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Abstract
In current era, majority of microRNA (miRNA) are being discovered through computational approaches which are more 
confined towards model plants. Here, for the first time, we have described the identification and characterization of novel 
miRNA in a non-model plant, Persicaria minor (P. minor) using computational approach. Unannotated sequences from deep 
sequencing were analyzed based on previous well-established parameters. Around 24 putative novel miRNAs were identified 
from 6,417,780 reads of the unannotated sequence which represented 11 unique putative miRNA sequences. PsRobot target 
prediction tool was deployed to identify the target transcripts of putative novel miRNAs. Most of the predicted target tran-
scripts (mRNAs) were known to be involved in plant development and stress responses. Gene ontology showed that majority 
of the putative novel miRNA targets involved in cellular component (69.07%), followed by molecular function (30.08%) and 
biological process (0.85%). Out of 11 unique putative miRNAs, 7 miRNAs were validated through semi-quantitative PCR. 
These novel miRNAs discoveries in P. minor may develop and update the current public miRNA database.
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Introduction

Persicaria minor (formerly known as Polygonum minus 
Huds.) locally known as ‘kesum’ in Malay is a significant 
foodstuff in many Malaysian dishes. It also has been used 
in folk medicine to treat dandruff and digestive problems 
(Qader et al. 2011; Vikram et al. 2014). Besides, this plant 

has nice and pleasant aroma, thus has big potential in per-
fume industry (Vikram et al. 2014; Christapher et al. 2015). 
Persicaria minor is commonly distributed in Europe and 
Southeast Asia such as Malaysia, Indonesia, Thailand, 
and Vietnam. It can grow well in damp areas, river banks 
and lakes and also survives well on cool and hilly areas 
(Christapher et al. 2015). P. minor have demonstrated sev-
eral pharmacological activities such as antibacterial, anti-
fungal, antiviral, antiulcer, antioxidant and cytoprotective 
activities either in vivo or in vitro (Vikram et al. 2014; 
Christapher et al. 2015). Interestingly, recent study revealed 
that P. minor extract could improve cognitive function in 
middle-aged women in terms of mood, short-term memory 
and intelligence quotient (IQ) as well (Shahar et al. 2015).

MiRNAs are among the majority class of newly identi-
fied non-coding small RNAs (~ 20 nucleotides (nt)) that act 
as negative regulator of gene expression at the post-tran-
scriptional level by targeting messenger RNA (mRNAs) for 
cleavage or inhibiting the translation process (Ha and Kim 
2014; Rogers and Chen 2013; Samad et al. 2017a). The first 
miRNA (lin-4) was discovered by Ambros, and is now rec-
ognized as the pioneer of the large miRNA family (Esquela-
Kerscher 2014). In a couple of decades, enormous progress 
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has been achieved in this field. MiRNAs have been acknowl-
edged to play crucial roles in many physiological and bio-
logical processes, including developmental pattern, cell fate, 
apoptosis, and response to biotic and abiotic stresses (Sunkar 
et al. 2012; Wang and Schiefelbein 2014). To date, abun-
dances of miRNAs have been characterized either from plant 
or animal and well-documented in miRNA databases (Kozo-
mara and Griffiths-Jones 2014). In the beginning, miRNA 
was discovered through forward genetic approaches. How-
ever, later studies revealed that miRNA can be identified and 
characterized using computational approaches (Gomes et al. 
2013). An important characteristic possessed by miRNA is 
the stem-loop structure of precursor miRNA (pre-miRNA) 
which can be predicted using RNA folding software such as 
UNAfold and psRobot (Wu et al. 2012; Markham and Zuker 
2008). However, this characteristic does not only belong to 
precursor miRNA since another RNA species can form the 
stem-loop structure such as rRNA and tRNA (Mathews et al. 
2010). Additionally, the stem-loop structure formed by pre-
miRNA is usually more complex than another RNA species 
(Okamura et al. 2013).

During the last decade, Zhang and his colleagues compu-
tationally analyzed the unique characteristic of miRNA sec-
ondary structure which leads to the value of Minimum Fold-
ing Energy Index (MFEI) (Zhang et al. 2006). Here, we have 
reported our discovery of novel miRNA in P. minor using 
the parameters established and this finding may improve the 
available dataset in public miRNA database.

Materials and methods

Persicaria minor culture and RNA extraction

P. minor plants were cultured in Murashige and Skoog (MS) 
media in a controlled chamber room, Universiti Kebang-
saan Malaysia approximately for 6 weeks. Two replicate 
of P. minor were prepared for this experiment. Healthy 
leaves were harvested and quickly stored in liquid nitrogen. 
Approximately 0.1 g of the harvested leaves was grinded 
for total RNA extraction using  PureLink® Plant RNA 
Reagent (Thermos Fisher Scientific, USA) (Samad et al. 
2016). The purity of total RNA was determined by Nan-
oDrop ND-1000 spectrophotometer (NanoDrop, USA) at 
260/280 nm (ratio ~ 2.0) and 260/230 nm (ratio ~ 2.2). Total 
RNA concentration and integrity were determined using a 
Qubit Fluorometer and 1% gel electrophoresis, respectively. 
The integrity of total RNA was confirmed by Agilent Bio-
analyzer 2100 and RNA 6000 NanoLab Chip Kit (Agilent 
Technologies, USA) with RIN number at least 7.0.

Small RNA library preparation

In an attempt to construct the small RNA libraries, NEB-
Next Small RNA Preparation kit (New England Biolabs, 
USA) was used according to manufacturer’s protocol. 
Briefly, RNA was ligated with 3’ adapter. Before 5’ adapter 
was ligated to the RNA, primer hybridization was car-
ried out to minimize the formation of primer dimer. After 
adapter ligation, first-strand cDNA synthesis was carried 
out followed by PCR amplification. The PCR product was 
subjected to 6% polyacrylamide gel for size selection. 
The samples were sequenced using 2500 HiSeq Illumina 
platform.

Bioinformatic analysis

After the raw data was retrieved, further analysis was carried 
out using CLC workbench version 8 (https ://www.qiage nbioi 
nform atics .com/). The details of raw data analysis were car-
ried out as shown in previous report (Samad et al. 2017b). 
Briefly, begin with trimming of the adapter sequence, low-
quality sequences were discarded and the sequences were 
filtered to remove any reads less than 18 nt and more than 
30 nt. Then, the filtered sequences were annotated using 
miRBase with two mismatches allowed to obtain conserve 
miRNA (version 21; http://www.mirba se.org) (Kozomara 
and Griffiths-Jones 2014) and Rfam (version 12; (http://
www.sange r.ac.uk/Softw are/Rfam/) to annotate another 
non-coding RNA (Nawrocki et al. 2015). The filtering and 
annotation pipeline was summarized in Fig. 1. The rest of 
the sequences (unannotated sequences) were used for novel 
miRNA prediction.

Secondary structure and target prediction for novel 
miRNA

Since no available genome for P. minor, transcriptomic 
data were used for this prediction. Transcriptomic data of 
P. minor were accessed through GenBank under acces-
sion number SRX669305 (leaf) to map against unannotated 
sequences of small RNA (Loke et al. 2016). The result of 
this mapping was used to form the secondary structure using 
UNAfold software with default parameter (http://unafo 
ld.rna.alban y.edu/) (Markham and Zuker 2008). Minimal 
Folding Free Energy (MFE, ΔG in kcal/mol) was recorded 
for further analysis. After that, parameters for pre-miRNA 
prediction from previous report were applied (Alptekin 
and Budak 2017; Zhang et al. 2006). First, candidate of 
pre-miRNA sequence must contain approximately 22 nt 
within one arm in the loop which consists of 30–70% of 
adenine and uracil base. Second, mature miRNA must not 
have more than six mismatches against the opposite arm. 

https://www.qiagenbioinformatics.com/
https://www.qiagenbioinformatics.com/
http://www.mirbase.org
http://www.sanger.ac.uk/Software/Rfam/
http://www.sanger.ac.uk/Software/Rfam/
http://unafold.rna.albany.edu/
http://unafold.rna.albany.edu/
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Third, pre-miRNA sequence must have maximum 3-nt bulge 
and no loops or breaks are allowed. The list of secondary 
structures was included in Supplementary file_pre-miRNA. 
Finally, pre-miRNA sequence must have MFEI value at least 
0.85. Before MFEI is calculated, Adjusted Minimal Folding 
Free Energy (AMFE) was obtained. The equations below 
were used to calculate AMFE and MFEI:

AMFE =
MFE

Length of pre −miRNA
× 100

Any secondary structures that did not match the above 
criteria were discarded. Annotated transcriptomic data were 
used for miRNA target prediction (Loke et al. 2016; Rahna-
maie-Tajadod et al. 2017). We utilized psRobot software for 
target prediction developed by Wu et al. (2012) (http://omics 

MFEI =
AMFE

(G + C)%

Fig. 1  Pipeline of data process-
ing from raw data until annota-
tion using CLC workbench

Fig. 2  Schematic illustration of 
novel miRNA search and target 
prediction in P. minor 

http://omicslab.genetics.ac.cn/psRobot/
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lab.genet ics.ac.cn/psRob ot/) with score 2.5 which indicates 
90% accuracy and reduced false positive prediction. The 
work flow is summarized in Fig. 2.

Validation of secondary structure

cDNA was synthesized using RevertAid Reverse Tran-
scriptase (Thermofisher) according to manufacturer proto-
cols. Briefly, 1 µg of RNA was mixed with 1 µL of oligo(dT). 
Then, 4 µL of 5× Reaction Buffer, 1 µL of RiboLock RNAse 
Inhibitor (20 U/µL), 2 µL of 10 mM dNTP Mix and 1 µL of 
RevertAid RT (200 U/µL) was added to the mixture. Sam-
ple was incubated in thermocycler for 1 h at 42 °C. The 
reaction was terminated by heating the sample at 70 °C for 
5 min. For PCR amplification, forward and reverse primers 
were designed using Integrated DNA Technologies (https 
://sg.idtdn a.com/) (Supplementary file_primer). The PCR 
product was subjected to 4% agarose gel electrophoresis.

Results and discussion

Sequencing data

Illumina sequencing of P. minor library generated a 
total of 12,409,685 ± 7.0 million reads. After filtering, 
7,724,932 ± 4.7 million clean reads in the library which 

have length from 18 to 30 nt were retrieved, represent-
ing 1,451,635 ± 0.8 million unique sequences as shown 
in Table 1. Data mapping to miRBase and Rfam database 
yield 111,235 ± 0.08 million and 1,195,917 ± 0.6 million 
sequences which represent 2610 ± 0.001 million (0.18%) 
and 100,356 ± 0.04 m million (6.91%) of unique sequences, 
respectively. The annotation result against miRBase identi-
fied 101 conserved miRNA. Unannotated sequence domi-
nates the statistics of small RNA library where they con-
tribute 6,417,780 ± 3.9 million (83.07%) of total reads, 
represent 1,348,660 ± 0.8 million (92.91%) of unique reads. 
The raw sequencing reads of small RNA were deposited 
in NCBI under two accession numbers, SRX2645686 and 
SRX2645687.

Novel miRNA detection

The analysis had revealed that 24 putative novel miRNAs 
were discovered from 6,417,780 reads of the unannotated 
sequences which represent 11 unique sequences of puta-
tive novel miRNAs. The precursor length of the putative 
miRNA detected varied between 73 nt to 163 nt and the 
length of mature miRNA retrieved are in range from 18 nt 
to 25 nt. The length distribution of pre-miRNA showed 
majority of pre-miRNA have length between 101–120 nt 
followed by 80–100 nt, 121–140 nt and finally 141–160 nt 
and 161–180 nt (Fig. 3). Pre-miRNA and mature miRNA 

Table 1  Statistic of small RNA 
sequences from P. minor library

Total reads (million; m) Percent (%) Unique Percent (%)

Raw reads 12,409,685 ± 7.0 m
Clean reads 7,724,932 ± 4.7 m 100.00 1,451,635 ± 0.8 m 100.00
miRNA 111,235 ± 0.08 m 1.44 2,610 ± 0.001 m 0.18
Rfam 1,195,917 ± 0.6 m 15.48 100,356 ± 0.04 m 6.91
Unannotated 6,417,780 ± 3.9 m 83.07 1,348,660 ± 0.8 m 92.91

Fig. 3  The putative pre-miRNA 
with different length

http://omicslab.genetics.ac.cn/psRobot/
https://sg.idtdna.com/
https://sg.idtdna.com/
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should contain more A and U bases than G and C bases. 
A high content of A and U possibly makes the secondary 
structure of pre-miRNA less stable, therefore, becomes more 
accessible to be processed by the RNA Induced Silencing 
Complex (RISC) complex into mature miRNA (Zhang et al. 
2006; Ni et al. 2010). An important aspect of the second-
ary structure of DNA and RNA is MFE. The lower value of 
MFE indicates that the sequence has the higher stability to 
form secondary structure (Prabu and Mandal 2010). In this 
study, the lowest value of MFE is − 61.60 kcal/mol belong 
to Pmi-nov_9 while the highest is − 13.80 kcal/mol belong 
to Pmi-nov_8. The MFEI for the putatives miRNA varies 
from 0.86 to 1.96 (Table 2). Analysis of mature miRNA 
length in Fig. 4 showed that most of the miRNA sequences 
have 21 nt while only single miRNA has length 19, 24, and 
25 nt, respectively.  

Novel miRNA target prediction

As a single miRNA can target multiple mRNAs, and on the 
other hand numerous miRNAs can regulate a single mRNA 
(Thomson et al. 2011; Samad et al. 2017a). Target predic-
tion resulted with 10 putative novel miRNAs, targeting 18 
mRNA transcripts involved in plant growth, development 
and signal transduction as well as stress responses (Table 3). 
For instance, Pmi-nov_6 targets three mRNAs encoding 
F-box protein, histidinol dehydrogenase and WEB family 
protein families. These three genes actively participated in 
plant development where F-box involved in protein degra-
dation, histidinol dehydrogenase involved in histidine bio-
synthesis and WEB family protein involved in chloroplast 
movement (Stefanowicz et al. 2015; Petersen et al. 2010; 
Kodama et al. 2010). Additionally, F-box proteins were 
known as multifunctional proteins since they were involved 

Table 2  List of novel miRNAs discoveries and their information

From left, miRNA candidate, novel mature miRNA sequence, length of secondary structure, ID transcript that used for secondary structure pre-
diction, percentage (%) of A and U base, MFE (ΔG), AMFE and MFEI value

ID miRNA Length of 
Precursor

ID transcript % A and U ΔG AMFE MFEI

Pmi-nov_1 ATG GAT ATG CAA GCA TGA TA 133 comp66662_c8_seq2 66.92 − 37.1 27.89 1.19
Pmi-nov_2 CGG GGA AGA GGC TGA GCA AGGA 103 comp64725_c0_seq1 50.49 − 57.5 55.83 0.89
Pmi-nov_3 CTG TTA GCA GTA GTA CAA TTA 133 comp60703_c0_seq2 59.40 − 55.1 41.43 0.98
Pmi-nov_4 CTT GAT TGA AAT GGT TCT CGA CGA 83 comp52499_c0_seq1 60.24 − 24.6 29.64 1.34
Pmi-nov_5 GGA GCG ACC TTA GAC CAC ATGA 163 comp6546_c0_seq1 51.53 − 59.0 36.20 1.34
Pmi-nov_6 GTG CTC TCT CTC ATT GTC ATA 113 comp51053_c0_seq1 55.75 − 58.0 51.33 0.86
Pmi-nov_7 TCC CAC TCT CAA CAC CAA 83 comp62823_c0_seq1 44.58 − 28.6 34.46 1.61
Pmi-nov_8 AAT GTA TTT TTG GAC GGA GGT AGT A 82 comp66383_c1_seq1 67.07 − 13.8 16.83 1.96
Pmi-nov_9 GTG CTC TCT CTC GTT GTC A 143 comp7042_c0_seq1 59.44 − 61.6 43.07 0.94
Pmi-nov_10 ACG GCT GCT CGA TGA CCA 113 comp51416_c0_seq1 48.67 − 42.7 37.79 1.36
Pmi-nov_11 AGG TCA CAA ATG GAC GGT TGA 113 comp59558_c0_seq1 48.67 − 57.9 51.24 1.00

Fig. 4  The putative novel 
mature miRNA with different 
length
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in defense response and hormone signaling as well (Piisilä 
et al. 2015; Kelley and Estelle 2012; Stefanowicz et al. 
2015). F-box protein in Arabidopsis, MORE AXILLARY 
GROWTH2 (MAX2) contributed in plant defense system 
against P. syringae and P. carotovorum, since max2 mutant 
showed susceptibility to both bacteria (Piisilä et al. 2015). 
Besides, F-box proteins were able to regulate different types 
of hormone such as auxin, jasmonate, gibberillic acid, eth-
ylene, and salicylic acid which were crucial in plant defense 
and development (Kelley and Estelle 2012).

Pmi-nov_8 targeted cysteine-rich receptor-like protein 
kinase which also participated actively in signal transduc-
tion (Burdiak et al. 2015). In addition to that, Pmi-nov_5 
and Pmi-nov_9 were also involved in signal transduction via 
targeting same target that plays role in signal transduction, 
serine/threonine protein kinase (Kulik et al. 2011). In Arabi-
dopsis, 44 members of cysteine-rich receptor-like protein 
kinase were discovered (Burdiak et al. 2015). Overexpres-
sion of this protein had increased the plant sensitivity to 
abscisic acid, resulting in enhanced drought tolerance (Lu 
et al. 2016). Serine/threonine protein kinase worked as nega-
tive regulator to immune system. In Arabidopsis, the regula-
tion by serine/threonine protein kinase prevents improper 
activation of plant defense activity in the absence of plant 
pathogen (Lin et al. 2015). By contrast, in tomato, serine/
threonine protein kinase was encoded by Pto gene that con-
tributed resistance against Pseudomonas syringae pv. tomato 
that produced AvrPto (Piquerez et al. 2014).

On the other hand, Pmi-nov_2 and Pmi-nov_10 target 
putative disease-resistance protein and peroxidase that 

contribute in regulating plant defense system, respectively. 
Disease-resistant proteins in plant serve as pathogen rec-
ognition and responsible for triggering innate immunity 
system to halt pathogen proliferation (Wen et al. 2015; 
Wang et al. 2016). In Arabidopsis, transgenic plant overex-
pressing disease-resistant gene showed resistance to pow-
dery mildew caused by Golovinomyces cichoracearum, 
and also to a virulent bacteria, Pseudomonas syringae pv. 
tomato DC3000 (Wen et al. 2015). Pmi-nov_10 target, per-
oxidase, was well known as antioxidant defense that detox-
ify reactive oxygen species (ROS) (Ozyigit et al. 2016).

From all of the miRNA candidates, Pmi-nov_5 has no 
hit to any target. This might be because of the limitation 

Table 3  List of target genes for 
putative novel miRNAs in P. 
minor 

From left, miRNA candidate, alignment score, target ID and target annotation. Non-applicable (N/A) repre-
sents the putative novel miRNA does not hit any target

miRNA Score Target ID Target annotation

Pmi-nov_1 2.5
2.0
2.2

comp66946_c3_seq5
comp60103_c0_seq2
comp65298_c0_seq4

F-box protein
Histidinol dehydrogenase
WEB family protein

Pmi-nov_2 2.0
2.5

comp65018_c0_seq3
comp52866_c1_seq1

1-aminocyclopropane-1-carboxylate oxidase
Homeobox-leucine zipper protein

Pmi-nov_3 2.5 comp68390_c0_seq6 Putative disease-resistance protein
Pmi-nov_4 0 comp52499_c0_seq1 Cytochrome c biogenesis protein
Pmi-nov_5 N/A N/A N/A
Pmi-nov_6 2.5

2.5
2.5

comp64912_c2_seq1
comp63854_c3_seq4
comp53735_c0_seq3

Serine/threonine protein kinase
Transcription factor TCP4
UDP-glycosyltransferase

Pmi-nov_7 2.5
1.2
1.2

comp60227_c1_seq1
comp67662_c1_seq5
comp58603_c0_seq4

WRKY transcription factor
Homeobox-leucine zipper protein
Protease-Do like

Pmi-nov_8 2.5
2.0

comp67443_c0_seq9
comp65934_c1_seq7

Sucrose-phosphate synthase
Cysteine-rich receptor-like protein kinase

Pmi-nov_9 2.2 comp60840_c0_seq9 Serine/threonine protein kinase
Pmi-nov_10 2.5 comp26923_c0_seq1 Peroxidase
Pmi-nov_11 2.0 comp39280_c0_seq1 U-box domain-containing protein

Fig. 5  Pie chart showing the distribution of GO annotations of the 10 
novel miRNA targets which belong to three major classes
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of genome sequences in P. minor. Overall, gene ontology 
analysis for target enrichment (Fig. 5) showed that most 
of the target gene belongs to cellular component (69.07%) 
followed by molecular function (30.08%) and biological 
process (0.85%).

Experimental validation

Out of 11 miRNA precursors, 7 were successfully validated 
through experimental method. The size range of the miRNA 
precursors varies between ~ 70 and ~ 100 nt (Fig. 6). The 
validated precursors belonged to Pre-nov_1 (~ 70 nt), Pre-
nov_3 (~ 80 nt), Pre-nov_4 (~ 80 nt), Pre-nov_6 (~ 90 nt), 
Pre-nov_7 (~ 80 nt), Pre-nov_9 (~ 100 nt) and Pre-nov_10 
(~ 80 nt). The size of precursors detected was smaller than 
predicted because the primers were designed to avoid the 
bulges region to prevent inefficient primer annealing (Stad-
houders et al. 2010). However, no miRNA precursors were 
detected for Pre-nov_2, Pre-nov_5, Pre-nov_8, and Pre-
nov_11. Troubleshooting steps had been taken into account 
for the amplification of these precursor sequences such as 
temperature adjustment during PCR and primers substitu-
tion, but none of them worked. These problems may arise 
due to false positive prediction from bioinformatics tools 
(Alptekin et al. 2017).

Conclusion

Despite the fact that this type of miRNA discovery technique 
is one of the common research in miRNA field, but miRNA 
research on P. minor is still quite behind from other model 
plant species. In this work, we have successfully charac-
terized potential novel miRNA in P. minor since, it may 
be developed as a genetic tool to enhance the production 
of valuable compound which can be beneficial in pharma-
ceutical industry. We have identified 11 potential miRNAs 
through computational approach, together with their target 

genes except for one miRNA. Further analysis lead to the 
validation of 7 miRNAs. In our study, we have used a well-
developed transcriptomic library for miRNA homology 
search method. Our finding may improve the current public 
miRNA database by depositing this miRNAs sequence from 
non-model plant species where the genome is still unknown.
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