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A B S T R A C T

Pearl millet [Pennisetum glaucum (L.) R. Br.] is an important crop in arid and semi-arid areas of India and
Africa. It is well known for its tolerance to abiotic stresses, but it lags behind other cereals in terms of
research and development. MicroRNAs (miRNAs) are a versatile group of small regulatory RNAs of 20�22
bases that play important roles in plant growth, development, and stress responses. However, the regulatory
mechanisms underlying miRNA-mediated responses to salinity stress in pearl millet are still unclear. In this
study, we performed small RNA sequencing to identify conserved and novel miRNAs from the salinity toler-
ant pearl millet genotype. In total, 130 million sequence reads were generated, and 81 conserved and 14
novel miRNAs were identified as salinity stress responsive microRNAs. We also performed target prediction
for these miRNAs, and a total of 448 pearl millet mRNAs were identified as the targets. Among these target
mRNAs, 122 (~25%) encode transcription factors. A pathway analysis showed that differentially expressed
miRNAs and their target genes can regulate the auxin response pathway. Quantitative real-time PCR analysis
of miRNAs and their targets showed consistent expression patterns. These results suggest that miRNAs play
a role in salinity stress tolerance in pearl millet.

© 2020 SAAB. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Salinity is a severe abiotic stress, globally it reduces agricultural
productivity (Su and Hock, 2016). Worldwide 20% of cultivated and
33% of irrigated agricultural lands are affected by salinity. Also, the
salinized areas are increasing at a rate of 10% annually (Machado and
Serralheiro, 2017). It has been predicted that more than 50% of the
arable land would be salinized by the year 2050. (Shrivastava and
Kumar, 2015). Yield losses due to salinity have high economic
impacts on agriculture. The estimated economic impact of soil salin-
ity on irrigated are around 27 billion US$ per year (Qadir et al., 2014).
Soil salinity causes yield losses of 55%, 28%, and 15% in corn, wheat
and cotton, respectively (Z€orb et al., 2019).

Understanding the mechanisms underlying salinity tolerance is
critical for sustainable agriculture. Plants have developed various
protective mechanisms under high salinity condition that act at the
physiological, biochemical, and molecular levels (Gupta and Huang,
2014). Many of these protective mechanisms depend on the expres-
sion and regulation of a large number of genes. Transcriptomic analy-
ses have been used to identify genes involved in salinity stress
responses in various plants (Shinde et al., 2018b; Zheng et al., 2015).
This technology has also been applied to microRNA (miRNA) profil-
ing. miRNAs are small (20�24 nucleotides) non-coding RNAs derived
from single-stranded precursors (Voinnet, 2009). miRNAs widely
mediate growth, development, and abiotic stress responses via the
regulation of their target genes at the posttranscriptional and transla-
tional level (Bonnet and Peer, 2006; Sunkar et al., 2012). High-
throughput sequencing technology has been successfully used on
various crop plants to identify the stress-responsive miRNAs families
(Fu et al., 2017; Li et al., 2017a, 2017b; Yadav et al., 2016). Overex-
pression and silencing of single miRNAs have conferred stress toler-
ance to several plants. For example, the overexpression of miRNA169
resulted in reduced stomatal opening, decreased leaf water loss, and
enhanced drought tolerance in tomato (Zhang et al., 2011). A wheat
miRNA, TaemiR408, regulates salinity stress responses through the
abscisic acid (ABA) signaling pathway (Bai et al., 2018). In rice,
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miRNA319 modulates cold stress tolerance by changing the expres-
sion of its target genes (Yang et al., 2013). Another rice miRNA,
OsmiR393, downregulates auxin responsive genes to reduce toler-
ance of plants to salt and drought stresses (Xia et al., 2012).

Pearl millet [Pennisetum glaucum (L.) R. Br.] is a staple food crop
for 90 million people. It is known for its excellent abiotic stress toler-
ance, and because of this, it is grown in arid and semi-arid tropical
regions of Asia and Africa (Vadez et al., 2012). Pearl millet has
attracted attention since its genome has been completely sequenced
(Varshney et al., 2017). It is a glycophyte crop with a natural capacity
to withstand soil salinity. Recently, salinity and drought stress-
responsive genes in pearl millet were identified using transcriptome
(RNA-sequencing) analyses (Dudhate et al., 2018; Jaiswal et al., 2018;
Shinde et al., 2018b; Shivhare et al., 2020), and several abiotic stress
responsive genes such as PgNAC21 (P. glaucum NAM, ATAF1/2 and
CUC transcription factor gene), PgGPX (glutathione peroxidase gene),
PgDREB2A (dehydration responsive element-binding protein gene),
PgNHX1 (Na+/H+ antiporter gene), PgDHN (dehydrin gene), PgVDAC
(voltage-dependent anion channel gene), and PgLEA (late embryo-
genesis abundant protein gene) have been functionally characterized
(Shinde et al., 2018a; Agarwal et al., 2010; Desai et al., 2006; Reddy
et al., 2012; Singh et al., 2015; Verma et al., 2007). However, a com-
prehensive understanding of the role played by miRNAs in salinity
stress tolerance in pearl millet is still missing. Our study aims to
determine how pearl millet miRNAs respond to salinity stress. We
performed a high-throughput sequencing analysis to identify con-
served and novel salinity-responsive miRNAs as well as their targets
in pearl millet. The identification of salinity stress responsive miRNAs
may help to generate salinity stress tolerant plants in the future.
2. Materials and methods

2.1. Plant material and stress treatment

Seeds of the salinity stress-tolerant pearl millet genotype ICMB
01222 were provided by the International Crop Research Institute for
the Semi-Arid Tropics (ICRISAT), India. The seeds were sown in perfo-
rated pots of 15 cm diameter and 20 cm height filled with 2 kg of
composite soil. Pots were placed inside a large tray containing irriga-
tion water and grown up to 18 days under greenhouse conditions at
temperatures of 28 °C during the day and 25 °C during the night,
with a relative humidity between 55% and 75%. After 18 days, a salin-
ity stress was imposed to plants by adding 250 mM of NaCl in irriga-
tion water, along with suitable control pots irrigated with normal
water. Plants exhibited symptoms of salinity stress after 6 days of
salinity stress, we selected this timepoint for total RNA extraction.
(Shinde et al., 2018b)
2.2. RNA isolation, library construction, and sequencing

The total RNA of three biological replicates was isolated from
leaves of ICMB 01222 kept under control or salinity stress conditions,
using Trizol (Invitrogen). An RNase-free DNase (Qiagen, Germany)
treatment was performed to avoid genomic DNA contamination. The
total RNA quality was assessed by NanoDrop measurements, agarose
gel electrophoresis, and the use of an Agilent 2100 bioanalyzer. After
the quality check, a library was constructed using the Small RNA
Sample Prep Kit (Illumina). The final cDNA library was then com-
pleted after a round of sequencing adaptor ligation, reverse transcrip-
tion, PCR enrichment, purification, and size selection. The quality
control for the library consisted of three steps: (1) a preliminary test
of the library concentration (Qubit 2.0); (2) an assessment of insert
size (Agilent 2100); and (3) the precise quantification of the library
actual concentration (q-PCR). Finally, all six libraries were sequenced
using the Illumina Hi-Seq 3000 platform.
2.3. Identification of conserved and novel miRNAs

With the “Extract and Count” tool of the CLC Genomics Work-
bench 11.0.1 software (CLC Bio, Denmark), adapters were trimmed
out of the reads, and 15�55 bp reads were used for further analyses.
The sampling threshold was set to 1 to avoid the loss of single unique
reads. miRBase (latest release-22, Kozomara et al., 2018), a database
that contains miRNAs from Arabidopsis thaliana, Brachypodium dis-
tachyon, Glycine max, Gossypium hirsutum, Oryza sativa, Saccharum
officinarum, Sorghum bicolor, Solanum tuberosum, Triticum aestivum,
and Zea mays, was downloaded as the miRNA reference database.
The reads were mapped against these miRNAs with the “Annotate
and Merge” tool of the CLC Genomics Workbench software to identify
the conserved miRNAs. The prediction of novel miRNAs was done
using miRDeep2 software, which can identify novel miRNA by pre-
dicting hairpin structure, analyzing Dicer enzyme splice sites, and
calculating free energy. The secondary structure of novel miRNAs
was predicted by RNA randfold-2.0.1 (Mackowiak, 2011).

2.4. Differential expression of miRNAs

The read counts of each miRNA were normalized using RPM
(reads per million) values. An EDGE (Empirical analysis of digital
gene expression) test was performed through the CLC Genomics
Workbench advanced plugins to calculate P values and fold changes
between the RPM values of control samples and those of salinity-
stressed samples. In case of conserved miRNAs, miRNAs with log2
fold changes >2 or < �2, and FDR-corrected P values <0.01 were
regarded as differentially expressed miRNAs. In case of novel miR-
NAs, miRNAs with log2 fold changes >0.8 or < �0.8, were considered
as differentially expressed miRNAs.

2.5. Prediction of miRNAs targets and their annotations

Differentially expressed miRNA sequences were used for target
prediction. A psRNA Target analysis (http://plantgrn.noble.org/psRNA
Target/) (Dai et al., 2018) was run on pearl millet mRNA sequences
using default parameters to determine the potential target genes of
the differentially expressed miRNAs. To avoid false-positives, only
mRNA sequences with a 3.0 points cut-off threshold were considered
miRNAs target genes. The functional annotation of these target genes
was performed through a BLAST analysis. The PlantTFcat online tool
(http://plantgrn.noble.org/PlantTFcat/) was used to identify genes
encoding for transcription factors among the target genes (Dai et al.,
2013).

2.6. Validation of miRNAs and target genes expression by qRT-PCR

To quantify the expression levels of seven conserved miRNAs,
2 mg of total RNA were prepared as described in Section 2.2, and
reverse-transcribed with the Mir-XTM miRNA First-Strand Synthesis
Kit (Takara, Japan; Cat. No. 648315). After cDNA synthesis, entire
sequences of mature miRNAs were used as 50 primers, and the mRQ3’
primer provided with the kit was used as the 30 primer. A quantita-
tive reverse transcription-PCR (qRT-PCR) reaction was performed
using the TB GreenTM Premix Ex TaqTM II Kit (Tli RNaseH Plus)
(Takara, Japan). The amplification was performed as follows: 95 °C
for 10 s, followed by 40 cycles at 95 °C for 5 s and at 60 °C for 20 s,
and then a dissociation curve analysis was performed at 95 °C for
60 s, 55 °C for 30 s, and 95 °C for 30 s. All the experiments were con-
ducted on three biological replicates. U6 snRNA was used as a refer-
ence gene. Relative gene expression was calculated with the DDCT
method (Livak and Schmittgen, 2001).

To check the expression of the genes targeted by the miRNAs,
2 mg of total RNA were prepared as described in Section 2.2, and
reverse-transcribed for cDNA synthesis. The reaction was performed
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Table 1
Raw and clean reads obtained from small RNA sequencing of the pearl millet genotype ICMB
01222 grown under control or salinity-stressed conditions.

Sample Raw reads Clean reads Error rate (%) Q20 (%) GC content

Control_1 23,452,506 22,133,878 (94.38%) 0.02 95.89 51.91
Control_2 23,393,128 22,116,694 (94.54%) 0.01 97.90 51.89
Control_3 21,721,251 20,516,317 (94.45%) 0.01 97.85 51.73
Salinity_1 21,147,672 20,142,376 (95.25%) 0.01 97.76 53.26
Salinity_2 20,020,288 19,063,692 (95.22%) 0.01 98.05 53.29
Salinity_3 20,857,529 19,848,948 (95.16%) 0.01 98.03 52.94
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using the TB GreenTM Premix Ex TaqTM II Kit (Tli RNaseH Plus). The
pearl millet actin gene PgActin was used as a reference gene as previ-
ously described (Shivhare and Lata, 2016). Primers used for real-time
PCR analysis are listed in Supplementary Table S6. The statistical sig-
nificance of the data compared with the control sample was evalu-
ated using student’s t-test, and the data represent the mean § SD
values of three independent experiments. *p < 0.01.

3. Results

3.1. Sequencing of small RNA libraries in pearl millet under salinity
stress

For small RNA sequencing, the salinity stress-tolerant genotype
ICMB 01222 was exposed to 250 mM NaCl stress for 6 days. This
stress treatment previously induced stress symptoms in a salinity
stress-susceptible genotype (ICMB 081) but did not in ICMB 01222
(Shinde et al., 2018b). The total number of raw reads obtained by
small RNA sequencing was 68,566,886 and 62,025,489 for control
and salinity stressed libraries, respectively. Ninety-four to 95% of the
raw reads passed the quality check. A Phred quality score i.e., Q20
represents an error rate of 1 in 100, with a corresponding call accu-
racy of 99%. A Phred quality score, that is Q20 of our sequencing data
was in-between 95% and 98%, showing high accuracy of nucleotide
Fig. 1. Number of conserved miRNAs upregulated and downregulated by salinity stress (le
served miRNAs, filtered on the basis of fold changes � +2 and � �2, respectively, and with P v
bases in data (Table 1). The clean reads were then subjected to small
RNAs identification.

3.2. Identification of conserved and novel miRNAs in pearl millet

An average of 9125 unique small RNAs were found in the three
control samples, whereas 8003 unique small RNAs were identified in
salinity stressed samples. All these small RNAs were subjected to con-
served miRNAs identification using the miRbase database. Two hun-
dred ninety conserved miRNAs were identified, and they are grouped
into seventy families. Among them, miRNA166 family was found to
be highly conserved family with 24 members. In previous reports,
miR166 family was shown to be conserved and diverged in plants
such as soybean, rice and Arabidopsis thaliana (Kozomara et al., 2019;
Li et al., 2017a, 2017b). Other families such as miR156 family (22
members), miR171 family (20 members) and miR169 family (18
members) were also shown to be conserved in pearl millet. List of all
the pearl millet conserved miRNAs were given in Supplementary
Table S1. In total 35 novel miRNAs were predicted using the miR-
Deep2 software. Read counts, mature miRNA sequences, star
sequence and precursor sequences of these novel miRNAs were given
in Supplementary Table S2. The secondary structure of all 35 novel
miRNAs were predicted using the rnadfold and given in Supplemen-
tary file S3.
ft panel). A volcano plot (right panel) shows the upregulated and downregulated con-
alue <0.01.



Table 2
List of differentially expressed novel miRNAs in pearl millet.

Name of miRNA Regulation Fold change Mature miRNA sequence

Novel-miR26 Up-regulation 1.84499134 AAAGGAAUGUAUCUAGAG
Novel-miR05 Up-regulation 1.0957327 UACUUGUCGUUGUGGCUUUUC
Novel-miR20 Up-regulation 0.87238466 UCGUUCAGCUCCGGAAAUGUC
Novel-miR31 Down-regulation �2.3881556 AGUCCUCUCGCCGGCGAGCGCGUUC
Novel-miR11 Down-regulation �2.2085312 UGAUGGGCCCGCGUCUGAUGUC
Novel-miR28 Down-regulation �1.8907621 AGUCCUCUCGCCGGCGAGCGCGUUC
Novel-miR15 Down-regulation �1.5456431 GGUAGUUCGACCCUGGAUG
Novel-miR14 Down-regulation �1.4494622 ACGACUAGUGUACACUGUGGCAUU
Novel-miR32 Down-regulation �1.1629321 AGGGGUAUAGCUCAGUUC
Novel-miR09 Down-regulation �1.0944404 AGGGCUAUAGCCCAGUUC
Novel-miR22 Down-regulation �1.0910908 AGGGCUAUAGCUCGGUUC
Novel-miR33 Down-regulation �1.0577342 AUCUGUGCCUCUGACGUGAGCAUU
Novel-miR19 Down-regulation �0.8719036 AGACGGCUGUUGUCUAUUUGACAC
Novel-miR24 Down-regulation �0.8295081 CAUGGCGCCGUUGUAGAGCAG
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3.3. Identification of a pearl millet salinity stress responsive miRNAs

An expression analysis of pearl millet miRNAs showed that 81 of
the 290 conserved miRNAs were differentially expressed in response
to salinity stress. Of these, 30 miRNAs were upregulated by salinity
stress whereas 51 were downregulated (Fig. 1; Supplementary Table
S4). In total, 35 novel miRNAs were identified in pearl millet; 14
novel miRNAs were found to be differentially expressed. Of these, 3
were upregulated and 11 were downregulated (Table 2).
3.4. Target gene identification and functional annotation

Target genes of pearl millet salinity stress-responsive miRNAs
were predicted with the psRNATarget software. A total of 448
Fig. 2. Annotations of miRNA target genes. Among 448 target genes, 25% (122 genes) were tra
(SQUAMOSA promoter binding) transcription factor family were prominent transcription facto
target genes were identified for the 81-salinity stress-responsive
conserved miRNAs, and of these 448 genes 122 were predicted to
encode transcription factors. The MYB (Myeloblastosis) family
and the SQUAMOSA promoter binding family genes were the
most represented transcription factor genes targeted by miRNAs.
In addition to the transcription factor genes, genes encoding for
ion transporters, protein kinases, detoxification proteins, lac-
cases, and heat shock proteins were also predicted as targets of
the salinity stress-responsive miRNAs (Fig. 2; Supplementary
Table S5).

A KEEG pathway analysis showed that plant hormone signaling
pathways such as the auxin signaling pathway are enriched in the
miRNA target genes. miR393a is one of the miRNAs upregulated by
salinity stress and can target TIR1, a gene encoding a component of
the auxin receptor. At the same time, miR162a is downregulated
by salinity stress, and can target AUXIN RESPONSE FACTOR (ARF)
transcription factor genes, which are positive regulators of auxin
signaling (Fig. 3).
3.5. Expression analysis of miRNAs and their target genes by RT-PCR

The differential expression of nine miRNAs (six upregulated and
three downregulated) was validated by qRT-PCR analysis. In gen-
eral, the expression patterns of all nine miRNAs measured by qRT-
PCR were consistent with small RNA sequencing data. However,
qRT-PCR data showed that the extent of miR408, miR2118, and
miR168b downregulation was smaller than did small RNA sequenc-
ing analysis (Fig. 4). The expression levels of 10 target genes of these
miRNAs were also analyzed by RT-PCR. The expression patterns of
these genes were all contrasting with those of the miRNAs targeting
them (Fig. 5).
nscription factors, among themMYB (Myeloblastosis) transcription factor family and SBP
r families. Remaining genes were observed as laccase, kinase, transporters and so on.



Fig. 3. The auxin signaling pathway. miR393a is upregulated by salinity stress and targets the TIR1 gene (Transport Inhibitor Response 1), TIR1 negatively regulates function of Aux/
IAA protein. miR162a is downregulated by salinity stress and targets ARF (Auxin Response Factor). ARF transcription factors bind to the promoters of auxin-responsive genes
through cis-regulatory auxin response elements, which leads to the development of auxin mediated salinity stress response.
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4. Discussion

To our knowledge, this is the first report on small RNA sequencing
in pearl millet. In our study, a pearl millet salinity stress tolerant
genotype ICMB 01222 was used to identify salinity stress-related
conserved and novel miRNAs. In total, 81 conserved and 14 novel
miRNAs were discovered as salinity stress responsive miRNAs of
pearl millet. A differential expression analysis identified a greater
number of miRNAs that were downregulated in response to salinity
stress. This should cause upregulation of a large number of target
genes that regulate salinity stress tolerance. Among the downregu-
lated conserved miRNAs, miR166 was the most significantly downre-
gulated family, whereas among the upregulated miRNAs, miR159
was the most significantly upregulated family. Previous studies
showed that both miR166 and miR159 families play important roles
in abiotic stress responses (Abdelrahman et al., 2018; Li et al., 2017a,
2017b). In this study, we also reported the significant downregula-
tion of miR156. The miR156 family is known to target SQUAMOSA
promoter binding transcription factor genes (Xu et al., 2016). In our
RT-PCR analysis, two members of the SQUAMOSA promoter binding
transcription factor genes (SPL and SBPL3) showed significant upregu-
lation in response to salinity stress and miRNA targeting them, miR-
NA156q, showed downregulation (Fig. 5). SQUAMOSA promoter
binding transcription factors are plant-specific transcription factors
that function in a variety of developmental processes. Recently, they
were reported to be stress response regulators in chrysanthemum
(Song et al., 2016). The overexpression of a grape SBP TF, VpSBP16, in
Arabidopsis improves its salinity stress tolerance (Hou et al., 2018).
miR164 and its target genes (NAC transcription factor genes) play an
important role in A. thaliana leaf development (Larue et al., 2009). In
this study, miR164c was downregulated 3.2 times by salinity stress,
and its target gene NAC92 was upregulated more than 17 times, rais-
ing the possibility that they could be involved in regulating salinity
stress tolerance in pearl millet. A MADS-box transcription factor gene
showed 25.3-fold upregulation and it is a target gene of downregu-
lated miR444c. MADS-box transcription factors are different from
either SQUAMOSA promoter binding transcription factors or NAC
transcription factors in structure, but are also involved in many bio-
logical processes including abiotic stress responses (Guo et al., 2016;
Jia et al., 2018).

Among our 448 predicted target genes, 122 (25%) were identified
as transcription factors, suggesting that transcription factor genes
are major targets of pearl millet miRNAs. Ion transporters play
important roles in ion detoxification during salinity stress (Brini and
Masmoudi, 2012), and among the ion transporter families potas-
sium transporters have crucial roles in reducing sodium toxicity
(Ardie et al., 2009; Hamamoto et al., 2015). In this study, three
potassium transporter genes were found to be targets of miR172b, a
micro RNA downregulated by salinity stress. Previous studies
showed that auxin modulates salinity stress tolerance in plants (Bie-
lach et al., 2017; Jung and Park, 2011; Park et al., 2016) and our
KEGG pathway analysis suggests that two micro RNAs, miR393a and
miR162a, participate in the auxin signaling pathway of pearl millet.
miR393a targets TIR1, a gene encoding for a component of the auxin
receptor, whereas miR162a targets ARF transcription factor genes,
which are positive regulators of auxin signaling. Since miRNA393a
is upregulated by salinity stress in pearl millet, this may result in a
negative regulation of the auxin signaling pathway. However,



Fig. 4. Heat map showing the validation of miRNA expression by qRT-PCR (quantitative real-time polymerase chain reaction) analysis. Relative expression of miRNAs is indicated by
colors: high-expression (pink), medium-expression (white) and low-expression (blue). Two distinct clusters were observed in heat map, down-panel of clusters shows validation of
three downregulated miRNAs. The upper-panel of clusters shows validation of six upregulated miRNAs. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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miRNA162a is downregulated by salinity, and this may result in a
positive regulation of auxin signaling. Further studies are necessary
to elucidate the roles of these miRNAs in the auxin signaling path-
way and salinity stress responses in pearl millet.

5. Conclusions

We performed small RNA sequencing of pearl millet under salin-
ity stress and identified 81 conserved and 14 novel miRNAs that
were differentially regulated by the salinity stress. These miRNAs
are predicted to have a total of 448 target genes, and 25% of them
are annotated as transcription factor genes. A pathway analysis sug-
gests that auxin signaling is likely the pathway involved in pearl
millet salinity stress tolerance. These small RNA sequencing results
were validated by qRT-PCR. Our results can facilitate future research
on pearl millet and on the mechanisms underlying salinity stress
tolerance. Furthermore, the key miRNAs and target genes that we
identified in this project can be useful to generate new stress-toler-
ant crops.

Data availability

Raw sequence reads of small RNA sequencing data are available in
the NCBI SRA under accession no PRJNA507033.
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Fig. 5. Integrated expression analysis of pearl millet conserved miRNAs and their respective target genes by qRT-PCR. Stress responsive miRNAs and their respective target genes
showed contrasting expression pattern in our analyses. The presented data represent means § SD from three independent experiments. *: P < 0.01 vs. control samples in Student’s
t-test.
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