Transcriptomic analysis of high oil-yielding cultivated white sesame and low oil-yielding wild black sesame seeds reveal differentially expressed genes for oil and seed coat colour 

Abstract 
Sesame is a well-known and primordial oilseed crop. The commonly cultivated Indian sesame (S. indicum) seed accumulates more than 50% oil and is pale yellow in colour at maturity. On the contrary, wild S. mulayanum is a low oil-containing (<50%) genotype, with brownish black seed coat colour. The genic foundation of sesame oil quantity, quality and seed coat colour remains poorly known due to its intricacy. The present study examines the transcriptome of developing seeds from two sesame types, S. indicum and S. mulayanum, and sheds insight on the genes involved in oil biosynthesis and seed coat colour. We have carried out RNA sequencing of developing seeds at 10 and 30 DAP (days after pollination) from two genotypes and performed differential expression study. The high oil containing cultivated sesame revealed high expression of the key lipid biosynthesis genes like acetyl-CoA carboxylase, glycerol-3-phosphate acyltransferase, choline phospho transferase, GDSL esterase or lipase, lipid transfer protein, and carboxylesterase. Furthermore, many transcription factors were differentially expressed during seed maturation, including bHLH30, PIF1, ASIL2, and WRKY. The genes controlling seed coat colour included polyphenol oxidases, NAC domain-containing protein 43, and pentatricopeptide repeat-containing proteins. Several transcription factors controlling anthocyanin biosynthesis, such as GATA 18-like90, zinc finger protein, WRKY, PIF1, and ASIL2 showed significant alterations in their expression levels. This study generated a considerable transcriptome dataset and gene list controlling oil production and seed coat colour modulation in sesame, which we envisage to validate through functional studies. 
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Introduction

Sesame (Sesamum indicum L. family Pedaliaceae) is the most ancient oilseed crop. Sesame oil with high polyunsaturated fatty acids (43% oleic acid, 35% linoleic acid) is precious for its nutritional value. Additionally, sesame lignans (sesamin, sesamol, and sesamolin) are natural antioxidants [3]. These bioactive compounds enrich sesame oil with numerous health benefits like regulating hypercholesterolemia [34, 32], protecting the heart and liver, and are anti-cancerous [5].

Despite the immense virtue of sesame oil, the scientific community has paid little attention to this crop [48]. There was little or no report on the “omics” of sesame until the last ten years. Wang L et al. (2014) released the draft genome of sesame, which boosted the functional analyses of candidate genes related to essential agronomic traits [47]. Gradually, sesame has transformed into a “resource-rich crop” from an “orphan crop” [8, 20]. Further, the small diploid genome size of sesame (357 Mb) makes it an attractive model plant for the traits related to oilseed crops [47]. 

RNA-seq is a cutting-edge technology to analyse the global gene expression of an organism in diverse conditions. This method is preferred for cataloguing and quantifying the complete set of transcripts for a specific tissue, developmental stage, or physiological condition in response to particular stress. Transcriptomes were used to understand the molecular mechanism of black and white seed coat development [44], fatty acid and lignan biosynthesis [49], salinity resistance [56], osmotic stress response [41], root morphology and biomass [42] and leaf size variation [40] in sesame. 

Sesame seeds reveal a prompt escalation of oil and other elements starting from 10 days after pollination (DAP) and reaching maxima approximately 30 DAP [19, 48]. Wang L. et al. (2019) reported a high expression of different lipid transfer protein (LTP)-encoding genes at the 30 DAP stage of the high oil-yielding sesame genotypes [48]. Further, at different seed developmental stages they reported the asynchronous expression of many genes like glycerol-3-phosphate acyltransferase (GPAT), acyl-CoA: diacylglycerol acyltransferase (DGAT), and phospholipid: diacylglycerol acyltransferase (PDAT).
Seed coat colour is one of the most important agronomic traits of sesame as the colour determines the oil price. It is related to biochemical functions involved in protein and oil metabolism, antioxidant content, and disease resistance [39, 12, 55]. The natural colours of mature sesame seeds vary from black to white with several in-between shades [55, 37]. The genetic basis of sesame seed coat colour is complex involving multiple genes and interactions [13]. Compared with the white sesame seeds, black ones usually have higher ash and carbohydrate contents but lower protein content, oil content, and moisture ratios [18]. In general, pale-coloured sesame seeds contain more oil than dark-coloured ones [30]. Therefore, white sesame seeds are preferred to produce oil, while black sesame seeds for food and medicinal purposes [54]. 

Wang L et al. (2016) indicated the role of the polyphenol oxidase gene for the colour of seed coat and extracted oil [45]. Dossou et al. (2020) performed a transcriptome analysis of black and white sesame seed and obtained 17 candidate genes, including two chalcone synthase genes associated with seed colour development [9]. Cui et al. (2021) identified 92 candidate genes controlling seed coat colour in sesame from a genome-wide association study [6]. 

We earlier reported that the wild S. mulayanum contains high sesamin (69.05 µg/µl) though its oil content is low (36.25% w/w) [11]. In contrast, the high oil yielding (54.46% w/w) Indian cultivated sesame, S. indicum (IC 131989, NBPGR germplasm collection) shows low sesamin content (20.25 µg/µl) [11]. Additionally, the two genotypes possess contrasting black (wild) and white (cultivar) seed coat colours, which prompted us towards a transcriptomics analysis of these contrasting genotypes. Transcriptomics of wild species gives new insights into domestication and genetic diversity providing tools for precise plant breeding [2]. Being a crop that is still is in the process of domestication, information from the wilds may shed light on the genome and transcriptome repositories of sesame.

In this study, we present transcriptomics data from the developing seeds of S. indicum and S. mulayanum at two developmental stages (10 and 30 DAP). The objective is to identify differentially expressed genes during seed development. This endeavour will help to identify a few candidate genes controlling superior oil profiles. Additionally, this study will further our understanding of seed coat colour variation in sesame and help in future sesame breeding programmes.
Materials and methods
Sesame genotypes
The cultivated high oil yielding sesame (S. indicum) was procured from the NBPGR germplasm collection, India (IC 131989). The wild S. mulayanum was a generous gift from Mr K Masuda, Department of Biology, Faculty of Science; University of Toyama, Japan. The genotypes are maintained in the summer (March to June) each year at the experimental farm of Bose Institute, Kolkata, India. The pods were sampled from three identical plants of the cultivated and wild sesame at 10 and 30 DAP. The seeds were excised out of the pods on ice. The seeds of three plants were mixed equally in both genotypes for the biological replica. The pooled seeds of 10 and 30 DAP (100 mg each) were the sources for RNA isolation (Supplementary Fig. 1).
RNA isolation and library preparation for sequencing
RNA was isolated using E.Z.N.A.® Plant RNA Kit (Omega Bio-Tek, Norcross, GA, USA) following the manufacturer’s protocol. The total RNA was digested with DNase I for five minutes to remove genomic DNA. The quality of the RNA was checked by the chip-based capillary electrophoresis technique using Agilent 2100 Bioanalyzer (Agilent Technology, USA). RNA samples with A260/A280 ratio ranging from 2.0 to 2.2 and RIN value above 7 were stored in a −80 °C freezer for the subsequent steps.
The NEBNext® Poly(A) mRNA Magnetic Isolation Module (NEB E7490) was used to process the total RNA (2µl/sample), and four libraries were generated using the NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) according to the manufacturer's instructions. The libraries were sequenced using Illumina NovaSeq 6000 at the Wellcome Trust Centre for Human Genetics, University of Oxford, United Kingdom.
Sequencing reads assembly, genome mapping and gene expression analysis

We used the Galaxy server (https://usegalaxy.org/) platform for the data analysis (Supplementary Fig. 2) [1]. The adaptor sequences and the low-quality reads were removed before downstream analysis using Trimmomatic (Galaxy Version 0.38.0) and the quality was checked with FastQC (Galaxy Version 0.72). The clean reads were subsequently mapped to the sesame reference (assembly S_indicum_v1.0 by Wang et al, 2014) [46]. The obtained sequences were aligned with RNA STAR (Galaxy Version 2.7.8a) [7] with the reference transcriptome, with few modifications of the gene ID from the reference genome with R-Script using R programming language [38]. The BAM files were generated with Burrows-Wheeler Alignment Tool. Further, StringTie (Galaxy Version 2.1.1) [35] and feature Counts (Galaxy Version 1.6.4) [25] were used to generate the assembled transcripts. The differential gene expression (DEG) analysis was performed between two comparative groups with DESeq2 (Galaxy Version 2.11.40.6) [28]. The first objective was to look for the DEGs during seed development irrespective of the genotype. Hence, in the first comparative group we combined the data of 10 DAP samples of S. indicum and S. mulayanum, and analyzed against the combined data of 30 DAP samples of both the genotypes. The second objective was to identify the DEGs between two genotypes irrespective of the developmental stages. Hence, in the comparative group 2, we combined the data of 10 DAP and 30 DAP samples of S. indicum and performed the analysis against the combined data of two developmental stages of S. mulayanum (Supplementary Fig. 2). The given output for DEG analysis was log fold changes in the expression for the contrasting groups, as well as p values derived from Wald tests. 

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)

For the synthesis of the first strand of cDNA, 500 ng of total RNA for each sample (10 and 30 DAP seeds of S. indicum and S. mulayanum) was used as the template for reverse transcription reaction with the QuantiTect® Reverse Transcription kit (QIAGEN, Germany). The manufacturer’s protocol was followed throughout all the steps. The Maxima SYBR Green/ROX qPCR mix (Thermo Scientific, USA) was used for qRT-PCR. The PCR was performed on an Applied Biosystems® 7500 Fast (Thermo Fisher, USA) real-time PCR machine. 
Five genes were randomly selected for their qPCR validation. The genes included NAC domain-containing protein 43 (NAC43) (NCBI accession XM_011094703), fatty acid desaturase (FAD) (NCBI accession U25817), ferric reduction oxidase (FRO) (NCBI accession XM_011089286), V-type proton ATPase (V-ATPase) (NCBI accession XM_011085058), and poly phenol oxidase (PPO) (NCBI accession JQ658360). In addition, primers for sesame actin (NCBI accession XM_011079162) were used as the reference for normalization across samples. The primer pairs and thermal programmes are presented in Supplementary Table 1. The reaction cycle was as follows: initial denaturation for 10 min at 95°C and then 40 cycles of denaturation at 95°C (15 sec), annealing at standardized temperature for each primer pairs (30 sec) and extension at 72°C (30 sec). All reactions were performed with three biological replicas (each having three technical replicas) and were considered for statistical analysis. Difference in the threshold cycles, ΔCt was calculated from the difference in CT values of target gene and the constitutive gene (actin). To calculate the fold change in gene expression, the formula of 2^-ΔΔCt was used [26].

Results

Changes in colour of the seeds with maturation

The seeds of S. indicum and S. mulayanum were examined after incising the pods every five days considering the day of pollination as 0, and the process continued till 30 days. During the initial stages (0-10 DAP), there was no distinction in the seed coat colour between the two genotypes and all the rudimentary seeds were white (Fig. 1a, b). The pigmentation started gradually in S. mulayanum 20 DAP onwards (Fig. 1b). The seeds of S. mulayanum turned brown between 25 to 30 DAP (Fig. 1b). No significant colour change was observed during the S. indicum seed development (0-30 DAP) (Fig. 1a).  The fully mature dry seeds attained their final colouration after 45 days. The seeds of S. indicum were pale white with smooth testa (Fig. 1c), while the seeds of S. mulayanum were dull black with reticulate rough texture (Fig. 1d).  

Illumina sequencing
The isolated RNA samples from the sesame seeds of two developmental stages produced the prominent bands in capillary electrophoresis (Supplementary Fig. 3). The RIN values were higher than 8.0 for all the samples (Supplementary Table 2). The Illumina NovaSeq6000 generated the paired-end reads of 74.8 G bases, which were deposited as FASTQ format in the NCBI Sequence Read Archive (SRS6952386 and SRS6952390) with accession identity PRJNA644139. After trimming the adaptor sequences, the quality of the reads was checked with FastQC (Supplementary Fig. 4). The clean reads were aligned to the sesame reference genome (S_indicum_v1.0) and approximately 96% of the clean reads from each of the samples were uniquely mapped (Supplementary Table 3).
Differential expression analysis 
Principal component analysis (PCA) of the RNA-Seq data based on the gene expression level of comparative group 1 (10 DAP vs 30 DAP) revealed a significant variance (84% for PC1) between the sample groups (Supplementary Fig. 5a). The hierarchical clustering heatmap depicting the similarity of the samples and the histogram of p-value were presented consecutively in Supplementary Fig. 5b and 5c. Based on the fold-change (log2 FC ≥ 0.5 or ≤ -0.5) on the abundance of each gene and the corresponding false discovery rate (FDR adjusted p-value <0.05), 6,865 differentially expressed genes (DEGs) were found (Fig. 2a). Of these, 3,382 (49%) genes were up-regulated and 3,483 (51%) genes were down-regulated (Fig. 2b). Out of the 6,865 DEGs, 5,862 DEGs were mapped according to the reference genome linkage group (Fig. 3). 
The top 20 expressed up and down regulated genes are shown in Table 1. Some of the up regulated top twenty genes included primary amine oxidase (LOC105171340), protein NUCLEAR FUSION DEFECTIVE 4-like (LOC105168753), transcription factor PRE1-like (LOC105167664), pectin esterase inhibitor-like (LOC105179823’, and NAD(P)H: quinone oxidoreductase-like (LOC105167955) (Table 1). Similarly, a few down regulated genes were 2S seed storage protein 1-like (LOC105174824), legumin B-like (LOC105171778), 11S globulin subunit beta-like (LOC105171779), 2S albumin (LOC105178074), vicilin-like antimicrobial peptides 2-2 (LOC105165305) and legumin B-like (LOC105165645) (Table 2). 
Further, to explore the key factors of the regulatory network of oil biosynthesis in sesame, we looked for the genes involved in oil biosynthesis pathway (Fig. 4). The gene acetyl-CoA carboxylase (ACCase) homolgs (LOC105157971, LOC105161229, LOC105165943) revealed a dynamic expression pattern.  Other genes controlling the rate limiting steps included the gene glycerol-3-phosphate acyltransferase (GPAT) homologs (LOC105174547, LOC105161551, LOC105155516) and choline phospho transferase (CPT) homologs (LOC105164441, LOC105168056, LOC105174981) with high expression changes during seed maturation. 
The differential expression analysis between the comparative group 2 (S. indicum vs S. mulayanum) generated the histogram of the p- value of the DEGs (Supplementary Fig. 6). Considering the significant cut-off-value (log2 FC ≥ 0.5 or ≤ -0.5 and FDR adjusted p-value <0.05), we found 6,168 DEGs. Within these genes, 3,289 (53.32%) were up-regulated and 2,879 (46.68%) were down-regulated (Fig. 5a). The top 20 expressed up and down regulated genes are depicted in Table 2. The notable significant DEGs related oil content was GDSL esterase or lipase (LOC105159357, LOC105174563, LOC105176580), Lipid transfer protein (LOC105171323, LOC105170444), and Carboxylesterase (LOC105176281, LOC105170414) (Fig. 5b, Supplementary Table 4). The gene 3-Ketoacyl-CoA synthase (LOC105178827, LOC105177945) was down regulated while Fatty acid desaturase (LOC105176702) was up regulated (Fig. 5b, Supplementary Table 4). We also obtained differential expression of a few transcription factors like bHLH30 (LOC105161357), PIF1 (LOC105163490), ASIL2 (LOC105165631), WRKY (LOC105178875) (Fig. 5b, Supplementary Table 4). Some other noteworthy DEGs were the pentatricopeptide repeat-containing protein (PPR) (LOC105168962, LOC105164635, LOC105171909), cytochrome P450 family genes (LOC105171282, LOC105164837, LOC105158220), dirigent protein (LOC105170669), serine/threonine-protein kinase (LOC105168225), pathogenesis-related protein (LOC105166178), sucrose synthase (LOC105163347) and sugar phosphate/phosphate translocator At3g11320 (LOC105160919) (Fig. 5b, Supplementary Table 4). 
Precisely, 1,124 common DEGs were detected between the comparative group 1 and 2 (Fig. 5c). A few of the common genes among two groups were SiNST or NAC domain-containing protein 43 (LOC105173057), ferric reduction oxidase 7 (LOC105169029), Sesamin synthase or cytochrome P450 81 like (LOC105177765), Omega-3 fatty acid desaturase (LOC105167042), delta 12-fatty-acid desaturase FAD2(LOC105159686), V-type proton ATPase (LOC105165903), and polyphenol oxidase I (LOC105176878 and LOC105165518).
Expression analysis of a few candidate genes 
To verify the reliability of transcriptome data, five genes associated to oil and seed coat colour were selected for studying their expression levels using qRT-PCR in the two developmental stages of S. indicum and S. mulayanum (Fig. 6a-e). Based on the transcriptome data analysis, NAC43, FAD, and PPO showed high expression in S. mulayanum compared to S. indicum. The FRO and V-ATPase were lowly expressed in S. mulayanum concerning S. indicum. With a correlation coefficient value of 0.82, the qPCR results validated the expression levels of five genes, which were highly consistent with transcriptome data (Fig. 6f).
Discussion
In the present study we have performed differential expression analysis in two developmental stages of seed maturation in cultivated and wild genotypes with contrasting traits concerning oil content, oil profile and seed coat colour [11]. We focused on the oil-related genes since sesame is an oilseed crop and the genes controlling seed coat colour and oil have an association [6].
Lipase, lipid transfer protein,
NAC43 contribute to the oil content 

In our DESeq study we encountered several GDSL-like lipases (LOC105159357, LOC105174563, LOC105176580), which were upregulated in both the genotypes at 30 DAP (Fig. 5b). Similar upregulation was also observed in the gene encoding lipid transfer protein (LOC105170444, LOC105171323). Earlier workers have found a locus containing two gene encoding lipases (CXE17, SIN_1003248; GDSL-like lipase, SIN_1013005) and two genes encoding lipid transfer proteins (SIN_1019167 and SIN_1009923) having significant association with the oil yield trait in S. indicum [50]. In Arabidopsis (AT5G03610) and maize (GRMZM2G167164), orthologs of the GDSL-like lipase gene was also involved in the lipid metabolic process (https://www.arabidopsis.org and https://maizegdb.org).  
In our study, the SiNST or NAC43 gene (LOC105173057) expression changed significantly in both the comparative groups (Fig. 6a).  The gene SiNST (SIN_1005755) was detected as a major gene, which directly controls lignification in sesame seeds, while it acts indirectly on the oil content [50]. Using the protein-protein interaction information from the STRING database v11[43], the Arabidopsis ortholog of this gene AT2G46770 (NST1) was found to interact with different MYB transcription factors (Supplementary Fig. 7a) to regulate secondary wall formation, lignin biosynthesis and cellulose content in woody tissues. There is a particular allelic form of SiNST1 in sesame seeds associated with low content of oil, protein, sesamin and sesamolin [50]. Simultaneously, this allelic form of SiNST1 was responsible for the increase in lignin content and seed coat thickness. 

Ketoacyl-CoA synthase and FAD controls fatty acid composition in oil

Ketoacyl-CoA synthase, SiKASI (SIN_1001803) and SiKASII (SIN_1024652) are the two candidate genes controlling the palmitic acid (C16:0) and palmitoleic acid (C16:1) concentrations [50]. We found a notable change in the expression of the gene 3-ketoacyl-CoA synthase (LOC105178827 and LOC105177945) in the two genotypes from our RNA-seq data (Fig. 5b). Arabidopsis ortholog AT5G46290 of SiKASI, encodes the enzyme involved in palmitic acid synthesis [23]. 

The Arabidopsis ortholog (AT3G12120) of the gene FAD2, encodes an oleic acid desaturase, which acts as a key node for converting oleic acid to linoleic acid in the endoplasmic reticulum [33]. Whether and how FAD2 contributes to the natural genetic variation in the level of oleic acid in sesame remain unknown [50]. In the present study omega-3 fatty acid desaturase (LOC105176702) gene was upregulated during the seed maturation at 10DAP and 30DAP in both S. indicum and S. mulayanum (Fig. 5b). The qRT-PCR study also confirmed the differential expression of the FAD gene (Fig. 6b). Wei et al. (2015) established an association between high oleic acid content in oil of a few sesame varieties with a missense mutation (R to H mutation at the 142nd amino acid), which probably affected the desaturase activity [50]. In connection to our separate study, when we sequenced the partial cds (894bp) of the FAD gene from S. indicum and S. mulayanum, we found two nucleotide changes in S. mulayanum (NCBI accession MK300071.1) in comparison to S. indicum (Supplementary Fig. 8). Further study is needed to conclude if these nucleotide changes exhibit any functional effect on the oleic acid content of the seeds. 
FRO participate in electron transport with FAD

We observed an increase in expression of Ferric reduction oxidase 7 (LOC105169029) in the developing seeds of both S. indicum and S. mulayanum (Fig. 6c). Transcriptomics data depicted a 3.68-fold increase of the gene FRO during the seed maturation process. The qRT-PCR data also exhibited high expression of this gene in S. indicum (Fig. 6c). In Arabidopsis, this gene ortholog participates in the transport of electrons to a Fe3+ ion via fatty acid desaturase (FAD) with heme intermediates [16]. Hence, FAD and FRO have a cumulative role in oil synthesis.

Dirigent protein and sesamin synthase (CYP81Q) play a crucial role in lignan synthesis
In the initial reaction of the lignan biosynthesis pathway dirigent protein (XP_011080883) converts coniferyl alcohol to (+)-pinoresinol [3]. In our RNA-Seq analysis dirigent protein (LOC105170669) was differentially expressed in S. indicum and S. mulayanum. These genes may have a significant role in lignan biosynthesis. 
In our previous study, we found an association between high lignan content in oil and increased expression of CYP81Q gene [11]. In our present RNA-Seq data, we also found a significant change in the expression of this gene, during seed maturation in both the genotypes (Fig. 5b).

De-etiolated 3 (DET3) is linked with sesamin content

De-etiolated 3 (LOC105165903) gene was highly expressed in the comparative group 1 of our transcriptomics data (Fig. 6d). There is an earlier report of association between the gene DET3(SIN_1010870) and sesamin content in oil [50]. In the Arabidopsis string database, we identified protein-protein association of the DET3 with several ATPase (Supplementary Fig. 7b). 
PPO and seed coat colour 

We observed significant colour changes during the seed maturation process of S. mulayanum (Fig. 1) while there was very little colour change in S. indicum. Seed coat colour is an important trait for sesame, closely associated with biochemistry of protein and oil metabolism, antioxidant activity and the level of disease resistance [12, 18, 27]. This trait is relatively stable and is not influenced by environmental factors [31]. In our RNA-seq study, the gene polyphenol oxidase (PPO) (LOC105176878) was upregulated during the seed development, concerning the transition from 10DAP to 30 DAP seeds of S. mulayanum (Fig. 6e). Wei X et al. (2015) reported that the SIN_1016759 encodes polyphenol oxidase [50]. This enzyme participates in the oxidation step in the biosynthesis of proanthocyanidin, lignin, and melanin, that produces black pigments via the browning reaction in plants [36, 53]. There is also a report of another gene (SIN_1023237) encoding polyphenol oxidase in sesame [6]. Du et al. (2019) mentioned the PPO as one of the genes of the QTLs qscca*4, responsible for 33.25% variation of the seed coat colour in sesame [10]. Their time course analysis with qRT-PCR showed that PPO (SIN_1016759) was highly expressed in the black sesame seeds from 11 to 20 days but not expressed in white sesame seeds [51], indicating that PPO may play an important role in the formation of sesame black coat colour. 
PPR, malate synthase are major genes for seed coat colour along with PPO
From the RNA-Seq data, we observed that the expression level of several pentatricopeptide repeat-containing proteins (LOC105168962, LOC105164635, LOC105171909, LOC105171908, LOC105171243) changed in the two genotypes (Fig. 5b). A recent work has reported that pentatricopeptide repeat-containing proteins (SIN_1006005, SIN_1006010, SIN_1012034) act as one of the candidate genes for seed coat colour in sesame [6]. Du et al. (2019) established the QTL qscca*4 for the pentatricopeptide repeat-containing protein (SIN_1012034) with another seed coat colour controlling gene PPO [10]. 
From the transcriptomic data of the comparative genotypes, we established expression level change of the gene LOC105158081 encoding malate synthase (Fig. 5b). Malate synthase is a crucial enzyme of the glyoxylate cycle that uses Acetyl-CoA, glyoxalate and water to synthesize malate [52]. Cui et al. (2021) indicated the linkage of the gene SIN_1006006 encoding malate dehydrogenase is with seed coat colour [6]. 

Anthocyanin is regulated by transcription factors

Anthocyanin-coloured compounds of flavonoids are responsible for the pigmentation pattern of vegetative parts and the seed of many plants [29, 14]. Primarily, anthocyanin biosynthesis is regulated at the transcriptional level. Previous studies demonstrated that the expression patterns of the anthocyanin structural genes are mainly determined by the R2R3-MYB (myeloblastosis family of transcription factors), basic helix-loop-helix (bHLH), and WD40-repeat transcription factors, and by their coordinated interactions [21]. The R2R3-MYB and bHLH transcription factors can bind to specific cis-acting elements in promoter regions of the structural genes and regulate their expression [22]. The MBW (R2R3-MYB, bHLH, and WD40) complex is a unique regulatory complex required for the anthocyanin biosynthesis in plants [15]. In our RNA-seq study transcription factors like bHLH30 (LOC105161357), and MYB (LOC105178506, LOC105173140, LOC105175118), two of the MBW complexes were differentially expressed in different coloured seeds. A recent report also pointed to SIN_1024895 encoding a bHLH transcription factor, which regulates seed coat colour in sesame [6]. 

In our study the other differentially expressed transcription factors included GATA transcription factor 18-like90 (LOC105177994), zinc finger protein (LOC105159576), WRKY (LOC105178875), PIF1 (LOC105163490), ASIL2 (LOC105165631). In sesame SIN_1023226 encodes a WRKY-type transcription factor [24]. Previous reports have shown that the WRKY along with bHLH genes are involved in the regulation of seed colouration [17].

Conclusion

Using RNA-seq, we identified differential genes in the transcriptome of cultivated high oil-yielding white-seeded and wild low oil-yielding sesame with black seeds at two-time points of seed maturation. This study provides insight into the transcriptome dynamics concerning the synthesis of sesame oil and the development of seed coat colour. We identified the role of a few candidate genes for the variation in oil quantity in two contrasting study materials. These genes are mostly the triacylglycerol (TAG) pathway genes, which include glycerol-3-phosphate acyltransferase, choline phosphotransferase, fatty acid desaturase, and other genes like GDSL esterase or lipase, lipid transfer protein, carboxylesterase, and NAC domain containing protein 43. Other differentially expressed genes, which we identified were involved in controlling the lignan content in oil.  A few potential genes controlling pigmentation in sesame seeds, including polyphenol oxidase, malate synthase, and certain transcription factors behind anthocyanin biosynthesis were discovered. Functional studies like silencing or overexpression of these genes in sesame or model materials will aid in understanding their molecular mechanisms and breeding for high-quality sesame cultivars.
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Figure legends

Figure 1. Sequential stages of pod and seed maturation in S. indicum (a) and S. mulayanum (b): red circles indicate the time points where samples were taken for transcriptomic analysis. The mature seeds of S. indicum (c) and S. mulayanum (d). 

Figure 2. Differentially expressed genes (DEGs) between the 10DAP and 30DAP seeds of S. indicum and S. mulayanum (comparative group 1): (a) MA plot for DESeq. The base 2 logarithm of average expression across all samples for a feature is plotted vs. the base 2 logarithm of fold-change. Each dot denotes a DEG where the points, which are significantly different with an adjusted p value less than 0.05 are in red, all others are in gray; (b) the numbers of the DEGs 
Figure 3. Circos plot of 5,862 DEGs between 10DAP and 30DAP seeds of S. indicum and S. mulayanum (comparative group 1), (a) up-regulated (red) and down-regulated (blue) genes, (b) exon count (in 1-48 scale), (c) orientation of the gene (towards periphery plus strand, towards sky blue minus strand).

Figure 4. The biosynthetic pathway for triacylglycerol (TAG) synthesis in the developing seeds of sesame (modified from Bhunia et al., 2016 [4]).  The expressions of the concerned gene homologues controlling the selected enzymes are expressed as heat maps, where red indicates high expression and blue indicates low expression. ACC: acetyl-CoA carboxylase, MAT: malonyl-CoA-ACP-S-malonyl transferase, KAS: ketoacyl-ACP synthase, ACP: acyl carrier protein, CoA: coenzyme A, FAT: fatty acyl-ACP thioesterase, FAD: fatty acid desaturase, G3P: glycerol-3- phosphate, LPA: lysophosphatidic acid, PA: phosphatidic acid, PAP: phosphatase, DAG: diacylglycerol, DGAT: 1,2-sn-diacylglycerol acyltransferase, TAG: triacylglycerol, CPT: choline phospotransferase, GPAT: glycerol-3-phosphate-acyltransferase

Figure 5. Differentially expressed genes (DEG) between the seeds of S. indicum (Si) and S. mulayanum (Sm) (comparative group 2): (a) The number of the DEGs, (b) Heatmap of a few significant seed-related traits (Details of LOC in Supplementary Table 4). (c) Venn diagram of the shared DEGs between two comparative groups 

Figure 6. The qRT-PCR verification of five selected DEGs (a: NAC-domain containing protein 43, b: fatty acid desaturase, c: ferric reduction oxidase, d: V-Type proton ATPase, and e: polyphenol oxidase). The data of dotted lines are derived from the FPKM (fragment per kilo base of transcript per million mapped reads) of each gene. The 2-ΔΔCt method was used to calculate the relative expression levels of the genes. The actin was the housekeeping gene.  Data are the mean of three biological replicas (each having three technical replicas). The statistical differences were analyzed by ANOVA (One-way analysis of variance) (P < 0.05). f. Correlation between transcriptome data (FPKM) and qRT-PCR results based on the selected genes. SI - S. indicum, SM - S. mulayanum, DAP-days after pollination
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