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Abstract
Main conclusion miRNAs are involved in the pollen
development during the CMS occurrence in rice.

Abstract  miRNAs are 20-24 nt endogenously expressed
small RNAs that play key roles in the regulation of many
growth and developmental processes in plants. The
knowledge on cytoplasmic male sterility (CMS) regulation
by miRNAs in rice is rather limited. In this study, [llumina
sequencing was employed to examine the expression pro-
files of rice anther miRNAs from the CMS line MeixiangA
(MxA) and its maintainer line MeixiangB (MxB). A total
of 518 known miRNAs and 144 novel miRNAs were
identified during rice anther development. Based on the
number of sequencing reads, a total of 24 miRNAs were
discovered to be differentially expressed between MxA and
MxB, and the results were partially validated by qRT-PCR.
Among these, 16 miRNAs were decreased and 8 miRNAs
were increased in MxA compared with MxB. Target pre-
diction showed that they target genes encoding EF-hand
family proteins, F-box domain-containing proteins, MYB
transcription factors, PPR-containing proteins and trans-
posons. The expression patterns for targets of osa-miR528,
0sa-miR5793, osa-miR1432, osa-miR159, osa-miR812d,
osa-miR2118c, osa-miR172d and o0sa-miR5498 were
selectively examined, and the results showed that there was
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a negative correlation on the expression patterns between
miRNAs and their targets. These targets have previously
been reported to be related with pollen development and
male sterility, suggesting that miRNAs might act as regu-
lators of CMS occurrence in rice anthers. Furthermore,
miRNA editing events were observed. The U — C and
U — A editing phenomenon was validated by molecular
cloning and sequencing. These findings contribute to our
understanding of the roles of miRNAs during anther
development and CMS occurrence in rice.
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CMS  Cytoplasmic male sterility
TPM  Transcript per million
DCL1 Dicer-like 1

Introduction

miRNAs are small, non-coding RNAs of 20-24 nucleotides
that play various important roles in post-transcriptional
gene regulation (Jones-Rhoades et al. 2006). miRNA genes
are transcribed by RNA polymerase II, forming the primary
miRNA known as the pri-miRNA, which is subsequently
capped, spliced and polyadenylated (Kurihara and Watan-
abe 2004). In plants, a ribonuclease IlI-like protein in the
nucleus, Dicer-like 1 (DCL1), is responsible for processing
pri-miRNA transcripts into an miRNA-miRNA* duplex
(Papp et al. 2003). The miRNA duplex is then exported
into the cytoplasm by HASTY, the plant orthologue of
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exportin 5 (Park et al. 2005). The active miRNA strand is
then incorporated into the RNA-induced silencing complex
(RISC) and guides the RISC to target mRNA transcripts,
where they silence the expression of specific mRNA targets
by directing either mRNA cleavage or translational
repression (Fagard et al. 2000; Jones-Rhoades et al. 2006).

miRNAs have been implicated in a wide range of plant
growth and development processes. For example, miR319
controls the expression of TCP factors during Arabidopsis
leaf morphogenesis (Palatnik et al. 2003); miR159 regu-
lates the transcript levels of two MYB factors during
Arabidopsis seed germination (Reyes and Chua 2007);
miR164 regulates NAC1 mRNAs that function in Arabi-
dopsis lateral root initiation (Guo et al. 2005); miR172
controls flowering time by downregulating the APETALA2-
like target genes in Arabidopsis (Aukerman and Sakai
2003; Chen 2004); and miR397 improves rice yield by
promoting panicle branching and increasing grain size
(Zhang et al. 2013). In addition, miRNAs have been con-
firmed to respond to diverse biotic and abiotic stresses
(Sunkar et al. 2006; Ding et al. 2009; Campo et al. 2013).

Cytoplasmic male sterility (CMS) is a widely observed
phenomenon in the plant kingdom, and it is characterised
by the inability to produce functional pollen grains (Han-
son and Bentolila 2004). CMS lines are widely used for the
production of hybrid seeds because they eliminate the need
for tedious hand emasculation (Bentolila et al. 2002). CMS
is generally considered to be caused by mitochondrial
genomic rearrangement (Hanson and Bentolila 2004).
Numerous CMS-related sterile genes and fertility restorer
genes have been cloned from various plants (Cui et al.
1996; Liu et al. 2001; Yi et al. 2002; Klein et al. 2005; Hu
et al. 2012). As a class of negative regulators, miRNAs
have also been found to be involved in plant reproductive
development (Chambers and Shuai 2009; Grant-Downton
et al. 2009; Wei et al. 2011). It has been reported that
overexpression of miR167 leads to male organ fertility
defects in Arabidopsis (Ru et al. 2006). Differential
expression patterns of miRNAs between the sterile line and
its maintainer line have been reported in maize (Shen et al.
2011), cotton (Wei et al. 2013) and Brassica juncea (Yang
et al. 2013), and the differentially expressed miRNAs tar-
get many transcription factors associated with cell metab-
olism and signalling pathways, playing important roles in
microspore development and fertility regulation (Shen
et al. 2011; Wei et al. 2013; Yang et al. 2013).

To our knowledge, there have been no reports compar-
ing miRNA expression profiles during the CMS occurrence
of a sterile line and its maintainer line in rice. To achieve
this goal, we identified the miRNAs via a high-throughput
sequencing approach from rice anthers at the early uninu-
cleate stage of the sterile line MeixiangA (MxA) and its
maintainer line MeixiangB (MxB). MxA is a new CMS
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line derived from the pollen-free CMS line Yunnan ZidaoA
by consecutive backcrossing (Hu et al. 2013; Yan et al.
2014). MxA aborts at the early uninucleate stage, and MxB
is its maintainer line. Differential expression patterns of
miRNAs were analysed and compared between MxA and
MxB. Targets were predicted, and their expression profiles
were selectively validated. These results may shed light on
the regulatory roles of miRNAs during pollen development
as well as the occurrence of CMS in rice.

Materials and methods
Rice materials

The sterile line MeixiangA (MxA) and its maintainer line
MeixiangB (MxB) were used in this study. They were
grown in a rice paddy at Wuhan University (latitude
30°34”N; longitude 114°17”E) under normal conditions. In
general, anthers at the early uninucleate stage with a floret
length of ~5 mm were manually collected and stored at
—80 °C for RNA isolation. The microspore development
was judged by both the floret length as described by Feng
et al. (2001) and the auricle distance (AD) between the flag
leaf and the penultimate leaf (AD = ~0 mm).

RNA isolation, small RNA library construction,
sequencing and data analysis

Total RNA was extracted from rice anther at the early
uninucleate stage (~5 mm) using the pBIOZOL reagent
(Bioer Technology, Hangzhou, China) according to the
manufacturer’s instructions. RNA quantity was determined
with a Qubit Fluorometer. The RNA purity was assayed by
two means: 260/280 nm (ratio >2) was detected with a
NanoDrop, and the 28S/18S value was detected with an
Agilent 2100.

Small RNAs in the range of 18-30 nt were fractionated
from 15 % polyacrylamide gel electrophoresis (PAGE).
Pairs of Solexa adaptors were ligated to 5" and 3’ termini of
the small RNAs using T4 ligase. The resulting products
were reverse transcribed and amplified using PCR to pro-
duce a cDNA sequencing library. Solexa sequencing was
performed on the HiSeq 2,000 platform (BGI).

After the Illumina sequencing, the raw sequences were
passed through a filtering process to generate high quality
reads. After trimming out low quality reads, adaptors,
contaminating sequences, and sequences shorter than 18 nt,
sequences in the range of 18-30 nt were kept for further
analysis. All unique sequences were aligned against the
rice genome (MSU 7, ftp://ftp.plantbiology.msu.edu/pub/
data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudo
molecules/version_7.0/) using SOAP (Li et al. 2008) to
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analyse their expression in the genome. Sequences recog-
nised as rRNA, tRNA, scRNA, snoRNA, and snRNA by
searching through the National Center for Biotechnology
Information (NCBI) (http://www.ncbi.nlm.nih.gov/) and
Rfam RNA family databases (Gardner et al. 2009) were
discarded. RepeatMasker software (http://www.repeatmas
ker.org/) was used to filter out sequences originating from
repeat regions. The remaining sequences overlapping with
intron and exon sequences of mRNA were considered as
the degradation fragments of mRNA and excluded from
subsequent analysis.

Sequences that could be perfectly mapped to miRNA
precursors by a BLAST search in the miRNA database
miRBase release 20 (http://mirbase.org/) (Kozomara and
Griffiths-Jones 2011) were designated known miRNAs.
The remaining unannotated small RNA tags were used to
predict novel miRNAs based on the characteristic hairpin
structure of miRNA precursors. MIREAP (http://source
forge.net/projects/mireap/), a miRNA prediction program,
was utilised to discover potential novel miRNAs by
exploring the secondary structure, the Dicer cleavage site
and the minimum free energy (MFE) of the unannotated
small RNA tags which could be mapped to the genome.
The following parameters were used: (1) minimal miRNA
sequence length, 18 nt; (2) maximal miRNA sequence
length, 24 nt; (3) maximal free energy allowed for a
miRNA precursor, —18 kcal/mol; (4) maximal space
between an miRNA and miRNA*, 300; (5) minimal base
pairs of miRNA and miRNA¥*, 16; (6) maximal bulge of
miRNA and miRNA¥*, 4; (7) maximal asymmetry of
miRNA/miRNA* duplexes, 4; (8) flank sequence length of
miRNA precursors, 20. In addition, the numbers of mature
miRNA with predicted hairpins with normalised number of
less than 1 TPM (transcript per million) were discarded to
decrease background noise. The miRNA precursors’ stem-
loop structures were constructed by the Mfold online ser-
vice (http://mfold.rna.albany.edu/) (Zuker 2003).

Differential expression analysis of miRNAs

To identify miRNAs with differential expression between
MxA and MxB, the expression of miRNAs was first
quantified in transcripts per million (TPM). Next, fold
change and P value were calculated to determine the sig-
nificance of expression difference. The formulas are listed
below: (1) normalised expression (TPM) = count of
miRNA/total count of clean sRNAs x 10°. (2) Fold
change = log, (normalised expression of miRNA in MxA/
normalised expression of miRNA in MxB). The fold
change data were used to draw the scatter plot. (3) P value
was calculated using the formula as previously described
(Audic and Claverie 1997). miRNAs with |fold — change|
>2 and P value <0.01 were recognised to have extremely

significant differential expression and were labelled by **;
those with |fold — change| >2 and 0.01 < P value < 0.05
were defined to have significant differential expression and
were labelled by *. If one miRNA has no reads in a library,
the normalised read count of this miRNA in the library was
arbitrarily set to be 0.01 for further calculation (Chen et al.
2012).

Prediction of miRNA targets

The sequences of all known and novel miRNAs were
aligned to the rice genome (MSU 7.0) to predict the
potential target genes. The rules used for target prediction
in this study were based on those proposed by Allen et al.
(2005). (1) No more than four mismatches between sSRNA
and target (G-U bases count as 0.5 mismatches); (2) no
more than two adjacent mismatches in the miRNA/target
duplex; (3) no adjacent mismatches in positions 2—12 of the
miRNA/target duplex (5" of miRNA); (4) no mismatches in
positions 10-11 of miRNA/target duplex; (5) no more than
2.5 mismatches in positions 1-12 of the miRNA/target
duplex (5" of miRNA); (6) minimum free energy (MFE) of
the miRNA/target duplex should be >75 % of the MFE of
the miRNA bound to its perfect complement.

miRNA detection by stem-loop RT-PCR and qRT-PCR

Total RNA was extracted from anthers at the early uni-
nucleate stage (~5 mm) of both MxA and MxB. DNA
contamination was removed by DNasel (Fermentas) incu-
bation at 37 °C for 30 min. miRNAs were detected by the
stem-loop RT-PCR method as described previously (Chen
et al. 2005). For each miRNA, the DNasel-treated RNA
samples from MxA and MxB were reverse transcribed
using a specific stem-loop RT primer with the RevertAid
First Strand cDNA Synthesis Kit (Fermentas). The reac-
tions were incubated for 30 min at 16 °C, followed by
pulsed RT of 60 cycles at 30 °C for 30 s, 42 °C for 30 s
and 50 °C for 1 s, and a final incubation at 70 °C for 5 min
to inactivate the reverse transcriptase (Varkonyi-Gasic
et al. 2007). The cDNA template for the miRNA target was
reverse transcribed using the OligodT,, primer with the
RevertAid First Strand cDNA Synthesis Kit (Fermentas).
To compare the expression patterns of miRNA and their
targets between MxA and MxB, qRT-PCR was performed
using the FastStart Universal SYBR Green Master (Roche)
on the StepOnePlus™ Real-Time PCR Platform (Applied
Biosystems). The gqRT-PCRs were conducted with the
following protocol: 10 min at 95 °C, followed by 40 cycles
of 15 s at 95 °C and 60 s at 60 °C. Equally expressed
miRNA in both libraries, osa-miR167b, was used as
internal standard for miRNAs analysis. Actin was used as
endogenous control for miRNA targets analysis. After the
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amplification steps, the melting curve was determined for
each primer pair to verify that only one specific product
had been amplified. The reactions were performed with
three biological replicates, and the error bars represent
standard errors. The comparative 2722 method (Livak
and Schmittgen 2001) was used to calculate the fold
changes in the miRNAs and their targets between MxA and
MxB. The primers used are listed in Table S1.

Results
Overview of small RNA library sequencing

To identify the differentially expressed miRNAs in an early
stage of microspore development, small RNA libraries
were constructed from the anthers at the early uninucleate
stage of the sterile rice line MxA and its maintainer line
MxB. In total, 14,576,717 and 14,636,983 raw reads were
generated by Illumina sequencing from MxA and MxB,
respectively (Table S2). After discarding the low quality
reads, 3’ adapter_null, insert_null, 5’ adapter_contami-
nants, reads shorter than 18 nt and polyA reads, a total of
14,413,675 and 14,490,030 clean reads were obtained for
MxA and MxB (Table S2). These reads corresponded to
4,472,864 and 4,793,730 unique small RNA reads in MxA
and MxB, respectively (Table 1). The clean small RNA
tags were mapped to the rice genome with the SOAP
program (Li et al. 2008) to analyse their expression and
distribution in the genome. Approximately 67.23 and
66.18 % of the total small RNA sequences corresponding
to 58.70 and 58.70 % of the unique small RNAs from MxA
and MxB libraries, respectively, were mapped onto the rice

genome (MSU 7.0) (Table 1). Various types of non-coding
RNAs, including miRNA, rRNA, tRNA, snRNA, and
snoRNA, were identified in this study (Table 1). The
miRNA category accounted for 4.3 and 3.5 % of the clean
reads for MxA and MxB, respectively (Table 1). In all, the
annotated total SRNAs accounted for 22.11 and 21.65 %,
corresponding to 19.35 and 19.04 % unique sRNAs in
MxA and MxB, and a large number of detected sSRNAs
were not annotated (Table 1).

Regarding the common and specific reads of small
RNAs in the two libraries, 74.37 % of the total small RNAs
were shared by the two libraries (Fig. 1a), representing a
small fraction (17.25 %) of the unique small RNAs
(Fig. 1b). These results demonstrated the uniformity and
complexity of the small RNAs of the anthers between the
sterile line MxA and its maintainer line MxB at the early
uninucleate stage.

The majority of small RNAs were in length of 21-24 nt
for both rice libraries. Small RNAs with a length of 24 nt
were the most abundant (~59 % in MxA and ~65 % in
MxB), followed by those of 21 nt (~27 % in MxA and
~21 % in MxB) (Fig. S1). The size distribution of small
RNAs from the rice MxA and MxB was quite similar to
that of Medicago truncatula (Chen et al. 2012), Phaseolus
vulgaris (Pelaez et al. 2012), Brassica rapa (Kim et al.
2012) and Arabidopsis thaliana (Rajagopalan et al. 2006),
in which the 24 nt class dominates the small RNA
transcriptome.

Identification of known miRNAs

To date, there are 592 pre-miRNAs that correspond to 713
mature miRNAs reported for rice in miRBase release 20

Table 1 Distribution of small

; Category MxA
RNAs among different

MxB

categories in the sterile line

Unique sRNAs (%)

Total SRNAs (%) Unique sRNAs (%) Total sRNAs (%)

MxA and its maintainer line
MxB Total (clean)

match_genome

Annotation

4,472,864 (100)
2,625,394 (58.70)
865,409 (19.35)

14,413,675 (100)
9,689,676 (67.23)
3,187,035 (22.11)

4,793,730 (100)
2,813,991 (58.70)
912,863 (19.04)

14,490,030 (100)
9,589,491 (66.18)
3,136,553 (21.65)

Exon_antisense
Exon_sense
Intron_antisense
Intron_sense
rRNA

snRNA
snoRNA

tRNA

Repeat

miRNA

No_annotation

152,132 (3.40)
226,973 (5.07)
180,931 (4.05)
264,176 (5.91)
28,185 (0.63)
1,230 (0.03)
1,144 (0.03)
4,383 (0.10)
1,935 (0.04)
4,320 (0.10)

3,607,455 (80.65)

511,986 (3.55)
657,905 (4.56)
441,145 (3.06)
767,473 (5.32)
132,456 (0.92)
3,572 (0.02)
1,926 (0.01)
41,310 (0.29)
4,021 (0.03)
625,241 (4.3)

11,226,640 (77.89)

164,436 (3.43)
235,524 (4.91)
194,794 (4.06)
282,645 (5.90)
23,441 (0.49)
995 (0.02)
778 (0.02)
3,681 (0.08)
2,092 (0.04)
4,477 (0.09)

3,880,867 (80.96)

543,197 (3.75)
691,248 (4.77)
461,519 (3.19)
814,425 (5.62)
83,384 (0.58)
2,442 (0.02)
1,098 (0.01)
21,325 (0.15)
4,446 (0.03)
513,469 (3.5)
11,353,477 (78.35)
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Fig. 1 Summary of common
and unique SRNA and miRNA
numbers between MxA and
MxB. a Total SRNA sequences. MxB
b Unique sRNA sequences.
¢ Known miRNA sequences.
d First nucleotide bias of the
known miRNAs

13.47%

3,894,116

(June 2013), and these miRNAs can be classified into more
than 100 miRNA families. To identify the known miRNAs
in the two rice libraries, unique mature miRNA sequences
of rice were downloaded from miRBase, and the known
miRNAs were searched through sequence comparison
using BLASTN. In the present study, a total of 518 known
miRNAs (492 in MxA and 458 in MxB) was identified in
the anthers of MxA and MxB at the uninucleate stage
(Table S3). Further, most of the known miRNA families
deposited in miRBase were found (Table S3). Among these
miRNAs, 432 were found in both libraries, accounting for
83.40 % of the total known miRNAs identified, and 60 and
26 were specific to MxA and MxB, respectively (Fig. 1c¢).
These results indicated that a wide range of known miR-
NAs were involved in the rice microspore development.
In plants, the determination of which strand of the
miRNA:miRNA* duplex is incorporated into the RNA-
induced silencing complex (RISC) is largely based on the
identity of the first nucleotide. In Arabidopsis, there are 10
AGO protein members. AGO1 tends to recruit the miRNAs
beginning with a uracil (U), while AGO2 and AGO4 dis-
play preferences for miRNAs with a 5’ terminal adenosine
(A), and AGOS5 would like to enrich for miRNAs initiating
with a 5’ cytosine (C) (Mi et al. 2008). In this study, nearly
half of the identified known miRNAs showed a bias toward
uracil (U) in the first nucleotide, followed by adenosine
(A) at approximately 25 % and cytosine/guanine (C/G) at
13 %, respectively (Fig. 1d). It is reported that there are 19

74.37%

21,495,221

MxA MxB MxA

12,16%

43.40% 17.25% 39.34%

3,514,368 3,430,403 1,363,327 3,109,537

11.58%

AGO protein members in rice, and some of these share
high sequence similarities with the orthologue in Arabi-
dopsis (Wu et al. 2009). This indicated that the identified
miRNAs could be recruited by different AGO proteins and
enter distinct regulatory pathways.

Generally, the miRNA¥* strands were thought to be mere
by-products of the miRNA biogenesis. In most cases, they
were degraded and could not be detected in vivo. However,
a few exceptions were found, such as osa-miR169 h, osa-
miR1883a, and osa-miR529a, for which the corresponding
miRNA* was more abundantly expressed than the anno-
tated miRNAs (Fig. S2a). A similar result was also
reported previously during silkworm development (Jaga-
deeswaran et al. 2010). Recently, Manavella et al. (2013)
identified an abundantly expressed miR171a* as an active
form, which could silence the expression of SUVHS, a
member of the large SET-domain protein family. Addi-
tionally, miR171a*-mediated silencing of SUVHS in spe-
cific tissues was important for normal Arabidopsis
development (Manavella et al. 2013). Evolutionary ana-
lysis indicated that the miRNA* strand might afford
potential opportunities for contributing to regulatory net-
works (Guo and Lu 2010). Thus, we speculated that these
osa-miR169h*, osa-miR1883a*, and osa-miR529a* strands
might play functional roles during rice anther development.

Interestingly, we also observed that the most abundant
small RNA tag processed from the miRNA precursor osa-
MIRS5514 was not its miRNA or miRNA* but another 21-nt

@ Springer



114

Planta (2015) 241:109-123

sequence (Fig. S2b). From its predicted secondary struc-
ture, we speculated that this might be another miRNA or
the random degradation product from the miRNA precursor
(Fig. S2b). We also examined whether a single miRNA
precursor might produce more than two mature miRNAs.
The two mature miRNAs osa-miR444c.1 and osa-
miR444c.2 were produced from the same osa-MIR444c
precursor; meanwhile, the corresponding star sequences
osa-miR444c.1* and osa-miR444c.2* were also examined
(Fig. S2c). We also note that the abundance of star strands
osa-miR444c.1* was considerably higher than that of the
mature sequence osa-miR444c.1 (Fig. S2c¢). In some cases,
the same miRNAs could be produced from different pre-
cursors, such as osa-miR156a/b/c/d/e/f/j/h/i/j (Fig. S2d).
These results demonstrated the complexity and diversity of
the miRNA families expressed during rice anther
development.

Identification of novel miRNAs

The high-throughput sequencing generated large amounts
of information about small RNAs, and the conserved
miRNAs could be found by alignment with the known
miRNAs deposited in miRBase. However, many novel
miRNAs remained to be discovered among the unanno-
tated small RNA tags. Because miRNAs are derived from
hairpin-like precursors originating from a single-stranded
RNA transcript after sequential processing by Dicer,
miRNA precursors should have a characteristic fold-back
structure, and this feature can be used to predict novel
miRNAs. Considering the potential for sequence errors and
to better identify true miRNA candidates, sequence reads
with less than 1 TPM were discarded. Existence of a
miRNA* sequence is another important rule in miRNA
prediction. However, because most miRNNA*s are degraded
soon after their separation from the corresponding miR-
NAs, the detected miRNA*s are usually rather low in
abundance or even undetectable; in such cases, it is sug-
gested that miRNAs should be detected from multiple
independent libraries (Meyers et al. 2008). Thus, the pre-
dicted novel miRNAs should be sequenced in both MxA
and MxB libraries in this study.

A total of 144 novel miRNAs were available (Table S4).
Of these miRNAs, 92 miRNAs were located on the 3’ arm
of the miRNA precursor, and 52 miRNAs were located on
the 5’ arm; 7 miRNA* sequences were obtained in this
study (Table S4). Size distribution analysis indicated that
most of the miRNAs displayed a nucleotide length of 21 nt
(Fig. S3a). The first nucleotide analysis of these novel
miRNAs showed that the bases of C, U, A and G were
included at rates of 31.94, 29.17, 21.53 and 17.36 %,
respectively (Fig. S3b). The folding structures for the novel
miRNA precursors were predicted using the Mfold online
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service (http://mfold.rna.albany.edu/). Five structures of
the novel miRNAs were exemplified and displayed
(Fig. 2a). The novel miRNAs were named sequentially,
according to their chromosome locations. They are tem-
porarily in the form of osa-mir-number.

The novel miRNAs had differential expression profiles.
Some of them were expressed at relatively low levels, such
as osa-mir-4, osa-mir-5, osa-mir-7, osa-mir-12, and osa-
mir-13 (Table S4). In contrast, some of the novel miRNAs
were abundantly expressed, with more than 1,000 reads,
including osa-mir-44, osa-mir-46, osa-mir-47, and osa-mir-
50 (Table S4). To validate the expression of these novel
miRNAs, stem-loop RT-PCR was performed for five novel
miRNAs (osa-mir-46, osa-mir-76, osa-mir-83, osa-mir-
101, and osa-mir-116) with relatively high abundance in
both rice lines. DNA fragments of approximately 60 bp
were amplified, revealing that these five novel miRNAs
were all expressed in both MxA and MxB anthers
(Fig. 2b). The results indicated that the novel miRNAs
might participate in the development of rice anthers.

Observation of miRNA editing events

RNA editing is a post-transcriptional modification of RNA
nucleotides from their genome-encoded sequences. miR-
NA transcripts have been recognised as a major target for
RNA editing enzymes, and single-nucleotide changes
through editing can impact the biogenesis of mature miR-
NAs, as well as the target specificity of the specific miR-
NAs. It has been revealed that miRNA editing events occur
during the rice grain-filling stage (Yi et al. 2013). In the
present study, a large number of miRNA editing events
were found in both rice libraries (Table S5). A previous
study showed that 5’ terminal nucleotides were decisive for
directing miRNA sorting to Argonaute complexes (Mi
et al. 2008). In this study, we observed that the miRNA
editing events mainly occurred at nucleotide positions of
11, 4 and 6, with no SNPs at the 5’ terminal nucleotides
(Fig. 3a), indicating the conservation of the 5’ terminal
nucleotides of miRNAs. We also observed that the miRNA
editing patterns were similar between the two rice lines
(Fig. 3b). The most dominant nucleotide substitution type
was U to C, which accounted for more than 50 % of all of
the editing events (Fig. 3b). This was mainly attributed to
the considerably higher mutation rate of U to C on the 6th
nucleotide of osa-miR166i-3p (47,825 in MxA, 39,935 in
MxB) (Table S5). Meanwhile, due to the higher substitu-
tion rate of U-A on the 16th nucleotide of osa-miR166 m
(22,980 in MxA, 20,969 in MxB), the U to A type was the
second most observed editing event, accounting for
~21 % in both rice lines. A previous study reported that
the most dominant miRNA editing type was A-U during
the rice grain-filling stages (>60 %) (Yi et al. 2013) and
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(a) > osa-mir-101
> osa-mir-46 10 20
U GG .-GAG| U UAU
10 20 30 40 50 GUAG UUGG  ACAUC GGA \
U G uccce GA-—-| A GA CCGUCC  UCG UAUU  GACC UGUAG UCU G
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Fig. 2 Novel miRNAs predicted and validated in this study. a Stem-
loop structures of the novel miRNA precursors constructed by the
Mfold online service. Identified mature miRNA and miRNA*
sequences are shown in red and light blue, respectively. b Expression

that the most common nucleotide substitutions were G—A
(24.2 %), A-G (16.4 %), U-C (12.6 %) and C-U (9.7 %)
in Arabidopsis (Meng et al. 2010). In the present study, the
well-known C to U editing mode was also observed,
accounting for 4.2 and 5.1 % in MxA and MxB, respec-
tively (Fig. 3b). However, the cause for the variant editing
type remained elusive.

To validate the occurrence of the miRNA editing, the
two most frequently observed editing types (U — C,
U — A) were examined. The precursor miRNA sequence
was cloned from the rice genome, and the mature miRNA
sequence was cloned from the cDNA reverse transcribed
by the stem-loop reverse primers. Our sequencing results
confirmed that nucleotide substitutions had truly occurred
during the mature miRNA processing (Fig. 3c).

Differential miRNA expression profiles of the sterile
line MxA and its maintainer line MxB during anther
development

miRNAs with high sequencing frequencies have been
shown to play fundamental and essential regulatory roles in

validation of the novel miRNAs in MxA and MxB by stem-loop RT-
PCR amplification. Primers are listed in Table S1-1. The expected
size of the PCR product is 60 bp and was observed on the gel

maintaining basic biological processes. The read counts for
the known miRNA families were checked in this study
(Table S6). We found that the sequencing frequencies
varied greatly between distinct miRNA families. Some of
the miRNA family members, such as osa-miR156, osa-
miR164, o0sa-miR166, osa-miR167, osa-miR168, osa-
miR528, osa-miR535, o0sa-miR5497, osa-miR5791, and
0sa-miR5792 (Table S6), were abundantly expressed in
both rice lines, suggesting their conserved and essential
roles for rice anther development. In contrast, other miR-
NA families, such as osa-miR1442, osa-miR1846, osa-
miR1883, 0sa-miR2093 and osa-miR2120, were expressed
at lower levels in both rice lines compared with the above
conserved miRNAs, suggesting the functional divergence
among these miRNA families. We also detected some
miRNAs specifically expressed in one line: for instance,
0sa-miR5793 was highly expressed in the sterile line MxA
(487 reads), but absent from its maintainer line MxB
(Table S6).

To decrease the background noise, the miRNAs
expressed at low levels (<1 TPM, equal to count reads less
than 15 in both libraries) were omitted for further
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Fig. 3 Analysis of miRNA editing events.

a miRNA editing
frequency at each miRNA nucleotide position in both MxA and
MxB. b miRNA editing types and their frequency in both MxA and
MxB. ¢ Validation of miRNA editing types inferred from high-
throughput sequencing by precursor miRNA and mature miRNA
cloning and sequencing. Sequencing chromatograms from the two

expression analysis in this study. Accordingly, a total of
284 miRNAs were used for differential expression analysis
between MxA and MxB (Table S6), and the normalised
expression values of these miRNAs from MxA and MxB
were used to draw the scatter plot (Fig. 4a). Based on the
rules for differentially expressed miRNAs with
|fold — change| >2, most of the miRNAs were equally
expressed; however, 24 miRNAs were found to be differ-
entially expressed between the sterile line MxA and its
maintainer line MxB (Fig. 4a). Among these differentially
expressed miRNAs, 16 miRNAs belonging to 14 miRNA
families were downregulated in MxA, whereas 8 miRNAs
belonging to 8 miRNA families were upregulated in MxA
(Table 2).

To validate the differential expression data obtained
from the high-throughput sequencing (Table 2), we per-
formed a qRT-PCR assay, which allowed us to detect
miRNAs at low abundance and acquire more precise data

@ Springer

most commonly observed editing types (U — C, U — A) of osa-
miR164c and osa-miR166m are shown. The edited positions are
highlighted in pink. The upper panel indicates the part of precursor
miRNA cloned from genomic DNA, and the lower panel indicates the
mature miRNA cloned from cDNA reverse transcribed with stem-
loop RT primers. Primers are listed in Table S1-2

on the relative expression of miRNAs. The expression
patterns of five selected miRNAs (osa-miR2118c, osa-
miR812d, osa-miR1432, osa-miR528 and o0sa-miR5793)
were examined in both rice lines (Fig. 4b—f). According to
the results of the QRT-PCR assay, the expression levels of
osa-miR2118c and osa-miR812d were decreased in MxA
(Fig. 4b, c), whereas osa-miR1432, osa-miR528 and osa-
miR5793 were upregulated in MxA compared with MxB
(Fig. 4d—f). The qRT-PCR results were consistent with the
high-throughput sequencing, implying that the high-
throughput sequencing results were reliable in this study.

miRNA target prediction and functional analysis

Identifying the candidate genes targeted by the miRNAs is
crucial to understanding these miRNAs’ biological func-
tions. The transcribed regions of the rice genome (MSU 7)
were searched to find sequences complementary to the
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Fig. 4 Comparison and validation of the differential expression of
known miRNAs between the sterile line MxA and its maintainer line
MxB. a Scatter plot of expression ratios for known miRNAs in MxA
and MxB; data are normalised and log, transformed. Red points
represent miRNAs with fold change >2, indicating upregulated
miRNAs in MxA; blue points represent miRNAs with 1/2 < fold
change < 2, indicating equally expressed miRNAs in both rice lines;
green points represent miRNAs with fold change <1/2, indicating

identified miRNAs by the psRNATarget online service in
this study (Dai and Zhao 2011). Among the identified
miRNAs, many belong to the same miRNA families and
share the same miRNA sequences, such as osa-miR1428b/
c/d and osa-miR156b/c/d/e/f/g/h/i/j/k. After removing the
redundancies, 328 unique miRNA sequences were
obtained, and these unique sequences were used for target
prediction. We found 1,802 targets for 328 unique known
miRNAs (Table S7) and 843 targets for 144 novel miRNAs
(Table S8). In summary, a total of 2,645 targets were
predicted for the 472 identified unique miRNAs, with an
average of ~5.6 targets per miRNA.

Among the predicted targets, a large proportion of the
targets were transposon proteins, retrotransposon proteins,
growth-regulating factors, MYB family transcription fac-
tors, F-box domain-containing proteins, MADS-box family
proteins, and SBP-box gene family members (Tables S7,
S8). These proteins are known to play various roles during
the plant growth and development processes. To illuminate
their functional roles, the predicted targets were subjected
to Gene Ontology analysis on the terms of “biological
process” and “molecular function” using WEGO (Ye et al.
2006). The results for “biological process” were classified
into 13 reference terms, with the most frequent term being
“metabolic process”, followed by “cellular process”,
“response to stimulus”, “developmental process” and
“multicellular organismal process” (Fig. 5). The most

1 I VXA
7 C_ImxB
1 4
0 - : , , ﬂ , ﬂ

miR1432 miR528 miR5793 miR2118 miR812

downregulated miRNAs in MxA. Fold change = normalised expres-
sion in MxA/normalised expression in MxB. b Comparison of the
miRNA expression levels between MxA and MxB by qPCR for osa-
miR2118c, osa-miR812d, osa-miR1432, osa-miR528, osa-miR5793.
The expression level in MxB was set as 1.0. Primers are listed in
Table S1-3. The experiments were performed with three biological
replicates, and the error bars represent the standard error

frequent “molecular function” terms were “binding”,
“catalytic”, “transcription regulator” and “transporter”
(Fig. 5).

Expression profiles of miRNA targets examined
by qRT-PCR

To examine the correlation between the targets and the
corresponding miRNAs, the expression levels of 10
selected targets were examined by qRT-PCR analysis. The
high-throughput sequencing results indicate that osa-
miR1432, osa-miR159 and osa-miR528 were upregulated
in MxA (Table 2). osa-miR1432 targets a metal cation
transporter (LOC_0Os05g07210.1), osa-miR159 targets
MYB family transcription factors (LOC_Os01g59660.1,
LOC_0s06g40330.1), and osa-miR528 targets F-box-
domain- and LRR-containing proteins (LOC_Os06g0
6050.1) (Table S9). qRT-PCR analysis showed that the
expression profiles of the above miRNA targets were
downregulated in MxA (Fig. 6). osa-miR5793 was detec-
ted to be highly expressed in MxA than in MxB by high-
throughput sequencing (Table 2) and qPCR (Fig. 4b) ana-
lysis. 0sa-miR5793 was predicted to target two genes
encoding receptor-like protein kinase (LOC_Os02g
11930.1) and dehydrin (LOC_Os11g26780.1) (Table S9).
The expression of dehydrin was undetectable in both rice
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Table 2 List of the significantly differential expressed miRNAs between the sterile line MXA and its maintainer line MxB

mIR name MxB MxA MxB-std* MxA-std® Fold change P value Significance
(log, MxA/MxB)

Downregulated
osa-miR160a/b 136 66 9.386 4.579 —1.035 0.000 o
osa-miR167a 38 9 2.623 0.624 —2.070 0.000 i
osa-miR167¢ 17 4 1.173 0.278 —2.080 0.005 ok
osa-miR172d 30 11 2.070 0.763 —1.440 0.003 ok
osa-miR2118c/q 48 23 3.313 1.596 —1.054 0.003 ok
osa-miR393a 38 18 2.623 1.249 —1.070 0.008 ok
osa-miR396e 19 1.311 0.139 —3.240 0.000 ok
0sa-miR3980a/b 22 7 1.518 0.486 —1.645 0.005 o
0sa-miR439i 16 1.104 0.139 —2.992 0.001 o
osa-miR440 19 7 1.311 0.486 —1.433 0.020 *
osa-miR5156 27 13 1.863 0.902 —1.047 0.029 *
osa-miR530 27 10 1.863 0.694 —1.425 0.005 ok
0sa-miR5498 19 8 1.311 0.555 —1.240 0.037 *
osa-miR812d 44 21 3.037 1.457 —1.060 0.005 ok
osa-miR812n 32 11 2.208 0.763 —1.533 0.001 o
osa-miR818b/c/e 39 16 2.692 1.110 —1.278 0.002 o

Upregulated
osa-miR1432 36 196 2.485 13.598 2.452 0.000 ok
osa-miR159f 6 19 0.414 1.318 1.671 0.009 ok
osa-miR169r 3 17 0.207 1.179 2.510 0.001 ok
0sa-miR2275¢ 21 48 1.449 3.330 1.200 0.001 ok
0sa-miR397b 13 26 0.897 1.804 1.008 0.037 *
0sa-miR528 6,202 14,488 428.018 1,005.157 1.232 0.000 ok
osa-miR535 9,337 21,649 644.374 1,501.976 1.221 0.000 o
0sa-miR5793 0 487 0.010 33.787 11.722 0.000 o

a

lines, and the receptor-like protein kinase was sharply
reduced in MxA compared with MxB, based on the qPCR
analysis (Fig. 6). In contrast, osa-miR172d, osa-miR2118c/
g, 0sa-miR5498 and osa-miR812d were downregulated in
MxA (Table 2). osa-miR172d targets phytochrome B
(LOC_0s03g19590.1), osa-miR2118c/q targets an NBS-
LRR disease-resistance protein (LOC_0Os01g05600.1), osa-
miR5498 targets retrotransposon proteins (LOC_Os10g0
9960.1), and osa-miR812d targets proteins containing
helix-loop-helix DNA-binding domains (LOC_0Os02g2
3823.2) and CAMK (a family of calcium/calmodulin-
dependent protein kinase) (LOC_0Os03g22050.4) (Table
S9). The expression levels of these targets were all
upregulated in MxA, except for CAMK (Fig. 6). Some
negative correlations were found between the expression
levels of the target genes and their corresponding miRNAs
in the anthers of the sterile line MxA and its maintainer line
MxB, implying that miRNA-mediated mRNA silencing
occurred during anther development in both the sterile line
MxA and its maintainer line MxB.
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-std: normalised expression level of miRNAs. Normalised expression (TPM) = count of miRNA/total count of clean sRNAs x 10°

Discussion

Studies have shown that miRNAs regulate anther devel-
opment in plants. However, knowledge of the relationship
between the miRNA biogenesis and the CMS occurrence is
very limited. Recently, the rapid advances in high-
throughput sequencing have provided an effective way to
identify and estimate the expression profiles of miRNAs in
plant tissues at different developmental stages or from
different tissues. To explore the roles of miRNAs during
the occurrence of CMS, anthers at the early uninucleate
stage were used to examine the expression profiles of the
miRNAs in the sterile line MxA and its maintainer line
MxB using high-throughput sequencing. To the best of our
knowledge, this is the first report of a comprehensive
comparison of the miRNA expression profiles between a
sterile line and its maintainer line in rice.

In the present study, a total of 24 conserved miRNAs
were identified as differentially expressed between the
sterile line MXA and its maintainer line MxB (Table 2).
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Fig. 5 Gene ontology analysis 100
for the targets of the identified
known and novel miRNAs
based on the terms of biological
process and molecular function

Among them, 8 are upregulated and 16 are downregulated
in MxA compared with MxB (Table 2). Targets of these
differentially expressed miRNAs include MYB family
proteins, PPR-containing proteins, kinases, laccase pro-
teins, and disease-resistance proteins (Table S9). This work
demonstrates that miRNAs are involved in many biological
processes, including carbohydrate metabolic pathways,
signal transduction, reproductive processes, death and
response to stimulus.

Kinases are major regulatory components that control
various pathways. This naturally leads to the presumption
of their involvement in pollen development. In this study,
we identified a miRNA specifically expressed in the sterile
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line MxA, osa-miR5793 (Table 2), which is predicted to
target two transcripts encoding receptor-like protein kinase
(LOC_0s02g11930.1) and dehydrin (LOC_Os11g26780.1)
(Table S9). It has been reported that the receptor-like
kinase genes were highly expressed and upregulated in the
fertile buds in Brassica rapa (Dong et al. 2013). Moreover,
mutation of the receptor-like protein kinase 2 could lead to
male sterility in Arabidopsis (Mizuno et al. 2007). These
results demonstrate that the receptor-like kinase is a key
regulator during anther development. In the present study,
gPCR analysis showed that the expression of receptor-like
protein kinase (LOC_0s02g11930.1) was downregulated
in MxA (Fig. 6), implying that osa-miR5793 might be
involved in the occurrence of CMS via silencing the
receptor-like kinase and further affecting the tapetum
function in the sterile line MxA.

miR156 targets SBP-box genes, including the SPL
family, a group of transcription factor genes with important

Fig. 6 Quantitative real-time PCR analysis of the relative expression
of miRNA targets in the sterile line MxA and its maintainer line MxB.
F-box (LOC_0s06g06050.1), MCT (LOC_Os05g07210.1), RLPK
(LOC_0s02g11930.1), CAMK (LOC_0s03g22050.1), HLH (LOC_
0s02¢23823.2), NBS (LOC_0s01g05600.1), MYBI (LOC_Os0Olg
59660.1), MYB2 (LOC_0s06g40330.1), PhytoB (LOC_Os03g19
590.1), Retro (LOC_0Os10g09960.1). Actin was used as endogenous
control. Primers for these genes are listed in Table S1-4. Corre-
sponding miRNA for each target is included in brackets. The
expression level in MxB is set as 1.0. The experiments were
performed with three biological replicates, and the error bars
represent the standard errors

regulatory functions throughout the growth and develop-
ment stages in plants. It is reported that miR156 regulates
the timing of flower formation via SPL3, activating the
expression of LEAFY, FRUITFULL, and APETALAI1
(Yamaguchi et al. 2009). Another study reported that
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overexpression of miR156 in an spl/§ mutant background
resulted in sterility in Arabidopsis (Xing et al. 2010). In this
study, the entire miR156 miRNA family members (osa-
miR156a-k) were identified as upregulated in MxA com-
pared with MxB (Table S6), indicating that miR156 may
participate in fertility regulation in the sterile line MxA.

miR159 is a highly conserved miRNA family, essential
for plant development and fertility (Jones-Rhoades et al.
2006). Previous studies have indicated that miR159 is
widely expressed in various organs, predominantly in floral
organs, in plants (Achard et al. 2004; Axtell and Bartel
2005; Tsuji et al. 2006). They target a class of MYB
transcription factors, which play important roles in flower
development. Loss-of-function mutations in OsGAMYB
resulted in defects in floral organ development, especially
the anthers and pollen (Kaneko et al. 2004). Consistent
with this result, overexpression of miR159 leads to male
sterility in Arabidopsis (Achard et al. 2004) and shrunken
anthers in rice (Tsuji et al. 2006). In this study, three
members of o0sa-miR159 (osa-miR159a.1, osa-miR159b
and osa-miR159f) were found to be upregulated in MxA
(Table S6). Bioinformatics analysis indicates that osa-
miR 159 targets four MYB family proteins (Table S9). The
expression levels of two MYB proteins (LOC_0Os01g59
660.1, LOC_0Os06g40330.1) were examined by qPCR.
These targets were downregulated in the sterile line MxA
(Fig. 6), showing that the increased abundance of osa-
miR159 partially silenced the expression of the MYB
proteins, hampering normal anther development in the
sterile line MxA.

The predicted targets of osa-miR397b include laccases,
F-box domain-containing proteins and PPR-containing
proteins (Table S9). Recently, it has been clearly reported
that overexpression of osa-miR397 increases rice grain
yield by downregulating the expression of laccase (Zhang
et al. 2013). Another previous study has demonstrated that
the laccase genes are expressed during pollen development
in loblolly pine, indicating that laccases are involved in
plant pollen development (Sato et al. 2001). It has been
suggested that the high expression level of osa-miR397
could downregulate peroxidase and laccase, leading to the
failure to remove oxyradicals, thus contributing to pollen
abortion in the CMS line (Shen et al. 2011). F-box proteins
are involved in the regulation of various developmental
processes in plants, including photomorphogenesis, circa-
dian clock regulation, self-incompatibility, and floral
meristem and floral organ identity determination (Jain et al.
2007). In the present study, osa-miR528 was identified as
increased in MxA compared with MxB (Table 2; Fig. 4). A
negative correlation was discovered between the levels of
0sa-miR528 and its target F-box protein (LOC_Os06g
06050.1) (Fig. 6), indicating that osa-miR528 might be
involved in the regulation of the abortion process in MxA.
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ARF (Auxin Response Factor) proteins can bind to auxin
response promoter elements and mediate gene expression
responses to the plant hormone auxin. It has previously
been reported that ARF6 and ARFS8 regulate flower matu-
ration (Nagpal et al. 2005). Further, it was shown that
ARF6 and ARFS$ are targeted by miR167. Loss of miR167
regulation in mARF6 and mARF8 expression caused
arrested ovule development and anther indehiscence in
Arabidopsis (Wu et al. 2006). There are 10 members of the
miR167 family (osa-miR167a—osa-miR167j) deposited in
miRBase (http://www.mirbase.org/). In this study, 4 osa-
miR167 star sequences (—3p) were found at low expression
levels and slightly downregulated in MxA (Table S6).
However, all 10 of the osa-miR167 family members (—5p)
were highly expressed in both rice lines, and their
expression levels were higher in the sterile line MxA
(Table S6). Thus, we speculate that the higher expression
of osa-miR167 may partially silence the expression of
ARF6 and ARFS, finally resulting in abnormal pollen
development in the sterile line MxA.

Ca”" is a crucial regulator of growth and development
in plants. osa-miR1432 is predicted to target genes of the
EF-hand family (LOC_0s03g59770.1, LOC_0Os03g597
90.1) and metal cation transporter (LOC_Os05g07210.1).
The EF-hand domain is a conserved helix—loop—helix
structure that can bind a single Ca®" molecule, and the EF-
hand proteins are thought to function as Ca*" sensors
whose conformational changes upon Ca”" binding play
critical roles in Ca®"-mediated signalling (DeFalco et al.
2010). It has been reported that metal cation transporters
are essential for mediating metal transfer between cells and
organs and for maintaining intracellular metal homeostasis
(Thomine et al. 2000). In this study, osa-miR1432 was
found to be upregulated in MxA (Table 2). qPCR analysis
indicates that the expression of a metal cation transporter
(LOC_0Os05g07210.1) on the mRNA level is sharply
reduced in MxA (Fig. 6), but the expression of the EF-hand
protein mRNAs is not detected in anthers of either rice line.
Further, another miRNA, miR812d, which is predicted to
target a calcium/calmodulin-dependent protein kinase
(LOC_0s03g22050.4), was found to be downregulated in
MxA (Table 2). The mRNA expression level of calcium/
calmodulin-dependent protein kinase (LOC_0s03g220
50.4) was also found to be downregulated in MxA (Fig. 6).
These results implied that abnormal expression of osa-
miR1432 and osa-miR812 might disrupt the balance of
Ca”" in the anther cells and impair the Ca’"-mediated
signalling pathway during the rice anther development in
MxA. However, the details of this relationship require
further study.

It is interesting to note that a majority of transposons
and retrotransposons found in this study are predicted to be
targets of o0sa-miR530-3p and osa-miR5498. However,
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their functional roles during the rice reproductive devel-
opment have not been reported, and this requires further
study.

Conclusion

In the present study, we employed high-throughput
sequencing to identify the miRNA expression profiles of the
sterile line MxA and its maintainer line MxB. A total of 518
known and 144 novel miRNAs were identified, and some of
these miRNAs were validated by stem-loop RT-PCR ana-
lysis. miRNA editing events were also observed and vali-
dated during the rice anther development. Target prediction
analysis indicates that some of the miRNAs are involved in
anther development and male sterility. The characterisation
and comparative expression profiling of the miRNA tran-
scriptome lay a solid foundation for unravelling the com-
plex miRNA-mediated regulatory networks in the
development of rice anthers. Further functional studies on
the differentially expressed miRNAs will provide a better
understanding of the miRNA-mediated regulation mecha-
nisms during the CMS occurrence in the ZD-CMS rice line.
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