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Abstract: miRNAs are a class of conserved, small, endogenous, and non-protein-coding RNA molecules with 20-24
nucleotides (nt) in length that function as post-transcriptional modulators of gene expression in eukaryotic cells.
Functional studies have demonstrated that plant miRNAs are involved in the regulation of a wide range of plant de-
velopmental processes. To date, however, no research has been carried out to study the expression profiles of
miRNAs in Gossypium raimondii, a model cotton species. We selected 16 miRNAs to profile their tissue-specific
expression patterns in G. raimondii four different tissues, and these miRNAs are reported to play important roles in
plant growth and development. Our results showed that the expression levels of these miRNAs varied significantly
from one to another in a tissue-dependent manner. Eight miRNAs, including miR-159, miR-162, miR-164, miR-172,
miR-390, miR-395, miR-397, and miR-398, exhibited exclusively high expression levels in flower buds, suggesting that
these miRNAs may play significant roles in floral development. The expression level of miR-164 was relatively high in
shoots beside flower buds, implying that the function of miR-164 is not only limited to floral development but it may also
play an important role in shoot development. Certain miRNAs such as miR-166 and miR-160 were extremely highly
expressed in all of the four tissues tested compared with other miRNAs investigated, suggesting that they may play
regulatory roles at multiple development stages. This study will contribute to future studies on the functional charac-
terization of miRNAs in cotton.
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miRNAs are a class of well conserved, small,
endogenous, and non-protein-coding RNA molecules
with 20-24 nucleotides (nt) in length that function as
post-transcriptional modulators of gene expression in
eukaryotic cells through cleavage of target mRNAs
or translational inhibition (Carrington and Ambros,
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miRNA coding genes with their lengths varying
widely from 60 to >1000 nt (Bartel, 2004; Kurihara
and Watanabe, 2004; Lee et al., 2004). Initially en-
coded by miRNA genes with RNA polymerase
(RNApol) I or RNApol III, primary miRNAs
(pri-miRNAs) are further processed by the RNase III
enzyme Drosha in animals or Dicer-like 1 (DCL1) in
plants to form single-stranded stem-loop intermedi-
ates known as pre-miRNAs, which are then cleaved
into miRNA:miRNA* duplexes in plants (Bartel,
2004; Kurihara and Watanabe, 2004; Lee et al.,
2004). Methylated by Hua Enhancer 1, the miRNA
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duplexes are further transported by HASTY in plants
into cytoplasm where the mature miRNAs enter the
RNA-induced silencing complex (RISC) containing
Argonaute 1 (AGOI) to regulate gene expression,
whereas the miRNA*s are degraded (Papp et al.,
2003; Bartel, 2004; Park et al., 2005). As miRNAs are
perfectly or near-perfectly complementary to their
target sequences in plants, instead of translational
inhibition, the cleavage of target miRNAs becomes
the predominant regulation mechanism of plant
miRNAs.

Currently, both computational and experimental
approaches have been employed to identify miRNAs
and miRNA targets, as well as their specific func-
tions. Up to now, there are 28645 miRNA entries
in the miRNA available public database miRBase
(Release 21, June 2014). Functional studies have
demonstrated that plant miRNAs are involved in the
regulation of a wide range of plant developmental
processes, such as plant organ development, re-
sponse to environmental stress, signal transduction,
and disease resistance (Zhang et al., 2006; Zhang
and Wang, 2015). For instance, miR-172, which
targets a class of APETALA2 (AP2)-like genes in-
volved in plant flowering and floral organ identity,
plays a crucial role in floral development as well as
the phase transition from vegetative growth to re-
productive growth, whereas miR-395 was shown to
be induced by abiotic stresses such as drought and
sulphate deprivation, indicating its role in plant re-
sponse to severe environmental conditions (Zhang
et al., 2006).

Cotton is thought to be one of the most important
fiber-producing and economic crops around the
world, considering that fiber products and cooking oil
made out of cotton have become indispensable parts
of our daily lives. It was reported that cotton has been
grown in more than 100 countries, accounting for
2.5% of the world’s arable land. Current estimates for
the total international trade are about 133 billion USD
annually, including raw cotton as well as relevant
products and services, which further create about 350
million jobs worldwide (Ma et al., 2014). It has been
found that cotton miRNAs may perform a wide vari-
ety of functions, such as ovule, fiber, leaf, and flower
development, which makes it important to obtain a
better understanding of cotton miRNAs in order to
improve cotton yield.

Compared with other plant species, miRNA-
related research in cotton has not progressed very far.
Although there are several reports on cotton miRNA
identification using both computational and experi-
mental approaches, only a few research projects have
been carried out to study the expression profiles of
miRNAs in cotton. One of the major reasons is that
cotton is a tetraploid (AADD) species with a com-
plicated genome. Recently, Gossypium raimondii, a
wild Central American cotton species, has been se-
quenced and has become a model cotton species.
Currently, the genome-wide survey of cotton small
RNAs has been conducted using deep sequencing
technology. The survey is concerned with the com-
position and expression of conserved miRNA genes
in diploid cotton. It investigated the evolution of 33
conserved miRNA genes in G. arboreum and G.
raimondii, and compared the expressions of these
miRNA genes and miRNA-targeted genes between
the two diploid cotton species (Gong et al., 2013).
Studies have also revealed that miRNAs may be in-
volved in cotton fiber initiation and development
(Xue et al., 2013; Liu et al., 2014; Xie et al., 2015).
However, no systemical study has been performed on
G. raimondii miRNAs in terms of expression profile
in different tissues, which limits the application of
miRNA biology on cotton improvement as well as
basic genetics studies. In order to gain more insights
into the tissue-specific expression profiles of
miRNAs in G. raimondii, we selected 16 miRNAs to
profile their expression profiles in four different G.
raimondii tissues. The 16 miRNAs were miR-156,
miR-159, miR-160, miR-162, miR-164, miR-166,
miR-167, miR-169, miR-172, miR-390, miR-393,
miR-395, miR-396, miR-397, miR-398, and
miR-399, which are reported to play important roles
in the growth and development of rice as well as
Arabidopsis. Our results showed that the expression
levels of these miRNAs varied significantly from one
to another, indicating some degrees of tissue specificity.

2 Materials and methods
2.1 Plant materials

G. raimondii seeds were planted in the green-
house of East Carolina University (USA) at 24-27 °C
using regular agronomic practices. During the flowering
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season, plant tissues of leaves, flower buds, shoots,
and sepals were harvested separately and wrapped in
aluminum foil. After immediately freezing in liquid
nitrogen, all collected cotton tissues were stored at
—80 °C.

2.2 RNA isolation

Total RNAs were isolated from cotton leaves,
flower buds, shoots, and sepals using the mirVana™
miRNA Isolation Kit (Ambion, Austin, TX, USA)
according to the manufacturer’s instructions. In brief;
after being put into a 2-ml centrifuge tube with Lysis/
Binding Buffer, the ground cotton tissues were ho-
mogenized for 15-20 s using an Ultrasonic Convertor
on ice. Subsequently, the tissue lysate was mixed with
miRNA Homogenate Additive by vortexing. After
being left in the ice for 10 min, the tissue lysate was
thoroughly mixed with acid-phenol:chloroform and
further centrifuged at maximum speed (10000g) at
room temperature to separate the organic phase and
the aqueous phase, which was then transferred to a
new microcentrifuge tube with 100% ethanol. Col-
lected with a filter cartridge, the total RNAs were then
purified by wash solutions. Finally, the total RNAs
were recovered by adding nuclease-free water to the
filter. The total RNA quantity and purity were as-
sessed by a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA).

2.3 Real-time quantitative reverse transcription
polymerase chain reaction (RT-PCR) analysis

The single-stranded complementary DNA (cDNA)
was synthesized from 1 pg of total RNAs using the
TagMan® MicroRNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA) and a
miRNA specific reverse transcription (RT) primer for
each miRNA. A total of 16 miRNAs were analyzed,
which included miR-156, miR-159, miR-160,
miR-162, miR-164, miR-166, miR-167, miR-169,
miR-172, miR-390, miR-393, miR-395, miR-396,
miR-397, miR-398, and miR-399. The reason for
selected these miRNAs was that they were reported to
play important roles in the growth and development
of various plant species, including Arabidopsis and
rice. The real-time RT-PCR was subsequently carried
out with a 7300 Applied Biosystems Real-Time PCR
System. The components of each reaction mixture
were as follows: 2 pl of DNase/RNase-free water, 5 pl

Real-Time SYBR Green PCR Master Mix, 1 pl di-
luted cDNA product from RT-PCR reaction, and 2 ul
gene-specific miRNA primers. There were three bi-
ological replicates for each cotton organ and each
biological replicate was run three times to minimize
the chance of error. The temperature program in-
cluded enzyme activation at 95 °C for 10 min, dena-
ture at 95 °C for 15 s, and annealing/elongation at
60 °C for 60 s. Two reference genes, SADI and
TUAII, were used to normalize the expression val-
ues. The equation R=2"“"“?) was used to calculate
the relative expression levels (R), in which Cy is the
C, value of the TCP genes, while Cy, represents the C;
value of the reference gene. Subsequently, the soft-
ware MultiExperiment Viewer (MeV) was employed
to generate a heat map for gene expression patterns.

3 Results

Except for miR-399, all of the 16 tested miRNAs
were expressed in the four different cotton tissues
(Figs. 1 and 2). The expression levels of those ex-
pressed miRNAs varied significantly from one to
another in a tissue-dependent manner.

Many tested miRNAs exhibited exclusively high
expression levels in a specific tissue (Figs. 1 and 2).
For instance, the expression levels of eight miRNAs,
including miR-159, miR-162, miR-164, miR-172,
miR-390, miR-395, miR-397, and miR-398, were
highly expressed in the flower buds, while miR-156
was expressed at much higher levels in leaves com-
pared with other tissues tested, implying that they
may play important regulatory roles in the corre-
sponding tissues. In addition, some miRNAs were
observed to be expressed preferentially in two tissues.
For example, miR-396 displayed especially high
expression levels in flower buds and sepals, whereas
miR-160 was highly expressed in flower buds and
shoots. Moreover, it is also remarkable that a few
miRNAs were constitutively expressed in all tissues
tested at either very high or very low levels. miR-166,
for instance, showed continually high expressions in
all the four tissues, suggesting that it may play regu-
latory roles at multiple development stages in cotton,
whereas the expression levels of miR-169 were much
lower in every organ tested than that of most other
miRNAs by tens- to thousands-fold (Figs. 1 and 2).
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Fig. 1 Expression profiles of 15 miRNAs across different tissues
The y-axis represents the relative expression levels of miRNAs against reference genes. Error bars indicate standard
deviations for three replicates. We did not include miR-399 because it was not expressed in all tested four cotton tissues

In the cotton leaf, miR-166 displayed the highest
expression level among the 16 miRNAs detected,
followed by miR-160 (Figs. 1 and 2). The expression
levels of miR-166 and miR-160 were 1150-fold and
121-fold of the mean value of the 15 miRNAs, respec-
tively. In contrast, miR-393, miR-169, and miR-162
exhibited relatively low expression levels compared
with the other miRNAs tested. For example, the
expression level of miR-162 was only less than
0.001-fold of the average expression levels of the 15
miRNAs. In addition to the cotton leaf, miR-166 and

miR-160 also showed similar expression profiles in
flower buds, shoots and sepals. The expression levels
of miR-166 and miR-160 were relatively high com-
pared with other miRNAs tested in these three tissues.
Similarly, miRNAs, such as miR-393, miR-169, and
miR-162, which are lowly expressed in cotton leaves,
also displayed relatively low expression levels in
flower buds, shoots, and sepals. Additionally, it is
noticeable that although certain miRNAs were ex-
pressed preferentially in one or two tissues, it does not
necessarily mean that they have the highest expression



300 Ma et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2015 16(4):296-303

levels in the corresponding tissues among all miRNAs
examined. miR-156, for example, is the only miRNA
that showed exclusively high expression level in
leaves according to the qRT-PCR results. However,
among all of the 16 miRNAs, it is miR-166 that ex-
hibited the highest expression level in cotton leaves.
A similar circumstance was also observed in the
shoots. Such circumstances were mainly caused by
the fact that certain miRNAs such as miR-166 and
miR-160 were extremely highly expressed in all the
four tissues tested.
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Fig. 2 Heat map representation for expression patterns
of 15 miRNAs across different tissues

The expression profile data of 15 miRNAs in leaves, buds,
shoots, and sepals were obtained through quantitative real-
time PCR. The equation R=2"“"“?) was used to calculate
the relative expression levels (R), in which Cy is the C,
value of TCP genes, while C, represents the C, value of the
reference gene. The software MultiExperiment Viewer
(MeV) was employed to generate the heat map for gene
expression patterns. We did not include miR-399 because it
was not expressed in all tested four cotton tissues

4 Discussion

It has been widely reported that miRNAs par-
ticipate in the regulation of multiple aspects of plant
growth and development, such as leaf development,
floral development, shoot, root, and fiber develop-
ment, response to environmental stress, and signal
transduction (Carrington and Ambros, 2003; Millar
and Waterhouse, 2005; Zhang et al., 2007). In a re-
cent study, for example, 33 conserved miRNA gene

families were identified in G. raimondii, such as
miR-156, miR-159, miR-160, miR-162, and miR-164
(Gong et al., 2013). Xue et al. (2013) confirmed the
expression of eight fiber elongation-related and 257
novel microRNAs in elongating cotton fiber cells.
Thus, miRNAs are becoming a novel target for im-
proving plant yield, quality, and response to envi-
ronmental stress (Zhang and Wang, 2015). In the
present study, the qRT-PCR was carried out to study
the miRNA expression patterns in four different tis-
sues in the model cotton species, G. raimondii, which
has not been done before and to further shed light on
the specific roles of these miRNAs in cotton growth
and development.

According to the qRT-PCR results, eight
miRNAs, including miR-159, miR-162, miR-164,
miR-172, miR-390, miR-395, miR-397, and miR-398,
exhibited exclusively high expression levels in flower
buds, suggesting that these miRNAs may play sig-
nificant roles in floral development. Such expression
patterns were consistent with several functional
studies in Arabidopsis as well as some other plant
species (Aukerman and Sakai, 2003; Chen, 2004;
Lauter et al., 2005). It has been reported that miR172
targets a class of APETALA2 (AP2)-like genes (e.g.
AP2, TOEI, and TOE?2) that encode transcription
factors involved in plant flowering and floral organ
identity (Aukerman and Sakai, 2003; Chen, 2004).
According to previous studies, overexpressed
miR-172 in Arabidopsis resulted in early flowering
and floral organ identity defects, indicating that
miR-172 plays a crucial role in the regulation of
flower development as a translational repressor of
AP2-like genes (Aukerman and Sakai, 2003; Chen,
2004). Lauter et al. (2005) also demonstrated that
miR-172 contributed to the transition from vegetative
growth to reproductive phase in maize by down-
regulating glossyl5 genes that function to keep the
vegetative phase, which further supported the role of
miR-172 in floral development. This suggests that
miR-172 is a biomarker for phase change. Our study
also shows that miR-172 was highly expressed in
flower-related tissues. In addition, miR-159 was also
shown to participate in the floral development
(Achard et al., 2004). It has been confirmed that
miR-159 targets at least two MYB transcription factor
coding genes, namely MYB33 and MYB65, which act
as important regulators of floral initiation and floral
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organ development, especially anther and pollen de-
velopment (Gocal et al., 2001; Kaneko et al., 2004;
Millar and Gubler, 2005). Phenotypic analyses of
Arabidopsis, barley, and rice revealed that elevated
levels of miR-159 caused a delay in flowering under
short day photoperiods as a result of decreased
MYB33 transcript levels, and perturbation of anther
development leading to reduction in floral fertility,
similar to myb33/myb65 double mutants (Achard et
al., 2004; Millar and Gubler, 2005). Moreover, func-
tional studies also revealed that miR-164 was in-
volved in floral development (Laufs et al, 2004;
Mallory et al., 2004). Previous studies indicated that
miR-164 targeted five members (NACI, CUCI,
CUC2, At5g07680, and At5g61430) of the NAC-
domain gene family that play significant roles in
embryonic, vegetative, and floral development
(Rhoades et al., 2002; Laufs et al., 2004; Mallory
et al., 2004; Guo et al., 2005). Overexpression of
miR-164 in wild type plants caused aberrant floral
morphology such as one to four extra petals and fu-
sion of floral organs (Laufs et al, 2004; Mallory
et al., 2004). Additionally, miR-390 was reported to
play a role in regulation of flowering timing (Rubio-
Somoza and Weigel, 2011). miR-390 contributed to
the delay of flowering onset by inhibiting the activi-
ties of transcription factors ARF3 and ARF4 which
function as positive regulators of the transition from
the juvenile to adult vegetative phase (Fahlgren et al.,
2006; Garcia, 2008; Montgomery ef al., 2008; Rubio-
Somoza and Weigel, 2011; Endo et al., 2013). Our
miRNA expression profile results also showed that
the expression level of miR-164 was relatively high in
shoots, besides flower buds, implying that the func-
tion of miR-164 is not only limited to floral devel-
opment but it may also play an important role in shoot
development. This hypothesis has been supported by
several functional studies (Laufs et al., 2004; Mallory
et al., 2004; Sieber et al., 2007). It was demonstrated
that CUC1 and CUC2 are two important targets of
miR-164 necessary for shoot meristem formation
(Aida and Tasaka, 2006). Loss-of-function of
miR-164 in wild type plants resulted in severe defects
during shoot development (Laufs et al, 2004;
Mallory et al., 2004; Sieber et al., 2007). Moreover, it
is also remarkable that certain miRNAs such as
miR-166 and miR-160 were extremely highly ex-
pressed in all the four tissues tested compared with

other miRNAs investigated, suggesting that they may
play regulatory roles at multiple development stages.
Such expression profiles were in strong agreement
with functional studies. miR-166, for instance, was
not only reported to play crucial roles in the regula-
tion of shoot apical meristem, but also reported to
regulate leaf polarity, floral development as well as
vascular development (Kim et al., 2005; Jung and
Park, 2007; Xu et al., 2007; Zhu et al., 2011). It has
been demonstrated that miR-166 targeted a subset of
genes in the HD-ZIP transcription factor gene family,
including CORONA (CNA)/ATHB15, ATHBS8PHA
BULOSA (PHB), REVOLUTA (REV), and PHAVO
LUTA (PHYV), which regulate a wide range of plant
developmental processes, such as organ polarity,
meristem initiation, leaf development, shoot meri-
stem formation, floral development, and vascular
development (McConnell et al., 2001; Otsuga et al.,
2001; Emery et al., 2003; Ohashi-Ito and Fukuda,
2003; Bao et al., 2004; Bowman, 2004; Juarez et al.,
2004; Zhong and Ye, 2004; Kim et al., 2005; Prigge
et al., 2005). Jung and Park (2007) reported that ele-
vated levels of miR-166 caused accelerated activity of
shoot apical meristem and floral structure defects,
while Kim et al. (2005) showed that overexpression
of miR-166 in wild type plants could also lead to an
altered plant vascular system by repressing the activ-
ity of ATHBI15, one of the targets of miR-166 that
play a role in vascular development.

5 Conclusions

This present study investigated the tissue-
specific expression profiles of sixteen conserved
miRNAs in G. raimondii. The results showed that the
expression levels of these miRNAs varied signifi-
cantly from one to another in a tissue-dependent
manner. Nine miRNAs exhibited exclusively high
expression levels in flower buds, suggesting that they
may play significant roles in floral development. In
addition, certain miRNAs such as miR-166 and
miR-160 were extremely highly expressed in all the
four tissues tested compared with other miRNAs
investigated, suggesting that they may play regulatory
roles at multiple development stages. This study will
contribute to future studies on the functional charac-
terizations of miRNAs in cotton.
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