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Abstract

Sesame (Sesamum indicum L) is a high-value oilseed cash crop grown across different geographies. Although sesame is tra-
ditionally considered drought-tolerant, early seedling and vegetative stage plants are sensitive to drought, causing substantial
yield losses. Roots are the sensors of water deficit and hence are determinants of drought stress-induced responses. Limited
information is available about the molecular responses induced in sesame roots during osmotic stress. We performed RNA-
sequencing to understand transcriptional changes in the roots of drought-tolerant (TEX-1) and drought-sensitive (VEN-1)
sesame genotypes using Polyethylene glycol (PEG)-induced osmotic stress. The photosynthetic measurements and proline
accumulation confirmed contrasting drought stress reactions between the two genotypes. A total of 1251 and 541 unique genes
were differentially expressed in PEG-treated and untreated roots of TEX-1 and VEN-1 roots, respectively. Gene ontology
(GO) function enrichment analysis revealed that the differentially expressed genes related to catalytic activity, ion binding,
transferase activity, and cation binding activities were over-represented. Transcription-factor enrichment analysis showed
that multiple members of WRKY, bZIP, MYB, and NAC families were over-represented in the roots of drought-tolerant
genotype during osmatic stress. The study identified several genes involved in the primary metabolism, phenylpropanoid,
and hormonal pathways induced in the roots of drought-tolerant genotype. The study provided a comparative transcriptome
resource for understanding molecular responses underlying osmotic stress and identified target genes for enhancing abiotic
stress tolerance in sesame.
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Introduction

Sesame (Sesamum indicum L) is a high-value oilseed cash
crop grown across diverse geographies in tropical and sub-
tropical environments. Sesame has offered a viable alterna-
tive and profitable rotation crop in the Southwestern United
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States. Sesame oil is referred to as ‘queen of the oils’ due
to its high unsaturated fatty acid content and resistance to
oxidative deterioration (Bedigian and Harlan 1986). Sesame
is traditionally grown in drought-prone and marginal lands,
and hence often receives sub-optimal inputs such as water
and nutrients. Although its deep root system helps in con-
serving water, early seedling and vegetative stage sesame
plants are sensitive to drought stress (Boureima et al. 2011;
Sun et al. 2010), causing significant yield and quality losses.
There is increasing interest in breeding drought-tolerant
varieties by utilizing available genetic resources adapted to
various environments. High genetic variability and relatively
small genome size (Zhang et al. 2013) make sesame a good
model for identifying traits associated with abiotic stress
tolerance in oilseed crops.

Drought stress tolerance is a complex process involv-
ing orchestrated responses at physiological, biochemi-
cal, and molecular levels across different plant tissues.
Several approaches have been used to investigate the
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drought-induced responses in plants such as genomic
(Cushman and Bohnert 2000; Langridge and Reynolds
2015; Tuberosa and Salvi 2006), transcriptomic (Bashir
et al. 2019; Deyholos 2010; Takahashi et al. 2018), prot-
eomic (Ghatak et al. 2017; Ghosh and Xu 2014; Johnova
et al. 2016; Wang 2019), or metabolic (Fabregas and
Fernie 2019; Jorge et al. 2016; Krasensky and Jonak 2012).
Drought tolerance is a polygenic trait determined by physi-
ological adjustments regulated by an interplay of signal-
ing cascades and integrated responses from molecular to
whole-plant level (Fleury et al. 2010; Kebede et al. 2019).
Roots are the sensors of water deficit and hence stud-
ied as determinants of drought stress-induced responses
(Goodger and Schachtman 2010; Steudle 2000). During
drought stress, the expression of a large number of genes
is altered, with no single biological, cellular, or molecular
mechanism providing a full level of protection (Golldack
et al. 2014; Nakashima et al. 2014; Takahashi et al. 2018).
The stress-induced genes can be grouped into two classes
(Yang et al. 2017)—(1) the effector proteins that include
genes involved in the biosynthesis of osmolytes, secondary
metabolites, photosynthesis, and growth-related genes, and
(2) the regulatory proteins that indirectly respond to stress
through regulation of the expression of downstream target
genes such as transcription factors (TFs), signal transduc-
tion pathways.

Studies to understand drought tolerance in sesame have
predominantly been focused on evaluating above-ground
(shoot and leaves) traits using morphological (Boureima
et al. 2016) and physiological (Boureima et al. 2012)
changes during the stress period. Transcriptome analysis
and Next-Generation Sequencing (NGS) have been exten-
sively used in several crop species to study changes in the
molecular responses during different abiotic stresses (Abdel-
Ghany et al. 2020; Formentin et al. 2018; Kang et al. 2020).
Except for a few studies (Dossa et al. 2016, 2017, 2019b),
limited information is available about molecular responses
in sesame roots during drought stress. Polyethylene glycol
(PEG) is exclusively used to mimic drought stress conditions
as it effectively decreases water potential (¥w) and disrupts
the absorption of water by roots (Verslues et al. 1998). To
understand the molecular responses associated with drought
tolerance in sesame roots, we carried out a comparative tran-
scriptome analysis of two sesame genotypes with contrasting
responses using PEG-induced osmotic stress. The transcrip-
tomic analysis identified 770 and 243 genes uniquely up-
regulated in osmotically stressed roots of TEX-1 and VEN-
1, respectively. Osmotic stress treatment showed strong
up-regulation of genes such as several members of WRKY
and NAC TF families, and genes involved in the phenylpro-
panoid and hormonal pathways in TEX-1 roots. Outcomes
of this comparative analysis of sesame root transcriptome
can be utilized as a reference to identify molecular markers
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and screen suitable breeding populations or germplasm to
enhance drought tolerance.

Materials and Methods

Plant Material, Osmotic Stress Management,
and Physiological Trait Measurements

Seeds of drought-tolerant sesame (Sesamum indicum L)
genotype ‘TEX-1" and drought-sensitive genotype “VEN-1’
proprietary experimental lines were made available by Dr.
Eric Votava, Sesaco Corporation (Austin, Texas, USA) for
this study. Seeds were grown in a greenhouse at the AgriLife
Research and Extension Center in Uvalde in a Turface®
(Quick Dry Infield Conditioner) and fertilized with standard
Hoagland solution (Caisson Laboratories, UT). Four-week-
old seedlings of both genotypes were carefully transferred
to water containing 20% (m/v) polyethylene glycol—6000
(PEG-6000). Seedlings placed in water alone were used as
control. Roots samples from three independent biological
replicates for both genotypes were harvested 12 h after ini-
tiation of treatment, immediately frozen in liquid nitrogen,
and stored at — 80 °C for further analyses.

Further, to validate contrasting drought responses in
TEX-1 and VEN-1 genotypes, an experiment was car-
ried out under managed stress conditions in a controlled
greenhouse at the Uvalde AgriLife Research and Extension
Center. Plants were grown in 10-gallon pots containing soil
and sand mix (80:20), adopting standard agronomic prac-
tices. The drought stress was imposed by withholding water
(30% RWC) when plants were 4 weeks old. Leaf samples
from both sesame genotypes were collected for metabolic
analysis seven days after the initiation of stress treatment.
Well-watered plants were treated as controls. Leaf photosyn-
thetic rate (Pn), transpiration rate (E), stomatal conductance
(Gs), and intercellular CO, concentration (Ci) were meas-
ured from two uppermost fully expanded leaves using the
LI-COR-6400 XT Photosynthetic system (Lincoln, USA)
from three independent plants for both genotypes.

Amino Acid Extraction and Quantification

Amino acid analysis of roots from PEG-stress experiments
and leaves from the soil-based experiment was carried out
using Waters UPLC-ESI-MS/MS platform comprising
Waters Acquity H-class UPLC system coupled to Waters
Xevo TQs mass spectrometer with electrospray ionization
(ESI) probe following an established protocol. L-Norvaline
(TCI AMERICA, USA) was used as an internal control.
Amino acid calibrators were obtained from Amino Acid
Kit (Waters Corporation, Milford, MA, USA). Lyophilized
powder of the mixture of amino acids was reconstituted in
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0.1 M HCI before derivatization. Multiple Reaction Moni-
toring (MRM) transitions and collision energy values and
cone voltage were optimized for each amino acid using the
Water’s IntelliStart software. Water’s MassLynx™ software
was used for instrument monitoring and data acquisition.
The TargetLynxTM Application Manager (Waters Corpora-
tion, Milford, MA, USA) was used to perform data integra-
tion, preparation of calibration curves, and quantitation of
amino acids.

RNA Extraction, cDNA Library Preparation,
and Sequencing

The frozen root samples from the PEG-stress experiment
were homogenized using a mortar and pestle, and total RNA
was extracted using the RNeasy Plant Mini kit (QIAGEN
Sciences, Germantown, MD, USA). The purity of RNA
was analyzed using a Nanodrop (DS-11 + spectrophotom-
eter, DeNovix Inc.), and quality was verified using Agilent
2100 Bioanalyzer (Texas A&M AgriLife Genomics & Bio-
informatics Service, College Station, TX) before further
processing.

Illumina RNA-Sequencing (RNA-Seq)

The construction of the cDNA library and sequencing was
carried out using an Illumina HiSeq-4000 sequencing plat-
form at the Genomics and Bioinformatics Services, Texas
A&M University, College Station, TX, USA. A total of 12
RNA samples were prepared for library preparation using
the TruSeq RNA Library Prep Kit v2 (Illumina, San Diego,
CA). A set of three root samples of TEX-1 and VEN-1 geno-
types collected from control (water alone), and PEG solution
each were used for library construction. The sequencing was
performed using 75 bp pair-end reads on one lane of the
INlumina HiSeq-4000 platform.

Read Filtration, Annotation, and Functional
Enrichment Analysis of Differentially Expressed
Genes (DEGs)

The removal of sequence adapters, mapping to reference
genome, and normalization of gene expression were per-
formed using CLC Genomics Workbench (V4.5, CLC
Bio.). The RNA-Seq reads were first assessed for quality
with FastQC; adapters were removed with Cutadapt (Mar-
tin 2011), and the low-quality bases were trimmed (g <20)
with FastX-toolkit (Gordon and Hannon 2010). Quality-
filtered reads were then mapped to the reference database
Sinbase 2.0 ver 1.0 (Wang et al. 2014, 2016a) using TopHat2
(Kim et al. 2013) with default parameters. Novel transcripts
were assembled by Cufflink (Trapnell et al. 2010), and then
combined with available gene annotation using CuffMerge.

Normalized expression levels of genes were expressed in
FPKM values as generated by Cuffquant and Cuffnorm run-
ning with the option “—frag-bias-correct” and “—multi-read-
correct” (Trapnell et al. 2012). The differential expressed
genes (DEGs) of pooled samples from each condition were
determined using Cuffdiff, using the FPKM values. The
unigenes were recognized as differentially expressed when
FDR-adjusted P-value <0.05, and the absolute value of Log,
ratio > 1. The Blast2GO (Conesa and G6tz 2008; Conesa
et al. 2005) program was employed to obtain Gene Ontology
(GO) annotations for unigenes. mRNA functional categori-
zation and pathway enrichment were performed by mapping
all unigenes against the Kyoto Encyclopedia of Genes and
Genomes (KEGG) Ontology (KO) database (www.genom
e.jp/dbget/) BLASTX to assign to known biological path-
ways. Gene ontology (GO) enrichment analysis was car-
ried using NCBI blast (https://blast.ncbi.nlm.nih.gov/Blast
.cgi) for Nr (NCBI non-redundant protein sequences) and
generating combined graphs of molecular function, cellu-
lar component, and biological process with default settings
in Blast2GO. The interaction between TFs and their target
genes was evaluated using the “TF enrichment tool’ from the
PlantRegMap portal (Jin et al. 2016), and the number of TFs
with significantly over-represented target number genes was
retrieved (P-value <0.01; Fisher’s exactly test). The portal
identifies the transcriptional regulations from literature and
ChIP-seq data or inferred by combining TF binding motifs
and regulatory elements data. Online tool Venny v.2.0.2
(Oliveros 2007) was used to show distribution of differen-
tially expressed genes or TFs between the genotypes using
Venn diagrams.

Availability of Transcriptome Sequencing Data

The transcriptional sequence data have been submitted to
the National Center for Biotechnology Information (NCBI)
through NCBI Gene Expression Omnibus (GEO) repository
accession number GSE148340 (https://www.ncbi.nlm.nih.
gov/geo/), raw reads through SRA (SRP255755) and GTF
annotation file (Sesamum_indicum_v1.0.gene) describ-
ing the location of genes and exons pairing with the refer-
ence fasta file to retrieve the transcript sequences as Online
Resource (File S1).

Gene Expression Analyses

For validation of RNA-Seq results, real-time quantitative
PCR was performed. Root tissues collected from PEG-
stressed and control seedlings of TEX-1 and VEN-1 were
harvested and frozen in liquid nitrogen. Total RNA was
extracted using an RNeasy® Plant Mini Kit (QIAGEN Sci-
ences, Germantown, MD, USA) as per the manufacturer’s
protocol. Total RNA was treated with DNasel (QIAGEN
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Sciences, Germantown, MD, USA), quantified and subjected
to reverse transcription (cDNA synthesis) using iScript RT
Supermix (Bio-Rad Laboratories, Inc, Hercules, USA). For
gRT-PCR, specific primers were designed using the Prim-
erQuest® program (IDT, Coralville, Iowa, USA). Gene
expression analysis via reverse transcription-qPCR was per-
formed using a Bio-Rad CFX96 qPCR instrument and Light-
Cycler480 SsoAdv Univer SYBR GRN Master Kit (Bio-
Rad Laboratories, Inc, Hercules, USA). All samples were
amplified in triplicate along with a negative control without
cDNA. The efficiency of each primer pair used in RT-qPCR
was calculated (Supplementary Material Table S1) using
LinRegPCR (Ramakers et al. 2003). Sesame UBQ6 and
CYP genes (Wei et al. 2013) were used as internal controls,
and relative expression levels (Cq values) for each gene were
normalized to the transcription of both reference genes by
taking an average of three biological replicates. The relative
expression levels were calculated using the AACq (quantita-
tive cycle) method provided with Bio-Rad CFX software.

Results and Discussion
Drought Stress Responses in Sesame Genotypes

The differences in drought stress responses between two
sesame genotypes were confirmed by quantifying the abun-
dance of proline (Pro) and branched-chain amino acids
in roots of PEG-stressed seedlings (Fig. 1) and leaves of
drought-stressed plants (Fig. 2a) using LC-MS-based analy-
sis. PEG-stressed roots of TEX-1 showed increases up to
11-fold in Pro, 16-fold in valine (Val), fourfold in isoleucine
(Ile), and 14-fold in leucine (Leu). The increases in amino
acids in VEN-1 were limited to fourfold for Pro and Val, and
ninefold for Leu. These results were comparable to drought-
stressed leaves of soil-grown plants, where TEX-1 leaves
accumulated significantly higher amino acids than VEN-1
(Fig. 2a). Increased accumulation of Pro in drought-toler-
ant genotype is consistent with previous studies in sesame
(Dossa et al. 2017; Hussein et al. 2015; Kadkhodaie et al.
2014). Additionally, we measured photosynthesis, stoma-
tal conductance, intercellular CO, concentration, and tran-
spiration rates in drought-stressed sesame plants grown in
pots before flowering (Fig. 2b). The net photosynthetic rate
under stress was 54% lower than under well water condi-
tions in VEN-1. The decreased photosynthesis was accom-
panied by reduced stomatal conductance, intercellular CO,
concentration, and transpiration rate, which was 79%, 37%,
and 67% lower under stress compared to well-watered con-
ditions. In contrast, a less profound impact on photosyn-
thetic machinery was observed in TEX-1 as the same physi-
ological parameters under drought stress were only 26%,
30%, 14%, and 27% lower than the control condition. The
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Fig.1 Root Metabolite profiles. Proline and branched-chain amino
acid accumulation in PEG-treated roots of TEX-1 and VEN-1. Differ-
ences between varieties within treatments are shown as *Significant
values (Student’s t-test, P <0.05; n=3)

results demonstrated the presence of relatively higher levels
of osmolytes and photosynthetic capacity of TEX-1 than
VEN-1 under osmotic or drought conditions.

Transcriptome Sequencing and Assembly
of Sequencing Data

To understand transcriptional differences between roots of
sesame genotypes under normal and control conditions, we
carried out RNA-Seq analysis. A total of six cDNA libraries
were constructed for PEG-stressed roots of drought-tolerant
TEX-1 and drought-sensitive VEN-1 genotypes using the
Illumina HiSeq-4000 sequencing platform. After a strin-
gent quality assessment, on an average, 61 million (TEX-1)
and 59 million (VEN-1) raw reads, and approximately 57
million (TEX-1) and 56 million (VEN-1) clean reads were
generated (Supplementary Material Table S2) for control
and PEG-stressed roots, respectively. A total of 48 million
(TEX-1) and 51 million (VEN-1) reads in the PEG-stressed
roots were mapped to the reference transcriptome (Sinbase
V 1.0). Out of the total clean reads, 94% and 7% reads were
uniquely and multi-mapped to the reference genome, respec-
tively. The plot showing the combined assembly of tran-
scripts in PEG-stressed and control roots for the two sesame
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Fig.2 Validation of drought responses in the vegetative tissues of
sesame genotypes. a Proline and branched-chain amino acid accu-
mulation in drought-stressed leaves. Differences between varieties
within treatments are shown as *Significant at P <0.05. b Responses
of gas exchange parameters to water stress in two sesame varieties.

genotypes is presented in Supplementary Material (Supple-
mentary Material Fig. S1). A total of 18,923 and 19,045
transcripts in the control treatment and 19,019 and 19,244
transcripts in osmotically stressed roots were generated in
TEX-1 and VEN-1, respectively. The numbers of raw reads
expressed in roots and unigenes identified are comparable
to other transcriptomic studies in sesame (Dossa et al. 2016;
Su et al. 2019; Wang et al. 2014; Wei et al. 2015; Zhang
et al. 2020).

Identification of Differentially Expressed Genes
(DEGS)

Approximately 95% of clean reads were mapped to the
27,148 unigenes from the reference sesame genome,
with more than 66% among them being uniquely mapped
(Supplementary Material Table S2). We used normalized
FPKM values to quantify transcript levels in reads, which
facilitated a comparison of mRNA levels both within and
between sesame genotypes. A graphical sketch showing a
total 1251 and 542 unique genes differentially expressed

Pn—net photosynthetic rate; E—transpiration rate, Gs—stomatal
conductance; Ci—intercellular CO2 concentration. Different letters
within the same column denote the differences between the treat-
ments (P<0.05) within the genotype. NS no significant at the 0.05
level; *Significant at P <0.05

between PEG-treated and untreated roots of TEX-1 and
VEN-1, respectively, is presented as a Venn diagram
(Fig. 3a) and the total distribution of all genes as a vol-
cano plot (Supplementary Material Fig. S2). Together,
849 DEGs were expressed in both genotypes. Among
DEGs, 770 and 243 genes were uniquely up-regulated
due to osmotic stress in TEX-1 and VEN-1 roots, respec-
tively (Fig. 3b). In total, 481 and 299 unique DEGs were
down-regulated in TEX-1 and VEN-1 roots, respectively.
A total of 440 up-regulated and 403 down-regulated genes
were common to both genotypes. The DEGs from both
genotypes comprised many diverse classes suggesting the
presence of a complex regulatory mechanism in sesame
roots in response to osmotic stress. The numbers of DEGs
with Log, fold change of 2 or above in roots of TEX-1
and VEN-1 genotypes are shown in a separate Venn dia-
gram (Supplementary Material Fig. S3), and a list of genes
is presented as a Supplementary Material Table S3. The
numbers of genes showing either up- or down-regulation
in roots of osmotically stressed roots were much higher in
TEX-1 than VEN-1.
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TEX-1

VEN-1

Fig.3 Differentially expressed gene profiles. a Comparison between
the differential expressed genes (DEGs) in the TEX-1 and VEN-1
in PEG-stressed roots. The numbers of DEGs exclusively expressed
in one variety are shown in each circle of the Venn diagram. The
numbers of DEGs with common expression changes during osmotic
stress are shown in the overlapping regions. b The total numbers of

Functional Annotation and Gene Ontology (GO)
Classification

The gene ontology (GO) enrichment analysis was car-
ried out to understand the biological relevance of DEGs
in drought-sensitive VEN-1 and drought-tolerant TEX-1.
We used Blast2GO (Conesa and Gotz 2008) to retrieve GO
functional categorization of DEGs in TEX-1 (Supplemen-
tary Material Fig. S4) and VEN-1 (Supplementary Mate-
rial Fig. S5), which includes three categories: biological
process, molecular function, and cellular component. The
biological processes mediated by these DEGs mainly repre-
sented categories like “response to the stimulus,” “metabolic
processes,” and “biological regulation” in both genotypes.
The molecular functions of DEGs were primarily related to
“catalytic activity,” “transporter activity,” and “transcrip-
tion regulator activity,” while the cellular component mostly
encompassed “cell organelle” and “membranes.”

GO term enrichment analysis of DEGs in TEX-1 and
VEN-1 was conducted using the R package TopGO (Alexa
et al. 2006), and significance was calculated based on
Fisher’s exact test with a cut-off threshold of p <0.01. All
sesame genes were used as a background. GO annotation
and statistical analyses demonstrated that 1507 DEGs (some
contigs had more than one GO annotation) in TEX-1 and
997 DEGs in VEN-1 had GO annotation, of which 149
GO terms in TEX-1 (Fig. 4) and 119 GO terms in VEN-1
(Fig. 5) were enriched. In the case of cellular component,
325 and 211 DEGs for membrane (GO:0016020), 184 and
130 DEGs for cell periphery (GO:0071944,) and 142 and
87 DEGs for plasma membrane (GO:0005886,) were sig-
nificantly enriched in TEX-1 and VEN-1 roots, respectively,
compared to whole sesame transcriptome (Supplementary
Material Table S4 for TEX-1 and Supplementary Material
Table S5 for VEN-1). In the molecular function category, the
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DEGs showing either up-regulation or down-regulation in both vari-
eties are shown in the petal Venn diagram. The number of genes
unique to variety is shown in the clear zones, while genes common to
both varieties are shown in the overlapping parts. Genes with a fold
change > 1.5 and an FDR (g-value) < 0.05 were considered DEGs

majority of genes were related to “catalytic activity” (GO:
0003824, 662 DEGs in TEX-1 and 468 DEGs in VEN-1)
followed by ion binding (G0O:0043167, 474 DEGs in TEX-1
and 312 in VEN-1), transferase activity (GO:0016740, 278
DEGs in TEX-1 and 180 in VEN-1), and cation binding
(G0O:0043167, 254 DEGs in TEX-1 and 178 in VEN-1)
activities. In the case of biological processes, DEGs over-
represented terms like “response to stimulus” (GO0050896,
359 DEGs in TEX-1 and 232 in VEN-1) and “response
to stress” (GO:0006950, 219 DEGs in TEX-1 and 148 in
VEN-1).

Enrichment Analysis of Transcription Factors (TFs)
in Response to Osmotic Stress

To identify possible regulatory connections between TFs
and their putative target genes, we used TF enrichment anal-
ysis available through a web portal PlantRegMap (Jin et al.
2016). The portal allowed us to find the TFs possessing sig-
nificantly over-represented targets in the DEGs of both the
genotypes. We identified a total of 129 TFs in TEX-1, and
110 TFs in VEN-1 roots that possessed significantly over-
represented target DEGs (Supplementary Material Table S6
for TEX-1 and Table S7 for VEN-1).

The functions of the putative targets of the TFs spans
several categories, such as responses to stresses, including
oxygen-containing compound, chemical, oxidative stress
with the TFs mentioned above in both varieties regulating
the expression of genes of a broad spectrum of biological
processes (Supplementary Material Table S8 for TEX-1 and
Table S9 for VEN-1). The transcription-factor classification
(Fig. 6) revealed that 129 TFs identified in TEX-1 belonged
to 23 transcription-factor families, of which 108 were up-
regulated and 21 down-regulated. In VEN-1 roots, 110 TFs
were grouped into 19 transcription-factor families, of which
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Fig.4 GO functional analysis of DEGs in TEX-1. The ten most significantly (P <0.05) enriched GO terms in biological process, molecular
function, and cellular component are presented. DEGs differentially expressed genes, GO gene ontology
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Fig.5 GO functional analysis of DEGs in VEN-1. The ten most significantly (P <0.05) enriched GO terms in biological process, molecular
function, and cellular component are presented. DEGs differentially expressed genes, GO gene ontology
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51 were up-regulated and 59 down-regulated. The numbers
of uniquely over-represented TFs in osmotically stressed
TEX-1 and VEN-1 roots are shown as a Venn diagram (Sup-
plemental Material Fig. S6), and a complete list provided as
Supplemental Material Table S10. Among the enriched TFs,
the members of bZIP (5), WRKY (4), and TCP (3) families
were uniquely up-regulated in TEX-1 roots, suggesting their
utility as potential markers for breeding drought-tolerant
sesame varieties.

Among the total TFome, the enriched TFs showing pre-
dicted interactions with the up-regulated TF DEGs were
more comprehensive and broadly distributed into TF fami-
lies in TEX-1 than those based on the down-regulated TF
DEGs, suggesting an increased demand for specific TFs in
response to osmotic stress in roots of stress-tolerant geno-
type. On the contrary, enriched TFs were widely distributed
among the down-regulated TF in VEN-1, implying suppres-
sion or inactivation of such stress-induced responses.

The TFs enrichment analysis suggested over-represen-
tation of TFs belonging to the WRKY, bZIP, MYB, and
NAC families in roots of osmotically stressed TEX-1
plants. Induction of the number of members of WRKY
and MYB TF families in response to abiotic stresses is in
agreement with the previous studies in drought-stressed
and waterlogged sesame plants (Li et al. 2017; Mmadi
et al. 2017). The WRKY family represents one of the most
abundant TF family that activates a network of signaling
cascades in response to different abiotic stresses in plants
(Jiang et al. 2017; Phukan et al. 2016; Rushton et al. 2012;
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Schluttenhofer and Yuan 2015). The root architectural traits,
such as root length and spread, contribute to maintaining
plant productivity under water stress (Comas et al. 2013).
In Arabidopsis, WRKY TF facilitated the growth of lateral
roots in response to osmotic stress through the activation of
ABA signaling and auxin homeostasis (Ding et al. 2015).
Likewise, heterologous expression of sorghum WRKY30
enhanced drought tolerance in Arabidopsis and rice by influ-
encing the root architecture, proline contents, and superoxide
dismutase (SOD), polyphenol oxidase (POD), and catalase
(CAT) activities (Yang et al. 2020). Recently, an ectopic
over-expression of sesame MYB75 in Arabidopsis also
demonstrated an increase in root growth, endogenous ABA
level, and tolerance to drought and salt stresses (Dossa et al.
2019a).

Consistent with our data, the up-regulation of bZIP and
NAC TFs has been demonstrated in roots during abiotic
stress. The functional role of bZIP TFs in roots has been
validated in several crops such as maize (Ma et al. 2018;
Seeve et al. 2017), rice (Yang et al. 2019), and wheat (Agar-
wal et al. 2019) during abiotic stress. Similarly, the expres-
sion and role of NAC TFs in root development and drought
tolerance have been demonstrated in rice (Jeong et al. 2010,
2013; Redillas et al. 2012) and wheat (Mao et al. 2020; Xue
etal. 2011).

Drought-induced responses in roots are complex and are
influenced by genotype, the environment, and their interac-
tions. Our analysis suggests that the osmotic stress-induced
responses were accompanied by changes in the expression of
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several genes in the roots of drought-tolerant TEX-1 than the
susceptible genotype VEN-1. The changes in the expression
of genes are probably directed towards the maintenance of
root architecture, which may allow a better acclimation to
the osmotic stress conditions. In part, the drought response
may be regulated by activation of the members of WRKY,
MYB, bZIP, and NAC TF families that could regulate root
architecture as well as hormonal signaling pathways. The
TFs identified in this study may serve as targets for the
enhancement of drought tolerance in sesame.

Quantitative Real-Time PCR (qRT-PCR) Validation

Next, to validate gene expression levels obtained from
RNA-Seq transcriptome, we selected 9 DEGs that showed
at least twofold changes (Log,) and determined their relative
expression by qRT-PCR analysis in the osmotically stressed
and control roots of TEX-1 and VEN-1. A set of nine uni-
genes selected for expression analysis represented different
functional classes such as transcription factors, membrane
proteins, and primary metabolism. Genes that were induced
strongly in PEG-stressed roots selected for qRT-PCR assays
included (1) 1-Amino-cyclopropane-1-carboxylate synthase
(ACS): XLOC_005397 (SIN_1024771), (2) Phosphoe-
nolpyruvate carboxylase kinasel (PEPC): XLOC_016295
(SIN_1001672), (3) Cinnamyl alcohol dehydrogenase 7
(CAD7): XLOC_021096 (SIN_1005800), (4) Branched-
chain amino acid transaminase 2 (BCAT2): XLOC_017622
(SIN_1006354), (5) NAC Transcription factor (NAC):
XLOC_021943 (SIN_1007268), (6) Transmembrane

protein (TMEM): XLOC_012774 (SIN_1015912), (7)
BTB and TAZ domain protein (BTB): XLOC_013444
(SIN_1020232), (8) F-Box protein (FBXO): XLOC_022774
(SIN_1026951), and (9) Glutathione S-transferase (GST):
XLOC_018225. The qRT-PCR analysis validated the rela-
tive expression of genes selected from the RNA-seq analy-
sis in both the genotypes (Fig. 7). Furthermore, the linear
regression y=1.3357 X — 1.0936 and high correlation
(R*=0.84) revealed a substantial similarity between both
the analytical techniques (Supplementary Material Fig. S7),
confirming the reliability of RNA-Seq data.

Key Genes Associated with Osmotic Stress Tolerance

The accumulation of compatible solutes such as proline,
branched-chain amino acids, or polyamines plays a criti-
cal role during osmotic stress. Consistent with the amino
acid changes (Fig. 1) in the PEG-treated roots, expression
of Al- pyrroline-5-carboxylate synthase XLOC_015307
(SIN_1012216) was significantly up-regulated in TEX-1 but
not in VEN-1 roots. The bifunctional enzyme A1-pyrroline-
5-carboxylate synthase (P5SCS) catalyzes the rate-limiting
reaction in proline biosynthesis (Delauney and Verma 1993).
In plants, its transcription is induced by environmental
stresses such as drought, salinity, or temperature in several
species (Kavi Kishor and Sreenivasulu 2014; Strizhov et al.
1997). The early activation of the gene involved its bio-
synthesis, and its accumulation in roots may partly explain
the osmoprotective role of Pro in the adaption of sesame to
drought stress environment.
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Fig.7 Validation of transcriptome sequencing by RT-qPCR. The
vertical axis shows the ratios of 9 differentially expressed genes
in osmotically stressed (PG) and control (CT) roots of TEX-1
and VEN-1. The horizontal axis shows genes in the following
order: (1) 1-Amino-cyclopropane-1-carboxylate synthase (ACS),
XLOC_005397 (SIN_1024771), (2) Phosphoenolpyruvate car-
boxylase kinasel (PEPC), XLOC_016295 (SIN_1001672), (3)
Cinnamyl alcohol dehydrogenase 7 (CAD7), XLOC_021096

BCAT2 NAC TMEM BTB

FBXO GST

(SIN_1005800), (4) Branched-chain amino acid transaminase 2
(BCAT2), XLOC_017622 (SIN_1006354), (5) NAC Transcription
factor (NAC), XLOC_021943 (SIN_1007268), (6) Transmembrane
protein (TMEM), XLOC_012774 (SIN_1015912), (7) BTB and TAZ
domain protein (BTB), XLOC_013444 (SIN_1020232), (8) F-Box
protein (FBXO), XLOC_022774 (SIN_1026951), and (9) Glutathione
S-transferase (GST), XLOC_018225
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Besides Pro, the levels of other amino acids, mainly three
types of branched-chain amino acids (BCAAs), could ele-
vate during abiotic stress to levels comparable to proline or
even higher (Joshi et al. 2010) due to decreased protein syn-
thesis or increased protein degradation (Hildebrandt 2018;
Huang and Jander 2017). The increased accumulation of
Val, Leu, and Ile in TEX-1 roots during osmotic stress was
in agreement with a strong up-regulation in the expression of
branched-chain amino acid transaminase 2, XLOC_017622
(SIN_1006354), which catalyzes both the synthesis and
catabolism of branched-chain amino acids (Hildebrandt
et al. 2015).

Among the selectively activated genes in TEX-1,
XLOC_016295 (SIN_1001672) and XLOC_012893
(SIN_1011314) coding for a phosphoenolpyruvate carbox-
ykinase (PEPCK; 4.1.1.49) were strongly up-regulated (Log,
fold change 4.7 and 2.9, respectively). The PEPCK enzymes
are ubiquitous across the plant kingdom, playing a pivotal
role in carbon metabolism and physicochemical processes in
photosynthesis. Although the role of phosphoenolpyruvate
carboxylase (PEPCase) and PEPCK is well understood in
C4 and CAM photosynthesis, it also plays a wide range of
roles in non-photosynthetic and photosynthetic tissues of
C3 plants in energy and biosynthetic metabolism (Izui et al.
2004). Several studies have demonstrated the induction of
PEPCK genes and their functional role in tolerance to abiotic
and biotic stresses (Feria et al. 2016; Garcia-Maurifio et al.
2003; Gonzalez et al. 2003; Hyskova et al. 2014; O’Leary
et al. 2011; Wang et al. 2016b; Waseem and Ahmad 2019).
Increased PEPC activity in roots initiates the production of
metabolic intermediates required in several metabolic pro-
cesses such as pyruvate, organic acids (malate or citrate)
that chelate cations in nutrient deprivation, and synthesis of
osmolytes like proline during osmotic stress (Doubnerova
and RySlava 2011; Gonzélez et al. 2003; O’Leary et al.
2011). Induction of in the gene expression or increased
enzyme activities of PEPC and PEPCK in responses to abi-
otic stresses, especially in roots, has been demonstrated in
Arabidopsis (Feria et al. 2016), wheat (Gonzélez et al. 2003;
Zang et al. 2018), and tomato (Gong et al. 2014).

Pyruvate and pyruvate-derived amino acids accumulate
in roots under oxidative conditions (Lehmann et al. 2009,
2012) and in stressed seedlings (Obata et al. 2011). Pyru-
vate synthesis occurs in the cytoplasm directly by the phos-
phorylation of phosphoenolpyruvate catalyzed by kinase
enzyme or by the action of PEPCase. In addition to PEPCK
in our study, up-regulation of pyruvate kinase family pro-
tein (XLOC_027450; SIN_1001467) and phosphoenolpyru-
vate hydratase (XLOC_005608; SIN_1012968)) along with
down-regulation of both putative pyruvate dehydrogenases
(XLOC_019412; SIN_1022485 and XLOC_010651;
SIN_1018146) implicates an orchestrated induction of bio-
synthetic genes and suppression of catabolism to promote
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pyruvate accumulation in osmotically stressed TEX-1 roots
(Supplementary Material Fig. S8). Pyruvate is the primary
substrate for the tricarboxylic acid (TCA) cycle and syn-
thesis of several amino acids, fatty acid biosynthesis, and
anaerobic fermentation. Several studies based on expression
analysis and transgenic approaches support the role of PEP-
derived pyruvate formation in roots during environmental
stresses (Bouthour et al. 2015; Chen et al. 2010; Feria et al.
2016; Wang et al. 2016b; Zhao et al. 2019).

In plants, the phenylpropanoid pathway comprises a com-
plex network of metabolic processes related to the synthe-
sis of powerful antioxidants such as phenolics (flavonoids,
isoflavonoids, hydroxycinnamic acids, and lignin) and sec-
ondary metabolites. The enzymes involved in the phenyl-
propanoid pathway have been shown to play a direct role in
abiotic and biotic stresses in a different plant species (Dixon
and Paiva 1995; Sharma et al. 2019). In TEX-1, expression
of at least four members of cinnamyl alcohol dehydrogenase
family (XLOC_021096; SIN_1005800, XLOC_011357;
SIN_1021093, XLOC_021100; SIN_1005796,
XLOC_021101; SIN_1005795), 4-Coumarate—CoA ligase
(XLOC_023104; SIN_1006083), Cinnamoyl-CoA reduc-
tase (XLOC_009932; SIN_1007428), and peroxidase
(XLOC_017799; SIN_1023583) were induced at least four-
fold higher in osmotically stressed roots (Supplementary
Material Fig. S9). Increased expression of genes involved
in flavonoid and lignin biosynthesis (such as phenylala-
nine ammonia-lyase (PAL), 4-coumarate 3-hydroxylase
(C3H), 4-coumarate: coenzyme A ligase (4-CL), caffeoyl
coenzyme A O-methyltransferase, cinnamyl alcohol dehy-
drogenase (CAD), peroxidase) during water stress has been
demonstrated in several plant species (Li et al. 2017; Liu
et al. 2018; Preisner et al. 2018; Yan et al. 2012; Yoshimura
et al. 2008). Further, lignin modification is also known to be
associated with the activation of genes involved in oxidative
stress responses aligning with the up-regulation of expres-
sion of glutathione S-transferase (XLOC_018225; 4.5-fold
change at Log,) in TEX-1 roots. Several transcriptomic and
metabolomic studies in plants have confirmed that enhanced
flavonoid accumulation positively impacts drought stress tol-
erance (Ballizany et al. 2012; Fleck et al. 201 1; Nakabayashi
et al. 2014; Nichols et al. 2015).

Plant hormones mediate responses to adapt to environ-
ment changes (Burgess and Huang 2016; Peleg and Blum-
wald 2011). We assessed the DEGs associated with hormo-
nal pathways such as ethylene, auxin, cytokinin, gibberellic
acid (GA), abscisic acid (ABA), and jasmonic acid (JA).
The phytohormone ethylene is well known for its role in
various biotic and abiotic stresses (Ju and Chang 2015) and
in promoting root growth (Stepanova et al. 2007; Swarup
et al. 2007). Ethylene is synthesized from methionine
through 1-aminocyclopropane-1-carboxylic acid (ACC)
synthase (ACS) and ACC oxidases (ACO). In the roots
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of drought-tolerant TEX-1, we found that the expression
of both ACC (XLOC_005397; SIN_1024771) and ACS
(XLOC_010050; SIN_1013258) were strongly up-regu-
lated (> threefold change at Log,). Consistent with these
observations, an increase in the expression of ACS and ACO
genes in response to water stress has also been reported in
soybean (Arraes et al. 2015) and barley (Montilla-Bascén
et al. 2017). Several independent studies have confirmed
increased ethylene production in roots during water deficit
(da Costa et al. 2013; Munné-Bosch and Miiller 2013; Sharp
2002). Ethylene acts as a signaling molecule during abiotic
and biotic stresses (Johnson and Ecker 1998; Ju and Chang
2015) and promotes adventitious root development pre-
dominantly by alternating auxin biosynthesis, transport, and
signaling (Negi et al. 2010; Qin and Huang 2018). In line
with this theory, in TEX-1 roots, we also observed induc-
tion of expression of auxin response factor (XLOC_000963;
SIN_1010841) and SAUR-like auxin-responsive pro-
teins (XLOC_006093; SIN_1014231, XLOC_001224;
SIN_1013943). Drought stress inhibits the synthesis and
transport of cytokinin (Prerostova et al. 2018), causing a
decline in stress tolerance. Our results demonstrated that
the expression of isopentenyl transferase (XLOC_019702;
SIN_1012440), a key rate-limiting step in the biosynthesis
of cytokinin (Sakakibara 2006), was strongly up-regulated
in TEX-1 roots in response to osmotic stress. The role of
cytokinin production in abiotic stress-induced responses has
been demonstrated in a dicot (Rivero et al. 2007) and mono-
cot plants (Peleg et al. 2011). Moreover, down-regulation of
cytokinin oxidase (XLOC_004591; SIN_1024740), which
promotes root growth, also indicates possible crosstalk
between ethylene, auxin, and cytokinin hormonal pathways
in alternating root growth in TEX-1 during osmotic stress.
JA is involved in the regulation of many physiological and
stress-related processes in plants (Wasternack and Hause
2013). Jasmonate ZIM-domain (JAZ) proteins regulate JA
signaling pathways and the crosstalk between various phy-
tohormones (Zhu et al. 2011). Unlike VEN-1, at least four
of the putative JAZ proteins (XLOC_006351; SIN_1006670,
XLOC_012304; SIN_1010464, XLOC_016643;
SIN_1007561, XLOC_010484; SIN_1021313) were up-
regulated in osmotically stressed TEX-1 roots. Similarly,
up-regulation of gibberellin 2-oxidase (XLOC_020788;
SIN_1022458), which plays an important role in the GA
catabolism, in TEX-1 roots is consistent with its role in root
development during abiotic stress (Shan et al. 2014). On the
other hand, the expression of ABI5 binding protein 2 (AFP,
XLOC_010602), which interacts with transcription factor
ABA-Insensitive 5 (ABIS), a key regulator in ABA signal-
ing and stress response (Garcia et al. 2008) was up-regulated
in both TEX-1 and VEN-1 roots suggesting its conserved
role in roots in response to osmotic stress. ABA modifies
root hydraulic properties and regulates water balance during

drought stress (Aroca et al. 2012), promoting root growth to
access water in deeper soil layers (Skirycz and Inzé 2010).
ABIS acts as a negative regulator of lateral root development
during stress (Shkolnik-Inbar and Bar-Zvi 2010), while AFP
attenuates ABA signals by targeting ABI5 for ubiquitin-
mediated degradation (Lopez-Molina et al. 2003).

Taken together, it is evident that the processes associated
with osmotic stress responses in sesame roots are regulated
in a complex way not by a few selected hormones but by
the crosstalk between several hormonal networks and the
regulatory elements. The complexity of the osmotic stress-
induced responses observed in the current study suggesting
multiple levels of metabolic and molecular regulations is in
agreement with transcriptomic studies in other oilseed crops
such as sunflower (Liang et al. 2017), safflower (Wei et al.
2020), peanut (Zhao et al. 2020), soybean (Ha et al. 2015).

Conclusions

In conclusion, comparative analysis of sesame root transcrip-
tomes indicated a coordinated regulation of multiple genes
and pathways (effector and regulatory genes) and provided
a catalog of transcriptomic variation between genotypes,
with contrasting responses to osmotic stress. The RNA-Seq
data generated in this study would be a valuable resource
for the identification of genes related to drought tolerance
across systems. Furthermore, genes involved in amino acid
metabolism, phenylpropanoid, and hormonal pathways and
TFs induced in TEX-1 roots would serve as potential bio-
markers for identifying drought-tolerant genotypes. The use
of systems biology approaches incorporating transcriptomic,
proteomic, and metabolomic information would help in
understanding the functional role and biological relevance of
these genes in roots during drought stress in plants. Further,
the RNA-Seq data made available in the public repository
would serve the interests of researchers characterizing the
drought tolerance mechanisms and accelerate the efforts to
breed crops for sustainable production.
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