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Summary

¢ Phased secondary siRNAs (phasiRNAs) are broadly present in the reproductive tissues of
flowering plants, with spatial-temporal specificity. However, the ARGONAUTE (AGO) pro-
teins associated with phasiRNAs and their miRNA triggers remain elusive.

e Here, through histological and high-throughput sequencing analyses, we show that rice
AGO1d, which is specifically expressed in anther wall cells before and during meiosis, associ-
ates with both miR2118 and miR2275 to mediate phasiRNA biogenesis.

¢ AGO1d preferentially binds to miR2118-triggered 21-nucleotide (nt) phasiRNAs with a 5'-
terminal uridine, suggesting a dual role in phasiRNA biogenesis and function. Depletion of
AGO1d causes a reduction of 21- and 24-nt phasiRNAs and temperature-sensitive male steril-
ity. At lower temperatures, anthers of the ago7d mutant predominantly show excessive tape-
tal cells with little starch accumulation during pollen formation, possibly caused by the
dysregulation of cell metabolism.

e These results uncover an essential role of AGO1d in rice anther development at lower tem-
peratures and demonstrate coordinative roles of AGO proteins during reproductive phasiRNA
biogenesis and function.

Key words: anther, Argonaute, microRNA,
phasiRNA, rice.

Introduction

Plant small RNAs are key regulators of gene expression at both
the post-transcriptional gene silencing (PTGS) level, by mediat-
ing mRNA cleavage or translational repression, and at the tran-
scription  level, through RNA-directed DNA  methylation
(RdIDM) (Borges & Martienssen, 2015). Among the most well-
studied classes of small RNAs, microRNAs (miRNAs), which
tend to be 21 or 22-nt in length in plants, play critical roles in
regulating plant development, immunity, and abiotic stress
responses through PTGS (Li & Zhang, 2016; Song ez al., 2019,
2021). A unique function of 22-nt length miRNAs is to generate
phased secondary siRNAs (phasiRNAs) from target transcripts
by forming RNA-induced silencing complexes (RISCs)
with ARGONAUTEL (AGO1) (Chen etal, 2010; Cuperus
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etal., 2010; Fei etal, 2018; Yoshikawa ezal, 2021). In many
angiosperm species, phasiRNAs are generated from noncoding
RNAs, such as TASs, and protein-coding transcripts, represented
by the nucleotide binding site—leucine-rich repeat (NB-LRR) family
(Fei etal., 2013; Liu et al., 2020). It has been widely reported in
angiosperms that 22-nt miR2118 and miR2275 trigger the bio-
genesis of 21- and 24-nt phasiRNAs, respectively, from large
numbers of noncoding RNAs with high spatial-temporal speci-
ficity across premeiotic and meiotic stages during anther develop-
ment (Johnson ez al., 2009; Song ezal., 2012; Zhai etal., 2015;
Fei etal., 2016). These reproductive phasiRNAs have been par-
ticularly well examined in grasses, and especially in maize
and rice, highlighting the essential roles of these two classes of
phasiRNAs in male reproductive development in monocots.
Studies of the reproductive phasiRNA pathway in rice have
revealed that the biogenesis and function of 21-nt phasiRNAs are
important during anther development. Knockout of miR2118, the
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21-nt phasiRNA trigger, results in defects in anther wall develop-
ment, with decreased 21-nt phasiRNA abundance (Araki eral,
2020). Notably, 21-nt phasiRNAs with 5'-terminal cytosine (5" C)
preferentially associate with AGO5c, also known as MEIOSIS
ARRESTED AT LEPTOTENE1 (MEL1); defects in MEL1 cause
early meiotic germ cell arrest and complete sterility (Nonomura
etal, 2007; Komiya eral, 2014). Moreover, 21-nt phasiRNAs
have recently been reported to maintain meiotic progression by
mediating the cleavage of gene transcripts enriched for, but not
limited to, carbohydrate biosynthetic and metabolic pathways, and
receptor-like kinases in germ cells (Jiang eral., 2020; Zhang ez al.,
2020). Unlike 21-nt phasiRNAs, which are generated by DICER-
LIKE 4 (DCL4) in both monocots and dicots, 24-nt phasiRNAs
are generated in grasses by monocot-specific DCL5, which was
previously known as DCL3b (Song eral, 2012; Zhang eral,
2015). Mutation of DCL5 in maize results in a loss of 24-nt pha-
siRNAs and tapetal cell defects, and confers temperature-sensitive
male sterility in maize (Teng ez al, 2020).

Although much progress has been made in establishing the
functions of phasiRNAs during reproductive development, the
identity of the specific AGOs which load miR2118 and
miR2275 during phasiRNA biogenesis, and whether 21-nt pha-
siRNAs redundantly associate with AGOs other than MELI,
remain to be determined. Here we show that rice AGO1d prefer-
entially binds to small RNAs with 5’ U, including miR2118 and
miR2275, as well as to miR2118-triggered 21-nt phasiRNAs.
Depletion of AGO1d causes male sterility at lower temperatures,
mainly through defective programmed cell death (PCD) of tape-
tal cells. Our study thus reveals that AGO1d, which is potentially
redundant with other AGO1 paralogues, plays dual roles in pha-
siRNA biogenesis and function in rice. Furthermore, the lower
temperature-sensitive sterile phenotype caused by AGO1d defi-
ciency may be valuable for crop breeding efforts.

Materials and Methods

Plant materials and growth conditions

The rice cultivar Nipponbare (Oryza sativa L.) was used in all
experiments. Rice plants were grown in paddy fields in Shanghai
during summer and in Sanya during winter. For temperature
treatment, rice plants grown in the paddy field in Shanghai were
transferred to growth chambers when anther development
reached stage 3, corresponding to 0.5 cm inflorescences. Temper-
ature treatment was carried out at an average temperature of
22°C for the lower temperature treatment and 28°C for the nor-
mal control temperature treatment, at 75% relative humidicy
under a 12 h: 12 h, light: dark photoperiod until anthesis. After
temperature treatment, rice plants were transferred to the paddy

field for grain filling.

Real-time quantitative polymerase chain reaction
(RT-qPCR) analysis

Total RNA was isolated from plant tissues using TRIzol reagent
(Invitrogen). cDNA was synthesized using the HiScript™ TIT 1%
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Strand ¢cDNA Synthesis Kit with gDNA wiper (Vazyme, Nan-
jing, China). Quantitative polymerase chain reaction was per-
formed on a 7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA) using ChamQ Universal SYBR qPCR
Master Mix (Vazyme) with the 2724 method for data analysis.
Three biological replicates were performed for the RT-qPCR.
The housekeeping gene UBQ (LOC_Os03¢13170) was used as

an internal reference to normalize the gene expression.

Plasmid construction and transformation

The CRISPR/Cas9 genome editing construct of rice AGOId was
designed as previously reported (Ma ez al, 2015), and transformed
into the Nipponbare background. Genomic DNA from the trans-
genic plants was extracted and used as the template for PCR ampli-
fication flanking the editing site. Mutations in the transgenic
plants were characterized by Sanger sequencing. For AGOId
expression vectors, the 2200-bp promoter and full-length coding
sequence of AGOId were amplified from Nipponbare cDNA and
inserted into the plasmid pCAMBIAI300-3xFLAG to generate
pAGO1d::AGO1d-FLAG. To analyze AGO1d protein localization,
the green fluorescent protein (GFP) sequence with a stop codon
was amplified and inserted into the pAGO1d::AGO1d-FLAG con-
struct to generate pAGOI1d::AGOI1d-GFP. All constructs were
transformed into Agrobacterium tumefaciens scrain EHA105 and
introduced into Nipponbare. All primers used in this study are
listed in Supporting Information Table S1.

Transient expression and microscopy

To investigate the subcellular localization of all rice AGO1 pro-
teins, full-length coding sequences of AGOIa, AGO1b, AGOIc
and AGOId were amplified from the Nipponbare cDNA and
inserted into pCAMBIA1300-35S::GFP to generate 355::AGOIs-
GFP constructs. The constructed plasmids were transformed into
A. tumefaciens strain GV3101 and infiltrated into the young
leaves of Nicotiana benthamiana. The amplified rice AGOI cod-
ing sequences were also inserted into the 35S::YFP plasmid to
generate 355::AGO1s-YFP constructs and transformed into rice
protoplasts prepared from the sheath of 2-wk-old wild-type seed-
lings using the method described elsewhere (Y. Zhang etal.,
2011). The GFP fluorescence signal in tobacco leaf epidermal
cells and yellow fluorescent protein (YEP) signal in rice proto-
plasts were observed using a TCS SP8 laser confocal scanning
microscope (Leica, Weztlar, Germany). To observe the fluores-
cence from the stable line pAGO1d::AGO14-GFP, rice anthers
from different developmental stages were dissected and subjected
to confocal microscopy.

Histochemical analysis

For chromosome DAPI staining, anthers at stages 78 grown in a
growth chamber at either 22°C or 28°C were collected and
fixed in Carnoy’s Fluid. Anthers were squashed on a slide with
1x phosphate buffered saline (PBS) solution (pH 7.4) and then

soaked in liquid nitrogen. After removing the coverslips, the
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samples stained with 4’,6-diamidino-2-phenylindole
(DAPI) and photographed using an Eclipse Ni-E microscope
(Nikon, Tokyo, Japan). For semithin sectioning, anthers of dif-
ferent developmental stages were collected and fixed in FAA solu-
tion (50% ethanol, 5% glacial acetic acid and 5% formaldehyde)
overnight at 4°C. Then, the samples were dehydrated in a gradi-
ent series of ethanol (70%, 90% and 100%) and embedded in
Technovit 7100 resin (Hereaus Kulzer, Hanau, Germany), poly-
merized at 45°C, and sliced into ¢. 2 um transverse sections using
an LKB Ultrotome III (LKB Bromma, Sweden). Sections were
then stained with toluidine blue O and photographed using the
Eclipse Ni-E microscope.

were

Immunoprecipitation and small RNA library construction

The expression of FLAG-tagged AGO1d was first confirmed by
Western blotting with an anti-FLAG antibody in rice spikelets
from pAGO1d::AGOI1d-FLAG transgenic lines. Three biological
replicates of rice spikelets (1.5 g) at developmental stages 4-6, 7—
8, and 9 from transgenic plants were collected and ground in lig-
uid nitrogen into fine powder. The ground powder was homoge-
nized in 4ml extraction buffer (50 mM Tris-HCl pH?7.5,
150 mM NaCl, 0.1% NP-40, 4mM MgCl,, 5mM DTT,
EDTA-free protease inhibitor cocktail (Roche), and 400 U Rnasin
Ribonuclease Inhibitor (Promega)) and centrifuged at 12000 g
for 10 min. Two hundred microlitres of the supernatant was ali-
quoted for RNA extraction using TRIzol reagent and used as
input for RNA immunoprecipitation sequencing (RIP-seq). The
remaining supernatant was precleared with Protein A/G magnetic
beads (MedChemExpress, Monmouth Junction, NJ, USA) at
4°C for 1 h and then incubated with the Anti-DDDDK-tag anti-
body (M185-31; MBL, Nagano, Japan) at 4°C for 2 h. There-
after, 50l Protein A/G magnetic beads were added and
incubated at 4°C for 1 h. After washing three times with extrac-
tion buffer containing 2mM DTT at 4°C, the magnetic beads
were extracted using TRIzol reagent for RNA isolation.
Precipitated RNA was then used for small RNA library con-
struction using the NEBNext Multiplex Small RNA Library Prep
Set for Illumina (New England Biolabs, Ipswich, MA, USA). For
the RIP-seq input library construction, total RNA was loaded on a
15% urea polyacrylamide gel electrophoresis (PAGE) gel for elec-
trophoresis with the microRNA Marker (New England Biolabs).
Small RNA in 15- to 30-nt was extracted from gel slices and used
for input library construction. To compare the small RNAs
between wild-type and the ago /4 mutant, anthers at stages 46, 7—
8, and 9, grown at cither 28°C or 22°C were collected, with three
biological replicates. The small RNA libraries were prepared from
¢. 2 pg total RNA isolated from each sample using NEBNext Mul-
tiplex Small RNA Library Prep Set for Illumina (New England
Biolabs). All small RNA libraries were sequenced (single-end 50-
bp) on an lllumina NovaSeq 6000 platform at Novogene, China.

Small RNA data analysis

Small RNA sequencing data were preprocessed by removing
adapters and then mapped to the Oryza sativa v.7.0 genome
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sequences (MSU Rice Genome Annotation Project) (Kawahara
eral., 2013) using BowTie (Langmead ez al, 2009). Small RNA
reads mapped to rRNAs were filtered, and the remaining
genome-mapped reads were normalized to reads per million reads
(RPM). For small RNA annotation, rice noncoding RNA
sequences were downloaded from the RNAcentral database (Pet-
rov etal., 2017), miRNA sequences were downloaded from miR-
Base (Release 22.1) (Kozomara ez al., 2019), repetitive genomic
sequences were downloaded from the Oryza Repeat Database
(Ouyang & Buell, 2004), and PHAS loci were obtained from a
previous study (Fei eral, 2016). The overall small RNA abun-
dance for each PHAS locus was calculated by summing up the
normalized abundance of distinct small RNA reads using FEA-
TURECOUNTS (Liao eral, 2014). Phasing score calculation was
performed as described previously (Zhai ez al., 2011).

RNA-seq library construction and data analysis

Anthers at stages of 4-6, 7-8, and 9 from both wild-type and
mutant rice grown at either 28°C or 22°C were collected with
three biological replicates. Total RNA was isolated from each sam-
ple and then used for poly(A) RNA isolation with oligo(dT) beads.
Poly(A) RNA samples were then used for RNA-seq library con-
struction using the NEBNext Ultra RNA Library Prep Kit for Illu-
mina (New England Biolabs), according to the manufacturer’s
instructions. RNA-seq libraries were sequenced (paired-end 150-
bp) on an Illumina NovaSeq 6000 platform at Novogene, China.
After quality control and adapter trimming, reads were mapped to
the rice genome sequences using Hisa12 (Kim ez al, 2019). Gene
expression level quantification and differential expression analysis
(¢-value<0.01, FDR<0.01) were conducted using CUFFLINKS
(Trapnell eral, 2010). Gene ontology enrichment analysis was
performed using AGRIGO v.2.0 (Tian ezral, 2017), followed by
clustering and visualization using TBTOOLS (Chen ez 4/, 2020).

Mass spectrometry analysis

Anthers at stage 9 from both wild-type and agold mutant plants
grown at either 28°C or 22°C were collected, with three biologi-
cal replicates. A 50 mg sample of the plant material was taken for
liquid chromatography—tandem mass spectrometry (LC-MS/MS)
analysis using a UPLC-ESI-MS/MS system (UPLC — Nexera X2;
Shimadzu, Tokyo, Japan; MS — 4500 Q-TRAP; Applied Biosys-
tems) at MetWare, China. Significantly differential metabolites
between groups were determined by variable importance in pro-
jection score (VIP>1) and absolute log,FC (Ilog2FCl > 1; FC,
fold change). Variable importance in projection values were
extracted from the orthogonal projections to latent structures—
discriminant analysis (OPLS-DA) result, which was generated
using the R package METABOANALYSTR. In order to avoid overfit-
ting, a permutation test (200 permutations) was performed.

Accession numbers

The gene sequence data for this study can be found in the Gen-
Bank/EMBL databases under the following accession numbers:
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AGOIa (LOC_0Os02g45070), AGO16 (LOC_Os04g47870),
AGOIc (LOC_0s02g58490), AGO1d (LOC_Os06g51310) and
UBQ (LOC_0Os03g13170).

Results

Expression specificity and localization of rice AGO1d

The rice AGOI gene has four paralogues — AGOla, AGO1b,
AGOlc, and AGO1d— a diversification that is conserved in other
grasses (Zhang eral, 2015). We previously showed, based on
published microarray data, that the expression of AGOId is
anther-specific (Fei et al., 2016). Here, we reexamined the expres-
sion patterns of all four rice AGO1 paralogues by RT-qPCR. We
found that AGOIaand AGOIcare expressed in all four examined
tissues, including root, stem, leaf, and anthers, in different stages
(Fig. S1a). Consistent with our previous report (Fei ez al., 2016),
AGO1d shows the highest tissue specificity in rice anthers among
the four AGO paralogues, with ¢. 10- to 20-fold higher expres-
sion than in vegetative tissues. Similarly, AGO1 is expressed in
rice anthers at ¢. 3- to 5-fold higher levels than in vegetative tis-
sues (Fig. S1a). These results suggest that AGOId and AGO1b
may function redundantly during rice anther development.

Arabidopsis AGO1 primarily localizes to the cytoplasm to
mediate PTGS (Derrien ezal., 2012; Li etal., 2013), although
AGO1:miRNA RISC assembly occurs in the nucleus (Bologna
etal., 2018), and nuclear-localized AGO1 regulates transcription
in response to hormones and stresses (Liu ez 4/, 2018). To exam-
ine whether there is divergence in subcellular localization of the
rice AGO1 paralogues, we constructed vectors expressing GFP/
YFP-tagged rice AGOL1 proteins (355::AGO1a/b/c/d-GFP/YFP)
and transiently expressed them in both Nicotiana benthamiana
leaves and rice protoplasts. Confocal fluorescence microscopy
revealed that, similar to AGO1 in Arabidopsis, all rice AGO1
proteins predominantly localize to the cytoplasm in tobacco epi-
dermal cells (Fig. S1b) and rice protoplasts (Fig. S1c), suggesting
that they may each play a major role in PTGS in rice.

Previous mRNA iz situ hybridizations showed that AGOId
transcripts are highly expressed at earlier stages of anther wall cell
development, indicating the functional relevance of this gene,
with 21-nt phasiRNAs which peak at premeiotic stages (Fei ez al.,
2016). Although mRNA expression is generally considered to
correlate with protein expression, spatiotemporal discrepancy
between mRNA and protein accumulation are sometimes
observed due to possible translocation and higher stability of pro-
teins. To determine if the expression pattern of AGO1d protein
remains consistent with its mRNA, we generated AGO1d-GFP
transgenic lines using its native promoter (pAGO1d::AGO1d-
GFP), and observed the GFP signal at different anther develop-
mental stages as described previously (D. Zhang et al., 2011). We
observed an intense GFP signal in all layers of the anther wall
cells across stages 5 to 8a, followed by a reduction in fluorescence
intensity in the epidermis and tapetum at stages 8a to 9 (Fig. 1),
temporally overlapping with both 21- and 24-nt phasiRNA bio-
genesis. Consistent with the transient expression results, AGO1d-
GFP mainly accumulates in the cytoplasm of anther wall cells
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(Fig. 1). During rice microsporogenesis, microspore mother cells
(MMCs) undergo meiosis I from stages 7 to 8a, and meiosis II
from stages 8a to 8b, and free haploid microspores are released
from tetrads at stage 9 (D. Zhang eral, 2011). Therefore,
AGO1d protein is expressed in all layers of anther wall cells with
its highest accumulation before and during meiosis, suggesting
the possibility of a functional role in 21- and 24-nt phasiRNA
biogenesis.

AGO1d depletion confers temperature-sensitive male
sterility in rice

To investigate the function of AGO1d in rice microsporogenesis,
CRISPR/Cas9 vectors were constructed and transformed into
rice (Oryza sativa L. japonica cv. Nipponbare) to knock out
AGO1d. The guide RNA was designed to target the 5" end of the
first exon of AGO1d to attain null mutant lines (Fig. 2a). A total
of seven lines were confirmed to have shifted open reading
frames, as determined by Sanger sequencing (Fig. 2a). However,
agold null mutants displayed anther morphology and male fertil-
ity indistinguishable from that of wild-type under normal growth
conditions (Fig. S2a,b), suggesting that AGO1d is dispensable
for anther development under normal growth conditions. Sur-
prisingly, we observed a >80% reduction in seed setting in
mutant agold lines when grown in a paddy field in winter in
Sanya, Hainan Province, China (Fig. S2¢). Considering the aver-
age temperature can drop as low as ¢. 20°C during anther devel-
opment (Fig. S2d), we speculated that the lower temperature
might underlie male sterility in the winter field-grown agold
mutants.

To test this hypothesis, when panicles of wild-type and agold
mutant rice plants grown in a paddy field reached 0.5 cm in
length, the plants were transferred to one of two glasshouses, one
of which had an average temperature of 28°C, and the other,
22°C (Fig. S2¢). There were no obvious differences in anther
morphology, pollen fertility, or plant architecture between wild-
type and agold mutants under 28°C growth conditions (Fig. 2b—
d). Interestingly, we found that anthers from ago/d mutants, but
not wild-type plants, were white and lacked viable pollen grains
when grown at 22°C (Fig. 2e,f). The agold plants grown at
22°C also show no obvious architectural differences (Fig. 2g),
but their panicles had significantly lower seed setting percentages
compared with wild-type plants grown at 22°C and agold
mutants grown at 28°C, both of which had normal seed setting
percentages (Fig. 2h—j). Additional 2go/d mutant lines under the
lower temperature treatment also exhibited a substantial reduc-
tion in viable pollen (Fig. S2f) and seed setting (Fig. S2g,h). We
used the mutant line agold #1 for the analyses discussed here-
after, unless otherwise specified. To further investigate the devel-
opmental defects in agold mutant anthers, we performed
cytological analysis using anther cross-sections at different devel-
opmental stages grown at either 28°C or 22°C. The agold
mutant grown at 22°C showed similar cytological features to
other lines during premeiotic stages (S6 to S§7), meiotic stages
(88a,b), and the microspore release stage (§9) (Fig. 2k). However,
at stage 10, an excessively deformed tapetum was observed in the
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Fig. 1 Expression specificity of AGO1d in rice anthers. Confocal microscopy of the transgenic pAGO7d AGO1d GFP line. Anthers at different
developmental stages were collected, and are labeled along the left side of the figure from stage 5 (S5) to stage 9 (S9). E, epidermis; En, endothecium; ML,
middle layer; T, tapetum. Bar, 50 pm.

agold mutant locules (7= 80) at 22°C (Fig. S2i), possibly due to  anther at 22°C started to form defective bicellular pollen at stage
defective PCD, while the other three lines initiated tapetal degen- 11, with little starch accumulation, and failed to produce mature
eration with normal vacuolation (Fig. 2k). Thereafter, the agold  pollen at stage 12 (Fig. 2k).
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Fig.2 Temperature-sensitive male fertility phenotypes of the ago7d mutant rice plants. (a) Scheme representation of CRISPR/Cas9 target sites on the
AGO1d gene. Mutations for each line are indicated below the gene model. (b, e) Anthers at stage 13 of the wild-type (WT) and ago7d knockout line #1
grown at 28°C (b) and 22°C (e). Bar, 1 mm. Sample labels above panels (b, €) also apply to panels (c, d, f, g). (c, f) Stained pollen from wild-type (WT) and
ago7d knockout line #1 grown at 28°C (c) and 22°C (f) with iodine potassium iodide (I,-KI) solution. Bar, 200 um. (d, g) Whole rice plants of wild-type
(WT) and agod knockout line #1 grown at 28°C (d) and 22°C (g) after heading. Bar, 10 cm. (h, i) Seeded panicles of wild-type and ago7d #1 at 28°C (h)
and 22°C (i). Bar, 2 cm. (j) Seed setting percentages (n>7; three panicles from each plant were counted). Values are given as the mean + SEM. Asterisks
indicate significant differences according to Student’s t-test. (**, P<0.01 and ns, not significant). (k) Semithin sections of anthers from stage 6 to stage 12
from wild-type and ago7d #1 plants grown at 28°C and 22°C. Bp, bicellular pollen; DBp, defective bicellular pollen; DMp, defective mature pollen; Dy,
dyad cell; E, epidermis; En, endothecium; ML, middle layer; MMC, microspore mother cell; Mp, mature pollen; Msp, microspore; T, tapetum; Tds, tetrads.
Bar, 25 um.

In addition to cytological analysis, we analyzed meiotic chro-  at 22°C. Among the 392 agold meiocytes we examined, 95.6%
mosome behavior using DAPI-stained male meiocytes to com-  (375/392) showed normal meiotic progression (Fig. S3a), com-
pare meiotic progression in wild-type and ago/d mutants grown  pared with 98.3% (341/347) in the wild-type, suggesting
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slightly higher meiotic defects in the ago/d mutant grown at
lower temperatures. Univalent or randomly distributed chromo-
somes and chromosome bridges were found among the abnor-
mal events in both the wild-type (1.7%) and mutant (3.1%)
plants (Fig. S3b). However, aberrantly decondensed chromo-
somes (1.3%) were only observed in the agold mutant
(Fig. S3b), a phenotype reminiscent of the eternal tapetum 1
(eatl) mutant. EAT1 is a transcription factor that mediates the
transcription of 24-nt phasiRNA precursors (Ono ezal., 2018),
suggesting functional connections between AGOIld and 24-
nt phasiRNAs. Taken together, agold loss-of-function predomi-
nantly causes defective tapetal cell PCD during pollen forma-
tion and mildly affects meiosis, resulting in male sterility and a
dramatic decrease in seed setting percentages at lower tempera-
tures.

Rice AGO1d preferentially loads small RNAs with 5’ U,
including miRNAs and 21-nt phasiRNAs

Specificity for small RNAs with 5 U has been reported for
AGO1la, AGOI1b, and AGOlc (Wu ezal, 2009). Due to the
degree of sequence similarity observed, we reasoned that
AGO1d may also preferentially load small RNAs with 5 U.
To investigate this, we generated AGO1d-FLAG transgenic
lines using its native promoter (pAGOI1d::AGOI1d-FLAG).
Western blotting using an anti-FLAG antbody confirmed the
successful expression of FLAG-tagged AGO1d with two clear
bands (Fig. S4a), which may be derived from alternative splic-
ing of AGO1d transcripts. We next performed immunoprecipi-
tation of AGOIld using rice spikelets at three different
developmental stages and constructed small RNA libraries from
the immunoprecipitated RNAs for high-throughput sequencing
(RIP-seq). We found that the percentage of 24-nt small RNAs
was diminished relative to 21-nt small RNAs in all RIP sam-
ples (Fig. S4b,c), suggesting that AGO1d disfavors 24-nt small
RNAs.

We focused on analyzing a few categories of small RNAs,
including miRNAs, 21- and 24-nt reproductive phasiRNAs, 24-
nt repeat-associated siRNAs (rasiRNAs), and other 21-nt siR-
NAs, because of their functional significance in plants. By com-
paring their abundances between RIP and input samples, we
found that the majority of 5" U, but not 5 A/C/G miRNAs
(Fig. 3a—d; Dataset S1), 21-nt phasiRNAs (Fig. 3¢-h), and other
21-nt siRNAs (Fig. S5a) are enriched in RIP samples at all stages.
Accordingly, their overall abundances are consistently higher in
the RIP samples (Figs 3b,d,f;h, S5a). Thus, in addition to MEL1,
which is known to favor 21-nt phasiRNAs with 5" C in germ
cells, we have discovered that AGO1d tends to load 21-nt pha-
siRNAs with 5 U in anther wall cells. By contrast, neither 24-nt
phasiRNAs nor 24-nt rasiRNAs were enriched in the RIP sam-
ples, regardless of the 5’ nucleotide (Fig. S5b,c), confirming that
24-nt small RNAs are not favored by AGO1d. In summary, we
have shown that AGO1d preferentially associates with 21-nt
small RNAs with 5" U, including miRNAs and 21-nt phasiR-
NAs.

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.

e N

miR2118 and miR2275 associate with AGO1d to mediate
phasiRNA biogenesis

We next investigated whether miR2118 or miR2275 were
enriched in the AGO1d RIP-seq samples, because their effector
AGO proteins remain unknown. The miR2118 family in rice
contains ¢ 18 members that produce 12 distinct mature
miR2118 sequences, the vast majority of which contain 5 U
(Araki et al, 2020). We found that most miR2118 members are
indeed enriched in the AGO1d RIP samples compared with the
input (Fig. 4a; Table S2). Considering that there are only four
miR2275 records (miR2275a/b/c/d) in miRBase (Release 22.1),
we speculated that more copies of miR2275 may exist in the rice
genome. A BLasTN search against the rice genome (MSU7) using
these four precursor sequences identified a total of 12 miR2275
members, processed into 10 distinct sequences of mature
miR2275 (Table S3). Similar to miR2118, miR2275 members
are also enriched in the RIP samples (Fig. 4b; Table S4), includ-
ing those (miR2275d/e/j/1) with 5" C. These results suggests that
AGOI1d also associates with a set of small RNAs with 5" C,
despite a preference for 5" U. Collectively, both miR2118 and
miR2275 were loaded into AGO1d, probably mediating repro-
ductive phasiRNA biogenesis.

To confirm this, we prepared small RNA libraries from three
developmental stages of rice anthers from both wild-type and
agold mutants grown at 28°C or 22°C. By comparing the total
abundances of phasiRNAs from characterized loci that generate
21- and 24-nt phasiRNAs (21-PHAS and 24-PHAS loci) (Fei
etal., 2016), we found that the overall phasiRNA abundances
from most PHAS loci are reduced in the mutant compared with
wild-type plants, regardless of the growth temperature (Fig. 4c,d;
Dataset S2), and the reduction of phasiRNAs from 21- and 24-
PHAS loci are statistically significant in the ago/d mutant at most
stages and conditions (Fig. S6a). By contrast, miRNA abun-
dances did not show any significant difference between wild-type
and agold plants at either growth temperature (Fig. S6b;
Dataset S3). Genome browser views of randomly selected 21- or
24-PHAS loci consistently showed that both classes of phasiR-
NAs are dramatically decreased in the mutant, consistent with a
reduction of phasing scores (Fig.4e). Taken together, these
results confirm that AGO1d mediates 21- and 24-nt reproductive
phasiRNA  biogenesis through formation of RISCs with
miR2118 and miR2275, respectively.

Metabolic dysregulation in ago7d anthers at lower
temperatures

To investigate gene expression changes underlying temperature-
sensitive sterility in the agold mutant, we performed transcrip-
tome profiling of the anthers of wild-type and agold plants,
grown at 28°C or 22°C, at various developmental stages.
We found that AGOId expression was diminished in the agold
mutant anthers (Fig. S7a), possibly due to nonsense-mediated
RNA decay triggered by premature translational termina-
tion. AGOlalblc were not upregulated in the agold mutant
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Fig. 3 Enrichment of miRNAs and 21-nt phasiRNAs in rice anthers in the AGO1d-FLAG RIP-seq data. (a) Scatter plots of the abundances (log,oRPM) of
miRNAs with 5'-terminal uridine (5’ U) in the RNA immunoprecipitation (RIP) samples (y-axis) compared with those in the input samples (x-axis). Sample
stages are labeled on each plot. (b) Comparisons of total 5 U miRNA abundances between RIP and input at three stages of anther development (n =3 repli-
cates). (c) Scatter plots of the abundances (log1oRPM) of miRNAs with 5'-terminal adenine, cytosine, or guanine (5" A/C/G). Sample stages are labeled on
each plot. (d) Comparisons of total 5’ A/C/G miRNA abundances (n =3 replicates). (e) Scatter plots of the abundances (log10RPM) of 21-nt phasiRNAs
with 5" U in the RIP samples (y-axis) compared with those in the input samples (x-axis). Sample stages are labeled on each plot. (f) Comparisons of total 5’
U 21-nt phasiRNAs abundances (n = 3 replicates). (g) Scatter plots of the abundances (log1oRPM) of 21-nt phasiRNAs with 5’ A/C/G. Sample stages are
labeled on each plot. (h) Comparisons of total 5° A/C/G 21-nt phasiRNAs abundances (n =3 replicates). Values are given as the mean & SD. Asterisks indi-
cate significant differences according to Student's t-test (*, P <0.05; **, P<0.01).

(Fig. S7b—d), suggesting that there is no compensation at the  temperatures. A total of 109, 286, and 273 overlapped differen-
transcriptional level among the AGO! paralogues. Using pairwise  tially expressed genes (DEGs) from stages 4-6, stages 7—8, and
differential gene expression analysis for the agold mutant at  stage 9 were identified, respectively (Fig. 5a,b; Dataset S4). A
22°C and all other groups, including agold at 28°C, wild-type at ~ number of genes with well-characterized functions in the regula-
28°C, and wild-type at 22°C, we aimed to identify key genes and ~ tion of rice anther development and male sterility were identified
pathways that may underlie sterility in the ago/d mutant at lower ~ as DEGs (Fig. S8). Gene ontology (GO) analysis showed that
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Fig. 4 miR2118 and miR2275 associate with AGO1d to generate phasiRNAs in rice anthers. (a, b) Abundances reads per million (RPM) of different
members of miR2118 (a) and miR2275 (b) in the RNA immunoprecipitation (RIP-seq) data. Values are given as the mean + SD and indicate the average
normalized abundances from three biological replicates of small RNA libraries. Asterisks indicate significant differences according to Student's t-test (*,

P <0.05; **, P<0.01). Sample stages are labeled at the top of each bar graph. (c, d) Scatter plots of the small-RNA abundances (log1oRPM) from 21-nt (c)
and 24-nt (d) PHAS loci in wild-type (WT) and ago7d mutant plants grown at 28°C or 22°C. (e) Genome browser views of small RNA distributions from
randomly selected 21- and 24-nt PHAS loci (upper panels). The y-axis represents the abundance (RP3M) of small RNAs. Genomic coordinates and anther
stages are indicated at the top of each panel. Small RNAs in different sizes are indicated using different colors. Lower panels show phasing scores of each
locus using a sliding window; red dots indicate the highest score at each PHAS locus.
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Fig. 5 Transcriptome analysis of wild-type (WT) and ago7d rice anthers at grown at 28°C or 22°C. (a) Venn diagrams showing the overlapped DEGs of
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transcription factor activity was among the most significantly ~ wall, and carbohydrate metabolism were highly enriched during

enriched GO terms during stages 4-6, which remained outstand-  stages 7-8; GO terms related to catabolic processes and lipid
ing until stages 7-8; GO terms related to hydrolase activity, cell transport, localization, and metabolism were enriched at stage 9
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(Fig. 5¢). Overall, distinctive transitions during anther develop-
ment — from transcriptional regulation to carbohydrate metabo-
lism, and then to lipid regulation — were identified for DEGs,
which may be perturbed in agold at lower temperatures and
result in anther sterility.

Sugar and lipid metabolism has been extensively shown to play
pivotal roles in tapetum development and pollen formation
(Wan etal., 2020; Liu ez al., 2021). Indeed, alteration of expres-
sion levels was observed for many genes involved in carbohydrate
metabolic processes and glycosyltransferase activity (Fig. S9),
lipid transport, localization, and metabolism (Fig. S10). In par-
ticular, OsSUT1, which encodes a sucrose transporter (Hirose
eral., 2010), was upregulated at stage 9 in agold plants grown at
28°C and those grown at 22°C (Fig. 5d). In addition, RMS2,
which encodes a GDSL lipase (Zhao et al., 2020), and OsGLI-4,
regulators of wax synthesis (Yu ezal, 2019), were differentially
upregulated and downregulated at stages 7-8 and stage 9
(Fig. 5e,f).

We next performed mass spectrometry analysis of anthers at
stage 9 to identify dysregulated metabolites in carbohydrates,
lipids, and other metabolic products such as organic acids,
amino acids and nucleotide derivatives in the agol/d mutant
(Fig. S11a,e; Dataset S5). While some of the essential metabo-
lites, such as D-sucrose, D-glucose and D-fructose, remained
unchanged, a number of important carbohydrate and lipid
metabolites, such as UDP-glucose, D-fructose-1,6-biphosphate,
Lyso-phosphatidylethanolamine (LysoPE), a- and v-linolenic
acid, were significantly up- or down-regulated in the agold
mutant at 22°C (Fig. S11f-0). These findings indicate that meta-
bolism is partially disrupted in the ago/d mutant at lower tem-
peratures, possibly as a result of transcriptomic changes.

Gene expression regulation by 21-nt phasiRNAs

We next asked whether these dysregulated genes are targets of 21-
nt phasiRNAs. Previous studies identified 2281 and 506 targets
of 21-nt phasiRNA in rice anthers (Zhang ez a/., 2020) and meio-
cytes (Jiang ez al., 2020), respectively, by degradome sequencing.
Of a total of 608 DEGs identified in agold plants grown at 22°C
in our study, 57 were identified as 21-nt phasiRNA targets in
previous studies (Fig. S12a). Among the 57 genes, 22 were upreg-
ulated in at least one stage in agold at 22°C (Fig. S12b), possibly
due to the downregulation of 21-nt phasiRNAs. We reason that
the downregulation of genes might be due to either indirect
effects in the mutant or the low confidence of target identifica-
tion, considering there were only 88 common targets from these
two independent studies. Jiang ez al. (2020) identified 71 trans-
posable elements (TEs) as phasiRNA targets, expression of only
33 TEs was detected in our RNA-seq data and none of these were
significantly differentially expressed in agold at 22°C (Fig. S12¢).

Among the 22 upregulated target genes, OsDMCIA was previ-
ously validated as a target of two individual 21-nt phasiRNAs
(Jiang et al., 2020; Zhang et al., 2020) (Fig. S12d). Although the
agold mutation had limited defects in meiosis, OsDMCIA and
OsDMC1B, which encode meiosis-specific DNA recombinases
that redundantly regulate synapsis during meiosis (Wang ez 4/,

© 2022 The Authors
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2016), were upregulated at almost all stages in agold anthers
grown at 22°C (Fig. 5g,h). Further supporting the upregulation
of OsDMCIA, the phasiRNA 21PHAS1857_165(+) targeting
itwas observed to be downregulated in the ago/d mutant,
while the other, 21 nt:1:5eq-2926’, remained at a very low level
(Fig. S12d). Neither of these phasiRNAs were enriched
inAGO1ld RIP-seq data, suggesting that they might be
loaded into other AGOs for gene silencing. Interestingly,
LOC_0s06¢22060, which encodes a pyrophosphate:fructose-6-
phosphate 1-phosphotransferse (PFP) subunit alpha that is
responsible for D-fructosel,6-bisphosphate synthesis (Plaxton,
1996; Lim et al., 2009), was reported as a target of the 21-nt pha-
siRNA ‘21 nt:1:seq-38 043’ (Zhang ez al., 2020). Consistent with
the upregulation of this gene (Fig. 5i), the corresponding pha-
siRNA was downregulated in the agold mutant (Fig. S12e).
AGO1d RIP-seq revealed that this phasiRNA can also associate
with AGO1d. Moreover, mass spectrometry analysis found that
the product of this gene, p-fructose-1,6-bisphosphate, was also
overaccumulated in agold at 22°C (Fig. S11j). p-fructose-1,6-
bisphosphate is an intermediate in the glycolytic pathway, sug-
gesting a direct regulation of sugar metabolism by a 21-nt pha-
siRNA. Considering the limited number of validated phasiRNA
targets, the development of approaches for more precise target
identification, in combination with in-depth functional studies in
the future, would better demonstrate the roles of phasiRNAs in
metabolic regulation during reproduction.

Discussion

AGO proteins are key effectors that regulate gene expression by
forming RISCs with small RNAs. The AGO gene family expe-
rienced intensive diversification during plant evolution (Zhang
etal., 2015). In plants, AGO1 is the major AGO to associate
with miRNAs for PTGS. In maize and rice, AGOI has
expanded into four paralogues: AGOla, AGO1b, AGOIc, and
AGOId. We show that AGO1d has evolved with expression
specificity in rice anthers. Despite their diverged tissue speci-
ficity, all rice AGO1 proteins predominantly localize to the
cytoplasm, similar to the AGOL1 orthologue in Arabidopsis,
suggesting a consistent function in PTGS. It has been shown
by mRNA insitu hybridization that AGOId mRNA is
expressed in rice anther wall cells, but whether AGO1d protein
remains in the same cell types was unclear. Here we demon-
strate that AGO1d protein accumulates in all layers of anther
wall cells, but not germline cells, across premeiotic and meiotic
stages. We previously speculated that AGO1d might be func-
tionally relevant to phasiRNAs, due to its spatiotemporal co-
expression with miR2118 and temporal co-expression with
MELI (Fei etal, 2016). In addition, a study of maize anthers
showed that miR2118 is expressed in the epidermal cells at pre-
meiotic stages, while miR2275 accumulates mainly in tapetal
and germ cells during meiosis (Zhai ezal, 2015). Therefore,
AGO1d protein expression spatiotemporally overlaps with
miR2118 and miR2275 (Fig. 6a), supporting the notion that
AGOI1d may take part in the reproductive phasiRNA pathway

during microsporogenesis.
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as in Arabidopsis.

Surprisingly, when grown under normal growth conditions,
agold null mutants generated by CRISPR/Cas9-mediated gen-
ome editing showed no discernable developmental or reproduc-
tive phenotypes compared with wild-type rice. However,
substantially low seed setting rates were observed when the agold
mutants were grown in a paddy field at lower temperatures.
We thus hypothesized that the agold mutants may have a
temperature-sensitive fertility phenotype, because many photo/
thermo-sensitive lines have recently been found to be related
to the phasiRNA pathway. For example, PMSI7T, a locus with
a single-nucleotide polymorphism (SNP) producing 21-nt pha-
siRNAs, confers photosensitive male sterility in rice (Fan ezal.,
2016), and the maize dc/5 mutant, which loses the ability to gen-
erate 24-nt phasiRNAs, displays temperature-sensitive fertility
(Teng etal, 2020). Indeed, we further confirmed that agold
mutants were male-sterile after being transferred to a glasshouse
with an average temperature of 22°C at the panicle initiation
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stage. Cytological analysis showed that growing agol4 mutants at
22°C predominantly causes defects in tapetal PCD and pollen
starch accumulation; by contrast, the meiotic defect rate was only
slightly higher in the 2go/d mutant compared with the wild-type.
Thus, AGO1d is essential for anther development and pollen for-
mation at lower temperatures in rice. It possible that AGO1d
loading is more efficient than other AGO1 paralogs at low tem-
peratures, such that there is redundancy at normal temperatures
that is eliminated at low temperatures.

We showed by AGO1d RIP-seq data that AGO1d preferen-
tially binds to ¢. 21-nt small RNAs with 5’ U, similar to the Ara-
bidopsis AGO1 (Mi etal, 2008). Moreover, except for 5 U
miRNAs, AGO1d also binds to 21-nt 5 U phasiRNAs. Thus, in
addition to MEL1 (OsAGO5c), which is known to prefer 21-nt
phasiRNAs with 5' C, we have identified AGO1d as an addi-
tional AGO that preferentially loads 21-nt phasiRNAs. Intrigu-
ingly, we found that AGO1d associates with both miR2118 and

© 2022 The Authors
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miR2275, suggesting that AGO1d mediates the biogenesis of
both 21- and 24-nt phasiRNAs. Small RNA sequencing data
analysis has consistently revealed a substantial reduction in pha-
siRNAs from both 21- and 24-PHAS loci in the agold mutant.
These results indicate that rice AGO1d mediates 21- and 24-nt
phasiRNA biogenesis by forming RISCs with miR2118 and
miR2275, respectively. Because the C-terminal fused tag may
partially impair the slicing activity of the AGO protein (Yin ez al.,
20205 Lee et al., 2021), generating an endogenous AGO1d anti-
body would be helpful to confirm its binding preference and for
additional experiments in the future. Notably, neither 21- or 24-
nt phasiRNAs were completely eliminated in the 2go/d mutant,
suggesting that AGO1d may be functionally redundant with
other AGO proteins, particularly AGO1la/b/c, considering the
conservative cross-species preference of AGO1 for small RNAs
with 5" U (Fig. 6b). It is likely that at normal temperatures, func-
tional redundancy is the main reason that ago/d mutants do not
show fertility defects. By contrast, AGO1a/b/c activity might be
decreased under lower temperatures so that they may not com-
pensate for agold loss-of-function, leading to temperature-
sensitive male sterility.

Like AGO1d, AGO16 mRNA expression shows anther wall
specificity (Araki eral, 2020), suggesting a potential functional
redundancy with AGO1d. Indeed, CRISPR/Cas9-generated
agold agolb double mutant lines display partial male sterility at
normal temperatures and full male sterility at lower temperatures
(Fig. S13), supporting our hypothesis that AGO1 paralogs have
functional redundancy in anther development and sterility main-
tenance. In a previous study (Wu ez al., 2009), AGOla/b/c RIP-
seq was performed using rice seedlings but not reproductive tis-
sues. Thus, whether AGO1la/b/c paralogues play dual roles in
phasiRNA biogenesis and function, similar to AGO1d, requires
further investigation. Additional functional studies will be needed
to establish the potential functional redundancy of all rice AGO1
paralogues during anther development.

Our analysis of transcriptome data demonstrated stage-
specific dysregulation of crucial gene regulatory programs,
such as transcriptional regulation, carbohydrate metabolism,
and lipid transport and metabolism, which may confer agold
sterility at lower temperatures. Notably, sugar and lipid
metabolism-related genes have been widely reported to be cru-
cial for pollen formation and male sterility (Wan ezal, 2020;
Liu eral, 2021). Using transcriptomic and metabolic profil-
ing, we confirmed the disruption of metabolism in the agold
mutant at lower temperatures. Thus, although AGO1d has a
very mild impact on meiosis, it seems to control anther devel-
opment and pollen formation at later stages through program-
ming gene expression and cellular metabolism. Indeed, we
confirmed the function of a phasiRNA in regulating sugar
metabolism by negatively regulating the expression of a PFP
that synthesizes D-fructosel,6-bisphosphate in glycolysis. Nota-
bly, only a small number of genes were identified as common
phasiRNA targets between previous studies (Jiang ez al, 2020;
Zhang etal, 2020). Consistent with our analysis, a recent
study also noted the discrepancies among previous studies of
phasiRNA target identification and proposed that most of the
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genes reported in these studies might not be bona fide targets
(Lan ezal, 2022). Thus, target validation of 21-nt phasiRNAs
will likely rely on the development of novel techniques in the
future. It is also possible that 21-nt phasiRNAs may play a
role in translational repression, which may explain the diffi-
culty of target identification by degradome sequencing.

Although the dysregulation of TEs was not observed in the
agold mutant, there is evidence that phasiRNAs can repress TEs
in germlines. A recent study reported that MAGO1 and
MAGO?2, two homologous proteins of rice MEL1 in maize, asso-
ciate with temperature-induced 21-nt phasiRNAs to target TEs,
safeguarding plant male fertility under high-temperature stress
conditions (Lee eral, 2021), suggesting roles of 21-nt phasiR-
NAs in transposon repression in addition to protein-coding gene
silencing. A study in Arabidopsis demonstrated that tapetal 24-nt
small RNAs can direct RADM in germline cells (Long etal.,
2021). The biogenesis of 24-nt phasiRNA in the tapetum indi-
cates that it may have a similar function during rice microsporo-
genesis (Fig. 6b), possibly by associating with AGO4a/b to
mediate CHH DNA methylation (Zhang ez al, 2021). PhasiR-
NAs are not only found in monocots: they broadly exist with
diversification in flowering plants (Xia ez al., 2019; Pokhrel et al.,
2021). We propose that an understanding of the mechanisms
underlying reproductive phasiRNA biogenesis would facilitate
precise artificial perturbation of phasiRNA pathways to generate
novel photosensitive/thermosensitive sterile lines for hybrid
breeding in a broader range of crops.
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