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Pollen development is an important and complex biological qcess in the sexual
reproduction of owering plants. Although the cytological characteristics of pollen
development are well de ned, the regulation of its early stges remains largely unknown.
In the present study, miRNAs were explored in the early devagdbment of broccoli Brassica
oleraceavar.italica) pollen. A total of 333 known miRNAs that originated from 23miRNA

families were detected. Fifty- ve novel miRNA candidates ere identi ed. Sixty of the

333 known miRNAs and 49 of the 55 predicted novel miRNAs exhited signi cantly

differential expression proling in the three distinct deslopmental stages of broccoli
pollen. Among these differentially expressed miRNAs, miRR¢ that would be involved
in the developmental phase transition from uninucleate miospores to binucleate pollen
grains or from binucleate to trinucleate pollen grains werngenti ed. miRNAs that showed

signi cantly enriched expression in a speci ¢ early stage dbroccoli pollen development
were also observed. In addition, 552 targets for 127 known niRNAs and 69 targets for 40
predicted novel miRNAs were bioinformatically identi edFunctional annotation and GO
(Gene Ontology) analysis indicated that the putative miRN#argets showed signi cant

enrichment in GO terms that were related to plant organ form#on and morphogenesis.
Some of enriched GO terms were detected for the targets diretty involved in plant male
reproduction development. These ndings provided new ingjhts into the functions of
miRNA-mediated regulatory networks in broccoli pollen desfopment.

Keywords: broccoli ( Brassica oleracea var. italica), high-throughput sequencing, miRNAs, microspores,
microspore embryogenesis, male gametophyte

INTRODUCTION

MicroRNAs (miRNAs) are a group of small endogenous non-codinghBNand widely distribute
in animals and plants. In plants, mature miRNAs are 21-24 ntimgtl, and generated via a multi-
step enzymatic process. Briey, the primary miRNA transcriggsi{miRNAs) are transcribed
by RNA polymerase Il (Pol Il). Pri-miRNAs are then processed torfdmperfect fold-back
structures, which are further cleaved by DICER-LIKE1 (DEtdlproduce stem-loop precursors
(pre-miRNAs). Pre-miRNAs are further processed to produce miRNi®RNA duplexes. Finally,
mature miRNAs are released from these duplexes, and loade&A induced silencing complex
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Lietal. miRNAs in Broccoli Pollen

(RISC), to regulate their target genes by either transcripproteins, are essential for microspore di erentiatiognosthoefel
cleavage or translational inhibitionBgrtel, 2004; Voinnet, et al.,, 201 BnMs3 participates in tapetum development,
2009. Increasing evidence has demonstrated that miRNAsnicrospore release, and pollen-wall formatiathQu et al., 201
play crucial roles in almost all processes of plant growthSeveral miRNAs such as miR158 and miR159 have beenidenti ed
development and stress response. MiR172 regulates oral orgam function in pollen and/or anther developmené¢hard et al.,
identity and owering time by regulating APETELA 2 (AP2) 2004; Millar and Gubler, 2005; Luo et al., 2013; Ma et al.,
transcription factors fukerman and Sakai, 2003; Chen, 20042017. Because previous studies of the role of miRNAs in pollen
Wollmann et al., 2010 MiR156 as well as MiR172 control the and anthers focused on later stages of development, further
vegetative phase changé/(| et al., 200R MiR159 targeting investigations are required to understand how miRNAs impact
MYB transcription factors is required for anther development,early developmental stages of the male gametophyte.
and acts as a molecular switch in seed developméiita( and Microspores are important intermediates in development
Gubler, 2005; Alonso-Peral et al., 2D19iR160, which targets of male gametophytes. In some Brassica plants (e.g.,
auxin response factordARF$, functions in root development cauli ower, broccoli, Chinese cabbage and rapeseed) and
(Wang et al., 2005 MiR166 cleaveATHB15 mRNA, and Gramineous plants (e.g., maize, wheat, and barley), one
functions in vascular developmenkKifm et al., 200k MiR390, notable feature of microspores is that they can deviate from
miR396, miR824, and miR319 are essential for leaf developmeieir normal gametophytic development pathway and switch
(Schwab et al., 2006; Kutter et al., 2007; Liu et al.,)200#% to embryogenesisn vitro, forming haploid embryos and
members of at least nine MIRNA families, including miR156homozygous double-haploid (DH) plants Ségui-Simarro
miR172, miR159 and other miRNAs, such as miR160, miR164nd Nuez, 2008 This process is referred to as microspore
miR166/165, miR167, miR169, and miR319, perform crucia#gmbryogenesis. Itis a highly valuable tool to obtain hongazys
roles in ower developmentl(uo et al., 2013 However, the roles plants in a signi cantly shorter period of time compared witheth
of many miRNAs, especially species-speci ¢ miRNAs, in plantraditional breeding methodsSegui-Simarro and Nuez, 2008
development still need to be elucidated. However, low microspore embryogenesis e ciency is one of
In owering plants, development of male gametophytes ishe biggest bottlenecks. Emerging evidence has indicdtad t
an important and complex biological process that is requirednicrospores at the uninucleate stage or early binucleateipoll
to form pollen grains and is an indispensable part of sexuajrains are more easily induced into embryogenesis compared
reproduction. The cytological characteristics of this psxckave with those in other developmental stagéese(ler et al., 1987;
been well de ned. In brief, the sporogenous cells within theFerrie, 2008 while the natural basis of this phenomenon is still
anther develop into pollen mother cells (PMCs) by mitosis.®M largely unknown.
then undergo meiosis to form a tetrad of haploid microspores, Broccoli is an important variant oBrassicaand one of the
which are held together by callose. The haploid microspores araost important horticultural crops irBrassicaceadlicrospore
released from tetrads after callose degradation. At thigestonly embryogenesis is an important method to generate homozygous
one nucleus exists in each microspore. Subsequently, indiVid plants in broccoli. However, the regulation of microspore
microspore undergoes an asymmetric cell division to givetdsa  development is unknown. In the present study, uninucleate
vegetative cell and a generative cell, then develops intecheate  microspore, binucleate pollen grains, and trinucleate pollen
pollen grains. In owering plants, such as cruciferous platite, grains, which represent three symbolic early developmental
generative cell in turn further divides into twin sperm cellg  phases of male gametophyte in broccoli, were isolated. High-
mitosis. The microspores then develop into the trinucleatégrol throughput small RNA sequencing and bioinformatics analysis
grains. Finally, mature pollen grains are formé&dell, 201). were conducted to explore the miRNAs and their targets.
A series of regulators involved in male gametophytedMiRNAs possibly involved in the regulation of early pollen
development have been elucidatedYT1 and AMS, both  development of broccoli were identi ed. In addition, severa
encoding basic helix-loop-helix transcription factors, aracial miRNAs and their targets were further validated by experinaént
for tapetal dierentiation and the formation of microspores methods.
(Seqgui-Simarro and Nuez, 2008; Xu et al., 30D0JO1lis a
germline-speci ¢ R2R3-MYB transcription factor that serves\JATERIALS AND METHODS
important functions in sperm cell speci cation by activating
a germline-speci ¢ di erentiation programHorg et al., 201 Plant Materials
Five pollen-speci c MIKC MADS box proteins function in later Homozygous broccoli seeds named TNK-002 (stored in Tianjin
pollen development\(erelst et al., 2007PTC1programs tapetal Kernel Vegetable Research Institute, Tianjin, China) were
development and functions in pollen formationi(et al., 201).  planted in soil (Klasmann Deilmann GmbH, Germany) under
ABCG26and ABCG15are essential for pollen exine formation controlled conditions with a 16/8 h light/dark cycle at 2&nd
and male fertility Quilichini et al., 2010; Zhao et al., 2015 22 C, respectively. The 10-old day seedlings were transplanted
Similarly, LAP6/PKSALAP5/PKSBand RPGlare required for in a greenhouse under growth condition as mentioned above.
pollen exine formation. In additior, AP6/PKSAANdLAP5/PKSB At approximately 70 days, the curds formed, which are mostly
can function at speci ¢ stages of microspore developméntgn composed of ower buds with di erent sizes. The ower buds
et al.,, 2008; Kim et al., 20LOPIRL1 and PIRL9 encoding were isolated from the curds, and their sizes were measured
members of a novel plant-speci ¢ family of leucine-rich repeatby vernier caliper. The pollen in di erent developmental stages
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such as the uninucleate microspores, binucleate and triatele in the sequencing process. 49-nt raw reads were produced by the
pollen grains, from di erently sized ower buds were stained sequencing system.
with DAPI uorescent dye, and detected under a uorescence

microscope (Olympus BX53, Japan). Using the informationC|assi cation and Annotation of Small RNA
obtained about the relationship between bud size and polleRay reads of small RNAs were obtained via Solexa sequencing.
developmental stage, three ower bud size ranges (3.0, 4Pgw-quality reads and contaminants in the raw reads, for
and 6.0mm in length) were selected that would reproduciblyaxample, reads that were less than 18 nt in length, adaptor-onl
yield uninucleate, binucleate pollen grains and trinuclgaien  and polyA reads, were discarded. The adaptor sequence of each
grains, respectively. read was trimmed. Filtered high-quality reads that were T8at3
in length were designated as clean reads and further assemble

Isolation and Puri cation of Microspores, into uniqu_e reads.The clean reads a.md.uni.que reads Were.usedi

. . ) the following analysis. The length distributions of clean reiads
Binucleate, anO! T”nucfleate Pollen Gr.alns. uninucleate microspores, binucleate and trinucleate paleains
Three groups of dierent-sized ower buds with uninucleate \yere analyzed. Pairwise comparisons of common/speci ¢ clean
microspores, binucleate pollen grains and trinucleate pollegnq unique reads were also conducted. Then, all unique reads
grains were collected. At least 50 ower buds per grouRyere aligned with structural non-coding RNAs (rRNA, tRNA,
were used. Then, stamens were isolated from the OweEnRNA, snoRNA, etc.) deposited in the GenBank and Rfam
buds and deposited in 10-mL centrifuge tubes that containegatapases. Reads that matched with the sequences in these two
5mL modied BS culture medium. The stamens were thengatapases were excluded in the further analysis. Substiguen
homogenized for 10 min to release single microspores, b&atel the unique reads were subjected to Blastn analysis agaast pl
pollen grains or trinucleate pollen grains. In this proces® th nirRNAs, particularlyArabidopsisand other Brassicaceae plant
stamens were gently ground to avoid releasing single somatigirNAs deposited in miRBase 18.0 (http://www.mirbase.org/)
cells. Subsequently, the mixtures that contained uniratele {g jgentify the conserved miRNAs. The unique reads deteaied i
microspores, binucleate pollen grains or trinucleate poll@®  each small RNA library were annotated in accordance with the

were Itered with a 50mm lter membrane to remove large criteria; ribosomal RNA> known miRNA> repeat> extron>
impurities, and then ltered with a 4Gvm Iter membrane. jqtron.

The ltrate was transferred to other 10-mL centrifuge tubes
and centrifuged at 1,000 g/min for 10 min. The remaining doli
materials were resuspended with 5 mL modi ed B5 cultur
medium and centrifuged at 1,000 g/min for 10 min. Finally,
the rinsed solid materials were collected, immediatelydroin
liquid nitrogen, and stored at 80 C. To assess the purity of
the isolated samples, approximately D of resuspended cells

were stained with 5L DAPI. The stained cells were observed i - .
by uorescence microscope (Olympus BX53, Japan) under U ttps://sourceforge.net/projects/mireap/). Parametersravas
' ollows: Minimal miRNA sequence length (18 nt); Maximal

light. In each sample, cells in at least 10 independent viselds miRNA sequence length (25 nt): Minimal miRNA reference

under the microsc were counted and analyzed based on their . .
erthe ope were o ed yzed do Sequence length (20 nt); Maximal miRNA reference sequence
cytological characteristics.

length (23 nt); Maximal copy number of miRNAs on reference
(20 nt); Maximal free energy allowed for a miRNA precursor
Construction and Sequencing of Small (18 kcal/mol); Maximal space between miRNA and miRNA
RNA Libraries (300 nt); Minimal base pairs of miRNA and miRNA(16
nt); Maximal bulge of miRNA and miRNA (4 nt); Maximal
asymmetry of miRNA/MIRNA duplex (4 nt); Flank sequence

Prediction of Novel miRNAs

he unannotated reads and reads from the introns were
aligned to broccoli EST data (Accession number: PRINA361430)
to identify potentially novel miRNAs. Sequencesl00 bp
surrounding the matched region were extracted, and utlize
to predict pre-miRNA candidates using the Mireap program

Total RNAs were isolated using TRIzol reagent (Invitrogen

USA). RNA samples with high purity (ORd/2s0 D 1.8-2.2) length of miRNA precursor (20 nt). The predicted pre-miRNA

and high integrity (RNA integrity number, RIN> 8.0) were
used to construct small RNA libraries by TruSeq Small RNA Sguences were further assessed by M-fiilegr, 2003, and

Library Prep Kit (Illumina, USA) according to the manufacéus only_ _structures with the Iowest_ free energies were seled:tegl
protocols. In brief, total RNAs were subjected to 15% denatyri apldmon, to separate novgl .m'R.NA candidates ”0”? possible
' SiRNAs, small RNA read distribution was analyzed using Blastall

gglﬁcxggngilgg dellc?gtnrqoi)ﬁé)rgz;séns dm;ljlr:?e,\(le .fl.rsgg:; 25 18and Omega 2.0 softwares. Small RNAs with wide distribution

adapters were ligated to the isolated small RNAs byRNA on the precursor sequences and having reads that almostlgqual

ligase (TaKaRa, Japan), and then converted to cDNAs whichaP to both plus and minus strands were excluded.

were further used as samples to conduct RT-PCR ampli cation. . . . .

The adapter sequences and RT-PCR primers were showed IRNA Expression Pro le and Differential

Table S1. The PCR products were puried and subjected t&EXpression Analysis

deep sequencing by HiS#g 2000 (lllumina, USA) [Beijing In small RNA deep sequencing, the count of clean reads
Genomics Institute (BGI), China]. Three repeats were coneldic  originating from each miRNA represents the expression
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abundance or level of the corresponding miRNA. At least 16Validation of miRNAs and miRNA Targets

nt overlap was required to con rm a read that generate from arotal RNA was isolated from microspores, binucleate and
certain miRNA. To explore the expression patterns of miRNAgrinucleate pollen grains by TRIzol reagent (Invitrogen, USA)
in three di erent developmental phases of broccoli pollen, theaccording to the manufacturer's instructions. RNAs free of
frequency of each miRNA was normalized to the same ordecontaminated genomic DNAs were reverse-transcribed using
of magnitude according to the formula: Normalized expressio miRNA-speci ¢ stem-loop primers (Table S1). The subsequent
D actual miRNA count/total count of clean reads 1,000,000. PCR ampli cation and re-sequencing analysis of miRNAs were
The normalized read count in miRNAs from which no readsconducted as described Beng et al. (2014)

were detected, was set at 0.01. The di erential expressial lev The expression levels of miRNAs and miRNA targets were
of each miRNA in two arbitrary developmental phases wasurther validated by real-time quantitative RT-PCR (qRTIR).
evaluated by the fold change of the normalized expressioh lev&peci c primers were designed based on the sequences of
The log base 2-fold change was calculated as follows: the IogRNAs and corresponding targets (Table S1), respectively.
base 2-fold_chang® log, (A/ B) (A and B represent the Faststart Universal SYBR Green Master (Roche, Germany)
normalized expression level of miRNA in any two developmentalvas used in all gRT-PCR experiments. Small nuclear RNA
phases). Then, statistical analysis was performed accotding U6 was used as an internal reference in miRNA expression
Poisson distribution. TheP-value was calculated and further level analysis, while thectin gene of broccoli was used
corrected by Bonferroni Correction. For the identi catioof as an internal control in target expression level analysis.
signi cantly expressed miRNAs, the criteria was used as @ (loThe relative expression levels of miRNAs and targets were
base 2-fold change 1 or —1) and (corrected® < 0.05). A calculated by the comparative ¥ €T method according to
hierarchical cluster analysis of all known miRNAs was donéhe manufacturer's recommendations. To ensure the rditgbi

by the package “gplots” of the R project according to theof quantitative analysis, three batches of independentliated

log base 2-fold_change of the normalized expression leveRiNAs from the three di erent developmental phases of broccoli
in two arbitrary developmental phases (http://www.r-project.pollen were used, and three technological replicates were
org/). performed.

miRNAs Target Prediction Identi cation of miRNA Target Cleavage
Conserved and novel miRNAs were aligned with the broccoI'Sites by 5 ORLM-RACE

ESTs to predict the potential targets of these miRNAs. If ONgq validate MiRNA targets, a modi ed®SRLM-RACE (RNA
EST sequence satised the parameters that were suggesj se-mediated rapid amplication of cDNA ends) was
by Allen et al. (2005)and Schwab et al. (2005xhe EST 0 cted using a Bull RACE Kit (TaKaRa, Japan) in

was considered as a putative target of a specic MIRNAy. . rqance with the manufacturer's instructions with some
In addition, the Gene Ontology (GO) analysis of putative,qqi cations. Total RNA that was isolated from uninucleate

targets was c_onducted. Target gene candidgtes from blioCcﬂllicrospores, binucleate and trinucleate pollen grains were
uninucleate microspores, binucleate pollen grains and tieate ligated to the 8 RNA adaptors by T RNA ligase (TaKaRa

poIIe.n grains were mapped to GO terms in the databas§,,n) A reverse transcription reaction was performed with
(http:/fwww.geneontology.org/), respectively. Then, theee g nt random primers. Subsequently, a nested PCR reaction was

numbers per term were calculated. The hypergeometric test Waddrformed. In the rst PCR reaction, the reverse transcriptio

conducted to identify the GO terms in target gene Candidateﬁroduct was ampli ed using theERNA adaptor outer primers

that were signi cantly enriched compared with the reference, 4 gene-speci ¢ outer primers (Table S1). In the second PCR

gene background (broccoli ESTs). The calculating formu'?eaction, the rst PCR products (ImL) were amplied as

IS: templates with an inter primer combination {3RNA adaptor
inter primers and gene-speci ¢ inter primers) (Table S1). Afte

) 1 ’Yl Nn il\/l ampli cation, 52 RACE products were gel-puri ed and cloned
P=1 _ (1) using the T-A cloning method by Mighty TA-cloning Kit
iDO N (TaKaRa, Japan). A minimum of 10 independent clones from
n

each PCR reaction were randomly selected and sequenced.

In the formula, N is the number of all genes with GO

annotation; n is the number of target gene candidates INnRESULTS

N; M is the number of all genes that are annotated to a . . .

certain GO termm is the number of target gene candidatesninucleate Microspores, Binucleate, and

in M. Then, the Bonferroni Correction is used for the  Trinucleate Pollen Grains Isolation

value to obtain a correcte®-value. GO terms with corrected Microspores, binucleate pollen grains and trinucleate pollen
P < 0.05 are dened as signicantly enriched in targetgrains, were isolated from broccoli ower buds-igure 1).
gene candidates. To further describe the enrichment level &tatistical analysis indicated that the purity of the isadate
each GO term, the formula [Enrichmer® (n/N)/(m/M)] is  uninucleate microspores and unmatured pollen grains in
used. binucleate and trinucleate phases exceeded 95% (Table $2). Th
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FIGURE 1 | Uninucleate microspores, binucleate pollen grain s and trinucleate pollen grains isolated form the ower buds w ith different sizes in
broccoli. (A,C,E) indicated that the broccoli ower buds were average 3.0, 4.5,and 6.0 mm in length, respectively (Bab 5.0 mm). (B,D,F) indicated the isolated
uninucleate microspores, binucleate pollen grains and trucleate pollen grains from the corresponding ower buds, repectively (BarD 20 mm).

result indicated that the quality of the isolated samples waphases. In uninucleate microspores and trinucleate polleimgra
su cient to conduct the following analysis. 43.28 and 41.59% unique reads were speci ¢ in uninucleate and
trinucleate phase, respectively. Similarly, the majority fué t
o . f I . unique reads, which were detected in binucleate and trieaie
verview of Small RNA Sequencing pollen grains, were specic to the binucleate (39.95%) pollen
Results grains or trinucleate (45.59%) pollen grains. Only a small
Three small RNA libraries from the corresponding isolatedproportion of these reads (14.46%) was shared in these two
samples were constructed and Sequenced by Solexa teChnOl%Y/empmenta] phases (Figure Sl) All unique reads were then
(Accession number: PRJINA361414). In total, 21,659,80f)rther annotated. Only a few reads were annotated as rima$o
20,439,333, and 21,429,804 raw reads generated from tRRIAs, tRNAs, sSnRNAs, snoRNAs, miRNAs, and other previously
RNA of uninucleate microspores, binucleate pollen graingnown RNAs. More than 97% of the reads were unannotated.
and trinucleate pollen grains, respectively. After removingrhe length distributions of all of the clean reads were also
low-quality reads, contaminants and adaptors, 21,429,85Nc explored. The majority of the reads were 18—24 nt in lengtre Th
reads representing 7,160,154 unique sequences in uniteiclepjghest abundance was found for reads that were 24 nt in kengt

microspores, 20,173,912 clean reads representing 6,299,%dlfowed by 21 nt, 22 and 23 nt in length (Figure S2).
unigue sequences in binucleate pollen grains and 21,209,081

clean reads representing 6,952,258 unique sequences lahenti cation of Conserved miRNAs

trinucleate pollen grains were obtained (Table S3). Pagwisln total, 333 known miRNAs were detected in the three early
comparisons of the small RNAs from the three small RNAstages of broccoli pollen development. These miRNAs origéhate
libraries were conducted. Consisted with reported invediamns, from 235 dierent miRNA families. The majority of these
the vast majority of unique reads are non-overlapping. Inconserved miRNAs (325/333) were simultaneously detected in
uninucleate microspores and binucleate pollen grains, onlthree samples. However, the expression abundance of each
14.79% unique reads were shared in the two developmentliRNA varied (Tables S4, S5). The members in the miRNA
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families, such as miR167, miR166, miR156/157, miR397, miR1&3ystering data, these 333 miRNAs could be roughly classi ed
miR158, miR168, miR2199, miR2911, miR5782, and miR63@o 11 groups Figure 2and Table S7). miRNAs from the same
families, had a high expression abundance (clean read cdunt family, such as the members of miR156/157, miR160, miR165,
miRNA > 10,000) in all three developmental phases. MiRNAsniR167, miR319, miR3955, and miR858, always belonged to
such as miR159, miR162, miR172, miR390, miR2916, artde same group, implying that they exhibited similar exprassio
miR391, showed a moderate expression abundance (clean rgaatterns in the development of broccoli pollen.

count of miRNA > 1,000), whereas most miRNAs, especially,

miR169i, miR169j, miR4221, miR399d, miR5026, miR5642a,

miR5642b, miR775, and miR828 displayed a low expression, . . . .

abundance (clean read count of miRN& 1,000) (Figure s3, Differential Expression of miRNAs in Pollen

Table S4, S5). Further analysis indicated that only one ger{aevelopment

was detected in most miRNA families. At least two genes wergased on the expression levels and patterns of each miRNA,
detected in the other 25 miRNA families. The miR156/157sixty of the 333 known conserved miRNAs were con rmed to
miR166, miR167, miR169, miR172, miR395, and miR399 familiexhibit signi cantly di erential expression levels in the rée

had more than four members, although high or moderatedi erent developmental phases of broccoli pollefigure 3and
expression abundance of several these miRNA families was ntdble S8). Pairwise comparison analysis indicated that 1&kno

detected (Figure S4). miRNAs in the uninucleate microspores and binucleate pollen
o . grains showed signi cantly di erential expression levelsnéng
Prediction of Novel miRNAs these known miRNAs, 7 miRNAs displayed higher expression

A total of 55 novel miRNA candidates were observed. Amondevels, whereas the remaining other 12 known miRNAs displayed
these novel miRNAs, 31, 28, and 26 predicted novel miRNA®wer expression levels in the uninucleate microspores thase
were detected in the uninucleate microspores, binucleatepol in the binucleate pollen grains. Compared with those in the
grains and trinucleate pollen grains, respectively. The lengt trinucleate pollen grains, 35 known miRNAs with signi cantly
of these newly predicted miRNAs ranged from 20 to 23 ntdi erential expression levels were detected in the uninueea
among which 21-nt miRNAs were dominant. The negativemicrospores. The expression levels of miRNAs in the binucleate
minimum folding free energy (MFE) of these miRNA precursorsand trinucleate pollen grains were also compared. Twenty-
ranged from 20 kcal/mol to 85.3 kcal/mol. The average free six known miRNAs with signi cantly di erential expression
energies were approximately40.37 kcal/mol Table ). Each levels were detected in the two phases. Of these miRNAs, 12
novel miRNA precursor can form regular stem-loop structureshad up-regulated expression in the binucleate phase and 14
The star sequences (miRNAof 28 novel miRNA candidates showed down-regulated expressioRigure 3, Tables S8, S9).
were observed, which further con rmed the existence of éhesFurther analysis indicated that the expression levels of m6R,L5
miRNAs. Further analysis indicated that the expression pagter miR391, miR3954, miR472, miR5665, and miR5716 in the
of most of the predicted novel miRNA varied. Forty-one of theuninucleate microspores signi cantly di ered from those ihd
55 predicted novel miRNAs were speci cally expressed in theinucleate and trinucleate pollen grains. MiR156 h and miR5716
uninucleate microspores, binucleate pollen grains or trieate  showed considerably low expression levels in the uninueleat
pollen grains. Among them, 15 predicted novel miRNAs weranicrospores, while four other miRNAs showed particularly
only detected in the uninucleate microspores, 13 predicteceho high expression levels. In binucleate pollen grains, miR5767
miRNAs were speci cally expressed in the binucleate polleshowed particularly low expression levels, whereas miR172,
grains. Similarly, 13 predicted novel miRNAs were only detgéct miR827a, and miR862b showed speci cally high expression
in the trinucleate pollen grains (Table S6). Four predictesteio levels. In the trinucleate pollen grains, the expression $evel
miRNAs (bol-miR01, bol-miR03, bol-miR24, and bol-miR25)of 11 known miRNAs (miR164c, miR169b, miR169c, miR172c,
were detected in the uninucleate microspores and binucleam®iR172d, miR858a, miR164a, miR6034, miR6108f, miR858b,
pollen grains but not in the trinucleate pollen grains. BolR2i7, and miR3434), were signicantly dierent from those in
bol-miR30, bol-miR33, and bol-miR38 were only detected in thaininucleate microspores and binucleate pollen grains. MiR,169b
binucleate and trinucleate pollen grains. However, no predic miR169c, miR858a, miR6034, and miR858b showed considerably
novel miRNAs were speci cally expressed only in uninucleatdigh expression levels in the trinucleate pollen grains, wihiée
microspores and trinucleate pollen grains. Nevertheless, ssix other known miRNAs demonstrated evidently low expression
predicted novel miRNAs (bol-miR02, bol-miR04, bol-miR7, bol-levels Figure 4, Table S8).
miR9, bol-miR18, and bol-miR22) were simultaneously detected The expression trends of miRNAs with signicantly
in the three developmental phases (Table S6). In total, 4385 di erential expression levels were also analyzed. Nine of
predicted novel miRNAs displayed speci c expression patterns ithe 60 known miRNAs increased their expression levels with
the three di erent developmental phases of broccoli pollen. the development of pollen, while the expression levels of 22
miRNAs decreased. Approximately half of these miRNAs
Expression Pro ling of Known miRNAs showed “V” or reversed “V” expression patterns. In addition,
miRNAs with similar expression patterns may have similar22 of the 60 di erentially expressed miRNAs belonged to seven
functions. Thus, the expression patterns of 333 conservedkno miRNA families (miR164, miR165, miR169, miR172, miR2111,
miRNAs were further analyzed. According to the hierarchicaimniR159/319, and miR858). Similarly, miRNAs from the same
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TABLE 1 | The predicted novel miRNAs in broccoli uninucleate mi crospores, binucleate pollen grains, and trinucleate poll en grains.

Novel miRNAs Sequence (5 0—3(5 MFE (kcal/mol) Novel miRNAs Sequence (5 0—3(5 MFE (kcal/mol)
bol-miR01 GGAATGTTGTTTGGCTCGAAG 20 bol-miR29 TAATCATGTTTAGACTTAGATCA 46.7
bol-miR02 AGATATTAGTGCGGTTCAATC 44.5 bol-miR30 GGACGTGCTGTAGGAGTAACCC 28.7
bol-miR03 GGCCGTGGGATGTGGATGGCA 455 bol-miR31 GGAGGATGACGGAGAAGGAGCA 60.5
bol-miR04 ATGCACTGCCTCTTCCCTGGC 38.2 bol-miR32 TCTGGTGTAGACGTGGTATC 48.9
bol-miR05 GTTCTTAAAGTAGATCTTCGGAA 44.7 bol-miR33 ACAGCTCTGCTCCATCTGTGA 85.3
bol-miR06 AATGAAATAAGAAGGCGAGGATT 37.3 bol-miR34 TGGCTGCTGGAATTGATGGTC 34.7
bol-miR07 TGCATCAACTGAATCGGAGCC 73.5 bol-miR35 TCCCTTTGGATGTCGTCTTGTG 30.1
bol-miR08 TCTCAAACCGTGATGATGGACG 30.1 bol-miR36 GTGTTGTTTGACTTGAGATGACG 44.1
bol-miR09 TCTGAAACTTTGTGACATTGCAG 57.4 bol-miR37 ACTTCACATTGTGGTCGTCTGA 375
bol-miR10 TAGCTAGTAGATGTTGTCGTG 22.8 bol-miR38 CCAGATCTGGGATTGGCCAAC 43.9
bol-miR11 CTTCGTGTAAATGATTTTCCTT 33.3 bol-miR39 TCTCAGTGGATTTCGAATGGA 29.6
bol-miR12 CAGCGAAGAGGATGTAGCGGAG 36.1 bol-miR40 CAGCTGTAGAGTGCTGGAAGGA 254
bol-miR13 AGAACTCATGAGAAGGCTTGGTG 29.6 bol-miR41 CGATTGTGGAAGAAAGTGGA 34.2
bol-miR14 GGAAGACCGGTGAAACTCATCTC 29.3 bol-miR42 GGAGAGTCGGCGTGGCATCAAG 71
bol-miR15 ACCCTTCTCACGCAGATCAAC 30.7 bol-miR43 AATCGGCTTGTAGCAGTGGCA 55.2
bol-miR16 GATTGACGACGACGAGGGAGACG 75.2 bol-miR44 CGACAGCTTCTCGTCGGTCGATA 45
bol-miR17 CGGAGGAAACGGGTTCTCGGG 25.8 bol-miR45 CTAAGCAGGATCCAAAGACGTT 28.6
bol-miR18 TGGATATGATGAAATGGCATA 29 bol-miR46 AGGTGGTTATTGGAGTCGGTTTA 40.7
bol-miR19 AGGCAGCGAAGTAGGACTGGCTT 38.4 bol-miR47 CAAGTTGTAGGTTAGTTTTGGCA 34.2
bol-miR20 GAGGTATGGGACGATGGTGG 49.7 bol-miR48 AGGAGACTGTTTATGTAAGGCTA 28.1
bol-miR21 GCTTGTCTCTGAGATCCCGGCG 285 bol-miR49 AGGACTATAGGCGAAGCGGGGTT 37.8
bol-miR22 TTGTGCAAGACTAAGAAGCAA 46.7 bol-miR50 CACCCTTCTCACGCAGATCAA 35.7
bol-miR23 TGGCTAAATCCAGATATGTCG 43.9 bol-miR51 TCCCTTTGGATGTCGTCTTGT 30.1
bol-miR24 GCTTCTAGTGCGATCGGGTTCGG 49.3 bol-miR52 CGTCATTTGGATCCATCGGG 33.7
bol-miR25 GCCATGGCGGAAGAGTTTTTATC 36.1 bol-miR53 GTGCTTATTGACGGTCTTGT 325
bol-miR26 ACTTGTTTCGTCGGTATGTCG 51.6 bol-miR54 AGGACTTGTCTTGGATAGGTATA 29.9
bol-miR27 GACGGTTCTTAGCTTTTCTT 25.9 bol-miR55 GTTGGAGGAGGAGGAGGAGGA 38.8
bol-miR28 GAGCGACTGTTTCTTCGTCGGA 56.8

miRNA family exhibited similar expression trendBigures 24  miR5215, miR5227, miR5631, miR5782, miR6443, and miR854,
and Table S7). whereas only a few targets were detected for most miRNAs
In 55 predicted novel miRNAs, the expression pro les of(Table S10). Homologous analysis and functional annotatio
predicted novel miRNAs with read counts20 were further of the putative targets were performed. The annotated targets
observed. The results indicated that, except for seven nowelkere mainly associated with the regulation of plant growtld an
miRNAs only detected in a specic developmental phasedevelopment (Table S10). All of the targets were subjected to
four predicted novel miRNAs showed signi cantly di erential GO analysis. The GO terms of the conserved miRNA targets
expression levels in the three samples (Figure S5). Bol-miR@bm the uninucleate microspores and the two following
showed similar expression levels in the uninucleate micreespo developmental products of microspores were signi cantly
and binucleate pollen grains but was not detected in thenriched in 23 biological processes, 11 cellular components
trinucleate pollen grains. Bol-miR03 was speci cally and high and 15 molecular functions. In biological processes, 17 GO
expressed in the binucleate pollen grains but was lowly exgaessterms, including GO:0003156 (regulation of organ formajio
in both uninucleate microspores and trinucleate pollen grainsand G0O:2000027 (regulation of organ morphogenesis), were
Bol-miR33 and bol-miR38 were undetected in the uninucleatenriched for the targets predicted in all three developmental
microspores, while both were highly expressed in the binteleaphases. G0:0009943 (adaxial/abaxial axis speci cation),
and trinucleate pollen grains. The other four novel mMiIRNAsGO:0009955 (adaxial/abaxial pattern specication) and
all detected in three developmental phases did not exhibi&0:0050793 (regulation of developmental process) were

signi cantly di erential expression levels (Figure S5). signi cantly enriched for the targets predicted in the unitieate
o ) ) microspores and binucleate pollen grains. Three other GO $erm
Prediction of miRNA Candidate Targets were only signi cantly enriched for the targets predictedym

A total of 552 target sites were identi ed for 127 conservedhe trinucleate pollen grains. In cellular components, ninehef t
miRNAs. More than 10 putative genes were targeted by miR1561 GO terms were signi cantly enriched for the targets préstic
miR157, miR414, miR4993, miR5021, miR5137, miR513® the three developmental phases. In molecular functiorteig
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FIGURE 2 | Hierarchical clustering of all detected known miRN Asin
early developmental stages of broccoli pollen. | to XI show th ell
miNRA groups clustered by their expression pro ling. The color scale at
the top illustrated the relative expression levels of each iRNA in two arbitrary
developmental phases of broccoli pollen from high (red) t@Ww (blue). 1, 2, and
3 at the bottom of three columns represented the relative exgession levels of
each miRNA shown by Log (uninucleate microspores/trinucleate Pollen
grains), Log (binucleate pollen grains/trinucleate pollen grains) andog,
(uninucleate microspores/binucleate pollens) ratio, regetively.

A total of 69 putative targets were predicted to be cleaved
by 40 predicted novel miRNAs (Table S12). The annotated
targets also underwent GO analysis. No signi cantly ergith
GO terms were detected for the targets of novel miRNAs found
in the uninucleate microspores. The GO terms associated with
oral organ development, pollen development, postembryonic
organ development and response to nitrate only signi cantly
enriched for the targets predicted in the binucleate pollen
grains. For the predicted miRNA targets in the trinucleate @oll
grains, 10 signi cantly enriched GO terms mainly involved i
biological processes were detected. The hormone binding GO
term (G0O:0042562) exhibited signi cant enrichment for the
targets predicted in both the binucleate and trinucleate goll
grains (Figure S6).

Validation of the Expression Patterns of

miRNAs and miRNA Targets

Twelve conserved miRNAs and 25 of the 55 predicted novel
miRNAs were randomly selected for stem-loop RT-PCR and re-
sequencing validation. Most of these detected miRNAs could be
ampli ed except for bol-miR10 and bol-miR21. Nevertheless,
the precursor sequences of the two novel miRNAs were
successfully ampli ed. Sequencing analysis con rmed that the
mature miRNA and precursor sequences of bol-miR10 and bol-
miR21 were consistent with those predicted by the bioinfoliogat
method (Table I). The expression patterns of six conserved
miRNAs (miR165a, miR169b, miR159a, miR319c, miR391, and
miR858a) and eight novel miRNAs (bol-miR04, bol-miR06,
bol-miR17, bol-miR21, bol-miR23, bol-miR35, bol-miR47, and
bol-miR51) were further explored by real-time quantitative
stem-loop RT-PCR. The expression patterns of six conserved
miRNAs and six of the eight novel miRNAs that were detected
by gqRT-PCR were highly consistent with the data produced by
high-throughput sequencing (the coe cient of determinatid:?

> 0.86) Figure 6 and Figure S7). In addition, the expression
patterns of the 12 putative targets for bol-miR04, bol-miR17, bol-
miR23, bol-miR34, and bol-miR51 were observed (Table S12).
The expression trends of at least one putative target for each
novel miRNA were con rmed to be negatively correlated witle th
expression levels of the corresponding miRNA (Figure S8).

Validation of Novel miRNA Targets by

Modied 5 “RLM-RACE

The modi ed 5’ RLM-RACE method was conducted to observe
the cleavage sites of 12 putative targets of several novel AsiRN
Consistent with the expression trend analysis, the targdtese
expression trend negatively correlated with their miRNAs,aever
successfully cleaved by the corresponding miRNAs mainly in the
complementary region of the miRNA and mRNA sequences. The
cleavage sites were predominant in th&#nhd 14" nucleotides
from the Pend of miRNAs Figure 7).

of the 15 GO terms were especially enriched for the targets
predicted in the trinucleate pollen grains. Other GO termafro DISCUSSION

this section were speci cally enriched for the targets prestic

in the uninucleate microspores and binucleate pollen graindlicrospore development is an important step in generating

(Figure 5and Table S11).

fertile male gametophytes in owering plants. In some crops,
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FIGURE 3 | Differential expression levels of known miRNAs in br  occoli uninucleate microspores, binucleate pollen grains a nd trinucleate pollen
grains. ** indicated the signi cantly differential expression levevith corrected P < 0.01; * indicated the signi cantly differential expressiottevel with corrected
P < 0.05. phase-1, phase-2, and phase-3 indicated uninucleatamicrospores, binucleate pollen grains and trinucleate pln grains, respectively.

such as broccoli, maize, rapeseed and Chinese cabbagidsoldave explored the natural basis of microspore embryogenesis
microspores can reprogram toward embryogen@sigitro and  (Belmonte et al., 2010; Rodriguez-Serrano et al., 2012; Solis
generate homozygous double-haploid plants. This phenomenost al., 2012, 2015; Ahmadi et al., 2))18licrospores or early

has been widely utilized to obtain homozygous parental niater binucleate pollen grains were demonstrated to more easily
in crops (errie and Caswell, 2011; Corral-Martinez andundergo embryogenesis vitro (Keller et al., 1987; Ferrie, 2003
Segui-Simarro, 2012; Yuan et al., 201Several investigations However, the early events of microspore development, such
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FIGURE 4 | Expression trends of known miRNAs which showed sign i cantly differential expression levels in the three develo pmental phases of

broccoli pollen. miRNAs which showed signi cantly differential expression g@tterns in the uninucleate microspores, binucleate pollegrains and trinucleate pollens
were marked by corresponding red, black and blue boxes, respctively. UM, BCP, and TCP indicated uninucleate microspes, binucleate pollen grains and
trinucleate pollen grains, respectively. The signi cantlgifferentially expressed miRNAs are grouped by their expssion levels.

as those occurring in the uninucleate microspores, bindelearoles of these small RNAs in this process remain largely
pollen grains or trinucleate pollen grains, and the transitio unknown.
from one developmental phase to another, are poorly understood. miRNAs have been extensively analyzed given their various
Therefore, genome-wide small RNAs in three signi cantlyfunctions in diverse biological processe§a(rington and
di erentdevelopmental phases of broccoli pollen were sequénceAmbros, 2003; Chen, 2009Unlike the distributions of whole
and further analyzed in this study. small RNAs, most known miRNAs were detected in the
An overview of the small RNA sequencing data indicatedhree early developmental stages of broccoli pollen. A few
that the count and length distributions of these small RNAsmiRNAs, such as the members of miR167, miR166, miR156/157,
were highly similar throughout the three developmental pisasemiR165, miR158, and miR168 families, all exhibited high
of broccoli pollen (Table S3 and Figure S2). However, pairwisexpression abundance during microspore development (Figure
comparisons revealed that only a small proportion of uniqueS3). Similarly, most members of these miRNA families showed
small RNAs were shared by two arbitrary developmentahigh expression levels in other developmental processes ef oth
phases. Most unique small RNAs specically expressed iplant species(havez Montes et al., 2014; Baksa et al., 2015;
a certain developmental phase (Figure S1). This ndind.iu et al., 2015; Roy et al., 2Q18hese miRNAs are likely to
indicated that the distributions of small RNA populations highly evolutionarily conserved. By contrast, almost aiuy
markedly varied in uninucleate microspores, binucleatgredicted novel miRNAs showed low expression abundance
pollen grains and trinucleate pollen grains. However, theluring the development of broccoli pollen. Most novel miRNAs
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FIGURE 5 | Signi cantly enriched GO terms of known miRNA target s in the three developmental phases of broccoli pollen (corre cted P < 0.05). Top 20
signi cantly enriched GO terms were showed in each developmetal phases of broccoli pollen. UM, BCP, and TCP indicated th uninucleate microspores, binucleate
pollen grains and trinucleate pollen grains, respectively

detected in other plants or in the diverse biological processdseen observed over time since miRNA was rst identi ed
of dierent plants also showed low expression abundancen Caenorhabditis elegar(see et al., 1993; Reinhart et al.,
Furthermore, these novel miRNAs are usually speci c to a speci€2000). miRNAs with low expression abundance are more
or developmental phasé&\(ei et al., 2011; Peng et al., 2012; Jiandli cultly detected. In recent years, an increasing numbef o
etal., 2014; Lietal., 2015; Qu et al., 20TBese results indicated miRNAs, including those with low expression levels, have been
that the predicted novel miRNAs were evolutionarily youngidenti ed via second-generation sequencing technolagiégese
with important roles in maintaining species-speci city regégss newly identied miRNAs provide crucial clues for further
of their expression levels. However, given the limitatioris ounderstanding the function of miRNAs, especially those of newly
forward genetic research methods, only a few miRNAs havevolved miRNAs.
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FIGURE 6 | Differential expression patterns of several known miRNAs and novel miRNAs in different developmental phases of bro ccoli pollen
validated by quantitative stem-loop RT-PCR.  The small nuclear RNA U6 was used as an internal reference. iffdicated the signi cantly differential expression level
with P < 0.01. UM, BCP, and TCP indicated the uninucleate microsporg binucleate pollen grains, and trinucleate pollen gainsespectively.

The di erential expression of mMiRNAs was analyzed to furtherdevelopment. Kigures 3 4 and Table S8). A series of miRNAs
explore their possible roles in broccoli development. Sixtyhat are closely involved in the development of plant male
known miRNAs exhibited signi cantly di erential expression gametophytes were identi ed in other plant species. Eighteen
levels during the development of broccoli pollen. Nineteed an di erentially expressed known miRNAs including miRNA159a,
26 known miRNAs showed signi cantly di erent expression miR164a, miR172, miR319b, miR391a, and miR824-3p have
levels between the uninucleate microspores and binucleateen conrmed between the ower buds of the male sterile
pollen grains, and between the binucleate and trinucleatand male fertile lines oBrassica campestgsp.ChinensisMost
pollen grains, respectively. In addition, the expressiondeeaf  of these miRNAs are implicated in pollen developmediti(ig
these di erentially expressed miRNAs varied throughout polleret al., 2011 Twenty-six conserved known miRNAs including
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FIGURE 7 | Mapping of mRNA cleavage sites of novel miRNAs by modi ed 59RLM-RACE. The miRNA sequence was at the top, and the target sequence
was at the bottom. Perfectly complementary bases were showrtonnected by vertical dashes. G:U wobble pairing was indicd by circles, and other
non-complementary bases were shown by “x.” The red arrows idicated the sites of cleavage, and numbers near the arrows #licated the fraction of cloned PCR
products terminating at different positions. The target sguences could be found in Table S12.

miR159a, miR159¢, miR169, miR171, miR172, miR319b, amdant species. It implied that these miRNAs should also
miR391 showed signi cant di erences in expression betweerfunction in the development of broccoli pollen. In addition,
mature pollen and in orescence in Arabidopsi<ifambers several known miRNAs, such as miR2111, miR2911, miR400,
and Shuai, 2009 In addition, 14 miRNAs exhibiting pollen- miR400, miR827, miR854, miR858, and miR862, have only
enriched expression, such as miR156, miR171a, and miR82d&en conrmed to show signi cantly dierential expression
were also conrmed in Arabidopsis@rant-Downton et al., in the present study. Moreover, miR159a, miR319c, miR2111,
2009. Similarly, 202 known miRNAs and 75 novel miRNAs weremiR397, miR400, miR8483, miR6427, miR841, and miR854
con rmed to express in the developing pollen of rice, amongshowed only signi cantly di erential expression levels betn
which more than half of the miRNAs displayed pollen -or stagethe uninucleate microspores and binucleate pollen graingher
speci c expression/ei et al., 201)L In maize, 40 conserved and binucleate and trinucleate pollen grains. The known miRNAs and
16 novel miRNAs displayed di erential expression levels betweepredicted novel miRNAs showing extremely speci ¢ expression
mature and germinated pollen.{et al., 201} patterns, for example showing extremely high expression level
Consistent with these previous investigations, the miRNA®nly in a certain developmental phase, were also identi ed s€he
including miR156, miRNA159a, miR159c, miR164a, miR169ndings provided more valuable clues to explore their functon
miR171, miR172, miR319b, miR391a, and miR824-3p, whicin the early event of broccoli pollen development.
displayed signi cantly di erential expression levels in tharly miRNAs, as important endogenous RNA regulators, cleave
stages of broccoli pollen development, also have been comrmehe target mRNAs or inhibit translation. Consequently, the
to involve in the development of male gametophytes in otheidenti cation and functional elucidation of miRNA targets
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are crucial to uncover the roles of miRNAs. In the present In conclusion, the signi cantly di erentially expressed knaw
study, 552 targets for 127 conserved known miRNAs andhiRNAs and the novel miRNAs, combined with their potential
69 targets regulated by 40 predicted novel miRNAs wertargets, provide new insight into the early development of
identied in broccoli. A few of them have been annotated broccoli pollen.

as the homologs of corresponding known miRNA targets in

other plants. The homologs of these target genes were alg@UTHOR CONTRIBUTIONS

con rmed to be cleaved by corresponding miRNAs in broccoli.

In addition, the quantitative expression analysis of 12 ranjo HL performed the experiments, analyzed the data and wrote
selected novel miRNA targets indicated that the expressiothe manuscript; YW performed the experiments; MW analyzed
levels of over half of these targets (8/12) were negativethie data; LL performed the experiments; CJ performed the
correlated with those of their corresponding miRNAs. Theseexperiments; QZ performed the experiments; CC analyzed the
results were consistent with the fact that miRNAs mainlydata; WS analyzed the data and wrote the manuscript; CW
negatively regulate their targetsCdrrington and Ambros, designed the project, analyzed the data and wrote the mamiscri
2003. The cleavage sites of six of these targets were also

identi ed by modi ed 5° RLM-RACE. Consistent with previous ACKNOWLEDGMENTS

investigations, the cleavage sites were predominant in €e 1

and 11" nucleotide from the 8 end of the miRNAs $ong We thank Dr. Hanmin Jiang of Tianjin Kernel Vegetable
et al., 2010; Li et al., 20)L5These results demonstrated that Research Institute, Tianjin, China, for kindly providing the
identifying miRNA targets by bioinformatics analysis is iel&s  homozygous broccoli seeds. This work was funded by grants
although further experimental validations are still reqadr from the Natural Science Foundation of China (No. 31401889
Further functional annotation and GO analysis of these miRNAand No. 31470669) and Tianjin (No0.14JCZDJC34000 and No.
targets indicated that the GO terms of all annotated target35JCQNJC15100).

mainly were signi cantly enriched in plant organ formation,

morphogenesis and other early events of plant developmelPPLEMENTARY MATERIAL

(Figure 5and Figure S6). The targets, especially those identi ed

targets by BRLM-RACE, provided signi cant clues to explore The Supplementary Material for this article can be found

the function of miRNA-target module in broccoli pollen
development.
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