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Abstract

miRNA processing for reliability check.

Processing, Graphic outputs

Background: MicroRNAs (miRNAs) constitute a well-known small RNA (sSRNA) species with important regulatory
roles. To date, several bioinformatics tools have been developed for large-scale prediction of miRNAs based on
high-throughput sequencing data. However, some of these tools become invalid without reference genomes, while
some tools cannot supply user-friendly outputs. Besides, most of the current tools focus on the importance of
secondary structures and sRNA expression patterns for miRNA prediction, while they do not pay attention to

Results: Here, we reported a pipeline PmiRDiscVali for plant miRNA discovery and partial validation. This pipeline
integrated the popular tool miRDeep-P for plant miRNA prediction, making PmiRDiscVali compatible for both
reference-based and de novo predictions. To check the prediction reliability, we adopted the concept that the
miRNA processing intermediates could be tracked by degradome sequencing (degradome-seq) during the
development of PmiRDiscVali. A case study was performed by using the public sequencing data of Dendrobium
officinale, in order to show the clear and concise presentation of the prediction results.

Conclusion: Summarily, the integrated pipeline PmiRDiscVali, featured with degradome-seq data-based validation
and vivid result presentation, should be useful for large-scale identification of plant miRNA candidates.

Keywords: Plant microRNA, Degradome sequencing (degradome-seq), Secondary structure, Conservation,

Background

As one of the well-known small RNA (sRNA) species,
microRNAs (miRNAs) play essential regulatory roles in
diverse biological processes in both animals and plants
[1, 2]. According to the current model, most of the
miRNA genes are transcribed by RNA polymerase II [3,
4], resulting in the production of the primary microRNA
precursors (pri-miRNAs) with 3’ polyadenylated tails. In
this regard, most of the pri-miRNAs could be detected
by RNA sequencing (RNA-seq) designed for messenger
RNA profiling. After transcription, the pri-miRNAs are
subject to Dicing body-mediated two-step cropping for
miRNA maturation. Specifically, a pri-miRNA is firstly
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processed into a pre-miRNA (precursor microRNA), and
then into a short duplex consisting of miRNA-5p and
miRNA-3p [1, 2].

As a result of the wide application of the sRNA
high-throughput sequencing (sRNA-seq) technology, an
explosion of miRNA discovery happened during the last
ten years. At the same time, the increasing number of the
miRBase registries [5] indicates that the current miRNA
population is far from being saturated. For miRNA discov-
ery, identification of the hairpin-structured precursors
along with the featured miRNA-5p and miRNA-3p clus-
ters became the essential criterion. However, many young
or species-specific miRNA precursors are still under evo-
lution [6], which leads to an obstacle for the researchers
to distinguish them from the analogous stem-loop struc-
tures. Fortunately, tracking the miRNA processing
intermediates could be helpful for miRNA annotation,
since the processing signals were produced from Dicing
body-mediated maturation. Degradome sequencing
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(degradome-seq) is a high-throughput sequencing tech-
nology for detecting the 3" cleaved remnants of the tran-
scripts with polyadenylated tails. It was widely used for
mapping the miRNA-mediated target cleavage sites, espe-
cially in plants. Considering the fact that most of the
miRNA genes were transcribed by RNA polymerase II,
our group previously proposed the novel utility of
degradome-seq data in tracking miRNA processing signals
[7-10], which could facilitate miRNA discovery and valid-
ation. In this study, an integrated pipeline called PmiR-
DiscVali  (https://github.com/unincrna/pmirdv)  was
developed for large-scale microRNA discovery in plants.

Implementation

PmiRDiscVali: A featured pipeline for large-scale miRNA
prediction

To date, several powerful bioinformatics tools have been
reported for large-scale discovery of animal miRNAs,
such as miRDeep [11], miRDeep2 [12], miRDeep* [13],
miRanalyzer [14], miRTRAP [15] and MIReNA [16].
They were developed according to the previously pro-
posed criteria for miRNA annotation in animals [17]. Al-
though the pathways of miRNA biogenesis and action
are to some extent similar between animals and plants
[1, 2], several distinct features should be taken into ac-
count when annotating the plant miRNAs [18]. For ex-
ample, compared to those in animals, the plant miRNA
precursors varies greatly in their length range. In this re-
gard, specific parameters were introduced into the pre-
diction tools for plant miRNAs, such as miRDeep-P [19]
and miRPlant [20]. miRDeep-P, derived from miRDeep,
is a computational tool popularly used for plant miRNA
discovery. One of the advantages by using miRDeep-P
for plant miRNA prediction is that the analysis does not
depend on the availability of reference genomes [19].
However, miRDeep-P does not offer user-friendly predic-
tion outputs, which may become an obstacle for re-
searchers during result interpretation. Another tool,
miRPlant, is a derivate of miRDeep*. It improved user
experience through graphic presentation of the predic-
tion results [20]. Unfortunately, the analysis by using
miRPlant is highly dependent on the availability of gen-
omic information, indicating the infeasibility of this tool
for RNA-seq data-based miRNA prediction. Besides, the
above two tools did not recognize the value of
degradome-seq data in miRNA validation. In this consid-
eration, miRNA Digger [21] was recently developed for
genome-wide extraction of miRNA candidates by search-
ing for the degradome-supported miRNA processing sites.
However, it cannot be applied to the species without refer-
ence genomes, and no graphic output is available for the
users. In this study, an integrated pipeline PmiRDiscVali
(available at https://github.com/unincrna/pmirdv) was de-
veloped for large-scale identification of plant miRNAs.
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Based on RNA-seq and sRNA-seq data, the pipeline was
designed to be compatible for both reference-based and
de novo predictions. Referring to the plant miRNA regis-
tries in miRBase (release 21), sequence conservation ana-
lysis could be performed for the miRNA candidates by
using PmiRDiscVali. If available, the degradome-seq data
would be used to seek for the processing signals on the
predicted miRNA precursors, thus enabling users to check
the reliability of each candidate.

Taken together, PmiRDiscVali integrated miRDeep-P
by considering its advantage in RNA-seq data-based pre-
diction of plant miRNAs. On the other hand, PmiRDisc-
Vali greatly improved the user experience through
figure- and table-based result presentation. The user
manual of PmiRDiscVali is available as the Additional
file 1: Data S1 for the researchers.

Data input and pre-treatment

Starting from the raw sequencing data (including RNA-,
sRNA- and degradome-seq data) in FASTQ format, the
users are recommended to use FASTX-Toolkit (http://
hannonlab.cshl.edu/fastx_toolkit/index.html) for data
quality check and FASTA format conversion (Fig. 1).
Then, the qualified sSRNA- and degradome-seq data sets
are normalized (in RPM, reads per million) and format-
ted by an in-house Perl script, thus ensuring them to be
discernable by PmiRDiscVali. During the pre-treatment,
the sequence length range of the SRNA reads (adjustable
parameter) was set from 15 to 40 nt in default. For the
degradome-seq reads longer than 20 nt, the 20-nt 5 part
of each read will be collected for further analysis. How-
ever, the degradome reads shorter than 20 nt will be dis-
carded (the parameter “20nt” is also adjustable).
According to the genome availability of the species ana-
lyzed, the pre-treated RNA-seq data will be subject to de
novo transcriptome assembly by using Trinity [22], or
reference genome-based transcriptome assembly by
using TopHat and Cufflinks [23, 24].

Prediction and result output

The prediction workflow of PmiRDiscVali was divided into
two parts. First, based on the plant miRNA registries in
miRBase [release 21; this version includes a total of 8496
miRNA entries (4802 unique sequences) of 73 plant spe-
cies] and sRNA-seq data, the conserved miRNA candi-
dates along with their expression levels could be obtained.
Second, the assembled transcriptome and the pre-treated
sRNA-seq data are submitted to miRDeep-P for miRNA
prediction. The prediction results are parsed by an
in-house Perl script to provide a table summarizing
miRNA expression levels and sequence conservation. The
secondary structures of the miRNA precursors are pre-
dicted and drawn by using RNAplot included in Vienna
RNA package 2.0 [25]. Besides, the sRNA accumulation
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Fig. 1 Flowchart diagram of the integrated pipeline PmiRDiscVali. The raw small RNA sequencing (sRNA-seq) and RNA sequencing (RNA-seq) data
in FASTQ format was pre-treated and converted to FASTA format by FASTX-Toolkit. The sRNA-seq data was used to search for the conserved
mature microRNA (miRNA) candidates according to the current plant miRNA registries in miRBase (release 21). Relying on the availability of the
reference genome, distinct strategy (reference-based or de novo) was employed for transcriptome assembly by using the processed RNA-seq
data. Then, the assembled transcripts and the sRNA-seq data were used for miRNA prediction by using miRDeep-P. The prediction results were
parsed by an in-house Perl script, in order to graphically present the structures and the sRNA expression patterns of the miRNA precursors. If the
degradome sequencing (degradome-seq) data was available, the pipeline would perform degradome signature mapping to seek for the

processing evidence supporting the miRNA candidates

-

pattern on each precursor is also graphically presented. If
degradome-seq data is available, the pri-miRNA with 3’
20-nt (adjustable parameter) extension retrieved from the
assembled host transcript will be subject to degradome
signature mapping by using Bowtie [26]. Four processing
sites are defined on a pri-miRNA, ie. the 5" and 3" ends
of the 5'-armed mature miRNA, and the two ends of the
3’-armed miRNA. As a result, the degradome-supported
processing sites will be identified on the pri-miRNAs,
which could serve as one piece of strong evidence for the
miRNA candidates.

Results and discussion

Case study

To confirm the utility of our pipeline, a case study was
performed by using the sequencing data sets of

Dendrobium officinale, which were reported by a recent
study [27]. The high-throughput sequencing data used
for this analysis includes: (1) The RNA-seq data of
flowers (two replicates, NCBI SRA accession IDs:
SRR2014396 and SRR2014476), leaves (two replicates:
SRR2014297 and SRR2014325), roots (two replicates:
SRR2014227 and SRR2014230) and stems (two repli-
cates: SRR2014236 and SRR2014246); (2) The sSRNA-seq
data of flowers (two replicates: SRR2014148 and
SRR2014149), leaves (two replicates: SRR2014146 and
SRR2014147), roots (two replicates: SRR2014142 and
SRR2014143) and stems (two replicates: SRR2014477
and SRR2014478); (3) The degradome-seq data of
flowers (SRR2012592), leaves (SRR2012580), roots
(SRR2012529) and stems (SRR2012531). The above three
types of sequencing data were divided into four groups
according to their organ origins (i.e. flowers, leaves,
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roots and stems), and were analyzed separately. For each
organ, the two replicates of RNA-seq data were treated
together for de novo transcriptome assembly.

Based on the list of the miRBase-registered plant ma-
ture miRNAs (release 21), a total of 240, 174, 135 and
154 unique sRNA sequences were identified from
flowers, leaves, roots and stems respectively, which were
regarded as the conserved miRNA candidates in
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Dendrobium officinale (Additional file 2: Table S1). Re-
sults of miRDeep-P prediction showed that 122 and 108
mature miRNA candidates were identified from flowers
and leaves respectively, while only four and four candi-
dates were discovered from roots and stems respectively.
These miRNA candidates could be mapped onto 61, 54,
two and two pri-miRNAs assembled from the RNA-seq
data of flowers, leaves, roots and stems respectively.
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Fig. 2 Exemplified graphic outputs of the case study by using PmiRDiscVali. a Secondary structures of the pri-miRNAs (primary microRNAs)
predicted by using the sequencing data of the leaf organ of Dendrobium officinale. The mature miRNAs located on the 5" arms of the pri-miRNAs
were marked by green lines, and those located on the 3" arms were marked by red lines. The processing sites supported by degradome
sequencing data were highlighted by blue circles on the pri-miRNAs. b A global view of the small RNA (sSRNA) expression levels on the predicted
pri-miRNAs. The total counts of the sSRNAs mapped onto the pri-miRNAs from different sRNA sequencing (sRNA-seq) data sets (four sequencing
data sets, including flowers, leaves, roots and stems, in the case study) are shown together on the histograms. For each histogram, the x axis
indicates the nucleotide position on each pri-miRNAs, and the regions predicted to encode the mature miRNAs were in yellow color. The y axis
measures the total accumulation levels (in RPM, reads per million) of the sRNAs mapped onto each pri-miRNA. The dot-bracket notation below
each histogram show the base pairing status of the secondary structure of the miRNA precursor. The bracket indicates a paired base, while the
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The processing of 26, 41, one and two pri-miRNAs was
supported by the degradome-seq data of the above four
organs, respectively. In this case, the degradome reads
mapped to the four sites, i.e. the 5" ends of the 5'- and
the 3'-armed mature miRNAs, and 1-nt downstream of
the 3" ends of the two miRNAs, were considered to be
the processing signatures. As a result, 39 sites on the
26 pri-miRNAs identified from flowers, 72 sites on the 41
pri-miRNAs from leaves, two sites on one pri-miRNA
from roots, and three sites on the two pri-miRNAs from
stems were regarded as degradome-supported processing
sites (Additional file 2: Table S1).

Fig. 2 provides an example of the four pri-miRNA can-
didates identified from the leaves of Dendrobium offici-
nale. The graphic outputs of PmiRDiscVali show the
stem-loop structures of the four pri-miRNAs, including
Leaf tc_dof-pri-MIR1, Leaf tc_dof-pri-MIRS, Leaf tc_
dof-pri-MIR33 and Leaf_tc_dof-pri-MIR36 (Fig. 2a). On
each precursor, a highly complementary region could be
formed between the 5'- and the 3'-armed mature miR-
NAs. Three out of the four processing sites were sup-
ported by the degradome signatures, indicating the high
reliability of the miRNA candidates. Based on the
sRNA-seq data of the four organs, a global view of the
sRNA expression pattern on each pri-miRNA was gener-
ated by PmiRDiscVali (Fig. 2b). On each pri-miRNA, the
two mature miRNA-coding regions were covered by
sharp expression peaks. Thus, it provided another piece
of supporting evidence for the miRNA candidates.
Besides, PmiRDiscVali also generated a table summarizing
the organ-specific expression patterns of the predicted
mature miRNAs (Table 1). Based on this table, we ob-
served that both Leaf tc_dof-miR1-5p and Leaf tc_dof-
miR1-3p were highly expressed in leaves, roots and stems
compared to flowers. Sequence conservation analysis
showed that Leaf tc_dof-miR36 and Leaf tc_dof-miR33
shared high sequence identity with the mature miRNAs
of the miR168 and miR171 families respectively
(Table 1). However, Leaf tc_dof-miR8 was regarded as
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a novel miRNA which has not been registered in
miRBase (release 21). Interestingly, both Leaf tc_dof--
miR1-5p and Leaf tc_dof-miR1-3p shared similar but
not identical sequences with the mature miRNAs of
the miR528 family, indicating that their precursor
might be under an evolutionary way towards the for-
mal miR528 precursor.

Summarily, the case study demonstrated the utility of
PmiRDiscVali in transcriptome-wide identification of
plant miRNA candidates. Some interesting conclusions
could be inferred from the clear and concise result
presentation. The results of this case study could be
found at https://github.com/unincrna/pmirdv.

Conclusions

Here, we reported an integrated pipeline PmiRDiscVali
for transcriptome-wide prediction of plant miRNAs.
Different from the previous tools that mainly focus on
the importance of secondary structures and sRNA ex-
pression in miRNA prediction, PmiRDiscVali takes ad-
vantage of degradome-seq data to seek for processing
signatures on the predicted precursors. Thus, this pipe-
line enables users to examine the reliability of the
miRNA candidates from another angle. Besides, the
graphic outputs of PmiRDiscVali including secondary
structures, sRNA expression levels and processing sig-
nals, along with a summary table showing sequence
conservation, improve user experience for result
interpretation. Notably, by replacing miRDeep-P with
miRDeep, PmiRDiscVali could be modified as a compu-
tational pipeline for miRNA prediction in animals. Fi-
nally, we hope that PmiRDiscVali will become a
popular miRNA prediction tool for the plant biologists.
It could provide the users with the focused lists of rela-
tively reliable miRNA candidates.

Availability and requirements
Project name: PmiRDiscVali

Table 1 Example of the output table showing the expression values and sequence conservation of the mature microRNAs predicted in

Dendrobium officinale

Mature ID Mature sequence Conservation Mature expression (RPM)

Flower Leaf Root Stem
Leaf_tc_dof-miR8-5p AAGCGAAUCCGGACGUGUCACGUC - 0.73 327 1.86 1.15
Leaf_tc_dof-miR8-3p UGUGGCGCGUCCGGAUUCGCCUCC 0.00 0.13 0.00 0.00
Leaf_tc_dof-miR36-5p UCGCUUGGUGCAGGUCGGGAC |dentical to miR168 222.74 107.83 70.50 132.34
Leaf_tc_dof-miR36-3p CCUGCCUUGCAUCAACUGAAU 41269 255.38 24141 469.93
Leaf_tc_dof-miR1-5p UGGAAGGGGCAUGCAGAGGAGC Similar but not identical to miR528 183.19 2066.05 2511.72 3565.33
Leaf_tc_dof-miR1-3p UCCUAUGUAUGCCUCCUCCACU 9.64 269.71 400.61 333.55
Leaf_tc_dof-miR33-5p AGGUAUUGGCGUGCCUCAAUC Identical to miR171 049 1529 10.73 328
Leaf_tc_dof-miR33-3p UUGAGCCGCGUCAAUAUCUCC 5.68 111.02 4238 6830
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Project home page: https://github.com/unincrna/pmirdv

Operating system(s): Linux/Unix software environment

Programming language: Perl

Other information is available in the user manual
(Additional file 1: Data S1).

Additional files

Additional file 1: Data S1. User manual of PmiRDiscVali. (PDF 259 kb)

Additional file 2: Table S1. Result summary of the case study on the
mIRNA prediction in Dendrobium officinale. (PDF 88 kb)
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degradome-seq: Degradome sequencing; miRNA: microRNA; pri-
miRNA: Primary microRNA; RNA-seq: RNA sequencing; RPM: Reads per
million; SRNA: Small RNA
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