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Abstract

and degradome sequencing.

under salt stress.

Background: MicroRNAs (miRNAs) exhibit important regulatory roles in the response to abiotic stresses by post-
transcriptionally regulating the target gene expression in plants. However, their functions in sesame response to salt
stress are poorly known. To dissect the complex mechanisms underlying salt stress response in sesame, miRNAs
and their targets were identified from two contrasting sesame genotypes by a combined analysis of small RNAs

Results: A total of 351 previously known and 91 novel miRNAs were identified from 18 sesame libraries.
Comparison of miRNA expressions between salt-treated and control groups revealed that 116 miRNAs were
involved in salt stress response. Using degradome sequencing, potential target genes for some miRNAs were also
identified. The combined analysis of all the differentially expressed miRNAs and their targets identified miRNA-
mRNA regulatory networks and 21 miRNA-mRNA interaction pairs that exhibited contrasting expressions in sesame

Conclusions: This comprehensive integrated analysis may provide new insights into the genetic regulation
mechanism of miRNAs underlying the adaptation of sesame to salt stress.
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Background

Sesame (Sesamum indicum L.) is an important high-
quality oil crop in the world, and is grown in more than
70 countries mainly in Asia and Africa, including India,
Myanmar, China, Sudan and Ethiopia (FAO, 2018). The
world’s annual planting area is about 10.7 million hect-
ares, with a total output of more than 6 million tons
(FAO, 2018). Sesame seeds are rich in oil with high
levels of unsaturated fatty acids (oleic and linoleic),
protein, and especially high levels of methionine and
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micronutrients, including lignans, minerals, phytosterol
and tocopherol [1, 2]. The nutritional, medicinal and in-
dustrial values of sesame seeds have been recognized by
increasing numbers of people in recent years [3, 4].
Compared to other oil crops, sesame is moderately toler-
ant to salinity stress, but salt-tolerant (ST) varieties are
urgently needed in salt-affected zones like inland and
coastal saline areas of major sesame production coun-
tries [5]. Therefore, it is necessary to understand the
molecular mechanisms involved in the salt stress
response in sesame, to aid the development of basic
research and selection of ST varieties.

It has been well established over many years that
microRNAs (miRNAs) can regulate gene expression by
cleavage or translational repression of the mRNA of
target genes [6]. In plants, miRNAs exhibit diverse and
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important roles in plant growth, development and me-
tabolism, as well as responses to various abiotic stresses,
such as salinity, drought, and cold, among others [7, 8] .
Increasing numbers of recent studies have suggested the
importance of miRNAs in plant response to salt stress,
including for Arabidopsis [9], cotton [10], eggplant [11],
maize [12], radish [13], rice [14], sugarcane [15], Thel-
lungiella salsuginea [16] and wheat [17]. Furthermore,
many miRNAs and their target genes have been identi-
fied by small RNA and degradome deep sequencing,
suggesting that high-throughput sequencing should
provide a clear opportunity to identify and validate
miRNA-mRNA pairs in plants [18-20]. For instance,
one report found that five miRNAs were involved in salt
stress response in Hordeum bulbosum using deep se-
quencing, and demonstrated their critical roles in better
tolerance to salt stress in autopolyploids [21] . It was
also clearly demonstrated that overexpression of some
miRNAs or their target genes in some transgenic plants
resulted in enhanced resistance to salt stress, such as for
gma-miR172¢ [9], miR319 [22], miR393 [23], miR394
[24], miR395e [25], Sp-miR396a-5p [26], ghr-miR414c
[27] and osa-miR528 [28]. Currently, all of the evidence
indicates the importance of miRNA regulation in plant
salt tolerance; however, the function of salt-responsive
miRNAs and their target genes in sesame remain
unknown.

In the present research, to investigate the response of
sesame to salt stress at the mRNA and miRNA levels,
small RNA and degradome deep sequencing were per-
formed on seedlings of ST and salt-sensitive (SS) sesame
genotypes during the early stage (12 and 24 h) of salt
stress. These two contrasting genotypes were used to
help us understand the salinity response and tolerance
mechanisms of sesame by analyzing miRNA expression
patterns and their target genes.

Results
Small RNA sequencing and annotation of sesame miRNAs
In the study, 18 small RNA libraries of ST and SS geno-
types under control and salt stress conditions (12 and
24 h) were constructed and sequenced. A statistical sum-
mary of sequencing results for the 18 sRNA libraries is
shown in Table S1. A total of 229.4 million raw reads
with an average of 12.7 illion reads for each sample were
generated (Table S1). After quality control and length
selection of the reads, a set of 222.6 million clean reads
ranging within 18-30nt was obtained from these
samples for further analysis (Table S1). The length
distribution of characterized sequences from these
libraries is shown in Fig. 1, and the most abundant class
was reads of 24 nt.

After the filtered reads were searched against the miR-
NAs of other plant species from miRBase22, a total of
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351 conserved/known miRNAs were identified in
sesame. These miRNAs were clustered into 64 families
according to sequence similarity (Table S2). Among
these families, miR156 was the largest family with 30
members, followed by miR396 with 26 members.
Further, based on the method for novel miRNA predic-
tion, a final set of 94 unique novel miRNAs with their
hairpin precursors was obtained (Table S2). Detailed in-
formation of miRNAs and their precursor sequences are
listed in Table S2. In general, the average GC content of
mature miRNA sequences was about 49.4% and their
length ranged within 18-25 nt, with 20 and 21 nt being
most abundant.

Differential expression of miRNAs under salt stress

In this study, a total of 116 differentially expressed miR-
NAs were identified in the two sesame accessions under
salt stress. Among these miRNAs, 93 known miRNAs
belonging to 25 families and 23 novel miRNAs were dif-
ferentially expressed upon salt stress (Fig. 2A). The
miR396 was clearly one of the largest miRNA families
with 13 members in sesame response to salt stress,
followed by miR159, miR166 and miR156 families (Fig.
2A). Compared with control (0h), 14 and 17 miRNAs
were identified as significantly up-regulated in ST at 12
and 24 h, respectively, and the corresponding values for
SS were 22 and 8 (Fig. 2B). Meanwhile, a set of 13 and
32 miRNAs were down-regulated in ST at 12 and 24 'h,
respectively, and correspondingly for SS there were 43
and 14. Thus, the majority of miRNAs were down-
regulated in the sesame response to salt stress (Fig. 2B).
Overall, many differentially expressed miRNAs exhibited
genotype- and time-specific expression at the different
sampling times under stress (Fig. 2C and D). Further,
hierarchical clustering analysis highlighted several dis-
tinctive expression patterns of salt-responsive miRNAs
(Fig. 3). For example, a total of 13 conserved miRNAs
(miR156, miR156b/cca-miR156b, miR156f, miR157a, mi
R159/aqc-miR159, miR159a/pta-miR159a, miR159e/osa-
miR15%, miR166b/crt-miR166b, miR166¢/gra-miR166¢,
miR166i, miR319, miR319e and miR319q) and six novel
miRNAs (novel 32, novel 53, novel 89, novel 138,
novel_144 and novel_177) were up-regulated only in ST
genotype under salt stress (Fig. 3).

To further validate the reliability of the data produced
through small RNA sequencing, the relative expression
levels of 10 differentially expressed miRNAs randomly se-
lected from the expression profile data were examined
using quantitative real-time PCR (qRT-PCR)- showing
close agreement between the two results (r* = 0.80; Fig. S1).

Identification of miRNA targets by degradome analysis
Plant miRNAs are known to have perfect or near-perfect
complementarity with their targets and can be predicted
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Fig. 1 Length distribution of small RNAs (18-30 nt) from the 18 libraries in sesame

using both computational tools and sequencing ap-
proaches like degradome analysis. To better investigate
the regulatory functions of miRNAs, their target genes
were identified using degradome sequencing, and the
summary of sequencing data is shown in Table S3.
Through degradome analysis, a total of 718 targets were
identified for 302 miRNAs (containing 283 known and
19 novel miRNAs) in the present study (Table S4). Gen-
erally, many miRNAs targeted multiple genes and most
were highly conserved. For instance, many squamosa
promoter binding protein-like genes observed in the
study were targeted by both miR156 and miR157 fam-
ilies, and miR164 members targeted genes encoding
some NAC and GTE7-like transcription factors (Table
S4). Degradome cleavage site and alignment range of
target genes are also listed in Table S4. In addition,
degradome analysis showed that 210 genes were the tar-
gets of 85 differentially expressed miRNAs in sesame
(Table S5). Through expression analysis of target genes
in response to salt stress in sesame, a large number of
members of the NAC, MYB, TCP and auxin response
factor (ARF) families were ranked top in the context of
salinity response, indicating their important roles for ses-
ame in combating salt stress (Table S5). Further, net-
work analysis of salt-responsive miRNAs and their target
genes showed that some important miRNA-target gene
regulatory models included several miRNA family mem-
bers and some stress-related genes encoding ATP sulfur-
ylase 1 (APS1), growth-regulating factors (GRFs), NAC
transcription factors, homeobox-leucine zipper proteins
(ATHBs), low affinity sulfate transporter 3 (ST3) and
transcription factor TCP 4 (Fig. 4).

Functional enrichment analysis of miRNA target genes
In order to investigate the regulatory functions of miR-
NAs in response to salt stress in sesame, a total of 216

salt-responsive miRNA targets were analyzed with Gene
Ontology (GO) functional classification and Kyoto
encyclopedia of genes and genomes (KEGG) pathway
enrichment (Fig. 5, Table S4). First, GO enrichment
analysis showed that the most enriched biological
processes were aromatic compound biosynthetic process
(G0O:0019438), heterocycle biosynthetic process (GO:
0018130), regulation of biosynthetic process (GO:
0009889), regulation of metabolic process (GO:0019222)
and nucleic acid metabolic process (GO:0090304) (Fig.
5A). Among cellular components, the most significant
GO terms were involved in nucleus (GO:0005634), intra-
cellular membrane-bounded organelle (GO:0043231)
and membrane-bounded organelle (GO:0043227) (Fig.
5A). Second, based on the KEGG analysis, the most
enriched pathways in response to salt stress were those
related to sulfur metabolism (sind00920), selenocom-
pound metabolism (sind00450), pantothenate and CoA
biosynthesis (sind00770), peroxisome (sind04146), pur-
ine metabolism (sind00230) and plant—pathogen inter-
action (sind04626) (Fig. 5B).

Correlation analysis of salt-responsive miRNAs and target
expression profiles

The accumulation of miRNA, in general, leads to down-
regulation of their target genes and vice-versa. The
expression patterns of miRNA target genes in response
of ST and SS genotypes to salt stress were also analyzed,
and details are listed in Table S5. To further investigate
the association of salt-responsive miRNAs with their
targets, correlation analysis of their expression profiles
was performed. A total of 1050 miRNA-mRNA inter-
action pairs were identified across all comparisons
between the control (0h) and treatment groups (12 and
24h) in ST and SS genotypes. Out of these pairs, 579
were negatively correlated, however, only 21 miRNA-
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mRNA pairs were significantly negatively correlated (P <
0.05) (Table S6). Negative correlations were those in
which miRNA expression was higher when expression of
target mRNA was lower and vice-versa. In contrast,
positive correlations indicated that they had similar
expressions. Furthermore, among the negatively corre-
lated pairs, 18 important miRNA-mRNA pairs exhibited
contrasting expression changes at 12 or 24'h in ST or SS
genotype responses to salt stress (Fig. 6A). The miRNA—-
mRNA pairs in this study were also validated by degra-
dome sequencing. Figure 6B—E shows several examples
of t-plots of miRNA targets. A model of the responses to
salt stress of the two sesame genotypes based on the
miRNA-mRNA regulatory network shows the potential
roles of the salt-responsive miRNAs in the early phase of
salt stress (Fig. 7).

Discussion

Soil salinization is one of the main problems in global
agricultural production, which seriously affects the
growth and development of agricultural crops [29]. Salt
tolerance of plants is a complex quantitative trait and is
controlled by multiple genes, involving a variety of
physiological and biochemical processes, and is coordi-
nated by a variety of salt-tolerance mechanisms, in
which miRNAs are involved [7, 30]. In sesame, just a
few miRNAs were identified [31], there is no study
reporting the genome-wide discovery of miRNAs and
characterizing the role of miRNAs in response to salt
stress. Here, to better understand the genetic and mo-
lecular mechanisms underlying salt stress response in
sesame, we characterized both miRNAs and their target
genes in ST and SS genotypes using small RNA and
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Fig. 3 Expression profiles of differentially expressed miRNAs in ST
and SS genotypes under salt stress. Data are presented as heatmap
of a log, transformed fold change
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degradome sequencing and analyzed their expression
profiles during the early stage of salt stress. A total of
116 miRNAs and 210 target genes were found involved
in the salt stress response — their molecular functions,
regulatory networks and main mediated pathways are
further discussed below.

Salt-responsive miRNAs in sesame

A large number of salt-responsive miRNAs and their tar-
gets have been identified from plant species, including
many conserved miRNAs such as miR171, miR172,
miR319, miR393 and miR396 families [7, 9, 22, 26, 32].
Our study confirmed most previously known salinity-
responsive miRNAs. Previous studies in other plant
species have shown genotype-specific miRNA expression
profiles in response to salt stress [12, 33]. In sesame,
three conserved miRNAs (miR319, miR319e and
miR319q) showed up-regulation in ST genotype in the
12 and 24'h samples, but miR159 (pde-miR159) in the
SS genotype was up-regulated during salt treatment (Fig.
3). Furthermore, we also identified some novel miRNAs
in sesame related to salt stress response. A total of 23
novel miRNAs were induced strongly in at least one
sample after salt stress, and their expression levels chan-
ged significantly in ST or SS genotypes under salt stress.
In particularly, six novel miRNAs (novel_32, novel_53,
novel_89, novel 138, novel 144 and novel 177) were
significantly up-regulated in ST genotype under salt
stress, but novel 1 and novel 42 showed down-
regulation. It is suggested that these specific-expression
conserved and novel miRNAs may be involved in the
regulation network of sesame response to salinity stress
and play critical roles in regulating gene expression and
metabolism processes during salinity treatment. Al-
though a large number of salt-responsive miRNAs are
conserved in plants to a certain extent, some miRNAs
have different regulatory patterns among different spe-
cies. For example, after salt stress treatment, miR396
was significantly up-regulated in Arabidopsis [34], but
down-regulated in maize [12] and cotton [32]. In this
study, we also found that three miR396 members
showed down-regulation in sesame under salt stress, but
another 10 members were up-regulated. Among differ-
ent plant species, the same miRNA has different expres-
sion patterns, indicating that species-specific miRNA
regulation mechanism may have formed in the process
of long-term evolution, and it is necessary to analyze the
mechanism of miRNA involvement in salt stress
response in various plants.

MiRNA-mRNA regulatory network in sesame under salt
stress

In this study, we found that salt-responsive miRNA tar-
get genes were involved in DNA binding, transcriptional
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Fig. 4 MiRNA-mediated regulatory networks in ST and SS genotype responses to salt stress. Blue circles represent the differentially expressed
miRNAs and red circles represent the target genes of differentially expressed miRNAs. Abbreviations for target genes are listed in Table S5
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(See figure on previous page.)

Fig. 6 Expression profiles (A) of important miRNA-mRNA interaction pairs in ST and SS genotypes and examples of t-plots (B-E) of some miRNA
targets confirmed by degradome sequencing. Data are presented as heatmaps of a log, transformed fold change. The left side of the heat map
represents the relative expression of miRNAs, and the right side shows the relative expression levels of corresponding target genes in ST and SS

genotypes under salt conditions at two time points. Abbreviations for target genes are listed in Table S5

regulation and other processes, suggesting that miRNA
plays an important role in the regulation of transcrip-
tional processes in salt stress responses. Most current re-
search has found that miRNA may not only regulate
multiple target genes, but also a single gene can be
jointly regulated by multiple miRNAs — this relationship
is called the miRNA-target gene regulatory model [35-
37]. The diversity and complexity of miRNA regulation
indicates their importance in biological processes, and
many miRNA regulation modules could constitute a
complex miRNA-mRNA regulatory network. Therefore,
research on miRNA-mRNA regulatory networks could
provide useful information for understanding complex
biological processes, which is of great significance to fur-
ther study of plant salt-tolerance mechanisms. In this
study, a number of novel and conserved miRNAs were
involved in the regulatory network in sesame adaptive

response to salt stress by regulating specific stress-
related genes, such as novel_32, novel_53, novel_62 and
some family members of miR156, miR159, miR164,
miR166, miR319, miR395, miR396 and miR408 (Fig. 4).
Among them, several examples are miR156-mediated
cleavage of SPLs, miR164-mediated cleavage of NACs,
miR319-mediated cleavage of TCPs and miR396-
mediated cleavage of GRF genes. Previous studies have
shown that NAC family members (NAC1, NAC4,
NAC13 and NAC17) play important regulatory roles in
plant responses to salt stress via activating the expres-
sion of stress-responsive genes [38—41]. In our present
work, we found that the level of NAC 21 and NAC79
mRNA increased compared with the decrease in
miR164d and miR164e in sesame under salt stress, sug-
gesting their important roles in sesame (Fig. 6). Another
study also showed that Sp-miR396a-5p transcript level
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leaf development
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Fig. 7 Model showing the responses and tolerance of sesame based on miRNA-mRNA regulatory network. Abbreviations for target genes are
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in Solanaceae was up-regulated under salt stress, and
overexpression of Sp-miR396a-5p in tobacco increased
its tolerance to salt stress by enhancing osmoregulation
and decreased production of reactive oxygen species
[27]. In this study, we observed that expression of
miR396b, miR396f and miR396h increased in sesame
with the decrease of their target gene GRFI at 12 and
24 h after salt stress, indicating that miR396 might have
a similar regulatory function in sesame resistance to salt
stress. Generally, miRNA may be the center of a com-
plex network of gene regulation, and their target genes
in this miRNA-mRNA regulatory network might play
critical roles in the regulation of sesame responses to salt
stress.

MiRNA-mediated regulatory/signaling pathways involved

in response to salt stress

In plants, the adverse effects of salt stress are mainly
hyperosmotic stress, sodium ion toxicity and oxidative
stress [42—44]. To tolerate salt stress, plants have devel-
oped a series of adjusting methods, including sodium
ion isolation and exclusion, abscisic acid-mediated
stomatal movement, accumulation of specific osmoregu-
lation substances and scavenging systems for reactive
oxygen species [45-48]. Similarly, through GO and
KEGG enrichment analysis, many salt-responsive
miRNA target genes in sesame were found to be in-
volved in regulation of biosynthetic process, metabolic
process, cellular macromolecule biosynthetic process,
peroxisome, a-linolenic acid metabolism, amino acid
biosynthesis and metabolism, carbohydrate and energy
metabolism, and other important biological and meta-
bolic pathways (Fig. 5). In addition, almost all plant
hormones and their signaling pathways play important
roles in response of plants to abiotic stresses [49]. In this
study, several miRNAs, including family members of
miR156, miR160 and miR319 were found to participate
in brassinosteroid, auxin and gibberellin mediated-
signaling pathways by regulating their target genes,
respectively (Table S4). Especially, seven ARF genes
(including ARF17 and ARFI8) were identified to be
targeted by several members of the miR160 family based
on degradome sequencing, and most were significantly
down-regulated in salt treatment relative to the control
(Table S5). Similar findings of miR160-mediated ARF
regulation were also reported in other plant responses to
salt, drought and cold stresses [50-52]. These results
suggest that these salt-responsive miRNAs may act as
pivotal factors within the whole process of sesame
responses to salt stress, mediating the regulation of
multiple gene expressions and thus participating in vari-
ous regulatory/signaling pathways. Thus, the regulation
mechanisms of most miRNAs remain unclear, and more
functional studies are needed to elucidate the roles of
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miRNAs in response to salt stress using transgenic
technology.

Conclusions

The present study is the first attempt to integrate
miRNA and mRNA expression data along with degra-
dome analysis to identify key regulatory miRNA-mRNA
circuits in sesame in response to salt stress. A total of
445 miRNAs (351 known and 94 novel) with precursors
were identified in sesame using deep sequencing. Of
these miRNAs, 116 were expressed differentially in ST
and SS genotypes after salt stress. In addition, the poten-
tial miRNA target genes were verified by degradome
sequencing, and 21 miRNA-mRNA pairs showed con-
trasting expression patterns in sesame response to salt
stress. Overall, the comprehensive integrated analysis in
this study not only provides important information for
transcriptome dynamics and regulatory network compo-
nents of salinity response and adaptation in sesame, but
is also an important reference for genetic improvement
of salt tolerance in sesame and other plants.

Methods

Plant materials and RNA extraction

In this study, two sesame accessions WZM3063 (ST)
and ZZM4028 (SS) were provided by the China National
Genebank, Oil Crops Research Institute, Chinese Acad-
emy of Agricultural Sciences. The growth of sesame
seedlings and the salt treatment were performed as
previously described [53]. The sesame shoot samples
with three biological replicates were collected at 0
(control), 12 and 24 h of salt stress. All samples were
stored at — 80 °C until total RNA isolation. Total RNA of
18 samples was extracted according to a previously
reported method [53] and used for small RNA, degra-
dome sequencing and quantitative real-time PCR (qRT-
PCR) assay.

Small RNA library construction, sequencing and data
analysis

Small RNA libraries were constructed and sequenced by
a high-throughput sequencing method (on an Illumina
HiSeq 2500 platform) at Novogene (Beijing, China), ac-
cording to previously published methods [53]. Quality
control and analysis of sequencing data were also
performed by Novogene using methods described
previously [54, 55]. The miRBase (version 22) was used
as a reference to search for known miRNAs by software
miRDeep2, and srna-tools-cli was used to obtain the
potential miRNAs and draw the secondary structures
[56]. Only perfect matches were considered known miR-
NAs and these miRNAs are grouped into families based
on the similarity of the mature miRNA sequences using
miFam.dat (http://www.mirbase.org/ftp.shtml). Reads


http://www.mirbase.org/ftp.shtml

Zhang et al. BMC Genomics (2020) 21:494

that were not aligned to the miRBase database were used
to predict novel miRNAs. Potential novel miRNA pre-
diction was performed based on their precursors and the
hairpin RNA structures by using miREvo [57] and miR-
Deep2 [56]. For each miRNA, the abundance in different
libraries was calculated and normalized to transcripts
per million using global normalization procedures [58].
Differential expression analysis of the two groups was
performed using the DESeq R package (1.8.3) with P<
0.05 considered significant [59].

Degradome library sequencing and target identification
For degradome sequencing, equal amounts of total RNA
from each ST sample were mixed to build one library,
while equal masses of total RNA from different SS
samples were mixed as another library. Two degradome
libraries were constructed according to the manufac-
turer’s instructions and then sequenced on an Illumina
HiSeq 2500 platform at LC-BIO (Hangzhou, China).
Subsequent data analysis, including data processing, pre-
diction of miRNA cleavage sites and target plot (t-plots)
figure drawings, was based on previous reports [60, 61].
The sesame genome v.1.0 (https://www.ncbi.nlm.nih.
gov/genome/?term=sesamum) was used as a reference in
this study. The miRNA-mRNA network construction
was presented using Cytoscape 3.7.2.

Expression and function analysis of the potential miRNA
targets

Expression analysis of all the target genes was performed
using transcriptomic data of sesame in response to salt
stress described in detail in our previous report [53]. GO
enrichment analysis of all the identified targets of differ-
entially expressed miRNAs was performed using GOseq
[62] to uncover the miRNA-gene regulatory network.
The KEGG pathway for the target genes was analyzed
through KOBAS (2.0) software. Finally, correlation ana-
lysis of miRNA expression profiles and their target genes
was performed using the software R version 3.1.1.

qRT-PCR

To validate the reliability of the high-throughput se-
quencing data, qRT-PCR of 10 selected miRNAs was
performed. Reverse transcription and qRT-PCR reac-
tions were performed using a miRcute Plus miRNA
First-Strand cDNA Kit (Tiangen Biotech, Beijing, China)
and a miRcute Plus miRNA qPCR Kit (SYBR Green,
Tiangen Biotech) according to the manufacturer’s in-
structions, respectively. The U6 snRNA was used as the
reference gene for normalizing miRNA expression. Se-
quences of primers used for qRT-PCR in this study are
presented in Table S7. The relative expression levels of
miRNAs were calculated using the 27A8Ct method [63].
Three technical replicates were performed for each
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reaction. Correlation analysis of miRNA expression pro-
files between high-throughput sequencing and qRT-PCR
was performed using R version 3.1.1.
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