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Abstract MicroRNAs (miRNAs) are small endogenous
RNAs of ~22 nucleotides that have been shown to play
regulatory role by negatively affecting the expression of genes
at the post-transcriptional level. Information of miRNAs on
some important crops like soybean, Arabidopsis, and rice, etc.
are available, but no study on heat-responsive novel miRNAs
has yet been reported in wheat (Triticum aestivum L.). In the
present investigation, a popular wheat cultivar HD2985 was
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used in small RNA library construction and Illumina HiSeq
2000 was used to perform high-throughput sequencing of the
library after cluster generation; 110,896,604 and 87,743,861
reads were generated in the control (22 °C) and heat-treated
(42 °C for 2 h) samples, respectively. Forty-four precursor and
mature miRNAs were found in 7. aestivum from miRBase v
19. The frequencies of the miRNA families varied from 2 (tae-
miR1117) to 60,672 (tae-miR159b). We identify 1052 and
902 mature miRNA sequences in HD2985 control and HS-
treated samples by mapping on reference draft genome of
T aestivum. Maximum identified miRNAs were located on
IWGSC_CSS 3B scaff (chromosome 3B). We could identify
53 and 46 mature miRNA in the control and HS samples and
more than 516 target genes by mapping on the reference
genome of Oryza sativa, Zea mays, and Sorghum bicolor.
Using different pipelines and plant-specific criteria, 37 novel
miRNAs were identified in the control and treated samples.
Six novel miRNA were validated using qRT-PCR to be heat-
responsive. A negative correlation was, however, observed
between the expression of novel miRNAs and their targets.
Target prediction and pathway analysis revealed their involve-
ment in the heat stress tolerance. These novel miRNAs are
new additions to miRNA database of wheat, and the regula-
tory network will be made use of in deciphering the mecha-
nism of thermotolerance in wheat.

Keywords Heat stress - Heat-responsive - [llumina HiSeq -
miRNA - Next-generation sequencing - qRT-PCR -
Stress-associated proteins - Transcriptome - Target genes -
Triticum aestivum - Survey sequence - Genome
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miRNA MicroRNA

HS Heat stress

HSF Heat shock factor

HSP Heat shock protein

CDPK Calcium-dependent protein kinase
gRT-PCR  Quantitative real-time PCR

SAGs Stress-associated genes

SAPs Stress-associated proteins
Introduction

Wheat (Triticum aestivum L.) is highly sensitive to the elevat-
ed temperatures, especially during the reproductive and grain-
filling stages (Kumar et al. 2013a; Gibson and Paulsen 1999),
and heat stress (HS) adversely affects the yield of the crop
(Kumar et al. 2013b). It causes pollen sterility, drying of
stigmatic surface, and pseudo-seed setting in wheat; shrivelled
starch granules with empty pockets were observed in wheat
endosperms (Barakat et al. 2007). Wide variations in the
thermotolerance capacity were, however, observed among
different cultivars of wheat grown under the elevated temper-
atures (Klevebring et al. 2009). The defense mechanism asso-
ciated with tolerance against abiotic stresses has not been fully
deciphered in wheat, partly because the genome of wheat is
only partially sequenced. Recently, the first draft of the wheat
genome has, however, been reported (Jia et al. 2013; Mayer
et al. 2014). Projects are however underway to sequence the
whole wheat genome under an international consortium (In-
ternational Wheat Genome Sequencing Consortium; www.
wheatgenome.org).

MicroRNAs (miRNAs) are small non-coding RNAs of 19 to
25 nucleotides but play important role in gene regulation in plants
and animals (Voinnet 2009; Carrington and Ambros 2003); these
are characterized by their precursor stem loop secondary struc-
tures and are conserved across the species (Bartel 2004; Zhai
etal. 2013). Plant miRNA genes basically require protein-coding
genes for their biogenesis and produce a long primary transcript
(primary miRNA (pri-miRNA)) (Jia et al. 2013). Pri-miRNA is
further transcribed by polymerase II and then processed by
Dicer-like 1 (DCL1) into the precursor miRNA (pre-miRNA),
normally of about 70-300 nucleotides (nt). The pre-miRNA is
further processed into the mature miRNA: miRNA* duplex, and
these processes occur in the nucleus (Wang et al. 2005; Palatnik
et al. 2003; Kidner and Martienssen 2005). In the next stage, the
duplex is transferred into the cytoplasm and it gets unwound
(Wang et al. 2005; Palatnik et al. 2003). The miRNA is then
assembled into an RNA-induced silencing complex (RISC) and
guides the RISC to cleave or suppress the target messenger RNA
(mRNA) (Wang et al. 2005; Palatnik et al. 2003; Khvorova et al.
2003). It also regulates the expression of gene by hybridizing to
the 3’-untranslated region of mRNA or by the cleavage of
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mRNA. MiRNAs play major role in growth, development, and
response to the environmental stresses of plants (Wang et al.
2005; Palatnik et al. 2003; Kidner and Martienssen 2005). With
the identification of increasing numbers of miRNAs and their
targets, our knowledge of their regulatory roles has widened over
a large spectrum of plant developmental programs, including
growth and developmental pattern, metabolic processes, hor-
mone responses, stress defense, and signaling (Berezikov et al.
2006; Carthew and Sontheimer 2009). About 3171 new hairpins
and 3625 novel mature products bringing the total to 21,264 have
been reported in miRBase database version 19 (httpp:/www.
mirbase.org/cgi-bin/browse.pl); Oryza sativa, Glycine max, and
Medicago sativa have the maximum identified miRNAs
deposited in miRBase (Kozomara and Griffiths-Jones 2011).
Next-generation high-throughput sequencing technologies open
up possibilities of exploring small RNA (sRNA) populations in
economically important species that lack adequate genome in-
formation such as 7. aestivum. Numerous miRNAs have been
identified from rice, maize, Arabidopsis, Brassica spp., pea, etc.
(Rajagopalan et al. 2006; Yao et al. 2007). Ever-increasing
evidence shows that the miRNA repertoire of any plant or animal
species comprises of a set of conserved ancient miRNAs as well
as many recently evolved species-specific miRNAs (Song et al.
2010). The availability of next-generation sequencing (NGS)
technologies provide high-throughput tools to make new discov-
eries of additional species-specific or lowly expressed miRNAs,
e.g., in Arabidopsis, rice, Poplar, Z. mays, Medicago truncatula,
Lycopersicon esculentum, Gossypium hirsutum, and Taxus
chinensis (Rajagopalan et al. 2006; Song et al. 2010; Meyers
et al. 2008). The availability of a large number of expressed
sequence tags (ESTs) from 7. aestivum may also be an excellent
source of experimental material for elucidation of gene expres-
sion and regulation. Although miRNA have been extensively
studied in the past few years in different crops, very limited
systematic study has been undertaken on the Triticum genus
and especially on 7. aestivum because of limited genome infor-
mation (Allen et al. 2004). Sequencing of all expressed sSRNAs
is, however, required for complete identification of conserved
and novel miRNAs in 7. aestivum. Recent miRNA analysis in
Arabidopsis and rice, with the deep sequencing approach dis-
covered that the encoding loci of non-conserved miRNAs were
more than that of conserved miRNAs (Carra et al. 2009); it is,
therefore, necessary to extend research on the miRNAs in 7
aestivum, with deep sequencing as a preferred method.

It is almost an established fact that defense mechanisms of
plants against the HS depend, to a great extent, on the expres-
sion of numerous stress-associated genes (SAGs) involved in
various biological pathways and miRNA act as drivers for
regulating the expression of these SAGs (Fahlgren et al. 2007;
Wabhid et al. 2007). Identification of several miRNAs from
wheat has been reported (Kurtoglu et al. 2014), but the num-
ber is very less when compared with other crops. Here, we
report identification of conserved and novel heat-responsive
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miRNAs and their targets in wheat (7" aestivum). Validation of
randomly selected miRNAs was also carried out in different
tissues through quantitative real-time PCR.

Materials and methods
Plant material and stress treatment

HD2985, a popular and heat-tolerant cultivar of wheat
(T aestivum L.) was used in the present investigation and was
procured from the Division of Genetics, Indian Agricultural
Research Institute (IARI), New Delhi. Seeds were treated with
bavistin (0.5 %) before sowing in pots. Seeds were sown in six
pots (having equal quantity of perlite to FYM mixture) inside the
regulated chamber (2243 °C, relative humidity of 75 %, and 8 h
light with intensity of 250 pmol m ' s™! PAR) in the National
Phytotron Facility, IARL, New Delhi. Irrigation was done at
regular intervals, and plants at the pollination stage (three pots)
were exposed to heat stress (HS —42 °C for 2 h), whereas other
three pots served as control (22 °C). The HS was given in a
sinusoidal mode using microprocessor-regulated controller with
an increase of 1 °C/10 min till the temperature reaches 42 °C, and
it was maintained for 2 h; further, temperature decreases to 22 °C
+3 in the same fashion. Similarly, HD2329 (thermosusceptible)
cultivar of wheat was also germinated and exposed to HS as
mentioned above for the comparative analysis. Samples (root,
stem, flag leaf, and pollens) were collected in triplicates from
both the cultivars and freezed in liquid nitrogen for further
investigation. For the validation of identified miRNAs,
HD2985 and HD2329 cultivars of wheat were sown in two
groups (six pots each; three for control, and three for differential
HS) inside the Phytotron chamber under the regulated condi-
tions. One group of plants (12-day-old seedlings) was exposed to
HS (42 °C) for 0.5, 1, 2, 3, and 4 h for temporal expression
analysis. Another group was kept at 22 °C+3 and was used as
control. Samples were collected immediately after the treatment
and stored at —80 °C for down-processing. Flowchart of the work
plan has been depicted in the supplementary file (ESM_ 1 tif).
Three biological replicates from control and HS-treated samples
(HD2985) were used for the total RNA isolation and SRNA
sequencing using the high-throughput platform of Illumina
HiSeq 2000.

Total RNA isolation and quality analysis

One hundred milligrams of frozen tissues was ground to fine
powder in liquid nitrogen using mortar and pestle, pre-chilled to
—80 °C. Ground samples were transferred to RNase-free 2 mL
tubes, and XcelGen kit was used for the downstream processing
following the instruction of the manufacturers (Srivastava et al.
2012). The RNA was checked for quality by Bio-analyzer
(Agilent, UK) and stored at —80 °C for downstream application.

All the RNA samples from different tissues were mixed to form a
single RNA pool. RNA pool from control and HS-treated
HD2985 were used for the SRNA sequencing.

sRNA sequencing and sequence processing

Pooled RNA samples from control and HS-treated HD2985 were
used for the SRNA sequencing by Xcelris India Private Limited,
Ahmedabad, India, using high-throughput Illumina HiSeq
(NMumina, USA). SRNAs with 16-30 nt in length were first
separated from the total RNA by size fractionation with 15 %
TBE urea polyacrylamide gel (TBU). The sRNA (16-30 nt in
length) were excised from the gel and submerged in 600 pL of
0.3 M sodium chloride overnight at 4 °C. The gel slurry was then
passed through a spin filter column (Corning, China), and RNA
was precipitated by addition of 3 pL of 5 mg/mL mussel
glycogen (Invitrogen, USA) and 800 uL of ethanol. The RNA
pellets were then washed with 75 % ethanol and air-dried at
25 °C. The sRNA was re-suspended in 5.0 puL of
diethylpyrocarbonate (DEPC)-treated water (Ambion, USA).
The isolated sSRNAs were then ligated to 5’ adaptor (SUCAG
AGUUCUACAGUCCGACGAUC) using T4 RNA ligase
(Promega, Madison, WI) in the presence of RNase Out
(Invitrogen, UK) overnight at 4 °C according to the manufac-
turer’s instructions. After selecting the ligated products by size
fractionation, a 3" adaptor (SUCGUAUGCCGUCUUCUGC
UUGU) was ligated to the SRNAs following the same procedure
as the ligation of the 5" adaptor. Finally, the ligated RNAs were
size fractionated on a 10 % TBE urea polyacrylamide gel, and
the 70 nucleotide RNAs were excised. The 3’ adaptor ligated
sRNAs were then purified from the gel and precipitated as
described above followed by re-suspension in 5.0 uL. DEPC-
treated water (Ambion, UK). The sSRNA with 5’ and 3" adaptors
were selected and reversely transcribed to complementary DNA
(cDNA) with the RT primer (CAAGCAGAAGACGGCATA
CGA) using Superscript II reverse transcriptase (Invitrogen,
UK). The cDNA was purified by 15 % TBU and dissolved in
100 uL. 1 xXNEB. The cDNA was quantified by Agilent-2100 and
diluted to 10 nM final concentration; 18 ng cDNA was loaded
into the Illumina 2000 Genome Analyzer for sequencing. The
sequencing raw data of control and HS-treated samples were
deposited in the National Center for Biotechnology Information
(NCBI) and can be accessed in the BioProject Database under
the accession number PRINA172054.

Identification and distribution pattern of conserved wheat
miRNAs and their predicted targets using the reference
draft genome sequence of 7riticum aestivum

The raw data for HD2985 control and HS-treated samples was
imported by discarding the read names and quality in CLC
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genomics workbench using the Illumina importer. Once the
reads were imported, they were filtered for adapter sequences.
While trimming the data, the minimum and maximum length
of the tags was set to 15 and 55 bp. The reads having length
smaller than 15 bp and greater than 55 were discarded. The
next step in the analysis was to annotate the HD2985 control
and HS-treated samples to identify known small RNAs. The
hairpin structure of the miRNAs was predicted using the
available wheat ESTs. We downloaded a total of 12,84,986
ESTs from NCBI (http://www.ncbi.nlm.nih.gov/dbEST/), and
further, these ESTs were searched against Rfam database
(https://www.sanger.ac.uk/resources/databases/rfam.html).
First, the sequences were blasted to the Rfam database (Rfam:
rRNA, tRNA, snRNA, snoRNA, and other non-coding
RNAs), repeat sequences, and mRNAs. Matched sequences
were discarded. The filtered reads of both the samples were
mapped on the reference ESTs of wheat. The unmatched
sequences were filtered. Finally, the remaining sequences
were mapped to all known plant miRNA sequences to
identify the conserved miRNAs in 7. aestivum from the
miRBase database (version 19.0, http://www.mirbase.org/
website). Closely related species (7. aestivum,
Arabidopsis thaliana, S. bicolor, Z. mays, and O. sativa)
were used for the annotation of miRNA using miRBase v
19. Matched sequences with no more than three
mismatches were considered as candidate conserved
miRNAs. At the same time, the unmatched sequences
were reserved as candidate novel miRNAs. The relative
abundance of miRNAs were also estimated based on the
number of times each miRNA were observed to be
represented in the small RNA libraries of control and
HS-treated samples.

MiRNAs identified were mapped on the available reference
draft genome sequence of 7. aestivum (downloaded from ftp: //
ftp.ensemblgenomes.org/pub/release-20/plants/fasta/
triticum_aestivum/dna/. assembly version IWGSP1, Jul 2013)
for distribution analysis and identification of scaffolds. The
reference sequence is the collection of non-overlapping assem-
bled sequences such that all assembled sequences are included,
and each sequence region is included in the largest possible
assembly. It comprises of 709,031 scaffolds with
4,419,109,344 bp. The 91,266,903 and 21,175,164 trimmed
reads were obtained from a total of 110,896,604 and
21,284,027 for HD2985 control and HS-treated samples with
an average read length from 22 to 26 bp, respectively. MiRBase
v 19 and known non-coding RNAs (Rfam database) were used
for the annotation. Identified scaffolds showing the alignment
with candidate microRNAs were considered for the target
prediction using the web-based tool psRNA Target program
(http://plantgrn.noble.org/psRNATarget/?function=3) with
default parameters. The program uses a scale of 0-5 to
indicate the stringency of miRNA-target pairing; the smaller
numbers represent higher stringency. Score of 3 was used in this
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analysis. Parameters used for psRNA Target program was (a)
maximum expectation—3.0, (b) length for complementarily
scoring (hspsize}—20, (c) target accessibility—allowed maxi-
mum energy to unpair the target site (UPE)—<25, and
(d) range of central mismatch leading to translational
inhibition—9—-11 nt. Novel and conserved candidate
miRNA sequences were blasted against drafted T
aestivum genome sequences, and their flanking se-
quences in the genome were used to predict their sec-
ondary structures by using the mfold web server (http://mfold.
rna.albany.edu/?q=mfold/download-mfold website).

Differential expression analysis of identified mature miRNAs

The fragments per kilobase of exon per million fragments
mapped (FPKM) values for each mature miRNA identified
from control and HS-treated samples were calculated and
were used to assess the log fold change as Log,
(FPKM_HD2985 treated/FPKM_HD2985 control). Then, p
value for the chi-square (%) test statistic for each mature
miRNA was calculated with the following formula:

x* = (x/n-y/m)*/[x(1-x/n) /0] + [y(1-y/m) /m’]

where x=reads mapped on the control sample, n=total
reads mapped on miRBase in the control sample, y=reads
mapped on treated sample, m=total reads mapped on
miRBase in treated sample. Based on the p values, statistically
significant (p value less than or equal to 0.05) miRNAs were
identified and were categorized as upregulated and downreg-
ulated based on log fold change.

Novel miRNA identification

In order to streamline our study based on homology, O. sativa,
Z. mays, and S. bicolor were selected as closest homologs
based on the taxonomic information to identify conserved and
novel miRNAs in the control and HS-treated samples of wheat
(HD2985). The reference genomes of O. sativa build MSU6.1
and Z. mays build B73_RefGen v2 were downloaded from
plantGDB database and that of S. bicolor build JGI_sbil from
JGI. There were 581, 172, and 171 known precursor miRNAs
and 661, 321, and 172 known mature miRNA sequences in
hairpin.fa and mature.fa respectively for O. sativa, Z. mays,
and S. bicolor. The filtered reads from the control and HS-
treated samples were mapped on to the reference genome and
miRBase precursor and mature sequences of O. sativa,
Z. mays, and S. bicolor. MiRanalyzer pipeline was used to
predict the potential 7" aestivum miRNA precursor molecules
based on homology. The work-flow chart has been depicted in
the supplementary file (ESM_2.tif). The precursor molecules
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were extracted from the genome, and secondary structure
prediction was carried out using the mfold web server
(http://mfold.rna.albany.edu/?q=mfold). Further, selection of
novel precursor from the MiRanalyzer (http:/bioinfo5.ugr.es/
miRanalyzer/miRanalyzer.php) predicted candidate precursor
molecules was done using Xcelris proprietary miRNA
pipeline (Xcelris Labs, India). After applying the above
criteria, the predicted candidate miRNA precursor
molecules were filtered using miRCheck pipeline
(Bartel Lab, USA) based on following plant-specific
criteria:

* All predicted base pairs must be in the same direction (i.e.,
all nucleotides pairing to the mature miRNA must either
all be 5’ of the mature miRNA or all be 3’ of the mature
miRNA).

* No more than four nucleotides may be unpaired,
with no more than two adjacent unpaired
nucleotides.

* The length of the hairpin, measured as the number of
nucleotides containing the mature miRNA, the loop, and

the nucleotides predicted to pair to the mature miRNA
(including an equal number of terminal unpaired nucleo-
tide, if any) must be at least 60.

* No more than one nucleotide in mature miRNA may be
asymmetrically unpaired.

* The pairing must extend three nucleotides beyond the
mature miRNA. In addition, the extended mature
miRNA* (here defined as the sequence base pairing to
the extended mature miRNA, including an equal number
of terminal unpaired nucleotide, if any), must not be
longer than 27 nucleotides, with no more than 5 nucleo-
tides unpaired in total and no more than 3 adjacent un-
paired nucleotides.

* Finally, at least one nucleotide in either the extended
mature miRNA or extended mature miRNA* must be
unpaired.

The structure of novel miRNA was also analyzed for min-
imum folding free energy index (MFEI), and structures having
value greater than or equal to 0.85 were selected. The follow-
ing equations were used to determine MFEI:

Adjusted Minimum Folding Energy (AMFE) = (MFE/length of a pre—miRNA sequence) x 100
MEFEI = AMFE/(G + C) %.

Prediction of potential target mRNA for identified
miRNAs

The predicted target sites of miRNA candidates were identi-
fied by aligning the miRNA sequences with the assembled
ESTs of T aestivum using the psRNA Target program with
default parameters (http://plantgrn.noble.org/psRNATarget/)
(Dai and Zhao 2011). All predicted target genes were
evaluated by scoring, and the criteria used were the
following: each G:U wobble pairing was assigned 0.5 point;
each indel was assigned 2.0 points; and all other non-
canonical Watson-Crick pairings were each assigned 1.0
point. The total score for an alignment was calculated on the
basis of 20 nt; when the query was longer than 20 nt, scores for
all possible consecutive 20 nt subsequence were computed,
and the minimum score was considered to be the total score
for the query-subject alignment. Because targets complemen-
tary to the miRNA 5’ end appear to be critical, mismatches
other than G:U18 wobbles at positions 2—7 at the 5’ end were
further penalized by 0.5 point in the final score. Sequences
were considered to be miRNA targets if the total score was
less than 3.0 points (Zhao et al. 2010). For the identification of
miRNA targets involved in thermotolerance pathways, we
retrieved the mRNA transcript sequences from the public
biological databases based on the literature search. We
downloaded 465 thermotolerant plant mRNA transcript

sequences in FASTA format and submitted in the KEGG
Automatic Annotation Server (KAAS) for the identification
of pathways (http://www.genome.jp/kegg/pathway.html).

Validation of miRNAs and their targets using quantitative
real-time PCR

Designing of primers

A mature miRNA-specific forward primer was designed using
Genefisher2 primer designing software (http://bibiserv.
techfak.uni-bieclefeld.de/genefisher2/), and quality was
checked using Oligo Analyzer (Integrated DNA
Technologies, USA; Table 1). Seven forward primers were
designed based on the mature miRNA sequences. In case Tm
of'a mature miRNA was <60 °C, it was adjusted by adding Gs
or Cs to the 5" end and/or As to the 3’ end of the miRNA
sequence. U6 snRNA (Clontech, USA) was used as endoge-
nous control to normalize the data.

For comparative expression analysis of miRNAs and their
target genes, eight conserved mature miRNAs and their re-
spective target genes were randomly selected. Primers for
miRNAs were designed as explained in the above sec-
tion, whereas target gene-specific forward and reverse
primers were designed using Genefisher2 primer designing
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Table1 Sequence of heat-responsive novel mature miRNAs identified
in HD2985 cultivar of wheat (Triticum aestivum) used for the validation
in HD2985 (thermotolerant) and HD2329 (thermosusceptible) cultivars
using quantitative real-time PCR (qQRT-PCR)

Novel miRNA miRNA mature sequence

Candidate 430

Candidate 3466
Candidate 5064
Candidate 5652
Candidate 5993
Candidate_3182
Candidate 6941

5-UUAUCGGCAAGGGAUGAGC-3'
5-ACAUUCAGUCAUUGACAU-3'
5'-AAGAGAUUUUGAAGGGAU-3'
5'-UGUCAAAAGUUGGAUAUU-3'
5"-UCCUCUGCAGUCGACUGC-3'
5-UUCGUUUUUUAUAGGAUGG-3'
5-CUUGGAUGAGAACAUGGCAU-3'

software (http://bibiserv.techfak.uni-bielefeld.de/genefisher2/).
The quality of the primers was checked using Oligo Analyzer.
The list of primers used for the comparative expression analysis
has been presented in Online Resource 3 (ESM_ 3 .xls).

Quantitative real-time PCR

The validation of identified miRNAs and their targets in the
present investigation was carried out using the quantitative real-
time PCR expression analysis. The validation was carried out in
two contrasting wheat cultivars—HD2985 (thermotolerant)
and HD2329 (thermosusceptible); both are popular cultivars
in southeast Asia. A new approach was followed for the ex-
pression profiling of miRNAs. MiRNAs were isolated from the
control and HS-treated samples of both the cultivars using
mirVana™ miRNA Isolation Kit (Ambion, USA). The quality
of isolated miRNA was checked on Bio-analyzer (Agilent), and
we observed OD 260/280 ratio of >2.0. The isolated miRNAs
were also analyzed on the 15 % TBE acrylamide gels, and
prominent RNA bands were observed with ethidium bromide
staining. The first-strand cDNA synthesis was carried out using
the Mir-X™ miRNA First-Strand Synthesis kit (Clontech,
USA) following the manufacturer’s instruction. In brief,
2.5 pg of total RNA was polyadenylated with ATP by poly
(A) polymerase. The poly (A)-tailed total RNA was reverse-
transcribed by PrimeScript® RTase by using a universal adapter
primer (containing oligo-dT). Quantitative RT-PCR analysis
was carried out by using SYBR® Premix Ex TaqTM II (Perfect
Real Time) (TaKaRa, Japan) on a Bio-Rad CFX96 machine.
All reactions were performed in triplicate for each sample, and
U6 SnRNA (Clontech, USA) was used as the internal control
gene. Relative expression levels of miRNAs were quantified by
using the 22" method (pfaffl 2001). For target genes, first-
strand cDNA synthesis was carried out using RevertAid™ H
minus First-Strand ¢cDNA synthesis kit (Thermo Scientific,
USA), and quantitative real-time PCR was performed on
CFX96 platform (Bio Rad, UK) using the SYBR Advantage®
gPCR Premix (Clontech, USA).
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Results

Identification and distribution pattern of conserved mature
miRNAs and their predicted targets using the reference draft
genome sequence of Triticum aestivum

In recent years, numerous diverse roles of miRNAs have been
unraveled for growth, development, and defense, and the
evolutionary conservation of miRNA families has provided
simple and efficient approach to identify conserved miRNAs
in different plant species. Here, we relied on wheat EST
sequences to predict hairpin structures on the basis of miRNA
surrounding sequences. Wheat ESTs were used as a reference
to map filtered reads resulting in 20,058,139 and 11,752,696
reads for the control and the HS-treated samples. The reads
were aligned individually against precursor and mature
miRNA sequences from all the plants present in miRBase v
19 resulting into alignment of 80,956 and 1,175,285 reads
against mature miRNAs and 14,757 and 33,421 reads on
precursors for the control and HS-treated samples, respective-
ly. The reads mapped on mature miRNAs were used for the
expression profiling. A total of 44 known precursor miRNAs
and 44 mature miRNA sequences in hairpin.fa and mature.fa
respectively for 7. aestivum are present in miRBase v 19. The
expression of tae-miR5084 was observed exclusively in the
control, whereas expression of tae-miR1130, tac-miR1136,
tae-miR395a, and tae-miR408 was observed only in the HS-
treated sample; expression of 14 miRNAs was observed in
both the control as well as HS-treated samples, whereas the
expression of 25 conserved miRNAs was neither detected in
the control nor in the HS-treated samples (Table 2). Here, we
observed variations in the expression of 19 miRNAs in control
and HS-treated samples out of 44 identified miRNAs.

The number of times each miRNA is represented in the
small RNA library could serve as an index for the estimation
of the relative abundance of miRNA. The large number of
miRNA sequences generated in this study was used to deter-
mine their relative abundance in wheat (7. aestivum). The
frequencies of the miRNA families varied from 2 (tae-
miR1117, tae-miR171b, tae-miR395a) to 60,672 (tae-
miR159b), indicating that expression greatly varies among
the different miRNA families in wheat (Fig. 1); 422 and 357
unique miRNAs were identified in filtered data (control and
HS-treated samples) mapped against all plants in miRBase v
19. List of miRNAs identified in control and HS-treated
samples of HD2985 cultivar using the reference genome of
T. aestivum has been attached as Online Resource 4
(ESM_4 xls).

Homology-based miRNA identification using the refer-
ence sequence of 7. aestivum (comprises of 709,031 scaffolds
with 4,419,109,344 bp) and annotation using miRBase v 19
and known non-coding RNAs (Rfam database) resulted in
identification of 1052 and 902 mature miRNA sequences for
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Table 2 Distribution of

conserved mature miRNAs Mature miRNA Chromosome mature_start mature_end Log fold change Chi-sq-test

identified in control (22 °C) and

heat shock (42 °C, 2 h) treated Expressed in both control and heat shock treated (HD2985)

samples of HD2985 cultivar of tae-miR1117 TA84773 4565 19 42 -3.21 8.93

wheat (Triticum aestivum) at tae-miR1125  TA102041 4565 16 39 111 1.56

pollination stage . -
tae-miR1135 TA100086 4565 78 101 —-0.06 0.02
tae-miR156 - 96 116 3.99 979.7
taec-miR159a CA725849 154 174 —-0.02 16.02
tae-miR159b CA484819 230 250 —-0.02 16.02
tae-miR160 CJ641547 22 42 -2.52 82.40
tac-miR164 CA704421 3 23 —-0.07 0.18
tae-miR167 CK209908 18 38 2.092 549.1
tae-miR171a CD910903 89 109 —1.48 12.76
tae-miR171b BJ275219 92 112 0.370 0.04
tae-miR319 CA483944 184 204 —4.95 18.3
tae-miR395b - 2 21 2.35 55.259
tae-miR398 TA109388_4565 85 105 0.54 50.8

Expressed in control (HD2985)
tae-miR5084 - 96 119 1.7977E+308 3
Expressed in Treated (HD2985)

tae-miR1130 - 16 38 1.7977E+308 3
tae-miR1136 BE591362 23 46 1.7977E+308 4
tae-miR395a CV763592 54 74 1.7977E+308 2
tae-miR408 BE419354 136 156 1.7977E+308 3

HD2985 control and HS-treated samples. Species wise distri-
bution analysis of identified mature miRNAs in control sam-
ple of HD2985 showed 58, 25, 14, 2, and 1 % of the miRNA
from 7. aestivum, Z. mays, O. sativa, A. thalianaz, and Vitis
vinifera. Similarly, in the case of HS-treated sample, we
observed 42, 42, 11, 2, 2, and 1 % of the miRNA from
T aestivum, Z. mays, O. sativa, A. thaliana, V. vinifera, and
S. bicolor. Maximum miRNAs were identified from
T aestivum followed by Z. mays and O. sativa in both the
samples. MiR1136 identified from 7. aestivum showed

100000 -
10000 A
1000

100

Number of miRNAs

maximum expression level (absolute count) in both the con-
trol and HS-treated samples (Table 3). Similarly, tae-miR117
showed high expression (219 reads) in control compared to
HS-treated sample (88 reads). MiR166k, miR166j, and
miR166n identified from Z. mays showed very high expres-
sion in HS-treated sample (117 reads) followed by miR159a,
miR159b, miR159f, miR159t, and miR159k (102 reads). The
absolute count (expression level) was observed maximum in
control and HS-treated samples of 7. aestivum followed by
Z. mays.

W HD2985 Treated

M HD2985 Control

Fig. 1 The frequency of conserved mature miRNAs present in the sequenced small RNA library of control and heat shock-treated samples of HD2985
cultivar of wheat (7riticum aestivum L.); next-generation sequencing was performed using I[llumina HiSeq 2000 platform
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In the present investigation, we identified 169 miRNAs
(132 miRNA by homology-based approach and 37 novel
miRNAs using different analyzers and plant-specific parame-
ters). Out of 169 miRNA, 168 got mapped on the reference
draft genome sequence of wheat (Mayer et al. 2014). The
distribution of miRNAs plotted on different chromosomes is
shown in Fig. 2. It is evident from the figure that maximum
number of miRNAs (22 miRNAs) is mapped on
IWGSC _CSS 3B scaff followed by
IWGSC CSS 5BL scaff (14 miRNAs) and
IWGSC_CSS _2BL _scaff (10 miRNAs). Five miRNAs each
were mapped on IWGSC CSS 2DL scaff,
IWGSC _CSS 4DS scaff, IWGSC CSS 5AS scaff,
IWGSC CSS 6AL scaff, IWGSC CSS 7BL scaff, and
IWGSC_CSS_7DL scaff. Similarly, one miRNA each was
mapped on six scaffolds (IWGSC_CSS _2DS scaff,
IWGSC CSS 3DL scaff, IWGSC_CSS 4BS scaff,
IWGSC_CSS _4DL_scaff, IWGSC_CSS 6BS_scaff, and
IWGSC_CSS_7AS scaff). Other scaffolds identified showed
the alignment with two, three, or four miRNAs each as
depicted in the Fig. 2. It is well established that one chromo-
some may be represented by many scaffolds or single scaffold
depending on how well the genome has been reconstructed or
assembled from the available reads. In case of T. aestivum,
recently, only the first draft of the survey sequence has been
submitted on public domain by the International Wheat Ge-
nome Sequencing Consortium (IWGSC) (Mayer et al. 2014).
Out of 168 identified miRNAs, 22 miRNAs were observed to
be localized on the chromosome 3B, 5 miRNA on chr 5B, and
10 miRNA on chr 2B (Fig. 3). Similarly, nine and eight
miRNAs were mapped on chr 6D and chr 7A. Six miRNAs
were observed on each of the chr 5A, chr 6A, chr 6B, and chr
6D and 5 miRNAs on chr 2D, chr 4D, chr 5A, chr 6A, chr 7B,
and chr 7D. Maximum number of miRNAs were mapped on
chr 3B and minimum on chr 3D (Fig. 3). The 37 candidate
microRNAs from HD2985 control and HS treated were
mapped on the reference draft genome sequence of 7. aestivum
and showed alignment with 27 scaffolds which was further
used for the target prediction. For example candidate 4832
was mapped on IWGSC _CSS 2AL scaff,
IWGSC_CSS 2BL scaff, IWGSC_CSS 2BS scaff,
IWGSC CSS 2DL scaff, IWGSC _CSS 3B scaff, and
IWGSC _CSS 6DS_scaff (Table 4). Total of 41 unique targets
were predicted from 7 candidate miRNAs out of 37. The
maximum targets (10) were identified for candidate 4832
and candidate 6660 (Table 4). Some of the targets identified
are peptide transporter PTR2 (degilops tauschii), wall-
associated receptor kinase 4 (Triticum urartu), putative LRR
receptor-like serine/threonine-protein kinase (4. tauschii), ser-
ine carboxypeptidase-like 18 (Triticum wurartu), luminal-
binding protein 2 (4. tauschii), etc. A list of candidate
miRNAs, identified targets and their functional annotation
based on the reference draft genome of 7. aestivum (retrieved
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from ftp://ftp.ensemblgenomes.org), has been presented as
Online Resource 5 (ESM_5 xls).

Differential expression of mature miRNA

The FPKM value for each mature miRNA was calculated, and
based on the p values, 10 statistically significant (p value less
than or equal to 0.05) miRNAs were identified and were
categorized as upregulated and downregulated based on log
fold change. Tae-miR 156, tac-miR 167, tae-miR395b, and tae-
miR398 were observed to be upregulated in both the control
as well as HS-treated samples. The maximum log fold change
in the expression was observed in tae-miR156 (3.99-fold)
followed by tae-miR395b (2.4-fold) under the HS treatment.
Downregulation of tac-miR 1117, tae-miR 159a, tac-miR 159b,
tae-miR 160, tac-miR171a, and tac-miR319 were observed
under HS in HD2985 cultivar of wheat (Table 5). Maximum
downregulation was observed in the case of tae-miR319
(—4.9-fold).

Homology-based identification and distribution of wheat
miRNA using the reference genome of closely related plant
species

Based on the taxonomic information, we selected O. sativa,
Z. mays, and S. bicolor as closest homologs for the identifi-
cation of conserved and novel miRNAs in the control and HS-
treated samples of wheat. We observed 30, 14, and 9 mature
miRNAs in the control and 25, 10, and 11 mature miRNAs in
the HS-treated samples based on the reference genome of
O. sativa (build MSU6.1), Z. mays (build B73_RefGen_v2),
and S. bicolor (build JGI_sbil), respectively. The distribution
of identified miRNA expression between the control and HS-
treated samples were also estimated. We observed 12, 5, and 5
mature miRNAS to be exclusively expressed in the HS treated,
compared to 17, 9, and 3 mature miRNAs in the control based
on the reference genome of O. sativa, Z. mays, and S. bicolor
(Fig. 4). Similarly, 13 (O. sativa), 5 (Z. mays), and 6
(S. bicolor) miRNAs were observed to be expressed in both
the control and HS-treated samples of HD2985 cultivar
of wheat. Expression of 619 (O. sativa), 302 (Z. mays),
and 158 (S. bicolor) miRNAs were not detected in
control and HS-treated samples. List of miRNAs identi-
fied in control and HS-treated samples of HD2985
(thermotolerant) cultivar of wheat based on homology
search using the reference genome of rice, maize, and sor-
ghum has been presented as Online Resource 6, 7, and 8
(ESM_6.xls, ESM_7.xls, ESM_8.xls).
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Table 3  Identification and expression pattern of mature miRNAs identified based on homology search using the reference draft genome of Triticum

aestivum

Feature ID (mature sequence) miRNA Expression*  Resource

Expression of mature miRNAs in HD2985 control sample
TGAAGCTGCCAGCATGATCTGG MIR167d 9 Arabidopsis thaliana
TTTGGATTGAAGGGAGCTCCT MIR159¢ 5 Arabidopsis thaliana
TCGGACCAGGCTTCATCCCCC MIR165a/MIR165b 2 Arabidopsis thaliana
GTTCGCGTCGGGTTCACCA MIR5077 59 Oryza sativa
ACTGAACTCAATCACTTGCTGC MIRS5538 31 Oryza sativa
TCCACAGGCTTTCTTGAACTG MIR396e 31 Oryza sativa
CTTGGATTGAAGGGAGCTCTA MIR159f 21 Oryza sativa
GTTTGGTGAATCGGAAACTATTT MIR5073 7 Oryza sativa
TCGGACCAGGCTTCATTCCCC MIR166j/MIR166d/MIR166/MIR166g 3 Oryza sativa/Vitis vinifera
CGCGCCGCCGTCCAGCGG MIR5384 3 Sorghum bicolor
TTGTCGCAGGTATGGATGTATCTA MIR1136 294 Triticum aestivum
TAGTACCGGTTCGTGGCACGAACC MIR1117 219 Triticum aestivum
AACCAACGAGACCAACTGCGGCGG  MIRI1125 44 Triticum aestivum
CTGCGACAAGTAATTCCGAACGGA  MIRI1135 38 Triticum aestivum
TAGTACCGGTTCGTGGCTAACC MIR1131 10 Triticum aestivum
TCCAAAGGGATCGCATTGATC MIR393a 6 Vitis vinifera
TTGGACTGAAGGGAGCTCCCT MIR319b/MIR319¢/MIR319/MIR319 5 Vitis vinifera/Triticum aestivum
TCGGACCAGGCTTCAATCCCT MIR166k/MIR166j/MIR166n 136 Zea mays
TTTGGATTGAAGGGAGCTCTG MIR159a/MIR159b/MIR159/MIR159j/MIR15% 72 Zea mays
TCGCTTGGTGCAGATCGGGAC MIR168a/MIR168b 24 Zea mays
GCGTGCAAGGAGCCAAGCATG MIR160b/MIR160g 7 Zea mays
TTGGACTGAAGGGTGCTCCC MIR319a/MIR319¢/MIR319b/MIR319d 6 Zea mays
TTCCACAGGCTTTCTTGAACTG MIR396¢/MIR396d 5 Zea mays
GGAATGTTGTCTGGCTCGGGG MIR166a 4 Zea mays
CCCGCCTTGCACCAAGTGAA MIR168a 3 Zea mays
TCGGACCAGGCTTCATTCCC MIR166h/MIR166f/MIR166g 3 Zea mays
TTCCACAGCTTTCTTGAACTT MIR396e/MIR396f 3 Zea mays
TGAAGCTGCCAGCATGATCTG MIR167¢/MIR167f/MIR167j 2 Zea mays

Expression of mature miRNAs in HD2985 treated sample
TGAAGCTGCCAGCATGATCTGG MIR167d 11 Arabidopsis thaliana
TTTGGATTGAAGGGAGCTCTT MIR159b 5 Arabidopsis thaliana
GTTCGCGTCGGGTTCACCA MIR5077 37 Oryza sativa
TCCACAGGCTTTCTTGAACTG MIR396e 32 Oryza sativa
ACTGAACTCAATCACTTGCTGC MIR5538 17 Oryza sativa
CTTGGATTGAAGGGAGCTCTA MIR159f 10 Oryza sativa
ACATTATGGGACGGAGGGAGT MIR1436 3 Oryza sativa
TCAAGCATCATATCGTGGACA MIR5071 2 Oryza sativa
TGCATTTGCACCTGCACCTA MIR530 2 Oryza sativa
CGCGCCGCCGTCCAGCGG MIR5384 Sorghum bicolor
TTGTCGCAGGTATGGATGTATCTA MIR1136 233 Triticum aestivum
TAGTACCGGTTCGTGGCACGAACC MIRI1117 88 Triticum aestivum
CTGCGACAAGTAATTCCGAACGGA  MIRI1135 34 Triticum aestivum
AACCAACGAGACCAACTGCGGCGG  MIRI1125 14 Triticum aestivum
TGACAGAAGAGAGTGAGCACA MIR156 7 Triticum aestivum
CCTCCGTCTCGTAATGTAAGACG MIR1130 2 Triticum aestivum
TCCAAAGGGATCGCATTGATC MIR393b/MIR393a 7 Vitis vinifera
TAGCTCTGATACCAATTGATA MIR845a/MIR845b 6 Vitis vinifera
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Table 3 (continued)

Feature ID (mature sequence) miRNA Expression*  Resource
TTTGGATTGAAGGGAGCTCTA MIR159¢ 3 Vitis vinifera
CTTGGAGTGAAGGGAGCTCTC MIR159a/MIR159b 2 Vitis vinifera
TCGGACCAGGCTTCAATCCCT MIR166k/MIR166j/MIR166n 117 Zea mays
TTTGGATTGAAGGGAGCTCTG MIR159a/MIR159b/MIR159/MIR159j/MIR159%k 102 Zea mays
TCGCTTGGTGCAGATCGGGAC MIR168a/MIR168b 89 Zea mays
CCCGCCTTGCACCAAGTGAA MIR168a 21 Zea mays
TGACAGAAGAGAGTGAGCAC MIR156d/MIR156/MIR156g/MIR 19 Zea mays

156b/MIR156¢/MIR156¢/MIR156a/MIR

156h/MIR156i1/MIR1561
TCGGACCAGGCTTCATTCCC MIR166h/MIR166e¢/MIR166i/MIR166f/MIR 14 Zea mays

166g/MIR166b/MIR166¢/MIR166d
TTCCACAGGCTTTCTTGAACTG MIR396¢/MIR396d 6 Zea mays
CTTGGATTGAAGGGAGCTCCT MIR159¢/MIR159d 3 Zea mays
GGAATGTTGTCTGGCTCGGGG MIR166a 3 Zea mays
TGAAGCTGCCAGCATGATCTG MIR167¢/MIR167f/MIR167g/MIR167h/MIR167i/ 2 Zea mays
TGTGTTCTCAGGTCGCCCCCG MIR398a/MIR398b 2 Zea mays
TTCCACAGCTTTCTTGAACTT MIR396e/MIR396f 2 Zea mays

* Absolute count—number of reads (Tags) getting mapped on the particular mature miRNAs

miRNAs were identified (using the reference genome of
T aestivum, O. sativa, Z. mays, and S. bicolor) and were cate-
gorized as upregulated or downregulated based on the log fold
change. We observed 4, 6 (T aestivum), 4, 3 (O. sativa), 1
(Z. mays), and 1, 1 (S. bicolor) significantly upregulated and
downregulated mature miRNAs based on the reference genome
search. Significant upregulation were observed in osa-miR2925
(4.04-fold), zma-miR166a (0.05-fold), sbi-miR398 (3.29-fold)

Differential expression of mature miRNAs identified
based on reference genome search

We used the FPKM value of 19 (T aestivum), 19 (O. sativa), 19
(Z. mays), and 14 (S. bicolor) miRNAs to calculate the log fold
change as Log, (FPKM HD2985 treated/
FPKM_HD2985 control). Based on the p value, 10, 7, 1, and
2 statistically significant (p value less than or equal to 0.05)
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Fig. 2 Distribution of miRNAs identified based on the reference drafted
genome sequence of Triticum aestivum downloaded from fip:/ftp.
ensemblgenomes.org/pub/release-20/plants/fasta/triticum_aestivum/
dna/. assembly version IWGSPI, Jul 2013; 169 miRNAs identified in the

present investigation (132 miRNA were identified by homology-based
approach and 37 novel miRNAs based on different pipeline analyzers)
were mapped on the drafted genome sequence of wheat
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Fig. 3 Chromosomal localization of identified miRNAs based on the
survey sequence of Triticum aestivum downloaded from ftp://ftp.
ensemblgenomes.org/pub/release-20/plants/fasta/triticum_aestivum/

and downregulation in case of osa-miR396¢ (—2.14-fold), sbi-
miR159 (—0.039-fold), etc.

Target gene prediction

Since plant miRNA have near perfect complementarity to their
targets, computational prediction has proved to be effective to
identify the targets. In plants, the miRNA target sites are pre-
dominantly in the coding region. Interestingly, 187 genes were
targeted by 19 miRNAs in wheat which are perfectly comple-
mentary to each other (Fig. 5). The tae-miR156 is involved in
regulating squamosal promoter binding protein gene (SBP) in

Table4  Target prediction and their functional annotation for candidate
microRNA (candidate 6660) identified from HD2985 cultivar of wheat
(Triticum aestivum) by mapping on the reference draft genome sequence

dna/. assembly version IWGSP1, Jul 2013; 168 miRNAs identified in the
present investigation were mapped on the drafted genome sequence of
wheat

different crops. Similarly, tac-miR159a regulates the expression
of MYB3 (transcriptional activator), alkaline phosphatase family
protein (ALPL), cytochrome P450 (CYP450), cobalamine
adenosyl transferase (cobO), Mob1-like protein and 7LD family
protein, etc. Tae-miR159b is involved in regulating target genes
like MYB3 transcription factor, ubiquitin carboxyl terminal hy-
drolase (UCHL1; NB-ARC domain containing protein), etc. Tae-
miR160 plays a very important role in plant under the abiotic
stresses, by regulating the expression of target genes like auxin
response factor (ARF), tetratricopeptide repeat (TPR), etc. The
identified miRNAs from the constructed libraries of the control
and HS-treated HD2985 cultivar of wheat were also observed to
regulate the signaling pathways involved in modulating the

of T' aestivum (ftp://ftp.ensemblgenomes.org/pub/release-20/plants/fasta/
triticum_aestivum/dna/. assembly version IWGSP1, Jul 2013)

miRNA accession Target accession

miRNA_aligned_fragment

Target_aligned_fragment

Target description

Candidate 6660 IWGSC CSS 2AS  GUAcCUCCCUCCGUU AUUUAGGAACGGAG Putative retrotransposon protein
scaff 5308790 CCUAAAU GGAGUAA [Phyllostachys edulis)
Candidate 6660  IWGSC_CSS_2AS  GUACUCCCUCCGUU AUUAAGGGAUGGAG Putative retrotransposon protein
scaff 5308790 CCUAAAU GGAGUGC [Phyllostachys edulis)
Candidate 6660 IWGSC CSS 2BL GUACUCCCUCCGUU AUUUGGGAACGGAG DNA-directed RNA polymerase
scaff 8059822 CCUAAAU GGAGUAU D subunit 2a [Triticum urartu)
Candidate 6660  IWGSC_CSS_2BS_ GUACUCCCUCCGUU AUUUAGGAACGGAG Cyst nematode resistance protein-like
scaff 5246098 CCUAAAU GGAGUAU [Oryza sativa Japonica group]
Candidate_ 6660  IWGSC_CSS_5AS  GUACUCCCUCCGUU AUUUAGGAACGGAG Putative unclassified retrotransposon
scaff 1551865 CCUAAAU GGAGUAU protein [Oryza sativa Indica group]
Candidate 6660 IWGSC _CSS 5AS  GUAcCUCCCcUCCGUU AUUGUGGAAUGGAG  Putative unclassified retrotransposon
scaff 1551865 CCUAAAU GGAGUAU protein [Oryza sativa Indica group]

Candidate_6660  IWGSC_CSS_5BL_ GUACUCCCUCCGUUCCUAAAU AUUUAGGAACGG Putative serine/threonine-protein
scaff 10821195 AGGGAGUAU kinase [degilops tauschii)

Candidate 6660  IWGSC_CSS_6AS_  GUACUCCCUCCGUU AUUUAGGAACGG Predicted protein [Hordeum vulgare
scaff 4396081 CCUAAAU AGGGAGUAA subsp. vulgare]

Candidate 6660  IWGSC_CSS_6DL_ GUACUCCCUCCGUU AUUUAGGAACGG Hypothetical protein F775_52309
scaff 3305671 CCUAAAU AGGGAGUAG [Aegilops tauschii]

Candidate 6660  IWGSC_CSS_7DL_  GUACUCCCUCCGUU AUUUAGGAACGG Luminal-binding protein 2
scaff 3389646 CCUAAAU AGGGAGUAC [Aegilops tauschii]

*Total of 41 unique targets was predicted from 7 candidate microRNAs out of 37; maximum targets were identified for candidate 6660
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Table5 Digital fold expression of mature miRNAs identified based on fragment per kilobase of exon per million fragments mapped (FPKM) value in
control (22 °C) and heat shock (42 °C, 2 h) treated samples of HD2985 cultivar of wheat (7riticum aestivum) at pollination stage

miRNA Sequence Chromosome Mature start Mature end  Log fold change  Chi-sq-test
Upregulated
tac-miR156 UGACAGAAGAGAGUGAGCACA - 96 116 3.99 979.7
tae-miR167 UGAAGCUGCCAGCAUGAUCUA CK209908 18 38 2.09 549.1
tae-miR395b  UGAAGUGUUUGGGGGAACUC - 2 21 235 55.2
tae-miR398 UGUGUUCUCAGGUCGCCCCCG TA109388_4565 85 105 0.54 50.8
Downregulated
tae-miR1117  UAGUACCGGUUCGUGGCACGAACC  TA84773 4565 19 42 -3.21 8.9
tac-miR159a  UUUGGAUUGAAGGGAGCUCUG CA731881 154 174 —0.022 16.0
tac-miR159b UUUGGAUUGAAGGGAGCUCUG CA484819 230 250 —0.026 16.0
tae-miR 160 UGCCUGGCUCCCUGUAUGCCA CJ641547 22 42 —2.52 82.4
tac-miR17la UGAUUGAGCCGUGCCAAUAUC CD910903 89 109 —1.48 12.7
tac-miR319 UUGGACUGAAGGGAGCUCCCU CA483944 184 204 —4.95 18.3

*p value less than or equal to 0.05

defense mechanism under the HS. Tae-miR164 and sbi-
miR164c were observed to regulate the expression of target
genes involved in mitogen-activated protein kinase (MAPK)
signaling pathways; it also regulate the transcript of NAC tran-
scription factor. Tae-miR319 and sbi-miR1435b were observed
to regulate MYB3 and MYB27 gene families as well as histone
protein-associated genes. Superoxide dismutase (SOD) gene
family was observed to be regulated by tae-miR398 and sbi-
miR38. Similarly, osa-miR3979-5 was observed to have unique
stress protein/transcription factor gene family as their specific
targets. Osa-miR529-b and sbi-miR396¢ were observed to regu-
late the expression of ethylene responsive factor (ERF) and
HSPS81-1 genes. List of miRNAs (identified using the reference
genome of closely related species) and their specific targets have
been presented in Online Resource 9 (ESM_9 xIs).

Our investigation in other plant species showed 308, 138,
and 70 target genes in O. sativa (osa), Z. mays (zma), and

Fig. 4 Distribution analysis of 1000
mature miRNAs identified based
on homology search using the
reference genome of Oryza
sativa, Zea mays, and Sorghum
bicolor in control and heat stress-
treated samples of HD2985
cultivar of wheat (7riticum
aestivum); reference genomes of
O. sativa build MSU6.1 and

Z. mays build B73_RefGen v2
were downloaded from
plantGDB database and S. bicolor
build JGI sbil from JGI
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S. bicolor (sbi) regulated by 37, 8, and 13 identified miRNAs,
respectively (Fig. 6). In case of O. sativa, we observed max-
imum targets associated with osa-miR2122, osa-miR1439 (25
targets), and osa-miR1436 (24 targets). Osa-miR2122 has
been predicted to regulate putative transposon protein, where-
as 0sa-miR 1439, zma-miR 166a, and zma-miR827 have max-
imum targets (30 and 29) compared to other identified
miRNAs expressed in Z. mays. In S. bicolor, the maximum
gene targets were observed to be associated with sbi-miR296
and sbi-miR328, each having nine targets.

Novel miRNA discovery using the reference genome
of related plant species

The number of miRNAs identified from 7. aestivum is very
less compared with other closely related plant species as very
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few miRNAs have been identified from 7. aestivum and
submitted in the repository till date. Now, onus is on the
discovery of novel heat-responsive miRNAs from wheat and
to use it for deciphering the mechanisms associated with
abiotic/biotic stress tolerance.

Novel miRNA identified based on the reference genome
of Oryza sativa

Novel miRNA identification was carried out in the control and
HS-treated HD2985 cultivar of wheat using an input reads of
87,160,626 and 71,104,328. The reference genome of
O. sativa build MSU6.1 was downloaded from plantGDB
database. Based on MiRanalyzer analysis, we observed 7889
(control) and 6848 (HS treated) precursor miRNAs in
O. sativa. Using the Xcelris proprietary miRNA pipeline and
miRCheck, the number of predicted precursor miRNAs was

Fig. 6 Distribution of identified 1000

miRNAs based on homology
search using the reference
genome of O. sativa, Z. mays, and
S. bicolor and their targets;
Triticum aestivum—tae, Oryza
sativa—osa, Zea mays—zma,
Sorghum bicolor—sbi

100

miRNAs and thier targets

tae

reduced to 16 and 2 in the control and HS-treated samples,
respectively (Table 6). Finally, based on MFEI calculation, the
novel miRNAs predicted was 16 (control) and 2 (HS treated)
using the reference genome of O. sativa (Fig. 7).

Novel miRNA identified based on the reference genome
of Zea mays

The reference genome of Z. mays build B73_RefGen v2 was
downloaded from plantGDB database. We identify 9722
(control) and 8711 (HS treated) potential candidate novel
miRNAs based on MiRanalyzer predicted precursor. Further,
we were able to identify 48 and 39 miRNAs in the control and
HS-treated samples using Xcelris proprietary miRNA pipe-
line. The predicted candidate miRNA precursor molecules
were further subjected to MiRCheck pipeline (using plant-
specific criteria as mentioned in the earlier section) for the

308
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138
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37

= miRNAs

13 No of targets

0sa Zma sbi

Plant Species
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Table 6 Novel miRNA prediction in control and heat stress-treated samples of HD2985 cultivar of Triticum aestivum based on the reference genome
of Oryza sativa, Zea mays, and Sorghum bicolor; novel miRNA having MFEI greater than or equal to 0.85 were selected

Mature_ID Mature miRNA sequence (5'-3") MFE MFEI Chromosome

Oryza sativa (control)

Candidate_430 UUAUCGGCAAGGGAUGAGC —109.6 1.56 OsChr9
Candidate 1547 ACUCCCUUCGUUCCAAAAUA —58.8 0.98 OsChrl1
Candidate 3466 ACAUUCAGUCAUUGACAU -93.6 1.3 OsChr4
Candidate 4512 ACUCCCUCCGUCCCGAAAUA —58.6 1.12 OsChrl
Candidate 4832 cuccuccuccuccucuucucy —68.3 0.94 OsChrl
Candidate 5064 AAGAGAUUUUGAAGGGAU —66.8 1.21 OsChr2
Candidate 5084 ACUCCCUCCGUCCGAAAAUA -36.4 1.04 OsChr2
Candidate 5319 UCACAAAUGUAAGACUUU —45.1 1.15 OsChr2
Candidate 5652 UGUCAAAAGUUGGAUAUU -126.3 1.45 OsChr2
Candidate 5884 AUCCCAAAAAGAACCAAU =553 1.06 OsChr7
Candidate 5888 AAAACCCAAUCCUGAGGAUG —43.9 0.99 OsChr7
Candidate_5993 UCCUCUGCAGUCGACUGC —58.2 1.14 OsChr7
Candidate_6392 AAGAGAUUUUGAAGGGAU —50.5 1.01 OsChr8
Candidate_6633 CUAGAACUGGAUGAGAUA -112.3 1.78 OsChr8
Candidate_6660 GUACUCCCUCCGUUCCUAAAU —42.4 1.03 OsChr8
Candidate_7385 cuuGGcucuuuuucuucc —65.6 0.88 OsChr6
Oryza sativa (heat shock treated)
Candidate 3182 UUCGUUUUUUAUAGGAUGG —49.9 0.97 OsChr4
Candidate_6941 CUUGGAUGAGAACAUGGCAU —-113.1 1.43 OsChr6
Zea mays (control)
Candidate 1124 GACCGAACCCGAAACCGA —60.34 0.98918033 chr6
Candidate 2233 UGGCACUCGGGAAAUAUG —80.2 1.02820513 chr7
Candidate 4424 GUCCGACGAUCCACUGAUAA —60.6 1.18823529 chr9
Candidate_6979 UCCGGAAUUUCCGGGGAUUG =71.6 1.2125 chr2
Candidate_7501 UCUUGGAUGGCCUGACGA =782 0.9775 chr2
Candidate_7521 UCCGGUAUUACCGGGGAUUG —61 1. 2.44897959 chr2
Candidate_8160 AUCAGGGCUGACGUGGCGGAC -123 1 0.12844037 chr3
Candidate_8295 CAAUUCCCUUCAUUACUC —57.1 1.03818182 chr3
Zea mays (heat shock treated)
Candidate 143 CAACGCCCCGCACACGCCG —-126.7 1.0300813 chr5
Candidate 901 CCCCUUCGAGAUUGAAGAA —68 1.0 0.96774194 chr5
Candidate 2549 ACUCCCUCCGUUCCUUUUUA —56.3 1.17291667 chr8
Candidate 3415 AUACUCGCUCUGUUUCGU —50.4 0.96923077 chrl
Candidate 3691 ACGGCCUCAUCCAGACCGAC —53.3 1.04509804 chrl
Candidate 4032 GGCGAUUGUCAUAGAGAA -131.1 1.63875 chr9
Candidate_4449 UGUCCGACGAUCCACUGAU —48.3 1.09772727 chr9
Candidate 5631 CGCGAUCGAGCACUCGAC =77 0. 0.93902439 chrl
Candidate_8696 CCUCCGAUCCCCUCCGGU —62.8 1.0295082 chr4

Sorghum bicolor (control)

Candidate 69 UCCCAUGGAAGUCCACCA -109.4 1.2870588
Sorghum bicolor (Heat shock treated)

Candidate 905 GAAUGAAACUCAAAUGAA —68.9 1.0936508

chromosome_1

chromosome_1

MFE minimum folding energy, MFEI minimum folding free energy index

prediction of novel miRNA. We observed eight and nine  samples based on miRCheck pipeline and MFEI calculation
novel heat-responsive miRNAs in the control and HS-treated ~ (Table 6; Fig. 7).
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Novel miRNA identified based on the reference genome
of Sorghum bicolor

The reference genome of S. bicolor build JGI sbil was
downloaded from JGI Genome portal. Based on the mapping
of input reads on the reference genome of S. bicolor and
processing of data using MiRanalyzer pipeline, we observed
1213 and 1157 miRNAs in the control and HS-treated sam-
ples, respectively. Further, the information was down-
processed using Xcelris Proprietary Script-based pipeline,
and we observed five miRNAs in both control as well as
HS-treated samples. The candidate precursor miRNAs were
processed using MiRCheck pipeline, and one miRNA precur-
sor was observed in both control as well as HS-treated sam-
ples (Table 6). The predicted precursor miRNAs were further
evaluated using MFEI calculation, and finally, one novel heat-
responsive miRNA was identified in both the control as well
as HS-treated samples of HD2985 cultivar of wheat (Fig. 7).

Based on our NGS input sequences from the control and
HS-treated samples and their mapping on reference genomes
of related plant species like O. sativa, Z. mays, and S. bicolor,
we have identified 18, 17, and 2 novel miRNAs using differ-
ent pipeline analyzers and MFEI values.

Validation of novel miRNAs for heat-responsive nature
by quantitative real-time PCR

The expression pattern of novel miRNAs was studied in wheat
exposed to HS in order to validate as well as predict their
functions. To get an idea about the possible stage- or tissue/
organ-dependent roles of miRNAs, we examined the expression
patterns of miRNAs in different tissues like roots, stem, and
leaves of HD2985 (thermotolerant) and HD2329
(thermosusceptible) cultivars of wheat at the seedling stage

= HD2985 (control)
HD2985 (HS)

zma sbi
Plant Species

(Fig. 8). Seven novel miRNAs (candidate 430, candidate 3466,
candidate 5064, candidate 5652, candidate 5993, candi-
date 3182, and candidate 6941) were randomly selected for
the validation by quantitative real-time PCR (qQRT-PCR). The list
of miRNA-specific forward primers used for the qRT-PCR has
been depicted in Table 7. The expression of miRNA was ana-
lyzed using the poly (T) adaptor RT-PCR method.

Candidate 6941 showed significant downregulation in re-
sponse to HS in root, stem, and leaves of HD2985 cultivar of
wheat (Fig. 8). The expression was very low in leaf compared to
stem and root under HS. Similarly, candidate 3182, candi-
date 5652, and candidate 430 showed significant downregula-
tion in root, stem, and leaf under the HS. The expression of
candidate 430 and candidate 5652 was highly downregulated in
leaves compared to other tissues in response to HS. Very low
transcripts of candidate 430 were observed in root, stem, and
leaves under HS. Candidate 3466 and candidate 5064 showed
upregulation in response to HS in root, stem, and leaves of
HD2985 cultivar of wheat. The transcripts of both the candidate
miRNAs were observed abundant in root followed by stem, and
minimum was observed in leaves under HS.

Validation of identified candidate miRNAs was also carried
out in contrasting wheat cultivar (HD2329; thermosusceptible) in
order to know the variations in the pattern of expression of
miRNAs under HS in thermotolerant and thermosusceptible
cultivars (Fig. 8). Candidate 6941, candidate 3182, candi-
date 430, and candidate 5064 showed downregulation under
HS in root, stem, and leaves of HD2329 cultivar of
wheat. The variations among the tissues in response to
HS were non-significant in thermosusceptible cultivar.
Similarly, candidate 5652 and candidate 3466 showed
upregulation in response to HS in root, stem, and
leaves. Relative expression of candidate 3466 was ob-
served maximum in leaves, and candidate 5652 showed
maximum expression in stem. We observed downregulation
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Fig. 8 Validation of identified novel miRNAs (candidate 6941,
candidate 3182, candidate 5652, candidate 3466, candidate 430, and
candidate 5064) in root, stem, and leaves of thermotolerant (HD2985)
and thermosusceptible (HD2329) wheat cultivars by quantitative real-
time PCR (qRT-PCR); expression was not observed in case of candidate

of candidate 5652 in leaves of HD2329 and upregulation in
leaves of HD2985 under HS (Fig. 8).

The expression of candidate 5993 was not observed in any of
the tissues of HD2985 and HD2329 under HS. Out of seven
selected miRNAs, we observed significant variations in the
expression of six miRNAs (candidate 430, candidate 3466,

@ Springer

5993; C—22 °C, T—42 °C for 2 h. Variation in the expression under heat
stress was observed in six miRNAs out of seven miRNAs randomly
selected. The expression of U6 SnRNA was used as endogenous control
for normalizing the data. Relative expression was calculated by Pfaffl
method

candidate 5064, candidate 5652, candidate 3182, and candi-
date 6941). It is the variation in the expression under HS which
validates the heat-responsive nature of these identified candidate
miRNAs. These heat-responsive miRNAs are predicted to regu-
late the expression of SAGs (their targets) which, in turn, mod-
ulate the defense mechanism of wheat under the HS.
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Table 7  List of miRNA-specific forward primers used for the valida-
tion using quantitative real-time PCR

Novel miRNA Forward primer sequence Tm (°C)
Candidate_430 ATTATCGGCAAGGGATGAGC 60°
Candidate 5993 ~ ATCCTCTGCAGTCGACTGC 60°
Candidate 3466 ~ GGGACATTCAGTCATTGACAT 60°

Candidate_5064
Candidate 5652
Candidate_6941
Candidate_3182

GGGAAGAGATTTTGAAGGGAT 60°
TTTCGTGTCAAAAGTTGGATATT 60°
ACTTGGATGAGAACATGGCAT 60°
AGGTTCGTTTTTTATAGGATGG 60°

Chromosomal localization and structural analysis
of identified novel miRNAs

The identified novel miRNAs were also characterized for their
chromosomal localization using the miRNA_clusters_by
Chr.pl written in Pearl Script language (Table 6). The program
was used to determine miRNA clusters on each chromosome
given a maximum inter-miRNA distance and an input file of
miRNA locations. Most of the miRNAs identified based on
the reference genome of O. sativa were observed to be local-
ized on chromosome 2 (four miRNAs) followed by chr. 7 and
chr. 8 (three miRNAs each). The structural analysis of identi-
fied heat-responsive miRNAs was also carried out using
Flicker v3.0 (Illumina, USA). Mapping to mature and precur-
sor miRNA showed significant variations in the internal struc-
ture of identified novel miRNAs. The structural analysis were
performed using a modified Zuker’s algorithm and were then
compared to the structures derived using mfold (Zuker 1989).
Variations were observed in the secondary structure of the
identified heat-responsive miRNAs from wheat. The second-
ary structure of identified novel miRNAs has been presented
in the supplementary file (ESM_ 10.tif).

Temporal expression analysis of novel heat-responsive
miRNAs in wheat under the heat stress

Three randomly selected novel heat-responsive miRNAs (candi-
date 3182, candidate 3466, and candidate 430) were used for
the temporal expression analysis in root, stem, and leaves of
HD2985 and HD2329 (contrasting wheat cultivars) after expos-
ing the plants to HS of 42 °C for 0.5, 1, 2, 3, and 4 h. Relative
expression of candidate 3182 in roots of HD2985 showed sig-
nificant upregulation in response to HS for 0.5 h, whereas further
downregulation was observed under HS for 1, 2, 3, and 4 h
(Fig. 9). Maximum downregulation of candidate 3182 was ob-
served under HS for 2 h. Similarly, relative expression of candi-
date 3182 in roots of HD2329 showed significant downregula-
tion in response to HS for different durations. Maximum down-
regulation was observed in response to HS for 3 h. Non-

significant increase in the expression of candidate 3182 was
observed in response to HS duration beyond 2 h (HD2985)
and 3 h (HD2329), respectively.

Relative expression of candidate 3182 in stem of HD2985
showed similar pattern of downregulation as observed in root;
non-significant differences were observed in response to HS
for 2, 3, and 4 h (Fig. 9). In HD2329, the maximum down-
regulation was observed in response to HS for 1 h; variations
between the treatments were non-significant. Expression of
candidate 3182 in leaves of HD2985 showed significant var-
iations among treatments. We observed maximum downreg-
ulation in response to HS for 1 h, and further increase in the
expression was observed with increase in the duration of HS
(Fig. 9). A non-significant change in the expression was
observed in the leaves of HD2329 in response to different
treatments.

Relative expression of candidate 3466 in roots of HD2985
showed upregulation under HS for 0.5 to 2 h, and further
downregulation was observed with increase in the duration of
HS (Fig. 10). In case of roots of HD2329, the relative expression
of candidate 3466 showed significant upregulation in response
to the treatments. Transcript profiling in stem and leaves showed
upregulation of candidate 3466 in both the cultivars; the expres-
sion was observed more in leaves compared to stem. Similarly,
we observed decrease in the relative expression of candidate 430
in roots of both the cultivars with increase in the duration of HS;
non-significant variations were observed in response to treat-
ments (Fig. 11). Maximum downregulation was observed in
response to HS for 4 h in both the cultivars. The relative expres-
sion of candidate 430 in stem of HD2985 showed significant
downregulation in response to the treatments. Similarly, we
observed significant downregulation of candidate 430 in stems
of HD2329 with increase in the duration of HS; expression was
highly downregulated under HS for 4 h. The relative expression
of candidate 430 was observed more in leaves of HD2329
compared to HD2985 under HS; decrease in the transcripts were
observed with increase in the duration of HS in both the cultivars
(Fig. 11).

Prediction of gene targets of novel heat-responsive
miRNAs

For greater understanding of the functions of newly identified
heat-responsive novel miRNAs (25 and 12 for control and HS-
treated samples), targets of these miRNAs were predicted in
T aestivum, O. sativa, S. bicolor, and Z. mays. The number of
target genes identified for the novel miRNAs in control and HS-
treated samples were 83, 26 (T aestivum), 109, 23 (O. sativa), 82,
153 (Z mays), and 50, 12 (S. bicolor) (Table 8). Based on the
reference draft genome sequence of 7" aestivum, we were able to
identify target genes like peroxidase, receptor protein kinase,
NADPH-cytochrome P450 reductase, Rubisco, etc. for miRNAs
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Fig. 9 Temporal expression analysis of identified heat-responsive
miRNA (candidate 3182) in root, stem, and leaves of HD2985
(thermotolerant) and HD2329 (thermosusceptible) cultivars of wheat
(Triticum aestivum L.), Plants were exposed to heat stress of 42 °C for

identified in the control and HS-treated samples. Similarly,
we observed CDPK, bZIP, MYB, ctc. as targets for the
miRNAs identified using O. sativa as reference genome.
The predicted novel miRNA targets based on the ho-
mology search using the reference genome of O. sativa,
Z. mays, and S. bicolor has been attached as Online Resource
11 and 12 (ESM_11.xls, ESM_12.xIs).
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0.5, 1, 2, 3, and 4 h, The expression of U6 SnRNA was used for
normalizing the data, Relative expression was calculated by Pfaffl
method

Identification of miRNA targets involved
in thermotolerance pathways

We downloaded 465 plant mRNA transcript sequences pre-
dicted to be involved in defense of plant under the HS; 121
plant mRNA transcripts were found to be involved in 16
unique KEGG pathways. The annotation of the potential
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Fig. 10 Temporal expression analysis of validated heat-responsive
miRNA (candidate 3466) in root, stem, and leaves of HD2985
(thermotolerant) and HD2329 (thermosusceptible) cultivars of wheat
(Triticum aestivum L.). Plants were exposed to heat stress of 42 °C for

targets of miRNAs with differential expression indicates that
genes encoding transcription factors, enzymes, and signal
transduction components are implicated in the abiotic stress
response. Some of the targets identified and implicated in
thermotolerance pathways are small heat shock proteins
(sHSPs like HSP17, HSP26), high molecular weight HSPs
(HSP70, HSC, and HSP90), stress inducible protein, translo-
cation protein, dnaj domain protein, betaine aldehyde

0.5, 1, 2, 3, and 4 h. The expression of U6 SnRNA was used for
normalizing the data. Relative expression was calculated by Pfaftl
method

dehydrogenase, etc. Interestingly, most of the identified ma-
ture miRNAs have small heat shock proteins, HSP70 and
HSP90 genes, as their specific target which shows the impor-
tance of these chaperones in defense mechanism against HS in
wheat. The known mature miRNA sequences identified in the
control and HS-treated samples were aligned on 121 plant
mRNA transcripts, and final results have been depicted in the
electronic supplementary file as ESM_13.xls.
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Fig. 11 Temporal expression analysis of candidate 430 in root, stem,
and leaves of HD2985 (thermotolerant) and HD2329 (thermosusceptible)
cultivars of wheat (7riticum aestivum) in response to heat stress of 42 °C

Comparative expression analysis of miRNAs and their
target genes under the heat stress

Eight conserved miRNAs (tae-miR156, tac-miR160, tae-

miR159a, tae-miR167, tae-miR1117, tae-miR164, tae-
miR319, and tae-miR398) were randomly selected for the

@ Springer

for 0.5, 1, 2, 3, and 4 h. The expression of U6 SnRNA was used as
endogenous control for normalizing the data. Relative expression was
calculated by Pfaffl method

comparative expression analysis with their respective targets
(HSP90, HSP70, WRKY, Dnaj, CPK1, HSP17, MYB3, and
Cu/Zn-SOD) under the HS (Fig. 12). Under HS, the relative
expression of tae-miR156 was high (2.2-fold) compared to
their target (HSP90—1.38-fold). Similarly, tae-miR160
showed downregulation, and their target (HSP70) showed
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Table 8 Number of targets identified for candidate novel miRNAs in
control and heat shock-treated samples of HD2985 cultivar of wheat
(Triticum aestivum)

Species Number of targets Number of targets
in control sample in treated sample

Triticum aestivum 83 26

Oryza sativa 109 23

Zea mays 82 15

Sorghum bicolor 50 12

upregulation in response to HS. Similar pattern of expression
was observed in tae-miR159a (target WRKY TF), tae-
miR1117 (target CPK/), tac-miR164 (target HSP17), tae-
miR319 (target MYB3) and tae-miR398 (target Cu/Zn-SODs).
Maximum downregulation in response to HS was observed in
tae-miR319 as compared to other miRNAs, whereas HSP17
showed maximum increase in the fold expression compared to
other targets. We observed 3-fold increase in the expression of
calcium-dependent protein kinase 1 (CPK/) which acts as
signaling molecule in sensing the HS, and the miRNA regu-
lating the expression of CPK/ (tae-miR1117) showed 0.5-fold
downregulation under HS. Similarly, tac-miR164 showed
downregulation (0.28-fold) compared to 11.1-fold increase
in the expression of target gene (HSP17) under HS. In case
of tae-miR167, we observed significant increase in the ex-
pression of miRNA and its target gene; relative expression
was more in tae-mil67 compared to Dnaj (target) under HS.
Similarly, Cu/ZN-SOD showed upregulation in response to
HS, whereas the regulating miRNA (tae-miR398)
showed downregulation under HS. Most of the miRNAs
selected in the present investigation showed downregu-
lation in response to HS, whereas there target genes
showed upregulation under HS.

Quantitative real-time PCR validation of RNA-Seq results

Eight miRNAs were randomly selected for the comparative
analysis of the differential expression values determined by
RNA-Seq and qRT-PCR. The log, fold change (FC) value of
tae-miR156, tae-miR167, tae-miR398, tae-miR159a, tae-
miR64, tae-miR319, taec-miR 1117, and tae-miR 160 observed
by RNA-Seq and qRT-PCR was compared by histogram and
scatter plot diagram (Fig. 13). Digital fold expression of
miRNAs observed by RNA-Seq in response to HS was sig-
nificant (p<0.05) except tae-miR164 which showed non-
significant result. Similarly, in case of qRT-PCR, the log fold
change of miRNAs in response to HS was highly significant.
The differences between the expression values observed by
the two techniques were on par. The differential expression
values of miRNAs observed by RNA-Seq and qRT-PCR were

used for scatter plot analysis. We observed strong positive
correlation between the differential expression values of
miRNAs observed by the RNA-Seq and qRT-PCR. Linear
regression shows that the both data are in agreement with each
other (Fig. 13).

Discussion

Among different abiotic stresses, HS is considered as well as
predicted the most detrimental factor reducing the yield of
different crops, both in terms of quantity and quality (Lu et al.
2008). Plants, being sessile, have, however, developed bio-
chemical and molecular mechanisms to cope up with such
vagaries of nature (Coraggio and Tuberosa 2004). Overex-
pression of SAGs and stress-associated proteins (SAPs) has
already been correlated with the thermotolerance mechanism
of agriculturally important crops like wheat, rice, etc. (Kumar
et al. 2014). Wheat, being thermosensitive, is severely affect-
ed especially when the temperature variations are more during
pollination and grain-filling stages. The expression of SAGs
has been established to be regulated by miRNAs. The number
of miRNAs identified from wheat and deposited in repository
is limited compared with other closely related species. In the
present investigation, based on NGS data, we have identified
44 precursor and mature miRNAs in 7. aestivum from
miRBase v 19, 132 miRNA by homology-based approach
using the reference genome of closely related species and 37
novel miRNAs using different analyzers and other plant-
specific parameters. Deep sequencing method has been ade-
quately exploited to study the conserved and novel miRNA in
Arabidopsis, rice, Populus and Physcometrella, as is evident
from the miRBase depository (Dryanova et al. 2008). To date,
5940 mature miRNA sequences have been identified from
plant species. In this study, using bioinformatics tools, we
have provided evidence for the existence of 33, 15, 11, and
41 % conserved miRNAs for O. sativa, Z. mays, S. bicolor,
and A. thaliana, respectively. When compared with other plant
species, tac-miR156b in wheat and osa-miR169 in rice were
the most frequently observed miRNAs while miR156 exhib-
ited low abundance in wheat as well as rice. Pandey et al.
(2013) have reported five abiotic stress-responsive new
miRNAs from wheat (Ta-miR5653, Ta-miR855, Ta-
miR819k, Ta-miR3708, and Ta-miR5156). Ta-miR159 over-
expressing rice lines were more sensitive to the HS, relative to
the wild type, indicating that the downregulation of Ta-
miR159 in wheat after HS might participate in a HS-related
signaling pathway contributing, in turn, to the HS tolerance
(Wang et al. 2012) which is in conformity with the observa-
tions in the present investigation. Kurtoglu et al. (2014) iden-
tified 52 putative wheat microRNAs using NGS, including
seven, which have not been previously published. Zhao et al.
(2013) identified 32 miRNAs from wheat and reported that 9
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<« Fig. 12 Quantitative real-time expression profiling of identified
miRNAs and their target genes in seedlings of HD2985 cultivar of
wheat exposed to heat stress (42 °C, 2 h); tac-miR156 (heat shock
protein 90; accession no. DQ665783), tac-miR160 (heat shock protein
70; accession no. KJ027551), tae-miR159a (WRKY transcription factor;
accession no. DQ286566), tae-miR167 (dnaj heat shock n-terminal
domain-containing protein; accession no. KJ018078), tac-miR1117
(Calcium dependent protein kinase 1; accession no. JX878360), tae-
miR164 (small heat shock proteins 17; accession no. JN572711), tae-
miR319 (MYB3; accession no. AY615200), tae-miR398 (Cu/Zn-SOD;
accession no. JQ613154). The expression of U6 SnRNA (for miRNA;
Clontech, USA) and actin gene (for targets; accession no. AB181991)
was used as endogenous control for normalizing the data. Relative
expression was calculated by Pfaffl method

Ta-MIRs responded to P; starvation: Ta-MIR159b, Ta-
MIR167, Ta-MIR399, Ta-MIR408, Ta-MIR1122, Ta-
MIR1125, Ta-MIR1135, Ta-MIR1136, and Ta-MIR1136
were upregulated, whereas Ta-MIR408 was downregulated.
Xin et al. (2010) have also identified a set of miRNAs
responsive to powdery mildew and HS in wheat. Sun
et al. (2010) have provided the evidence for the exis-
tence of 20 conserved miRNA families as well as 23
novel miRNA families in wheat. Recently, they reported
323 wheat novel miRNAs and 524 target genes for 124
miRNA families by conducting a genome-wide survey of
wheat miRNAs from 11 tissues (Sun et al. 2014).

We observed increase in the expression of target genes
induced by the respective miRNAs under the HS. MiRNAs
have been reported to be master regulator of plant growth and
development (Sunkar et al. 2012), though it constitutes only
1 % of the total protein-coding genes of an organism (Shukla
et al. 2008; Lukasik et al. 2013). The expression profiles of
most of the miRNAs involved in plant growth and develop-
ment were found to be altered in response to the HS. Wide

variations in the transcripts of miRNAs and their respective
targets were observed under the HS in the present investiga-
tion. Real-time PCR expression profiling showed increase in
the transcript of signaling molecule like CDPK, whereas in
case of HSPs, we observe decrease in the expression after 2 h
of HS. The expression of some of the stress-responsive
miRNAs has been reported to be regulated by calcium level
in the cytosol (Mutum et al. 2013); this makes us to conclude
that elevated temperature has marked effect on the expression
of miRNAs which, in turn, trigger the expression of target
genes associated with thermotolerance pathways. We found
that a large, diverse, and complex small RNA population
exists in 7. aestivum. The observation that some of the
miRNAs are upregulated or downregulated in response to
the HS implies that these miRNAs are playing important roles
in the stress tolerance.

Based on the reference genome sequence of rice, maize,
and sorghum, we were able to identify 25 novel miRNAs from
the control and 12 miRNAs from the HS-treated samples of
HD2985 cultivar of wheat adding it to 37 novel candidate
miRNAs. The present investigation has been able to establish
the existence of novel heat-responsive miRNAs (candi-
date 430, candidate 3466, candidate 5064, candidate 5652,
candidate 3182, and candidate 6941) in both thermotolerant
and thermosusceptible cultivars of 7. aestivum. Significant
tissue-specific variations in the expression level of the identi-
fied miRNASs were observed in root, stem, and leaves of wheat
seedling exposed to HS. Altered expressions of miRNAs
during the stress have been implicated to have drastic effects
on plant growth and development (Ding et al. 2013). It is well
established that miRNAs are involved in plant response to the
environmental stresses such as drought, salinity, heat, cold,
nutrient starvation, oxidative stress, mechanical stress, UV-B
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Fig. 13 Quantitative real-time PCR validation of RNA-Seq results. (a)
Comparison of differential expression values of miRNAs determined by
RNA-Seq (dark gray) and qRT-PCR (white). Eight miRNA identified
from Triticum aestivum were randomly selected for the analysis. (b)

Scatter plot diagram showing the relationship between the log, fold
change (FC) of miRNA observed from RNA-Seq and qRT-PCR.
Results of ANOVA are shown (**P<0.05; *P>0.05). Vertical bars
indicate s.e (n=3)
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radiation, etc. and trigger the expression of target genes in-
volved in various tolerance mechanisms as observed in the
present study (Sunkar and Zhu 2001; Lu et al. 2005; Lu et al.
2011; Pandey et al. 2013; Kumar et al. 2013a). We observed
simultaneous decrease in the transcript of miRNA and in-
crease in the expression of their targets under HS (Fig. 12)
which is in conformity with the observation of Zhang et al.
(2012). According to miRNA target databases, one miRNA
may regulate many genes as its targets, while one gene may be
targeted by many miRNAs. These findings indicate that rela-
tionships between miRNAs and their targets may not be one-
to-one. Detailed comparison of the expression patterns of
miRNAs and corresponding target genes revealed both nega-
tive and positive correlation between them (Zhang et al.
2012). Lopez-Gomollon et al. (2012) observed a negative
correlation between the expression of miRNAs and their
targets and reported that the correlation between the expres-
sion pattern of miRNA and their targets can vary between
mRNAs belonging to the same gene family and even for the
same target mRNA at different developmental stages. The
expression of HSP17, CPK1, and HSP70 were observed high
under HS which shows the potential role of these genes in
thermotolerance. The expression of tae-miR167, tae-miR 156,
and their respective target genes (Dnaj and HSP90) showed
upregulation under HS. The change of correlation during
development suggests that the type of regulatory circuit di-
rected by miRNA can change over time and can be different
for individual gene family members (Lopez-Gomollon et al.
2012).

Guan et al. (2013) observed that expression of miR398 is
quickly induced by HS at 37 °C and reaches its peak level 2 h
after HS which is similar to our observation made in the
present investigation. Although multiple abiotic stresses have
been reported to upregulate the miR398 in Arabidopsis,
Populus tremula, and Medicago truncatula plants (Yamasaki
et al. 2007; Dugas and Bartel 2008; Jia et al. 2009; Trindade
et al. 2010). Stief et al. (2014) reported that miR156 isoforms
are highly induced after HS which confirms our obser-
vation. These heat-responsive miRNAs are predicted to
be involved in regulating the expression of families of
SAGs involved in modulating the defense mechanism of
wheat under the HS.

Functional analysis has demonstrated that several plant
miRNAs play vital roles in plant resistance to abiotic as well
as biotic stresses (Shaik and Ramakrishna 2013). A number of
heat-responsive transcripts have been demonstrated in
TAM107 treated at 40 °C for 1 h, using Gene Chip Wheat
Genome Array (Qin et al. 2008). The expression of heat-
responsive miRNAs is induced by elevated temperature
which, in turn, triggers the expression of their target genes
and TFs. It is the abundance of these SAPs which decides the
thermotolerance capacity of the plant under the HS. To sum
up, in this paper, using de novo assembly and homology-
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based approaches, we have identified more than 132 mature
miRNAs and 37 novel miRNAs in 7. aestivum and validated
six of the identified novel miRNA as heat-responsive. This
will add to the available wheat miRNA data set. We also
predicted targets of the respective miRNAs, and expression
analysis showed abundance of sHSPs and signaling molecules
under HS in wheat. We could also establish an increase in the
expression of targets with downregulation of their respective
miRNAs under the HS. Most of the targets identified appeared
to involve in growth, development, metabolism, and defense-
related processes under the abiotic stresses. Gaining insights
into miRNA target genes can shed light on the range of
miRNA regulation and may lead to a detailed description of
miRNA-target interactions. We observed strong positive cor-
relation between the differential expression values of miRNAs
observed by the RNA-Seq and qRT-PCR. Expression analysis
of newly identified miRNAs showed their differential regula-
tory role in different tissues under HS condition which might
be involved in regulating metabolic and defense-related path-
ways of wheat.
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