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Highlights
●●	 Key QTLs regulating lignan content (sesamin, sesamolin, and sesaminol) in sesame seeds were identified.
●●	 The QTLs qLIGNAN6 and qLIGNAN11 showed allele stacking effects, confirming gene pyramiding potential for enhanced 
lignan content.

Abstract
Lignans are critical bioactive compounds in sesame (Sesamum indicum L.), valued for their health benefits and industrial 
potential.  However, the genetic mechanisms underlying the lignan biosynthesis pathway remain poorly understood.  This 
study aimed to identify key quantitative trait loci (QTLs) associated with lignan content using 140 F9 recombinant inbred 
lines (RILs) derived from a cross between the sesame cultivars Areum and Gomazou, and to develop molecular markers 
for breeding programs to enhance lignan content.  Genotyping-by-sequencing (GBS) technology was employed, combining 
single (ApeKI) and double-enzyme (PstI/MspI) digestions.  This approach provided comprehensive genome coverage and 
substantially improved the quality of the linkage map.  A total of 19 QTLs associated with lignan components, including oil-
soluble and water-soluble lignans, were identified.  Among these, loci on chromosomes 6 and 11 exhibited high LOD scores 
of 17.8 (PVE 13.9%) and 51.5 (PVE 68.7%), respectively, for total lignan contents in seeds.  Two major QTLs, qLIGNAN6 
and qLIGNAN11, were identified as key contributors to lignan content.  Significant single nucleotide polymorphisms (SNPs) 
linked to these QTLs were used to develop CAPS markers for potential application in marker-assisted selection (MAS).  
These markers were validated in RILs and germplasm to evaluate beneficial allele stacking and gene pyramiding.  This 
study provides valuable genetic resources and molecular markers to facilitate the effective implementation of sesame 
breeding strategies to improve nutritional value.  The findings contribute to the development of sesame varieties with higher 
lignan content, supporting both health and industrial applications.  
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1. Introduction
Sesame (Sesamum  ind icum  L . ) ,  a  member  o f  the 
Pedaliaceae family, is an oilseed crop grown mainly in tropical 
and subtropical regions (Ruperao et al. 2023).  This oilseed 
is often regarded as the “queen of oilseeds” owing to its 
nutritional and health benefits for humans and animals (Yadav 
et al. 2022; Dossou et al. 2023).  The seeds are rich in 

bioactive compounds, including essential minerals, vitamins, 
phytosterols, polyunsaturated fatty acids, tocopherols, and 
a specific group of lignans such as sesamin and sesamolin 
(Pathak et al. 2014).   In particular, the oil-soluble lignans, 
sesamin, and sesamolin, lower blood glucose and cholesterol 
levels, increase gamma-tocopherol levels, and inhibit 
rancidity in sesame oil, thereby improving its storage stability 
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(Yadav et al. 2022).  In addition, sesame seeds also contain 
large amounts of water-soluble lignan glucosides, such 
as pinoresinol and sesaminol glucosides (Moazzami et al. 
2006).  Among them, sesaminol and its glucosides exhibit 
antioxidant, anti-inflammatory, and estrogen-like activities 
(Kim et al. 2008; Wu et al. 2019; Andargie et al. 2021).  
Despite extensive research on the functional roles of lignans, 
studies investigating the genetic mechanisms underlying their 
biosynthesis and regulation remain limited.  

Next-generation sequencing (NGS) technologies have 
revolutionized genome-wide analyses by enabling the 
development of ultra-high-density genetic linkage maps 
across various crops, thereby allowing the identification 
of high-resolution candidate loci within a few kilobases 
(Jaganathan et  al. 2020).  Recently, single nucleotide 
polymorphisms (SNPs) derived from NGS have been 
increasingly used in genetic diversity studies (Cui et al. 
2017).   SNPs are advantageous over conventional 
markers owing to their abundance and the ease with which 
numerous unbiased SNPs can now be obtained for non-
model species (Fischer et al. 2017).  Among the various 
NGS methods for SNP marker development, genotyping-by-
sequencing (GBS) is a prominent technique owing to its use 
of restriction enzymes (REs) to reduce genome complexity.  
GBS also uses a DNA barcode system to process numerous 
samples simultaneously, generating a representation library 
that identifies numerous variants while reducing costs 
(Davey et al. 2011; Elshire et al. 2011).  Genome reduction 
in GBS is achieved using REs, and selecting appropriate 
REs for species-specific GBS optimization is crucial for 
library development (Hamblin and Rabbi 2014).  Commonly 
used REs in plants include ApeKI, PstI, and EcoRI, often 
combined with other cutters such as MspI, MseI, and HpaII 
based on genome specificity (Wang et al. 2017; Nguyen 
et al. 2018; Ruperao et al. 2023).  However, single-enzyme 
digestion methods can pose challenges, such as a high 
proportion of short fragments and inconsistent read counts 
across individuals.  Consequently, double-enzyme digestion 
is used to achieve consistent results and improve the overall 
data quality (Wang et  al. 2017).  This study evaluated 
GBS library construction using both a single (ApeKI) and a 
combination of two REs (PstI/MspI) in sesame, assessing 
their influence on genome coverage and efficiency to 
determine the optimal method for obtaining comprehensive 
genetic information.

Genetic research on sesame has made notable progress; 
however, significant gaps remain in understanding the genetic 
basis of functional components such as sesamin, sesamolin, 
and sesaminol, which are crucial for enhancing the nutritional 
value of sesame.  Previous studies have investigated genetic 
research related to oil-soluble lignans.  Two candidate 
genes (SIN_1005755 and SIN_1005756) that regulate the 
biosynthesis of sesamin and sesamolin have been identified 
at the same locus on chromosome 11 (Xu et al. 2021).  A 
GWAS study identified 17 and 72 SNP loci associated 
with sesamin and sesaminol, respectively, with SiNST1 
on chromosome 11 as the major candidate gene (Dossou 
et al. 2023).  Additionally, a QTL-seq study identified three 
loci, qLignan1-1, qLignan6-1, and qLignan11-1, regulating 

sesamin and sesamolin content (Kim et al. 2023).  Although 
studies on sesamin and sesamolin have been conducted, 
further studies are still needed to understand the water-
soluble lignans that contribute to the overall lignan content 
in sesame seeds.  This study addresses gaps in sesame’s 
genetics using the F9 generation of an RIL derived from a 
cross between sesame varieties Areum and Gomazou.  The 
contents of key lignans -  sesamin, sesamolin, sesaminol, 
sesaminol-diglucoside (sesaminol_DG), and sesaminol-
triglucoside (sesaminol_TG)  -  were analyzed in seeds 
from both parents and RIL populations.  This study aimed 
to provide valuable genetic resources and insights to guide 
breeding strategies that enhance sesame’s nutritional value 
and advance molecular breeding efforts.

2. Materials and methods
2.1. Plant materials and growth conditions
This study used a RIL population developed from a cross 
between the sesame varieties Areum and Gomazou.  The 
maternal parent, Areum, is a black seed variety bred in Korea, 
whereas the paternal parent, Gomazou, is a high-lignan 
variety bred in Japan (Yasumoto and Katsuta 2006).  A total 
of 140 lines were advanced to the F9 generation via single-
seed descent in 2016, using field and greenhouse conditions.  
RILs and their parental lines were grown at the Upland Crop 
Breeding Research Division, Department of Southern Area 
Crop Science, National Institute of Crop Sciences (NICS), 
Rural Development Administration (RDA), Miryang, Republic 
of Korea, with a spacing of 55 cm×15 cm, from June to 
August 2020.  After harvesting at least five individuals per 
line, seeds were pooled following seed quality sorting and 
used for the analysis of sesamin, sesamolin, sesaminol, and 
its glucosides.  

2.2. Lignan content phenotyping and analysis 
Harvested seeds of Areum, Gomazou, and RIL populations 
were dried and ground for analysis.  The contents of lignans 
-  sesamin, sesamolin, sesaminol, sesaminol_DG, and 
sesaminol_TG -  were analyzed using high-performance 
liquid chromatography (HPLC; Dionex 3000, Thermo Fisher 
Scientific Co., Waltham, MA, USA).  Sesamin and sesamolin 
were extracted by placing 1.0 g of ground sesame sample in 
a rotary shaker (Multi Shaker, MMS-110, Eyela Co., Tokyo, 
Japan) at room temperature for 24 h, and 20 mL of methanol 
was subsequently added.  Thereafter, the supernatant 
was filtered using a syringe filter (Whatman 0.2 µm, NYL; 
Whatman, Maidstone, UK) and analyzed.   HPLC was 
performed under isocratic conditions, using a mobile phase 
composed of 60% (v/v) methanol and 40% (v/v) distilled 
water.  The column used was a YMC Triart C-18 (1.9 µm, 
2.0 mm×50 mm, 30°C; YMC Co., Kyoto, Japan), with a 
flow rate of 0.3 mL min–1.  Detection was conducted using a 
diode-array detector (DAD 3000, Thermo Fisher Scientific 
Co., Waltham, MA, USA) set to UV 290 nm for 15 min.   In 
addition, sesamin and sesamolin contents were measured 
in the Gomazou-derived RILs from the previous study (Kim 
et al. 2023) and the 100 germplasm harvested in 2024 using 
the same methods.
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Sesaminol, sesaminol_DG, and sesaminol_TG were 
analyzed following defatting.  A total of 1 g of ground sesame 
sample was first combined with 10 mL of hexane, followed 
by the addition of 20 mL of 70% ethanol.  Extraction was 
performed using a rotary shaker (Multi Shaker, MMS-110, 
Eyela Co., Tokyo, Japan) at room temperature for 24 h.  
Thereafter, the supernatant was filtered using a syringe 
filter (Whatman 0.2 µm, NYL; Whatman, Maidstone, UK) 
and analyzed.  The column used was a Supersil ODS2 
(5 µm, 4.6 mm×25 mm, 30°C; Dalian Analytical Instruments 
Co., Dalian, China) with a flow rate of 1.0 mL min–1.  HPLC 
analysis was performed using a mobile phase gradient 
of distilled water (A) and methanol (B).  Gradient was as 
follows: 0 min, 90%A/10%B; 2 min, 30%A/70%B; 25 min, 
20%A/80%B; 30 min, 90%A/10%B, for re-equilibration.  
Standards were obtained from Sigma (Sigma-Aldrich Co., 
Burlington, MA, USA).  Raw data for the lignan components, 
including technical replicates, are deposited in the RDA-
NaRDA data repositor ies (https:/ /doi.org/10.23138/
epops.20241223-00017.r1) for public access.  Correlation 
among the eight traits was evaluated by Pearson’s correlation 
coefficient (Pearson 1896), and analyzed with the ‘corrplot’ 
library in R studio version 4.2.0.  

2.3. DNA extraction, whole-genome resequencing, and 
genotyping-by-sequencing (GBS)
Genomic DNA was extracted from the young leaves of 
Areum, Gomazou, and their F9 RILs using the GenoAll® 
Exgene™ Plant SV Kit (GenoAll Biotechnology, Seoul, 
Korea).  DNA quality was assessed using a Nanodrop 3000 
spectrometer (Thermo Fisher Scientific Co., Waltham, MA, 
USA) at 260/280 nm, and the concentration was adjusted to 
20 ng μL–1 for sequencing.  Parental lines (Goenbaek and 
Gomazou) were sequenced to a depth of approximately 20× 
using paired-end sequencing with the TruSeq Nano DNA 
library on the Illumina Novaseq 6000 platform.  The resulting 
raw reads were deposited at the National Agricultural 
Biotechnology Information Center (NABIC) under the 
biological project number NV-0849.  Genotype information 
for the RILs was obtained using the GBS method.  Two 
different enzyme setups were used: single-enzyme digestion 
using ApeKI and double-enzyme digestion using PstI/
MspI, following previously established barcodes and library 
construction protocols (Elshire et al. 2011; Poland et al. 
2012; Lee et al. 2021).  Barcoded adapters were ligated with 
digested DNA fragments (Appendix A) and the ligated DNA 
was amplified.  Amplification conditions were 95°C for 1 min, 
followed by 18 cycles of 95°C for 30 s, 62°C for 20 s, and 
68°C for 15 s.  Separate libraries were constructed for each 
restriction enzyme setup, and paired-end sequencing was 
performed across four lanes using the Illumina HiSeq X Ten 
platform.

2.4. Genetic mapping and quantitative trait loci (QTLs) 
analysis
The re-sequenced reads for the parental lines were trimmed 
using Trimmomatic v0.39 to remove residual adapters and 
low-quality sequences.  Trimmed reads were aligned to 

the sesame reference genome (cv. Zhongzhi 13 version 2) 
using BWA-MEM v0.7.17 and SAMtools v1.15.1 for variant 
calling (Wang et al. 2016).  For GBS-derived RILs, barcode 
sequences were removed using the Fastx toolkit, and the 
alignment pipeline followed the same procedure as for 
parental lines.  SNPs with polymorphisms between parents 
were selected for genetic mapping and further filtered to 
include those with a mapping quality≥30, mapping depth≥5, 
and a genotypic missing rate≤25% in RILs, using VCFtools 
v0.1.16.  Missing genotypes in RILs were refined via 
imputation and binning using Genotype-Corrector (Miao 
et al. 2018), applying representative markers for genetic map 
construction, and forming 13 linkage groups based on the 
regression mapping method.  Marker order was calculated 
as recombination distance (cM) using the Kosambi function 
of the JoinMap v4.1 program.  Quantitative trait loci (QTLs) 
analysis was conducted using IciMapping v4.1 with the ICIM-
ADD mapping method and a step size of 0.5 cM.  Logarithm 
of odds (LOD) thresholds were established through a 
1,000-permutation test at a significance level of 0.05.

2.5. Variant analysis, marker development, and pheno-
typic impact assessment of allele combinations 
Variant analysis identified candidate genes associated with 
sesame lignan content regulation using resequencing data 
from the mapping parents.  To further confirm the variation 
specific to the high-lignan variety, we used the low-lignan 
sesame ‘Goenbaek’ sequence from NABIC (NN-8889).  
The significance of selected variants was assessed and 
categorized as HIGH, MODERATE, LOW, and MODIFIER 
based on their gene positions using snpEff software (Cingolani 
et al. 2012).  Putative functional information for sesame 
genes was obtained through BLASTp similarity analysis with 
the Arabidopsis gene protein sequences (TAIR version 10).  
Orthologous genes with the highest similarity were identified, 
and their functions were inferred.  Based on the polymorphic 
SNPs identified in two QTLs, qLIGNAN6 (chr6:15158030) and 
qLIGNAN11 (chr11:803989), CAPS markers were developed 
to assess the phenotypic impact of alleles on sesame lignan 
regulation (Appendix B).  REs were selected using dCAPS 
Finder 2.0 (Neff et al. 2002), and primers for PCR were 
designed using Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/).  
Statistical analysis was performed using analysis of variance 
(ANOVA) with R software, and statistically significant 
differences are marked with asterisks as follows: *** (P<0.001), 
** (P<0.01), and * (P<0.05).

3. Results
3.1. Lignan content variation and correlation analysis
Sesamin, sesamolin, sesaminol, sesaminol_DG, and 
sesaminol_TG contents in Areum, Gomazou, and their RILs 
were investigated (Table 1).  Oil-soluble lignans, sesamin 
and sesamolin, were detected at concentrations of 1.18 
and 0.83 mg g–1 in Areum, and 3.92 and 2.43 mg g–1 in 
Gomazou, respectively.  Soluble lignan glycosides, namely 
sesaminol, sesaminol_DG, and sesaminol_TG, were found 
at concentrations of 0.12, 0.06, and 0.63 mg g–1 in Areum 
and 0.01, 0.66, and 8.05 mg g–1 in Gomazou, respectively.  
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Lignan content in the RIL population displayed a wide range 
of values, indicating considerable variability across lines 
(Appendix C-a).   In the RIL population, sesamin content 
ranged from 0.57 to 10.8 mg g–1, with a mean of 4.15 mg g–1. 
Sesamolin content ranged from 0.6 to 3.64 mg g–1, with 
a mean of 1.8 mg g–1.  Sesaminol, sesaminol_DG, and 
sesaminol_TG contents ranged from 0.00 to 0.31 mg g–1, 
0.05 to 1.38 mg g–1, and 0.21 to 11.89 mg g–1, with respective 
means of 0.1, 0.37, and 4.04 mg g–1.   Transgressive 
segregation was observed for both Areum and Gomazou in 
total oil-soluble lignans (TOLC), total soluble lignans (TSLC), 
and total combined lignan content (TLC).  Among the RILs, 
61 lines showed higher TOLC than Gomazou, with a mean 
of 9.31 mg g–1, while 11 lines exhibited lower TOLC than 
Areum, with a mean of 1.67 mg g–1.  For TSLC, eight lines 
had higher values than Gomazou, with a mean of 10.7 mg g–1, 
while only one line had lower TSLC than Areum, with a value 
of 0.54 mg g–1.  Regarding TLC, 38 lines had higher levels 
than Gomazou, with a mean of 17.66 mg g–1, while two lines 
had lower levels than Areum, with a mean of 2.61 mg g–1.  
Although the data showed a skewed distribution, as indicated 
by skewness and kurtosis absolute values ranging from 0.13 
to 2.15 (Table 1), the QTL analysis was performed without 
normalization.  Most of the investigated lignan contents 
showed a wide range of values exceeding those of the 
parental lines, supporting the assumption that these traits are 
quantitative and likely regulated by multiple genes.

A correlation analysis examined the relationships 
between the contents of each lignan component (Appendix 
C-b).  A positive correlation was evident among the lignan 
components, whereas a negative correlation was observed 
specifically between sesaminol content and other lignan 
components.  Notably, TSLC showed a significant positive 
correlation with sesaminol-TG content (r=1.00, P≤0.001).  
This suggested that sesaminol-TG constitutes approximately 
92% of the TSLC, highlighting its dominant role among the 
soluble lignans.  

3.2. Sequencing and GBS analysis of parental lines 
and recombinant inbred lines
Parental lines Areum and Gomazou were re-sequenced, 
generating 32.3 and 32 Gb of data, respectively, covering 90× 
and 89× of the sesame reference genome (357 Mb) (Wang 

et al. 2016).  After raw data quality trimming, 165,996,600 
high-quality reads from Areum and 165,527,464 high-quality 
reads from Gomazou were used for mapping, yielding 96.1% 
and 96.2% coverage across 13 chromosomes, respectively.  
This extensive coverage provided a sufficient basis for 
comparing genotypes between populations.  Genotyping for 
the RIL population derived from Areum and Gomazou was 
performed using GBS with two different strategies involving 
distinct REs.  Initially, genotyping efficiency was tested using 
two different restriction enzyme approaches on a set of 96 
pooled individuals.  The single-enzyme method employing 
ApeKI, which recognizes and cleaves the ‘GCWGC’ 
sequence, generated 623,630,782 total reads, with an 
average of 451,627,998 aligned reads per individual and a 
coverage of 4.6% (15.7% chromosome-specific).  In contrast, 
the double-enzyme method, using PstI (which recognizes 
the ‘CTGCAG’ sequence) and MspI (which recognizes the 
‘CCGG’ sequence), generated 704,092,980 reads, providing 
an average of 530,771,158 aligned reads per individual, with 
a coverage of 0.7% (2.9% chromosome-specific).  Combining 
results from both GBS approaches yielded an average of 
982,404,595 reads per individual, with an overall coverage 
efficiency of 4.9% (17.2% chromosome-specific) (Appendix 
D).  To compare the distribution of variants across the 
genome using the ApeKI and PstI/MspI, SNP variants with 
a mapping quality≥30 were extracted and plotted based on 
their physical position with a 0.1 Mb window size.  The results 
indicated that these methods complement each other in their 
variant distribution patterns (Fig. 1).

3.3. Genetic mapping and QTLs identification for lignan 
traits
In total, 2,034,169 SNPs were detected from resequencing 
and populat ion-GBS reads, which were f i l tered for 
polymorphisms between parental lines.  Thereafter, selected 
SNPs were imputed and binned, resulting in 1,515  bin 
markers.   Genetic map for the Areum×Gomazou RIL 
population, constructed using Kosambi calculations, included 
1,334 markers (Appendix E).  This map exhibited a range of 
57 to 201 markers per chromosome, with an average of 102.6 
markers.  Total map length was 1,441.9 cM, with an average 
chromosome length of 110.9 cM and an average marker 
spacing of 1.1 cM (Appendix F).

Table 1  Summary statistics of functional compounds in Areum (AR) and Gomazou (GM), and their derived values from a 
recombinant inbred line (RIL) population

Traits (mg g–1)1) Mapping parents RIL population
AR GM Average SD Min Max Skewness Kurtosis

Sesamin 1.18±0.01 3.92±0.02 4.15 2.73 0.57 10.80 –0.92 0.55
Sesamolin 0.83±0.01 2.43±0.01 1.80 0.72 0.60 3.64 –1.05 0.13
TOLC 2.00±0.01 6.35±0.03 5.95 3.37 1.36 13.63 –1.05 0.43
Sesaminol 0.12±0.09 0.01±0.00 0.10 0.07 0 0.31 0.30 0.98
Sesaminol_DG 0.06±0.02 0.66±0.00 0.37 0.22 0.05 1.38 2.15 1.11
Sesaminol_TG 0.63±0.03 8.05±0.06 4.04 2.40 0.21 11.89 0.26 0.76
TSLC 0.80±0.14 8.72±0.07 4.51 2.59 0.54 13.31 0.29 0.76
TLC 2.80±0.13 15.08±0.10 10.46 5.46 2.50 22.03 –1.24 0.27
1) TOLC, total oil-soluble lignan contents (sesamin and sesamolin); sesaminol_DG, sesaminol-diglucoside; sesaminol_TG, sesaminol-
triglucoside; TSLC, total soluble lignan contents (sesaminol, sesaminol-diglucoside, and sesaminol-triglucoside); TLC, total lignan content.

Values are mean±SD (n=3).
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QTL analysis was performed using the phenotypic data 
and the constructed genetic map.  This analysis identified 
19 QTLs associated with five lignan-related traits distributed 
across five chromosomes (Chr4, Chr5, Chr6, Chr9, and 
Chr11) (Table 2; Fig. 2).  Specifically, QTLs for sesamin 
and sesamolin were located on chromosomes 6 and 11, 
and associated with the total oil-soluble lignans (TOLC).  
Additionally, QTLs for sesaminol, sesaminol_DG, and 
sesaminol_TG were identified on chromosomes 4, 5, and 
9, respectively, and were associated with the TSLC.  TLC, 
including both soluble and oil-soluble lignans, was mapped 
to chromosomes 6 and 11.   LOD scores for TOLC were 
17.64 for qTOLC6-1 locus and 51.29 for qTOLC11-1, with 
phenotypic variations of 13.95 and 69.16%, respectively.  
Higher phenotypic variation associated with qTOLC11-1 

indicates its significant effect on TOLC.  For the TSLC, the 
qTSLC6-1 had a LOD score of 61.62 and explained 47.88% 
of the phenotypic variation, whereas qTSLC11-1 had a 
LOD score of 22.66 with 8.50% variation explained.  This 
suggested that qTSLC6-1 has a greater impact on TSLC 
despite the higher LOD score of qTSLC11-1.  For the TLC, 
qTLC6-1 had a LOD score of 17.77 and contributed 13.88% 
to the phenotypic variation, whereas the qTLC11-1 had a 
LOD score of 51.50 and explained 68.74% of the variation, 
indicating its greater impact on TLC.

The analysis revealed that loci were co-located on 
chromosome 11 for all traits and on chromosome 6 for all 
traits except sesaminol.  Although qTOLC6-1 and qTSLC6-1 
are located on chromosome 6 and are only 0.5 cM apart, 
both appear to be beneficial alleles inherited from Gomazou, 
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Fig. 1  Genotyping efficiency using restriction enzymes ApeKI and PstI/MspI on 96 individuals pooled for sequencing.  ApeKI (A) 
and PstI/MspI (B) results of the genotyping-by-sequencing (GBS) approaches.  SNP variants with a mapping quality≥30 were extracted 
and displayed in 0.1 Mb windows based on physical position.    

Table 2  Quantitative trait loci result of genetic mapping for the lignan contents in the recombinant inbred line (RIL) population 
derived from Areum×Gomazou1)

Trait2) Locus Chr Pos Marker interval LOD PVE (%) Add No. of genes
Sesamin qSesamin6-1 6 71.5 chr6_15065347–chr6_15174720 12.45 10.15 –0.84 11

qSesamin11-1 11 1.0 chr11_134577–chr11_996151 46.98 70.80 –2.24 96
Sesamolin qSesamolin6-1 6 71.5 chr6_15065347–chr6_15174720 25.10 31.67 –0.39 11

qSesamolin11-1 11 1.5 chr11_134577–chr11_996151 35.59 45.59 –0.47 96
TOLC qTOLC6-1 6 71.5 chr6_15065347–chr6_15174720 17.64 13.95 –1.22 11

qTOLC11-1 11 1.0 chr11_134577–chr11_996151 51.29 69.16 –2.73 96
Sesaminol qSesaminol4-1 4 69.0 chr4_10053158–chr4_10181297 3.74 7.65 0.02 14

qSesaminol11-1 11 1.0 chr11_134577–chr11_996151 14.12 35.93 0.04 96
Sesaminol_DG qSDG6-1 6 71.0 chr6_13694483–chr6_15065347 82.28 48.12 –0.49 120

qSDG11-1 11 0.5 chr11_134577–chr11_996151 19.84 3.29 –0.13 96
Sesaminol_TG qSTG5-1 5 50.5 chr5_6220044–chr5_6300555 3.18 0.93 0.47 2

qSTG6-1 6 70.5 chr6_13694483–chr6_15065347 59.30 50.34 –3.45 120
qSTG9-1 9 57.0 chr9_15100790–chr9_15552480 3.18 0.96 –0.48 46

qSTG11-1 11 1.0 chr11_134577–chr11_996151 23.54 10.27 –1.56 96
TSLC qTSLC5-1 5 50.5 chr5_6220044–chr5_6300555 3.17 0.81 0.51 2

qTSLC6-1 6 71.0 chr6_13694483–chr6_15065347 61.62 47.88 –3.90 120
qTSLC11-1 11 1.0 chr11_134577–chr11_996151 22.66 8.50 –1.65 96

TLC qTLC6-1 6 71.0 chr6_13694483–chr6_15065347 17.77 13.88 –1.95 120
qTLC11-1 11 1.5 chr11_134577–chr11_996151 51.50 68.74 –4.35 96

1) PVE, percentage of phenotype variance explained by quantitative trait loci; Add, allelic additive effect.  
2) TOLC, total oil-soluble lignan contents (sesamin and sesamolin); sesaminol_DG, sesaminol-diglucoside; sesaminol_TG, sesaminol-
triglucoside; TSLC, total soluble lignan contents (sesaminol, sesaminol-diglucoside, and sesaminol-triglucoside); TLC, total lignan content.
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sharing chr6_15065347 as a flanking marker.  Despite their 
close physical proximity, the limited marker resolution in the 
QTL analysis resulted in the identification of separate loci.  
However, since these loci are likely to originate from the 
same inherited gene or genetic variant, we merged them to 
expand the candidate genetic regions to include potential 
common causative genes influencing lignan content in 
sesame seeds.  Finally, two major QTL regions were defined: 
qLIGNAN6 (chr6:13694483–chr6:15065347) and qLIGNAN11 
(chr11:134577–chr11:996151), identified as significant 
loci (Fig.  2).   SNP flanking markers (chr6:13694483–
chr6:15065347 and chr6:15065347–chr6:15174720) identified 
genetic regions encompassing 11 genes within the 0.1 Mb 
region and 120 genes within the 1.3 Mb region, respectively 
(Table 2).  By merging these loci, the qLIGNAN6 region was 
found to overlap a common gene at the chr6_15065347, 
resulting in a final total of 130 genes within the 1.4 Mb region.  
Similarly, 96 genes were identified within the 0.8 Mb region of 
the qLIGNAN11 locus (Table 2).

3.4. Functional classification of variants within major 
QTLs
To identify candidate genes within the two major QTL regions 
controlling lignan content, variants specific to the high-
lignan variety Gomazou were explored by comparing them 
with the low-lignan variety Areum used in this study and 
the additional low-lignan variety Goenbaek from a previous 
study (Kim et al. 2023).  We compared SNPs/InDels in 130 
genes within qLIGNAN6 and 96 genes within qLIGNAN11, 
including 1 kb upstream and downstream of each gene.  
As a result, 201 variants unique to the high-lignan variety 
were identified, located within 37 gene regions (Appendix 

G).  The functional potential of these candidate genes was 
assessed for similarity by inferring their protein sequences 
with homologous genes in the model plant, Arabidopsis.  
Since coding regions directly determine protein structure 
and function, and upstream regulatory regions control gene 
expression, variants located in these regions were prioritized 
for those with higher functional impact.  Ultimately, 82 SNPs/
InDels within 17 genes were selected as candidate variants 
and genes (Appendix H).

3.5. Impact of allele stacking on lignan content in re-
combinant inbred lines
To assess the impact of allele combinations from two major 
QTLs, qLIGNAN6 and qLIGNAN11, we analyzed the RIL 
genotypes at these loci.   From 201 high-lignan-specific 
variants previously selected, SNPs located at 15,158,030 bp 
on chromosome 6 and 803,989 bp on chromosome 11 
that can be converted to CAPS markers were selected 
and assayed for segregation in the population (Fig.  3).  
qLIGNAN6 and qLIGNAN11 are beneficial alleles from 
Gomazou, whereas qlignan6 and qlignan11 are deleterious 
alleles from Areum.   RILs were grouped according to 
their genotype combinations.  RILs with the genotype 
qLIGNAN6+qLIGNAN11 had the highest average TOLC 
at 9.92 mg g–1, which was significantly higher than the 
5.91 mg g–1 observed in RILs with qLIGNAN6+qlignan11 
or qlignan6+qLIGNAN11, and notably higher than the 
2.35 mg g–1 found in those with qlignan6+qlignan11 (Fig. 4).  
Similarly, the average TSLC was highest in RILs with the 
genotype qLIGNAN6+qLIGNAN11, measuring 6.93 mg g–1, 
compared to 4.75 mg g–1 in RILs with qLIGNAN6+qlignan11 
or qlignan6+qLIGNAN11, and 2.15 mg g–1 in those with 

Fig. 2  QTLs mapped to linkage groups for lignan-related traits.  Each trait was represented by a different color; chromosome without 
QTLs were excluded.  Black bars on chromosomes indicate bin markers.  Trait names are indicated on the right of each chromosome.  
Sesaminol_DG, sesaminol-diglucoside; sesaminol_TG, sesaminol-triglucoside; TOLC, total oil-soluble lignan contents; TSLC, total soluble 
lignan contents; TLC, total lignan contents.  
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qlignan6+qlignan11.  Furthermore, RILs with the genotype 
qLIGNAN6+qLIGNAN11 had the greatest average TLC 
of 16.86 mg g–1, in contrast to 10.66 mg g  in lines with 
qLIGNAN6+qlignan11 or qlignan6+qLIGNAN11, and 4.5 mg 
g–1 in those with qlignan6+qlignan11.  

For validation of these beneficial alleles from two major 
loci, an additional Gomazou-derived RIL population (Kim 
et al. 2023) and 100 germplasm were used to evaluate 
the practicality of the markers with TOLC (Appendix I-a–
d).  Statistical analysis was performed to investigate the 

Fig. 4  Additive allele effects of qLIGNAN6 and qLIGNAN11 on total oil-soluble lignan contents (TOLC), total soluble lignan contents 
(TSLC), and total lignan contents (TLC) in recombinant inbred lines (RILs).  Beneficial alleles, qLIGNAN6 and qLIGNAN11 originate 
from the paternal genotype Gomazou, whereas the deleterious alleles, qlignan6 and qlignan11, originate from the maternal genotype 
Areum.  Boxplots show the phenotypic distribution of RILs containing specific combinations of parental alleles.  Statistical significance 
between allele combinations is indicated by ***, with P<0.001, as determined by a t-test.    
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Fig. 3  Gel electrophoresis results of SNP-based CAPS marker from two major QTLs, qLIGNAN6 and qLIGNAN11, in the recombinant 
inbred line (RIL) population.  PCR products digested with restriction enzymes MseI and Hpy188I are shown for parental lines (lanes 1 
& 2) and an RIL mapping population.  A, differential band for a polymorphic SNP at physical position 15,158,030 bp on chromosome 6 
resulting from MseI restriction enzyme digestion.  Target band size for PCR amplification is 333 bp (A allele from Areum), and the cut 
region caused by restriction enzyme action is 83/250 bp (B allele from Gomazou).  B, differential band for a polymorphic SNP at physical 
position 803,989 bp on chromosome 11 resulting from Hpy188I restriction enzyme digestion.  Target band size for PCR amplification is 
264 bp (A allele from Areum), and the cut region caused by restriction enzyme action is 163/101 bp (B allele from Gomazou).
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relationship between TOLC content and allele segregation 
in 255 RILs derived from Goenbaek×Gomazou (Appendix 
I-a and b)).  Significant differences were found among 
the genotypes, with qLIGNAN6+qLIGNAN11 exhibiting 
the highest TOLC content of 8.71 mg g–1, followed by 
qLIGNAN6+qlignan11 or qlignan6+qLIGNAN11 with 7.58 mg 
g–1, and qlignan6+qlignan11 showing the lowest content 
at 5.61 mg g–1 (Appendix I-e).   Similarly, the practical 
applicability of the CAPS markers was validated using 
100 germplasm (Appendix I-c and d), revealing that TOLC 
content was highest with genotype qLIGNAN6+qLIGNAN11 
at 6.46 mg g–1, followed by qLIGNAN6+qlignan11 or 
qlignan6+qLIGNAN11 at 4.76 mg g–1, and qlignan6+qlignan11 
at 4.18 mg g–1, demonstrating a significant increase with 
favorable allele stacking (Appendix I-e).  Differences in TOLC 
among genotypes were statistically significant, with varying 
levels of significance: *** (P≤0.001), ** (P≤0.01), and * (P≤0.05).  
In conclusion, analysis of potential interactions among the 
QTLs revealed that the combination of qLIGNAN6 and 
qLIGNAN11 from the Gomazou allele substantially enhanced 
TOLC, TSLC, and TLC content in sesame seeds.

4. Discussion
4.1. Significance of sesame lignans in health and 
breeding research
Sesame contains oil-soluble lignan compounds such as sesamin 
and sesamolin, known for their antioxidative, anticancer,
anti-inflammatory, anti-proliferative, antihypertensive, and 
anti-melanogenesis effects (Senouwa et al. 2021; Kim et al. 
2022).  Additionally, soluble lignans, of which sesaminol_
TGis the most abundant, are suggested to be the active 
ingredients in defatted seeds (Moazzami et al. 2006; Ben 
Othman et al. 2015).  During oil extraction, oil-soluble lignans 
remain in the oil, contributing to the oxidative stability of 
sesame oil, whereas soluble lignans are retained in the 
seed meal (Li et al. 2023).  These oil-soluble and soluble 
lignans are stored in different forms within sesame seeds and 
are absorbed differently when consumed.  This distinction 
highlights the need for research on these specific lignan 
types to comprehensively understand their health benefits 
and metabolic pathways.  Moreover, enhancing the overall 
lignan content in sesame seeds is crucial for increasing the 
economic value of sesame, as higher lignan levels improve 
both the nutritional quality and marketability of sesame-based 
products.  Despite the benefits of lignans and increasing 
global sesame consumption, genetic studies on their 
molecular traits for breeding are limited.

The genetic mechanisms involved in lignan synthesis 
in sesame have been studied usingvarious approaches.  
Functional characterization of the cytochrome P450 
enzymes CYP81Q1 and CYP92B14, both critical for lignan 
biosynthesis, was performed to investigate the lignan 
synthesis in sesame (Satake et  al. 2013).   CYP81Q1 
initiates the conversion of the precursor lignan pinoresinol 
to (+)-piperitol and then to (+)-sesamin, forming two 
methylenedioxy bridges that underscore its pivotal role 
in the lignan biosynthetic pathway (Ono et  al. 2006).  
Genetic mapping identified CYP92B14 on LG2, which 

complements lignan biosynthesis by converting (+)-sesamin 
to (+)-sesamolin and, unexpectedly, to (+)-sesaminol through 
an oxidative rearrangement of α-oxy-substituted aryl groups 
(ORA), implicating functional coordination with CYP81Q1 
(Murata et al. 2017).  However, no CYP genes were identified 
among the candidate genes in this study, suggesting that 
other genetic factors may influence lignan synthesis.  SiNST1 
(SIN_1005755), which encodes a NAC domain-containing 
protein, was previously reported to play a potential role in the 
regulation of sesamin and sesamolin by association analysis 
and gene expression comparison (Xu et al. 2021; Dossou 
et al. 2023).   In this study, the qLIGNAN11 region, which 
contains 96 genes, was also found to contain SIN_1005755.  
However, the gene coding regions of the parental lines used 
in this study did not show any nucleotide sequence variants.  
The reason why this gene is located at the physical position 
129,873–130,205 bp on chromosome 11, a region with 
relatively low recombination frequency.   In addition to gene 
studies, QTL-seq research has provided valuable insights 
into lignan content and identified a locus on chromosome 11 
that contributes to lignan levels in sesame (Kim et al. 2023).  
QTL mapping in this study identified major loci influencing 
TLC, with the most prominent located on chromosomes 6 
and 11.  These findings align with previously reported results, 
suggesting that the observed effects may be attributed to 
a beneficial allele from the Gomazou variety, which was 
specifically bred to enhance lignan content.  Additionally, 
association analysis using RILs offered a detailed evaluation 
of the genetic contributions to l ignan-related traits, 
including sesamin, sesamolin, sesaminol, sesaminol_DG, 
and sesaminol_TG.  This approach identifies major and 
minor QTLs, improving understanding of genetic additive 
effects that enhance the role and lignan content in sesame 
breeding programs.  Although the QTL analysis allowed the 
identification of nearby regions, further studies are needed to 
functionally validate candidate genes.

4.2. Enhancing linkage mapping via optimized GBS 
strategies
As NGS technology has advanced, GBS has emerged as 
a cost-effective, efficient, and representative method for 
gathering genetic information from large populations (Elshire 
et al. 2011; He et al. 2014).  GBS is useful for analyzing 
genetic populations requiring genotyping data from many 
individuals, especially for orphan (or minor) crops, where large 
genome sizes make sequencing costly and the development 
of specific tools such as arrays is limited (Kim et al. 2016).  
GBS success can depend on the restriction enzyme selection 
used in the process.  For crops with large genomes, using a 
combination of two REs increases the number of randomized 
sites, thus improving genome coverage compared to using a 
single enzyme (Poland and Rife et al. 2012; Fu et al. 2016).  
As the restriction enzyme efficiency varies by crop, several 
enzyme combinations are often tested to identify the most 
effective one for each specific application (Sonah et al. 2013; 
Hamblin and Rabbi 2014).  For example, in soybean, in silico 
analysis of restriction sites recognized by MseI, ApeKI, and 
PstI as been conducted to determine their genome coverage 
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and optimal enzyme combinations for GBS (Sonah et al. 
2013). 

Previous GBS studies in sesame used single enzymes 
(ApeKI and TaqI) for linkage mapping (Uncu et al. 2016; 
Zhang et al. 2018) and genetic diversity studies (Seay et al. 
2024), and double enzymes (PstI/MseI) for GWAS (He 
et al. 2019).  In our study, libraries generated with both PstI/
MspI and ApeKI identified 1,049,549 SNPs with ApeKI and 
added 52,921 SNPs with PstI/MspI, improving the integrity 
of the genetic map.  However, 21,443 SNPs overlapped 
between the two enzyme strategies, indicating that PstI/
MspI recognition sequences are not widely distributed and 
do not differ significantly from those of ApeKI.  Although this 
additional approach represents only a modest 5% increase 
over the approximately 10% coverage achieved with the 
ApeKI library alone, our results provide valuable information 
for selecting restriction enzymes to optimize GBS strategies 
in sesame research.

4.3. Evaluation and application of molecular markers 
for enhancing lignan content in sesame
In breeding new varieties, a new paradigm for maximizing the 
industrial value of crops involves targeting useful ingredients 
that offer health benefits (Hansson et al. 2018; Loskutov and 
Khlestkina 2021).  However, breeding for enhanced ingredient 
content is challenging because verifying ingredient presence 
requires long cultivation periods and breeding processes are 
vulnerable to losses from seed or plant damage.  To address 
these limitations, marker-assisted selection (MAS) strategies 
using molecular markers associated with quantitative traits 
are applied in various crops (He et al. 2014).  For example, 
in wheat, MAS is used to select backcrossed individuals for 
introgression of the Glu-B1i allele, improving bread quality 
by increasing protein content and gluten strength (Cha et al. 
2024).  Similarly, SNP markers in rice categorize Waxy gene 
haplotypes, regulating amylose content to breed varieties with 
desired cooked textures (Chen et al. 2010).  For quantitative 
traits controlled by multiple genes, the phenotype is often 
maximized by accumulating key genes with high expression 
levels.  Consequently, breeding strategies such as gene 
pyramiding are employed to combine alleles for each trait for 
additive effects (Ashikari and Matsuoka 2006).  In soybeans, 
high-protein selection markers targeting three major additive 
QTLs generate transgressive progenies (Zhang et al. 2015).  

In the present study, CAPS markers were developed 
for sesame breeding to produce high-quality cultivars with 
maximized lignan content.  These markers are specific to the 
lignan-rich cultivar Gomazou and are located within the major 
QTL regions (qLIGNAN6 and qLIGNAN11).  The correlation 
between markers and lignan content in two RIL populations 
and 100 germplasm lines showed that pyramiding beneficial 
alleles from two major QTLs effectively maximized lignan 
content.   These results demonstrate that the markers 
are effective for selecting individuals with high-lignan 
content, minimizing seed loss associated with functional 
analysis, and are promising for future breeding.  However, 
to improve selection accuracy, further functional validation 
of candidate genes is required, as results obtained under 

limited conditions and genetic backgrounds may not fully 
represent the phenotypic variability of QTLs across different 
genetic resources.  Future research should therefore include 
experiments across diverse environmental conditions and 
genetic backgrounds to better understand and validate the 
effectiveness of these markers in sesame.

5. Conclusion
This study identified two loci, qLIGNAN6 and qLIGNAN11, 
associated with lignan content using a cross between the 
sesame cultivars Areum and Gomazou and the F9 RIL 
population.  GBS libraries were constructed using both a 
single restriction enzyme (ApeKI) and a combination of two 
restriction enzymes (PstI/MspI).  The results indicated that 
the enzyme combination successfully covered regions of 
the genome missed when using a single enzyme, thereby 
enhancing linkage map integrity.  Marker-assisted selection 
developed molecular markers specific to these loci, 
demonstrating that stacking beneficial alleles from both loci 
significantly enhances lignan content.  These markers can 
be effectively utilized in breeding programs, enabling efficient 
selection of sesame plants with higher lignan content.   In 
conclusion, this study provides valuable genetic resources 
and practical tools for enhancing the nutritional value of 
sesame.   It establishes a foundation for future molecular 
breeding efforts, facilitating the development of improved 
sesame varieties through targeted marker applications.
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