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Abstract MicroRNAs (miRNAs) are important nonprotein-coding genes involved in almost
all biological processes during biotic and abiotic stresses in plants. To investigate the miRNA-
mediated plant response to drought stress, two drought-tolerant (C-306 and NI-5439) and two
drought-sensitive (HUW-468 and WL-711) wheat genotypes were exposed to 25 % PEG 6000
for 1, 12 and 24 h. Temporal expression patterns of 12 drought-responsive miRNAs and their
corresponding nine targets were monitored by quantitative real-time PCR (qRT-PCR). The
results showed differential expression of miRNAs and their targets with varying degree of
upregulation and downregulation in drought-sensitive genotypes. Likewise, in drought-tolerant
wheat genotypes, maximum accumulation of miR393a and miR397a was observed at 1 h of
stress. In addition, nearly perfect negative correlation was observed in four miRNA and target
pairs (miR164-NAC, miR168a-AGO, miR398-SOD and miR159a-MYB) across all the tem-
poral period studied which could be a major player during drought response in wheat. We, for
the first time, validated the presence of miR529a and miR1029 in wheat. These findings gives
a clue for temporal and variety-specific differential regulation of miRNAs and their targets in
wheat in response to osmotic shock and could help in defining the potential roles of miRNAs
in plant adaptation to osmotic stress in future.
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Introduction

Wheat is one of the most crucial staple food crops across the globe. It is highly challenged by
various abiotic stresses such as drought during different growth and developmental stages leading
to decreased total production. To meet the increasing demand of food from the ever-increasing
population of the world, wheat production has to be increased with the limited available area
whose major portion is water-short drought-prone rainfed. Drought/osmotic stress is one of the
most common abiotic stresses limiting overall performance of the plants. It continues to be an
important challenge to agricultural scientists to develop high-performing genotypes. Plant re-
sponse to drought/osmotic shock is highly negotiated by genotype, growth and developmental
stage, duration of exposure, physiological, biochemical and molecular process leading to differ-
ential reprogramming of gene expression [1, 2]. Understanding regulatory behaviour of altered
gene expression at posttranscription level via microRNAs (miRNAs) is of utmost importance to
unravel the mechanism of tolerance [3, 4]. miRNAs are short (∼21 nt), endogenous noncoding
RNAs that regulate the expression of genes at posttranscriptional in eukaryotes. In plants, they
evolved naturally to fight viral infections. Their regulatory role in plants to tolerate interplay biotic
and abiotic stress is well established [5–7]. In the recent past, by using various techniques such as
sequencing, microarray, gel blot and qPCR, several works have shown the differential expression
behaviour of miRNAs and their targets to cope up with drought/osmotic stress in many plants
such as Arabidopsis [8], Oryza sativa [9, 10], Phaseolus vulgaris [11, 12], Medicago truncatula
[13], Saccharum spp. [14], Triticum dicoccoides [15], Gossypium hirsutum [16], Populus
trichocarpa [17], Solanum tuberosum [18] and Triticum aestivum [6]. These studies indicate that
miRNAs are parts of a broad network, which regulates the plant growth and development during
drought/osmotic stress in plants.

In spite of various reports on differential expression schema of drought/osmotic stress-
related miRNAs and their targets in various crops, studies in wheat is underperformed due to
its inadequate genome access. Therefore, in the present study, we exploited the regulatory
mechanism to characterize miRNAs that could be involved in mitigating osmotic shock
tolerance in wheat at seedling stage. Based on the available literature on miRNA-target pair
[19–28], we selected 11 conserved drought/osmotic stress-related miRNAs (miR159a,
miR164, miR168a, miR171, miR172a, miR319, miR393a, miR397a, miR398, miR408,
miR529a) and one Pysicometrella-specific miR1029 along with their nine target transcripts
(Fig. 1) with a view to capture miRNAs that might be controlled differentially under osmotic
stress at different time intervals (1, 12 and 24 h) in two drought-tolerant (C-306, NI-5439) and
two drought-sensitive (HUW-468 and WL-711) wheat genotypes.

Materials and Methods

Plant Material and Osmotic Treatment

In this study, we selected four wheat (T. aestivum L.) genotypes, viz. C-306, NI-5439 (drought
tolerant), HUW-468 and WL-711 (drought sensitive) (Table 1). Seeds of all the genotypes
were sterilized in 1 % sodium hypochloride for 10 min, rinsed with distilled water three times
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and germinated in petriplates at 22 °C temperature under controlled conditions. After 5 days of
germination, seedlings were transferred to the culture bottle filled with full-strength
Hoagland’s solution and allowed to grow for 1 week. Each genotype was sown in two sets
each having three biological replications. After 7 days of growth in Hoagland’s solution, one
set of seedlings of all the genotypes was exposed to osmotic shock temporally by using 25 %
(v/v) polyethylene glycol (PEG) 6000 for a time period of 1, 12 and 24 h, while the other set
was used as untreated control. Leaf samples from control and stressed seedlings were
harvested at above mentioned time intervals and immediately frozen in liquid nitrogen and
stored at −80 °C prior to small RNA isolation.

Selection of miRNAs and Their Corresponding Targets and Designing of Primers

In this study, based on available literature, we selected a total of 12 drought/osmotic
stress-related miRNAs for validation at seedling stage in wheat. Amongst them, 11
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Fig. 1 List of drought-responsive
miRNAs and their targets used in
this study along with their physio-
logical responses in plants

Table 1 Features of wheat genotypes used in this study

Genotype Characteristic features Pedigree References

C-306 Tolerant to drought stress, high tillering,
popular cultivar grown in rain-fed situa-
tions of NWPZ/NEPZ#

RGN/CSK3//2*C591/3/C217/N14//C281 [29]

NI-5439 Short-duration genotypes for Peninsular
India

REMP 80/3*NP710 [30]

HUW-468 Drought susceptible, grown in NEPZ
Irrigation

CPAN-1962/TONI//LIRA’S’/PRL’S’ [30]

WL-711 Drought susceptible grown for NWPZ,
irrigation

S308/CHR//KAL [29]

# Note: NWPZ North-West Plain Zone, NEPZ North-East Plain Zone
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miRNAs, viz. miR159a, miR164, miR168a, miR171, miR172a, miR319, miR393a,
miR397a, miR398, miR408 and miR529a were conserved, while miR1029 was specific
to Pysicometrella along with their nine target transcripts (MYB, NAC, AGO, SCL,
AP2, TIR, Phytase, SOD and Cu protein). The miR1029 was selected because it was
predicted to target AP2 transcription factor in Pysicometrella whose role in drought
stress is quite obvious [27]. Target genes of these miRNAs were selected based on
previous publication [28]. The mature miRNA sequences were retrieved and
downloaded from miRNA Registry database (http://miRNA.sanger.ac.uk). miRNA-
specific forward primers and a universal reverse primer along with RTQ primer and
U6 small nuclear RNA (snRNA) primer were designed by using BioEdit software
version 5.09.04 (Supplementary Table 1). U6 snRNA was used as a reference gene
for data normalization of miRNAs. Primers for target genes of miRNAs were designed
by using PrimerBlast (http://www.ncbi.nlm.nih.gov/tools/primer-blast) with a product
size of around 150 bp (Supplementary Table 2). β-Actin was used as a reference gene
for data normalization of target genes. These primers were then used for analysis of
hairpin structure, homodimer and heterodimer formation by using OligoAnalyser
(http://eu.idtdna.com/calc/analyzer), and primers were made final if they were having
ΔG less than −9 kcal/mol. All the primer sequences were validated by using gel
electrophoresis of PCR amplicons and by the presence of only single peak on the
thermal dissociation (Tm) curve generated by the thermal denaturing protocol, which
followed each real-time PCR run.

Isolation of Small RNA and Total RNA

Small RNAs were extracted from 100 mg of leaf tissues by using mirVana™ miRNA
Isolation Kit (Ambion, USA) according to the manufacturer’s instruction. For expres-
sion analysis of target transcripts, total RNA was isolated by using TRIzol® Reagent
(Ambion, USA) following the manufacturer’s protocol. The concentration of small
RNA and total RNA was determined by Nano-Drop spectrophotometer, ND-1000
(NanoDrop Technologies, USA).

Small RNA cDNA Synthesis

Small RNA cDNA (srcDNA) library was constructed as described earlier [31]. Briefly,
small RNAs isolated from leaf tissues were polyadenylated at 37 °C for 45 min in 50 μl
reaction volume containing 0.3 μg RNA and 5 U Escherichia coli poly(A) polymerase
(NEB). The poly(A) tailed small RNA was purified from sample by using a purification
cartridge provided in mirVana Probe and Marker Kit (Ambion) as per manufacturer’s
protocols. The srcDNA library was generated by mixing 500 ng of poly(A) tailed RNA
and 1 μg of RTQ primer in a 26 μl reaction volume. The reaction mixture was
incubated at 65 °C for 10 min followed by addition of reverse transcriptase 200 U
(M-MuLV Reverse Transcriptase, NEB), 1 μl dNTP mix (10 mM) and 10× buffer in a
final reaction volume of 40 μl. Reverse transcription was carried out at 37 °C for
60 min followed by inactivation of the enzyme at 70 °C for 15 min. RNase H (5 U)
(NEB) was added to remove small RNAs. The samples were purified by using the
QIAquick spin PCR purification kit (QIAGEN) in a final volume of 50 μl. The srcDNA
concentration and purity were quantified by using Nano-Drop spectrophotometer.
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cDNA Synthesis

cDNA library from total RNA was constructed by using Novagen® first-strand cDNA
synthesis kit (Merck, Germany) following the user’s manual. In short, cDNA library
was generated by mixing 1 μg of total RNA and 0.5 μg of oligo(dT) primer in a
12.5 μl reaction volume, incubated at 70 °C for 10 min followed by addition of
reverse transcriptase 100 U M-MuLV Reverse Transcriptase, 1 μl dNTP mix
(10 mM), 2 μl of 100 mM DTT and 4 μl of 5× buffer in a final reaction volume
of 20 μl. The reaction mixture was incubated at 37 °C for 60 min and stored at
−20 °C. The concentration and purity of cDNA were quantified by using Nano-Drop
spectrophotometer, ND-1000 (NanoDrop Technologies, USA).

Validation of miRNAs and Their Target Genes Using Quantitative Real-Time PCR

Before proceeding to qPCR, we first checked the amplification of all the miRNAs and their
corresponding target genes by using routine PCR. After PCR confirmation, qPCR was run in a
reaction volume of 10 μl containing 10 ng/μl of srcDNA, 5 μl of 2× SYBR Green Master Mix
(Thermo Scientific) and 1 μl each of forward and reverse primer. The qPCR protocol was
programmed at 95 °C for 5 min, then 40 cycles of 94 °C for 15 s, 55 °C for 30 s and 72 °C for
30 s and a final melt curve step from 65 to 95 °C with a rise of 0.5 °C for 5 s. U6 snRNA and
β-actin were used as internal control in qRT-PCR reaction for data normalization [32]. The
reactions were performed in three biological replicates on CFX96™ Real-Time System (Bio-
Rad, USA). The threshold cycle (Ct) value of the technical triplicates was averaged, and
standard deviation was calculated. The relative expression level of all the miRNAs was
calculated by using the comparative 2−ΔΔCt method [33].

Results

Differential Expression of miRNAs and Their Targets in Drought Tolerant
and Sensitive Wheat Genotypes at 1 h of Osmotic Exposure

In order to deepen our understanding during induced osmotic shock in tolerant and sensitive
wheat genotypes, we performed expression-based array of miRNA and target genes in
drought-tolerant (C-306, NI-5439) and drought-sensitive (HUW-468, WL-711) wheat geno-
types. We carried out quantitative PCR-based expression analysis of 12 miRNAs (miR159a,
miR164, miR168a, miR171, miR172a, miR319, miR393a, miR397a, miR398, miR408,
miR529a, miR1029) and their corresponding nine target genes (MYB, NAC, AGO, SCL,
AP2, TIR, Phytase, SOD and Cu protein). Observed data showed differential landscape pattern
of miRNA and targets in leaf tissues of 1 h osmotically shocked wheat genotypes compared to
control plants. Amongst 12 miRNAs, only 2 miRNAs [miR168a (∼7-fold) and miR393a (∼9-
fold)] were found to be significantly upregulated in tolerant C-306 genotypes while 3 miRNAs
[miR168a (∼7.5-fold), miR171 (∼5-fold) and miR397a (∼12-fold)] were upregulated in
tolerant NI-5439 genotypes (Fig. 2a). Interestingly, expression pattern of three miRNAs and
their corresponding targets, viz. miR168a-AGO, miR398-SOD and miR408-Cu protein, was
found to be similar in both the tolerant genotypes (C-306 and NI-5439) with varying degree of
accumulation (Fig. 2a). Similarly, two miRNAs, viz. miR393a and miR398, were observed to
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be upregulated and their targets were downregulated, while five miRNAs, viz. miR159a,
miR397a, miR398, miR408 and miR529a, were upregulated and their targets were downreg-
ulated in drought-sensitive genotypes HUW-468 and WL-711, respectively (Fig. 2b). In
addition, five miRNA-target pairs, viz. miR164-NAC, miR168a-AGO, miR171-SCL,
miR172a-AP2 and miR398-SOD, showed similar expression pattern in both the sensitive
genotypes (HUW-468 and WL-711).

Differential Expression of miRNAs and Their Targets in Drought Tolerant
and Sensitive Wheat Genotypes at 12 h of Osmotic Exposure

Similar to 1 h of osmotic shock treatment, 12 h of shock have also resulted into varying
expression landscape of miRNA targets in both tolerant and sensitive wheat genotypes.
Amongst all the differentially expressing miRNAs and their targets, we could find only three
miRNA-target pairs, viz. miR164-NAC, miR168a-AGO and miR393a-TIR, whose expression
pattern was similar in both the drought-tolerant wheat genotypes C-306 and NI-5439 (Fig. 3a).
Highest accumulation of ∼13-fold was observed for miR159a in NI-5439 genotype. Addition-
ally, drought-sensitive genotypes, viz. HUW-468 and WL-711, showed similar expression
pattern for four miRNA-target pairs, viz. miR168a-AGO, miR172a-AP2, miR408-Cu protein
and miR1029-AP2 (Fig. 3b). Maximum accumulation of miR319 (∼12-fold) was observed in
WL-711 genotype while miR529a (∼12-fold) in HUW-468. Alternatively, the three target
genes, viz. NAC, AGO and TIR, indicated an osmotic-specific expression pattern as it is
evident from its upregulation in drought-tolerant and downregulation in drought-sensitive
wheat genotypes.

Differential Expression of miRNAs and Their Targets in Drought Tolerant
and Sensitive Wheat Genotypes at 24 h of Osmotic Exposure

Furthermore, to better understand the effect of osmotic shock, the plants were exposed to
dehydration for a prolonged period (24 h) which could mimic to natural condition. qPCR
expression data suggests that, similar to 1-h treatment, miR319 showed downregulation in
both drought-tolerant (C-306 and NI-5439) and drought-sensitive (HUW-468 and WL-711)
genotypes along with miR159a and miR1029 (Fig. 4a, b). Surprisingly, five miRNAs
(miR164, miR171, miR393a, miR398 and miR408) had higher levels in drought-tolerant
genotype C-306. A lower accumulation level of AGO (∼0.001-fold) was examined in
drought-tolerant genotypes and a higher level (∼5-fold) in drought-sensitive genotypes. The
target gene MYB was found to be upregulated in all the genotypes of wheat.

Significant Correlation Between miRNAs and Their Target Genes

Generally, stress-induced miRNAs regulate the expression of a gene by cleaving its mRNA
transcript. Therefore, a negative correlation is always expected in miRNAs and their targets. In
our study, 3 out of the 12 miRNA-target pairs, miR164-NAC, miR168a-AGO and miR398-

�Fig. 2 Relative expression of miRNA and their corresponding miRNA targets in a drought-tolerant genotypes
C-306 (up) and NI-5439 (down) and b drought-sensitive genotypes HUW-468 (up) and WL-711 (down) exposed
to 1 h of drought stress. Bars represent mean and standard deviation of values obtained from three biological
replicates

Appl Biochem Biotechnol (2017) 181:613–626 619



a

0.0001

0.001

0.01

0.1

1

10

Re
la

�
ve

 E
xp

re
ss

io
n

C-306

miRNA

Target

0.0001

0.001

0.01

0.1

1

10

100

Re
la

�
ve

 E
xp

re
si

on

NI-5439

miRNA

Target

b

0.0001

0.001

0.01

0.1

1

10

100

Re
la

�
ve

 E
xp

re
ss

io
n

HUW-468

miRNA

Target

0.0001

0.001

0.01

0.1

1

10

100

Re
la

�
ve

 E
xp

re
ss

io
n

WL-711

miRNA

Target

620 Appl Biochem Biotechnol (2017) 181:613–626



SOD, showed a perfect negative correlation in all the genotypes of wheat indicating their
active regulatory role in drought stress (Fig. 5). A reverse correlation was also found in
miR159a and MYB in all the genotypes except in C-306 where they were in a positive
correlation with each other. Additionally, seven miRNA-target pairs, miR171-SCL, miR172a-
AP2, miR319-MYB, miR393a-TIR, miR408-Cu Protein, miR529a-AP2 and miR1029-AP2,
showed negative correlation in at least one genotype across all the studied stage which could
signify their variety-specific osmotic response which needs further validation.

Discussion

Crop production is rigorously affected by biotic and abiotic stresses. By enlarge biotic stresses
could be overcome with the help of man-made chemicals such as pesticides, while abiotic
stresses may not be touched with such efforts. Drought/osmotic is one of the most puzzling
abiotic stress as it instigates serious damage to crop growth vis-a-vis production.

Since decade, many miRNAs had been known for their governing role during drought/
osmotic stress [6–9, 11–13, 15, 34]. Therefore, these miRNAs are crucial and being exten-
sively explored as a newly identified gene resource for the genetic improvement of crops. In
the current work, we selected 12 drought/osmotic stress-related miRNAs along with their nine
target transcripts with a view to understand their involvement during induced osmotic shock
temporally (1, 12 and 24 h) in two drought-tolerant (C-306, NI-5439) and two drought-
sensitive (HUW-468 and WL-711) wheat genotypes.

Induced osmotic shock resulted in differential expression of miRNA-target genes tempo-
rally (1, 12 and 24 h). The miRNA168 is characterized for its significant role towards drought
stress by cleaving the transcripts of AGO [32]. In this study, miRNA168 showed an osmotic
shock-specific response between drought-tolerant and drought-sensitive genotypes at 1 and
12 h, whereas its target gene AGO was quite evident in all the treatment. A perfect negative
correlation of miR168a with its target gene AGO might suggest its proactive role in dissecting
the osmotic shock response in wheat (Fig. 5). Amongst all the three time periods, expression of
miR159a-MYB pair was negatively correlated at 24 h in all the genotypes (Fig. 5). This result
is in accordance with Arabidopsis [19], French bean [35], maize [36] and cotton [37]
indicating its active role in osmotic stress tolerance and signal transduction under drought
stress. Same pattern of expression of miR159-MYB pair in both tolerant and sensitive wheat
genotypes might be due to their different genetic constitution which can further be confirmed
by studying expression schema on RIL population having same genetic background. Addi-
tionally, miR319 showed downregulation in both drought-tolerant genotypes and one drought-
sensitive HUW-468 genotype in all the treatments and is in agreement with the finding in
cotton [37]. The role of miR164-NAC protein is to attenuate auxin signals for lateral root
development in Arabidopsis [26] and M. truncatula [13]. Our results showed negative
correlation of miR164-NAC transcript in NI-5439 and WL-711 at 24 h which might be
playing some role in root development in response to osmotic stress in wheat. Similarly,
accumulation of miR529a in all the genotypes after 24 h was in accordance with the findings in
rice [11], while inverse relation was observed in cowpea [38]. Therefore, it could be clearly

�Fig. 3 Relative expression amount of miRNA and their corresponding miRNA targets in a drought-tolerant
genotypes C-306 (up) and NI-5439 (down) and b drought-sensitive genotypes HUW-468 (up) and WL-711
(down) exposed to 12 h of drought stress
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observed that the expression of different miRNAs in response to osmotic shock differs from
species to species and even within the species with varying treatment conditions.

The target of miR393a, TIR, is a positive regulator of auxin signalling by degrading Aux/
IAA proteins [22]. Previous studies have shown that miR393 was upregulated in response to
drought in rice [9, 10] and Arabidopsis [8, 39]. Thus, induced level of miR393a in drought-
tolerant wheat genotype C-306 might be contributing in adapting osmotic stress by retarding
plant growth and development. Accumulation of miR398 in drought-tolerant genotype C-306
after 24 h of shock was quite in line with the results of M. truncatula [40] and T. dicoccoides
[15] to increase oxidative stress tolerance in the plants. In response to drought stress, miR408
inhibits seed germination and root growth in transgenic tobacco and rice [41, 42]. We found a
differential expression pattern for miR408 across the genotypes temporally which might be
regulating root development. In addition, we studied AP2 as a target for three miRNAs, viz.
miR172a, miR529a and miR1029. Result indicated an inverse expression pattern only in
miR172a-AP2 pair in all the shock treatments while same was absent in miR529a-AP2 and
miR1029-AP2 pairs. Therefore, it could be stated that miR172a is significantly regulating AP2
under osmotic shock in wheat genotypes compared to others. Additionally, we for the first time
validated expression of Ppt-miR1029 in wheat under osmotic stress temporally. Expression
level of miR164, miR171 and miR398 in NI-5439 and WL-711 during 24 h was in line with
the findings in M. truncatula [13] which might be playing similar response in wheat. But

�Fig. 4 Relative expression of miRNA and their corresponding miRNA targets in a drought-tolerant genotypes
C-306 (up) and NI-5439 (down) and b drought-sensitive genotypes HUW-468 (up) and WL-711 (down) exposed
to 24 h of drought stress
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surprisingly miR164, miR393a and miR398 were downregulated in early stages of osmotic
shock in C-306 while upregulated after 24 h of shock treatment. This type of response suggests
that these miRNAs are more proactive during later stage of shock. The wheat genotype C-306,
which is known for its drought tolerance characteristics, possesses a regulatory network of
relationship between miRNAs and their targets in drought/osmotic stress in wheat
(Supplementary Fig. 3). This finding is in agreement with the study conducted by Kumar
[42]. miR159 was inhibited by the stress condition which, in turn, induces the expression of
MYB gene. Additionally, miR-164, miR-171, miR172, miR397 and miR398 along with their
targets were found to participate in the drought stress tolerance mechanism in wheat.

Small RNA-based strategies are being widely exploited for crop improvement. In order to
get a clear picture of miRNAs and their targets, the correlation was analysed between them. A
negative correlation was observed in miR164, miR168a and miR398 with their corresponding
target genes NAC, AGO and SOD, respectively, which could be the major player in osmotic
shock response in wheat. In conclusion, we analysed temporal and variety-specific differential
expression profile of miRNAs and their corresponding target genes in wheat genotypes
exposed to osmotic shock which would deepen our understanding of regulatory cross talk
amongst them during such stress. However, further investigations by using reverse genetic
approach are required to draw any firm conclusion.
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