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Major crops are generally sensitive to waterlogging, but our limited understanding of the waterlogging gene
regulatory network hinders the efforts to develop waterlogging-tolerant cultivars. We generated high-resolution
temporal transcriptome data from root of two contrasting sesame genotypes over a 48 h period waterlogging and
drainage treatments. Three distinct chronological transcriptional phases were identified, including the early-
waterlogging, late-waterlogging and drainage responses. We identified 47 genes representing the core
waterlogging-responsive genes. Waterlogging/drainage-induced transcriptional changes were mainly driven by
ERF and WRKY transcription factors (TF). The major difference between the two genotypes resides in the early
transcriptional phase. A chronological transcriptional network model predicting putative causal regulations
between TFs and downstream waterlogging-responsive genes was constructed and some interactions were
validated through yeast one-hybrid assay. Overall, this study unveils the architecture and dynamic regulation of
the waterlogging/drainage response in a non-model crop and helps formulate new hypotheses on stress sensing,

signaling and sophisticated adaptive responses.

1. Introduction

During their growth and development, plants are prone to various
stressful conditions that demand a dynamic metabolic reprogramming.
Waterlogging, which arises from excess soil water, decreases oxygen
availability to plants and slows down aerobic respiration and photo-
synthesis [75]. Under the current climate change, floods are surging in
many regions of the world, limiting agricultural production and
threatening food security [26]. It has been estimated that waterlogging
decreases crop productivity by approximately 20% [31]. Many wetland
species have evolved a suite of traits to thrive under waterlogging con-
ditions [9]. These traits sequentially appear in three stages. Initially, the
plant rapidly induces a set of signal transduction components, which
activate a metabolic adaptation involving fermentation pathways. And
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the third stage involves morphological changes such as the formation of
aerenchyma and/or adventitious root [17,30,54]. Extensive studies on
the genetic and molecular regulation of these flood-adaptive strategies
have been performed, especially on wetland species [11,19,24,
45,52,64]. For example, the key genes regulating flood-adaptive quies-
cence (SUB1A) and escape (SNORKEL1/2) were unraveled in rice
[24,72]. In addition, investigations on the model plant species Arabi-
dopsis thaliana have led to breakthroughs in our understanding of low
oxygen sensing and regulation. In particular, results from studies of
Gibbs et al. [21] and Licausi et al. [41] demonstrated that oxygen
sensing in plants operates via posttranslational regulation of the group
VII family of ethylene response factors (ERF) by the N-end rule pathway.
The prompt recovery from the post waterlogging period is also a key
determinant of plant tolerance. Recently, Yeung et al. [73] discovered
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three Arabidopsis genes namely RESPIRATORY BURST OXIDASE HO-
MOLOG D, SENESCENCE-ASSOCIATED GENE113 and ORESARAI,
which function in a signaling network that regulates recovery processes
following flooding.

Unfortunately, with the exception of rice, major and important crops
are terrestrial species generally sensitive to waterlogging, and limited
progress has been made so far to develop tolerant germplasm [5]. Ses-
ame (Sesamum indicum L.) is a typical example of crop naturally adapted
to dry conditions and highly susceptible to waterlogging [68,71]. Ses-
ame is a source of high-quality oil with a unique abundance of antiox-
idants such as sesamin and sesamolin. It also has a component balance in
oleic acid and linoleic acid concentrations [3]. Recently, the annual
demand of sesame seeds has increased [13]. However, with the
increasing frequency and intensity of floods in tropical areas, cata-
strophic yield losses are recorded in sesame fields, expanding the gap
between seed production and demand [1,50]. It is estimated that sesame
can suffer yield losses of more than 30% (in severe cases, 50-90%) when
cultivated in waterlogged soils [23,50]. Waterlogging-tolerant sesame
resources are rare and our insight into waterlogging responses at the
morphological, physiological and molecular levels is still limited. In
field conditions, high temperatures amplify the stress induced by
waterlogging and most of sesame genotypes barely survive over 36 h of
stress [57]. The accession ZZM2541 was initially identified by Feng et al.
[18] and later confirmed by [58,59]), Wei et al. [71], as a tolerant ge-
notype able to survive several days of waterlogging. The intra-species
variation in waterlogging tolerance of sesame is of great importance
because it could potentially point to the key molecular components that
modulate tolerance to this stress. A detailed understanding of the mo-
lecular regulation of waterlogging responses in sesame is cardinal in the
search for commanding genes that can be exploited to improve the
existing germplasm. Previous transcriptome profiling studies revealed
that a huge number of genes were altered upon waterlogging exposure
[67,68]. The latter even investigated transcriptome changes during the
recovery from waterlogging and identified a set of 3016 genes func-
tioning in energy supply and cell repair or formation [68]. However,
these studies analyzed this response at limited temporal resolution,
therefore, the architecture and dynamics of the waterlogging/recovery
gene regulatory networks are still unclear.

In the present study, we generated a high-quality and high-resolution
time series RNA sequencing data from root of two contrasting sesame
cultivars (ZZM2541 and Ezhi-2) during waterlogging and recovery
stages. Our data help determine the sequence of transcriptional phases
that occur during waterlogging and recovery. We also identified the
major regulators operating during each transcriptional phase and con-
structed a dynamic model of the waterlogging/recovery gene regulatory
networks. Comparison of the transcriptional responses in waterlogging
tolerant and sensitive genotypes further shed light on the tolerance
mechanism. Overall, we provide here, a novel insight into the structure
of waterlogging/recovery regulatory network in a non-model crop.

2. Material and methods
2.1. Plant materials and stress treatment

Two genotypes of sesame (Sesamum indicum L.) were obtained from
the China National Genebank, Oil Crops Research Institute, Chinese
Academy of Agricultural Sciences and used in this experiment. The ge-
notype ZZM2541 (R2G) displays a strong tolerance to waterlogging stress
while Ezhi No.2 (EG) is highly susceptible as demonstrated by Wei et al.
[71]. The experiment was conducted in a greenhouse as described by
Dossa et al. [16]. The average temperature and relative humidity during
the experiment is presented in Supplementary file 1. Plants were grown in
pots (25 cm diameter and 30 cm depth) containing 7 Kg of loam soil mixed
with 10% compound fertilizer. The plants were irrigated every 3 days and
the soil volumetric water content (vwc) was maintained at ~35%. A pot
tray was placed under each pot to avoid water loss. A completely
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randomized blocking design with four replicates was employed. 15 days
after the initiation of flowering, half of the pots were waterlogged by
standing in a plastic bucket filled with tap water up to 3 cm above the soil
surface. Each pot contains three seedlings, which were maintained
waterlogged for 36 h and afterwards, pots were drained to allow plants to
recover for 12 h (vwc = ~35%). In parallel, half of the pots were kept
under normal growth conditions (vwec = ~35%) during the whole
experiment. Root samples (whole root) were collected from three indi-
vidual plants (biological replicates) from different pots in the stress and
control treatments at 11 time points following the flowchart presented in
Fig.1. In total, 126 root samples were collected, snap frozen in liquid
nitrogen and used for follow-up analyses (Supplementary file 2).

2.2. Transcriptome sequencing and data analysis

2.2.1. RNA extraction, library preparation and RNA sequencing

Total RNA was extracted from 126 root samples using the TRIzol
reagent (Invitrogen), and treated with DNase I and Oligo (dT) to isolate
mRNAs. The concentration and quality were determined using an ul-
traviolet spectrophotometer and 2% denaturing agarose gels. The cDNA
was synthesized using the mRNA fragments as templates. The short
fragments (~300 bp) were ligated with adapters and the suitable frag-
ments were selected for PCR amplification. The libraries were paired-
end sequenced using the Illumina platform Hiseq 2000 [14].

2.2.2. RNA-seq data analysis

The program FastQC (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/) was employed to determine the base quality of
the raw reads (in FASTQ format) and we removed the paired-end reads
containing more than 5% ambiguous residues (Ns) and those containing
>10% bases with a Phred quality score of 10. Then, the raw reads were
trimmed using Trimmomatic, version 0.32 [6]. After cleaning and
quality reassessment with FastQC, approximately 31.6-56.8 million
high-quality reads of 90-bp length remained in each sample. The high-
quality reads were mapped to the sesame reference genome v1.0 (htt
p://ocri-genomics.org/Sinbase/login.htm) [69] using the STAR soft-
ware [12], allowing no more than one mis-match in the alignment.
Approximately, 88.9-97.4% of the clean reads were uniquely mapped to
the reference genome, with 94.3-98.6% of them uniquely mapped to
genic regions. Using the featureCount package [40], the gene expression
levels were calculated based on the number of unique matched reads to
the sesame genome v1.0 [69] and were normalized to Transcripts Per
Million (TPM). Further analyses were implemented based on genes with
TPM > 1 following the diagram presented in Fig. 2a.

2.3. Differential gene expression analysis

The identification of the differentially expressed genes (DEGs) was
performed with the R software (http://www.r-project.org) according to
the pipeline described by Hickman et al. [25] with slight modifications.
For each genotype, the DEGs after waterlogging and drainage treatments
compared to the control treatment were identified using a generalized
linear model with a log link function and a poisson distribution. The
time after treatment and the treatment itself were considered as factors
in a saturated model: fit.full = glm(counts ~ treatment + time +
treatment:time, data = data, family = poisson(link = “log™)). Next, we
assessed the time effect on the total count for each gene using a reduced
model: fit.reduced = glm(counts~times, data EG_data, family =
poisson(link = “log™)). To evaluate the treatment effect on the total read
count for each gene, the saturated model was compared with the
reduced model using ANOVA with a x? test: anova(fit.reduced, fit.full,
test = “Chisq”). Only genes, which displayed a minimum of a 2-fold
difference in expression on at least one time point, were retained for
further analysis after a Bonferroni correction of the P value (P < 0.05)
obtained from the y test. All the DEGs were assigned to the time point of
their first differential expression.
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Fig. 1. Schematic representation of the experimental setup and analysis of the root samples. (A) Two sesame genotypes were grown in pots until the flowering
period. Half of the plants remained in control conditions while the other half was submitted to 36 h of waterlogging followed by 12 h of drainage. Root samples were
collected in triplicate at different time points in parallel in the control (CK) and stress (S) treatments. (B) Phenotypes of the two genotypes (R2G-tolerant and EG-
sensitive) before, 16 h under waterlogging and 12 h after waterlogging stress. (C) Roots of single representative replicates of R2G and EG in CK and at 36 h post

waterlogging stress. (D) Transverse root sections of R2G and EG after 4 h and 36 h waterlogging stress.

2.4. Time-serie clustering of gene expression profiles

Because of the high number of collecting time points, a lot of infor-
mation related to the gene expression changes could be masked in a
traditional clustering method such as principal component analysis.
Therefore, we implemented the tsne reduction scatter plot, which is a
non-linear dimensionality reduction method for embedding high
dimensional data in a low-dimensional space [63]. The analysis was
performed with the R software (http://www.r-project.org) using the
‘tsne’ package v.0.1-3 (https://cran.r-project.org/web/packages/tsne

/tsne.pdf).

2.5. Identifying the chronological transcriptional phases of waterlogging-

drainage responses

To identify the different transcriptional phases under waterlogging/
drainage treatments, the expression values of all DEGs at the different

collecting time points were employed for a hierarchical heatmap clus-
tering in EG and R2G. Clustering of the chronological time points in the
heatmaps helped group them into transcriptional phases. Accordingly,
all DEGs were assigned to the transcriptional phases when they become

first differentially expressed.

2.6. Enrichment analysis of TF family and cis-regulatory motifs

The sesame transcription factor (TF) database composed of 58 TF
families and 2326 members was downloaded from the PlantTFDB v4.0
(http://planttfdb.cbi.pku.edu.cn/, [32]). Overrepresentation analysis of
TF families among the DEGs in response to waterlogging/drainage
treatments was performed using the cumulative hypergeometric distri-
bution (P < 0.05) computed with the ‘phyper’ function (https://stat.ethz.
ch/R-manual/R-devel/library/stats/html/Hypergeometric.html) in the
R software (http://www.r-project.org) with a Bonferroni correction of

the P values [7].
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Fig. 2. Overview of the analysis scheme of the transcriptome data. (A) Flowchart showing the steps in the RNA-seq data analysis. (B) Tsne scatter plot depicting the
clustering patterns of the samples according to the genotypes and stress treatments based on the gene expression profiles. In the diagram, the transverse ordinates
represent the first and second principal components; the symbols in the graph represent the samples, and the color depth represents the duration of the stress
application (in hour) from light yellow to crimson to indicate a process from 0 to 48 h. CK-R2G, CK-EG represent root samples collected at different time points under
control conditions from the genotypes R2G and EG, respectively. R2G and EG represent root samples collected at different time points under stress treatments from
the two sesame genotypes R2G and EG, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

The next step consisted in detecting the enriched cis-regulatory
motifs within the promoters of the regulated genes by these enriched
TF families. First, all the sesame TF binding motifs were downloaded
from the JASPAR website (http://jaspar.genereg.net/, [33]). Then, se-
quences of 500 bp upstream from the transcription start site of all DEGs
were retrieved from the sesame genome v1.0 [69]. The promoter regions
were scanned for presence/absence of the motifs using the FIMO tool
v5.0.3 [22] with a threshold (P < 0.01). All promoters were grouped into
transcriptional phases based on the appertaining transcriptional phase
of the corresponding gene. Then, we performed an enrichment analysis
of each motif within the promoters of the DEGs belonging to a particular
transcriptional phase using the cumulative hypergeometric distribution
(P < 0.05) as described above.

2.7. Gene ontology

Gene ontology (GO) enrichment analysis was conducted in the
software AgriGO v2.0 (http://bioinfo.cau.edu.cn/agriGO/, [62]). A
hypergeometric test with a significance threshold of 0.05 after a Bon-
ferroni correction was used to identify overrepresented GO categories.
Similarly, the kyoto encyclopedia of genes and genomes (KEGG)
pathway enrichment analyses were conducted using the Blast2GO soft-
ware [10].

2.8. Regulatory network construction

To predict the regulatory network connecting the TFs to the tran-
scriptional phases, we selected TFs within the DEGs that have annotated
DNA binding motifs obtained from the JASPAR database as described
above. Thereafter, the regulated genes belonging to each transcriptional
phase were gathered together to test for overrepresentation of each DNA
binding motif using the hypergeometric distribution (P < 0.05). Ac-
cording to the transcriptional phases in which a particular TF binding
motif was enriched, a directional edge was drawn from the corre-
sponding TF to that phase. The Cytoscape software v.3.6.1 [56] was
employed to display the resulting networks.
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2.9. Analysis of CAMTA5 homologs in plants

The genomic, coding and protein sequences of the gene
LOC105178907 (CAMTAS5) were obtained from Sinbase (http://sesame-
bioifo.org/Sinbase/index.html, [70]). The homologs in Arabidopsis,
tomato and rice were searched using BLASTp [2]. The gene exon-intron
structures were constructed using the website GSDS v2.0 (http://gsds.
cbi.pku.edu.cn/, [29]) and the conserved motifs prediction was per-
formed in the SMART tool (http://smart.embl-heidelberg.de/, [38]).

2.10. Yeast-one-hybrid assay

The 500 bp sequences upstream from the transcription start site of 19
predicted target genes for seven TFs were isolated (Supplementary file
3) and cloned into the bait vector pHIS2 (Clontech, USA) between EcRI/
Smal and EcoRI/Sacl sites. The full cDNA sequences of the TFs were PCR
amplified (Supplementary file 3) and cloned into the prey vector
PGADT7-Rec2 (Clontech, USA) using EcoRI/Xhol sites. The constructs
were confirmed by sequencing at Tsingke company (Wuhan, China). The
co-transformed yeasts strain Y187 containing the bait and prey were
cultivated on the synthetic dextrose minimal medium (SD) lacking
leucine, tryptophan and histidine (SD/—Leu/—Trp/-His) supplemented
with 0 or 3 mM 3-amino-1,2,4-triazole (3-AT). The pictures were taken
seven days later. Yeasts co-transformed with pGAD-53 and pGBD53
served as positive controls. The negative control was pGADT7-Rec2 and
Pp53HIS2 co-transformation. The interaction between prey and bait was
observed according to the growth of the yeast transformants in a series
of 10-fold dilution.

2.11. Root anatomy experiment

Root samples were collected along the taproot (top 2 cm) and stored
in formalin-alcohol-glacial acetic acid (90:5:5, v/v/v) for 24 h. Dehy-
dration, staining and transverse sections were processed following de-
scriptions of Dossa et al. [13,14]. Leica scanner Aperio CS2 (Leica
Biosystems, Germany) was used for imaging of the root sections and
image processing was performed with the Aperio Imagescope software
(Leica Biosystems, Germany).


http://jaspar.genereg.net/
http://bioinfo.cau.edu.cn/agriGO/
http://sesame-bioifo.org/Sinbase/index.html
http://sesame-bioifo.org/Sinbase/index.html
http://gsds.cbi.pku.edu.cn/
http://gsds.cbi.pku.edu.cn/
http://smart.embl-heidelberg.de/

L. Wang et al.
2.12. Biochemical analysis

We took 1 g fresh root samples harvested from plants under stress
and non stress conditions (in triplicate), crushed and extracted with 1 ml
of 50 mM sodium phosphate (pH 7.4) buffer and kept on ice for 20 min.
The mixture was centrifuged at 12000 g for 15 min and quantified using
a spectrophotometer. Measurements of ascorbate peroxidase (APX),
catalase (CAT), peroxidase (POD), superoxide dismutase (SOD), and
malondialdehyde (MDA) were performed using the kits provided by
Nanjing Jiancheng bioengineering Institute, China, following manu-
facturer’s instructions [76].

2.13. qRT-PCR validation

qRT-PCR was performed with three independent biological repli-
cates and three technical replicates of each biological replicate using a
Light Cycler 480 II (Roche, Switzerland). Experimental details are re-
ported in work of Dossa et al. [13,14]. The relative expression level of
the selected genes was normalized to the expression level of the
endogenous gene SiH3 based on the 2724t method [43]. The primer list
is presented in Supplementary file 4.

2.14. Statistical analysis

Data were analyzed with the R (www.r-project.org). One-way anal-
ysis of variance was performed by comparing the two genotypes, fol-
lowed by Tukey HSD test for mean comparison.

3. Results

3.1. High-resolution gene expression pattern under time-course
waterlogging/drainage

We sequenced a high-resolution time series transcriptome data from
root of two contrasting sesame genotypes (EG and R2G) at 11 consec-
utive time points within a 48 h period waterlogging/drainage treat-
ments (Fig. 1a). The tolerant genotype R2G exhibited low wilting signs
throughout the experiment and rapidly recovered after drainage. On the
contrary, the sensitive genotype EG was strongly wilted (Fig. 1b). The
root biomass of the stressed R2G plants was increased as compared to
the non stressed plants while the opposite was observed in EG (Fig. 1c).
We further analyzed the anatomy of the taproot samples collected from
plants after 4 h and 36 h waterlogging treatment. We observed that R2G
presented a well-organized taproot structure after 4 h stress with very
few intercellular spaces resulting from the collapse of the parenchyma
cells after 36 h waterlogging (Fig. 1d). In contrast, after 4 h waterlogging
stress, EG showed a high loss of cortical cells and later, a disintegration
of the internal root structure was observed. These results confirm that
R2G had higher capacity to sustain waterlogging stress as compared to
EG. Waterlogging induces oxidative stress and a strong activity of
antioxidant enzymes, including ascorbate peroxidase (APX), catalase
(CAT), peroxidase (POD), superoxide dismutase (SOD), is essential for
buffering excessive reactive oxygen species (ROS). The malondialde-
hyde (MDA) content is associated with lipid peroxidation via an
increased generation of ROS, therefore, MDA level is a good indicator for
stress tolerance [76]. In this study, we observed globally a significantly
higher induction of APX, CAT, POD in R2G than EG throughout the
waterlogging stress duration. SOD induction was not significantly
different between the two genotypes. However, the MDA level was
significantly higher in EG than R2G, indicating that EG suffered more
from oxidative stress induced by waterlogging than the tolerant geno-
type R2G (Supplementary file 5).

Overall, the RNA-sequencing of the 126 root samples (Supplemen-
tary file 2) yielded over 633 Gb clean data with 97% of bases scoring
Q30 and above (Supplementary file 6). Gene expression levels were
normalized to Transcripts Per Million (TPM) and further analyses were
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implemented based on genes with TPM > 1 following the flowchart in
Fig. 2a. A generalized linear model was employed to identify genes
whose transcript levels differed significantly under waterlogging/
drainage treatments and under control conditions [25]. In total, we
obtained a set of 6201 unique differentially expressed genes (DEGs)
(Supplementary file 7), including 4912 genes in R2G and 6032 genes in
EG. The greater preponderance of affected genes in EG underscores its
sensitivity to waterlogging [68]. We randomly selected 14 DEGs and
estimated their expression fold change under temporal waterlogging
stress based on qRT-PCR. Globally, the QRT-PCR result was similar to the
RNA-seq report with a Pearson correlation coefficient of R? = 0.78
(Supplementary file 8), validating the RNA-seq based gene expression
profiling and DEG detection in this study.Based on the gene expression
profile, the tsne reduction analysis was implemented and as shown in
Fig. 2b, the samples could be roughly divided into four groups. The first
group gathered together CK_R2G and CK_EG showing that the two ge-
notypes displayed similar transcriptional reprogramming over time
under control conditions. The second and third groups included samples
collected during the early and late waterlogging stresses, respectively.
Finally, the last group encompassed samples from the post drainage
stage in R2G and EG. Altogether, the observed clustering pattern denotes
that sesame differentially readjusts the transcriptional activity upon
waterlogging and drainage treatments as compared to the control
conditions.

3.2. Key transcriptional phases in sesame response to waterlogging/
drainage

We took advantage of our dense time series transcriptome data to
unravel the major phases in the transcriptional readjustment under
waterlogging/drainage treatments. The hierarchical heatmap clustering
was performed based on the DEGs. Although a slight difference could be
observed in the transcriptional time-phasing results of R2G and EG,
globally, three key chronological transcriptional phases were high-
lighted: phase 1 = 4, 8 and 12 h; phase 2 = 16, 20, 24 and 32 h and phase
3 =40, 44, 48 h (Fig. 3a,b). Based on the chronology of the time series in
the different phases, we deduce that phase 1 and phase 2 represent the
early and late transcriptional responses to waterlogging, respectively,
while phase 3 constitutes the post-drainage transcriptional readjust-
ment. Next, we assigned the DEGs to the different transcriptional phases
according to the time point they become first differentially expressed
(Supplementary file 7). Consistently in the two genotypes, phase 1
involved more than half of the DEGs (58% and 56% in EG and R2G,
respectively), suggesting that waterlogging stress induces a burst of
transcriptional activity at the early stage. A lesser proportion of the
DEGs were assigned to phase 2 (39% in EG and R2G) and only 3 and 5%
of the DEGs in EG and R2G, respectively, were assigned to phase 3.
These patterns of transcriptome reprogramming under waterlogging/
drainage treatments were quite similar between the two genotypes,
therefore, a deep excavation of the enriched pathways and the gene
models within each transcriptional phase would help illuminate the
features underlying the sensitivity/tolerance of these two genotypes. For
example, only 46, 32 and 10% of the DEGs were shared by both geno-
types during the transcriptional phases 1, 2 and 3, respectively, indi-
cating that each genotype has a specific response to waterlogging/
drainage during the time-course (Fig. 3c). Nonetheless, we identified 47
conserved genes constantly differentially expressed throughout all the
seven time points under waterlogging stress in the two genotypes, which
represent the core waterlogging-responsive (CWR) genes despite the
tolerance levels in sesame (Supplementary file 9). Only ten of the CWR
genes were up-regulated by waterlogging. Overall, the sesame CWR
genes encode various enzymes (ADH, trehalose 6-phosphate phospha-
tase, flavonol synthase, cytochrome P450, naphthoate synthase, chlo-
rophyll synthase, peroxiredoxin, etc.) important in anaerobic
metabolism and cellular homeostasis.
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3.3. Enriched pathways in the different waterlogging/drainage
transcriptional phases

To get insight into the biological functions of the DEGs involved in
each transcriptional phase, the kyoto encyclopedia of genes and ge-
nomes (KEGG) pathway enrichment analysis was performed (Fig. 4).
Upon exposure to waterlogging stress (phase 1), genes belonging to
various biological classes, mainly related to the terms of metabolic
pathways and biosynthesis of secondary metabolites were differentially
expressed in the tolerant genotype R2G. These major KEGG terms along
with several minor KEGG terms such as nitrogen metabolism, fatty acid
metabolism, ABC transport, glutathione metabolism, etc., were absent in
the sensitive genotype. This observation denotes a rapid reaction to
waterlogging stress at the early stages in R2G. The second transcrip-
tional phase involved similar KEGG terms like the first one, but novel
terms such as fatty acid biosynthesis, biotin metabolism, ascorbate and
aldarate metabolism, etc., were also enriched in R2G. We noticed a
conspicuous similarity between the second transcriptional phase-
enriched KEGG terms in the sensitive genotype EG and those from the
first transcriptional phase in R2G, which implies that the adaptive re-
sponses to waterlogging in the sensitive genotype were delayed until 16
h after the stress application. Finally, the drainage stage (phase 3)
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involved several genes related to energy production, a mechanism which
is quite conserved in both genotypes, though the amplitude of impli-
cated genes was slightly higher in R2G. Overall, our results indicate a
major difference in the transcriptional responses at the onset of the
waterlogging treatment between the two genotypes, which may un-
derpin their contrasting tolerance levels.

3.4. Overview of the major transcription factors families active during the
different waterlogging /drainage transcriptional phases

Transcription factors (TF) are the major operators of the transcrip-
tional reprogramming under abiotic stress [15,39]. The DEGs assigned
to each transcriptional phase were screened in order to identify the
enriched TF families active in response to waterlogging/drainage.
Overall, 23 TF families, including 14 in R2G and 21 in EG were found
principally regulating gene expression during sesame responses to
waterlogging/drainage (Supplementary file 10). The WRKY and ERF
members were the most dominant TFs detected throughout water-
logging/drainage responses in the two genotypes (Fig. 5). Besides, the
genes belonging to other TF families such as HSF, GRAS, MYB and ARF
were also overrepresented. Since the genotype R2G is highly tolerant to
waterlogging stress, we regarded its phase-specific enriched TF families
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Fig. 3. The waterlogging/drainage response consists of three transcriptional phases. (A,B) Heatmap hierarchical clustering of the differentially expressed genes
(DEGs) from the different time points in two sesame genotypes R2G and EG. Color ranges from cream to red show high to low correlation coefficients. Based on the
chronology of the events, three transcriptional phases were highlighted: phase 1 = 4, 8 and 12 h; phase 2 = 16, 20, 24 and 32 h and phase 3 = 40, 44, 48 h. The DEGs
were assigned to the different transcriptional phases according to the time point they become first differentially expressed (C). Venn diagram depicting the shared and
unique DEGs at the three transcriptional phases in two sesame genotypes R2G and EG. (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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Fig. 4. The kyoto encyclopedia of genes and genomes enrichment analysis of the differentially expressed genes at the three transcriptional phases in two sesame

genotypes R2G and EG.

as the model transcriptional regulation to survive waterlogging stress.
Compared to the model in R2G, the sensitive genotype EG showed a
delay in triggering the efficient transcriptional regulation. For example,
several ERF TFs were prompted to modulate gene expression at the onset
of waterlogging stress (phase 1) in R2G, but this mechanism was
observed only much later (phase 2) in EG. Another example concerns the
STAT gene (LOC105165486) which was specifically activated during
phase 2 and phase 3 in R2G and EG, respectively. This result relates that
a timely and accurate gene expression regulation during the transcrip-
tional phases is essential for survival to waterlogging/drainage in
sesame.

3.5. Insight into the functional ERF groups active under waterlogging/
drainage

Previous reports on Arabidopsis and rice highlighted the importance
of ERF TFs, particularly group VII-ERFs, in sensing the low-oxygen
induced by flooding and the induction of adaptive responses
[21,24,41,72]. In this study, the abundance of ERF TFs differentially
expressed at the early stage of waterlogging stress in R2G suggests that
this genotype may rapidly sense the stress and quickly trigger down-
stream signaling networks involved in the acclimation response. This
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mechanism was not observed in the sensitive genotype and we deduced
that a rapid sensing of waterlogging stress via the ERF TFs may be
crucial for tolerating the stress. We further investigated the ERF groups
active in R2G during the transcriptional phase 1 based on the classifi-
cation of the sesame AP2/ERF superfamily provided by Dossa et al. [15].
Surprisingly, we did not find any member of group VII differentially
expressed, which was further confirmed through gRT-PCR analysis
(Supplementary file 11). Instead, members of the groups III and IX were
overrepresented (Fig. 6). Within these early waterlogging-responsive
regulators, four genes including LOC105175593, LOC105163408,
LOC105164449 and LOC105168482 were strongly induced just after 4 h
waterlogging, denoting their early roles upstream of signaling pathways.
Similarly, when we analyzed the ERF TFs regulated later (phase 2) in the
sensitive genotype, we observed that members of groups III and IX were
also abundant along with only one gene (LOC105157874 (SiRAP2.2))
from group VII (Fig. 6a). Interestingly, the two genotypes shared 11 ERF
TFs highly active under waterlogging stress. These results indicate that
groups III and IX ERF genes are likely to be the main drivers of the
activation of waterlogging-responsive genes in sesame. ERF TFs were
also implicated in the transcriptional responses during the recovery from
waterlogging in the two genotypes, with the majority being down-
regulated (Fig. 6b).
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3.6. Major functional WRKF TFs active under waterlogging/drainage

A total of 60% of WRKY TFs present in the sesame genome were
strongly implicated in waterlogging and drainage responses in our study
(Supplementary file 7). WRKY TFs displayed a more positive regulation
than ERF TFs under waterlogging/drainage in sesame. Available tran-
scriptome data in other plant species indicate that several genes
encoding WRKY Ts are induced to high levels upon flooding [35,37,44].
Based on the classification of the sesame WRKY family [39], we searched
for overrepresented WRKY TFs active during the different transcrip-
tional phases. Members from all of the seven sesame WRKY TFs were
represented, showing the importance of this gene family in water-
logging/drainage responses in sesame (Fig. 6¢,d). In particular, the
members of group II-b were abundant within DEGs at the onset of the
waterlogging stress, implying their early roles in flood adaptive re-
sponses. Members of group I were mainly involved in the transcriptional
phase 2. The two genotypes shared 13 and 8 WRKY TFs during the first
and second transcriptional phases (Fig. 6¢,d), respectively, representing
the core WRKY members necessary for sequential transcriptional regu-
lation under waterlogging in sesame.

3.7. Predicting the target regulated genes through cis-regulatory motifs
enrichment analysis

The identification of overrepresented cis-regulatory elements is a key
step in shedding light on the regulatory mechanisms active in a partic-
ular environmental condition [25]. In order to elucidate the water-
logging/drainage regulatory network in sesame, we screened for
overrepresented regulatory motifs in the 500 bp promoter regions of the
target genes assigned to each of the three transcriptional phases under

NF-X1

CPP
Whirly

NF-YA

EG

R2G

BIL- Nin-like

MYB_related !

CPP [ NF-X1
. ‘ i STAT

Genomics 113 (2021) 276-290

waterlogging and drainage. As expected, the main enriched TF binding
motifs were WRKY and ERF during the transcriptional phases 1 and 2,
correlating with the activity of these major regulators (Fig. 7). However,
we also observed a high number of regulated genes harboring the DOF
motifs in their promoters, although the DOF TFs were not significantly
enriched within the main regulators during the phases 1 and 2. In
addition, after drainage, the cis-regulatory motifs related to CAMTA,
TCP and EIL were predominant in the promoters of the regulated genes,
which did not correspond to the regulators identified during this
particular transcriptional phase. These results indicate a complex ses-
ame waterlogging/drainage regulatory network in which, a particular
TF may regulate gene expression in its appertaining/different and sin-
gle/multiple transcriptional phases. Moreover, some members of less-
represented TF families (for example, the DOF genes LOC105163550
and LOC105174708) may also be as crucial as regulators belonging to
the enriched TF families for their roles in gene expression regulation.

3.8. Regulatory networks underlying waterlogging/drainage response in
sesame

Next, we constructed the gene regulatory networks predicting
directional interactions between waterlogging/drainage responsive
regulators and all regulated genes associated with the three transcrip-
tional phases using the TF DNA binding motif information. Fig. 8 pre-
sents the generated regulatory networks underlying waterlogging/
drainage responses in EG and R2G, in which the circular nodes represent
the key regulators connected by an edge to a transcriptional phase
(represented by a rectangle in the network) when the corresponding
DNA binding motif was overrepresented in that phase. The size of the
nodes is proportional to the number of the inferred regulated genes

MIKC_MADS

Trihelix
‘ ARR-B

Fig. 5. Several TF families are involved in waterlogging/drainage responses in sesame. The pie charts depict the proportion of the major TF families enriched
(hypergeometric distribution; P < 0.05) within the differentially expressed genes activated during the three transcriptional phases in two sesame genotypes R2G

and EG.
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Fig. 6. Various ERF and WRKY TFs groups are implicated in the waterlogging-drainage responses in sesame. (A,B) Heatmap displaying the log2 fold change of the
differentially expressed genes from the ERF family in two sesame genotypes R2G and EG during phases 1-3. (C,D) Heatmap displaying the log2 fold change of the
differentially expressed genes from the WRKY family in two sesame genotypes R2G and EG during phases 1-2. At each time point, up-regulation is shown in red,
down-regulation in blue and no-regulation is displayed in black color. The genes highlighted in yellow are those conserved in the two genotypes. The Roman nu-
merals represent the different ERF and WRKY groups. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

harboring the corresponding TF binding motifs in the promoter region
and nodes are colored according to the transcriptional phase where they
first became differentially expressed. As suspected, our predicted
network models showed that TFs may regulate genes from several
transcriptional phases. For instance, the genes LOC105178907
(CAMTA), LOC105178559 (ERF), LOC105175742 (TCP), LOC10515
9163 (bZIP), etc., were predicted to modulate gene expression in two or
three different phases.

Consistently in the two genotypes, the ERF and WRKY genes repre-
sent the largest TF families, ubiquitously active in the transcriptional
regulation of waterlogging/drainage responses in sesame. The two ge-
notypes shared similar regulators (38) but the regulation patterns
greatly differed, which may partly explain their contrasting responses to
waterlogging/drainage. The predicted regulatory networks highlighted
the main TFs acting upstream of waterlogging signaling cascade
including two key ERF TFs (LOC105159140 (DEAR), and
LOC105178559 (ERF9)) in R2G (Supplementary file 12). Several TFs
belonging to phases 1 and 2 regulated genes from following phases. In
addition, a particular transcriptional regulation mechanism was also
predicted, in which regulators may target genes from previous tran-
scriptional phases. Exceptionally, TFs belonging to phase 3 (drainage)
mainly regulated genes from phases 1 and 2, indicating a mechanism
towards the restoration/recovery of a functional metabolism which was
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slowed down under waterlogging stress [68]. The predicted regulatory
networks also highlighted some master players (LOC105174708 (Dof),
LOC105163550 (Dof), LOC105178280 (HD-ZIP), LOC105171783
(MYB), LOC105179594 (Trihelix), LOC105173131 (MYB-related),
LOC105167312 (WRKY), LOC105179013 (WRKY) and LOC105161503
(WRKY)), which are predicted to regulate significant numbers of target
genes. Other constitutive regulators (LOC105175742 (TCP),
LOC105171768 (TCP) and LOC105178907 (CAMTA)) participating in
all the transcriptional phases of waterlogging/drainage responses were
also predicted. Distinctly, the constitutive switch LOC105178907
(CAMTA) was conserved in the two genotypes (Fig. 8). This gene dis-
played a positive response to waterlogging stress as its expression level
was highly increased upon exposure to the stress. LOC105178907 is
annotated as a calmodulin-binding transcription activator 5 (CAMTAS5)
which is present in various plant species, including mocots and dicots
(Arabidopsis (AT4G16150), rice (LOC 0s07g30774), tomato (Sol-
yc12g99340)). Although the gene structure of CAMTAS5 has considerably
changed among these species, the functional protein motifs are well
conserved (Supplementary file 13).

In order to provide a solid experimental support to the predicted
interactions in the regulatory networks presented in Fig. 8, we per-
formed a yeast-one-hybrid assay using the promoter regions of 19 target
genes of seven selected TFs (LOC105163550, LOC105167312,
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Fig. 7. Identification of the overrepresented transcription factors binding motifs. The bubble charts indicate known TF DNA binding motifs overrepresented in gene
promoters (hypergeometric distribution; P < 0.05) belonging to the three transcriptional phases in R2G and EG.
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Fig. 8. Predicted directional interactions in the waterlogging-drainage gene regulatory network. Network plot of inferred connections between waterlogging-
drainage-induced TF and genes in the three transcriptional phases. The promoter sequences of genes associated with a transcriptional phase were tested for over-
representation of DNA motifs shown to be bound to TFs that are differentially transcribed following waterlogging-drainage treatments in two sesame genotypes R2G
and EG. Each TF with a known motif is represented by a colored circle and is plotted at the time point that its corresponding gene is first differentially expressed. Each
transcriptional phase is represented by a rectangle. An edge between a TF and a phase indicates significant enrichment of the corresponding binding motif in that
phase. The size of each TF node is proportional to the number of phases in which its binding site is overrepresented and the number of predicted regulated
downstream genes. To facilitate the interpretation of the network, nodes are grouped and colored according to the transcriptional phase where they first become

differentially expressed.
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LOC105179013, LOC105179594, LOC105173131, LOC105171768 and
LOC105178907). Except for two targets (LOC105161887 and
LOC105171509) which did not show successful interactions with the TF
LOC105163550, our results demonstrated that all the selected TFs could
bind to the 17 other corresponding target genes (Fig. 9).

3.9. The gene pools underpinning waterlogging/drainage differential
responses in R2G and EG

To uncover the key genes underpinning the differential responses to
waterlogging/drainage in R2G and EG, we compared their tran-
scriptomes at the different time points grouped into transcriptional
phases. In total, 474 genes were differentially expressed between the
two genotypes including 335, 88, 51 genes during phases 1, 2 and 3,
respectively (Supplementary file 14). This result further supports the
premise that the R2G waterlogging tolerance mechanism stems from the
early stage of exposure to the stress. The DEGs were enriched in the
KEGG terms related to biosynthesis of secondary metabolites, protein
processing in endoplasmic reticulum, phenylpropanoid biosynthesis,
etc. (Supplementary file 15). GO enrichment analysis of these DEGs
demonstrated their involvement in several biological processes related
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to metabolic activity, response to abiotic stress and biotic defense
(Supplementary file 16). It is worth noting that R2G regulated 173 genes
early (4 h) and constantly throughout the waterlogging duration but
these genes were regulated only after 8 h in the sensitive genotype
(Supplementary file 17). These genes encode important genes involved
in the respiration process, antioxidants, aquaporins, etc., which may
represent crucial components of the early responses and tolerance to
waterlogging in R2G.

4. Discussion

Sesame is highly sensitive to waterlogging stress and unlike drought,
a few hours of waterlogging (lasting over 36 h) are detrimental to the
crop’s survival, growth and yield, particularly, during the crop estab-
lishment and flowering stages [1,50,57]. In this short time, the plant
undergoes enormous transcriptional changes, as reported by Wang et al.
[68], who found that 72% of the global transcriptome is altered. Hence,
elucidating waterlogging stress transcriptional responses in sesame re-
quires a high-resolution temporal transcriptome data as generated for
the first time in the present work. According to findings by Tamang et al.
[601, the post-drainage stage is also a crucial process in crop survival
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Fig. 9. Yeast one hybrid assay for the interactions between seven selected transcription factors (LOC105163550, LOC105167312, LOC105179013, LOC105179594,
LOC105173131, LOC105171768 and LOC105178907) and their predicted target genes. The co-transformed yeasts strain Y187 containing the bait and prey were
cultivated on the synthetic dextrose minimal medium (SD) lacking leucine, tryptophan and histidine (SD/—Leu/—Trp/-His) supplemented with 0 or 3 mM 3-amino-
1,2,4-triazole (3-AT). N = negative control and P = positive control. The symbols + and * show correspondence between TFs and their targets.
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after waterlogging. Transcriptomic readjustment during the post-
waterlogging stage has been largely neglected [73]. In this study, we
extended our time-course transcriptome data over 3 time points after
water withdrawal to provide a comprehensive view of waterlogging/
drainage transcriptional responses in a non-model crop. Furthermore,
the comparison of the transcriptome reprogramming in genotypes dis-
playing contrasting responses to waterlogging stress offers a novel
insight into the tolerance mechanism to this stress. Transcriptome is
very dynamic and even under normal growth conditions, in the lapse of
a few hours, the expression levels of hundreds of genes are altered. For
example, by comparing the transcriptomes from the different time
points to 0 h in the control conditions (Fig. 1), we observed that over
11% of the global transcriptome was significantly changed in a period of
48 h. To preclude some background noises during the DEG detection and
related biases in the result’s interpretation, in our study, the gene
expression under waterlogging/drainage treatment was compared to the
controls from the same sampling time point [55]. Although this
approach greatly increased the sampling size and costs, it guaranteed
high quality DEG records [25].

4.1. The early transcriptional phase is crucial for tolerating waterlogging
stress in sesame

Taking advantage of our dense time-series data, we were able to
discern three distinct transcriptional phases, involving different bio-
logical processes during the waterlogging/drainage responses. Phase 1,
as the early transcriptional response, engages genes acting as the stress
sensors and functioning upstream of flooding signaling cascades. It is a
fundamental step in plant acclimation to flooding as the initiation of
adaptive responses requires an accurate and a timely perception of water
inundation [53]. We observed a transcriptional burst driven by several
TFs mainly, ERF and WRKY TFs during this phase leading to intense
changes in metabolic pathways. The key finding in this study is the
difference between the tolerant (R2G) and sensitive (EG) genotypes in
their early transcriptional responses to waterlogging stress. Several TF
families, including CPP, NF-X1, NF-YA, WRKY and HSF, were commonly
present during the transcriptional phase 1 in the two genotypes, how-
ever, the ERF genes, which were highly regulated upon exposure to
waterlogging in R2G were only activated lately in EG. During the last
decade, extensive studies have demonstrated the roles of ERF TFs in the
stress signal perception and regulation of flood-responsive genes in
plants ( [11,19,21,24,41,45,52,64]. From our results, we suspect that
the tolerant genotype perceives early waterlogging stress through the
ERF TFs and rapidly triggers adaptive transcriptional regulation. The
sensitive genotype EG behaves like the majority of sesame cultivars
under waterlogging stress. Therefore, much attention needs to be
focused on the understanding of the molecular mechanisms leading to
an early stress sensing and a timely activation of the waterlogging core
responsive genes detected in this study.

4.2. Group ERF-VII genes in sesame and Arabidopsis are differentially
regulated

Flooding severely restricts gas diffusion in plant organs and causes
low oxygen availability. Members of group ERF-VII, including HRE1,
HRE2, RAP2.3, RAP2.2 and RAP2.12 have emerged as important regu-
lators of the responses to waterlogging-induced low-oxygen via an
evolutionary conserved N-end rule pathway in Arabidopsis [51]. Further
evidences in rice with the genes SUBIA and SNORKEL1/2 have pro-
pelled the ERF-VII group as a cornerstone in plant hypoxia responses
[24,72]. The sesame genome contains three ERF-VII genes (SiHRE2,
SiRAP2.2 and SiRAP2.12) characterized by the conserved Met-Cys
initiating motif (Supplementary file 18), therefore, could be substrates
of the N-end rule pathway [51]. In the present study, the gene RAP2.12
was not affected by waterlogging stress, which is consistent with the
reports in Arabidopsis [41,44]. But, RAP2.12 as the main sensor of the
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oxygen level was constitutively expressed in Arabidopsis root ( [21,41],
an observation that we did not note for its homolog in the sesame root.
Also, the other key gene (RAP2.2) involved in sensing the oxygen level in
Arabidopsis [20] was not affected by hypoxia [44]. But, in our study,
SiRAP2.2 was induced (2 fold) after 16 h of waterlogging in both ge-
notypes (Supplementary file 7). Moreover, the genes HRE1 and HRE2
are known to be strongly induced upon exposure to hypoxia in Arabi-
dopsis [42]. Surprisingly, the counterpart of HRE2 in sesame, was not
induced by waterlogging. More importantly, HRE2 transcript level is low
in the Arabidopsis root [42], but a constitutive expression of this gene
was noted in the sesame root. Our results indicate that the regulations of
the ERF-VII genes under flooding in sesame and Arabidopsis are quite
different. Van Veen et al. [65] also revealed how ERF-VIIs have evolved
to behave in varying ways across species. A primary sensor of the
ambient oxygen level must be present before the oxygen level decreases
[51], hence, we suspect that SiHRE2 might act as the primary oxygen
sensor in sesame. The inspection of our previous transcriptome data
from root of waterlogged distinct genotypes [67,68] showed that
SiHRE2 was unaltered and constitutively expressed, providing addi-
tional support to our hypothesis. SiHREZ is subtly more expressed in the
tolerant genotype than the sensitive one and it is tempting to speculate
that this may underpin the quick and stronger hypoxic response in R2G
[65]. Nevertheless, the roles of these three ERF-VII genes in sensing the
oxygen levels and their potential interactions with other ERF groups
implicated in the early transcriptional phase are pending further in-
depth investigations.

4.3. WRKY TFs, the overlooked working force active under waterlogging
stress

In the present study, we found that many WRKY TFs act as positive
regulators of the waterlogging responses in sesame, especially at the
onset of waterlogging. Similar observations have been reported in
several plant species, including Arabidopsis and rice ( [8,27,44,66].
Heterelogous expression of the sunflower transcription factor (TF)
HaWRKY76 in Arabidopsis was shown to confer submergence tolerance
[48]. Unfortunately, the roles of the majority of WRKY family members
in plant waterlogging responses are still poorly understood. We observed
that 13 and 8 differentially expressed WRKY TFs were shared by the two
assayed genotypes during phases 1 and 2, respectively. The significant
number of common WRKY-DEGs and importantly, the conserved timing
of their differential regulation in R2G and EG indicate that these core
WRKY TFs play fundamental roles in the sophisticated waterlogging
acclimation in sesame. Hsu et al. [27] have linked the activity of WRKY
genes, particularly the gene WRKY22, to the induction of the innate
immunity in Arabidopsis upon exposure to waterlogging. However,
whether this proposed model is widely conserved in plants has not been
validated. We checked the homolog of WRKY22 in sesame
(LOC105173039) and found that it was not differentially expressed in
the tolerant genotype under waterlogging/drainage treatments. It may
be possible that another WRKY TF in sesame plays the same role of
WRKY22, therefore, a particular attention should be paid to the core
WRKY-DEGs.

WRKY and ERF represent the two major flooding-activated TF fam-
ilies in plants [28,44,68]. However, whether these two gene families
interact in the same signaling pathways under flooding is unknown. The
results from our study hint at no important interaction between WRKY
and ERF TFs in flooding responses. In fact, if the regulation of WRKY TFs
was related to the ERF TFs, which are the primary regulators of flooding
stress, we would have noticed a marked difference between R2G and EG
in the transcriptional phases of WRKY TFs activation, similar to ERF
genes. Hence, we deduce that WRKY and ERF gene expression regula-
tions are triggered by distinct flooding-associated signals. Recently,
Arbona et al. [4] have demonstrated the importance of ABA as a central
hormonal signal in roots of flooded Carrizo citrange. The induction of
WRKY TFs has been described in some cases as ABA-dependent [49],
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therefore, the potential link between WRKY TFs and ABA in flooding
adaptive responses will be worth thorough experimentations.

4.4. Construction of transcriptional networks helps discover major players
in the waterlogging/drainage responses

Although extensive molecular studies have been performed in
waterlogging responses in plants, a comprehensive insight into the
waterlogging transcriptional regulatory network is still lacking. Inte-
grating TF DNA binding motif enrichment data with our chronological
transcriptional network model predicted putative causal regulations
between TFs and downstream waterlogging-responsive genes. In total,
we successfully identified 59 candidate regulatory factors, many of
which are well conserved in the two sesame genotypes, a clue of the
biological relevance of our predicted model. A similar computational
analysis performed by Hickman et al. [25] highlighted the potential of
combining time series expression data with motif analysis to infer key
regulators and their targets in gene regulatory networks. They identified
several yet unknown important regulators of pathogen and insect
resistance in Arabidopsis. In our study, we identified CAMTA TFs,
particularly LOC105178907 (CAMTAS), as important regulators of
waterlogging/drainage responses in sesame. So far, functional charac-
terizations of CAMTA family members provided evidences of their
involvement in plant abiotic stress responses such as drought, salinity,
cold [34,47,74]. Interestingly, Kidokoro et al. [34] has recently
demonstrated that AtCAMTA5 could target DREB1B/C genes and
modulate cold responses in Arabidopsis thaliana. We also found several
DREB genes predicted as targets for LOC105178907, particularly at the
onset of waterlogging stress. There is no clear evidence of the implica-
tion of CAMTAS in waterlogging stress responses, therefore, future
detailed investigations on LOC105178907 and its homologs may provide
a novel insight into waterlogging/drainage transcriptional regulation in
plants. Besides, the timing of the differential expression of the water-
logging regulators in sesame is still unclear but we suspect that it is
related to the specific functions of each TF according to the stress in-
tensity. The result of the yeast-one-hybrid assays evidencing the in-
teractions between TFs and targets further confirm that the predicted
regulatory network will serve as a solid foundation for understanding
the complex regulation of waterlogging responses in plants.

4.5. Future works

As a complement to our transcriptional regulatory network analysis,
we generated dense time series leaf metabolome data. We expect that
the integration of these two omics datasets will further inform on the
biological processes underpinning each transcriptional phase in water-
logging/drainage responses in sesame. These datasets will also be of
great importance for our ongoing genome-wide association study, which
aims at unraveling the potential allelic variations and genes associated
with variations in waterlogging tolerance using a large panel of sesame
germplasm. Our predicted regulatory network highlighted several
switches with unknown functions in plant waterlogging responses.
Therefore, future experimentations aiming at elucidating the mecha-
nisms involving these genes would significantly advance our under-
standing on plant responses to waterlogging. Genetic manipulation of
the regulators detected in this study could be a proper approach [61].
Sesame resilience to genetic manipulation is still significantly enough to
justify the use of a heterologous system such as Arabidopsis thaliana [77].
Arabidopsis genetic transformation could be a proxy to study the over-
expression of the up-regulated regulators from our predicted network,
but it will not be possible for the down-regulated regulators. Klok et al.
[35] combined Arabidopsis hairy root culture and low-O stress to
identify genes involved in hypoxic responses. We could follow similar
procedures in sesame since the hairy root culture approach has been
demonstrated to be very amenable in several recalcitrant plants [46].
Combining sesame hairy root culture and target gene editing
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technologies such as the CRISPR-Cas9 technology in order to modulate
the expression levels of the regulators [36] will help screen and pinpoint
the most important master players in the predicted regulatory networks
by assessing the morphological, molecular and metabolic responses to
either hypoxic stress or waterlogging/recovery treatments.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ygeno.2020.11.022.
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