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PMS1T, producing phased small-interfering RNAs,
regulates photoperiod-sensitive male sterility in rice
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Phased small-interfering RNAs (phasiRNAs) are a special class of
small RNAs, which are generated in 21- or 24-nt intervals from
transcripts of precursor RNAs. Although phasiRNAs have been found
in a range of organisms, their biological functions in plants have yet
to be uncovered. Here we show that phasiRNAs generated by the
photopheriod-sensetive genic male sterility 1 (Pms1) locus were as-
sociated with photoperiod-sensitive male sterility (PSMS) in rice, a
germplasm that started the two-line hybrid rice breeding. The Pms1
locus encodes a long-noncoding RNA PMS1Tthat was preferentially
expressed in young panicles. PMS1T was targeted by miR2118 to
produce 21-nt phasiRNAs that preferentially accumulated in the
PSMS line under long-day conditions. A single nucleotide polymor-
phism in PMS1Tnearby the miR2118 recognition site was critical for
fertility change, likely leading to differential accumulation of the
phasiRNAs. This result suggested possible roles of phasiRNAs in re-
productive development of rice, demonstrating the potential impor-
tance of this RNA class as regulators in biological processes.
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hased small-interfering RNAs (phasiRNAS) are a special class of

small RNAs, which are generated in 21- or 24-nt intervals from
transcripts of precursor RNAs (1, 2). PhasiRNAs have been found in
a wide range of organisms (11). In animal, a class of phasiRNAs
known as Zucchini-dependent piwinteracting RNAs were required
for spermatogenesis (3, 4). In soe plant species, phasiRNA-gen-
erating loci (PHAS loci) are found to be distributed in genomic
clusters and phasiRNAs preferentially accumulate in reproductive
tissues (2, 10). In grass anthers, phasiRNAs are generated from
precursor transcripts transcribed fromPHAS genes or loci, trig-
gered by cleavage of 22-nt miR2118 or miR2275 (1, 2). The 21-nt
phasiRNAs are abundant in premeitic anthers, and 24-nt phasiRNAs
in meiotic anthers (10). However, the functions of these reproductive
phasiRNAs are yet to be characterized.

The discovery of a photoperiod-sensitive male sterility (PSMS)
rice (Oryza sativd_.) mutant started the development of two-line
hybrid rice (12), which has made tremendous contributions to rice
production, especially in China (13). Male fertility in PSMS rice is
regulated by photoperiod: it is male-sterile under long-day con-
ditions but fertile under short-day conditions. Studies have shown
that PSMS segregates as two Mendelian loci, photopheriod-
sensetive genic male sterility 1Rms) and Pms3 in crosses be-
tween the original mutant Nongken 58S (abbreviated as 58S) and
many rice varieties (14, 15). Recently, th®ms3locus was shown
to encode a long-noncoding RNA (IncRNA), LDMAR (16, 17),
whose abundance is critical for male fertility in long days.

Here we show thatPmsl functions as aPHAS locus, which
produces a transcripPMS1Ttargeted and triggered by miR2118 to
generate 21-nt phasiRNAs. Thebundance of the phasiRNAs was
associated with the male fertility of 58S under long-day conditions.

Results

Map-Based Cloning of Pms1. It was previously shown that fertility
of PSMS rice under long-day conditions was governed by two
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independent segregating lociPms1and Pms3 such that the
pollen was completely sterile only when both loci were homo-
zygous for the alleles from 58S (15). In this study, we developed
an F, population from a cross between 58S and NIL(MH) [near
isogenic line developed by introgressing th®ms1 locus from
Minghui 63 (MH63) to 58S background]. Plants homozygous for
the 58S allele were highly sterile and plants homozygous for the
MH63 allele were fertile under long-day conditions, whereas
spikelet fertility of the heterozygotes varied from completely
sterile to fully fertile (Fig. 1 A-C).

For fine-mapping Pms1 more molecular markers were de-
veloped surrounding the two markers Fssr and Rssr (now P5 in Fig.
1D) based on the previous work (18) to genotype 6,841 individuals
from the F>-mapping population. Genotyping these plants identi-
fied 88 recombinants between two flanking markers, Fssr and pj23,
covering a 138-kb genomic region in MH63 that corresponded to
300 kb in the Nipponbare referewe genome (19). Because of ex-
tensive phenotypic overlap beteen heterozygotes and 58S ho-
mozygotes, only the recombinants between MH63 homozygotes
and heterozygotes were used for further mapping. Genotyping the
recombinants resolved thé®msZllocus to a 4.0-kb region flanked by

Significance

New discoveries have been continuously made in recent years
on the roles of noncoding RNAs in regulating biological pro-
cesses. Phased small-interfering RNAs (phasiRNAs) may be the
newest member discovered in recent years. The photoperiod-
sensitive male sterility (PSMS) rice is a very valuable germplasm
that started the era of two-line hybrid rice. Here we show that
phasiRNAs generated by a long-noncoding RNA PMS1Tencoded
by the Pms1 locus regulates PSMS in rice. This work provides a
case associating the phasiRNAs with a biological trait, especially
an agriculturally highly important trait, thus confirming that the
phasiRNAs indeed have biological functions.
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expression pattern ofPMS1T (Fig. S§. In general, PMS1T ex-
pression levels in both 58S and NIL(MH) were low in all tissues
assayed, and especially so in green tissues, such as leaf and
sheath Fig. S5. It was expressed preferentially in young panicles
and florets, with an expression peak when young panicles were

2 cm in length, corresponding to pollen mother cell formation
stage (P3). This expression pattern corresponded well with pre-
vious results that the most critical period for PSMS occurred
during the stages from P1 to P3 (22). Moreover, the transcript
abundance was lower in 58S under long-day conditions than 58S
in short days, and also than NIL(MH) under both long- and
short-day conditions at these three stages (FigA3.

PMS1T Is a Target of miR2118. Many IncRNAs that are preferen-
tially expressed in developing inflorescences in the grasses are
typically targeted by either miR2118 or miR2275 (2, 23PMS1T
was predicted to be targeted by miR2118p{antgrn.noble.org/
psRNATarget/). We validated the cleavage site ilrPMSI1T in
both 58S and NIL(MH) by modified 5" RLM-RACE (RNA li-
gase-mediated rapid amplification of cDNA ends), a site that
. - . N mapped to the expected location between the 10th and 11th
Fig. 2. Fertility of T4 transge.nlc plants under long- and sht?rt—day conditions. nucleotides from the 5 end of miR2118, in the complementary
I(A) Whole plants of transg.enlc segregants .from the T, family of 5§§-C under region (24) (Fig. 3B), suggesting thaPMS1Twas a likely target
ong and short days. (B) Panicles of transgenic plants of 585-C. +, positive plants; . . . . .
S, negative plants. (C) Spikelet fertility of T, transgenic plants from various of miR2118. This cleavage site was further confirmed using data
vectors under long- and short-day conditions. The bars indicate the means. Of_RNA degrado_me by parallel analysis of _RNA ends (PARE)
*%*p < 0,001 significant difference by t test between the positive and negative  (Fig. 3C). The signature sequence of the highest abundance of
plants in each family; N indicates nonsignificant difference (P > 0.05). PARE reads corresponded to the cleavage site, and the signal
value from 58S under long days was higher than the others.
Mature miR2118 is 22 nt in length, and expressed exclusively in
S1 (Fig. D). We compared sequences of 15 different rice lines, the immature inflorescence in rice (2, 25). Sequencing of small
including eight PSMS lines bred from 58S, at these sites as wellRNA libraries constructed using young panicle tissues from P2, P3,
as the SSR marker P5Table S2. Lunhui 422 and 1514 were and P4 stages of 58S and NIL(MH) grown under long- and short-
confirmed to contain the fertile allele at the Pmsllocus by ge- day conditions showed that miR2118 accumulated higher in P3
netic analysis (15), whereas Nongken 58 shared same genotypeind P4 stages than in P2Hig. S6. The putative target sequence of
with 58S (20). Although the P5 marker cosegregated withmsl PMS1T by miR2118 was identical between 58S and MH63. To
in the mapping population, it had varied numbers of AT repeats learn whether cleavage triggered by miR2118 was essential for the
among these lines, thus is an unlikely candidate for PSMS$4dble  function of PMS1T, we prepared construct 35S:S-CS containing
S2. A recombination event between SNP S1 and S2 ruled out the truncated PMS1T starting right from the miR2118 cleavage
the possibility for S1 to be the causal polymorphismF{g. S1), site, including only half of the target sequenceFig. S9, and
narrowing the potential causal polymorphism to S2. transformed it into NIL(MH). Another construct, 35S:S (having
No similar sequence was found from other species, except ricethe same rice fragment as Ubi:S but driven by the 35S promoter),
usingPMS1Tas the query. The 65-bp inserted sequence, surroundedwhich would reduce the spikelet fertility of NIL(MH) under long-
by sequences similar to those encoding transposon proteins, hadday conditions Table S1), was used for comparison. Without the
high similarity to many loci throughout the genome. We suspected complete target sequence of miR2118, 35S:S-CS did not reduce
that the 65-bp insertion might be related to the transposon (21).  spikelet fertility of NIL(MH), unlike the case of 35S:S or Ubi:S
To investigate whether the 65-bpwas responsible for fertility (Table SJ. Thus, the 3 region of PMS1Tincluding the recognition
change, four constructs were independently transformed into site of miR2118 was necessary for causing male sterility Byns1
NIL(MH): 58S-C-dP6 was obtained by deleting the 65-bp in-
sertion of 58S-C; Ubi:S C$P6, Ubi:S P6, and Ubi:S P&polyA  PMS1T Produces 21-nt phasiRNAs Triggered by miR2118. MiR2118
were designed to overexpress parts 6fMS1T (Fig. S4. Ubi:S P6  triggers 21-nt secondary siRNA biogenesis in plants from IncRNAs
contained a 288-bp fragment from 58S-C including the 65-bp se- or protein coding genes (1, 2, 8, 9, 23, 26, 27). Sequencing of the
guence, whereas Ubi:S C8P6 and Ubi:S P& polyA included the  small RNA libraries constructed from young panicles of 58S and
same 288-bp fragment but extended to the’Zerminus and 3  NIL(MH) at P2, P3, and P4 stages under long- and short-day
terminus, respectively. Under long-day conditions, 58S-C-dP6 conditions revealed small RNAs of various lengths, from 18 nt to
transgenic plants showed greatieduced spikelet fertility (Fig. SE), 30 nt within the PMS1T region, with 21-nt small RNAs being the
just like 58S-C. In contrast, therewas no significant fertility differ- ~most abundant, especially in 58S under long day$gble S3.
ence between the transgene-nege¢ and -positive plants of the A cluster of 21-nt small RNAs was localized between the 82nd
constructs Ubi:S P6 and Ubi:S PgpolyA (Table SJ). These results and 459th nucleotides oPMS1T, arranged in 18 phases or registers
suggested that the 65-bp insertion in 58S might not be relevant from both strands and beginning from the cleavage site of miR2118
to fertility difference. The T,-positive transgenic plants of Ubi:S (Fig. SA). Additionally, a few nonphased small RNAs were also
CS+P6, producing a truncated transcript with a 696-bp sequence, detected. Some of the sense and antisense phasiRNAs correspond
showed as much fertility reduction as Ubi:STable S, indicating  to duplexes with 2-nt 3-overhangs at both termini (Fig. ® and Fig.
that there was no important element for fertility change beyond S7A), consistent with processing by DICER-LIKE 4 (DCL4) and
this region, again supporting SNP S2 as the causal polymorphism.RNA-DEPENDENT RNA POLYMERASE 6 (RDR6) (23, 28).
Comparative analysis revealedhat the quantities of 21-nt
Expression Pattern of PMS1T. Sixteen different tissues from vege- PMS1T-phasiRNAs were higher in P3 and P4 stages than P2.
tative stage to reproductive stage in 58S and NIL(MH) grown Most phasiRNAs were generated from the sense strand and
under long- and short-day conditions were assayed for the the 4s, 6s, and 12s phasiRNAs were more abundant than others
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secondary structure caused bMS1T sequence variation iha.tbi.
univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cg), predicting a large
difference between 58S and MH63Kig. S10. Because the 65-bp
deletion did not affect male fertility, we used the sequence corre-

sponding to construct 58S-C-dP6 for structure comparison. Con-

Fig. 4. Expression levels of PMS1T-phasiRNAs in
various genotypes. (A) Abundance of 21-nt PMS1T-
phasiRNAs from young panicles of 585 and NIL(MH)
at P2, P3, and P4 stages under long- and short-day
conditions. The smRNA reads are normalized to the
whole library with transcripts per 10 million (TP10M)
and presented as the mean from two biological
replicates. Differences were detected between 58S-
LD and NIL(MH)-LD by t test at **P < 0.01, *P < 0.05,
or ¥P < 0.1. (B and C) Abundance of 21-nt phasiRNAs
from young panicles of transgenic T, plants from
Ubi:S (B) and 58S-dsi (C) under long-day conditions
at P3 stage. Differences were detected by t test at
*P < 0.05 or *P < 0.1, respectively. The smRNA data
collecting and handing were as in A. (D and E) RNA
blot analysis of 21-nt 6s phasiRNA in transgenic
plants. Ten-microgram small RNAs per sample from
young panicles at P3 stage were loaded on the gel.
The samples in E are collected under long-day con-
ditions. The blots were stripped off and rehybridized
with U6 probe. The exposure time of the membranes
are listed on the left. LD, long days; N, negative
plants; P, positive plants; SD, short days.

farm of Huazhong Agricultural University (114.36°E, 30.48°N), Wuhan, China.
For natural long-day conditions, seeds were sown in mid-April to mid-May to
place the flowering time of 58S before September 3rd, ensuring the day-
length at the young panicle-developing stage to be longer than 14 h. For a
natural short day, seeds were sown in mid-to-late June to place the flow-

trastive analysis indicated that the S2 SNP brought about a large ering time between September 8th and 20th, so that the day-length of the

change in the RNA secondary structure, especially with respect to

the miR2118 target region Fig. S10. This different spatial structure
may change the cleavage efficiepdirected by miR2118, resulting
in more phasiRNAs in 58S at long-day conditionsHig. S9. Second,

young panicle-developing stage to be shorter than 13.5 h (22). Plants with
the heading time later than September 20th were not included because low
temperature may cause sterility in the field.

Fine-Mapping of Pmsl. The mapping population was the BCsF, generated

SNP _52 may cause differences in target selection of 2s and 2aﬁrom the cross between MH63 and 58S with five successive backcrosses using
phaS.IRNAS betwe.en 58S and MHG?‘ under !Ong days* such that 58S as the female and recurrent parent. Further backcrosses were made to
one is more effective than the other in targeting the downstream gc, from which NIL(MH) (MH63 homozygote in near-isogenic lines) was
genes for male sterility. Third, SNP S2 may influence the day- obtained for subsequent molecular analysis. Molecular markers for mapping

length-dependent preferential binding of some unknown RNA
binding protein to the PMSLT, affecting the processing of phasiRNAs.

are listed in Table S4.

However, more studies are needed to provide evidence to support Full-Length cDNA Determination and Modified 5° RLM-RACE. Young panicles

these speculations.
Pmsland Pms3both confer PSMS in rice functioning in the

were collected from NIL(MH) and 58S plants growing in the field and stored in
liquid nitrogen. Total RNA was isolated following the instruction of RNA

same plant. The two share some common characters: they bothextraction kit (TRIzol reagent, Invitrogen).

encode IncRNAs that do not produce proteins; functional muta-
tions are both SNPs; small RNAs can be detected in both tran-

scripts (16, 36). However, there are important differences between

them: sterility is of incomplete dominance forPms1 whereas re-
cessive forpms3 sufficient amount of the LDMAR transcript is
required for fertility in long days, whereas abundance d?MS1T
phasiRNAs is the main cause for fertility reduction; data obtained
at present suggest that RNA-directed DNA methylation is in-
volved in pms3(17), but phasiRNAs are produced inPms1 How
these two loci function in the same plant to cause male sterility
remains to be characterized in future studies.

Nonetheless, the phasiRNAs oPMS1Tprovided an incidence
associating the phasiRNAs with a biological trait, especially an
agriculturally highly important trait that started the industry of
two-line hybrid rice. Such an association confirmed that the
phasiRNAs indeed have biological functions that expand our

understanding of PSMS, and offer soundly based opportunities

for artificially generating male-sterile lines for rice breeding,
which may also be useful for other crops.

Materials and Methods

Plant Materials and Field Growth. For natural field evaluation, all plants were
grown and investigated under natural field conditions in the experimental

15148 | www.pnas.org/cgi/doi/10.1073/pnas.1619159114

To synthesize the first-strand ¢cDNA, 1 pg total RNA was reverse-tran-
scribed using the protocol provided by the SMART RACE cDNA Amplification
Kit (Clontech), with a final volume of 100 pL. For 5’-RACE, two rounds of PCR
amplification were conducted according to the protocol provided with the
Advantage 2 PCR kit (Clontech), using two nested adapter primers (UPM and
NUPM) in the kit and gene-specific primers (RACE5-1 paired with UPM,
RACE5-2 paired with NUPM). The 3'-RACE was essentially the same except
that primer RACE3-1 was used to pair with UPM in the first round of re-
action, and RACE3-2 with NUPM in the second round of reaction.

The modified 5 RLM-RACE, which was adapted to validate the cleavage
site of mMiRNA on mRNA, was performed using the FirstChoice RLM RACE Kit
(Ambion) by modifying the manufacturer’s instructions without enzymatic
pretreatment, as described previously (24). During the nested PCR, primer
RACE5-3 and RACE5-4 were paired with adapter primer 5° RACE outer
primer and 5’ RACE inner primer, respectively, as supplied in the kit.

All above PCR products were gel-purified, cloned (0 GEM-T Easy, Promega),
and sequenced. The sequences of the primers are listed in Table S4.

Small RNA-seq and PARE Analysis. Following the TruSeq Small RNA Sample
Preparation Guide supplied in the TruSeq Small RNA Sample Prep Kit (lllu-
mina), the libraries for Small RNA-seq were constructed and immediately
sequenced on an lllumina HiSEq. 2000 instrument. The small RNA data were
analyzed as previously described (8). PARE library construction and se-
quencing followed previously described methods (37).

Fan et al.
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Small RNA Page-Northern Blotting Analysis. Total RNA extracted from the
young panicles at P3 stage with use of TRIzol reagent (Invitrogen) was mixed
with one-third volume 25% (wt/vol) PEG8000 and one-third volume 2.5M
NacCl to isolate low molecular weight RNAs. Ten micrograms of low molec-
ular weight RNAs was separated by 15% (wt/vol) denaturing TBE-urea
polyacrylamide gels (Invitrogen) and transferred to Hybond-N  * membranes
(GE Healthcare) by use of a transblot semidry transfer cell (Bio-Rad). Anti-
sense DNA oligonucleotides of 21-nt complementary to 6s phasiRNA were
used as probes (5-TACACTATCCTTAGATCATCC3 The probe was modified
with biotin on the 5  terminus. The membrane was hybridized with hy-
bridization buffer containing 50-pmol/mL  —abeled probes. The hybridization
was carried out with previously described methods (38). After probe de-
tection, the blots were stripped and reanalyzed with U6 biotin-labeled
probe (5 -TGTATCGTTCCAATTTTATCGGATGT}3 and 1-pmol/mL —abeled
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