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Abstract
MicroRNAs (miRNAs) represent a class of endogenous non-coding small RNAs that play

important roles in multiple biological processes by degrading targeted mRNAs or repressing

mRNA translation. Thousands of miRNAs have been identified in many plant species,

whereas only a limited number of miRNAs have been predicted inM. acuminata (A ge-

nome) andM. balbisiana (B genome). Here, previously known plant miRNAs were BLAST-

ed against the Expressed Sequence Tag (EST) and Genomic Survey Sequence (GSS), a

database of banana genes. A total of 32 potential miRNAs belonging to 13 miRNAs families

were detected using a range of filtering criteria. 244 miRNA:target pairs were subsequently

predicted, most of which encode transcription factors or enzymes that participate in the reg-

ulation of development, growth, metabolism, and other physiological processes. In order to

validate the predicted miRNAs and the mutual relationship between miRNAs and their tar-

get genes, qRT-PCR was applied to detect the tissue-specific expression levels of 12 puta-

tive miRNAs and 6 target genes in roots, leaves, flowers, and fruits. This study provides

some important information about banana pre-miRNAs, mature miRNAs, and miRNA target

genes and these findings can be applied to future research of miRNA functions.

Introduction
MicroRNAs (miRNAs) are a class of endogenous non-coding RNA molecules that are 21–24
nucleotides (nt) in length. The processing and maturation of miRNAs in plants involves several
steps that employ key enzymes, such as Dicer-like 1 (DCL1) [1] and HASTY [2,3]. Mature
miRNAs are incorporated into the RNA-induced silencing complex (RISC) to post-transcrip-
tionally regulate gene expression by targeting mRNA degradation or translation repression [4–
6]. Previous research has shown that miRNAs play a key role in various metabolic and biologi-
cal processes in plants, including meristem cell identity, leaf morphogenesis and polarity, floral
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differentiation and development, hormone signaling, organ separation, fruit growth and devel-
opment, and the stress responses [7].

A number of methods have been applied to miRNA prediction, including genetic screening,
direct cloning, sequencing methods, and computational approaches. Compared to these meth-
ods, the computational approach is one of the most effective, rapid, and affordable strategies to
identify miRNAs [8] based on the major characteristic features of miRNAs, such as the hair-
pin-shaped stem-loop secondary structure with minimal folding free energy and high evolu-
tionary conservation between species [9–11]. Using bioinformatics analysis based on
comparative genome-based homolog searching, expressed sequence tag (EST) and/or genomic
survey sequence (GSS), many researchers have identified miRNA genes from a variety of spe-
cies, including Arabidopsis thaliana [12], Oryza sativa [13], Triticum aestivum [14], Zea mays
[15],Hordeum vulgare [16], Sorghum bicolor [17], Gossypium [18], Glycine max [19], solanum
tuberosum [20], Lycopersicon esculentum [21], citrus [22], Fragaria vesca [7],Malus. domestica
[23],Medicago truncatula [24], Brassica napus [25], and Catharanthus roseus [26].

Bananas (Musa spp.) are giant perennial herbs from the order Zingiberales of the monocot-
yledon group, which originated in Southeast Asia and the western Pacific [27,28]. Cultivated
bananas have evolved from the hybridization of wild species ofM. acuminata andM. balbisi-
ana [29]. These crops are of extreme importance across the world’s tropical and subtropical re-
gions where they are vital for food security and are also a major source of incomes. Bananas are
widely exported to industrialized countries where they constitute a major staple food for mil-
lions of people [27]. Bananas are the world’s most important fruit and rank fourth in the list of
global food crops, with a global annual production in excess of 107 million tons [30].

Thousands of miRNAs belonging to various plant species have been registered in the
miRNA database, miRBase [31] (http://www.mirbase.org), and novel miRNA genes will be
identified in Release 20; however, none of these miRNAs are fromMusa. Recently, a reference
sequence ofMusa A-genome and a draft sequence of B-genome have been published [27,32].
D’Hont et al (2012) reported 235 conserved miRNAs from 37 families using computational
methods based on the‘Pahang’A-genome sequence similarity with known miRNAs in PMRD
(http://bioinformatics.cau.edu.cn/PMRD/). Only the miR528 family out of 8 poales genomes-
specific miRNA families was found in the A-genome. Davey et al (2013) predicted a similar
number of microRNA sequences (47 and 42 miRNA families) in both A- and B-genomes, re-
spectively, using publically available small RNA data fromM.acuminata‘Calcutta 4’leaf, flower,
and fruit tissues (sequenced within the framework of a NSF project http://smallrna.udel.edu)
and 235 miRNA sequences reported for A-genome [27]. Davey et al (2013) also identified 28
novel miRNAs that were unique to eitherMusa A- or B-genomes, whereas, they did not experi-
mentally verify and characterize the miRNAs.

In the present study, a computational analysis and a homolog search were used to identify
banana miRNAs using miRBase, as well as EST and GSS data in National Center for Biotech-
nology Information (NCBI). The potential target genes of miRNAs were identified, and the po-
tential functions of the predicted miRNAs targets, mainly the transcription factor genes, were
investigated. Using real time fluorescent quantitative reverse transcription polymerase chain
reaction (qRT-PCR), selected miRNAs and their targets were used to analyze the expression
patterns in different tissues (i.e., roots, leaves, flowers, and fruits). The identification of miR-
NAs and their targets is important in order to understand the roles of miRNAs in the growth
development and stress physiology of the banana (Musa spp.).
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Materials and Methods

Plant material
Roots, leaves, flowers, and fruits were collected from banana plants (Musa acuminata L. AAA
group, ‘Brazilian’) grown at the fruit science experimental station of Chinese Academy of Trop-
ical Agricultural Sciences (19°980N, 110°330E; Haikou, Hainan province, China). After collec-
tion, all the samples were immediately frozen in liquid nitrogen and stored at -80°C until use.

Sequences
A total of previously known plant miRNA sequences were obtained from miRBase [31] (http://
www.mirbase.org/, Release 20.0, June 2013). In order to avoid overlap of sequences, repeats
within the above sequences were removed. The remaining miRNA sequences were defined as a
reference to find the conserved miRNAs in banana. A total of 46,111 banana EST and 31,544
GSS were obtained from the NCBI GenBank [33] in October 2013 (http://www.ncbi.nlm.nih.
gov). These sequences were then used to predict the miRNAs and their target genes candidates.

Prediction of miRNAs and their precursors
The prediction procedure is shown in Fig 1. First, known plant miRNAs in the miRBase were
used as query sequences to blast against the downloaded ESTs and GSSs. The EST and GSS se-
quences that had no more than 3 mismatching nucleotides against the known miRNAs were
regarded as the homologous sequences of the corresponding miRNAs, and the franking regions
plus the matching nucleotide sequences were taken as the potential miRNA precursors. The re-
peat sequences and those coding proteins were then removed from the hit sequence using
BLAST 2.2.14 (ftp://ftp.ncbi.nih.gov/blast/) and BLASTX (http://www.ncbi.nlm.nih.gov/
BLAST/). Analysis of secondary structure and free energy of these sequences was conducted
using the web-based software Mfold 3.2 [34] (http://mfold.rna.albany.edu/?q = mfold/
RNA-Folding-Form).

These criteria were used for screening potential miRNAs or pre-miRNAs [35,36]: (1) pre-
dicted mature miRNAs have no more than 3 nt mismatches with the known miRNAs, (2) pre-
miRNA sequence can fold into an appropriate hairpin secondary structure and the mature
miRNA is located in one arm of the hairpin structure, (3) the mature miRNA sequence has
less than 6 mismatches with the opposite miRNA� sequence in the other arm and no loop or
break in miRNA/miRNA� duplex, (4) A+U content of pre-miRNA is ranged from 30% to
70%, and (5) the predicted secondary structure must have lower minimal folding free energy
(MFE≦-20 kcal/mol).

Prediction of the potential miRNA targets
Based on the newly identified potential miRNA sequences, we also predicted their potential tar-
gets using online software psRNATarget [37] (http://plantgrn.noble.org/psRNATarget/) with
the following default parameters: maximum expectation of 3.0, length for complementarity
scoring (hspsize) of 20 bp, target accessibility-allowed maximum energy to unpair the target
site (UPE) of 25.0, flanking length around target site for target accessibility analysis of 17 bp in
upstream and 13 bp in downstream, and range of central mismatch leading to translation inhi-
bition of 9–11 nt.

Expression analysis of banana miRNAs and target genes
Total RNA was isolated from different tissues following the CTAB method [38] and briefly ex-
posed to RNAase-free DNAase I. cDNAs were synthesized by M-MLV according to the
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manufacturer’s instruction, using the specific stem-loop primers for miRNAs or Oligo(dT)15
for their target mRNAs. The specific stem-loop primers for miRNAs are listed in Table 1. After
reverse transcription, the products of each reaction were diluted 10 times to avoid potential
primer interference in the qRT-PCR reactions.

The qRT-PCR reactions were performed using FastStart Universal SYBR Green Master
(ROX) on a Mx3005P Real-Time PCR System. Briegly, 2.0 μL of diluted cDNA template was
added to 12.5 μL of the FastStart Universal SYBR Green Master (ROX), 0.8 μM of each primer
and ddH2O to a final volume of 25 μL. The reactions were amplified for 3 m at 95°C, followed
by 35 or 40 cycles of 95°C for 10 s and 50°C for 30 s. A melting curve analysis was performed to
determine the specificity of the products. Reactions were done in triplicate and the controls
with no template and no reverse transcription were included for each gene. The banana 5S
rRNA was used as an internal control. The forward and reverse primers used in real-time PCR
are shown in Table 1 and Table 2.

The relative expression quantification was calculated using the equation 2−ΔΔCt, where
ΔΔCt = (CtmiRNA—Ct5S rRNA)Tissue X—(CtmiRNA—Ct5S rRNA)Tissue 1[39]. In this
study, tissue 1 presents the expression level of each miRNA in leaves, and the expression levels

Fig 1. Flowchart of the bananamiRNAs prediction procedure.

doi:10.1371/journal.pone.0123083.g001
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Table 1. Stem-loop RT primers and PCR primers for 12 identified miRNAs.

Name Sequence(5’-3’)

miR156d stem-loop RT-primer ctcaactggtgtcgtggagtccggcaattcagttgaggtgctctc

PCR prime Forward: acactccagctgggttgacagaag

miR156g stem-loop RT-primer ctcaactggtgtcgtggagtccggcaattcagttgaggtgctctc

PCR prime Forward: acactccagctgggtgacagaaga

miR166b stem-loop RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagccccgagc

PCR prime Forward: acactccagctgggggaatgttgt

miR399a stem-loop RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagcagggcaa

PCR prime Forward: acactccagctgggtgccaaagga

miR319m stem-loop RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagagggagct

PCR prime Forward: acactccagctgggttggactgaa

miR160a stem-loop RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagtggcatac

PCR prime Forward: acactccagctgggtgcctggctc

miR164e stem-loop RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagtgcacgtg

PCR prime Forward: acactccagctgggtggagaagca

miR167c stem-loop RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagcagatcat

PCR prime Forward: acactccagctgggtgaagctgcc

miR169h stem-loop RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagcaggcaag

PCR prime Forward: acactccagctgggtagccaagga

miR162 stem-loop RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagtggacgca

PCR prime Forward: acactccagctgggtcgataaacc

miR5538 stem-loop RT-primer ctcaactggtgtcgtggagtccggcaattcagttgaggcagcaag

PCR prime Forward: acactccagctgggactgaactca

miR4995 stem-loop RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagcccttaac

PCR prime Forward: acactccagctgggaggcagtggc

miR# Universal reverse primer Reverse: aactggtgtcgtggag

5S rRNA PCR prime Forward: tctggtgtcctaggcgta

Reverse: attctggcgtcgagctat

#: 12 identified miRNAs.

doi:10.1371/journal.pone.0123083.t001

Table 2. Target gene primers used for qRT-PCR.

Target gene Sequence(5’-3’)

SPL 16 (GSMUA_Achr9T01380_001) Forward: AAGTGCTTGGTGTATCCTC

Reverse: GGCGTCGTCTTGTATGAA

SRPK4 (GSMUA_Achr8T04590_001) Forward: AACCTTCTCACACTCATCAA

Reverse: CACTGCCACCACAATCAT

WRKY19 (GSMUA_Achr8T27870_001) Forward: GCTGACCAATGATGATGAAG

Reverse: GTGTCGTGAATGTGTAACTC

GAMYB (GSMUA_Achr1T17150_001) Forward: CATCAGTGGCAGTTCATTAG

Reverse: TGGTGGTTCAGAAGGTAGA

DFR(GSMUA_Achr8T24070_001) Forward: CCTGATGTAGTTGTTGATGAG

Reverse: AGTATCTTCCTGATGCTGAG

F-box (GSMUA_Achr6T16010_001) Forward: TTCTCCTCCTCTCCAAGTC

Reverse: ACATCTCCTCCGCATTCT

doi:10.1371/journal.pone.0123083.t002
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in root, flower and fruit tissues were quantified relative to this value. The whole assay was re-
peated three times in order to ensure the reliability of the assay data. The standard deviations
of the data were obtained from three independent experiments. The 6 relative targets expres-
sion levels were also quantified using the 2−ΔΔCt method.

Results

Computational identification of banana miRNAs
The conservation of miRNA families among various plant species has facilitated the prediction
of conserved miRNAs by EST and/or GSS analysis in various plants [36]. Using this method,
we identified 32 conserved miRNAs derived from 16 EST and 16 GSS sequences, belonging to
13 miRNA families (Table 3). Eight and four predicted miRNA members belonged to the fami-
lies of miR156/157 and miR166, respectively, while three members belonged to the family of,
miR159/319, miR160, and miR162, respectively. The remaining miRNA families had no more
than two members; among them, 28 miRNAs (87.5%) were derived fromM. acuminata (AA
and AAA) and 4 miRNAs (miR159, miR397, miR399a�, and miR399a) were derived from
Musa ABB group; miR4995 and miR5538 are the new families in banana that have not been re-
ported previously (Table 3).

Though the lengths of miRNA precursors varied from 77 nt to 176 nt (Table 3), the lengths
of mature miRNAs were mainly confined to 21 nucleotides (65.6% = 21/32), except five
(15.6% = 5/32) (miR156a-5p, miR156g, miR319c, miR162, and miR172b) and seven (21.9% =
7/32) miRNAs (miR156, miR156a-3p, miR156h, miR157b�, miR166, miR167d, and miR5538)
with 20 and 22 nucleotides, respectively. The A+U contents of the pre-miRNAs ranged from
43.53% to 58.78%, with an average of 49.32%, which met the previous criteria. Mature miRNA
sequences have been reported to be evenly located on the 2 arms of the stem-loop hairpin
structures of potential pre-miRNAs [40]. In our study, slightly more mature miRNAs were lo-
cated in the 30end of the pre-miRNA than were located in the 50end (17:15). In addition, 5
pairs of miRNA/miRNA� were located at the same precursors. Among the miRNAs, 65.6%
(21/32) of members begin with a 50uracil. These results are in agreement with previous obser-
vations [19; 41,42]. All 33 miRNAs had fewer than six mismatched base pairs between the re-
gion of the mature miRNA sequences and its opposite arms. MFE is an important parameter in
determining the stability of the perfect or near-perfect secondary hairpin structure of pre-
miRNA, as a lower MFE value generally indicates a more stable secondary structure. In the
present study, the average value of MFE was -45.3 kcal/mol with a range of -19.1 kcal/mol
to -68.8 kcal/mol.

Conservation of the newly identified banana miRNAs
The miRNA families found in the miRBase are classified as conserved or unique depending on
the number of species in which they have been identified. miRNA families registered in single
species are considered to be unique, and those registered in two species and three or more spe-
cies as moderately and highly conserved, respectively [43]. We analyzed 14 miRNAs registered
in miRBase in 19 species. Multiple sequence alignment for 14 miRNAs registered in miRBase
in19 species have shown in S1 File. Based on our results (Fig 2), 11 of the 13 miRNAs families
are conserved within the vegetable kingdom, mainly Arabidopsis thalinana, Nicotiana taba-
cum,Malus domestica, Cucumis melo, Glycine max, Oryza sativa, and Zea mays, but the
miR4995 and miR5538 family are exceptions. miR4995 and miR5538 show conservation with
that of Glycine max and Oryza sativa respectively.
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PLOS ONE | DOI:10.1371/journal.pone.0123083 April 9, 2015 6 / 15



Prediction of banana miRNA target genes
Based on the complementarity between miRNAs and their target genes in plants, all gene-cod-
ing sequences in the banana genome database (http://banana-genome.cirad.fr/download/
musa_cds.fna.gz) were used to predict banana miRNA targets by psRNATarget (http://
plantgrn.noble.org/psRNATarget/). 244 miRNA:target pairs between 32 miRNAs and 121
mRNAs have been predicted.

Table 4 shows some potential target-genes harboring binging sites for 13 conserved miRNA
families. A complete list of predicted targets is depicted in S1 Table. Except for miR5538, every
miRNA has more than one target. Further analysis found that most of the highly conserved

Table 3. List of computer predicted bananamiRNAs from the EST and GSS database.

Family New miRNA Mature sequence (5’-3’) EST/GSS Location LM LP MFEs A+U (%)

miR156/157 mac-miR156 GUUGACAGAAGAUAGAAGAGCAC EST /JK538379 5’ 22 112 -52.60 50.0

mac-miR156a-5p UGACAGAAGAGAGUGAGCAC EST /ES434836 5’ 20 94 -52.2 45.74

mac-miR156a-3p GCUCACUUCUCUUCCUGUCAGC EST /ES434836 3’ 22 94 -52.2 45.74

mac-miR156d UUGACAGAAGAUAGAGAGCAC EST /JK538379 5’ 21 112 -52.60 50.0

mac-miR156g UGACAGAAGAUAGAGAGCAC GSS/HN242063 5’ 20 140 -68.80 49.29

mac-miR156h-3p GCUCACUUCUCUUCCUGUCAGC EST/ES434836 3’ 22 94 -52.20 45.74

mac-miR157b-5p UUGACAGAAGAUAGAGAGCAC GSS/HN242063 5’ 21 140 -68.80 49.29

mac-miR157b* GCUCUCUAUGCUUCUGUCAUCA GSS/HN242063 3’ 22 140 -68.80 49.29

miR159/319 mbg-miR159 UUUGGAUUGAAGGGAGCUCUA EST/FL661284 3’ 21 129 -36.50 52.71

mac-miR319c UUGGACUGAAGGGAGCUCCC GSS/HN244586 5’ 20 108 -20.1 56.48

mac-miR319m UUGGACUGAAGGGAGCUCCCU GSS/HN244586 5’ 21 108 -20.1 56.48

miR160 mac-miR160a UGCCUGGCUCCCUGUAUGCCA EST/JK538087 3’ 21 93 -20.9 50.54

mac-miR160g-5p UGCCUGGCUCCCUGUAUGCCA GSS/HN248011 5 21 114 -49.30 47.37

mac-miR160g* GCGUGCAAGGAGCCAAGCAUG GSS/HN248011 3’ 21 114 -49.30 47.37

miR162 mac-miR162 UCGAUAAACCGCUGCGUCCA GSS/HN247504 3’ 20 144 -53.40 50.69

mac-miR162* GGAUGCAGAGGUUUAUCGACC GSS/HN247504 3’ 21 144 -53.40 50.69

mac-miR162b UCGAUAAACCGCUGCGUCCAG GSS/HN247504 3’ 21 144 -53.40 50.69

miR164 mac-miR164e UGGAGAAGCAGGGCACGUGCA GSS/HN246671 5’ 21 176 -68.0 49.43

miR166 mac-miR166 UCGGACCAGGCUUCAUUCCCCC EST/FF558732 3’ 22 85 -43.1 43.53

mac-miR166b GGAAUGUUGUCUGGCUCGGGG EST/FF558732 5’ 21 85 -43.1 43.53

mac-miR166c-5p GGAAUGUUGUCUGGCUCGAGG EST/FF558732 5’ 21 85 -43.1 43.53

mac-miR166c-3p UCGGACCAGGCUUCAUUCCCC EST/FF558732 3’ 21 85 -43.1 43.53

miR167 mac-miR167c UGAAGCUGCCAGCAUGAUCUG GSS/HN250108 3’ 21 149 -31.70 56.38

mac-miR167d UGAAGCUGCCAGCAUGAUCUGG GSS/HN250108 3’ 22 149 -31.70 56.38

miR169 mac-miR169h UAGCCAAGGAUGACUUGCCUG EST/JK539556 5’ 21 103 -52.2 44.66

miR172 mac-miR172b UGAAUCUUAAUGAUGCUACA GSS/HN239201 3’ 20 123 -42.80 56.91

mac-miR172c UGAAUCUUAAUGAUGCUACAC GSS/HN239201 3’ 21 123 -42.80 56.91

miR397 mbg-miR397a UCAUUGAGUGCAGCGUUGAUG EST/FL666615 5’ 21 125 -58.50 49.60

miR399 mbg-miR399a GUGCAGUUCUCCUCUUGGCAA EST/FL666459 5’ 21 92 -48.6 45.65

mbg-miR399a* UGCCAAAGGAGAAUUGCCCUG EST/FL666459 3’ 21 92 -48.6 45.65

miR4995 mac-miR4995 AGGCAGUGGCUUGGUUAAGGG EST/DN238208 3’ 21 77 -21.80 44.16

miR5538 mac-miR5538 ACUGAACUCAAUCACUUGCUGC GSS/DX457639 3’ 22 131 -19.1 58.78

Note: mac:Musa acuminata; mbg: Musa ABB Group The underlined was the mismatched bases between miRNAs and the known miRNA sequences in

the miRBase; Location: the position of mature miRNA in precursor; LM: length of mature miRNA (nt); LP: length of precursor (nt); MFEs: minimal folding

free energies (kcal mol−1). *: star miRNA.

doi:10.1371/journal.pone.0123083.t003
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miRNA families target transcription factors, such as the SBP family targeted by miR156, TCP
and MYB families targeted by miR159/319, ARF family targeted by miR160, NAC family tar-
geted by miR164, HD-Zip family targeted by miR166, and WRKY family targeted by miR399
(Table 4). In addition, other predicted target genes are involved in diverse metabolic and physi-
ological processes, such as dehydrogenase, decarboxylase, helicase, synthase, protein kinases,
oxidoreductase, binding protein, lipase, transporters, disease resistance protein, f-box proteins,
zinc finger protein, heat shock protein, and laccase (Table 4).

miRNAs and target confirmation by RT-qPCR
In order to examine the expression of these miRNAs, stem-loop RT-PCR were performed
using a total RNA isolated from roots, leaves, flowers, and fruits. Using this approach, we were
able to detect a positive signal of the expected size at 70nt (data not shown), and to confirm the
presence of these miRNAs. 12 miRNAs from 11 families were chosen randomly in this experi-
ment. All the PCR products were cloned and verified by sequencing. 12 potential miRNAs
were expressed and exhibited different expression patterns in four tissues (Fig 3). The expres-
sion levels of miR164e, miR169h, and miR4995 were not significantly different among these
four tissues. MiR156d, miR166b, miR399a, miR5538, miR156g, miR160a, miR162, and
miR167c presented similar orders of expression in leaves, roots, flowers and fruits, having the
highest expression levels in the flower tissue. When the expression levels of tested miRNAs in
different tissues were compared, miR167c, miR319m, and miR164e had the highest expression
level in flowers, fruits, and roots respectively (11.26, 5.62, and 2.50 folds of that in leave tissues,
respectively), whereas miR399a, miR156d, and miR169h represented the lowest expression

Fig 2. The statistical of the miRNAs distribution in different plants. Digital number on behalf of the members of the family. The species names are
abbreviated as following: Eu, Eudicotyledons; Mo,Monocotyledons; ath, Arabidopsis thaliana; ghr,Gossypium hirsutum; nta, Nicotiana tabacum; cme,
Cucumis melo; cpa, Carica papaya; mdm,Malus domestica; csi, Citrus sinensis; ssl, Salvia sclarea; ptc, Populus trichocarpa; aqc, Aquilegia caerulea; hbr,
Hevea brasiliensis; bcy, Bruguiera cylindrica; gma,Glycine max; vvi, Vitis vinifera; osa,Oryza sativa; sbi, Sorghum bicolor; sof, Saccharum officinarum; mpa,
Musa paradisiaca; tae, Triticum aestivum; zma, Zea mays.

doi:10.1371/journal.pone.0123083.g002
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level in fruits, roots, and flowers, respectively; thus, the conserved miRNAs were expressed in a
tissue-specific manner.

Table 4. Putative target genes of miRNA candidates identified in banana.

miRNA family Target ptotein Function

miR156/157 Squamosa promoter-binding-like protein Transcription factor

OsSPL16—SBP-box gene family member Transcription factor

ELMO/CED-12 family protein Signal transduction

CTP synthase 1 Metabolism

Putative Abscisic acid 8'-hydroxylase 3 Metabolism/Signal transduction

RNA recognition motif containing protein Metabolism

miR159/319 Transcription factor GAMYB Transcription factor

TCP family transcription factor Transcription factor

Chorismate mutase, chloroplastic Metabolism

Putative Nuclear polyadenylated RNA-binding protein 4 Transcription factor

Putative Cysteine-rich receptor-like protein kinase 15 Signal transduction

miR160 Auxin response factor Transcription factor

pentatricopeptide repeat-containing protein At1g68930 Metabolism

miR162 Anthranilate synthase component I-1, chloroplastic Growth development

Nicotianamine synthase 3 Metabolism

miR164 NAC domain-containing protein 21/22 (NAC21/22/NAM/CUC2) Transcription factor

UDP-glucuronic acid decarboxylase 1 Transcriptional regulation

E3 ubiquitin-protein ligase BRE1-like 1 Signal transduction

disease resistance protein, putative, expressed Stress responses

miR166 HD-ZIPⅢ Transcription factor

SRPK4 Transcription factor

Putative 2-oxoglutarate dehydrogenase, mitochondrial Metabolism

pectinacetylesterase domain containing protein, expressed Metabolism

Putative U-box domain-containing protein 33 Signal transduction/protein metabolism

GDSL esterase/lipase At5g33370 Metabolism

miR167 Putative tRNA-specific adenosine deaminase 1 Metabolism

Putative U-box domain-containing protein 52 Signal transduction/protein metabolism

Cytochrome c biogenesis protein CCS1, chloroplastic Metabolism

miR169 Glutamate synthase [NADH], amyloplastic Metabolism

miR172 amine oxidase-related Metabolism

miR397 Laccase Stress response

Putative pectinesterase/pectinesterase inhibitor 28 Metabolism

Putative S-(hydroxymethyl)glutathione dehydrogenase Metabolism/oxidative stress response

Putative Heat shock 70 kDa protein 4L Stress response

cbbY protein-related, putative, expressed Metabolism

miR399 Probable WRKY transcription factor 19 Transcription factor

Putative Zinc finger protein NUTCRACKER Transcription factor

2-oxoglutarate/malate translocator, chloroplastic Transport

DEAD-box ATP-dependent RNA helicase 37 Metabolism

Putative Exportin-2 Transport

miR4995 F-box protein At2g32560 Transcription factor

zinc knuckle domain containing protein Metabolism

Bifunctional aspartokinase/homoserine dehydrogenase 1 Metabolism

miR5538 Dihydroflavonol-4-reductase Metabolism

doi:10.1371/journal.pone.0123083.t004
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In order to compare the expression of targets with that of the miRNAs, qRT-PCR was also
used to confirm the expression of computationally predicted banana miRNA target genes in
leaves, roots, flowers, and fruits; these miRNA target genes included SPL16, SRPK4, GAMYB,
WRKY19, F-box, and DFR. The expression patterns of target genes in banana tissues were neg-
atively correlated with the miRNA quantification results (Fig 4): the lowest expression levels of
the miR156d, miR166b, miR399a, miR4995, and miR5538 target genes were consistent with
the highest expression levels of miR156d, miR166b, miR399a, miR4995, and miR5538 in the
flower tissue. The lowest expression level of the miR319 target gene was consistent with the
highest expression level of miR319 in the fruit tissue. The higher expression levels of the six tar-
get genes were consistent with the lower expression of the six miRNAs in four tissues.

Discussion
Although miRNAs have been extensively studied for several years, no systematic study has
been performed on the banana, one of the most important subtropical crops in the world. Re-
cently, D’Hont et al (2012) and Davey et al (2013) identified 37 miRNA families and 42
miRNA families fromMusa A- and B-genome, respectively, using bioinformatics analysis:
those predicted miRNAs have not been confirmed by experiments for their precise sequences.
Thus, banana miRNAs still remain largely unknown. Though there are a few computational
approaches to identify miRNAs of plants, animals and even microorganisms, EST/GSS analysis
has some advantages over other methods [19,44].

Using EST and GSS analysis, we identified 32 miRNAs belonging to 13 miRNA families.
Among them, miR4995 and miR5538 are the newly found families in banana that have not pre-
viously been reported. The frequency of miRNA from ESTs and GSSs was 0.037% and 0.051%,
respectively, which is little higher than the rate of 0.01% (1 in 10,000 ESTs) reported by Zhang
et al (2006). 11 miRNA families identified in the study were the same as previously reported re-
sults [27,32], which have, to some extent, verified the utility of the computational predication
of potential miRNAs. Several studies showed that many miRNAs are conserved across different
plants [1]; however, some miRNAs are species-specific. For instance, miR5538 family is present
in rice but not in Arabidopsis, suggesting that it might be restricted to monocots [45]. Cloning
and sequencing validated 12 miRNAs belonging to 11 families; moreover, the ubiquitous ex-
pression of these 12 miRNAs could be detected in different banana tissues ranging from roots,
leaves, flowers and fruits by qRT-PCR and some showed differential expression in different

Fig 3. The relative expression level of selectedmiRNAs in leave, root, flower, and fruit of banana. The horizontal axis indicates the 12 miRNAs, and
the vertical axis indicates the relative expression.

doi:10.1371/journal.pone.0123083.g003
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tissues. Our qRT-PCR analysis validated the miRNA prediction in banana, and their preferen-
tial expression can provide important clues about the miRNAs’ function.

The prediction of miRNA target genes is important for understanding miRNA gene-regula-
tion. Currently, bioinformatics methods based on the high homology between miRNAs and
target genes are considered one of the most efficient approaches used to verify target genes,
and has been employed in numerous studies [22; 46–49]. Using the newly identified miRNAs
in banana as query sequences to blast against the banana genome database, we were able to pre-
dict various miRNA target genes involved in transcription, translation, stress response, struc-
tural component, development, and metabolism in the banana (Table 4).

We predicted 244 miRNA:target pairs for 32 miRNAs giving an average miRNA to target
ratio of 7.6 (244/32), which is greater than the ratios of 2.8 for the apple [23] and 4.1 for the
castor bean [48]. Consistent with previous finding, most of these targets in the banana were
plant-specific transcription factors, such as SBP, TCP, and MYB, NAC, ARF, and the HD-ZIP
family, which were also predicted as targets of miR156/157, miR159/319, miR164, miR160 and
miR166 in Arabidopsis [46,50], tobacco [42], citrus [22], apples [23], castor beans [48], and pa-
payas [49]. MiR397 family targets Laccase were also conserved among plants; however, the

Fig 4. The relative expression level of selected six miRNAs (a) and their targets (b) in leave, root, flower, and fruit of banana. The horizontal axis
indicates the 6 miRNAs and their targets, and the vertical axis indicates the relative expression.

doi:10.1371/journal.pone.0123083.g004
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other three miRNA families target genes that are found in a broad range of plants were not pre-
dicted to target genes with similar functions in the current banana database: miR162:DCL1
(Dicer1), miR167:ARF (auxin response factor), and miR172:AP2 (APETALA2).

qRT-PCR was used to confirm the expression of potential banana miRNAs and their targets.
The expression patterns between miRNAs and their targets showed a negative correlation
[51,52]. In our study, the lower expression levels of the six target genes were consistent with the
higher expression of the six miRNAs in four tissues, indicating that they may be actively
cleaved by miRNAs (Fig 4). Squamosa promoter-binding protein-like (SPL) is the target of
miR156 family. SPL genes encode plant-specific transcription factors that play important roles
in fruit ripening [53], ovary and fruit development [54], grain size, shape, and quality [55],
plant phase transition, plant architecture, and gibberellins signaling [56]. Our study showed
that the decrease of miR156d expression may lead to increased expression of the SPL16 in
roots and fruits in the banana. MiR319 plays an important role in flower organ identity and
cold-induced stress [51,57]. The lowest expression level of the miR319m target gene (GAMYB)
was consistent with the highest expression level of miR319m in the banana fruits. GAMYB has
been demonstrated to play an important role in flower development, especially in stamen and
anther development [58–60]; furthermore, GAMYB is also involved in GA-mediated pro-
grammed cell death (PCD) in the aleurone and tapetum [61].

MiR5538 showed the highest expression in flowers, and the target of miR5538, DFR (Dihy-
droflavonol-4-reductase), one of the key enzymes involved in flavonoids biosynthetic pathway,
was expressed at the lowest level in the banana flowers. Flavonoids are involved in several bio-
logical processes including pigmentation of flowers, seed development, pollen viability, auxin
transport regulation, protection against UV-B injury, defense against pathogens, and pests
[62–64]; this may indicate that miR5538 has an important role in flower development and pol-
len viability in banana. F-box proteins, as targets for miR393/394, are reported to be differen-
tially regulated by stress conditions and to play important roles in the abiotic stress response
pathway [10,65]. In our study, miR4995 targets F-box protein (At2g32560), zinc knuckle do-
main containing protein, and bifunctional aspartokinase/homoserine dehydrogenase 1. The
function of miR4995 is still not clear. Further studies will need to be performed in order to de-
termine the regulation pattern of banana miRNAs and their targets.

Supporting Information
S1 File. Multiple sequence alignment for 14 miRNAs registered in miRBase in19 species.
(DOC)

S1 Table. Putative target genes of miRNA candidates identified in banana.
(XLS)

Acknowledgments
This research was supported by grants from the Natural Science Foundation of Hainan Prov-
ince (No.312050, 312051), the National Nonprofit Institute Research Grant of CATAS-ITBB
(No. ITBB130201), the National Natural Science Foundation of China (No. 31201603), and the
Major Technology Project of Hainan Province (No. ZDZX2013023-1). The authors thank Dr
Zhang Jiaming (Institute of Tropical Bioscience and Biotechnology, Chinese Academy of Trop-
ical Agricultural Sciences) for the helpful advice in preparing the manuscript.

Identification of Banana MiRNA and Their Targets

PLOS ONE | DOI:10.1371/journal.pone.0123083 April 9, 2015 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123083.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123083.s002


Author Contributions
Conceived and designed the experiments: JYW. Performed the experiments: JC HRSMYR. An-
alyzed the data: JYW JC. Contributed reagents/materials/analysis tools: JYW. Wrote the paper:
JYW RJF. Supervised the work: YDZ.

References
1. Bartel DP. (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cell, 116:281–297.

doi:http://dx.doi.org/10.1016/S0092-8674(04)00045-5 PMID: 14744438

2. Park MY, Wu G, Gonzalez-Sulser A, Vaucheret H, Poethig RS. (2005) Nuclear processing and export
of microRNAs in Arabidopsis. Proc Natl Acad Sci USA; 102:3691–3696. doi: 10.1073/pnas.
0405570102 PMID: 15738428

3. Papp I, Mette MF, Aufsatz W, Daxinger L, Schauer SE, Ray A, et al. (2003) Evidence for nuclear pro-
cessing plant microRNA and short interfering precursors. Plant Physiol. 132:1382–1390. doi: http://dx.
doi.org/10.1104/pp.103. PMID: 12857820

4. Khvorova A, Reynolds A, Jayasena SD. (2007) Functional siRNAs and miRNAs exhibit strand bias.
Cell, 131: 41–49. doi: 10.1016/S0092-8674(03)00801-8

5. Hake S. (2003) MicroRNAs: A role in plant development. Curr Biol, 13: R851–R852. doi: 10.1016/j.cub.
2003.10.021 PMID: 14588265

6. Valencia-Sanchez M A, Liu J D, Hannon G J, Parker R. (2006) Control of translation and mRNA degra-
dation by miRNAs and siRNAs. Gene Dev, 20: 515–524. doi: 10.1101/gad.1399806 PMID: 16510870

7. Dong QH, Han J, Yu HP, Wang C, Zhao MZ, Liu H, et al. (2012) Computational identification of micro-
RNAs in strawberry expressed sequence tags and validation of their precise sequences by miR-RACE.
J. Heredity, 103(2):268–277. doi: 10.1093/jhered/esr127

8. Llave C, Kasschau KD, Rector MA, Carrington JC. (2002) Endogenous and silencing-associated small
RNAs in plants. Plant Cell, 14: 1605–1619. doi: http://dx.doi.org/10.1105/tpc.003210 PMID: 12119378

9. Floyd SK, Bowman JL. (2004) Gene regulation: ancient microRNA target sequences in plants. Nature,
428:485–486. doi: 10.1038/428485a PMID: 15057819

10. Jones-Rhoades MW, Bartel DP. (2004) Computational identification of plant microRNAs and their tar-
gets, including a stress-induced miRNA. Mol Cell, 14:787–799. doi: 10.1016/j.molcel.2004.05.027
PMID: 15200956

11. Zhang BH, Pan XP, Wang QL, Cobb GP, Anderson TA. (2005) Identification and characterization of
new plant microRNAs using EST analysis. Cell Res, 15: 336–360. doi: 10.1038/sj.cr.7290302 PMID:
15916721

12. Adai A, Johnson C, Mlotshwa S, Archer-Evans S, Manocha V, Vance V, et al. (2005) Computational
prediction of miRNAs in Arabidopsis thaliana. Genome Res, 15:78–91. doi: 10.1101/gr.2908205 PMID:
15632092

13. Archak S, Nagaraju J (2007) Computational prediction of rice (Oryza sativa) miRNA targets. Genomics
Proteomics Bioinformatics, 5:196–206. doi: 10.1016/S1672-0229(08)60007-8 PMID: 18267301

14. Jin WB, Li NN, Zhang B, Wu FL, Li WJ, Guo A, et al. (2008) Identification and verification of microRNA
in wheat (Triticum aestivum). J Plant Res., 121:351–355. doi: 10.1007/s10265-007-0139-3 PMID:
18357413

15. Zhang BH, Pan XP, Anderson TA. (2006) Identification of 188 conserved maize microRNAs and their
targets. FEBS Lett., 580:3753–3762. doi: 10.1016/j.febslet.2006.05.063 PMID: 16780841

16. Colaiacovo M, Subacchi A, Bagnaresi P, Lamontanara A, Cattivelli L, Faccioli P. (2010) A computation-
al-based update on microRNAs and their targets in barley (Hordeum vulgare L.). BMCGenomics,
11:595–609. doi: 10.1186/1471-2164-11-595 PMID: 20969764

17. Du JF, Wu YJ, Fang XF, Cao JX, Zhao L, Tao SH. (2010) Prediction of sorghummiRNAs and their tar-
gets with computational methods. Chin Sci Bull., 55:1263–1270. doi: 10.1007/s11434-010-0035-4

18. Zhang BH, Wang QL, Wang KB, Pan XP, Liu F, Guo T, et al. (2007) Identification of cotton microRNAs
and their targets. Gene, 397:26–37. doi: 10.1016/j.gene.2007.03.020 PMID: 17574351

19. Zhang B, Pan X, Stellwag EJ. (2008) Identification of soybean microRNAs and their targets. Planta,
229:161–182. doi: 10.1007/s00425-008-0818-x PMID: 18815805

20. ZhangWW, Luo YP, Gong X, ZengWH, Li SG. (2009) Computational identification of 48 potato micro-
RNAs and their targets. Comput Biol Chem, 33: 84–93. doi: 10.1016/j.compbiolchem.2008.07.006
PMID: 18723398

Identification of Banana MiRNA and Their Targets

PLOS ONE | DOI:10.1371/journal.pone.0123083 April 9, 2015 13 / 15

http://dx.doi.org/10.1016/S0092-8674(04)00045-5
http://www.ncbi.nlm.nih.gov/pubmed/14744438
http://dx.doi.org/10.1073/pnas.0405570102
http://dx.doi.org/10.1073/pnas.0405570102
http://www.ncbi.nlm.nih.gov/pubmed/15738428
http://dx.doi.org/10.1104/pp.103
http://dx.doi.org/10.1104/pp.103
http://www.ncbi.nlm.nih.gov/pubmed/12857820
http://dx.doi.org/10.1016/S0092-8674(03)00801-8
http://dx.doi.org/10.1016/j.cub.2003.10.021
http://dx.doi.org/10.1016/j.cub.2003.10.021
http://www.ncbi.nlm.nih.gov/pubmed/14588265
http://dx.doi.org/10.1101/gad.1399806
http://www.ncbi.nlm.nih.gov/pubmed/16510870
http://dx.doi.org/10.1093/jhered/esr127
http://dx.doi.org/10.1105/tpc.003210
http://www.ncbi.nlm.nih.gov/pubmed/12119378
http://dx.doi.org/10.1038/428485a
http://www.ncbi.nlm.nih.gov/pubmed/15057819
http://dx.doi.org/10.1016/j.molcel.2004.05.027
http://www.ncbi.nlm.nih.gov/pubmed/15200956
http://dx.doi.org/10.1038/sj.cr.7290302
http://www.ncbi.nlm.nih.gov/pubmed/15916721
http://dx.doi.org/10.1101/gr.2908205
http://www.ncbi.nlm.nih.gov/pubmed/15632092
http://dx.doi.org/10.1016/S1672-0229(08)60007-8
http://www.ncbi.nlm.nih.gov/pubmed/18267301
http://dx.doi.org/10.1007/s10265-007-0139-3
http://www.ncbi.nlm.nih.gov/pubmed/18357413
http://dx.doi.org/10.1016/j.febslet.2006.05.063
http://www.ncbi.nlm.nih.gov/pubmed/16780841
http://dx.doi.org/10.1186/1471-2164-11-595
http://www.ncbi.nlm.nih.gov/pubmed/20969764
http://dx.doi.org/10.1007/s11434-010-0035-4
http://dx.doi.org/10.1016/j.gene.2007.03.020
http://www.ncbi.nlm.nih.gov/pubmed/17574351
http://dx.doi.org/10.1007/s00425-008-0818-x
http://www.ncbi.nlm.nih.gov/pubmed/18815805
http://dx.doi.org/10.1016/j.compbiolchem.2008.07.006
http://www.ncbi.nlm.nih.gov/pubmed/18723398


21. Yin Z, Li C, Han X, Shen F. (2008) Identification of conserved microRNAs and their target genes in to-
mato (Lycopersicon esculentum). Gene, 414:60–66. doi: 10.1016/j.gene.2008.02.007 PMID:
18387754

22. Song CN, Jia QD, Fang JG, Li F, Wang C, Zhang Z. (2010) Computational identification of citrus micro-
RNAs and target analysis in citrus expressed sequence tags. Plant Biol (Stuttg), 12:927–934. doi: 10.
1111/j.1438-8677.2009.00300.x PMID: 21040308

23. Ye KY, Chen Y, Hu XW, Guo JC. (2013) Computational identification of microRNAs and their targets in
apple. Genes Genom., 35:377–385. doi: 10.1007/s13258-013-0070-z

24. Zhou ZS, Huang SQ, Yang ZM. (2008) Bioinformatic identification and expression analysis of new
microRNAs fromMedicago truncatula. Biochem Biophys Res Commun, 374:538–42. doi: 10.1016/j.
bbrc.2008.07.083 PMID: 18662674

25. Xie FL, Huang SQ, Guo K, Xiang AL, Zhu YY, Nie L, et al. (2007) Computational identification of novel
microRNAs and targets in Brassica napus. FEBS Lett, 581:1464–1474. doi: 10.1016/j.febslet.2007.02.
074 PMID: 17367786

26. Pani A, Mahapatra RK. (2013) Computational identification of microRNAs and their targets in Cathar-
anthus roseus expressed sequence tags. Genomics Data, 1: 2–6. doi: 10.1016/j.gdata.2013.06.001
PMID: 23311594

27. D’Hont A, Denoeud F, Aury J-M, Baurens F-C, Carreel F, Garsmeur O, et al. (2012) The banana (Musa
acuminata) genome and the evolution of monocotyledonous plants. Nature 488: 213–217. doi: 10.
1038/nature11241 PMID: 22801500

28. Baurens FC, Bocs S, Rouard M, Matsumoto T, Miller RN, Rodier-GoudM, et al. (2010) Mechanisms of
haplotype divergence at the RGA08 nucleotide-binding leucine-rich repeat gene locus in wild banana
(Musa balbisiana). BMC Plant Biol., 10:149. doi: 10.1186/1471-2229-10-149 PMID: 20637079

29. Simmonds N. W. (1962) The Evolution of the Bananas. Longman press. 101p–131p.

30. FAOSTAT, banana production. http://faostat3.fao.org/faostat-gateway/go/to/browse/Q/*/E

31. Kozomara A, Griffiths-Jones S. (2014) miRBase: annotating high confidence microRNAs using deep
sequencing data. Nucl. Acids Res. 42:D68–D73. doi: 10.1093/nar/gkt1181 PMID: 24275495

32. Davey MW, Gudimella R, Harikrishna JA, Sin LW, Khalid N, Keulemans J. (2013) A draftMusa balbisi-
ana genome sequence for molecular genetics in polyploid, inter- and intra-specific Musa hybrids. BMC
Genomics, 14:683. doi: 10.1186/1471-2164-14-683 PMID: 24094114

33. Benson DA, Cavanaugh M, Clark K, Karsch-Mizrachi I, Lipman DJ, Ostell J, et al. (2013) GenBank. Nu-
cleic Acids Res., 41: D36–D42. doi: 10.1093/nar/gks119523193287 PMID: 23193287

34. Zuker M. (2003) Mfold web server for nucleic acid folding and hybridization prediction. Nucl. Acids
Res., 31 (13):3406–3415. doi: 10.1093/nar/gkg595 PMID: 12824337

35. Ambros V, Bartel B, Bartel DP, Burge CB, Carrington JC, Chen X, et al. (2003) A uniform system for
microRNA annotation. RNA, 9: 277–279. doi: 10.1261/rna.2183803 PMID: 12592000

36. Zhang BH, Pan XP, Cannon CH, Cobb GP, Anderson TA. (2006) Conservation and divergence of plant
microRNA genes. Plant J., 46, 243–259. doi: 10.1111/j.1365-313X.2006.02697.x PMID: 16623887

37. Dai XB, Zhao PX. (2011) psRNATarget: A Plant Small RNA Target Analysis Server. Nucl. Acids Res.,
39: w155–w159. doi: 10.1093/nar/GKR319 PMID: 21622958

38. Chang S, Puryear J, Cairney J (1993) A simple and efficient method for isolating RNA from pine trees.
Plant Mol. Biol. Rep., 11:113–116. doi: 10.1007/BF02670468

39. Livak KJ, Schmittgen TD. (2001) Analysis of Relative Gene Expression Data Using Real Time Quantita-
tive PCR and the 2−ΔΔCt Method. Methods, 25, 402–408. doi: 10.1006/meth.2001.1262 PMID:
11846609

40. Gorodkin J, Havgaard JH, Enstero M, Sawera M, Jensen P, OhmanM, et al. (2006). MicroRNA se-
quence motifs reveal asymmetry between the stem arms. Comput. Biol. Chem., 30: 249–254. doi: 10.
1016/j.compbiolchem.2006.04.006 PMID: 16798093

41. Frazier TP, Xie FL, LFreistaedter A, Burklew CE, Zhang BH. (2010) Identification and characterization
of microRNAs and their target genes in tobacco (Nicotiana tabacum). Planta, 232(6):1289–1308. doi:
10.1007/s00425-010-1255-1 PMID: 20803216

42. Zhang BH, Pan XP, Cox SB, Cobb GP, Anderson TA. (2006). Evidence that miRNAs are different from
other RNAs. Cell. Mol. Life Sci. 63, 246–254. doi: 10.1007/s00018-005-5467-7 PMID: 16395542

43. Dryanova A, Zakharov A, Gulicka PJ. (2008) Data mining for miRNAs and their targets in the Triticeae.
Genome, 51(6): 433–443. doi: 10.1139/G08-025 PMID: 18521122

44. Frazier TP, Sun G, Burklew CE, Zhang BH. (2011) Salt and drought stresses induce the aberrant ex-
pression of microRNA genes in tobacco. Mol. Biotechnol., 49 (2):159–165. doi: 10.1007/s12033-011-
9387-5 PMID: 21359858

Identification of Banana MiRNA and Their Targets

PLOS ONE | DOI:10.1371/journal.pone.0123083 April 9, 2015 14 / 15

http://dx.doi.org/10.1016/j.gene.2008.02.007
http://www.ncbi.nlm.nih.gov/pubmed/18387754
http://dx.doi.org/10.1111/j.1438-8677.2009.00300.x
http://dx.doi.org/10.1111/j.1438-8677.2009.00300.x
http://www.ncbi.nlm.nih.gov/pubmed/21040308
http://dx.doi.org/10.1007/s13258-013-0070-z
http://dx.doi.org/10.1016/j.bbrc.2008.07.083
http://dx.doi.org/10.1016/j.bbrc.2008.07.083
http://www.ncbi.nlm.nih.gov/pubmed/18662674
http://dx.doi.org/10.1016/j.febslet.2007.02.074
http://dx.doi.org/10.1016/j.febslet.2007.02.074
http://www.ncbi.nlm.nih.gov/pubmed/17367786
http://dx.doi.org/10.1016/j.gdata.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23311594
http://dx.doi.org/10.1038/nature11241
http://dx.doi.org/10.1038/nature11241
http://www.ncbi.nlm.nih.gov/pubmed/22801500
http://dx.doi.org/10.1186/1471-2229-10-149
http://www.ncbi.nlm.nih.gov/pubmed/20637079
http://faostat3.fao.org/faostat-gateway/go/to/browse/Q/&ast;/E
http://dx.doi.org/10.1093/nar/gkt1181
http://www.ncbi.nlm.nih.gov/pubmed/24275495
http://dx.doi.org/10.1186/1471-2164-14-683
http://www.ncbi.nlm.nih.gov/pubmed/24094114
http://dx.doi.org/10.1093/nar/gks119523193287
http://www.ncbi.nlm.nih.gov/pubmed/23193287
http://dx.doi.org/10.1093/nar/gkg595
http://www.ncbi.nlm.nih.gov/pubmed/12824337
http://dx.doi.org/10.1261/rna.2183803
http://www.ncbi.nlm.nih.gov/pubmed/12592000
http://dx.doi.org/10.1111/j.1365-313X.2006.02697.x
http://www.ncbi.nlm.nih.gov/pubmed/16623887
http://dx.doi.org/10.1093/nar/GKR319
http://www.ncbi.nlm.nih.gov/pubmed/21622958
http://dx.doi.org/10.1007/BF02670468
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1016/j.compbiolchem.2006.04.006
http://dx.doi.org/10.1016/j.compbiolchem.2006.04.006
http://www.ncbi.nlm.nih.gov/pubmed/16798093
http://dx.doi.org/10.1007/s00425-010-1255-1
http://www.ncbi.nlm.nih.gov/pubmed/20803216
http://dx.doi.org/10.1007/s00018-005-5467-7
http://www.ncbi.nlm.nih.gov/pubmed/16395542
http://dx.doi.org/10.1139/G08-025
http://www.ncbi.nlm.nih.gov/pubmed/18521122
http://dx.doi.org/10.1007/s12033-011-9387-5
http://dx.doi.org/10.1007/s12033-011-9387-5
http://www.ncbi.nlm.nih.gov/pubmed/21359858


45. Wei LQ, Yan LF, Wang T. (2011) Deep sequencing on genome-wide scale reveals the unique composi-
tion and expression patterns of microRNAs in developing pollen ofOryza sativa. Genome Biol., 12(6):
R53–R68. doi: 10.1186/gb-2011-12-6-r53 PMID: 21679406

46. Rhoades MW, Reinhart BJ, Lim LP, Burge CB, Bartel B, Bartel DP. (2002) Prediction of plant microRNA
targets. Cell 110:513–520. doi: 10.1016/S0092-8674(02)00863-2 PMID: 12202040

47. Bonnet E, Wuyts J, Rouze P, Peer VY. (2004) Detection of 91 potential in plant conserved plant micro-
RNAs in Arabidopsis thaliana andOryza sativa identifies important target genes. Proc Natl Acad Sci
USA, 101:11511–11516. doi: 10.1073/pnas.0404025101 PMID: 15272084

48. Zeng CY, WangWQ, Zheng Y, Chen X, BoWP, Song S, et al. (2009) Conservation and divergence of
microRNAs and their functions in Euphorbiaceous plants. Nucl. Acids Res., 38(3),981–995. doi: 10.
1093/nar/gkp1035 PMID: 19942686

49. Liang G, Li Y, He H, Wang F, Yu DQ. (2013) Identification of miRNAs and miRNA-mediated regulatory
pathways inCarica papaya. Planta, 238:739–752. doi: 10.1007/s00425-013-1929-6 PMID: 23851604

50. Sunkar R, Zhu J K. (2004) Novel and stress-regulated microRNAs and other small RNAs from Arabi-
dopsis. Plant Cell, 16(8): 2001–2019. doi: http://dx.doi.org/10.1105/tpc.104 PMID: 15258262

51. Thiebaut F, Rojas CA, Almeida KL, Grativol C, Domiciano GC, Lamb CR, et al. (2012) Regulation of
miR319 during cold stress in sugarcane. Plant Cell Environ., 35 (3):502–512. doi: 10.1111/j.1365-
3040.2011.02430.x PMID: 22017483

52. Unver T, Parmaksiz I, Dündar E. (2010) Identification of conserved micro-RNAs and their target tran-
scripts in opium poppy (Papaver somniferum L.). Plant Cell Rep., 29 (7):757–769. doi: 10.1007/
s00299-010-0862-4 PMID: 20443006

53. Manning K, Tör M, Poole M, Hong Y, Thompson AJ, King GJ, et al. (2006) A naturally occurring epige-
netic mutation in a gene encoding an SBP-box transcription factor inhibits tomato fruit ripening. Nat.
Genet. 38:948–952. doi: 10.1038/ng1841 PMID: 16832354

54. Silva GFFe, Silva EM, da Silva Azevedo M, Guivin MAC, Ramiro DA, et al. (2014) microRNA156-tar-
geted SPL/SBP box transcription factors regulate tomato ovary and fruit development. Plant J., 78:
604–618. doi: 10.1111/tpj.12493

55. Wang SK, Wu K, Yuan QB, Liu XY, Liu ZB, Lin X, et al. (2012) Control of grain size, shape and quality
by OsSPL16 in rice. Nat Genet., 44(8):950–954. doi: 10.1038/ng.2327 PMID: 22729225

56. Chen XB, Zhang ZL, Liu DM, Zhang K, Li AL, Mao L. (2010) SQUAMOSA promoter-binding protein-like
transcription factors: star players for plant growth and development. J Integr Plant Biol., 52(11): 946–
951. doi: 10.1111/j.1744-7909.2010.00987.x PMID: 20977652

57. Schwab R, Palatnik JF, Riester M, Schommer C, Schmid M, Weigel D. (2005) Specific effects of micro-
RNAs on the plant transcriptome. Dev. Cell 8, 517–527. doi: 10.1016/j.devcel.2005.01.018 PMID:
15809034

58. Murray F, Kalla R, Jacobsen J, Gubler F. (2003) A role for HvGAMYB in anther development. Plant J.,
33: 481–491. doi: 10.1046/j.1365-313X.2003.01641.x PMID: 12581306

59. Liu Z, BaoW, LiangW, Yin J, Zhang D. (2010) Identification of gamyb-4 and analysis of the regulatory
role ofGAMYB in rice anther development. J Integr Plant Biol., 52:670–678. doi: 10.1111/j.1744-7909.
2010.00959.x PMID: 20590996

60. Millar AA, Gubler F. (2005) The ArabidopsisGAMYB-like genes,MYB33 andMYB65, are microRNA-
regulated genes that redundantly facilitate anther development. Plant Cell, 17:705–721. doi: http://dx.
doi.org/10.1105/tpc.104.027920 PMID: 15722475

61. Aya K, Ueguchi-Tanaka M, Kondo M, Hamada K, Yano K, Nishimura M, et al. (2009) Gibberellin modu-
lates anther development in rice via the transcriptional regulation of GAMYB. Plant Cell 21, 1453–
1472. doi: http://dx.doi.org/10.1105/tpc.108. doi: 10.1105/tpc.108.062935 PMID: 19454733

62. Winkel-Shirley B (2001) It takes a garden. How work on diverse plant species has contributed to an un-
derstanding of flavonoid metabolism. Plant Physiol., 127:1399–1404. doi: http://dx.doi.org/10.1104/pp.
010675 PMID: 11743081

63. Martens S, Knott J, Seitz CA, Janvari L, Yub SN, Forkmanna G. (2003) Impact of biochemical pre-stud-
ies on specific metabolic engineering strategies of flavonoid biosynthesis in plant tissues. Biochem Eng
J, 14: 227–235. doi: 10.1016/S1369-703X(02)00224-3

64. Peer WA, Murphy AS (2007) Flavonoids and auxin transport: modulators orregulators? Trends in plant
science, 12: 556–563. doi: 10.1016/j.tplants.2007.10.003 PMID: 18198522

65. Navarro L, Dunoyer P, Jay F, Arnold B, Dharmasiri N, Estelle M, et al. (2006) A plant miRNA contributes
to antibacterial resistance by repressing auxin signaling. Science, 312:436–439. doi: 10.1126/science.
1126088 PMID: 16627744

Identification of Banana MiRNA and Their Targets

PLOS ONE | DOI:10.1371/journal.pone.0123083 April 9, 2015 15 / 15

http://dx.doi.org/10.1186/gb-2011-12-6-r53
http://www.ncbi.nlm.nih.gov/pubmed/21679406
http://dx.doi.org/10.1016/S0092-8674(02)00863-2
http://www.ncbi.nlm.nih.gov/pubmed/12202040
http://dx.doi.org/10.1073/pnas.0404025101
http://www.ncbi.nlm.nih.gov/pubmed/15272084
http://dx.doi.org/10.1093/nar/gkp1035
http://dx.doi.org/10.1093/nar/gkp1035
http://www.ncbi.nlm.nih.gov/pubmed/19942686
http://dx.doi.org/10.1007/s00425-013-1929-6
http://www.ncbi.nlm.nih.gov/pubmed/23851604
http://dx.doi.org/10.1105/tpc.104
http://www.ncbi.nlm.nih.gov/pubmed/15258262
http://dx.doi.org/10.1111/j.1365-3040.2011.02430.x
http://dx.doi.org/10.1111/j.1365-3040.2011.02430.x
http://www.ncbi.nlm.nih.gov/pubmed/22017483
http://dx.doi.org/10.1007/s00299-010-0862-4
http://dx.doi.org/10.1007/s00299-010-0862-4
http://www.ncbi.nlm.nih.gov/pubmed/20443006
http://dx.doi.org/10.1038/ng1841
http://www.ncbi.nlm.nih.gov/pubmed/16832354
http://dx.doi.org/10.1111/tpj.12493
http://dx.doi.org/10.1038/ng.2327
http://www.ncbi.nlm.nih.gov/pubmed/22729225
http://dx.doi.org/10.1111/j.1744-7909.2010.00987.x
http://www.ncbi.nlm.nih.gov/pubmed/20977652
http://dx.doi.org/10.1016/j.devcel.2005.01.018
http://www.ncbi.nlm.nih.gov/pubmed/15809034
http://dx.doi.org/10.1046/j.1365-313X.2003.01641.x
http://www.ncbi.nlm.nih.gov/pubmed/12581306
http://dx.doi.org/10.1111/j.1744-7909.2010.00959.x
http://dx.doi.org/10.1111/j.1744-7909.2010.00959.x
http://www.ncbi.nlm.nih.gov/pubmed/20590996
http://dx.doi.org/10.1105/tpc.104.027920
http://dx.doi.org/10.1105/tpc.104.027920
http://www.ncbi.nlm.nih.gov/pubmed/15722475
http://dx.doi.org/10.1105/tpc.108
http://dx.doi.org/10.1105/tpc.108.062935
http://www.ncbi.nlm.nih.gov/pubmed/19454733
http://dx.doi.org/10.1104/pp.010675
http://dx.doi.org/10.1104/pp.010675
http://www.ncbi.nlm.nih.gov/pubmed/11743081
http://dx.doi.org/10.1016/S1369-703X(02)00224-3
http://dx.doi.org/10.1016/j.tplants.2007.10.003
http://www.ncbi.nlm.nih.gov/pubmed/18198522
http://dx.doi.org/10.1126/science.1126088
http://dx.doi.org/10.1126/science.1126088
http://www.ncbi.nlm.nih.gov/pubmed/16627744


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


