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Identification of the specific microRNAs to fall dormancy in alfalfa
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Abstract

MicroRNA (miRNA) is a form of small, non-coding RNA,
and they are generated from single-stranded precursors
with unique hairpin structures consisting of 18–25
nucleotides (nt). MiRNAs regulate their target genes by
targeting miRNA cleavage and translational repression.
MiRNAs have been reported to play an important role in
many biological systems in many organisms, but little is
known about miRNA in fall dormancy regulation in alfalfa.
In our study, miRNAs were identified in dormant and non-
dormant alfalfa using deep sequencing and functional
analysis to identify miRNAs that may impact fall
dormancy. These miRNAs including some known
miRNAs (e.g., miR172, miR166, and miRNA393) and
novel miRNAs (e.g., novel-miR_1, novel-miR_3, novel-
miR_18, novel-miR_42, novel-miR_77, and novel-
miR_102,) were probably involved in fall dormancy.

Keywords: Deep sequencing, Expression pattern, Fall
dormancy, miRNA

Introduction

MicroRNA (miRNA) is a form of small, non-coding RNA.
MicroRNAs are generated from single-stranded
precursors with unique hairpin structures consisting of
18–25 nucleotides (nt). MiRNAs regulate their target
genes by targeting miRNA cleavage and translational
repression (Jones-Rhoades et al., 2006). Recently,
researchers have found that miRNAs play an important
role in embryonic development. They also play a key role
in many biological systems in many different kinds of
organisms, making the quick and precise drafting of
physiology and structures possible (Ying et al., 2008).
These miRNAs were first reported in Caenorhabditis

elegans as developmental timing regulators (Lee et al.,
1993). In plants, functional analysis of conserved miRNAs
revealed that they regulate many different processes,
including plant development, signal transduction,
response to environmental stress and pathogen
invasion, and their own biogenesis (Jones-Rhoades et

al., 2006; Chen, 2005; Zhang et al., 2006; Dugas and
Bartel, 2004). Plant miRNAs were first identified in
Arabidopsis (Llave et al., 2002; Park et al., 2002; Reinhart
et al., 2002). Plants are sessile organisms that must
bear stressful and changeable environments. Most plant
genes are regulated in response to drought stress, soil
salinity stress, and extreme temperatures (Shinozaki and
Yamaguchi, 2007; Fowler and Thomashow, 2002; Zhu,
2002). Accumulating reports have suggested that plant
miRNAs also play vital roles in biotic and abiotic stress
responses (Fujii et al., 2005; Arazi et al., 2005; Bari et al.,
2006; Aung et al., 2006; Navarro et al., 2006).

Alfalfa (Medicago sativa  L.) a member of family
Leguminosae is an important forage crop, however
varieties grown over different geographical locations
experience dormancy. Various studies have focused on
studying genetic diversity and breeding more than the
mechanisms regulating fall dormancy (Yadav et al.,
2010a; Yadav et al., 2010b). Fall dormancy reflects the
acclimation response of alfalfa to both shortening
photoperiods and falling temperatures, and highly
positive phenotypic correlations (r = 0.90) between
autumn growth and winter hardiness have been found in
previous studies (Stout and Hall, 1989; Schwab et al.,
1996). Recently, an increasing number of reports have
demonstrated that plant miRNAs are involved in the cold
stress response (Mallory and Vaucheret, 2006; Sunkar
et al., 2007). MiR393, miR397b, and miR402 activity was
observed in response to cold stress and other kinds of
stress treatment. Although significant progress has been
made in the demonstration of plant miRNA function and
in understanding the underlying mechanism, most of
these studies were performed in plants whose whole-
genome sequences were known, such as Arabidopsis,
rice and Populus. Other evolutionarily and economically
important species have yet to be examined.

In previous studies, plant miRNAs were identified through
three major approaches: forward genetics, bioinformatic
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prediction, and direct cloning and sequencing. In these
previous studies, only a few miRNAs were identified using
forward genetics (Aukerman and Sakai, 2003; Wang et

al., 2005; Baker et al., 2005). It is difficult to use
bioinformatics to predict species-specific miRNAs
(Zhang et al., 2009). Thus, direct cloning and sequencing
is the best way to identify plant miRNAs. Because of
limited resources, only a few hundred miRNAs have been
identified using this approach, which has led to the
incomplete conclusion that there are only a few types of
miRNAs in plants. However, the identification of
numerous small RNAs is possible using high-throughput
sequencing, with which many more species-specific
miRNAs were revealed than had previously been
believed to exist (Fahlgren et al., 2007; Yao et al., 2007;
Lu et al., 2006; Zhu et al., 2008). Despite the numerous
studies on the involvement of M. truncatula miRNAs in
abiotic stress, there has been no report on alfalfa
(Medicago sativa L.), especially for perennial miRNAs
involved in fall dormancy. Alfalfa cultivars are classified
by fall dormancy from classes (FDC) 1 to 11 (Brummer
et al., 2000). Fall dormant alfalfa varieties generally have
less fall growth, resulting in a reduced number of cuttings
and less forage yield, and non-dormant alfalfa varieties
produce higher biomass yield during autumn but usually
die during the winter (Li and Wan, 2004). Although
phenotypic correlations generally show winter hardiness
and late summer and autumn growth (fall dormancy, FD)
to be strongly associated in alfalfa (r = 0.90), the genetic
relationship between the traits is not well understood
(Cunningham et al., 2001; Cunningham et al., 1998). In
order to identify miRNAs whose expression is specific to
dormant alfalfa and to clarify their role in fall dormancy,
small RNA populations in dormant variety alfalfa and non-
dormant variety alfalfa were sequenced using high-
throughput sequencing technology, and the function of
the candidate miRNAs was analyzed.

Materials and Methods

Plant material: According to growth conditions (Zhang
et al., 2015), the test sample-alfalfa leaves were collected
from the standard variety Maverick (FDC1) and the
standard variety CUF101 (FDC9) in late September. The
collected alfalfa leaves were frozen immediately in the
liquid nitrogen fourteen days after cutting and then stored
at -80°C. The abbreviations DS and NS took the place of
dormant alfalfa (Maverick) and non-dormant alfalfa
(CUF101) which were collected in September,
respectively.

Construction of small RNA library and high-throughput

sequencing: Total RNA was isolated from the frozen
alfalfa leaves (DS and NS) with Trizol (Invitrogen) in
accordance with the manufacturer’s protocol and used
for construction of the DS and NS small RNA libraries. 3
mg total RNA (e” 100ng/ìL) each test sample was made
as an input material for the small RNA sample
preparations. Alfalfa small RNA sequencing libraries were
produced using NEBNext® Multiplex for Illumina® (NEB,
New England Biolab, and Ipswich, MA, U.S.). NEB 3’  SR
adaptor was ligated to 32  end of miRNA directly. The SR-
RT primer was hybridized to the excess 3’  SR adaptor
(the adaptor remaining free after the 3’ ligation reaction)
and transformed from a single-stranded DNA adaptor to
a double-stranded DNA (dsDNA) molecule. The dsDNAs
were not suitable substrates for ligation mediated by T4
RNA ligase and therefore did not ligate to the 5’ SR
adaptor during the subsequent ligation step. Then a 5’
end adapter was ligated to the 5’ ends of miRNAs. First-
strand cDNA was synthesized using M-MuLV Reverse
Transcriptase (RNase H–). The cDNA was then PCR
amplified using SR primer for Illumina and index primer
containing one of 12 index sequences. The DNA
fragments of 140-160 bp length (miRNA inserts plus the
3’ and 5’ adaptors) that were purified (6% TBE PAGE gel,
100 V, 60 min) were recovered in 10 ìL elution buffer and
quantifed using Agilent high sensitivity DNA assay on the
Agilent Bioanalyzer 2100 system. Index-coded test
samples clustering were performed on a cBot Cluster
Generation System using TruSeq SE Cluster Kit v3-cBot-
HS (Illumina) following the instructions of
manufacturer’s. After cluster generation, the alfalfa small
RNA library preparations were sequenced by the Illumina
Hiseq 2000 platform and the test samples were run side
by side. The raw data of alfalfa small RNA libraries have
been uploaded to the web of the NCBI (https://
trace.ncbi.nlm.nih.gov/Traces/sra/?study=SRP040470).

Analysis of small RNA sequencing data: Raw data (raw
reads) of fastq format were first processed through
custom perl and python scripts. Clean data (clean reads)
were obtained by removing low-quality reads, reads
containing poly-N, 5’ primer contaminants, reads
containing poly-A, T, G, and C sections, and reads without
3’  primers and insert tags from raw data. Then a range
of length from clean reads was chosen for downstream
analysis. The alfalfa small RNA tags were mapped to a
reference sequence using Bowtie with the alfalfa-
transcriptome-sequence (Langmead et al., 2009) without
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mismatch to analyze their expression and distribution
on the reference material. Mapped small RNA tags were
used to identify the known miRNA in alfalfa. MiRBase
20.0 was used as a reference to modify mirdeep2, to
obtain the possible miRNA in alfalfa using sRNA-tools-
cli, then the secondary structure of small RNA was drawn
(Friedländer et al., 2012).The characteristics of hairpin
structure of miRNA precursor can be used to predict novel
miRNA. Novel miRNAs of alfalfa were predicted using
the software packages miREvo and mirdeep2 through
the way of evaluating its secondary structure (Friedländer
et al., 2012; Wen et al., 2012). The minimal folding free
energy of alfalfa small RNA tags and Dicer cleavage site
were unannotated in the initial steps. In the current
analysis pipeline, known miRNA was used with
miFam.dat (http://www.mirbase.org/ftp.shtml) to look for
families; novel miRNA precursors were submitted to
Rfam (http://rfam.sanger.ac.uk/search/) to look for Rfam
families. Predicting the target gene of miRNA was
performed using psRNA Target (http://bioinfo3.noble.org/
psRNATarget/) (Moxon et al., 2008). The analysis of gene-
ontology (GO) enrichment in alfalfa was generated based
on the target genes of candidate miRNAs which were
expressed differentially (Mao et al., 2005). We assessed
the statistical enrichment of the target genes of
candidates miRNAs in alfalfa by KEGG pathways using
the software of KOBAS.

Table 1. Primer sequences used for qRT-PCR

miRNAs were obtained from the results of deep
sequencing and validated the accuracy using real time
RT-PCR. RNA was collected using Trizol reagent
(Invitrogen) following the manufacturer’s instructions.
Alfalfa RNA was reverse-transcribed using a One Step
Prime Script miRNA cDNA Synthesis Kit (TaKaRa) in
accordance with the manufacturer’s instructions and
diluted 10x before PCR. RT-qPCR was performed on
LightCycler® 96 instrument (Roche) using SYBR Premix
Ex TagII and all the primers used are listed in Table 1.
Medicago sativa putative glyceraldehyde-3-phosphate
dehydrogenase (MsGAPDH) was selected as a reference
gene (Champagne et al., 2007). Small nuclear RNA U6
was used as an internal control.

Results and Discussion

Deep sequencing of small RNAs from alfalfa: Solexa
sequencing of DS and NS generated a total of 7,035,161
and 7,145,001 raw reads, respectively. After removal of
the low-quality sequences and the corrupted-adapter
sequences (the length of reads <18nt), a total of
6,548,094 and 6,627,260 clean reads corresponding to
1,449,168 and 1,185,319 unique reads remained from
the DS and NS libraries, respectively. The length
distribution of the raw data’s revealed that the reads
majority excepting adapter sequences which were
corrupted (the length of reads <18 nt) were 20–26 nt in
size (Fig 1).The sequences specific to DS and specific to
NS were analyzed. There were 17.15% total and 50.49%
unique sequences in the dormant library and 11.83%
total and 39.47% unique sequences in the non-dormant
alfalfa library (Fig 2). Through preliminary processing,
high-quality reads of the small RNA in alfalfa were
mapped to alfalfa–transcriptome-sequence. The total
sequences number which matched the transcriptome
was 2,963,552 for the DS library and 2,012,514 for the
NS library, and the numbers of unique sequences were
341,796 and 248,641, respectively (Fan et al., 2014). In
plants, researchers have reported three types of small
interfering RNA (siRNAs): transacting siRNAs (ta-
siRNAs), natural antisense transcript-derived siRNAs
(nat-siRNAs), and repeat-associated siRNAs (ra-
siRNAs) (Vazquez et al., 2004). Usually, ra-siRNAs are
24 nt long and DCL3-dependent, ta-siRNAs are 21 nt in
length and both DCL1- and DCL4-dependent, but nat-
siRNAs are 21 or 24 nt in length and both DCL1- and
DCL2-dependent (Vazquez, 2004). In the current study, a
high percentage of the 21 nt small RNAs was observed
in the dormant alfalfa (DS) library (Fig 1). It was inferred
that some key miRNAs involved in fall dormancy might
have been activated  by  the increased number  of nat-si

GAPDH
mtr-miR5255
mtr-miR5205b
mtr-miR5228
mtr-miR172a
mtr-miR2674
mtr-miR5287a
mtr-miR2593e
mtr-miR5267l
mtr-miR5213-5p
mtr-miR398b
mtr-miR2111l
mtr-miR164a
mtr-miR1510a-5p
mtr-miR397-5p
mtr-miR5248
mtr-miR5261
mtr-miR5272a

CTGGAGAGGTGGAAGAGC
GACUUGAUAGAGGACAUGGG

CUUAUAAUUAGGGACGGAGGG
UCUGGUGUACAACUUGAUGG
GAAUCCUGAUGAUGCUGCAG
CACTCGCTTTGGAAGTCATGG

TTATAATAGTGATCGGAGGG
ACATCATTGATTGAATGAAC

AGGCATTTGCTAGGATACAC
TACGTGTGTCTTCACCTCTG

TGTGTTCTCAGGTCGCCCCTG
ATCCTTGGAATGCAGATTATC

TGGAGAAGCAGGGCACGTGC
TTGTCTTACCCATTCCTCCCA
TCATTGAGTGCAGCGTTGATG

TTTTTAGTTGGCATGCATTCA
TCATTGTAGATGGCTTTGGCT

GAATTGATTTATGTTTGGATACAC

Primer 5' to 3'

Real-time quantitative PCR of miRNAs: To ensure the
correctness  of  high - throughput  sequencing  result, 17
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RNAs. These miRNAs may cause dormancy in response
to the shortening photoperiods and falling temperatures
in autumn. In addition, the expression levels of miRNAs
in the DS vs NS libraries indicated 80 differentially
expressed miRNAs, including 43 up-regulated alfalfa
miRNAs and 37 down-regulated alfalfa miRNAs. Among
these miRNAs, some were found to play a role in
developmental processes of which a majority of their
targets were transcription factors and some were
activated to different extents under different
environmental conditions.

Fig 1. Size distribution of alfalfa small RNAs in (a) DS
and (b) NS libraries

Fig 2. Venn diagram of DS versus NS for total small RNAs
and unique small RNAs

The significance of miRNAs research in alfalfa:

MiRNAs regulate their target genes by targeting miRNA
cleavage and translational repression. MiRNAs have
been reported to play an important role in many biological
systems in many organisms, but little is known about
miRNA in fall dormancy regulation in alfalfa. Reports
show that between 26,656 and 844,110 small RNA reads
have been identified in M. truncatula using Roche 454
sequencers (Jagadeeswaran et al., 2009; Lelandais-
Brière et al., 2009). Szittya et al. obtained 3,948,871 reads
and 1,563,959 unique sequences from two small RNA
libraries  of  M. truncatula  using  Illumina-Solexa (2008).

This was more than had previously been reported. Fall-
dormancy (FD) is related to yield of herbages (biomass
production) and winter survival in alfalfa, but the
molecular mechanisms causing dormancy are still not
clear (Rimi et al., 2014). However, little is known of
identifying and analyzing dormancy responsive miRNAs
in alfalfa. The auto-tetraploid plant Medicago sativa is
different from the diploid plant M. truncatula. Alfalfa
becomes dormant in autumn to adapt to the coming cold
season. Fall dormancy reflects the acclimation response
of alfalfa to both shortening photoperiods and falling
temperatures (McKenzie et al., 1988). The acclimation of
plant tissues prior to exposure to freezing conditions
greatly improves survival (Guy, 1990). Non-dormant plants
may have alleles at the major loci preventing the
triggering of the various pathways leading to winter
hardiness (Brummer et al., 2000). In contrast, dormant
plants initiate all pathways involved in winter hardiness
and begin their development well before autumn. The
acclimation process in the late summer and autumn
diverts fixed C from shoot and leaf growth and toward the
various compounds involved in survival. Non-dormant
genotypes may not survive well because their acclimation
response is not activated. They continue autumn growth
and do not accumulate sufficient winter-hardiness-
related compounds in their roots and crowns. In the
current study, genome-wide analysis of alfalfa miRNAs
and their relationship to fall dormancy were conducted
using high-throughput sequencing technology.

Identification of known miRNA: Mapped small RNA tags
were used to identify the known miRNAs in alfalfa.
MiRBase 20.0 served as a reference. With the software
package mirdeep2 and the software RNA-tools-cli, 777
known miRNAs unique sequences were identified in the
DS library and 797 known miRNAs unique sequences in
the NS library, respectively. In these small RNA libraries,
mtr-miR398b, mtr-miR1510a-5p, and mtr-miR167a were
highly expressed in alfalfa and were sequenced more
than 1,000 times each (Fig 3). Some miRNAs (mtr-
miR5261, mtr-miR5213-5p, and mtr-miR2111l) were
moderately expressed and were sequenced from 10 to
100 times each (Fig 3).

Identification of novel miRNA: Novel miRNA were
predicted using the software MiREvo and mirdeep2 by
the secondary structure of small RNA. Here, 50 novel
hairpins not found in other plant species were identified
in the two libraries. There were 460 and 455 unique
sequences that mapped to miRNA DS and NS libraries,
respectively. Exploration of the occurrence of miRNA
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families identified from the samples in other species
also showed that the known miRNA and novel miRNAs
belonged to 66 miRNA families). Among the miRNA
candidates, 23 miRNAs in the DS library and 21 in the
NS were found to have complementary miRNAs,
respectively. These candidate miRNAs were previously
unknown miRNAs in alfalfa, even previously unknown
among miRNA families in existence. Most novel miRNA
sequences had lengths of 21 nt or 22 nt. The majority of
the miRNAs started with a 52  uridine, a hallmark of
miRNAs. MiRNA first nucleotide bias was also depicted
(Fig 4).The minimum free energies of these miRNA
precursors were -30 kcal/mol, which is similar to other
reported values (Bonnet et al., 2004). The length of the
predicted hairpin structures for the miRNA precursors
ranged from 46 to 202 nt. These values were similar to
those reported for other plants (Szittya et al., 2008;
Jagadeeswaran et al., 2009; Lelandais-Brière et al.,
2009). In this study, we found that some novel miRNAs
were specific to dormant variety alfalfa and others to non-
dormant variety alfalfa. These novel miRNAs included
novel-miR_1, novel-miR_3, novel-miR_18, novel-
miR_42, novel-miR_77, and novel-miR_102, whose
expression levels were different between the dormant
and non-dormant alfalfas. It has been suggested that
these novel miRNAs may play a key role in response to
autumn environment changes in alfalfa. However, these
novel miRNAs functions are little known and need further
study.

Fig 3. Abundance of conserved miRNAs sequences in
DS and NS libraries

MiRNAs specified to different-dormant alfalfa: To
investigate the special roles of miRNAs in dormant alfalfa
grown in autumn, miRNAs expression in dormant alfalfa
(DS) and miRNAs expression in non-dormant alfalfa (NS)
were  examined  using  the Solexa technology. In the DS

and NS libraries, 21 nt and 24 nt length RNAs, respectively
were the most abundant t (Fig 1). It was consistent with
small RNAs distribution patterns in other species of plant
(Lelandais-Brière et al., 2009). However, in the DS library,
there were more small RNAs that were 21 nt in length
than 24 nt. In the NS library, there were more small RNAs
that were 24 nt in length than 21 nt. To identify miRNAs
specific to dormant alfalfa, the expression of miRNA in
the DS library was compared to that in the NS library. In
the DS library, 43 up-regulated miRNAs and 37 down-
regulated miRNAs were found. The normalized miRNAs
expression level of dormant-variety Maverick and non-
dormant-variety CUF101 were recorded (Fig 5). When
assessed by RT-PCR and high-throughput sequencing
(Fig 6), miRNA expression showed the same trends of
up- and down-regulation, and the fold change was similar.
Fig 6 showed mtr-miR5205b, mtr-miR5228, mtr-
miR2674, mtr-miR5248, and mtr-miR164a to be up-
regulated in dormant alfalfa. Conversely, mtr-miR52671,
mtr-miR2593e, and mtr-miR172a were down-regulated
in dormant alfalfa (Fig 6). Some miRNAs (such as mtr-
miR5248, mtr-miR5205b, and mtr-miR5228) were
expressed only in the DS library, and some miRNAs (such
as mtr-miR172a, mtr-miR2593e, and mtr-miR5267l)
were expressed only in the NS library (Fig 3). Some novel
miRNAs were expressed very differently in different
dormant varieties alfalfa. These novel miRNAs contained
novel-miR_1, novel-miR_3, novel-miR_18, novel-
miR_42, novel-miR_77, and novel-miR_102, which were
highly expressed in the DS library but expressed only
minimally or not at all in the NS library. From the
differences of these miRNA expression profiles, we could
indicate that every miRNA function was different in the
dormancy regulation of alfalfa.

Fig 4. MiRNA first nucleotide bias (DS and NS)
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Fig 5. Normalized miRNA expression levels of two
different standard alfalfa varieties (Maverick and CUF101)

Fig 6. Differential expression analysis between DS and
NS libraries

The analysis of conservative miRNA: According to the
miRBase 20 (the newest miRNA database which was
released in June, 2013), M. truncatula owns the richest
amount of miRNAs of any plant (Sunkar et al., 2007;
Lauter et al., 2005; Nair et al., 2010), even more than
Arabidopsis and rice (Wang, 2014). However, there has
been less functional research conducted on the miRNAs
of M. truncatula than on those of Arabidopsis, maize and
rice. Among these highly conserved miRNAs based on
sequencing, miR398, miR399, miR393, miR166,
miR164, and miR172, which are associated with fall
dormancy, have been already investigated in other model
plants. The predicted targets of miR172 are APETALA2
transcription factors, which include AP2 itself but also
TARGET OF EAT (TOE1 and TOE2) or GLOSSY15 (GL15).
Functional analyses of these genes indicated that they
normally acted as floral repressors (Aukerman and Sakai,
2003; Kasschau et al., 2003; Chen, 2004). The previous
study showed that the miR172 promoted the transition
of maize from juvenile to adult through down-regulation
of GL15, and the results suggested that this mechanism
may be widespread for the regulation of changes in
vegetative phase in higher plants (Lauter et al., 2005). In
the current study, 4 miRNAs belonging to the 172 miRNA
family were identified. Mtr-miR172a, mtr-miR172b, and
mtr-miR172d-3p showed more expression in non-
dormant than in dormant alfalfa, and mtr-miR172a was
only detected in non-dormant alfalfa. It can be inferred
that the short photoperiods and falling temperatures
caused down-regulation of miR172 in dormant alfalfa.
This might trigger AP2-like and GL15 genes and repress
flowering and growth of dormant alfalfa in autumn. By
contrast, increasing miR172 expression in non-dormant
variety alfalfa may promote alfalfa growth and relieve floral
repression. Mtr-miR172d-5p was found only in dormant
alfalfa, and its expression was very low. MiR393 is
predicted to target several F-box transcripts and it is
already known to play an important role in the
ubiquitination pathway (also known as ubiquitylation)
(Bonnet et al., 2004; Jones-Rhoades and Bartel, 2004).
Ubiquitination is a process of enzymatic and post-
translational modification (PTM), and substrate protein
attaches to ubiquitin protein. Ubiquitination affects all
organismal activities mostly, such as gene expression,
control of the cell cycle, regulation of transcription, and
reproductive death. MiR393 has also been reported to
be up-regulated in response to cold, dehydration, NaCl,
and ABA, suggesting that these miRNAs may target genes
involved in a more general response to stress (Martin et

al., 2010). In this way, increasing levels of miR393 may
reduce  alfalfa  growth  velocity  under  stress  conditions.

Specific microRNAs to fall dormancy in alfalfa
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172

393
164

166
398

399

AP2-like transcription factors

TIR1
CUC transcription factors

HD-ZIPIII transcription factors
Copper superoxide dismutases

Phosphate transporter

Down (Jones-Rhoades et al., 2006;
 Arazi et al., 2005)
Up (Chen, 2004)
Down (Mallory and Vaucheret, 2006;
 Martin et al., 2010)
Up (Mallory and Vaucheret, 2006;
Guy, 1990; Mallory et al., 2004)
Up (Combier et al., 2006)
Down (Fujii et al., 2005; Aufsatz
et al., 2002)

Floral development and changes
in vegetative phase
Developmental defects
Organ separation and number

Organ polarity, vascular and
meristem development
Oxidative stress
Phosphate homeostasis

Function          Target gene                           Changes in expressionmiRNA
families

Table 2. Functions of conserved microRNAs (miRNAs) for which computational prediction and experimental evidence
have been published

The experimental result showed that miR393 expression
in dormant variety alfalfa was higher than non-dormant
variety alfalfa significantly. The function of miR164 is
organ separation and determination of the number of
organs (Mallory and Vaucheret, 2006; Laufs et al., 2004).
MiR164 could control the transcription levels and patterns
of expression. MiR164 was found to be down-regulated
in the current study, suggesting that it might contribute to
developmental robustness (Ambros et al., 2003; Sieber
et al., 2007; Combier et al., 2006). The functions of
miR398 focused on oxidative stress, and its target gene
encoded copper superoxide dismutase (Aufsatz et al.,
2002). MiR399 played a role in phosphate homeostasis,
and it was found to target phosphate transporter (Fujii et

al., 2005; Aufsatz et al., 2002). MiR166 targeted HD-ZIPIII
transcription factors and its functions focus on organ
polarity, vascular and meristem development (Mallory et

al., 2004). The functional analysis of miR172, miR164,
miR166, miR393, miR398, and miR399 showed that all
of them were included in biological regulation. Based on
the results of GO classification analysis and KEGG
pathway analysis, the phenomenon of fall dormancy in
alfalfa was strongly correlated to the metabolic pathway
which response to the biological regulation.

GO enrichment and KEGG pathways analysis: As
indicated by GO enrichment, the main GO enriched
factors were biological-regulation, the regulation of
biological-processes, response-to-stress, and cellular-
responses to a stimulus. Results also showed that the
main GO enriched factor was biological regulation, which
indicated fall dormancy to be a main biological process
in alfalfa (Fig 7). We assessed the statistical enrichment
of the target gene candidates in alfalfa by KEGG pathways
using the software of KOBAS. The KEGG pathways
statistical enrichment showed that the majority clusters

included glycerolipid-metabolism, cell-cycle, -meiosis,
plant-hormone-signal-transduction, glycerophospholipid
-metabolism, and ubiquitin-mediated-proteolysis.

Fig 7. GO enrichment terms of genes differentially
expressed in alfalfa

Functions of conserved plant microRNAs involved in

alfalfa: Functions of conserved plant miRNAs for which
computational prediction and experimental evidence have
been published, were also gathered (Table 2). The DS
library was compared to NS, and there were three up-
regulated conserved miRNAs (miR393, miR166, and
miR398) and three down-regulated conserved miRNAs
(miR172, miR164, and miR399).

Conclusion

High-throughput sequencing analysis of miRNAs was
performed on dormant variety alfalfa and non-dormant
variety alfalfa grown in autumn environment. In the current
study, the expression levels of miRNAs in the NS library
were compared, and 80 miRNAs showed significant
differences  from  their  counterparts  in  the  DS  library.

Fan et al.
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Among these miRNAs, some were only found in dormant
or in non-dormant alfalfa. Functional analysis of these
miRNAs indicated that some known miRNAs (e.g.,
miR172, miR166, and miRNA393) and novel miRNAs
(e.g., novel-miR_1, novel-miR_3, novel-miR_18, novel-
miR_42, novel-miR_77, and novel-miR_102) might be
very important in the response to dormancy in alfalfa.
The current research provides useful information about
further miRNAs functional analysis involved in dormancy
of alfalfa.
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