
Send Orders for Reprints to reprints@benthamscience.ae 

 Current Genomics, 2018, 19, 21-35 21 

RESEARCH ARTICLE 

 1389-2029/18 $58.00+.00 ©2018 Bentham Science Publishers 

Mapping the microRNA Expression Profiles in Glyoxalase Over-
expressing Salinity Tolerant Rice 

Anita Tripathi, Osmani Chacon, Sneh Lata Singla-Pareek, Sudhir K. Sopory and Neeti Sanan-
Mishra* 

International Center for Genetic Engineering and Biotechnology, Aruna Asaf Ali Marg, New Delhi, India 

	
  

A R T I C L E  H I S T O R Y 

Received: May 30, 2016 
Revised: September 08, 2016 
Accepted: September 20, 2016 
 
DOI: 
10.2174/1389202918666170228134530 

Abstract: In the recent years, glyoxalase pathway has been an active area of research in both human 
and plants. This pathway is reported to confer stress tolerance in plants, by modulating the glu-
tathione homeostasis to achieve detoxification of a potent cytotoxic and mutagenic compound, meth-
ylglyoxal. The microRNAs (miRNAs) are also reported to play significant role in stress tolerance for 
plants. However, the cross-talk of miRNAs with the metabolism regulated by glyoxalase in the salin-
ity-tolerance is unexplored. We therefore investigated whether expression profiles of miRNAs are al-
tered in response to glyoxalase overexpression, and if any of these are also responsible for modulat-
ing the stress responses of plants. In this study, the Next Generation Sequencing (NGS) was em-
ployed to profile miRNA expression levels from glyoxalase overexpressing transgenic lines. The as-
sociated targets of differentially expressed miRNAs were predicted and their functional annotation 
was carried out using Gene Ontology (GO) and KEGG Orthology (KO), which showed their in-
volvement in several crucial biological pathways. The analysis of NGS datasets also identified other 
isoforms or isomiRs of selected miRNAs, which may have an active role in developing tolerance 
against salt stress. Different aspects of miRNA modifications were also studied in glyoxalase overex-
pressing lines. 

Keywords: Next generation sequencing, Glyoxalase, End modifications, Abiotic stress, isomiRs, isoforms, QTLs. 

1. INTRODUCTION 

 Improved rice varieties and hybrids developed by re-
searchers all over the world have helped to ameliorate the 
quality as well as quantity of rice production. However, poor 
irrigation practices have increased the threat of soil salinity 
which severely affects the plant developmental processes 
like the germination of seed, seedling vigor, flowering time 
and seed set [1]. High soil salt content disrupts the osmotic 
and ionic balance at both cellular as well as whole-plant lev-
els. All major crops are sensitive to high concentrations of 
sodium (Na+). The search for genes imparting salt tolerance 
has identified molecules that are either involved in the stress 
signaling pathways or are crucial for the structural and func-
tional protection [2, 3] or those that help to restore the os-
moticum or ion homeostasis [4-6].  

 In a classical study, it was shown that Salt Overly Sensi-
tive (SOS) signaling pathway that comprises of three main 
proteins SOS1, SOS2 and SOS3, acts on ion homeostasis 
and enables plants to achieve some level of tolerance against 
high salt [7, 8]. The SOS1 encodes a plasma membrane 
Na+/H+ antiporter and has a role in regulation of Na+ efflux 
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at cellular level. It also mediates the long distance transport 
of Na+ [9, 10]. The SOS2 gene encodes a serine/threonine 
kinase that is turned on by salt stress drawn Ca2+ signals. The 
SOS3 protein contains myristoylation site at its N-terminus 
[11]. The binding interaction of SOS3 with SOS2 protein 
activates the kinase [12], which in turn phosphorylates SOS1 
and increases Na+ efflux, thereby decreasing Na+ toxicity 
[13, 14]. The salt tolerance can also be attained by over-
expression of SOS1 in plants [15]. The role of several MAP 
kinases has also been reported in response to salt stress. Re-
cent reports have shown MPK6 mediated regulation of SOS1 
phosphorylation by NaCl and Phosphatidic Acid [16].  
 Another strategy to keep a check on ion concentration in 
cytoplasm, involves maintaining the cellular levels of 
Na+/K+. Both the ions share common mechanism of transport 
therefore K+ competes with Na+ for entry into the cytoplasm. 
Under salinity stress an increased amount of Na+ ion results 
in decreased uptake of K+ [1, 17]. This induces the expres-
sion of transporters such as HKT (histidine kinase trans-
porter) and NHX [18-20], which favour a continuous uptake 
of K+ [18-20]. These transporters belong to large gene fami-
lies and the role of specific isoforms (e.g. LeNHX3 and 
LeNHX4) in ion homeostasis is now established in different 
plants [21]. 
 Among the various strategies the glyoxalase (Gly) system 
is involved in chemical detoxification by the coordinated 
action of two enzymes- Glyoxalase I (GlyI, lactoylglu-
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tathione lyase; EC4.4.1.5) and Glyoxalase II (GlyII, hy-
droxyacylglutathione hydrolase; EC 3.1.2.6), which act to-
gether to convert methylglyoxal (MG) and other 2-
oxoaldehydes in their 2-hydroxyacids with the help of a co-
factor Glutathione (GSH) [22]. Under natural physiological 
conditions, Gly I catalyzes the initial step of the pathway 
[22] by converting MG to SD-lactoylglutathione (SLG) in 
presence of GSH. In the next step, catalyzed by Gly II, the 
cytotoxic SLG is hydrolysed to D-lactate and GSH is re-
leased [22, 23]. This pathway has been reported to confer 
salt stress tolerance in plants by removing the cellular toxic-
ity and regulating the GSH homeostasis [24]. It was shown 
that with the exposure of plants to various abiotic stresses, 
concentration of MG increases [25]. In general, most impor-
tant source of MG is glycolysis at triose-phosphate step and 
catabolism of amino acids and acetone [26]. High levels of 
MG is noxious for the plant as it reacts with the major macro-
molecules such as DNA, RNA and proteins [27]. The levels 
of Gly I and Gly II transcripts were shown to increase with 
the duration of salt treatment in cotyledonary leaves as well 
as in roots of Brassica juncea and rice [24, 28]. Studies in-
volving over-expression of the Gly genes in plants have con-
firmed its role in enhancing tolerance towards salt, drought 
and heavy metal stress [29-31] in many plant species. The 
mechanism behind the Gly mediated salt tolerance is being 
studied.  
 Increasing evidence has established that miRNAs play 
crucial roles under various abiotic stresses by regulating 
gene expression. miRNAs are small non-coding RNAs, typi-
cally derived from a segment of the genome (pri-miRNA) 
which lies in the intergenic, or intronic, regions [32, 33]. In 
plant system the pri-miRNA is processed in the nuclei, 
through a pathway mediated by DICER-like (DCL) proteins, 
into hairpin like structure called precursor miRNA (pre-
miRNA) which is subsequently cleaved into 20-24 nt long 
duplexes. This mature miRNA binds to ARGONAUTE 
(AGO) protein complex termed as RNA Induced Silencing 
Complex [RISC] [34-38] and targets the complementary 
transcripts to negatively regulate gene expression by transla-
tion repression or degradation of targeted mRNAs [39, 40]. 
 Recently, computational approaches have gained impor-
tance for rapid, rigorous and cost effective identification of 
miRNAs from NGS dataset [41]. The algorithms have been 
successful in predicting the targets of the miRNAs [42-44]. 
Identification of miRNAs and their target genes therefore is 
an important step towards understanding their biological 
functions. We have standardized computational algorithms 
for identifying the expression patterns of rice miRNAs in 
different tissues and these computational results were ex-
perimentally validated [45]. In this study, the same algo-
rithms were used to identify the miRNA expression profiles 
and predict novel miRNAs and their target genes from deep 
sequenced libraries of Gly over expressing transgenic rice 
lines. The associated targets of the differentially expressed 
miRNAs were predicted and their functional annotation was 
carried out using Gene Ontology (GO) and KEGG Orthology 
(KO) analysis. The analysis of datasets also identified the 
isomiRs and modified forms (isoforms) of selected miRNAs. 
The role of miRNAs and their variants in Gly mediated tol-
erance against salt stress is discussed. 

2. MATERIALS AND METHODS 

2.1. Plant Materials and Growth Conditions 

 Seeds of salinity susceptible, wild type Pusa Basmati 
lines and salinity tolerant, Pusa Basmati lines overexpressing 
Gly I and Gly II [46] were surface sterilized with a solution 
of 10% commercial bleach (0.525% sodium hypochlorite) 
for 5 min, washed thoroughly with sterile water and placed 
on germinating sheets. The seeds were grown under con-
trolled conditions, temperature (28.2°C), relative air humid-
ity (70%) and 16/8­‐h light/dark cycle. For further analysis, 
leaf tissue samples were harvested from normal or 200 mM 
salt (NaCl) stressed 15-days-old seedlings. 

2.2. Small RNA Library Preparation 

 Leaf tissues of 15-days-old wild type (PB) and Gly seed-
lings (Gly) grown under normal (NL) and salt stressed (SL) 
conditions were used for RNA isolation. One gram of leaf 
tissue was rinsed briefly with sterile H2O containing 0.1% 
(v/v) Diethylpyrocarbonate (DEPC, Sigma) and used for 
total RNA isolation as described earlier [45]. The small RNA 
was enriched by LiCl precipitation and used for library con-
struction as described earlier [45]. The libraries thus made 
were used for deep sequencing on GAII sequencer (Illu-
mina). 

2.3. Analysis of Sequencing Data 

2.3.1. Pre-processing 

 The data was delivered by sequencer as sequences of 36 
bases in length with the base quality scores and read counts. 
Quality Filtering Analysis (performed by NGSQC tool kit) 
showed that above 97% reads were of high quality. The raw 
sequence reads were processed to remove the 3' adapter by 
searching for 5 bases of the adapter sequence using the crite-
ria of exact match. The reads containing these sequences 
were further checked and the sequences aligning to the com-
plete adapter sequence were selectively removed from the 
read. After adapter trimming only those reads were retained 
which were having read length of 18-24 nt. These sequences 
were clustered based on sequence identity such that all iden-
tical reads in each small RNA library were grouped into sin-
gle sequence tag each containing information on the unique 
sequence and its abundance or expression value in the se-
quenced library. 

2.3.2. Identification of Known miRNA 

 The small RNA sequences of normal and salt stressed 
Gly overexpressing libraries were matched against the rice 
sequences in miRBase 21.0, using Bowtie, to identify known 
miRNAs [47]. The sequences showing 100% match to 
known mature rice miRNAs were selected. Their digital ex-
pression status was generated by normalizing the expression 
of miRNAs in each sample and expressing the values as 
transcript per million (TPM) [41, 48]. 
Normalized expression= (Actual miRNA count) × 1,000,000 
    (Total no. of reads)  
 To observe the differential expression pattern of miRNAs 
a comparison of normalized expression (NE) across the nor-
mal and stressed libraries were performed and fold-change 
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was calculated. The values were plotted as log2-ratio [49, 
50]. 
Fold-change=log2 (NE of miRNA in experimental condition) 
                             (NE of miRNA in control condition) 

 The miRNAs, which were ≥2 fold deregulated, were con-
sidered for subsequent analysis. 

2.3.3. Identification of isomiRs and End Modifications of 
Known miRNAs 

 miRBase database [51] was used to retrieve the precursor 
sequences of all the known miRNAs identified in the se-
quenced libraries. PERL script was used to align the miRNA 
reads of length range from 17-27 nt to the precursor se-
quences using the criteria of perfect match. The expression 
of aligned reads was checked. The reads, which showed 
higher abundance than that of the corresponding known ma-
ture miRNA sequence, were assigned as candidate isomiRs. 
 For identification of 3’ and 5’ end modifications the 
sRNA reads were aligned to known miRNA sequences indi-
vidually using bowtie. These aligned reads were identified 
and subjected to the miRMOD tool for identification of pre-
cursor independent end modifications.  

2.3.4. Identification of Novel microRNA 

 Novel miRNAs with several modifications were identi-
fied by following the steps [41]. All the unique tags were 
aligned to the genome (retrieved from BGI - Indica genome) 
with zero mismatch, using Bowtie 0.12.7. The reads showing 
alignment with genome were further aligned on known 
miRNA (mirBase Rel. 21) [51] and other small non-coding 
RNA species (retrieved from BGI - Indica genome data) like 
rRNA, snRNA, sRNA and tRNAs in the Rfam10.1 [52]. The 
aligned reads were excluded from further analysis. For the 
remaining reads genomic alignment were fetched and flank-
ing region (200 base up and down stream) were retrieved 
from genomic sequence. The flanking region were consid-
ered as candidate pre-miRNAs and further screened for 
meeting the structure and energy requirements of plant 
miRNA [53]. The most abundant read aligning to the stem 
region of the putative precursor is considered as putative 
miRNA. To further validate the putative miRNA its corre-
sponding miRNA* sequence was predicted and traced back 
in sequenced libraries. The reads for which corresponding 
star sequence was present in any of the libraries were pre-
dicted as miRNAs. 

2.4. QTL Mapping for Novel miRNA Families 

 The QTL coordinates of rice were retrieved from Gra-
mene QTL database [54]. These coordinates were used to 
extract the QTL sequences from MSU 6 Rice Genome. Next 
the precursor sequences of the novel miRNAs and their iso-
forms were searched in the retrieved QTL sequences for ex-
act match. The smallest and largest associated QTLs of each 
aligned miRNA were identified and the trait corresponding 
to the smallest QTL was assigned to the miRNA. 

2.5. Target Prediction 

 Potential gene targets for known and novel rice miRNAs 
were searched using online web tool psRNA Target, Oryza 

sativa (rice), transcript, TIGR genome cDNA OSA1 Release 
5.0 (OSA1R5), using default parameters. Targets mRNA 
sequences with a score of ≤ 3 were considered as potential 
targets. The predicted target sequences were searched against 
PlantTFDB [55] to identify sequences with transcription 
regulatory activities. 
 To completely examine the function of the target se-
quences, GO term and KEGG pathway annotation was per-
formed. The candidate targets were analyzed by Rice Oli-
gonucleotide Array Database [56] to calculate fold-
enrichment in each GO category. If the calibrated hypergeo-
metric p-value obtained was below or equal to 0.05, the bio-
logical function of the targets could be confirmed. The regu-
lator pathway annotation was performed based on scoring 
and visualization of the pathways collected in the KEGG 
database by the help of KEGG Orthology (KO) enrichment 
analysis from Rice Oligonucleotide Array Database (ROAD) 
(http://ricearray.org/). Further the number of target tran-
scripts for each miRNA and number of miRNAs targeting a 
single transcript were calculated and a network view was 
created to visualize the miRNA and target gene interactions 
and enrichments using Cytoscape 2.8.3 [57]. 

3. RESULTS AND DISCUSSION 

3.1. Analysis of Small RNA Sequences and miRNA Ex-
pression Profiles 

 Deep sequencing of the small RNA libraries of leaf tissue 
from Gly seedlings growing under normal (GNL) or salt 
stressed (GSL) conditions generated total 26371105 and 
26780310, reads, consisting of 2898648 and 3385190 unique 
sequences with their length between 18-nt to 24-nt, respec-
tively (Table 1; Supplementary Fig. 1). The size distribution 
analysis of the unique reads indicated that 24-nt sequences 
represented the largest and the most diverse class with most 
sequences containing Adenosine or Guanosine residues at 
the first nucleotide position (Fig. 1A). The diversity seen in 
the 24-nt small RNAs is consistent with their origin mainly 
as short interfering RNAs (siRNAs), which may reflect their 
role in chromatin maintenance [45, 58]. The overall pattern 
was similar for both GNL and GSL libraries and also consis-
tent with previous reports from other species such as Arabi-
dopsis thaliana, Medicago truncatula, Solanum lycoper-
sicum, Cucumis sativa, Zea mays and Populus trichocarpa 
[59-65]. 
 On comparing the total abundance based on the number 
of reads, the 21-nt sequences emerged as the largest size 
class (Fig. 1B) followed by the 24-nt and 20-nt long se-
quences, respectively. Among the 21-nt and 20-nt long se-
quences there was abundance of Thymidine at the first nu-
cleotide while among the 24-nt size class the majority of the 
sequences contained Adenosine residues at the first nucleo-
tide position. The 21-nt size is characteristic for canonical 
miRNAs and high ratio of abundances/unique reads, reflects 
the high expression and homogeneity among the sequences 
indicating an important regulatory role for these small RNAs 
in plant biology. 
 The deep sequencing data sets obtained from the Gly over-
expressing lines comprised 357 out of 713 mature rice miR-
NAs listed under miRBase (Release 21). We could identify
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Table 1. Summary of reads obtained at each step of sequence analysis. Normal Glyoxalase (GNL) and salt stressed glyoxalase leaf 
(GSL) library. 

Library  GNL GSL 

Read Length  36 36 

Total No. of reads  26371105 26780310 

Total number of High Quality (HQ) reads  25839193 (97.98%) 26129532 (97.57%) 

Number of Primer/Adaptor contaminated HQ reads  671726 706017 

%age of reads with non-ATGC bases  0.38 1.3 

Total no. of unique Reads (18-24 length) after adapter trimming  2898648 3385190 

Perfect match to indica genome  1804026 (62.24%) 2093148 (61.83%) 

 

 
Fig. (1). Size distribution of small RNA reads obtained in glyoxalase lines based on A) number of unique small RNAs in each size class. B) 
Total abundance of small RNA sequences in each size class. 

319 miRNAs from GNL and 334 miRNAs in the GSL librar-
ies. Among these the 21-nt size class, that is known to regu-
late post-transcriptional gene expression, emerged as the 
abundant molecules as observed in (Fig. 1B). This size dis-
tribution pattern is similar to earlier observations on the rice 
miRNAs [45, 66, 67]. The NGS data sets also provided the 
digital expression status of each miRNA based on the nor-
malized expression values (Supplementary Table 1).  

3.2. Salt Stress-regulated miRNAs 

 The detailed coverage of mature miRNAs and their ex-
pression levels provided by each sequencing data set enabled 
a comparison between the normal (NL) and salt stressed 

(SL) tissues of the wild-type plants and Gly overexpressing 
(G) lines. A four-way comparison of all libraries depicted 
that 231 (64.7%) of the 357 known miRNAs identified in 
Gly lines were common to all libraries while expression of 
72 (~20 %) known miRNAs was induced in the GNL library. 
Among the common miRNAs 59 miRNAs were up regulated 
and 13 miRNAs were down regulated on salt stressed. It was 
hypothesized that the targets for these miRNAs may play a 
significant role in imparting salt tolerance to the Gly lines.  
 To understand the significance of salt stress induced de-
regulations of the miRNA molecules in the wild-type and 
Gly overexpressing lines, the fold deregulations were plotted 
and compared (Fig. 2). It was observed that greater number 
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of miRNAs were down regulated by salt stress in the WT 
plants (SLPB/NLPB) as compared to the Gly lines 
(GSL/GNL), while the number of up regulations was more in 
the Gly transgenics (Fig. 2A). This indicates that over-
expression of Gly braces the miRNA machinery to regulate 
the damage induced by salt stress. This was evident on com-
paring the deregulations between the normal tissues of WT 
and Gly lines. A uniform distribution of down regulated and 
up regulated miRNAs was observed (GNL/NLPB), however, 
imposition of stress caused an upward shift in the profile 
(GSL/SLPB) (Fig. 2B).  
 It was observed that 11 miRNAs were specifically up 
regulated and 18 miRNAs were down regulated in the GNL 
tissues as compared to wild-type (NLPB) tissues (Fig. 3). 
Among these osa-miR5828 and osa-miR440 were 4-fold 
down regulated, leading to the up regulation of a F-box pro-
tein and potassium channel AKT1, respectively. This indi-
cates the activation of pathways favouring controlled degra-
dation of cellular proteins [68] and an import of K+ ions [69] 
both of which can help the plants to override the toxic effects 
of Na+ accumulation. The levels of osa-miR1846 were 4-fold 
up regulated and it is predicted to target an anion-
transporting ATPase [70]. In the GSL tissues as compared to 
salt stressed wild-type (SLPB) tissues 4 miRNAs were spe-
cifically up regulated and 17 miRNAs were down regulated 
(Fig. 3).  
 Several previous studies have highlighted many salt 
stress associated miRNAs, 39 of which were identified, in 
the Gly tissues in this study [41, 71, 72]. Expression levels of 
some miRNAs like osa-miR398 [73], osa-miR812 [74], osa-

miR528 [75], osa-miR397 [76], osa-miR167 [77], osa-
miR160 [77], osa-miR408 [78] etc. were highly up regulated 
in the salt stressed Gly plants (GSL). This supports the ob-
servation that the Gly over-expressing plants are better pre-
pared to tolerate stress. 

3.3. Prediction of Novel miRNAs and their Targets from 
Gly Plants 

 Our analysis predicted 87 novel miRNAs from the Gly 
libraries. A search for their putative miRNA* sequences in 
the libraries [79] validated 31 sequences as putative miR-
NAs. The sequence and read values of all the novel miRNAs 
is provided in (Table 2) while their structures are represented 
in (Supplementary Fig. 2). The complete information includ-
ing miRNA, miRNA* and precursor sequences with their 
chromosome location for all the isoforms of these novel se-
quences is provided in (Supplementary Table 1). Many of 
the novel miRNA sequences had more than one hit on ge-
nome. The read length distribution analysis revealed that the 
novel miRNAs were also enriched in the 21-nt size class 
[58]. 
 Among the predicted novel miRNAs, 8 sequences were 
found to exhibit homology to the pre-miRNA sequences of 
known miRNAs reported in miRBase. These included 
osa_13, osa_24 and osa_25, which were identified as novel 
members of osa-miR2120, osa-miR2863 and osa-miR5788 
families, respectively. The osa_26 - osa_29 were found to 
arise from the 3p arm of osa-miR2866, osa-miR169i,j,m and 
osa-miR1846e whereas, osa_30 and osa_31 mapped to the 
5p arm of osa-miR159f and osa-miR171h. 

 
Fig. (2). Log2 fold change distribution of all known and novel miRNAs identified in the small RNA libraries. A) The plot of change in 
expression levels observed between the salt stressed Gly library (GSL) and normal Gly library (GNL) is compared to the change in 
expression levels observed between the salt stressed wild-type library (SLPB) and normal library (NLPB). GSL/GNL is plotted in Grey and 
SLPB/NLPB is plotted in red. B) The plot of change in expression levels observed between the salt stressed Gly (GSL) and wild-type 
(SLPB) libraries is compared to the change in expression levels observed between the normal Gly (GNL) and wildtype (NLPB) libraries. 
GSL/SLPB is plotted in Grey and GNL/NLPB is plotted in red. 
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Fig. (3). Venn diagram to show the number of deregulated miRNAs. The change in expression levels observed between the normal Gly 
(GNL) and wildtype (NLPB) libraries is compared to the change in expression levels observed between the salt stressed Gly (GSL) and wild-
type (SLPB) libraries. The list of miRNAs exhibiting a four fold or more deregulation is tabulated. 

 The annotation of a miRNA is incomplete without the 
identification of the targets which they regulate. The plant 
miRNAs are nearly perfect complementary to their targets 
transcripts, so the computational approach of identifying the 
targets has been very successful and effective. The targets 
for the novel miRNAs incuded a large number of unanno-
tated “hypothetical proteins” and “expressed proteins”. On 
considering only the annotated transcripts 712 miRNA: 
mRNA interactions could be identified (Supplementary Ta-
ble 2) and these included 9 transcription factor families like 
GRAS, G2-like, WRKY, MIKC and FAR1 associated with 
salt stress.  

 The novel miRNAs also exhibited stress-induced deregu-
lations with 6 sequences down regulated and 18 sequences 
up regulated under salt stress. The novel miRNA osa-miR23 
which targets pentatricopeptide repeat protein, PPR1106-17, 
was found to be 4-fold down regulated in GSL. This indi-
cates an up regulation of the corresponding PPR transcripts 
which is supported by the fact that the PPR proteins play an 
important role in mitigating the stress responses in plants by 
regulating the ABA signaling pathway [80]. 
3.3.1. Enrichment Analysis 
 Gene Ontologies (GO) provide a controlled vocabulary to 
assess the biological process (P), molecular function (F) and
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Table 2. List of predicted miRNAs with their calculated read values as transcripts per million. 

___ miRNA GNL GSL Description 

Osa_1 AGAAGCTGTGGACTGTTTAGGGCA 16.078 15.87 Novel 

Osa_2 TACCTCGTTAGATTCGTCTCA 7.356 8.812 Novel 

Osa_3 AAATTCTGAGAAGCAGCTGGTTGG 4.815 7.057 Novel 

Osa_4 AGAAGCTATGGACTGTTTGGGGCA 3.868 4.742 Novel 

Osa_5 ACGTGACTTTGACTGCAGAGGATC 2.275 3.435 Novel 

Osa_6 TGCCACGTGGACGATGACATG 0.569 1.195 Novel 

Osa_7 ATCATGAGTAAATTGGTTCCCGGT 0.4550 1.008 Novel 

Osa_8 TTGGATGGATGCCCGGGCAT 0.0758 0.037 Novel 

Osa_9 AATGTATGACGCTGTTGACTTT 0.0758 0.224 Novel 

Osa_10 AGGGATCCTCTGACTTAACTGCTG 1.0238 0.672 Novel 

Osa_11 CGTGACATTCTCGGTGACATTGAG 0.1138 0.261 Novel 

Osa_12 ACATTGTGAAACGGAGGAAGTAC 0.1138 0.112 Novel 

Osa_13 TTACCAACCGGGACTAAAGATC 0.0758 0.112 miR2120 family 

Osa_14 CAACTGACGGTAGTGGCATGAGA 0.0758 0 Novel 

Osa_15 AAGGGATTTTTGGTGGATGTGACA 0.0379 0.187 Novel 

Osa_16 ACGTAGATTACCGACAAAACCGA 0.0379 0.261 Novel 

Osa_17 TCAAGGACCGTAGAATTGCTC 0.0379 0 Novel 

Osa_18 TTGTACTAGGATGTGTCACAT 0 0.037 Novel 

Osa_19 TACCTCGTTAGATTCGTCTCG 25.217 25.73 Novel 

Osa_20 TGACATGTCGGAGTTGATGAGCAT 0.1138 0.224 Novel 

Osa_21 TTTCGCTGGCGGATACTTAAGAGG 0.1138 0.075 Novel 

Osa_22 ATCAGCAGTACTGCAGATAATCCC 0.0379 0 Novel 

Osa_23 ACGATACCAAATAATTTTCGATCG 0 0.037 Novel 

Osa_24 GTTCATTTAGTTGAATTAGAGTGG 0.1896 0.299 miR2863 family 

Osa_25 ATTAGAATATGTTACATCCAACGG 0 0.037 miR5788 family 

Osa_26 TGCTGAGCACAAACTAGAGAA 1.3651 2.651 3p arm of miR2866 

Osa_27 GGCAGTCTCCTTGGCTAGC 0.1896 0.224 3-p arm of miR169g,h,j,l 

Osa_28 AGGCAGTCTCCTTGGCTAGC 0.113761 0.149 3-p arm of miR169i,j,m 

Osa_29 GGTGACTCCGGCCTCCTCGCC 0 0.112 3p of miR1846e 

Osa_30 AGCTCCCTTCGATCCAATCC 0.3034 0.336 5-p arm of miR159f 

Osa_31 TTGGTATTGTTTCGGCTCATG 0.3034 0.037 5p arm of miR171h 

 
cellular component (C) a gene product is putatively contrib-
uting [81, 82]. KEGG Orthology (KO) consists of manually 
assigned ortholog groups which belongs to KEGG pathway 
and BRITE hierarchy nodes, which acts as a basis for the 
representation of pathway maps in KEGG and BRITE func-
tional hierarchies [83]. Hence, to identify biological patterns 
in the list of miRNA target, analyses of both GO and KO 

was performed using Rice Oligonucleotide Array Database 
(ROAD).  
 It was observed that within the miRNA target list 99 GO 
terms (having p-value >= 0.05) were enriched including 51 
categories under Molecular Function, 39 terms under bio-
logical process and 9 in cellular components (Fig. 4). KO 
enrichment analysis showed the involvement of the target
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Fig. (4). Gene Ontology Enrichment Analysis showing the distribution of targets as a) Molecular Function b) Cellular component and c) 
Biological Process. 

transcripts under various biological pathways some of which 
were associated with the cellular signaling pathways such as 
PPAR signaling pathway, MAPK signaling pathway etc.  

 One such example is provided by osa-miR1879 which 
targets an antioxidant gene Catalase (LOC_Os06g51150) 
and is >5 fold down regulated in the Gly libraries. This target 
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transcript is associated with “MAPK signaling pathway” and 
“Glyoxylate and dicarboxylate metabolism”. Thus the 
miRNA down regulation will lead to accumulation of cata-
lase and this may work as an adaptive mechanism to quench 
the H2O2 under salt stress and offer defense against oxidative 
damage [84]. The catalase enzyme is also a down-stream 
component of the Mitogen-activated protein kinase (MAPK) 
cascade. This is an evolutionarily conserved signal transduc-
tion component concerned with conveying the extracellular 
signals to the nucleus for suitable cellular alterations [85]. 
The cascade constitutes three important components, a 
MAPK kinase (MAPKKK), a MAPK kinase (MAPKK) and 
a MAPK connected to each other by sequential phosphoryla-
tion reactions. It is active in response to various stresses as 
exemplified by the association of MAPKK4, MAPKK6, 
MAPKK1 MEKK1and OsMAPK5 in salt stress [78, 86, 87]. 
The signaling pathway is known to regulate phosphorylation 
of SOS1 and induce activity of catalase [88, 89]. 

3.3.2. QTL Identification 

 To understand the biological role of the novel miRNAs 
QTL (Quantitative Trait Locus) analysis was performed. 
This search resulted in total 1506 QTL associations for 14 
novel precursors (osa_1, osa_2_iso1,4, osa_8_iso2,3, 
osa_10, osa_16, osa_17_iso2, osa_19_iso1,3,7, osa_20_ 
iso2, osa_24 which includes three isoform of osa_19, two of 
osa_2 and two of osa_8). The smallest QTL was considered 
as the basis of inferring the phenotypic traits associated with 
the novel miRNAs.  
 It was found that osa_24 was linked to the abiotic stress 
QTL trait named “phosphorus uptake” and osa_19_iso1 
linked to the QTL trait named “Salt Sensitivity”. 
osa_19_iso1 showed more than 7 fold down regulation in 
GSL datasets, indicating a role in the plant’s stress tolerance 
mechanism. Among the other traits osa_1 associated with 
“leaf height”, osa_2_iso1 and osa_16 were associated with 
“Carbohydrate content” of plant, osa_2_iso4 was linked to 
“vegetative and reproductive growth time” and osa_20_iso2 
was associated with “lodging incidence”. It was observed 
that while osa_8_iso2 was associated with “cold tolerance” 
its isoform associated with “days to heading” (Fig. 5). The 
details of all the identified QTLs for these novel miRNAs is 
provide in (Supplementary Table 3). These findings suggest 
that any change in expression levels of these miRNAs may 
alter the target transcripts regulating the related responses in 
plants.  

3.4. Identification of isomiRs and their Expression Pro-
files 

 The introduction of deep sequencing techniques and se-
quence-based analysis of small RNA libraries has now made 
it possible to identify and analyze various end modifications 
on the miRNAs [79, 90]. It is observed that miRNAs do not 
exist as a single typical canonical sequence but they have a 
range of sequence variants, which are termed as “isomiRs”. 
The isomiRs may be produced as a result of processing 
variations, at unconventional sites, during the biogenesis of 
miRNAs as the sequences can be well aligned to the pre-
miRNA templates [91]. This shows that the miRNA as pub-
lished in miRBase is not always the most common sequence; 
other cutting variants are also encountered under different 

physiological conditions. The biological significance of the 
end modifications is not clear though it is evident that addi-
tions or deletions at the 5’ end of the miRNA can affect its 
AGO sorting [85, 86] and can lead to alteration in the target 
transcripts as well [92].  
 We observed that the isomiRs could be identified for 81 
known miRNAs using the pre-miRNA as the template se-
quence. Normally more than one sequence variant was pre-
sent for each miRNA so we selected the most abundant form 
as the isomiR (Supplementary Table 4). The alignments of 
selected miRNAs and isomiRs (osa-miR396, osa-miR156, 
osa-miR820 and osa-miR167) are represented in (Fig. 6). 
Subsequent analysis showed that 54 sequences had higher 
expression in the GNL library as compared to their corre-
sponding canonical mature sequences (Fig. 7A). Among 
these expression levels of 14 were more than 4 fold high 
(Fig. 7B). Similarly 60 isomiRs had higher expression in 
GSL library with 15 sequences having greater than 4 fold 
expression.  
 It was found that isomiRs of osa-miR160f-3p, osa-
miR815a-c, osa-miR5151 and osa-miR397b were present 
only in Gly libraries (GNL and GSL) and their expression 
was further induced by salt stress. The expression of isomiR 
of osa-miR397b showed more than 12 fold higher expression 
in the GSL library. However osa-miR397b has been reported 
as a stress-down regulated miRNA [93, 94] and its expres-
sion decreased further in the salt stressed Gly plants. miR397 
is predicted to target β-fructofuranosidase, an enzyme in-
volved in starch and sucrose metabolism. This suggests that 
sucrose metabolism, would be up regulated under stress and 
this may help in maintaining the cellular osmotic balance by 
accumulation of sugar osmolytes [95]. The miR397 is also 
predicted to target the laccase gene family, which was re-
ported to reduce root growth under dehydration [96]. The 
isomiR of osa-miR397 carry deletions at the 5’ end resulting 
in the change of target to ascorbate oxidase, which regulates 
the amount of cellular ascorbic acid (a cellular antioxidant) 
and brings about decarboxylation of auxin to impact devel-
opment. This clearly indicates that the isomiR enables the 
plant to overcome the stressful conditions. 
 The isomiRs of osa-miR1423-3p and osa-miR530-5p 
miRNA were specifically absent in the salt stressed wild-
type (SLPB) library. Similarly the isomiRs of osa-miR390-
3p, osa-miR1436, osa-miR399j, osa-miR5161, osa-miR 
7694-3p osa-miR6253 and osa-miR167a-3p were present 
only in GSL data sets. This indicates that they may be play-
ing an important role in Gly induced stress tolerance. How-
ever the biological significance of the processing and func-
tion of the isomiRs requires detailed investigation 

3.5. Identification of 3’ and 5’ End Modifications 

 It is well established that different post-processing edit-
ing mechanisms also modify the miRNA sequences by addi-
tion, substitution or deletion of nucleotides in a precursor-
independent manner [97-99]. Though the functional impor-
tance of such modifications is yet to be explored but there 
are several reports which show that these modifications are 
playing a crucial role in stability of miRNAs and may also 
affect the miRNA:target interactions. Thus they may have a 
potential role in regulating plant stress responses. We have
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Fig. (5). Associating miRNAs with known QTLs using the smallest fragment for trait identification A) An interaction map showing up 
regulated miRNAs. B) An interaction map showing down regulated miRNAs. The miRNAs are shown in green colour and their associated 
QTL in grey colour. 
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Fig. (6). Alignment of few highly expressed isomiRs of selected miRNA families. The small RNA reads were aligned to the published pre-
miRNA sequence (boxed in blue). The annotated mature miRNA sequence is boxed in green. The name of the annotated miRNA and the read 
count for each sequence in the Gly library is mentioned on the right side. 

used the miRMOD tool to investigate such modifications in 
all 357 known miRNAs identified in the Gly libraries 
[100]. 
 79 miRNAs with 381end modifications and 83 miRNAs 
with 387 end modification were identified in GNL and GSL 
libraries, respectively miRNA. osa-miR156j-5p had maxi-
mum number of detected modifications (Supplementary Ta-
ble 5). It was observed that the 5’ end modifications are less 
common as compared to 3’modifications. The functional 
significance of the 5’ modifications are easier to comprehend 
as they directly affect the miRNA functions by changing the 
AGO sorting and target recognition (Fig. 8). It was observed 
that the 5’ modifications majorly involved addition of “A” or 
“C” residues, while addition of A’s was the common modifi-
cation at the 3′ end of miRNAs. 

CONCLUSION 

 Glyoxalase (Gly) regulates the glutathione homeostasis 
and reduces the stress-induced cytoxicity of the cells by de-
toxifying MG. The implementation of sRNA sequencing and 

its analysis equips with an unrivalled opportunity to gain a 
detailed understanding of the global miRNA profiles. In this 
study, we observed that a greater number of miRNAs were 
up regulated by salt-stress in the Gly lines (GSL/GNL) and 
these included some of the known salt stress induced miR-
NAs reported in literature. This indicates that the deregula-
tion in the miRNA expression profiles correlated well with 
the salt tolerant phenotypes of the Gly overexpressing plants. 
The targets for these miRNAs were predicted and their GO 
and KO analysis has provided insights in the role of miRNA 
regulatory networks in controlling the adaptation to salinity. 
The analysis also identified an enrichment of the isomiRs 
and modified forms (isoforms) of specific miRNAs. The 
target predictions suggested that miRNA modifications fa-
vour a change in the target transcripts such that the cellular 
machinery is geared to withstand stress. It needs to be deci-
phered how the MG and GSH levels initiate the molecular 
signaling cascades in plant adaptation to stress. This study 
necessitates further experimental validations to understand 
the mechanism operating in Gly plants which induce modu-
lations in the miRNA biogenesis and function. 
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Fig. (7). Expression patterns of the isomiRs as compared to its corresponding known mature miRNA. A) Total number of isomiRs showing 
up or down regulation B) Heat map showing the expression pattern of isomiR sequences having ≥ 4 log fold expression. 
 

 
Fig. (8). Frequency distribution of end modifications identified on the annotated miRNAs as observed in the. A) GNL library B) GSL library. 



Mapping the microRNA Expression Profiles Current Genomics, 2018, Vol. 19, No. 1    33 

LIST OF ABBREVIATIONS 

Gly = Glyoxalase 
GO = Gene Ontology 
KO = KEGG Orthology 

ETHICS APPROVAL AND CONSENT TO PARTICI-
PATE 
 Not applicable. 

HUMAN AND ANIMAL RIGHTS 

 No Animals/Humans were used for studies that are base 
of this research. 

CONSENT FOR PUBLICATION 

 Not applicable. 

CONFLICT OF INTEREST 

 The authors declare no conflict of interest, financial or 
otherwise. 

ACKNOWLEDGEMENTS 

 The authors thank Ms. Kavita Goswami and Dr. Deepti 
Mittal for help in preparing the manuscript. OC acknowl-
edges ICGEB for the training fellowship. 

SUPPLEMENTARY MATERIAL 

 Supplementary material is available on the publisher’s 
web site along with the published article. 

REFERENCES 
[1] Sairam, R.; Tyagi, A. Physiology and molecular biology of salinity 

stress tolerance in plants. Curr. Sci., 2004, 86(3), 407-421. 
[2] Garg, A.K.; Kim, J.K. Owens, T.G.; Ranwala, A.P.; Do Choi, Y.; 

Kochian, L.V.; Wu, R.J. Trehalose accumulation in rice plants con-
fers high tolerance levels to different abiotic stresses. Proc. Natl. 
Acad. Sci. U.S.A., 2002, 99(25), 15898-15903. 

[3] Vinocur, B.; Altman, A. Recent advances in engineering plant 
tolerance to abiotic stress: achievements and limitations. Curr. 
Opin. Biotech., 2005, 16(2), 123-132. 

[4] Britto, D.T.; Kronzucker, H.J. Futile cycling at the plasma mem-
brane: a hallmark of low-affinity nutrient transport. Trends Plant 
Sci., 2006, 11(11), 529-534. 

[5] Malagoli, P.; Britto, D.T.; Schulze, L.M.; Kronzucker, H.J. Futile 
Na+ cycling at the root plasma membrane in rice (Oryza sativa L.): 
kinetics, energetics, and relationship to salinity tolerance. J. Exp. 
Bot., 2008, 59(15), 4109-4117. 

[6] Amtmann, A.; Beilby, M.J. In: The role of ion channels in plant 
salt tolerance, in ion channels and plant stress responses, 2010, 
Springer Berlin Heidelberg, pp. 23-46. 

[7] Hasegawa, P.M.; Bressan, R.A.; Zhu, J.K.; Bohnert, H.J. Plant 
cellular and molecular responses to high salinity. Annu. Rev. Plant 
Biol., 2000, 51(1), 463-499. 

[8] Sanders, D. Plant biology: The salty tale of Arabidopsis. Curr. 
Biol., 2000, 10(13), R486-R488. 

[9] Shi, H.; Quintero, F.J.; Pardo, J.M.; Zhu, J.K. The putative plasma 
membrane Na+/H+ antiporter SOS1 controls long-distance Na+ 
transport in plants. Plant Cell, 2002, 14(2), 465-477. 

[10] Shi, H.; Ishitani, M.; Kim, C.; Zhu, J.K. The Arabidopsis thaliana 
salt tolerance gene SOS1 encodes a putative Na+/H+ antiporter. 
Proc. Natl. Acad. Sci. U.S.A., 2000, 97(12), 6896-6901. 

[11] Ishitani, M.; Liu, J.; Halfter, U.; Kim, C.S.; Shi, W.; Zhu, J.K. 
SOS3 function in plant salt tolerance requires N-myristoylation and 
calcium binding. Plant Cell, 2000, 12(9), 1667-1677. 

[12] Guo, Y.; Qiu, Q.S.; Quintero, F.J.; Pardo, J.M.; Ohta, M.; Zhang, 
C.; Schumaker, K.S.; Zhu, J.K. Transgenic evaluation of activated 

mutant alleles of SOS2 reveals a critical requirement for its kinase 
activity and C-terminal regulatory domain for salt tolerance in 
Arabidopsis thaliana. Plant Cell, 2004, 16(2), 435-449. 

[13] Quintero, F.J.; Ohta, M.; Shi, H.; Zhu, J.K.; Pardo, J.M. Reconsti-
tution in yeast of the Arabidopsis SOS signaling pathway for Na+ 
homeostasis. Proc. Natl. Acad. Sci. U.S.A., 2002, 99(13); pp. 9061-
9066. 

[14] Martínez-Atienza, J.; Jiang, X.; Garciadeblas, B.; Mendoza, I.; 
Zhu, J.K.; Pardo, J.M.; Quintero, F.J. Conservation of the salt 
overly sensitive pathway in rice. Plant Phys., 2007, 143(2), 1001-
1012. 

[15] Yang, Q.; Chen, Z.Z.; Zhou, X.F.; Yin, H.B.; Li, X.; Xin, X.F.; 
Hong, X.H.; Zhu, J.K.; Gong, Z. Overexpression of SOS (Salt 
Overly Sensitive) genes increases salt tolerance in transgenic 
Arabidopsis. Mol. Plant, 2009, 2(1), 22-31. 

[16] Yu, L.; Nie, J.; Cao, C.; Jin, Y.; Yan, M.; Wang, F.; Liu, J.; Xiao, 
Y.; Liang, Y.; Zhang, W. Phosphatidic acid mediates salt stress re-
sponse by regulation of MPK6 in Arabidopsis thaliana. New Phy-
tol., 2010, 188(3), 762-773. 

[17] Munns, R.; Tester M. Mechanisms of salinity tolerance. Annu. Rev. 
Plant Biol., 2008, 59, 651-681. 

[18] Yen, H.; Wu, S.; Hung, Y.; Yen, S. Gene regulation, cell and mo-
lecular physiology-Isolation of 3 salt-induced low-abundance 
cDNAs from light-grown callus of Mesembryanthemum crystal-
linum by suppression subtractive hybridization. Physiol. Plant., 
2000, 110(3), 402-409. 

[19] Barragán, V.; Leidi, E.O.; Andrés, Z.; Rubio, L.; De Luca, A.; 
Fernández, J.A.; Cubero, B.; Pardo, J.M. Ion exchangers NHX1 
and NHX2 mediate active potassium uptake into vacuoles to regu-
late cell turgor and stomatal function in Arabidopsis. Plant Cell, 
2012, 24(3), 1127-1142. 

[20] Rajagopal, D.; Agarwal, P.; Tyagi, W.; Singla-Pareek, S.L.; Reddy, 
M.K.; Sopory, S.K. Pennisetum glaucum Na+/H+ antiporter confers 
high level of salinity tolerance in transgenic Brassica juncea. Mol., 
Breed., 2007, 19(2), 137-151. 

[21] Gálvez, F.J.; Baghour, M.; Hao, G.; Cagnac, O.; Rodríguez-
Rosales, M.P.; Venema, K. Expression of LeNHX isoforms in re-
sponse to salt stress in salt sensitive and salt tolerant tomato spe-
cies. Plant Physiol. Biochem., 2012, 51, 109-115. 

[22] Thornalley, P.J. The glyoxalase system: new developments towards 
functional characterization of a metabolic pathway fundamental to 
biological life. Biochem. J., 1990, 269(1), 1. 

[23] Thornalley, P.J. Pharmacology of methylglyoxal: formation, modi-
fication of proteins and nucleic acids, and enzymatic detoxifica-
tion-a role in pathogenesis and antiproliferative chemotherapy. 
Gen. Pharmacol., 1996, 27(4), 565-573. 

[24] Saxena, M.; Roy, S.D.; Singla-Pareek, S.L.; Sopory, S.K.; Bhalla-
Sarin, N. Overexpression of the glyoxalase II gene leads to en-
hanced salinity tolerance in Brassica juncea. Open Plant Sci. J., 
2011, 5, 23-28. 

[25] Yadav, S.K.; Singla-Pareek, S.L.; Ray, M.; Reddy, M.K.; Sopory, 
S.K. Methylglyoxal levels in plants under salinity stress are de-
pendent on glyoxalase I and glutathione. Biochem. Biophys. Res. 
Commun., 2005, 337(1), 61-67. 

[26] Phillips, S.A.; Mirrlees, D.; Thornalley, P.J. Modification of the 
glyoxalase system in streptozotocin-induced diabetic rats: effect of 
the aldose reductase inhibitor Statil. Biochem. Pharmacol., 1993, 
46(5), 805-811. 

[27] Irsch, T.; Krauth-Siegel, R.L. Glyoxalase II of African trypano-
somes is trypanothione-dependent. J. Biol. Chem., 2004, 279(21), 
22209-22217. 

[28] Reddy, V.S.; Sopory, S.K. Glyoxalase I from Brassica juncea: 
molecular cloning, regulation and its over-expression confer toler-
ance in transgenic tobacco under stress. Plant J., 1999, 17(4), 385-
395. 

[29] Mostofa, M.G.; Hossain, M.A.; Fujita, M. Trehalose pretreatment 
induces salt tolerance in rice (Oryza sativa L.) seedlings: oxidative 
damage and co-induction of antioxidant defense and glyoxalase 
systems. Protoplasma, 2015, 252(2), 461-475. 

[30] Alvarez-Gerding, X.; Cortés-Bullemore, R.; Medina, C.; Romero-
Romero, J.L.; Inostroza-Blancheteau, C.; Aquea, F.; Arce-Johnson, 
P. Improved salinity tolerance in carrizo citrange rootstock through 
overexpression of glyoxalase system genes. BioMed. Res. Int., 
2015, 2015. 

[31] Kaur, C.; Ghosh, A.; Pareek, A.; Sopory, S.K.; Singla-Pareek, S.L. 
Glyoxalases and stress tolerance in plants. Biochem. Soc. Trans., 



34    Current Genomics, 2018, Vol. 19, No. 1 Tripathi et al. 

2014, 42(2), 485-490. 
[32] Reinhart, B.J.; Weinstein, E.G.; Rhoades, M.W.; Bartel, B.; Bartel, 

D.P. MicroRNAs in plants. Genes Dev., 2002, 16(13), 1616-1626. 
[33] Colaiacovo, M.; Lamontanara, A.; Bernardo, L.; Alberici, R.; Cro-

satti, C.; Giusti, L.; Cattivelli, L.; Faccioli, P. On the complexity of 
miRNA-mediated regulation in plants: novel insights into the ge-
nomic organization of plant miRNAs. Bio. Direct, 2012, 7(1), 15. 

[34] Sanan-Mishra, N.; Mukherjee S.K. A peep into the plant miRNA 
world. Open Plant Sci. J., 2007, 1, 1-9. 

[35] Baumberger, N.; Baulcombe, D. Arabidopsis ARGONAUTE1 is an 
RNA Slicer that selectively recruits microRNAs and short interfer-
ing RNAs. Proc. Natl. Acad. Sci. U.S.A., 2005, 102(33), 11928-
11933. 

[36] Kim, V.N. MicroRNA biogenesis: Coordinated cropping and dic-
ing. Nat. Rev. Mol. Cell Biol., 2005, 6(5), 376-385. 

[37] Henderson, I.R.; Zhang, X.; Lu, C.; Johnson, L.; Meyers, B.C.; 
Green, P.J.; Jacobsen, S.E. Dissecting Arabidopsis thaliana DICER 
function in small RNA processing, gene silencing and DNA methy-
lation patterning. Nat. Genet., 2006, 38(6), 721-725. 

[38] Ruiz-Ferrer, V.; Voinnet, O. Roles of plant small RNAs in biotic 
stress responses. Ann. Rev. Plant Biol., 2009, 60, 485-510. 

[39] Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and 
function. Cell, 2004, 116(2), 281-297. 

[40] Han, M.H.; Goud, S.; Song, L.; Fedoroff, N. The Arabidopsis dou-
ble-stranded RNA-binding protein HYL1 plays a role in mi-
croRNA-mediated gene regulation. Proc. Natl. Acad. Sci. U.S.A., 
2004, 101(4), 1093-1098. 

[41] Tripathi, A.; Goswami K.; Sanan-Mishra N. Role of bioinformatics 
in establishing microRNAs as modulators of abiotic stress re-
sponses: the new revolution. Front. Phys., 2015, 6, 286. 

[42] Rhoades, M.W.; Reinhart, B.J.; Lim, L.P.; Burge, C.B.; Bartel, B.; 
Bartel, D.P. Prediction of plant microRNA targets. Cell, 2002, 
110(4), 513-520. 

[43] Jones-Rhoades, M.W.; Bartel, D.P. Computational identification of 
plant microRNAs and their targets, including a stress-induced 
miRNA. Mol. Cell, 2004, 14(6), 787-799. 

[44] Bonnet, E.; Wuyts, J.; Rouzé, P.; Van de Peer, Y. Evidence that 
microRNA precursors, unlike other non-coding RNAs, have lower 
folding free energies than random sequences. Bioinformatics, 2004, 
20(17), 2911-2917. 

[45] Mittal, D.; Mukherjee, S.K.; Vasudevan, M.; Sanan-Mishra, N. 
Identification of tissue-preferential expression patterns of rice 
miRNAs. J. Cell Biochem., 2013, 114(9), 2071-2081. 

[46] Singla-Pareek, S.L.; Yadav, S.K.; Pareek, A.; Reddy, M.K.; 
Sopory, S.K. Enhancing salt tolerance in a crop plant by overex-
pression of glyoxalase II. Transgenic Res., 2008, 17(2), 171-180. 

[47] Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and 
memory-efficient alignment of short DNA sequences to the human 
genome. Genome Biol., 2009, 10(3), R25. 

[48] Motameny, S.; Wolters, S.; Nürnberg, P.; Schumacher, B. Next 
generation sequencing of miRNAs-strategies, resources and meth-
ods. Genes, 2010, 1(1), 70-84. 

[49] Peng, T.; Lv, Q.; Zhang, J.; Li, J.; Du, Y.; Zhao, Q. Differential 
expression of the microRNAs in superior and inferior spikelets in 
rice (Oryza sativa). J. Exp. Bot., 2011, 62(14), 4943-4954. 

[50] Chen. Z.; Li, F.; Yang, S.; Dong, Y.; Yuan, Q.; Wang, F.; Li, W.; 
Jiang, Y.; Jia, S.; Pei, X. Identification and functional analysis of 
flowering related microRNAs in common wild rice (Oryza 
rufipogon Griff.). PLoS One, 2013, 8(12), e82844. 

[51] Griffiths-Jones, S.; Grocock, R.J.; Van Dongen, S.; Bateman, A.; 
Enright, A.J. miRBase: microRNA sequences, targets and gene 
nomenclature. Nucleic Acids Res., 2006, 34(suppl 1), D140-D144. 

[52] Burge, S.W.; Daub, J.; Eberhardt, R.; Tate, J.; Barquist, L.; 
Nawrocki, E.P.; Eddy, S.R.; Gardner, P.P.; Bateman, A. Rfam 
11.0: 10 years of RNA families. Nucleic Acids Res., 2013, 
41(Database issue), D226-232. 

[53] Meyers, B.C.; Axtell, M.J.; Bartel, B.; Bartel, D.P.; Baulcombe, D.; 
Bowman, J.L.; Cao, X.; Carrington, J.C.; Chen, X.; Green, P.J. 
Griffiths-Jones S. Criteria for annotation of plant MicroRNAs. 
Plant Cell, 2008, 20(12), 3186-3190. 

[54] Ni, J.; Pujar, A.; Youens-Clark, K.; Yap, I.; Jaiswal, P.; Tecle, I.; 
Tung, C.W.; Ren, L.; Spooner, W.; Wei, X.; Avraham, S. Gramene 
QTL database: development, content and applications. Database, 
2009, 2009, bap005. 

[55] Jin, J.; Zhang, H.; Kong, L.; Gao, G.; Luo, J. PlantTFDB 3.0: A 
portal for the functional and evolutionary study of plant transcrip-

tion factors. Nucleic Acids Res., 2014, 42(Database issue), D1182-
1187. 

[56] Cao, P.; Jung, K.H.; Choi, D.; Hwang, D.; Zhu, J.; Ronald, P.C. 
The rice oligonucleotide array database: An atlas of rice gene ex-
pression. Rice (N Y), 2012, 5(1), 17. 

[57] Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; 
Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A 
software environment for integrated models of biomolecular inter-
action networks. Genome Res., 2003, 13(11), 2498-2504. 

[58] Lelandais-Brière, C.; Sorin, C.; Declerck, M.; Benslimane, A.; 
Crespi, M.; Hartmann, C. Small RNA diversity in plants and its 
impact in development. Curr. Genomics, 2010, 11(1), 14-23. 

[59] Moxon, S.; Jing, R.; Szittya, G.; Schwach, F.; Pilcher, R.L.; Moul-
ton, V.; Dalmay, T. Deep sequencing of tomato short RNAs identi-
fies microRNAs targeting genes involved in fruit ripening. Genome 
Res., 2008, 18(10), 1602-1609. 

[60] Martínez, G.; Forment, J.; Llave, C.; Pallás, V.; Gómez, G. High-
throughput sequencing, characterization and detection of new and 
conserved cucumber miRNAs. PLoS One, 2011, 6(5), e19523. 

[61] Jiao, Y.; Song, W.; Zhang, M.; Lai, J. Identification of novel maize 
miRNAs by measuring the precision of precursor processing. BMC 
Plant Biol., 2011, 11(1), 1. 

[62] Fahlgren, N.; Howell. M.D.; Kasschau, K.D.; Chapman, E.J.; Sul-
livan, C.M.; Cumbie, J.S.; Givan, S.A.; Law, T.F.; Grant, S.R.; 
Dang, J.L.; Carrington, J.C. High-throughput sequencing of Arabi-
dopsis microRNAs: evidence for frequent birth and death of 
MIRNA genes. PLoS One, 2007, 2(2), e219. 

[63] Szittya, G.; Moxon, S.; Santos, D.M,; Jing, R.; Fevereiro, M.P.; 
Moulton, V.; Dalmay, T. High-throughput sequencing of Medicago 
truncatula short RNAs identifies eight new miRNA families. BMC 
Genomics, 2008, 9(1), 593. 

[64] Morin, R.D.; Aksay, G.; Dolgosheina, E.; Ebhardt, H.A.; Magrini, 
V.; Mardis, E.R.; Sahinalp, S.C.; Unrau, P.J. Comparative analysis 
of the small RNA transcriptomes of Pinus contorta and Oryza sa-
tiva. Genome Res., 2008, 18(4), 571-584. 

[65] Puzey, J.R.; Karger, A.; Axtell, M.; Kramer, E.M. Deep annotation 
of Populus trichocarpa microRNAs from diverse tissue sets. PLoS 
One, 2012, 7(3), e33034. 

[66] Ryan, B.M.; Robles, A.I.; Harris, C.C. Genetic variation in mi-
croRNA networks: the implications for cancer research. Nat. Rev. 
Cancer, 2010, 10(6), 389-402. 

[67] Jeong, D.H.; Park, S.; Zhai, J.; Gurazada, S.G.; De Paoli, E.; Mey-
ers, B.C.; Green, P.J. Massive analysis of rice small RNAs: mecha-
nistic implications of regulated microRNAs and variants for differ-
ential target RNA cleavage. Plant Cell, 2011, 23(12), 4185-4207. 

[68] Zhu, Q.H.; Spriggs, A.; Matthew, L.; Fan, L.; Kennedy, G.; Gubler, 
F.; Helliwell, C.A. A diverse set of microRNAs and microRNA-
like small RNAs in developing rice grains. Genome Res., 2008, 
18(9), 1456-1465. 

[69] Dennison, K.L.; Robertson, W.R.; Lewis, B.D.; Hirsch, R.E.; 
Sussman, M.R.; Spalding, E.P. Functions of AKT1 and AKT2 po-
tassium channels determined by studies of single and double mu-
tants of Arabidopsis. Plant Physiol., 2001, 127(3), 1012-1019. 

[70] Lee, T.J.; Paulsen, I.; Karp, P. Annotation-based inference of trans-
porter function. Bioinformatics, 2008, 24(13), i259-i267. 

[71] Mittal, D.; Sharma, N.; Sharma, V.; Sopory, S.K.; Sanan­‐Mishra 
N. Role of microRNAs in rice plant under salt stress. Ann. Appl. 
Biol., 2016, 168(1), 2-18.  

[72] Zhang, S.; Yue, Y.; Sheng, L.; Wu, Y.; Fan, G.; Li, A.; Hu, X.; 
ShangGuan, M.; Wei, C. PASmiR: A literature-curated database 
for miRNA molecular regulation in plant response to abiotic stress. 
BMC Plant Biol., 2013, 13(1), 1. 

[73] Zhu, C.; Ding, Y.; Liu, H. MiR398 and plant stress responses. 
Physiol. Plant., 2011, 143(1), 1-9. 

[74] Li, Y.; Li, C.; Xia, J.; Jin, Y. Domestication of transposable ele-
ments into microRNA genes in plants. PLoS One, 2011, 6(5), 
e19212. 

[75] Liu, Q.; Hu, H.; Zhu, L.; Li, R.; Feng, Y.; Zhang, L.; Yang, Y.; 
Liu, X.; Zhang, H. Involvement of miR528 in the regulation of Ar-
senite tolerance in rice (Oryza sativa L.). J. Agric. Food Chem., 
2015, 63(40), 8849-8861. 

[76] Dong, C.H.; Pei H. Over-expression of miR397 improves plant 
tolerance to cold stress in Arabidopsis thaliana. J. Plant Biol., 
2014, 57(4), 209-217. 

[77] Ding, Y.; Tao, Y.; Zhu, C. Emerging roles of microRNAs in the 
mediation of drought stress response in plants. J. Exp. Bot., 2013, 



Mapping the microRNA Expression Profiles Current Genomics, 2018, Vol. 19, No. 1    35 

ert164. 
[78] Hajyzadeh, M.; Turktas, M.; Khawar, K.M.; Unver, T. miR408 

overexpression causes increased drought tolerance in chickpea. 
Gene, 2015, 555(2), 186-193. 

[79] Sablok, G.; Milev, I.; Minkov, G.; Minkov, I.; Varotto, C.; Ya-
hubyan, G.; Baev, V. isomiRex: Web-based identification of mi-
croRNAs, isomiR variations and differential expression using next-
generation sequencing datasets. FEBS Letts., 2013, 587(16), p. 
2629-2634. 

[80] Jiang, F.; Hartung, W. Long-distance signalling of abscisic acid 
(ABA): The factors regulating the intensity of the ABA signal. J. 
Exp. Bot., 2008, 59(1), 37-43. 

[81] Consortium, G.O. The gene ontology project in 2008, Nuc. Acids 
Res., 2008, 36(suppl 1), D440-D444. 

[82] Jung, K.H.; Dardick, C.; Bartley, L.E.; Cao, P.; Phetsom, J.; Can-
las, P.; Seo, Y.S.; Shultz, M.; Ouyang, S.; Yuan, Q.; Frank, B.C. 
Refinement of light-responsive transcript lists using rice oligonu-
cleotide arrays: evaluation of gene-redundancy. PLoS One, 2008, 
3(10), e3337. 

[83] Kanehisa, M.; Goto, S.; Furumichi, M.; Tanabe, M.; Hirakawa, M. 
KEGG for representation and analysis of molecular networks in-
volving diseases and drugs. Nuc. Acids Res., 2010, 38(suppl 1), 
D355-D360. 

[84] Agarwal, S.; Pandey, V. Antioxidant enzyme responses to NaCl 
stress in Cassia angustifolia. Biol. Plant., 2004, 48(4), 555-560. 

[85] Cloonan, N.; Wani, S.; Xu, Q.; Gu, J.; Lea, K.; Heater, S.; Barba-
cioru, C.; Steptoe, A.L.; Martin, H.C.; Nourbakhsh, E.; Krishnan, 
K. MicroRNAs and their isomiRs function cooperatively to target 
common biological pathways. Genome Biol., 2011, 12(12), R126. 

[86] Guo, L.; Li, H.; Liang, T.; Lu, J.; Yang, Q.; Ge, Q.; Lu, Z. Consis-
tent isomiR expression patterns and 3′ addition events in miRNA 
gene clusters and families implicate functional and evolutionary re-
lationships. Mol. Biol. Rep., 2012, 39(6), 6699-6706. 

[87] Turan, S.; Cornish K.; Kumar S. Salinity tolerance in plants: Breed-
ing and genetic engineering. Australian J. Crop Sci., 2012, 6(9), 
1337. 

[88] Martins, D.; English, A.M. Catalase activity is stimulated by H2O2 
in rich culture medium and is required for H2O2 resistance and ad-
aptation in yeast. Redox Biol., 2014, 2, 308-313. 

[89] Xing, Y.; Jia W.; Zhang, J. AtMEK1 mediates stress-induced gene 
expression of CAT1 catalase by triggering H2O2 production in 
Arabidopsis. J. Exp. Bot., 2007, 58(11), 2969. 

[90] Muller, H.; Marzi, M.J.; Nicassio, F. IsomiRage: From functional 
classification to differential expression of miRNA isoforms. Front. 
Bioeng. Biotechnol., 2014, 2(38), 10.3389. 

[91] McGahon, M.K.; Yarham, J.M.; Daly, A.; Guduric-Fuchs, J.; 
Ferguson, L.J.; Simpson, D.A.; Collins, A. Distinctive profile of 
IsomiR expression and novel microRNAs in rat heart left ventricle. 
PLoS One, 2013, 8(6), e65809. 

[92] Ryan, B.M.; Robles, A.I.; Harris C.C. Genetic variation in mi-
croRNA networks: the implications for cancer research. Nat. Rev. 
Cancer, 2010, 10(6), p. 389-402. 

[93] Zhou, L.; Liu, Y.; Liu, Z.; Kong, D.; Duan, M.; Luo, L. Genome-
wide identification and analysis of drought-responsive microRNAs 
in Oryza sativa. J. Exp. Bot., 2010, 61(15), 4157-4168. 

[94] Kulcheski, F.R.; de Oliveira, L.F.; Molina, L.G.; Almerão, M.P.; 
Rodrigues, F.A.; Marcolino J.; Barbosa J.F.; Stolf-Moreira, R.; 
Nepomuceno, A.L.; Marcelino-Guimarães, F.C.; Abdelnoor, R.V. 
Identification of novel soybean microRNAs involved in abiotic and 
biotic stresses. BMC Genomics, 2011, 12(1), 307. 

[95] Keunen, E.L.; Peshev, D.; Vangronsveld, J.; Van Den Ende, W.I.; 
Cuypers, A.N. Plant sugars are crucial players in the oxidative 
challenge during abiotic stress: Extending the traditional concept. 
Plant Cell Environ., 2013, 36(7), 1242-1255. 

[96] Cai, X.; Davis, E.J.; Ballif, J.; Liang M.; Bushman, E.; Haroldsen, 
V.; Torabinejad, J.; Wu, Y. Mutant identification and characteriza-
tion of the laccase gene family in Arabidopsis. J. Exp. Bot., 2006, 
57(11), 2563-2569. 

[97] Ebhardt, H.A.; Tsang, H.H.; Dai, D.C.; Liu, Y.; Bostan, B.; Fahl-
man, R.P. Meta-analysis of small RNA-sequencing errors reveals 
ubiquitous post-transcriptional RNA modifications. Nuc. Acids 
Res., 2009, 37(8), 2461-2470. 

[98] Kim, Y.K.; Heo, I.; Kim, V.N. Modifications of small RNAs and 
their associated proteins. Cell, 2010, 143(5), 703-709. 

[99] Wyman, S.K.; Knouf, E.C.; Parkin, R.K.; Fritz, B.R.; Lin, D.W.; 
Dennis, L.M.; Krouse, M.A.; Webster, P.J.; Tewari, M. Post-
transcriptional generation of miRNA variants by multiple nucleoti-
dyl transferases contributes to miRNA transcriptome complexity. 
Genome Res., 2011, 21(9), 1450-1461. 

[100] Kaushik, A.; Saraf, S.; Mukherjee, S.K.; Gupta, D. miRMOD: A 
tool for identification and analysis of 5′ and 3′ miRNA modifica-
tions in next generation sequencing small RNA data. Peer J., 2015, 
3, e1332. 

 
 

 




