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Abstract
Background: In plants, microRNAs (miRNAs) regulate gene expression mainly at the post-transcriptional level. Previous
studies have demonstrated that miRNA-mediated gene silencing pathways play vital roles in plant development. Here,
we used a high-throughput sequencing approach to characterize the miRNAs and their targeted transcripts in the leaf,
flower and fruit of sweet orange.
Results: A total of 183 known miRNAs and 38 novel miRNAs were identified. An in-house script was used to identify all
potential secondary siRNAs derived from miRNA-targeted transcripts using sRNA and degradome sequencing data.
Genome mapping revealed that these miRNAs were evenly distributed across the genome with several small clusters,
and 69 pre-miRNAs were co-localized with simple sequence repeats (SSRs). Noticeably, the loop size of pre-miR396c
was influenced by the repeat number of CUU unit. The expression pattern of miRNAs among different tissues
and developmental stages were further investigated by both qRT-PCR and RNA gel blotting. Interestingly,
Csi-miR164 was highly expressed in fruit ripening stage, and was validated to target a NAC transcription factor.
This study depicts a global picture of miRNAs and their target genes in the genome of sweet orange, and
focused on the comparison among leaf, flower and fruit tissues.
Conclusions: This study provides a global view of miRNAs and their target genes in different tissue of sweet
orange, and focused on the identification of miRNA involved in the regulation of fruit ripening. The results of
this study lay a foundation for unraveling key regulators of orange fruit development and ripening on
post-transcriptional level.
Keywords: Citrus sinensis, miRNA, Degraded transcript, Genome-wide comparison, Fruit ripening

Background
Micro RNAs (miRNAs), which are typically 20–24 nucleotides (nt) in length, are derived from primary
miRNA transcripts (pri-miRNAs) that contain a stemloop secondary structure. The pri-miRNA is processed
in the nucleus by DCL1, a Dicer-like protein, to create a
miRNA-miRNA* duplex, where miRNA* is a passenger
strand complementary to the miRNA. The duplex is
then separated by helicase and the mature miRNA is incorporated into an ARGONAUTE 1 (AGO1) protein to
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form an RNA-induced silencing complex (RISC) [1,2].
Target genes that contain a sequence with almost
complete complementary to the miRNA are cleaved by
the RISC at a specific site opposite to the 10th or 11th
nucleotide in the miRNA. The miRNA* species is
thought to be degraded [1,3]. However, recent research
demonstrated that AGO-associated miRNA393* guides
the silencing of a golgi-localized SNARE gene, indicating
that miRNA* species may be capable of functioning as
miRNAs [4].
Typically, miRNA-guided cleavage represses target
gene expression; however, a group of 22 nt miRNAs also
trigger secondary siRNA biogenesis in plants [5]. Some
22 nt miRNAs are generated from bulged duplexes
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comprising a 22 nt miRNA and a 21 nt miRNA*; these
duplexes are processed by DCL1. By contrast, DCL2
generates 22 nt miRNAs by processing perfect duplexes
comprising a 22 nt miRNA and a 22 nt miRNA*. The
latter type of 22 nt miRNA may trigger secondary siRNA
biogenesis. During this process, the miRNA is incorporated into AGO1 which guides 5’ cleavage of the target,
and then RNA-dependent RNA polymerase 6 (RDR6) synthesizes a double-stranded RNA fragment that is subsequently cut into secondary siRNAs. With the exception of
the 24 nt secondary siRNAs (triggered by miR2775), most
secondary siRNAs are 21 nt in length [5,6]. The mechanism of biogenesis of trans-acting siRNAs (tasiRNAs) generated from TAS3 differs from that described above. A
complex comprising miR390 and AGO7 binds to TAS3 at
two sites and guides the cleavage of the tasiRNA precursor. The cleavage product is then converted to doublestranded RNA by RDR6 and DCL4, and tasiRNAs are
generated one by one from the cleavage site to the 5’ side.
All of the secondary siRNAs described above may incorporate into AGOs and function similarly as miRNAs [6,7].
Traditional cloning and sequencing methods have
been used to identify miRNAs in model plants, including
Arabidopsis, rice and poplar. Comparison of the sequences of miRNAs from these species has revealed that
most are highly conserved [8]. Nevertheless, a number
of non-conserved miRNAs may be family-specific or
species-specific. Generally, non-conserved miRNAs are
expressed at a lower level than conserved miRNAs. Recently, high-throughput sequencing has been used for
the identification and expression profiling of miRNAs in
many horticultural plants, including tomato, grape, papaya, radish and trifoliate orange [9-13]. Accurate identification of miRNAs from large amounts of sequencing
data is challenging; therefore, minimal criteria for annotation of miRNAs in plants were consolidated [14]. A
miRNA-mediated degraded fragments sequencing (degradome sequencing) approach was also reported to be capable of efficient characterization of miRNA target genes
[15]. This method involves ligation of the 3’ fragment generated by RISC, which contains a 5’-monophosphate, to a
5’ RACE adaptor. Reverse transcription is then performed
using oligo(dT) as a 3’ adaptor and the cDNAs formed by
second strand synthesis are digested with MmeI to generate 20 bp signatures that are sequenced and used to identify miRNA target pairs [15-17].
As described above, miRNAs act as regulators of plant
development [18,19]; miR156, miR164 and miR166, in
particular, play important roles in regulating leaf development [20-24]. Additionally, miR156, miR159, miR319 and
miR172 are involved in flowering regulation and phase
changing from vegetative growth to reproductive growth
[21,25-29]. Overexpression of osmiR397 leads to increasing rice size and promoting panicle branching [30]. The
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understanding of the roles of miRNA in the regulation of
reproductive growth is further improved by recent research on non-conserved (novel) miRNAs; for example,
miR4376 in the Solanaceae regulates a Ca2+-ATPase involved in tomato reproductive growth [31].
The first report of miRNAs in the Rutaceae family
was in Poncirus trifoliata [32] and high-throughput sequencing was recently used to identify miRNAs and
their targets in this species [33,34]. Our group previously identified miRNAs in sweet orange (Citrus sinensis) by using EST assembly as reference to dig out miRNA
seqeunces [35]. Here, based on our recently published
sweet orange genome [36], we performed a genome-wide
characterization of sRNAs (the sRNAome) and their targets (the degradome) in the leaves, flowers and fruits of
sweet orange (C. sinensis [L.] Osbeck). A total of 183
known and 38 novel miRNAs were identified; the tissue
specifically expressed miRNAs were validated with the aim
of identifying miRNAs involved in the regulation of fruit
development and maturation.

Results and discussion
Sequencing of sRNAs and the degradome

The Illumina sequencing data of sRNAs from leaf, flower
and fruit showed that 24 nt sRNAs are the most abundant and very few longer sRNAs (Figure 1). The greater
abundance of 24 nt sRNAs rather than 21 nt sRNAs in
all three tissues agrees with the results observed for
other dicots [37,38]. After discarding low quality reads
and sequence counts lower than 3 in each library, clean
reads were produced. The clean reads were then compared with the sequence of the C. sinensis genome [36].
Overall, perfect matches with the C. sinensis genome
were obtained for 61.21%, 58.56% and 76.30% of unique
sRNAs from leaf, flower and fruit, respectively (Table 1).
The sRNA tags were annotated with sequences from the
Rfam database to eliminate non-coding RNAs, including
rRNA, tRNA, snRNA and snoRNA. A search of the
miRBase database (v16) identified 2699, 1985 and 771
unique matches for the sRNAs identified in leaf, flower
and fruit, respectively (Table 1). A BLAST search of
miRBase identified 183 known miRNAs based on sequence similarity and the presence of a stem-loop structure in the precursor. The sRNA clean reads that were
not known miRNAs were mapped to the genome and
were used to predict novel miRNAs according to the
structure and expression criteria [14]. Finally, 38 candidate novel miRNAs with a clear precursor containing a
stem-loop secondary structure were identified (Additional
files 1 and 2).
To identify the target genes of miRNAs, a highthroughput experimental approach was used to sequence
the degradome libraries of the leaf, flower and fruit tissues. After discarding low quality sequences, more than
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Figure 1 Lengths of the sweet orange sRNAs identified in leaf, flower and fruit tissues. The sRNAome sequencing data are expressed as a
percentage of the total number of the unique sRNAs identified in each sample type.

17 million clean reads were obtained for each tissue. The
cDNA sequences annotated from orange genome platform [36] was used as the mRNA reference dataset and
the combination of 183 known miRNAs and 38 novel
miRNAs was used as the miRNA reference dataset. Overall, perfect matches with the mRNA reference dataset
were obtained for 72.86%, 67.12% and 56.42% of unique
tags from the leaf, flower and fruit samples, respectively
(Table 2). In addition, 55257, 62365 and 19393 degraded
mRNA fragments of miRNA targets were identified in
leaf, flower and fruit, respectively. The miRNA reference
dataset and the degraded fragments were then used to
Table 1 Characteristics of the sRNAs identified in orange
leaf, flower and fruit
Total sRNAs
Leaf

18961890

Clean readsa

10174438 (100%)

586073 (100%)

6234563 (61.28%)

358731 (61.21%)

Match miRbase

1068582 (10.50%)

2699 (0.46%)

Raw reads

17841995

Match genome
b

Flower

a

Clean reads

9252302 (100%)

612511 (100%)

Match genome

5172633 (55.91%)

358709 (58.56%)

Match miRbase

559470 (6.05%)

1985 (0.32%)

Raw readsc

4598696

Clean readsa

1785395 (100%)

202965 (100%)

Match genome

1415319 (79.27%)

154864 (76.30%)

55653 (3.12%)

771 (0.38%)

b

Fruit

b

Match miRbase
a

Unique sRNAs

Raw reads

Low quality sequences containing ambiguous nucleotides, sequences shorter
than 18 nt, and sequence counts lower than three were removed.
b
Small RNAs matching miRbase (v16) with a maximum of two mismatches
(if gap exist, number of gaps plus mismatches ≤ 5).
c
The raw reads of fruit sRNA library were from our previous research
(Xu et al. [35]).

generate miRNA-mRNA pairs. A total of 405 targets were
identified for 107 miRNAs which expressed in leaf. In
addition, 265 targets were identified for 166 miRNAs in
flower and 322 targets were identified for 118 miRNAs in
fruit (Additional file 3). Confidence evaluation of degradome data was performed as reported previously [16,39].
The target transcripts were divided into three classes (category I, category II and category III; Additional file 4). In
category I, the miRNA-guided cleavage fragment was the
most abundant tag matching the transcript; therefore, category I is most reliable for the detection of miRNAtargeted genes. In category II, the miRNA-guided cleavage
fragment was not the most abundant fragment; however,
it still formed a clear peak in the T-plot. The remaining
target transcripts were classified into category III
(Additional file 4).
Known miRNAs and their targets in the leaf, flower and
fruit tissues

A total of 183 known miRNAs, including 53 isoforms
with high expression level, belonging to 58 families, were
identified. The sweet orange genome sequence was used
to predict RNA secondary structures; all of the precursors of the 183 known miRNAs had regular stem-loop
secondary structures (Additional file 1).
Comparison of the normalized expression levels of
miRNAs in the leaf, flower and fruit tissues revealed that
60 known miRNAs displayed higher expression (>2 fold
change) in leaf than those in flower or fruit; 33 known
miRNAs showed higher expression in flower; and 32
known miRNAs displayed higher expression in fruit
(Figure 2 and Additional file 2). For example, csi-miR477a-3p,
csi-miR827.1 and csi-miR168a showed much higher
expression levels (>4 fold change) in fruit. In addition,
some miRNAs, including csi-miR166j.1, csi-miR166j.3,
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Table 2 Characteristics of the degradome sequences from orange leaf, flower and fruit
Total RNAs
Leaf

Flower

Fruit

Unique RNAs

Raw reads

22826037

Clean readsa

20566571 (100%)

1448803 (100%)

Match mRNA reference dataset

17683257 (85.98%)

1055651 (72.86%)

Raw reads

19030542

Clean readsa

17629275 (100%)

1093131 (100%)
733751 (67.12%)

Match mRNA reference dataset

14577696 (82.69%)

Raw reads

21213198

Clean readsa

18284467 (100%)

331940 (100%)

Match mRNA reference dataset

16047135 (87.76%)

187295 (56.42%)

a

Low quality sequences, sequences shorter than 18 nt, and adaptor contaminants were removed.

csi-miR4414.1, csi-miR391b, csi-miR1432a, the csi-miR169
family and the csi-miR171 family, were expressed in leaf
and flower but were not detected in fruit.
The targets of known and conserved miRNA families
were identified from the degradome data. The target
genes were divided into three categories as described
above. A total of 395 targets of 100 known miRNAs
were identified in leaf degradome data; of these targets,
259 were classified into category I, 38 into category II,
and 98, into category III. In flower, 241 targets of 142
known miRNAs were identified; 105, 26 and 110 were
classified into categories I, II and III, respectively. In
fruit, 301 targets of 101 known miRNAs were identified;
of these targets, 107, 66 and 128 were grouped into categories I, II and III, respectively (Additional files 3 and
4;).Most of the conserved miRNAs have similar targets
to Arabidopsis thaliana [28]. Multiple targets were also
observed for these miRNAs. For example, the miR168
family controls feedback regulation of AGO 1 as previously reported [40,41].
The miRNAs and their targeted transcripts from leaf,
flower and fruit tissues indicated that a single miRNA may
target genes in a tissue-specific manner. In most circumstance, conserved known miRNAs had the same or homologous targets as other plant species, and most of them
were grouped into category I. However, a minority of the
conserved miRNAs had different targets in specific tissues.
An interesting example was csi-miR168a; the finding that
this miRNA targeted AGO1 as a feedback regulator in all
three tissues is consistent with previous reports [40,41].
Additionally, csi-miR168a was found to specifically target
a CUP-SHAPED COTYLEDON 2 (CUC2) gene in leaves
and a pantothenate kinase gene in fruit, as highly supported by the degradome data from different tissues
(Additional file 5a). Therefore, csi-miR168a is not only
involved in stabilizing the accumulation of AGO1, but
also has additional roles in the leaf and fruit biology. Another example is that csi-miR159 family was detected to
target the transcription factor GAMYB in leaf and flower

in consistency with previous reports [42,43]. However,
in fruit, degraded fragments of GAMYB generated by
csi-miR159 were absent and this miRNA was found to
targete Cs8g05120 which was annotated as the LRRcontaining protein DRT100 with potential roles in DNA
damage repair (Additional file 5b). A previous study in
rice also demonstrated that members from the same
miRNA family can have different expression patterns,
and this expression difference affects the selectiveness
of target gene [44]. These observations indicated that conserved miRNAs may fulfill additional regulatory roles in
specific tissue in addition to the conserved and general
functions across plant species.
Novel miRNAs and their targets in the leaf, flower and
fruit tissues

A total of 38 candidate novel miRNAs with a clear precursor
containing a stem-loop secondary structure were identified (Additional file 1). The complementary miRNA*
sequences for each candidate novel miRNAs were also
detected, although most were present at a lower level
than their corresponding miRNAs. Unfortunately, we
were unable to determine if biogenesis of these candidate novel miRNAs is dependent on DCL1 because of
the lack of availability of a C. sinensis DCL1 mutant
strain.
More than half of the novel miRNAs identified was
expressed at high levels (greater than 10 TPM). 11 novel
miRNAs showed higher expression in leaf than flower or
fruit; 7 novel miRNAs showed higher expression in flower
than leaf or fruit; and 4 novel miRNAs displayed higher
expression in fruit than leaf or flower. For example,
csi-miRN27 and csi-miRN31 showed higher expression in
fruit than leaf or flower (Figure 2 and Additional file 2).
From the degradome data, 10 targets of seven novel
miRNAs were identified in leaf; of these targets, 5, 2 and
3 were classified into categories I, II and III, respectively.
A total of 24 targets of 24 novel miRNAs in flower were
identified; three of these targets were classified into
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Figure 2 Heat map of the normalized expression level (TPM) of
all miRNAs. miRNAs belong to group 1 are highly expressed in leaf;
miRNAs belong to group 2 are highly expressed in flower; miRNAs
belong to group 3 are highly expressed in fruit. The colorbar is
shown at the bottom of the figure.

category I, two were grouped into category II, and the
remaining 19 were classified into category III. In fruit, 21
targets of 17 miRNAs were identified, of which four were
classified into category I, three were grouped into category
II, and 14 were classified into category III (Additional file
3). In summary, nine target genes of novel miRNAs were
grouped into category I, some of which had multiple predicted functions. Cs8g09620, which is annotated as an
flowering-related (SRF-type transcription factor family)
protein, was identified as a target of csi-miRN7; and
Cs1g12230, which is annotated as a light control (FAR1RELATED SEQUENCE 6 ) protein, was identified as a target of csi-miRN20. Some of the identified targets were not
sufficiently annotated; for example, Cs4g15010 (category
II), targeted by csi-miRN28, was annotated as a putative
uncharacterized protein. (Additional files 3, 4 and 6 and
Table 3).
Of the novel miRNAs that were considered to be
younger (recently evolved) than the conserved miRNAs,
only three (csi-miRN2, csi-miRN11 and csi-miRN20)
had common targets or homologous genes in all tissues.
Most of the novel miRNAs appeared to target different
transcripts in different tissues; for example, csi-miRN10
targeted Cs9g04330 in flower and Cs4g05310 in fruit
(Additional file 5c). These results suggested that the
functions of novel miRNAs may differ in leaf, flower and
fruit tissues and might fulfill a more specific role when
compared with known and conserved miRNAs.

Identification of secondary siRNAs in C. sinensis

An in-house script was developed to predict secondary
siRNAs that might be triggered by 22 nt miRNAs in citrus. After the prediction, we examined the abundances
of the secondary siRNAs using sRNA sequencing data.
Seven miRNAs were predicted to trigger the secondary
siRNAs generation (see in Additional file 7), four of
them were identified in at least two tissues. Csi-miRN20
could be identified in all three tissues; csi-miR482a-3p in
both leaves and fruits, csi-miR3954a and csi-miR482c in
both leaves and flowers. Secondary siRNAs were named
using the convention of “miRNA-target-serial number”;
for example, csi-miR3954a-Cs1g09635.1-9 refers to the
ninth phased siRNA generated from Cs1g09635.1 and
triggered by csi-miR3954a. Moreover, we identified these
secondary siRNAs’ target genes using degradome sequencing data (Additional files 7 and 8). Most of the secondary siRNA and target pairs had a high penalty score
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Table 3 Target genes grouped into category I of novel miRNAs in orange
Category
Novel miRNA

Target gene

in leaves

in flowers

in fruit

Annotation

Csi-miRN02

Cs1g08400

I

N/A

N/A

Chaperonin CPN60-1

Csi-miRN02

Cs3g18790

I

II

I

Alkylated DNA repair protein alkB homolog 8

Csi-miRN02

Cs8g12570

I

N/A

N/A

LRR receptor-like serine/threonine-protein kinase EFR

Csi-miRN07

Cs8g09620

III

I

N/A

SRF-type transcription factor family protein

Csi-miRN11

Cs8g13560

I

III

I

No annotation

Csi-miRN20

Cs1g12230

N/A

N/A

I

Protein FAR1-RELATED SEQUENCE 6

Csi-miRN20

Cs3g05320

I

III

I

No annotation

Csi-miRN37

orange1.1 t02400

II

I

N/A

Indole-3-acetic acid-induced protein ARG7

N/A means not available in the degradome data. Target transcripts were divided into three classes. In category I, the miRNA-guided cleavage fragment was the
most abundant tag matching the transcript; In category II, the miRNA-guided cleavage fragment was not the most abundant fragment; however, it still formed a
clear peak in the T-plot. The remaining target transcripts were classified into category III.

and only a few targets were classified into categories I and
II. The analysis indicated that Csi-miR3954a-Cs1g09635.1-9
targeted triose-phosphate transporter gene (category I),
csi-miR482a-3p-Cs5g18480.1-18 targeted the cleavage
and polyadenylation specificity factor (CPSF) gene
(category I), and csi-miRN20-Cs3g05320.1-24 targeted
a signal peptidase gene (category I). These findings

suggest that these phased siRNAs may play regulatory
roles in plant development.
Here, multiple lines of evidence suggest the existence
of both conserved and orange-specific TAS gene families. The homologous TAS3 gene (Cs9g01780) was
identified as a target of csi-miR390 in orange. This is
consistent with previous studies from TAS1-4 genes in

Figure 3 The distribution of pre-miRNAs in the C. sinensis genome. Precursors of known miRNAs are shown as blue rectangle and precursors
of novel miRNAs are shown as red rectangle. The width of rectangle indicated the length of the precursors while the height of oblong indicated
the length of the chromosome/scaffold. The chromosome/scaffold and precursors scale are showed at the bottom of the figure. The
chromosomal locations of the pre-miRNAs are indicated.
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Arabidopsis [6,37,45], MdTAS3 and MdTAS4 in apple
[46]and TAS3 gene containing two miR390 binding
sites in tobacco [47]. Noticeably, a potential orangespecific TAS gene targeted by cis-miR3954a was observed with multiple supports. Firstly, csi-miR3954a
was a citrus-specific miRNA which showed abundant
expression in all three tissues; Secondly, this miRNA
was found to be 22 nt in length and was also found to
contain a 5’U; this characteristic structure was believed
to trigger phased siRNA biogenesis[5]; Thirdly, the target gene (Cs1g09635) of csi-miR3954a could not be
functionally annotated and was predicted to be a noncoding transcript; Fourthly, the secondary siRNAs, derived from csi-miR3954 target genes, were detected in
the small RNA libraries. One of these secondary siRNAs,
named csi-miR3954a-Cs1g09635.1-7, was abundant in leaf
and flower and targeted Cs4g11930. Therefore, we hypothesized that targets of csi-miR3954a are potential novel
TAS target genes. A further evidence to determine if this
is dependent on RNA-dependent RNA polymerase (RDR)
is difficult in sweet orange due to the lack of RDR mutants. A recent example in tobacco observed that the
22 nt nta-miR6019 targets the N gene and triggers the
generation of nta-siRNAI and nta-siRNAII which was
dependent on RDR6 as well as nta-siR2142 (generated
from tobacco TAS3), and concluded that the target of ntamiR6019 might be a novel TAS gene [48].

The distruibution of miRNAs in the C. sinensis genome

Both novel and known miRNAs were equally distributed
in the citrus genome (Figure 3); however, some members
of conserved miRNA families were located in the same region of a single chromosome. For example, csi-miR169c
and csi-miR169i were located in the same region of
chromosome 2.
We analyzed all simple sequence repeat (SSR) loci in the
orange genome and examined their co-localization with
pre-miRNAs. Overall, 69 csi-pre-miRNA were identified
to co-localize with SSR region. 77.6% of the co-localized
SSRs were binucleotide or trinucleotide sequences and the
most frequent repeat unit was UA, consistent with the notion that most trinucleotide SSRs contain the base U in
plants [49]. The longest SSR, consisting of (CUU)15
(45 nt), was located within the pre-miR396c sequence
(Table 4). Notably, csi-miR396c had four precursors containing different sized trinucleotide SSRs. (CUU)4, (CUU)5
and (CUU)3 were located within the pre-csi-miR396c-1,
pre-csi-miR396c-3 and pre-csi-miR396c-4 sequences, respectively. To date, little is known about the functions of
SSRs co-localized with pre-miRNAs. Here, the length of
the (CUU)n repeat influenced the shape of the loop in the
secondary structures of the csi-miR396c precursors
(Figure 4). A previous report demonstrated that SSRs
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Table 4 Numbers of Simple Sequence Repeats (SSRs) and
their co-localization with pre-miRNAs in sweet orange
Repeat unit

Repeat type

Frequency of SSR
region co-localize
with pre-miRNAs

A

Mononucleotide

1

G

Mononucleotide

1

T

Mononucleotide

5

AC

Dinucleotide

2

AG

Dinucleotide

5

AT

Dinucleotide

2

CT

Dinucleotide

3

GA

Dinucleotide

7

GT

Dinucleotide

1

TA

Dinucleotide

12

TC

Dinucleotide

3

AAG

Trinucleotide

1

ACA

Trinucleotide

1

ATA

Trinucleotide

1

ATT

Trinucleotide

3

CAG

Trinucleotide

1

CTT

Trinucleotide

7

GAT

Trinucleotide

2

GTG

Trinucleotide

1

TAA

Trinucleotide

5

TCA

Trinucleotide

1

TGC

Trinucleotide

1

TGG

Trinucleotide

2

TTC

Trinucleotide

5

CATG

Tetranucleotide

1

TCAT

Tetranucleotide

1

TGCA

Tetranucleotide

1

TTAA

Tetranucleotide

2

TTCT

Tetranucleotide

4

TTTG

Tetranucleotide

1

TATAAT

Hexanucleotide

2

located in UTRs and introns can affect gene expression
and expression level [50]. Interestingly, analysis of the
maize zma-miR396 family showed that zma-miR396e
and zma-miR396f bearing SSRs (CU)n and (CUU)n had
similar expression pattern among different tissues which
was distinctly different from the expression pattern of the
other miR396 members without SSRs (expression data is
form the publication of Zhang et al. [51]. Additional file 9).
Changes in the organization of the loop may directly influence the expression of mature miRNA and may cause
unexpected changes in their evolution.
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Figure 4 Co-localization of pre-Csi-miR396c and simple sequence repeat (SSR). The mature miR396c sequence is highlighted in yellow and
the SSRs are highlighted in blue. The different secondary structures of pre-Csi-miR396c caused by the different number of SSR units are shown.

Isoforms of miRNAs that originated from a long premiRNA (greater than 350 nt in length) were also identified. Csi-miR166j.1 and csi-miR166j.3 were derived from
the same precursor and were positioned 195 nt apart.
Similarly, csi-miR477d.1 andcsi-miR477d.2 were positioned 126 nt apart in the same precursor. However, the
expression modes of the mature miRNAs originating
from these two precursors were distinctly different.
Csi-miR166j.1 and csi-miR166j.3 had extremely similar
patterns of expression in different tissues and both the
mature miRNAs were derived from 3’ strand of the
miRNA-miRNA* duplexes (Additional file 10a). In contrast, Csi-miR477d.1 and csi-miR477d.2 were produced
from different strands of the duplexes, i.e., csi-miR477d.13p was produced from 3’ strand while csi-miR477d.2-5p
was produced from 5’ strand of the duplexes (Additional
file 10b). A study in grapevine showed that miRC13
and miRC15 are located 224 nt apart on chromosome
17, but these two miRNAs exhibit different expression
patterns [52].
Characterization of highly expressed miRNAs in fruit

Candidate miRNAs that showed remarkably differential
expression levels in fruit as revealed by the sequencing
data were further confirmed by Quantitative RT-PCR
(qRT-PCR) and RNA gel blotting analyses. Totally, 65
known- and 15 novel- miRNAs were chose for qRT-PCR
confirmation; 55 of them (about two thirds) are consistent with the sequencing data (Additional files 2 and 11).
The results showed that csi-miR164, csi-miR3951,

csi-miR477a-3p and csi-miRN31 have remarkably higher
expression in fruits compared with other tissues. These
results were verified by both qRT-PCR and RNA gel
blotting (Figure 5, Figure 6 and Additional file 11). Two
targets of csi-miR164 were identified in fruit; the first
was annotated as a NAC transcription factor gene
which was confirmed by 5’ RACE (Figure 7) and the
second was annotated as a thymidine diphospho-glucose
4-6-dehydratase gene. Csi-miR3951 also had two targets
in fruit; the first was orange1.1 t05622 and the second was
Cs1g06060 (verified by 5’ RACE, see in Figure 7), which
were annotated as polyubiquitin 12 and polyubiquitin 3,
respectively. These targets may be involved in protein degradation. Cs6g19680, which was annotated as the developmental protein SEPALLATA 2 (SEP2), was identified as a
target of csi-miR477a-3p (degradome data). Targets of csimiRN31 were not detected by the degradome analysis.
The target prediction revealed that csi-miRN34 targeted
transmembrane emp24 domain-containing gene.
Expression pattern of the four potential miRNAs were
then further investigated on eight stages of fruit development and ripening (Figure 8). The expression pattern
suggested three of them are probably involved in the
regulation of fruit development and ripening. Both csimiRN31 and csi-miR477a-3p may have important role in
the color break stage (140 DAF). Csi-miR164 showed
significantly higher expression level at the final stage
(fruit ripening stage), with a steady increase in expression level during fruit ripening (170–230 DAF). In depth
function of the former two miRNAs are now under
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Figure 5 Expression levels of selected known miRNAs in leaf,
flower and fruit. Total RNAs from mixed leaf, mixed flower and fruit
in 170DAF were extracted for RNA gel blot analyses; reverse
complement probes were used to detect the indicated miRNAs. U6
RNA or 5.8 s rRNA were used as loading controls. Two different
genotypes of orange were used. Orange genotype 1 is a common
sweet orange while genotype 2 is a red flesh orange. (a) miR482d-5p.2
was specifically expressed in leaf. (b) miR3954a and miR167b.2 were
expressed at higher levels in flower than the other tissues; miR5179
was specifically expressed in flower (c) miR3951 and miR164 were
expressed at higher levels in fruit than the other tissues; miR477a-3p
was specifically expressed in fruit. L1, leaf of orange genotype 1; L2, leaf
of orange genotype 2; F1, flower of orange genotype 1; F2, flower of
orange genotype 2; Fr1, fruit of orange genotype 1; Fr2, fruit of orange
genotype 2.

progress in other research. This study focused on csimiR164a which may have particular function at the fruit
ripening stages. At this stage, sweet orange is undergoing
maturation with extensive molecular repertoire on both
transcriptional and posttranscriptional levels. Therefore,
csi-miR164, as a known miRNA, may have new function
in orange fruit ripening on posttranscriptional level.
Csi-mi164 functions via target a NAC transcription factor

As mentioned above, csi-miR164 was highly active during fruit ripening and 5’RACE analysis showed csimiR164 targeted Cs5g10870, a NAC transcription factor.
To confirm the interaction between csi-miR164 and
Cs5g10870 in orange fruit, we detected the expression
level of Cs5g10870 by qRT-PCR at fruit developmental
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Figure 6 Expression levels of selected novel miRNAs in leaf,
flower and fruit. Total RNAs from mixed leaf, mixed flower and fruit
in 170DAF were extracted for RNA gel blot analysis. Reverse
complement probes were used to detect specific miRNAs. U6 RNA
was used as a loading control for each membrane. Two different
genotypes of orange were used. Orange genotype 1 is a common
sweet orange while genotype 2 is a red flesh orange. (a) miRN03
and miRN36 were expressed at higher levels in leaf than flower or
fruit. (b) miRN08 was specifically expressed in flower. (c) miRN31
was specifically expressed in fruit. L1, leaf of orange genotype 1; L2,
leaf of orange genotype 2; F1, flower of orange genotype 1; F2,
flower of orange genotype 2; Fr1, fruit of orange genotype 1; Fr2,
fruit of orange genotype 2.

stages. As showed in Figure 9a, the expression level of
csi-miR164 and Cs5g10870 displayed complementary expression pattern. Furthermore, a transient expression
system was used to confirm that csi-miR164 degraded
Cs5g10870 in vivo. Overexpression vectors of csimiR164 and a control miRNA were constructed respectively. Target site of miR164 in Cs5g10870 and a modified
target site (inactivated target site) were inserted into a
green fluorescent protein (GFP) gene overexpression
vector respectively as shown in Figure 9b. In this assays,
we used Agrobacterium tumefaciens infiltration to coexpress csi-miR164, control miRNA, GFP gene carrying
target site and GFP gene carrying modified target site
pair by pair (Figure 9c). As a result, csi-miR164 targeted
the target region of Cs5g10870 and repressed the expression of GFP obviously (Figure 9e).
Cs5g10870 was categorized as a NAC domain-containing
transcription factor. Plant NAC transcription factor was
one of the largest families involved in diverse biological
processes [53-56]. More, recent publications reveal that
NAC transcript factors function as regulators in fruit ripening. NACs in banana(MaNACs) were supposed to be
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Figure 7 Target validation of selected sweet orange miRNAs. 5’ RACE analysis was carried out for each selected target gene which identified
by degradome sequencing. Arrows indicated the cleavage sites of targets and the numbers showed the frequency of the clones sequenced. The
Cleavage sites outside of the displayed sequence are not shown.

involved in banana fruit ripening by interaction with ethylene signaling components [57]. Interestingly, the transcripts
of MaNAC4 decreased during banana ripening as well as
Cs5g10870 decreased during orange ripening. So far in
C. sinensis, two NACs were reported and suggested to
be related to fruit development, fruit senescence and fruit
response to postharvest stresses [58,59]. As csi-miR164
was higher expressed in fruit and was more active at the
late stages during the orange fruit development, we suggested that csi-miR164 might be involved as a regulator
in orange ripening by interacting with a NAC transcription
factor. Further functional investigations of csi-miR164 and
Cs5g10870 are required to confirm this hypothesis.

secondary siRNAs. Comparative analysis showed that
some known miRNAs, such as csi-miR168a and csimiR159 in this study, may fulfill specific function in specific tissues via target different genes. This kind of tissue
specific regulation was even obvious for novel miRNAs.
Three miRNAs, csi-miRN31, csi-miR477a-3p and csi164a, were identified to be highly expressed in fruit and
probably important regulators of fruit ripening. CsimiR164 was further validated to functions by target
NAC transcription factor. The results of this study provide three promising miRNAs for understanding the
posttranscriptional regulation of orange fruit development and ripening.

Conclusions
Our study provides a genome-wide comparison of miRNAs and their target genes among leaf, flower and fruit
of sweet orange with the aim of identification of regulators
involved in fruit development and ripening. Comprehensive genome analysis uncovered 183 known- and 38 novelmiRNAs, and revealed their genomic characteristics such
as isoform miRNAs, co-localization with SSR locus and

Methods
Plant materials

The ‘Anliu’ sweet orange (C. sinensis [L.] Osbeck) was
planted at the Institute of Citrus Research located in
Guilin, Guangxi Province, China. Leaves (young and mature stages) and flowers (early flower bud, flower bud
and mature flower) used in sRNAome and degradome
sequencing were mixed as a pool from three trees
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Figure 8 Expression pattern of four candidate miRNAs during fruit development and ripening. Total RNAs were isolated from fruit samples
at different developmental stages, ranging from 20–230 days after flowering (DAF). Reverse complement probes were used to detect specific miRNAs by
RNA gel blotting. U4 and U6 were used as loading controls in qRT-PCR and RNA gel blot analyses, respectively. Data from the qRT-PCR experiments are
represented as the mean plus SD of n = 3 biological replicates. Internal appearance of orange fruits during 8 developmental stages was shown at the bottom.

respectively. Fruit samples used in degradome sequencing were collected at 170 days after flowering (DAF) as
previously published [35]. To detect the expression pattern of key miRNAs in the fruit development, we also
collected fruit samples (from three trees as replicates) at
developmental stages, including 20 DAF, 50 DAF, 80
DAF, 110 DAF, 140 DAF, 170 DAF, 200 DAF and 230
DAF. Fruit samples were separated into peel and pulp
after collection. Pulp without seeds was used in all analysis
in this research. All samples were frozen in liquid nitrogen
immediately after collection and kept at −80°C until use.
The Nicotiana benthamiana was grown in a growth
chamber controlled at 14 h light, 10 h dark, 25°C cycles.
SRNAome sequencing and degradome sequencing

Total RNAs were extracted from different samples as Xu
et al. described [35] and used in sRNAome sequencing

and degradome sequencing. The sRNA libraries were
constructed and sequenced for flower and leaf in this
study, fruit sRNA data were derived from our published
data with the same strategy [35]. Degradome sequencing
strategy was applied to all the three tissues as described
previously [16,39]. All these high-throughput sequencing
were performed by Beijing Genomics Institute (BGI)
(Shenzhen, China). The Illumina 1 G Genome Analyzer
was used for the sRNA sequencing while the Illumina
HiSeq 2000 was used for the degordome sequencing.
Bioinformatic analysis

All sRNAome raw data were processed by removing adaptors, low quality tags as well as contaminants at preanalysis. Then, the clean sRNA sequences were compared
to the Rfam database (http://rfam.sanger.ac.uk/) to exclude rRNA, tRNA, snRNA and snoRNA. The rest sRNA
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Figure 9 Csi-miR164 targeted Cs5g10870 was verified in vivo. (a) Expression levels of mi164 and Cs5g10870 were detected during the fruit
development by qRT-PCR. U4 and ACTIN were used as loading controls in qRT-PCR Data from the qRT-PCR experiments are represented as the
mean plus SD of n = 3 biological replicates. (b) Four overexpression vectors were constructed for transient expression system in tobacco. Vector
ox-miR164 overexpress csi-miR164, ox-miRCon overexpress a control miRNA, ox-10TS + GFP overexpress a GFP gene carrying target site of miR164
in Cs5g10870, ox-10MTS + GFP overexpress a GFP gene carrying a modified target site. (c) Vectors used in tobacco co-expression assays in each
lane were shown in the table. (d) Co-infiltrated leaves and control leaves were photographed at the 3rd day after infiltration under bright light.
(e) Same leaves were photographed at the 3rd day after infiltration under UV light (wavelength = 365 nm).

sequences were used to search known miRNAs by
BLASTN against miRBase 16.0 (http://www.mirbase.org/).
SRNAs with two or less mismatches compared to known
miRNAs annotated in miRBase 16.0 were considered as
known miRNAs in C. sinensis. To identify novel miRNA,
we performed a bioinformatics approach according to criteria described previously [14]. To predict the secondary
structure of miRNAs, we used RNAfold in the Vienna
RNA Package downloaded from vienna RNA web servers
(http://rna.tbi.univie.ac.at/). Genome sequence of C. sinensis
annotated by our group (http://citrus.hzau.edu.cn/orange/
index.php) [36] was used as reference.
Degradome raw data was trimmed by pre-analysis as
similar as sRNAome raw data. Then, clean degradome
data were processed using the CleaveLand pipeline
[16] (http://axtell-lab-psu.weebly.com/cleaveland.html).
Subsequently, the transcripts targeted by miRNAs
were grouped into three categories as previously reported [39].
To predict all potential secondary siRNA in orange, we
performed a bioinformatics approach as follows. First of
all, we obtained all miRNAs with length of 22 nt from
sRNAome data and their target transcripts from degradome data. Then, 21 nt standard secondary siRNAs were
generated from the cleavage site of target transcripts to 3’
end of targets one by one. We named secondary siRNA
as miRNA-target-serial number. Such as csi-miR3954a-

Cs1g09635.1-9, which meant the ninth phased siRNA
generated form Cs1g09635.1 and triggered by csi-miR3954a.
Finally, we could obtain the digital expressions (TPM) of
these secondary siRNAs from the sRNAome data and
target transcripts of these secondary siRNAs from degradome data through CleaveLand pipeline (Flow chart see
in Additional file 12).
qRT-PCR and RNA gel blotting analyses

To confirm miRNAs’ expression, stem-loop qRT-PCR
and RNA gel blot analysis were both used in our research. RNAs used in both experiments were the same
as RNAs used in high-throughput sequencing.
Stem-loop qRT-PCR was described to be a highly
sensitive method for detection of miRNAs [60,61]. We
performed stem-loop qRT-PCR mainly according to
previous publication in three biological replicates. All
primers used in qRT-PCR analysis were provided in
Additional file 13. Additionally, we improved a much
more efficient loading control gene U4 instead of traditional U6 as Kou et al. described [62]. U4 showed more
stably expressed at leaves, flowers and fruit samples at
developmental stages of ‘Anliu’ sweet orange than U6
after experiment.
For RNA gel blot analysis, 10 μg total RNA from
different samples were loaded to a denaturing 15%
polyacrylamide gel and transferred to Hybond-N +
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membranes (Amersham, GE Healthcare). The membranes were cross linked by ultraviolet cross linker
and then used for bloting. Reverse complement DNA
oligonucletides were used as probes to detect specific
miRNAs. Probes were labeled the by Biotin 3’ End
DNA Labeling Kit (Thermo) and then used for bloting. Chemiluminescent Hybridization and Detection
Kit (Thermo) were used for hybridization and signal
detection. At the beginning, 5.8 s rRNA was used as a
loading control. Instead, U6 was used as a loading control
later.
5’ RACE

RNA Ligase-Mediated 5’ RACE (RLM-RACE) was performed with the GeneRacer kit (Invitrogen) as described
in the product manual. Briefly, 10 μg total RNA was ligated to the 5’ adaptor. The ligated mRNA was reverse
transcribed by oligo (dT) primer. To obtain the 5’ end
products, PCR was proformed using 5’ adaptor primers
and 3’ gene-specific primers. Finally, the products were
cloned, sequenced and analysed.
Transient expression system in tobacco

To verify the interaction between miRNAs and their targets in vivo, we used Agrobacterium tumefaciens infiltration to co-express miRNAs and their targets in tobacco.
Transient expression in tobacco was applied as described
previously [63].

Availability of supporting data
The sRNA sequence data and the degradome data supporting the results of this article have been submitted to
Gene Expression Omnibus (GEO) under accession NO.
GSE46765 and GSE18207 at website: http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?token=bvcnfememqckehi&
acc=GSE46765 and http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?token=bvcnfememqckehi&acc=GSE18207.
Accession NO. GSE46765 will be released on Dec 30,
2014.
Additional file
Additional file 1: Predicted secondary structures of known and
novel miRNAs. The mature miRNA sequences are highlighted in yellow.
For novel miRNAs, the miRNA* sequences are highlighted in gray.
Additional file 2: Normalized count of all miRNAs in orange leaf,
flower and fruit.
Additional file 3: Targets of miRNAs identified using degradome
sequencing.
Additional file 4: T-plots of the miRNA targets in different tissues.
Densities of the 5’ positions of degradome tags matching each target
gene are shown as T-plots. The miRNA-mediated degradome tag is
highlighted in red.
Additional file 5: T-plots of diverse targets of miRNAs in different
tissues. Densities of the 5’ positions of degradome tags matching each
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target gene are shown as T-plots. The miRNA-mediated degradome tag is
highlighted in red. (a) miR168a targets AGO1 in all three tissues; additionally,
miR168a targets CUC2 in leaf and a pantothenate kinase gene in fruit;
(b) miR159 targets GAMYB in leaf and flower; but it targets DRT100 in
fruit; (c) miRN10 targets different transcripts in flower and fruit.
Additional file 6: Annotations of all target genes.
Additional file 7: Normalized count of secondary siRNAs and their
targets identified using degradome sequencing.
Additional file 8: T-plots of the targets of secondary siRNAs in
different tissues. Densities of the 5’ positions of degradome tags
matching each target gene are shown as T-plots. The miRNA mediated
degradome tag is highlighted in red.
Additional file 9: Comparative analysis of the presence of SSRs in
zma-miR396 and the resulting expression pattern among different
tissues in maize. Sequences data were collected from miRBase, the
expression data were come from the publication of Zhang et al.
Additional file 10: Clusters of miRNAs. Two miRNAs located within a
single precursor are shown. The mature miRNA sequences are highlighted in
yellow and the miRNA* sequences are highlighted in gray. The mismatched
nucleotide is highlighted in red. Data in the tables show the digital expression
levels (TPM) of miRNAs in different tissues. (a) Csi-miR166j.1 and Csi-miR166j.3.
(b) Csi-miR477d.1-3p and Csi-miR477d.2-5p.
Additional file 11: Confirmation of the expression levels of 80
selected miRNAs in different tissues by qRT-PCR. A total of 65 known
miRNAs and 15 novel miRNAs were selected according to their
differential expression in leaf (L), flower (F) and fruit (Fr), which was
derived from high-throughput sequencing. The expression levels of these
miRNAs were confirmed using stem-loop qRT-PCR. U4 was used as a
loading control gene in qRT-PCR. The data are represented as the mean
plus SD of n = 3 biological replicates.
Additional file 12: Flow chart to identify the phased siRNAs and
their target transcripts.
Additional file 13: Primers used in miRNA stem-loop RT-PCR.

Abbreviations
AGO: Argonaute protein; miRNA: Micro RNA; nt: Nucleotide; pri-miRNA: Primary
miRNA; per-miRNA: Precursor of miRNA; RISC: RNA-induced silencing complex;
RDR6: RNA-dependent RNA polymerase; sRNA: Small RNA; SSR: Simple
sequence repeat; tasiRNA: Trans-acting siRNA.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
XQ and DXX conceived the project. XQ supervised the project. LYL carried out
the experiments and performed data analysis and wrote the manuscript. XQ
and LL contributed to the writing. WL performed the degradome analysis and
developed the bioinformatics approach to predict secondary siRNA together
with LYL. CDJ and CLL performed the miRNA predictions. WXM along with LYL
modified the Northern blot analysis. HD carried out the qRT-PCR. All authors
read and approved the final manuscript.
Acknowledgements
This project was supported by the the Ministry of Science and Technology of
China (2011CB100601) and the National Natural Science Foundation of China
(31272148 and 31222047).
Author details
1
Key Laboratory of Horticultural Plant Biology of Ministry of Education,
Huazhong Agricultural University, Wuhan 430070, China. 2Center for
Bioinformatics, College of Life Science and Technology, Huazhong
Agricultural University, Wuhan 430070, China. 3Robert W. Holley Center for
Agriculture and Health, Cornell University, Ithaca, NY 14853, USA.
Received: 4 June 2014 Accepted: 15 August 2014
Published: 20 August 2014

Liu et al. BMC Genomics 2014, 15:695
http://www.biomedcentral.com/1471-2164/15/695

References
1. Bartel DP: MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell 2004, 116:281–297.
2. Wang H, Zhang X, Liu J, Kiba T, Woo J, Ojo T, Hafner M, Tuschl T, Chua NH,
Wang XJ: Deep sequencing of small RNAs specifically associated with
Arabidopsis AGO1 and AGO4 uncovers new AGO functions. Plant J 2011,
67:292–304.
3. Kim VN: Sorting out small RNAs. Cell 2008, 133:25–26.
4. Jin HL, Zhang XM, Zhao HW, Gao S, Wang WC, Katiyar-Agarwal S, Huang
HD, Raikhel N: Arabidopsis Argonaute 2 Regulates Innate Immunity via
miRNA393*-Mediated Silencing of a Golgi-Localized SNARE Gene,
MEMB12. Mol Cell 2011, 42:356–366.
5. Chen HM, Chen LT, Patel K, Li YH, Baulcombe DC, Wu SH: 22-Nucleotide
RNAs trigger secondary siRNA biogenesis in plants. Proc Natl Acad Sci
U S A 2010, 107:15269–15274.
6. Allen E, Howell MD: miRNAs in the biogenesis of trans-acting siRNAs in
higher plants. Semin Cell Dev Biol 2010, 21:798–804.
7. Axtell MJ, Jan C, Rajagopalan R, Bartel DP: A two-hit trigger for siRNA biogenesis
in plants. Cell 2006, 127:565–577.
8. Axtell MJ, Bartel DP: Antiquity of microRNAs and their targets in land
plants. Plant Cell 2005, 17:1658–1673.
9. Karlova R, van Haarst JC, Maliepaard C, van de Geest H, Bovy AG, Lammers
M, Angenent GC, de Maagd RA: Identification of microRNA targets in
tomato fruit development using high-throughput sequencing and
degradome analysis. J Exp Bot 2013, 64:1863–1878.
10. Wang C, Han J, Liu CH, Kibet KN, Kayesh E, Shangguan LF, Li XY, Fang JG:
Identification of microRNAs from Amur grape (vitis amurensis Rupr) by
deep sequencing and analysis of microRNA variations with
bioinformatics. BMC Genomics 2012, 13:122.
11. Aryal R, Jagadeeswaran G, Zheng Y, Yu QY, Sunkar R, Ming R: Sex specific
expression and distribution of small RNAs in papaya. BMC Genomics 2014,
15:20.
12. Xu L, Wang Y, Xu YY, Wang LJ, Zhai LL, Zhu XW, Gong YQ, Ye S, Liu LW:
Identification and characterization of novel and conserved microRNAs in
radish (Raphanus sativus L.) using high-throughput sequencing.
Plant Sci 2013, 201:108–114.
13. Zhang X-N, Li X, Liu J-H: Identification of Conserved and Novel
Cold-Responsive MicroRNAs in Trifoliate Orange (Poncirus trifoliata
(L.) Raf.) Using High-Throughput Sequencing. Plant Mol Biol Rep
2014, 32:328–341.
14. Meyers BC, Axtell MJ, Bartel B, Bartel DP, Baulcombe D, Bowman JL, Cao X,
Carrington JC, Chen XM, Green PJ, Griffiths-Jones S, Jacobsen SE, Mallory
AC, Martienssen RA, Poethig RS, Qi Y, Vaucheret H, Voinnet O, Watanabe Y,
Weigel D, Zhu JK: Criteria for Annotation of Plant MicroRNAs. Plant Cell
2008, 20:3186–3190.
15. German MA, Pillay M, Jeong DH, Hetawal A, Luo S, Janardhanan P, Kannan V,
Rymarquis LA, Nobuta K, German R, De Paoli E, Lu C, Schroth G, Meyers BC,
Green PJ: Global identification of microRNA-target RNA pairs by parallel
analysis of RNA ends. Nat Biotechnol 2008, 26:941–946.
16. Addo-Quaye C, Miller W, Axtell MJ: CleaveLand: a pipeline for using
degradome data to find cleaved small RNA targets. Bioinformatics 2009,
25:130–131.
17. German MA, Luo S, Schroth G, Meyers BC, Green PJ: Construction of
Parallel Analysis of RNA Ends (PARE) libraries for the study of cleaved
miRNA targets and the RNA degradome. Nat Protoc 2009, 4:356–362.
18. Garcia D: A miRacle in plant development: role of microRNAs in cell
differentiation and patterning. Semin Cell Dev Biol 2008, 19:586–595.
19. Chuck G, O'Connor D: Small RNAs going the distance during plant
development. Curr Opin Plant Biol 2010, 13:40–45.
20. Juarez MT, Kui JS, Thomas J, Heller BA, Timmermans MC: microRNA-mediated
repression of rolled leaf1 specifies maize leaf polarity. Nature 2004, 428:84–88.
21. Schwab R, Palatnik JF, Riester M, Schommer C, Schmid M, Weigel D:
Specific effects of microRNAs on the plant transcriptome. Dev Cell 2005,
8:517–527.
22. Nikovics K, Blein T, Peaucelle A, Ishida T, Morin H, Aida M, Laufs P: The
balance between the MIR164A and CUC2 genes controls leaf margin
serration in Arabidopsis. Plant Cell 2006, 18:2929–2945.
23. Berger Y, Harpaz-Saad S, Brand A, Melnik H, Sirding N, Alvarez JP, Zinder M,
Samach A, Eshed Y, Ori N: The NAC-domain transcription factor GOBLET
specifies leaflet boundaries in compound tomato leaves. Development
2009, 136:823–832.

Page 14 of 15

24. Bertolini E, Verelst W, Horner DS, Gianfranceschi L, Piccolo V, Inze D, Pe ME,
Mica E: Addressing the role of microRNAs in reprogramming leaf growth
during drought stress in Brachypodium distachyon. Mol Plant 2013,
6:423–443.
25. Millar AA, Gubler F: The Arabidopsis GAMYB-like genes, MYB33 and
MYB65, are microRNA-regulated genes that redundantly facilitate anther
development. Plant Cell 2005, 17:705–721.
26. Palatnik JF, Wollmann H, Schommer C, Schwab R, Boisbouvier J, Rodriguez
R, Warthmann N, Allen E, Dezulian T, Huson D, Carrington JC, Weigel D:
Sequence and expression differences underlie functional specialization
of Arabidopsis microRNAs miR159 and miR319. Dev Cell 2007, 13:115–125.
27. Mathieu J, Yant LJ, Murdter F, Kuttner F, Schmid M: Repression of flowering
by the miR172 target SMZ. PLoS Biol 2009, 7:e1000148.
28. Wu G, Park MY, Conway SR, Wang JW, Weigel D, Poethig RS: The
sequential action of miR156 and miR172 regulates developmental
timing in Arabidopsis. Cell 2009, 138:750–759.
29. Gandikota M, Birkenbihl RP, Hohmann S, Cardon GH, Saedler H, Huijser P:
The miRNA156/157 recognition element in the 3' UTR of the Arabidopsis
SBP box gene SPL3 prevents early flowering by translational inhibition in
seedlings. Plant J 2007, 49:683–693.
30. Zhang YC, Yu Y, Wang CY, Li ZY, Liu Q, Xu J, Liao JY, Wang XJ, Qu LH, Chen
F, Xin P, Yan C, Chu J, Li HQ, Chen YQ: Overexpression of microRNA
OsmiR397 improves rice yield by increasing grain size and promoting
panicle branching. Nat Biotechnol 2013, 31:848–852.
31. Wang Y, Itaya A, Zhong XH, Wu Y, Zhang JF, van der Knaap E, Olmstead R,
Qi YJ, Ding BA: Function and Evolution of a MicroRNA That Regulates a
Ca(2+)-ATPase and Triggers the Formation of Phased Small Interfering
RNAs in Tomato Reproductive Growth. Plant Cell 2011, 23:3185–3203.
32. Song CN, Fang JG, Li XY, Liu H, Chao CT: Identification and
characterization of 27 conserved microRNAs in citrus. Planta 2009,
230:671–685.
33. Song CN, Wang C, Zhang CQ, Korir NK, Yu HP, Ma ZQ, Fang JG: Deep
sequencing discovery of novel and conserved microRNAs in trifoliate
orange (Citrus trifoliata). BMC Genomics 2010, 11:431.
34. Zhang JZ, Ai XY, Guo WW, Peng SA, Deng XX, Hu CG: Identification of
miRNAs and Their Target Genes Using Deep Sequencing and
Degradome Analysis in Trifoliate Orange Poncirus trifoliate (L.) Raf.
Mol Biotechnol 2012, 51:44–57.
35. Xu Q, Liu YL, Zhu AD, Wu XM, Ye JL, Yu KQ, Guo WW, Deng XX: Discovery and
comparative profiling of microRNAs in a sweet orange red-flesh mutant
and its wild type. BMC Genomics 2010, 11:246.
36. Xu Q, Chen LL, Ruan XA, Chen DJ, Zhu AD, Chen CL, Bertrand D, Jiao WB,
Hao BH, Lyon MP, Chen J, Gao S, Xing F, Lan H, Chang JW, Ge X, Lei Y, Hu
Q, Miao Y, Wang L, Xiao S, Biswas MK, Zeng W, Guo F, Cao H, Yang X, Xu
XW, Cheng YJ, Xu J, Liu JH, et al: The draft genome of sweet orange
(Citrus sinensis). Nat Genet 2013, 45:59–66.
37. Rajagopalan R, Vaucheret H, Trejo J, Bartel DP: A diverse and evolutionarily
fluid set of microRNAs in Arabidopsis thaliana. Genes Dev 2006, 20:3407–3425.
38. Moxon S, Jing RC, Szittya G, Schwach F, Pilcher RLR, Moulton V, Dalmay T:
Deep sequencing of tomato short RNAs identifies microRNAs targeting
genes involved in fruit ripening. Genome Res 2008, 18:1602–1609.
39. Addo-Quaye C, Eshoo TW, Bartel DP, Axtell MJ: Endogenous siRNA and
miRNA targets identified by sequencing of the Arabidopsis degradome.
Curr Biol 2008, 18:758–762.
40. Vaucheret H, Vazquez F, Crete P, Bartel DP: The action of ARGONAUTE1 in
the miRNA pathway and its regulation by the miRNA pathway are
crucial for plant development. Genes Dev 2004, 18:1187–1197.
41. Vaucheret H, Mallory AC, Bartel DP: AGO1 homeostasis entails
coexpression of MIR168 and AGO1 and preferential stabilization of
miR168 by AGO1. Mol Cell 2006, 22:129–136.
42. Allen RS, Li J, Stahle MI, Dubroue A, Gubler F, Millar AA: Genetic
analysis reveals functional redundancy and the major target genes
of the Arabidopsis miR159 family. Proc Natl Acad Sci U S A 2007,
104:16371–16376.
43. Reyes JL, Chua NH: ABA induction of miR159 controls transcript levels of
two MYB factors during Arabidopsis seed germination. Plant J 2007,
49:592–606.
44. Jeong DH, Park S, Zhai J, Gurazada SG, De Paoli E, Meyers BC, Green PJ:
Massive analysis of rice small RNAs: mechanistic implications of
regulated microRNAs and variants for differential target RNA cleavage.
Plant Cell 2011, 23:4185–4207.

Liu et al. BMC Genomics 2014, 15:695
http://www.biomedcentral.com/1471-2164/15/695

Page 15 of 15

45. Allen E, Xie Z, Gustafson AM, Carrington JC: microRNA-directed phasing
during trans-acting siRNA biogenesis in plants. Cell 2005, 121:207–221.
46. Xia R, Zhu H, An Y, Beers EP, Liu Z: Apple miRNAs and tasiRNAs with novel
regulatory networks. Genome Biol 2012, 13:R47.
47. Tang S, Wang Y, Li Z, Gui Y, Xiao B, Xie J, Zhu QH, Fan L: Identification of
wounding and topping responsive small RNAs in tobacco (Nicotiana
tabacum). BMC Plant Biol 2012, 12:28.
48. Li F, Pignatta D, Bendix C, Brunkard JO, Cohn MM, Tung J, Sun H, Kumar P,
Baker B: MicroRNA regulation of plant innate immune receptors.
Proc Natl Acad Sci U S A 2012, 109:1790–1795.
49. Chen M, Tan ZY, Zeng GM, Peng J: Comprehensive Analysis of Simple
Sequence Repeats in Pre-miRNAs. Mol Biol Evol 2010, 27:2227–2232.
50. Li YC, Korol AB, Fahima T, Beiles A, Nevo E: Microsatellites: genomic
distribution, putative functions and mutational mechanisms: a review.
Mol Ecol 2002, 11:2453–2465.
51. Zhang L, Chia J-M, Kumari S, Stein JC, Liu Z, Narechania A, Maher CA, Guill
K, McMullen MD, Ware D: A genome-wide characterization of microRNA
genes in maize. PLoS Genet 2009, 5:e1000716.
52. Pantaleo V, Szittya G, Moxon S, Miozzi L, Moulton V, Dalmay T, Burgyan J:
Identification of grapevine microRNAs and their targets using highthroughput sequencing and degradome analysis. Plant J 2010, 62:960–976.
53. Takada S, Hibara K-i, Ishida T, Tasaka M: The CUP-SHAPED COTYLEDON1 gene
of Arabidopsis regulates shoot apical meristem formation. Development
2001, 128:1127–1135.
54. Mallory AC, Dugas DV, Bartel DP, Bartel B: MicroRNA regulation of NAC-domain
targets is required for proper formation and separation of adjacent
embryonic, vegetative, and floral organs. Curr Biol 2004, 14:1035–1046.
55. Guo Y, Gan S: AtNAP, a NAC family transcription factor, has an important
role in leaf senescence. Plant J 2006, 46:601–612.
56. Nakashima K, Tran LSP, Van Nguyen D, Fujita M, Maruyama K, Todaka D, Ito
Y, Hayashi N, Shinozaki K, Yamaguchi-Shinozaki K: Functional analysis of a
NAC-type transcription factor OsNAC6 involved in abiotic and biotic
stress-responsive gene expression in rice. Plant J 2007, 51:617–630.
57. Shan W, Kuang J-f, Chen L, Xie H, Peng H-h, Xiao Y-y, Li X-p, Chen W-x, He Q-g,
Chen J-y, Lu W-j: Molecular characterization of banana NAC transcription
factors and their interactions with ethylene signalling component EIL during
fruit ripening. J Exp Bot 2012, 63:5171–5187.
58. Fan J, Gao X, Yang Y-W, Deng W, Li Z-G: Molecular cloning and
characterization of a NAC-like gene in “navel” orange fruit response to
postharvest stresses. Plant Mol Biol Rep 2007, 25:145–153.
59. Liu Y-Z, Baig M, Fan R, Ye J-L, Cao Y-C, Deng X-X: Identification and expression
pattern of a novel NAM, ATAF, and CUC-like gene from Citrus sinensis
Osbeck. Plant Mol Biol Rep 2009, 27:292–297.
60. Chen CF, Ridzon DA, Broomer AJ, Zhou ZH, Lee DH, Nguyen JT, Barbisin M,
Xu NL, Mahuvakar VR, Andersen MR, Lao KQ, Livak KJ, Guegler KJ: Real-time
quantification of microRNAs by stem-loop RT-PCR. Nucleic Acids Res 2005,
33:e179.
61. Varkonyi-Gasic E, Wu RM, Wood M, Walton EF, Hellens RP: Protocol: a
highly sensitive RT-PCR method for detection and quantification of
microRNAs. Plant Methods 2007, 3:12.
62. Kou SJ, Wu XM, Liu Z, Liu YL, Xu Q, Guo WW: Selection and validation of
suitable reference genes for miRNA expression normalization by
quantitative RT-PCR in citrus somatic embryogenic and adult tissues.
Plant Cell Rep 2012, 31:2151–2163.
63. Sparkes IA, Runions J, Kearns A, Hawes C: Rapid, transient expression of
fluorescent fusion proteins in tobacco plants and generation of stably
transformed plants. Nat Protoc 2006, 1:2019–2025.
doi:10.1186/1471-2164-15-695
Cite this article as: Liu et al.: Genome-wide comparison of microRNAs
and their targeted transcripts among leaf, flower and fruit of sweet
orange. BMC Genomics 2014 15:695.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

