a,b). Strikingly, there was biased accu-
mulation of sRNAs in one strand as well as enhanced expression
of the gene in OsRDR3 plants, such as in a long terminal repeat
(LTR) element (Fig. S10c) and protein-coding genes (Figs S11b,
S12d, S13). In most such cases, genomic regions had multiple
repeats spanning the gene (Fig.S13). In a few cases, KD of
OsRDR3 induced the expression of genomic loci to produce long
RNAs as well as abundant 21-nt and 24-nt sRNAs (Fig. S12¢).
In the examples provided in Fig. S12, repeats in which OsRDR3
played a role in enhancing or reducing abundance of sRNAs also
altered the expression of neighbouring genes as seen in RNA-seq.
In most examples mentioned above, the changes were mostly in
24-nt sSRNAs in OsRDR3 mis-expressing lines. In all such exam-
ples, lengths of differentially expressing sSRNA loci were shorter,
spanning 100-300-bp regions. Taken together, these examples
indicated a profound implication of mis-expression of OsRDR3
in gene expression and the ability of OsRDR3 to alter the normal
pool of sRNAs. In a small subset of regions where OsRDR3
appeared to act as a DdRp, it is possible that OsRDR3 itself is
capable of generating dsRNAs or that these ssRNAs might be
used as substrates by other members of RDRs.

To verify if OsRDR3 is capable of generating substrates from
repeats and transposons in a heterologous system, we checked the
expression of Trol (an LTR retrotransposon, class I) in RDR3
OE transgenic V. tabacum plants. We found that the expression
of Ttol was increased in RDR3 OE plants when compared with
vector-alone transformed control plants (Fig. S4d). These results
indicated that OsRDR3 has specific polymerase functions for
efficient targeting of repeat-rich regions in the genome.

RDR3 has polymerase activity on both RNA and DNA
templates

We hypothesised that, similar to a-clade member ActRDRG, vy-
clade members of RDRs might have specific polymerase activities
to mediate sSRNA biogenesis from specific genomic loci. To study
the biochemical properties of OsRDR3, we amplified a 2.5-kb
full-length OsRDR3 coding for 832 amino acids and cloned it
into a modified pMAL-p5E expression vector designed for a
translational fusion of MBP at the N-terminal end (Fig. S14a).
The MBP-RDR3 construct was then transformed into C41
E. coli expression cells and the protein was purified by affinity
chromatography using dextran—sepharose beads at 4°C
New Phytologist (2021) 232: 1674-1691
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Fig. 6 SRNA abundance among OsRDR3 mis-expressing lines in various genomic features. (a) Stacked-bar plot representing percentage abundance of
sRNAs (20-22 nt) in various genomic features. (b) Stacked-bar plot representing percentage abundance of sSRNAs (23-24 nt) in various genomic features.
(c) Violin plot representing log, (fold change) of SRNA abundance in RDR3 OE and RDR3 KD in repeat loci (23-24 nt). (d) Violin plot representing log,
(fold change) of SRNA abundance in RDR3 OE and RDR3 KD in rRNA repeat loci (20-25 nt). (e) Violin plot representing log, (fold change) of sSRNA
abundance in RDR3 OE and RDR3 KD in coding sequence (CDS) loci (20-25 nt). (f) Venn diagram representing overlap of differentially expressed sSRNA
loci between two RDR3 mis-expressing lines. (g—i) Examples of differentially expressing loci. KD, knockdown; OE, overexpression; WT, wild-type.
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(Fig. S14b—e). The protein was further purified by SEC using a
Hiload Superdex 200 pg preparative SEC column (GE Health-
care) (Fig. 7a). Expression of the MBP—RDR3 fusion protein was
further confirmed by western blot analysis (Fig. 7a) and mass
spectrometry analysis.

To explore the polymerase activities of OsSRDR3 on ssRNA sub-
strates, a 60-nt long ssRNA template corresponding to the 853—
912-nt region of eGFP was used as a template in the presence of
[0->*P] UTP and all four cold rNTPs. We found that RDR3 was
able to form RNAs of correct length from the ssRNA template
(Fig. 7b). As expected, activity was not observed in the reaction
using MBP as a vector control. To verify that newly formed prod-
ucts were genuine RNAs, we digested the reaction products with
RNase A and degradation of this RNA confirmed the production
of new RNAs (Fig. 7b). We further treated the reaction products
with RNase I that had affinity for ssRNAs but not for dsRNAs,
and observed the signal even after treatment with RNase I, suggest-
ing that the newly formed product was the expected RNA : RNA
hybrid (Fig. 7b). Substrate specificity of RNase A and RNase I is
shown in Fig. 7(c). Together, these results suggested that OsRDR3
has robust primer-independent polymerase activity on ssRNA sub-
strates. These biochemical properties of OsRDR3 were similar to
previously reported activities for AtRDR6 and AtRDR2 (Curaba
& Chen, 2008; Devert et al., 2015).

It has been shown previously that o-clade RDRs have
nucleotidyl transferase activity on ssRNA substrates (Curaba &
Chen, 2008). Viral RdRps are also known to possess this activity,
although its significance is unknown (Ranjith-Kumar ez al., 2001;
Kim ez al., 2007). We explored if OsRDR3 also had nucleotidyl
transferase activity on ssRNA substrates. We incubated OsRDR3
with ssRNA in the presence of only [0-*P] UTP or CTP. We
detected a band of the correct size in reactions with only [0->2P]
UTP or CTP, suggesting that RDR3 has nucleotidyl transferase

(a) (b)
MBP ——— 4+
M M
s & RDR3 + + + —
<§ ngéz ng RNase| —— + —
KDa = v Y RNase A + — — —M
137 — MBP-RDR3
. MBP-RDR3 ‘
91 cleaved 60-nt=
fragments :
71
— m L MBP

0-32P UTP

activity on ssRNA (Fig. 7d). In these activities, OsRDR3 behaved
very similarly to AtRDR6.

During the protein sequence alignment of y-clade RDRs with
other DNA-dependent RNA polymerases we observed that the
DFEDGD motif was conserved throughout the DNA-dependent
RNA polymerase family. As OsRDR3 has such a motf, we
explored if OsRDR3 was capable of using DNA as a template for
RNA synthesis. To test this, we incubated OsRDR3 with a 74-nt
long ssDNA with [0->*P] UTP and all four cold rNTPs. We
found that OsRDR3 was able to synthesise RNAs of correct size
from ssDNA (Fig. 8a). To understand the nature of this newly syn-
thesised RNA, we digested the reaction products with RNase H
that degrades RNA from the DNA: RNA hybrid, and observed
that the RNA product was sensitive to RNase H. This suggests that
newly formed RNA was a hybrid of DNA:RNA (Fig. 8a). As
expected, we did not observe any signal in a reaction with MBP
used as a control. We observed that RDR3 required Mg”" ions for
its polymerase activity, similar to other polymerases (Fig. 8b).
Among the ranges of temperatures tested, it worked best at a
slightly higher temperature range 2040°C (Fig. 8¢). Its require-
ment of a slightly basic pH for its optimum activity is in a similar
range as observed with other RDRs (Fig. 8d).

Mutation in conserved catalytic domain partially reduces
the polymerase activity of OsRDR3 in vitro

It has been shown previously that mutations in the conserved cat-
alytic domains of a-clade RDRs and viral RdRps (DXDXD-
eukaryotic; DX4.5D or DXD-viral) abolished their polymerase
activities (Jablonski & Morrow, 1995; Curaba & Chen, 2008;
Ogden eral., 2012; Devert ezal., 2015). To check whether this
motif was also essential for the polymerase activity of y-clade
RDRs, we generated a mutant in the conserved DFDGD

(c) (d)

RNase | ———— —— ++
RNase A ——+ + ————
dsRNA —4 —+ —4+—+
ssRNA +—+— +—+—

= 60-nt

!

o-32P o-32P
utp CTP

Fig.7 Polymerase activity of OsRDR3 on ssRNA substrates. (a) Coomassie Brilliant Blue staining (left) and western blotting (right) of purified MBP-RDR3
protein after size exclusion chromatography. (b) /n vitro RNA-dependent RNA polymerase (RDR) assay for RDR3 on a 60-nt long ssRNA template in the
presence of cold rNTPs and radiolabelled UTP. Reaction products were separated on a 12% urea-PAGE gel and visualised by phosphor imaging. 5-end
labelled 60-nt RNA was used as a size marker. (c) Nuclease activity of RNase A and RNase | on a 21-nt long ssRNA and dsRNA substrates. (d) RDR activity
of RDR3 on a 60-nt ssSRNA template in the presence or absence of cold rNTPs with radiolabelled UTP or CTP. Reaction products were separated on a 12%
urea—PAGE gel and visualised by phosphor imaging. CTP, cytidine triphosphate; ds, double stranded; rNTP, ribonucleoside triphosphates; ss, single

stranded; UTP, uridine triphosphate.
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Fig. 8 Polymerase activity of OsRDR3 on ssDNA substrates. (a) RDR3 polymerase assay with a 74-nt ssDNA template. Reaction products were either
treated or not with RNase H. 5'-end labelled template DNA was used as a marker. Reaction products were resolved on a 12% urea—PAGE gel. Right panel
shows the specificity of RNase H towards DNA : RNA hybrid. ss, single stranded; ds, double stranded. (b) Cation requirement for RDR3 polymerase activity.
Polymerase assay was performed with varying concentrations of MgCl, on a ssDNA template with an affinity-purified protein. Reaction products were
resolved on a 15% urea—PAGE gel. (c) Optimum temperature required for RDR3 activity. Polymerase assay was performed at different temperatures in the
presence of radiolabelled UTP and cold rNTPs with affinity-purified protein. (d) Optimum pH requirement for RDR3 polymerase activity. Polymerase
reactions were performed in buffers at different pH in the presence of radiolabelled UTP and cold rNTPs with affinity-purified protein.

domain. The mutant had a substitution at the 693™ residue from
aspartic acid (D) to alanine (A) (Fig. S14f,g). We purified the
protein using affinity chromatography coupled with SEC and
verified by western blotting with anti-MBP antibody (Fig. S14h,
). We found that mutating D—A partially abolished the
OsRDR3 activity on ssDNA and ssRNA templates (Fig. S14;j).
To verify the activity of the RDR3 D693A mutant, we further
immunoprecipitated WT and D693A mutant RDR3 from GFP-
RDR3 and GFP-RDR3 D693A-overexpressing V. tabacum plants
using either GFP-trap or GFP-nanobody (Fig. S15a—d; Methods
S5-S7). In both the cases, we found that the RDR3 mutant was
active at reduced levels (Fig. S15¢,f). These results suggested that
either there were other residues responsible for its activity or that
its activity depended on multiple domains, similar to the observa-
tions in Thermus aquaticus and adenovirus DNA polymerase
(Patel & Loeb, 2000). Together, our results indicated atypical
activities of y-clade members of RDRs in controlling gene expres-
sion through sRNAs.

Discussion

sRNAs are master regulators of gene expression, involved in a
multitude of functions in development, resistance and genome
integrity across eukaryotes (Baulcombe, 2004; Voinnet, 2008).

New Phytologist (2021) 232: 1674-1691
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The majority of the sSRNAs arise from dsRNA intermediates that
act as triggers to generate sSRNAs from both endogenous and
exogenous sources (Voinnet, 2008). RDRs generate dsRNAs
from diverse substrates and it is of great significance to under-
stand the functions of these enzymes. Previous sequence analysis
of RDRs has indicated that y-clade RDRs that are restricted to
plants and fungi have unique motifs (Wassenegger & Krczal,
2006; Willmann ez al., 2011). Our analysis of RDRs from plants
also reinforced the idea that y-clade members are essential for the
growth and development of plants.

Sequences of RDRs within a clade are highly variable; signifi-
cance of which is unknown. For example, there is only a 39.1%
amino acid sequence similarity between AtRDR3 and OsRDR3.
There is only 36.5% similarity between AtRDR4 and OsRDR4
at the amino acid level. However, among the y-clade members of
one species, there is a high degree of similarity, for example,
OsRDR3 and OsRDR4 share 70.7% similarity between them. It
is likely that OsRDR3 and OsRDR4 are the result of a recent
duplication event. Differential expression of OsRDR3 and
OsRDR4 across different tissues highlighted a specific spatio-
temporal regulation and their requirements in different tissues.
We have also found different splice variants of OsRDR3, indicat-
ing further layers of regulation that might be important for rice
development.
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The vigorous growth of OsRDR3 OE transgenic rice and
tobacco and stunted growth of OsRDR3 and OsRDR4 KD lines
suggests an important role of these genes in the growth and devel-
opment of plants. OF of AtRDR2, AtRDR6 or AtRDRI1 did not
lead to drastic changes in plant development (Curaba & Chen,
2008), indicating that a different regulatory aspect is associated
with y-clade RDRs. sRNA sequencing further revealed that there
was an increase in the production of sRNAs from transposons
and repeat-rich loci in OE lines and the reduction of these species
in KD lines. This suggests efficient silencing of the transposons
and repeats in OsRDR3, and to some extent OsRDR4, OE
plants. This might allow expression and accumulation of RNAs
that code for specific regulators of plant growth and develop-
ment. Considering the robust DdRp activity of OsRDR3, it is
possible that it might function together with PolIV or PolV. It
has been reported previously that there are several classes of
sRNAs that are independent of RDRI, 2 and 6 (Polydore &
Axtell, 2018). We hypothesised that the y-clade RDRs might also
be regulating the production of such sRNAs however, as these
loci have not been mapped in rice, we were unable to explore this
possibility. Considering a previous report on the DFDGD class
of RDRs in tomato (Verlaan etal, 2013; Butterbach ezal,
2014), it might be possible that RDR3 is also involved in silenc-
ing of DNA viruses. OsRDR3 might help in making sRNAs
from invading DNA viruses thereby contributing to their silenc-
ing and host defence.

Like AtRDR6, OsRDR3 also can use ssDNA as a template for
RNA synthesis. Also on ssDNA templates it forms RNA of the
correct size (Curaba & Chen, 2008). Considering that DFDGD
motifs are also conserved throughout the DdRp family, it is pos-
sible that RDR3 might have evolved specifically as a DdRp rather
than an RdRp. Aspartic acid in the conserved catalytic motif of
plant RDRs is essential for their catalytic activity (Curaba &
Chen, 2008; Devert et al., 2015), however we were not able to
identify a single motif/residue that is completely responsible for
the catalytic activity of RDR. As it is a large protein there might
be a possibility of having another catalytic motif responsible for
polymerase activity or RDR3 might be interacting with subunits
of other polymerases. As other studied RDRs also show primer-
independent and sequence-independent activities, it is not sur-
prising that OsRDR3 also performs similarly. For a-clade RDRs
such as AtRDRGO, it has been shown that specificity for substrates
of tasiRNA biogenesis is due to the specificity of the RDR part-
ner protein SGS3 (Peragine ez al., 2004; Fukunaga & Doudna,
2009; Kumakura ezal, 2009). It is likely that partners of
OsRDR3 mediate the recognition and polymerisation of sub-
strates to initiate silencing of specific genomic regions. Our analy-
sis also indicated a likely DdRp activity of OsRDR3 on specific
repeat-rich substrates and this might also require a partner pro-
tein to help with recognition of such targets.

The results discussed above are interesting for several reasons.
Growth and development-associated phenotypes of OE and KD
of these RDRs confirmed the importance of y-clade RDRs. This
clade of RDRs appeared to be fully functional unlike in Ara-
bidopsis, and they play a key role in genome regulation possibly
through silencing of specific repeat-rich regions. These results

© 2021 The Authors
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also showed that y-clade RDRs possess atypical biochemical

activities.
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Fig. $16 Uncropped images of the main Figs 7 and 8.
Fig. 17 Uncropped images of the Figs S14 and 15.
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Method S2 Southern blotting.

Method S3 Semiquantitative RT-PCR.

Method $4 sRNA northern analysis.
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