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Abstract

The regulatory mechanisms of drought and salt-associated miRNAs have not been fully unders-
tood in Sorghum bicolor. In this study, we investigated the effect of salinity stress (200 and 300
mM NaCl) and drought stress at pre- and post-flowering stages on the expression pattern of small
regulatory RNAs in six Sorghum genotypes using semi-quantitative reverse transcriptase PCR (RT-
qPCR). The results indicated that both drought and salt stresses altered the expression pattern of
miRNAs in a dose-dependent manner. However, each miRNA responded to drought and salt stress
in a different pattern among the six sorghum genotypes. miR156, miR167, miR168 and miR399
give different expressions levels compared to other studied miRNAs which may attribute to the
adaption of sorghum to drought and salt stress and are good candidates for improving sorghum by
transgenic technology.

Keywords

miRNA, Up-Regulation, Down-Regulation, Pre-Flowering, Post-Flowering

1. Introduction

MicroRNAs are endogenous, non-coding RNA molecules, 21 - 24 nucleotides in length playing crucial roles in
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the regulation of gene expression at the post-transcriptional level in eukaryotes and viruses [1] [2]. These regu-
latory small RNA molecules achieve their roles through sequence-specific interactions with complementary sites
on target mMRNA that leads to their degradation or translational repression [3]. Genomic studies have shown the
involvement of plant miRNAs in many developmental processes such as organ development, root development,
seeds germination, flowering initiation, seed production and in diverse stress responses [4].

Drought and salinity are two of the most serious problems for crop production worldwide. For agricultural
and environmental sustainability, plants need to develop an efficient strategy such as modulation of gene ex-
pression to enhance stress tolerance. Plants use adaptive responses operating at the post-translational levels to
cope with these environmental challenges. Nineteen sorghum genotypes from Sudan were studied by [5] under
drought condition, their results showed significant differences among genotypes, where differential yield re-
sponse was reported. Several studies have demonstrated that miRNAs play important roles in the responses to
biotic and abiotic stimulus. Expression of plant miRNAs has been detected as up- and down-regulated levels up
on treatment of diverse stress conditions [6]. Some of the genes related to stress response are post-transcriptionally
regulated by miRNAs, such as NFYADb transcription factor, which promotes drought resistance in Arabidopsis
[6]. Recent studies report that miR393 is commonly and consistently up-regulated during drought stress in many
plants such as Arabidopsis, Medicago, common bean, and rice [7]. Also miR398, which is induced by oxidative
stress, such as salinity, drought, and extreme temperatures, regulates two Cu/Zn superoxide dismutases, under
drought conditions. Numerous methodologies have been developed for rapid, sensitive, specific and genome-
wide detection of miRNAs. One of these methods is semi-quantitative reverse transcriptase PCR (q RT-PCR)
[8].

Sorghum is the fifth most important cereal crop in the world after wheat, rice, maize and barley and it is an
economically important cereal plant in Asia and Africa; it feeds more than 500 million people in 98 countries,
especially in arid and semi-arid regions [9]. Sorghum is genetically suited to hot and dry conditions and is
known for its ability to grow in harsh environments. Its relatively small diploid genome (735 Mbp) and C4 plant
physiology are among the numerous mechanisms that allow it to survive and be productive under these condi-
tions [10]. Different groups have identified several microRNAs (miRNAs) in sorghum [11]-[13]. The decipher-
ing of miR expression patterns under abiotic stress in different cultivars of sorghum will provide a better under-
standing of their genetic responses. In an earlier study, we investigated the effect of drought stress on the ex-
pression levels of selected miRNAs across 12 elite accessions of African sorghum (REF). A correlation was
drawn with their predicted targets to obtain meaningful insights into the differential response of the miRNAs in
the varied genotypes. In this work we have studied the involvement of miRNAs in response to drought and salt
stresses in sorghum using semi-quantitative (Reverse Transcription) RT-PCR technology.

2. Materials and Methods

The materials studied consisted of six sorghum cultivars (Sorghum bicolor (L.) Moench), namely, Wad Ahmed,
Tabat, Tetron, Dwarf White Milo, Arfa-Gadamak and Red-Mugud. Seeds of these varieties were obtained from
the Gene Bank of the Agricultural Plant Genetic Resources Conservation and Research Center (Agricultural
Research Corporation, Wad Medani, Sudan).

2.1. Induction of Drought Stress

Seeds were sown on 20" June2014, at the Experimental Farm, Faculty of Agriculture, University of Khartoum,
Shambat (Lat. 15°35 N.; Long. 32°31 E.). Plants were irrigated immediately after sowing for crop establishment
and until the plant size was uniform (35 - 40 days).The experiment was laid out in a split plot with three repli-
cates. Two types of drought stress were conducted, the first type of drought stress was applied after 35 days of
sowing (pre-flowering stress) by withholding water from the stressed plots for three weeks then irrigation was
continued regularly until end of season. The second type of drought stress was applied after 60 days of sowing
(post-flowering stress) by withholding water from stressed plots until end of season. Data analysis was carried
out using SPSS 22 program and the means compared by Tukey’s multiple range test (P < 0.05). Leaves samples
were collected from drought stressed plants for RNA isolation.

2.3. Induction of Salt Stress

To study the effect of salinity on six sorghum genotypes, a controlled experiment was conducted in growth
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chamber at 28°C. Treatments were three salinity levels, i.e. control (without NaCl), 200 mM and 300 mM NacCl
concentrations. The experiment was arranged in a completely randomized design with three replicates. Data
were submitted to analysis of variance (ANOVA) and the means were compared using Tukey’s multiple range
test (P < 0.05). Leaves samples were collected from salt stressed plants for RNA isolation.

2.4. RNA Isolation and Semi-Quantitative RT-PCR Analysis

Total RNA was extracted using miRNeasy Mini Kit (Qiagen) according to the manufacturers’ instructions,
which allows also precipitation of the small RNA fraction (18 - 24 nt). miRNA quality was verified on 1.5%
agarose gel followed quantification in a NanoDrop (Q 5000, Japan). Five micrograms of total RNA were used
for cDNA synthesis using QuantiMir RT Kit (System Biosciences SBI, Japan) following the user manual.
CDNAs were used as templates to determine expression levels of miRNAs and target genes with semi quantita-
tive reverse transcriptase PCR. The amplification was performed using 1 ul of the resulting cDNA added to 20
pl PCR reaction mixture GoTaq Green Master Mix (Promega) and amplified with miRNA specific forward pri-
mers and universal Reverse Primer as shown in Table 1. The reaction conditions were standardized were as fol-
lows: heat denature at 95°C for 10 min, 30 cycles of 95°C for 15 sec, 60°C for 1 min and hold at 15°C. U6 was
also amplified and used as an internal control because it is demonstrated uniform expression stability across very
different biological backgrounds. Finally 5 pl of PCR product was run on 10X polyacrylamide gel electrophore-
sis in 5X TBE buffer for two hours. After electrophoretic the expression rate of the target miRNAs (normaliza-
tion) were assessed by measuring the intensity of the bands corresponding to the generated amplicon and com-
pared with the internal control (U6) using Image J program.

3. Results
3.1. Expression Profiles under Drought Stress

The expression levels of eleven miRNAs were validated in the six sorghum genotypes under pre-flowering
drought, post-flowering drought stress and salt stress (200 - 300 mM NaCl). The miRNAs were selected for this
study, included sbi-miR156(a/h/i/d), sbi-miR159(a), shi-miR167(c/f/g), shi-miR168, shi-miR393(a/b),
sbi-miR160(f), shi-miR166(a-d), sbi-miR166(f), sbi-miR171(a/b/d/k/i), shi-miR399(b) and sbi-miR1435(b). A
majority of these miRNAs have been reported to play a role under stress conditions in model plant species. All
the eleven tested miRNAs were expressed in sorghum genotypes, but their expression level varied from each

Table 1. Sequences of primers used for semi-quantitative RT-PCR.

miR Names Forward primer sequences (5’—3") bp
miR156d TGACAGAAGAGAGAGAGCACA 21
miR156 a,h,i TGACAGAAGAGAGTGAGCAC 20
miR 159a TTTGGATTGAAGGGAGCTCTG 21
miR 167c,g,f TGAAGCTGCCAGCATGATCTG 21
miR168 TCGCTTGGTGCAGATCGGGAC 21
miR393a,b TCCAAAGGGATCGCATTGATC 21
miR160f TGCCTGGCTCCCTGAATGCCA 21
miR166a-d TCGGACCAGGCTTCATTCCC 20
miR166f TCGGACCAGGCTTCATTCCTC 21
miR171 TGATTGAGCCGTGCCAATATC 21
miR399b TGCCAAAGGAGAGCTGCCCTG 21
miR1435b AAAATAACTCTACGAATTGAATGG 24
U6 CGCAAGGATGACACGCAAATTC 25
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other among the genotypes with some of these miRNAs showing up-regulation and the others down-regulation
under abiotic stress. The results of the pre-flowering drought stress showed that shi-miR166 and shi-miR1435
were up-regulated while shi-miR156, sbi-miR159 and shi-miR393 displayed down- regulated expression level in
the six sorghum genotypes (Figure 1). The expression levels of shi-miR171 and sbi-miR399 were also up-re-
gulated in most genotypes with exception in the genotypes Tabat and Milo, respectively while shi-miR167 le-
vels were down-regulated in most varieties except Wad-Ahmed (Figure 1). Not much variation was seen in the
levels of shi-miR160 in most varieties except for an up-regulation observed in Tabat. The levels of shi-miR168
showed a variety specific behavior as it was down-regulated in Tabat, Milo, Tetron and Wad-ahmed varieties
but up-regulated in Red-Mugud and Arfa-Gadamak after pre-flowering drought stress (Figure 1). Most miRs
showed a drastic deregulation in the Tabat variety. The post-flowering drought stress also influenced the expres-
sion profiles of the miRNAs to different levels among the six sorghum genotypes (Figure 2). Generally the
higher expression levels of the most miRNAs were represented by the genotype Milo. On the other hand the
lowest expression levels of mMiRNAs were detected in the genotype Tabat. The genotype Tetron showed mod-
erate expression levels of some miRNASs. Also the results showed the up-regulation expression of the eleven
miRNAs in different levels among the sorghum genotypes as shown in (Figure 2) On the other hand the results
revealed that miR159 and miR168 were slightly up-regulated, while miR166 and miR399 were very low up-
regulated in sorghum genotypes. Furthermore, miR156, miR393, and miR167 were moderate up-regulated in
genotypes.

Our results of pre-flowering and post-flowering drought stress revealed the differential expression pattern
among the six sorghum genotypes. The differences were prominent under pre-flowering than in post-flowering
stress indicating that pre-flowering stages were highly sensitive to the stress conditions. In Wad Ahmed, which is
a drought tolerant phenotype, sbi-miR167, shi-miR171, shi-miR1435, and shi-miR399 were up-regulated during
pre-flowering drought treatment. On the other hand in case of the genotype Tabat which described as susceptible
phenotype, sbi-miR167 and shi-miR171 showed an opposite expression pattern under pre-flowering drought
stress. In other sorghum genotypes, Red-Mugud, Arfa-Gadamak and Milo which show moderate degree of to-
lerance to the two types of drought treatments the miR expression patterns were similar to that of Wad-Ahmed.

3.2. Expression Profiles under Salt Stress

The results of salt stress exhibited different expression levels of the eleven miRNAs among the six sorghum ge-
notypes. The eleven miRNAs were down-regulated in response to 200 mM NaCl treatment in the six sorghum
genotypes; however sbi-miR156, shi-miR166, shi-miR167, and miR171 were up regulated in Arfa-Gadamak
and Wad-Ahmed genotypes. Shi-miR168 showed high, up-regulation in the genotype Red-Mugud while shi-
miR393 and shi-miR399 were up-regulated in the genotypes and Wad Ahmed, respectively (Figure 3). The ex-
pression profiles of shi-miRs 399, 156 and 159 could be correlated under the salt and drought stresses in the
Wad-Ahmed genotype. On the other hand obtained results showed down regulation expression of the twelve
tested miRNAs among the six sorghum genotypes which exposed to 300 mM NaCl (Figure 4).

4. Discussion

Huge numbers of miRNAs have been identified as stress-responsive in several plant species. Up-regulation of
these mMiRNAs has been observed in diverse plant species in response to drought stress [4]. In a recent study,
[14] studied the expression profiling of 8 abiotic stress deregulated miRNAs for 11 sorghum genotypes (grain
and forage genotypes) from Sudan under watered and drought stress. Significant deregulation was reported with
miR396, miR393, miR397-5p, miR166, miR167 and miR168. Forage accessions (N98 and Atlas) had different
expression with miR397-5p. The findings of [14] could be a good indicator of the prevailing drought tolerance
mechanism present in the studied sorghum genotypes. Previously, [15] found that miR156, miR166, and
miR171 were differentially expressed upon dehydration in barley genotypes. On the other hand miR167,
miR168 and miR171 were found to be drought stress responsive miRNAs in Arabidopsis [16]. Consistent with
these results, our results here support that the up-regulation of these miRNAs might involve in the adaptive re-
sponse to drought stress in sorghum genotypes.

On the other hand, obtained results indicated that sorghum genotypes were more sensitive to the high levels of
salt concentrations and this might agree with different previously morphological studies. There were significant
reductions in sorghum growth reported by [17] when salinity was applied in range from 50 to 150 mM. Several
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Figure 1. (a): Up-regulation of miR1435 in the six sorghum genotypes. (b): Down-regulation of miR393 in the six sorghum
genotypes. (c): Up-regulation of miR399 in the six sorghum genotypes except the genotype Milo. (d): Up-regulation of
miR171 in the six sorghum genotypes except the genotype Tabat. (e): Down-regulation of miR168 in the six sorghum ge-
notypes except the genotypes Arfa-Gadamak and Red Mugud. (f): Down-regulation of miR167 in the six sorghum geno-
types except the genotype Wad Ahmed. (g): High expression of miR156 d in the genotype Wad Ahmed and low expression
in genotype Tabat. (h): Down-regulation of miR159 in the six sorghum genotypes. (i): Up-regulation of miR160f in the ge-
notypes Tabat, Milo and Wad Ahmed. (j): Up-regulation of miR166a-d in all genotypes except in genotype Wad Ahmed.
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Figure 2. Up-regulation of miRNAs in sorghum genotypes exposed to post-flowering drought stress.
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Figure 3. The expression levels of miRNAs in 200 mM salt stress. (a) and (b): Down-regulation of miR156d and miR166ad
in all sorghum genotypes. (c): Down-regulation of miR167 in sorghum genotypes except in the genotypes Wad Ahmed and
Arfa-Gadamak. (d): Down-regulation of miR168 in sorghum genotypes except in the genotype Red Mugud. (e) and (f):
Up-regulation of miR393 and miR399 in genotypes Tetron and Wad Ahmed respectively. (g) and (h): Down-regulation of

miR156 and miR171 in all genotypes.
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Figure 4. Down-regulation of the studied miRNASs, in the six sorghum genotypes under 300 mM salt stress.

differentially regulated miRNAs have been identified in salt-stressed plants. The results found that miR156,
miR156ahi, miR159, miR171, 166ad and miR1435 were down-regulated, whereas miR168, miR167 miR393,
miR166, miR399 and miR160f were up-regulated in 200 mM salt-stressed sorghum genotypes. Study presented
by [18] found that the expression level of miR156 and miR159 was down-regulated in French bean under salt
stress, in contrast, the expression level of miR399 was up regulated. In Arabidopsis, miR156, miR167, miR168,
miR171 and miR393 were up regulated in response to salt stress [16]. In conclusion, the present study showed
that miRNAs are indeed involved in the plants response to drought and salt stresses as indicated by the number
of differentially expressed miRNAs. Also the study showed that each miRNA had its unique mechanism of ac-
tion during stress response largely dependent on the stress type whereas the high expression was shown under
drought stress. Furthermore, some miRNAs such as miR156, miR167, miR168, and miR399 give different ex-
pressions compared to other studied miRNAs which may attribute to the adaptation to drought and salt stress
and are good candidates for improving the crop by transgenic technology.
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