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Abstract
MicroRNAs (miRNAs) are derived from distinct loci in the genome and play crucial roles in RNA-mediated gene silencing
mechanisms that regulate cellular processes during development and stress responses of plants. The miRNAs are
approximately 21 nucleotides long and code for the complementary strand to a larger genic mRNA. They are often found
within the complementary primary transcript (pri-miRNAs). In the past few years, a growing number of soybean miRNAs
have been discovered, however, little is known about the transcriptional regulation of these miRNAs. In this study,
promoters and cis-acting elements of soybean miRNAs were analyzed using the genomic data for the first time. A total of
82 miRNAs were located among 122 loci in genome, some were present as double or multiple copies. Five clusters that
included ten miRNAs were found in genome, and only one cluster share the same promoter. A total of 191 promoters from
122 loci of the soybean miRNA sequences were found and further analyzed. The results indicated that the conserved
soybean miRNA genes had a greater proportion of promoters than that of non-conserved ones, and the distribution of the
transcript start sites (TSSs) and TATA-boxes found had different motif styles between conserved and non-conserved
miRNA genes. Furthermore, the cis-acting elements 5´ of the TSSs were analyzed to obtain potential function and
spatiotemporal expression pattern of miRNAs. The data obtained here may lead to the identification of specific sequences
upstream of pre-miRNAs and the functional annotation of miRNAs in soybean.
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INTRODUCTION
MicroRNAs (miRNAs) are endogenous single-stranded
non-coding small RNAs with a length of about 21 bp
that are encoded within genes either clustered or dispersed in the genome (Bartel 2004; Voinnet 2009). The
miRMAs guide the RNA-induced silencing protein complex (RISC) to target sites. RISC negatively regulates
post-transcriptionally the expression of genes. Numer-

ous reports have demonstrated the importance of
miRNA-mediated regulation in key processes, such as
cellular proliferation, apoptosis, differentiation and development and pathogen-host interactions (Chen 2004;
Jones-Rhoades and Bartel 2004; Laufs et al. 2004;
Sunkar and Zhu 2004; He et al. 2007; Parker and Sheth
2007; Pillai et al. 2007; Liu et al. 2008; Carthew and
Sontheimer 2009). Over-expressions or knockouts of
miRNA genes disturb metabolisms and consequently
result in the abnormal phenotypes (Palatnik et al. 2003;
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Guo et al. 2005).
The process of miRNA production in plants involves
several steps (Bartel 2004; Kurihara and Watanabe
2004). First, the miRNA encoding gene is transcribed
in the nucleus as a primary transcript (pri-miRNA), a
longer sequence, including more than several hundred
nucleotides, produced by PolII. Subsequently, the primiRNA is cleaved to an intermediate named miRNA
precursor (pre-miRNA) with stem-loop structures.
While the pre-miRNAs in animals are transported by
exportin 5 from the nucleus into the cytoplasm ( Yi
et al. 2003; Lund et al. 2004), the plant miRNA precursors are processed by Dicer-like enzyme 1 (DCL1) in
the nucleus (Tang et al. 2003; Kurihara and Watanabe
2004; Allen et al. 2005) and transported into the cytoplasm by HASTY, a plant ortholog of exportin 5 (Park
et al. 2005). The single-stranded miRNAs associate
with Argonaute (AGO) proteins and complementary
mRNAs in a complex termed RNA-induced silencing
complex (RISC). The complexes cause cleavage and
reduce translation of the complementary mRNAs (Bartel
2004). The majority of plant miRNAs exist as independent transcription units that were encoded in intergenic
regions (Lee and Ambros 2001; Jones-Rhoades and
Bartel 2004). In contrast, animal miRNAs are predominantly found in intronic regions and may be transcribed
as a part of the encompassing gene (Lee et al. 2004).
Therefore, plant pri-miRNA transcription might differ
from that of animals.
Extensive research has shown the existence of 2 043
plant miRNAs by 2010 (Release 14.0, http://www.
mirbase.org/, 414 for Oryza sativa, 190 for Arabidopsis
thaliana, 108 for Medicago truncatula and 85 for Glycine max). The total of 85 soybean miRNAs representing 51 families were reported by recent three papers
(Zhang et al. 2005; Subramanian et al. 2008; Wang et al.
2009b). Of them, 34 soybean miRNAs, representing
29 families, had no homologous counterparts in other
plant species. Therefore, it was inferred that non-conserved miRNAs in soybean might play species-specific
roles in development and stressful responses.
The features of upstream sequences of miRNAs including promoters, transcription start sites (TSS), and
diversity of the associated motifs and specific elements,
were expected to be critical to regulation of the transcription of miRNA (Xie et al. 2005). Without such
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data understanding the location and range of primiRNAs, expression patterns of miRNAs, and miRNAmediated regulation of pathways or other networks will
be impossible. Recently, several studies have focused
on the identification of miRNA promoters in plants (Xie
et al. 2005; Zhou et al. 2007; Cui et al. 2009). PrimiRNAs, typically were transcribed by RNA polymerase II. Consequently they have promoter elements,
which are similar to those of protein-coding genes
(Bartel 2004). It is known that the class II promoters
have two parts: the core promoter and upstream element.
The core promoter has at least two motifs: a TATA box
beginning at approximate position -30 and an initiator
centered on the transcription start site (TSS). The results of Allen et al. (2005) showed that most of miRNA
promoters in Arabidopsis contained TATA-boxes in their
core promoter regions. However, in animals there were
exceptions. For example, promoter of miRNA gene
mir-23a-27a-24-2 in human had no common elements
like TATA-boxes or initiator elements required for initiating transcription (Lee et al. 2004). Such TATA-less
promoters were often found within larger constitutively
expressed genes (Smale 2001).
Xie et al. (2005) identified 63 transcription start site
(TSS) in Arabidopsis by 5´-RACE amplification. Zhou
et al. (2007) reported the promoters of intergenic
miRNA regions in Arabidopsis thaliana and Oryza
sativa. Both showed that most known miRNA genes
had the same types of promoters as protein-coding
genes. Cui et al. (2009) analyzed the surrounding regions of TSS, the TATA-box of miRNA transcripts and
the organization of miRNA clusters in rice. Highly conserved rice miRNAs had a greater proportion of promoters than the non-conserved miRNAs. Presently,
miRNA promoter predictions through bioinformatics
have proved to efficiently identify regulatory elements
underlying miRNA expression (Shahmuradov et al.
2005; Wang et al. 2006). However, relative to
Arabidopsis and rice, little is known about promoters
associated with miRNAs in soybean by early 2010.
Therefore, the aim of this study is to identify: (i) specific sequences or motifs adjacent to pre-miRNAs in
soybean by computational methodologies, and to compare highly conserved with non-conserved miRNAs;
(ii) independent and co-transcribed miRNAs in order to
explore the pattern of miRNA clusters associated with
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the upstream specific promoter sequences of the premiRNAs; (iii) potential cis-acting element in upstream
of the TSS and to infer potential functions from temporal or spatial expressions of the miRNAs.

bp, the 2 000 bp sequence upstream of the precursor
was obtained. Otherwise, 400 bp of sequence from
the precursor and the middle point between the upstream
gene and precursor was retrieved.

MATERIALS AND METHODS

Prediction of specific sequence motifs 5´ to
soybean miRNA genes

Genomic analysis and classification of the
predicted soybean miRNA loci
All miRNA sequences of soybean from the miRBase
database (ver.14.0, http://www.mirbase.org/, GriffithsJones et al. 2006), were downloaded. The genome
sequence of soybean was downloaded from phytozome
(http://www.phytozome.org; Schmutz et al. 2010). The
predicted miRNA encoding regions in the soybean genome were identified through BLASTN 2.2.19 at identities 97% and mismatch 2 (Altschul et al. 1997).
Predicted loci were drawn on the chromosomes through
Mapchart 2.1 (Voorrips 2002). The soybean miRNAs
were sorted into two categories, highly conserved and
non-conserved miRNAs, according to the methods
described by Cui et al. (2009). The miRNAs were also
classified into another two categories; intergenic
miRNAs (located between two protein-coding genes);
and intronic miRNAs (each of them was predicted to
overlap a single protein-coding gene) (Griffiths-Jones
et al. 2006; Saini et al. 2007; Cui et al. 2009; Schmutz
et al. 2010).

Potential promoter sequence identification for
soybean miRNAs

TSS and TATA-box like sequences were predicted using TSSP (http://mendel.cs.rhul.ac.uk/mendel.php?topic
= gen). The predictions were obtained at the default
thresholds of TSSP. The program had been trained
and tested on independent sets of well-known promoters (Shahmuradov et al. 2005). TSSP of Softberry
was adopted for supplemental predictions (http://www.
Softberry.com, Shahmuradov et al. 2003; Solovyev and
Shahmuradov 2003).

Prediction of cis-acting elements in the upstream
of the TSS
The potential promoter regions (from TSS to 800 bp of
upstream) were analyzed for the potential cis-acting
elements and motifs. If an upstream 800 bp of TSS
overlapped another TSS, only the sequence between
the two TSSs would be used as the potential promoter
region, to exclude redundancy. The analysis of cisacting elements for the putative promoters was performed by PlantCARE database (http://intra.psb.ugent.
be:8080/PlantCARE), a database of plant cis-acting regularly elements (Lescot et al. 2002).

RESULTS
Sequences in the intergenic regions of 5´ to the premiRNA were organized according to the method described previously by Zhou et al. (2007). If a premiRNA and the gene on the 5´ side were predicted to be
transcribed in the same direction and the distance between them was larger than 2 400 bp, the 2 000 bp
sequence of 5´ to the pre-miRNA was retrieved.
Otherwise, the sequence between 400 bp downstream
of the upstream gene and the precursor was used.
Similarly, if a pre-miRNA and its upstream gene were
predicted to be transcribed in the opposite direction and
the distance between them was longer than 4 000

The localization and clustering of soybean miRNA
genes
A total of 82 pre-miRNAs of soybean (that represented
96.5% of the known pre-miRNAs for soybean) were
located at 122 loci distributed among all 20 soybean
chromosomes. The remaining 3.5% of the predicted
pre-miRNAs (gma-MIR2107 copies) were mostly repetitive and/or located in the unanchored sequence scaffolds (Schmutz et al. 2010). Consequently, those predicted pre-miRNAs will not be discussed further. The

© 2010, CAAS. All rights reserved. Published by Elsevier Ltd.

1564

LIU Yong-xin et al.

two groups (intergenic versus intronic and conserved
versus non-conserved pri-miRNAs; Fig. 4-A, B). When
the pri-miRNAs were classified into conserved and nonconserved groups, the numbers of promoters for the
pri-miRNAs in each group were considerably different.
The promoter numbers for the conserved pri-miRNAs
were much higher than for the non-conserved primiRNAs. When the pri-miRNAs were classified into
intergenic and intronic groups, the numbers of the promoters were relatively consistent in the two groups.

copy numbers of the predicted pre-miRNAs in genome
were shown in Fig. 1. This figure showed that most of
them had single copy in genome. The miRNA and the
cluster distribution on genome were displayed in Fig. 2.
This figure showed that the miRNAs more evenly distributed in genome. The potential clusters of miRNA
genes in soybean genome, as well as their genomic organization within 10 kb regions were determined. As a
result five gene clusters including ten miRNA genes
were identified (Table).

Identification of the promoter regions for the
miRNA genes
Upstream 2 000 bp of sequences 5´ to the pre-miRNAs
were analyzed. A total of 122 candidate loci from the
82 predicted pre-miRNAs were used to predict promoter regions. There were 191 predicted promoters
(Fig. 3). In contrast, seldom promoters were predicted
among 122 random sequences with length of 2 000 bp
among the regions which were not predicted to be transcribed as control.
The distribution of soybean pri-miRNAs in the genome was examined when the genes were divided into

Fig. 1 The copy number of pre-miRNAs distributed in soybean
genome.

Table Features of predicted soybean miRNA clusters on the genome
No.
1
2
3
4
5

Members in cluster

Chr

LG

Strand

Cluster length (bp)

Distance (bp)

Number of promoters

MIR2119, MIR398a
MIR2107-9, MIR2107-10
MIR2107-21, MIR2107-22
MIR2107-28, MIR2107-29
MIR2107-30, MIR2107-31

1
8
15
18
18

D1a
A2
E
G
G

+
+
-

387
7 427
2 109
4 856
6 196

135
7 319
2 001
4 748
6 088

Double
None
None
None
Single

Chr, chromosome number; LG, linkage group designation.

Analysis of the specific sequences in the
upstream of pre-miRNA
A total of 191 TSSs were predicted within 2 000 bp
upstream of the pre-miRNAs of the 82 miRNA genes.
The distribution of the putative TSS positions in the
corresponding pri-miRNA sequences was analyzed. The
highest peak of predicted TSSs (16.2%) was found
within 200 bp upstream of the pre-miRNAs. The weak
peaks in the -600 to -800 bp and -1 400 to -1 600 region
represented 12.0 and 11.5% of the total TSS predictions,
respectively. The TSS numbers slightly tended to de-

crease from -1 to -2 000 bp (Fig. 5-A).
The TSSs of the conserved miRNA genes had two
obvious peaks at the region of the pre-miRNA upstream
(-1 to -200 bp and -600 to -800 bp). The TSS numbers
tended to decrease gradually from -1 to -2000 bp. However,
the TSSs of the non-conserved miRNA genes had the
highest frequency peak at the -1 400 to -1600 bp of the
pre-miRNA. Furthermore, 35.3% of TSSs were located
in the region between -1 200 and -1 600 bp (Fig. 5-A).
This phenomenon was not previously reported by 2010.
The distribution of TSSs among the intergenic and
intronic miRNA genes were different (Fig. 5-B). The
distribution of TSSs in the intronic miRNAs had a peak
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Fig. 2 The miRNA distribution on the soybean chromosomes showing clustering (positions are given in Mb).
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Fig. 3 The predictions of the promoter numbers in the upstream
regions of pre-miRNAs compared to their random genome sequences
as a control.
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in their TSS distribution between the -800 and -1 000 bp
region. They represented 15.7% of the total promoters
for intronic miRNA genes. In contrast, only 5.7% of
the promoters for intergenic miRNA genes were found
within the same region.
The TATA-box is a well characterized promoter
element. In this study, 182 TATA-boxes were found in
191 potential promoters. The other 9 promoters had no
significant TATA-box and fell into the class termed TATAless promoters, including MIR1509a, MIR1514,
MIR1507a, MIR1523, MIR162, MIR393 and MIR2107.
The frequency of the TATA-less promoters in non-conserved miRNA genes (7.4%) was two-fold higher than

Fig. 4 Distribution of soybean miRNA with the same number of of promoters. A, The percentage of pri-miRNAs in conserved or nonconserved miRNAs. B, The percentage of pri-miRNAs located within the intergenic or intronic regions.

that of the conserved genes (3.3%, Fig. 5-C, D). The
distribution of the TATA-boxes in the upstream regions
of the pre-miRNA encoding genes showed the similar
patterns to those of TSSs. They were mostly located at
-35 bp relative to the associated TSS. However, some
discrepancies were apparent. The highest peak of TATAboxes for the total miRNAs occurred in the region from
-1400 to -1 600 bp. Three high density regions of TATAboxes, included the -1 to -400 bp, -600 to -800 bp,
and -1 400 to -1 600 bp regions. Together they contained 49% of the miRNAs gene promoters.

Analysis cis-acting elements in the potential
promoters
Cis-acting elements, involved in gene expression, have
been analyzed extensively (Zhou et al. 2007; Liu et al.

2008). To further elucidate the spatial and temporal
expression pattern and function of the soybean genes
encoding miRNAs, the sequences of 800 bp upstream
of the potential TSS of 77 miRNA genes were determined through the PlantCARE analysis (Appendix A).
Several known stress-responsive elements were identified including ABA (abscisic acid)-response elements
(ABREs); anaerobic induction elements (AREs); MYB
binding sites involved in drought inducement (MBSs);
heat-stress-responsive elements (HSEs); low-temperature-responsive elements (LTRs); light-responsive elements (LREs); and defense stress-responsive elements
(TC-rich repeats). Other regulatory elements, such as
those possibly involved in the regulation of response to
gibberellic acid (GA), ethylene, salicylic acid (SA), and
methyl jasmonate (MeJA), were found.
Most ABA-responsive genes had the conserved
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Fig. 5 Genomic distributions of TSSs and TATA-boxes in the upstream regions of the pre-miRNAs sequences. A, TSS predictions in the
conserved and non-conserved miRNAs. B, TSS predictions from pri-miRNAs in intronic and intergenic regions. C, TATA-box predictions
in the conserved and non-conserved miRNAs. D, TATA-box predictions in intronic and intergenic region.

ABREs in plant promoters, and ABREs were significant
cis-elements associated with many genes responsive to
abiotic stress in Arabidopsis and rice (Mundy et al.
1990; Ross and Shen 2006; Liu et al. 2008). In this
study, ABREs were found in 38 miRNA encoding genes.
More than one ABRE was found in 16 of the miRNA
encoding genes. This result suggested many of the
miRNA encoding genes might be important in ABAmediated stress-response processes.
Additionally, AREs have been associated with genes
responding to hypoxia, low-temperatures and dehydration stresses (Dolferus et al. 1994). AREs were found
in their predicted promoter regions of 46 putative miRNA
encoding genes (Appendix A). This result suggested
most of the miRNA encoding genes might be important
in hypoxia, low-temperatures and dehydration stressresponse processes.

DISCUSSION
Less than two position mismatches on the chromosome were allowed in the analysis of putative miRNA

encoding genes to eliminate sequencing errors and sequence differences among cultivars (Schmutz et al.
2010). However, three soybean miRNAs (MIR1525,
MIR1527, and MIR1508b) could not be aligned with
the chromosome. The unsuccessful anchoring of
MIR1525 and MIR1527 to any chromosome might be
due to the incomplete chromosomes or their gene
sequences. The gene MIR1508b had the same genome
position as MIR1508a, which might be the same
MIR1508 genes from different varieties.
Animal miRNA genes were often clustered and cotranscribed as polycistronic RNAs (Kim 2005), whereas,
plant miRNA genes were rarely arranged in tandem
(Voinnet 2009). In the present work, five potential clusters of miRNA genes of soybean, that was different
from the previously reported five clusters (Zhang et al.
2008), were identified (Table). The result of Zhang et al.
(2008) was based on 69 predicted miRNAs. On the
contary, our result was based on 85 verified miRNAs.
The different miRNA sources caused the distinct result.
Through further analysis of the upstream sequence
regions, only one gene cluster identified in this study,
MIR2119-398a, shared the same single TSS. The other
© 2010, CAAS. All rights reserved. Published by Elsevier Ltd.
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four clusters only included one miRNA, MIR2107, and
were seldom found to have promoters, suggesting they
were pseudogenes (Table).
Three pre-miRNA sequences were unsuitable for the
promoter analysis in this study due to the failure to
align with the chromosome sequences. Some of the
pri-miRNA promoters could not be predicted, probably
due to the following reasons: First, the exactly pri-miRNA
was unknown, their promoters might be located more
than 2 kb upstream of the pre-miRNAs. Second, most
of the promoter prediction softwares used homology
searches, hence, the pri-miRNA that did not have conserved promoters could not be predicted. Third, some
of pre-miRNAs with multiple copies were pseudogenes
and so truly did not have promoters.
The miRNA genes in plants and animals were found
in diverse genomic locations. In animals, they were
either encoded in inter geneic protein-non-coding
regions, or within the introns of genes (Altuvia et al.
2005). In contrast, the majority of miRNA genes in
plants occurred in the intergenic regions. The promoter distributions among intronic miRNA encoding
genes was different from that of intergenic miRNAs.
Intronic miRNAs were encoded within the transcripts
of the host genes, although one third of them might be
controlled by their own, rather than a host gene promoter (Martinez et al. 2008; Ozsolak et al. 2008). The
intergenic miRNAs of soybean were located far away
from any annotated genes. That, implied independent
transcription from their own regulatory elements
occurred. The distribution of the promoter motif peaks
was similar to the total miRNAs since the intergenic
miRNAs were the majority of the total miRNA in
soybean. The intronic miRNAs that lie within introns
of protein-coding genes and the associated TSSs in
the region from -1 400 to -1 600 bp might co-express
with the host genes (Lee et al. 2004).
TATA-less promoters tended to be found in two
classes of genes. The first class was genes that were
constitutively active in all cells. Such genes often have
no known function or control the common biochemical pathways needed to sustain cellular life. The second class of genes with TATA-less promoters was developmentally regulated genes. Examples included the
homeotic genes that control pattern and organ development and the genes that were active during the devel-
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opment of the immune system in mammals (Smale
2001). In this study, most of the TATA-less promoters
were derived from non-conserved miRNAs and tended
to the second class.
Seven AREs and two ABREs within the predicted
promoter regions of three miR393 family members were
found in Arabidopsis (Liu et al. 2008). In the present
study, these motifs were not found in soybean miR393
family. However, cis-acting elements of AREs and
ABREs were identified in most of the members of
miR156 family. MiR156a to miR156e were probably
the targets of squamosa-promoter binding protein (SBP)
as the promoters contained SBP boxes. SBP was related with membrane protein transport activity and took
part in the control of the metabolism of glucose, inorganic salts and ATP production (Rhoades et al. 2002;
Zhang et al. 2008; Wang et al. 2009a). In this study,
an interesting result is that cis-cating elements of AREs
existing more than half of used miRNAs might play
important role in anaerobic reaction. Another fact is
that the majority of miRNA studied were derived from
two papers, in which used soybean tissue was inoculated with rhizobium (Subramanian et al. 2008; Wang
et al. 2009). This result seemed to demonstrate those
miRNAs may play important role in nitrogen fixation.
Seven miRNAs of soybean that contained MSA-like
cis-acting elements had functions in the cell cycle
(Appendix A). Two of them (miR319a, b) were targeted to TCP genes that regulated gene expression in
cycling cells (Tremousaygue et al. 2003). The miR159
family targeted the mRNAs of MYB proteins, binding
to the promoter of the floral meristem identity gene
LEAFY (Rhoades et al. 2002). The MBS was also found
in each promoter of the miR159 family, from which
was the inferred the negative feedback loop model. This
finding supported the report that miRNAs might play a
role in negative feedback loops that controlled their expression (Johnston et al. 2005; Megraw et al. 2006).
The miR160 gene family in Arabidopsis was involved
in feedback loops (Megraw et al. 2006). However, no
auxin related regulatory element was found in the
miR160 family in this study. Therefore, the apparently
orthologous miRNA family judges by sequence similarity may have different regulatory patterns in different
species.
In summary, a basic procedure to predict potential
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function from the related motifs that were derived from
potential promoters region of known soybean miRNAs,
was described. A total of 191 promoters from 122 loci
of the soybean pri-miRNA sequences were found and
further analyzed. Previous reports of miRNAs functions were focused on miRNA targets. In the present
study, cis-acting elements within the predicted miRNAs
promoter regions were emphasized to provide a method
to infer miRNA functions.
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