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MicroRNAs (miRNAs) play crucial roles in multiple stages of plant development and regulate gene expression at
posttranscriptional and translational levels. In this study, we first identified 238 conservedmiRNAs in date palm
(Phoenix dactylifera) based on a high-quality genome assembly and defined 78 fruit-development-associated
(FDA) miRNAs, whose expression profiles are variable at different fruit development stages. Using experimental
data, we subsequently detected 276 novel P. dactylifera-specific FDA miRNAs and predicted their targets. We
also revealed that FDA miRNAs function mainly in regulating genes involved in starch/sucrose metabolisms
and other carbon metabolic pathways; among them, 221 FDA miRNAs exhibit negative correlation with
their corresponding targets, which suggests their direct regulatory roles on mRNA targets. Our data define a
comprehensive set of conserved and novel FDA miRNAs along with their expression profiles, which provide a
basis for further experimentation in assigning discrete functions of these miRNAs in P. dactylifera fruit
development.

© 2015 Published by Elsevier Inc.

1. Introduction

Date palm (Phoenix dactylifera L.), as a socio-cultural symbol for
the Arabian Peninsula (Saudi Arabia and Gulf countries), has a long
agriculture history [1] and is also an economically important food crop
in tropical and subtropical regions. Its major edible part is its ripe fruit
or the date that contains a large amount of monosaccharides and has
high nutritional value [2]. The P. dactylifera date development and

ripening is a complex process, including a long period from the initial
pollination for fruit set to the terminal sugar-rich stage, during
which its major metabolic mechanisms undergo a complex series
of physiological events, such as carbon fixation, starch hydrolysis
and synthesis, and glucose and fructose accumulation. The starch
accumulated in the early stages eventually converts into easily-
absorbed small sugar molecules, mostly monosaccharides, at the late
stages, which include fructose, sucrose, and glucose [3]. It has been
reported that several key enzyme-encoding genes, such as pyruvate
kinase, glucosidase, synthase/phosphate synthase, and trehalose
6-phosphate synthase/phosphatase, play crucial roles in the P. dactylifera
fruit development and ripening [3–5]. However, upstream regulators
of these key genes, such asmiRNAs, have yet to be studied in the species
and in details.

MicroRNAs (miRNAs) are a class of endogenous small non-coding
RNAs (20 to 24 nt in size), which are derived from single-stranded
precursors that form a stem–loop secondary structure and common
among animals, plants, and even viruses [6,7]. MiRNAs regulate gene
expression by binding to their complementary sequences, leading to
either cleavage-induced degradation or translational repression of
their target transcripts [8]. MiRNAs have been studied in plants since
2002 and known to play important regulatory roles in plant hormone
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homeostasis [9], stress responses [10], and diverse developmental
processes, including seed development, meristem and lateral organ
development, root initiation, flowering and sex determination, fruit
development, timing and phase transitions [11,12]. Since the first
discovery of miRNAs from Arabidopsis in 2002 [13], plant miRNAs
from various species have been intensely studied through both experi-
mental and computational approaches. A recent update has pointed
out that there have been 21,264 miRNAs discovered from 193 species
and 5943 of them are plant in origin (miRBase, Release 19.0, August
2012) [14]. These plant-specific miRNAs include 713 from Arabidopsis,
721 from Oryza, 374 from Populus, and 719 from Medicago truncatula,
and the rest are mostly from a dozen or so other plant species.

The P. dactylifera (Pd) genome has been sequenced [4,15], and its
high-coverage sequences and the genome assemblies facilitate many
aspects of genome-wide studies that include miRNA identification.
Furthermore, the study of transcriptomic profiles for its fruit develop-
ment and ripening allows direct comparison between miRNAs and
their target genes expression [3,4]. In this study, we use a combined
strategy—computational prediction and experiment identification—to
study P. dactylifera or Pd miRNAs. In the computational approach, we
use several filters based on known characteristics of plant miRNAs
[13,16]. In the experimental approach, we sequence 6 small RNA
libraries from different P. dactylifera fruit development stages, using
the next-generation sequencing platforms. We correlate the miRNA
expression profiles to their corresponding transcriptome from our
previous studies of the P. dactylifera fruit development stages and find
a clear negative correlation between most miRNAs and their target
gene transcripts. Several important miRNAs are up-regulated during
fruit development and ripening, and the mRNA targets of these
fruit-development-associated (FDA) miRNAs are found involved in
carbon metabolism, such as starch and sucrose metabolisms, and our
results suggest that miRNA may play critical roles in regulating sugar
accumulation and conversion, which are key transitional events to
fruit ripening. Our genome-wide Pd miRNA characterization provides
novel insights into the dynamics of miRNAs in regulating fruit
development and evidence for understanding gene regulation in fruit
development and ripening.

2. Results

2.1. Prediction of conserved miRNAs in P. dactylifera genome

In the plant kingdom, a substantial number of miRNAs are highly
conserved in different lineages, ranging frommosses and gymnosperms
to angiosperms. Such homologous miRNA families are also typically
function-conserved and play essential regulatory roles across plant
taxa [17]. Sequence and structure homologies are the central theory of
computing-based approaches for miRNA prediction, and many compu-
tational methods and protocols have been developed to date [18,19].
We obtained 5943 known mature miRNA sequences from the miRBase
(Release 19.0 August 2012) [14] and searched them against the
P. dactylifera genome assembly put together by our group. The effort
yielded 238 potential Pd miRNAs, which belong to 54 miRNA families
(Supplementary Table S1 in Ref. [20]). Of the 54 miRNA families, the
miR169 family is the largest with 24 members, similar to what has
been observed in other plant species [21,22]. We have 6 other families,
miR171, miR156, miR164, miR167, miR172 and miR529, whose
members per family are all greater than 10 (Fig. 1A). Among the 54
miRNA families, 19 are highly conserved (more than 10 species including
Arabidopsis and rice) among many plant species, of which 8 families
(miR156, miR159, miR160, miR166, miR167, miR171, miR172, and
miR396) are present in more than 30 monocots and dicots, whereas
the other 35 show less evolutionary conservation (less than 10 species)
(Fig. 2). Interestingly, several dicot-associated miRNAs (including
miR391, miR479, miR828, miR845, miR856, miR1511, miR1918,
miR2673, miR5225, miR5645, miR6034, and miR6150) are identified
in P. dactylifera which is actually a monocotyledon plant but a rather
primitive one according to plant systematics. Moreover, miR536,
which is only identified in the lower plants, Physcomitrella patens
(bryophyte) and Selaginella moellendorffii (lycophyte) (Fig. 2), is found
for the first time in an angiosperm. These data suggest that the Pd
miRNAs are both specific and complex.

The length of the 238predicted conservedmiRNAs ranges from18 to
24 nt, where 21-nt miRNA takes the majority (43.28%), followed by the
19-nt (16.80%), 22-nt (15.96%), 20-nt (13.86%), 18-nt (6.30%), 23-nt

30

m
ily

A

5
10
15
20
25

f m
iR

N
A

pe
r 

fa

0
5

da
-m

iR
16

9
da

-m
iR

17
1

da
-m

iR
15

6
da

-m
iR

16
4

da
-m

iR
16

7
da

-m
iR

17
2

da
-m

iR
52

9
da

-m
iR

15
9

da
-m

iR
39

5
da

-m
iR

16
6

da
-m

iR
39

3
da

-m
iR

39
6

da
-m

iR
31

9
da

-m
iR

39
9

da
-m

iR
16

0
da

-m
iR

53
5

da
-m

iR
47

7
a-

m
iR

22
75

da
-m

iR
39

0
a-

m
iR

14
36

da
-m

iR
39

4
da

-m
iR

47
9

da
-m

iR
52

8
da

-m
iR

53
6

da
-m

iR
81

7

N
um

be
r 

o f

p p p p p p p p p p p p p p p p p pd p pd p p p p p

Conseved

120
B

60

80

100

f m
iR

N
A

s

20

40

60

N
um

be
r 

of

0
18 19 20

Length of cons

da
-m

iR
82

7
a-

m
iR

15
11

a-
m

iR
18

50
a-

m
iR

55
39

da
-m

iR
39

1
da

-m
iR

39
7

da
-m

iR
39

8
da

-m
iR

41
4

da
-m

iR
53

0
da

-m
iR

81
2

da
-m

iR
82

8
da

-m
iR

84
5

da
-m

iR
85

6
a-

m
iR

11
28

a-
m

iR
11

30
a-

m
iR

14
28

a-
m

iR
19

18
a-

m
iR

21
18

a-
m

iR
21

21
a-

m
iR

26
73

a-
m

iR
51

48
a-

m
iR

51
69

a-
m

iR
51

83
a-

m
iR

52
25

a-
m

iR
56

45
a-

m
iR

58
01

a-
m

iR
60

34
a-

m
iR

61
50

a-
m

iR
62

25

p pd pd pd p p p p p p p p p pd pd pd pd pd pd pd pd pd pd pd pd pd pd pd pd

miRNA families

21 22 23 24

served  miRNAs (nt)

Fig. 1. The distribution of conserved miRNAs in P. dactylifera. A, MiRNA members in different miRNA families. B, The length distribution of conserved miRNAs.
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