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Genomic insights for sesame improvement

Abstract

Sesame is a drought-resilient, nutritionally rich oilseed crop widely grown in tropical
and subtropical regions. Sudan is recognized as a major global producer and a center
of genetic diversity for sesame. However, Sudanese germplasm remains largely
underutilized in global breeding efforts. This thesis summarizes five studies
evaluating key agronomic and biochemical traits in 200 diverse Sudanese sesame
genotypes, assessed across multiple seasons and agroecological zones. A storage
stability study (for 10 commonly cultivated genotypes) under accelerated aging
conditions (55°C, 60% RH) demonstrated genotype-specific variation in oil stability
and antioxidant retention. Landrace Abusundoug displayed exceptional oxidative
stability, highlighting its value for breeding improved shelf-life cultivars.
Comprehensive biochemical profiling revealed substantial variations in oil content
(32.8-50.2%), oleic acid (41.3—47.6%) and linoleic acid (35.0—41.4%). Seed coat
color showed extensive variation (CIELab parameters: L*, a* b*), with limited
correlation with oil traits. Black and dark brown seeds contained higher antioxidant-
related compounds, while white-seeded genotypes typically exhibited a higher oil
content. Genome-wide association studies (GWAS) and genomic prediction
identified genetic loci underlying complex traits, including oil quality, seed
pigmentation, and capsule-shattering resistance. GWAS revealed 21 significant SNP
loci linked to seed coat pigmentation involving flavonoid biosynthesis genes (e.g.,
WRKY, DOF zinc finger). Capsule-shattering analyses identified five robust SNP
markers, notably Chr2 15649330 and Chr8 31466064, and candidate genes
(MKK5, RZF1, COR27) which are homologous to pod-shattering genes from
Arabidopsis and Brassica napus. These findings highlight the considerable potential
of Sudanese sesame germplasm for developing climate-resilient, nutritionally
enhanced, and commercially valuable sesame varieties through marker-assisted
breeding.

Keywords: Gene analysis, Genetic resources utilization, Neglected crops, Marker-
assisted selection, Plant breeding, Sudan






Genomic insights for sesame improvement

Sammanfattning

Sesam &r en torktalig och naringsrik oljevaxt som odlas i tropiska och
subtropiska regioner. Sudan erkénns globalt som en ledande producent och
ett viktigt centrum for genetisk diversitet hos sesam. Trots detta forblir
sudanesisk sesam till stor del underutnyttjad i globala foradlingsprogram.
Denna avhandling sammanfattar resultat fran fem studier dér viktiga
agronomiska och biokemiska egenskaper utvirderades hos 200 genetiskt
varierande sudanesiska sesamgenotyper Over flera sdsonger och
agroekologiska zoner. En lagringsstudie utford pa tio ofta odlade genotyper
under lagring (55°C, 60 % relativ luftfuktighet) visade genotypspecifik
variation i oljestabilitet och forekomst av antioxidanter. Den lokala sorten
Abusundoug uppvisade exceptionellt hog oxidationsstabilitet, vilket
understryker dess virde for utveckling av sorter med forbéttrad
lagringshallbarhet. Omfattande biokemiska analyser avslojade stor variation
i oljehalt (32,8-50,2 %), oljesyrahalt (41,3—47,6 %) och linolsyrahalt (35,0—
41,4 %). Frofargen visade betydande variation, men korrelationen med
oljeegenskaper var begridnsad. Svarta och morkbruna fron innehdll mer
antioxidativa komponenter, medan vita fron generellt hade hdgre oljehalt.
Genomstudier (GWAS) och genomisk prediktion identifierade genetiska
regioner kopplade till komplexa egenskaper, som oljekvalitet,
fropigmentering och motstandskraft mot kapselsprickning. En GWAS-
analys identifierade 21 signifikanta SNP-lokus associerade med frofarg,
vilket inkluderade kandidatgener i flavonoidbiosyntesen (t.ex. WRKY,
DOF-zinkfinger). For kapselsprickning identifierades fem robusta SNP-
markorer, diar Chr2 15649330 och Chr8 31466064, samt kandidatgener
(MKK5, RZFI, COR27) var homologa med gener for skid- och
kapselsprickning hos Arabidopsis och Brassica napus. Dessa resultat belyser
den stora potentialen hos sudanesisk sesam for utveckling av klimattaliga,
niringsinnehdllande och kommersiellt viardefulla sorter genom markorstodd
vaxtforadling.

Nyckelord: Genanalys, Utnyttjande av genetiska resurser, Forsummade
grodor, Markorstodd selektion, Vaxtforadling, Sudan
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1. Introduction

Sesame (Sesamum indicum L.) is a crucial crop cultivated predominantly in
arid and semi-arid regions, serving as a vital cash crop for small-scale farmers
(Elsafy 2023). Its cultivation often provides the essential financial resources for
acquiring agricultural inputs critical to sustaining staple food production.
Despite its significance, sesame has historically received limited attention in
terms of research and breeding efforts, leading to stagnation in productivity and
overall production efficiency. Exploiting sesame’s rich genetic diversity through
advanced molecular breeding techniques presents an opportunity to develop
high-yielding varieties which can thrive under climate change-induced stresses
and adverse environmental conditions. Successful breeding initiatives can
significantly enhance sesame production, thereby directly improving the
livelihoods and economic resilience of vulnerable smallholder farming
communities.

19



20



2. Background

2.1 Economic Importance

Sesame plays a vital role in the rural economy of many tropical and
subtropical countries. It is considered a high-value oilseed crop due to its
adaptability to diverse agro-climatic conditions, including in drought-prone and
marginal lands, where few other crops can thrive. It serves as a major income
source for small-holder farmers, often requiring low input but offering a
relatively high market value. According to (FAOSTAT 2023), major producers
include Sudan, Myanmar, India, China, and Nigeria, with Sudan being a global
leader in both production and export (Figure 1). However, the crop is still
underutilized in terms of global research and development investment, which
has resulted in relatively low average yields compared to other oilseeds. Despite
being grown on over 12 million hectares, sesame production is not meeting its
potential, yielding around 500 kg/ha on average, largely due to constraints such
as capsule shattering, biotic and abiotic stressors, and limited mechanization
(Myint et al. 2020).

Sesame Production (tons)
1000000

500000

Data source: FAOSTAT

Figure 1. Global sesame production by country
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2.2 Nutritional Value of Sesame

Sesame seeds are highly nutritious and serve as a valuable component of both
human and animal diets. They are particularly rich in lipids (35-60%),
predominantly unsaturated fatty acids such as oleic and linoleic acids, and
contain significant amounts of protein (19-30%), making them an important
protein supplement in many diets (Elleuch et al. 2007). The seeds are also rich
in essential micronutrients, including calcium, magnesium, phosphorus, iron,
and zinc. Moreover, sesame is a source of important bioactive compounds, such
as lignans (e.g., sesamin, sesamolin), tocopherols (vitamin E), and phytosterols,
which contribute to its antioxidant, anti-inflammatory, and cholesterol-lowering
effects (Wu 2007; Pathak ef al. 2017). In addition, the leaves of sesame, though
underutilized, have high nutritional value and are consumed in several African
communities during food shortages because of their high levels of ascorbic acid,
carotenoids, and minerals (Latham 1979; Bennett 1998).

2.3 Sesame Domestication

Sesame is considered to be one of the oldest oilseed crops domesticated by
humans, with archaeological evidence dating its cultivation back over 3,000
years. The origin of sesame has long been debated, with both Africa and the
Indian subcontinent theorized as centers of domestication. The genus
Sesamum, comprising over 30 species, shows high diversity in tropical Africa,
where many wild relatives, such as S. angustifolium, S. radiatum, and S.
alatum, are found (Bedigian 2003). However, S. malabaricum, found in India,
is genetically closest to cultivated sesame, suggesting possible independent or
secondary domestication in South Asia. This complex domestication history
reflects sesame’s diverse adaptation and usage across cultures, in which its
seeds, oil, and leaves have been traditionally used for food, medicine, and
religious rituals (Orsi ef al. 2017; Elsafy 2023).

2.4 Genetic Resources

Despite its long cultivation history, sesame exhibits a relatively narrow
genetic base in modern varieties, posing a challenge for breeders. Genetic
erosion caused by habitat destruction, civil unrest, and the replacement of
traditional landraces with modern cultivars has been particularly severe in areas
like Sudan, which hosts diverse indigenous germplasm (Bedigian 2003;
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Robinson 2005). To counteract this loss, initiatives such as the Eastern African
Plant Genetic Resources Network (EAPGRN) and NordGen have promoted the
conservation and documentation of genetic resources, supported by Sida
(Demissie 2006). Core collections, gene banks, and systematic germplasm
evaluations play a vital role in identifying key traits, such as disease resistance,
stress tolerance, and oil quality, which are often retained in wild relatives and
traditional landraces (Ashri 1998).

2.5 Sesame Morphology and Biology

Botanically, sesame (Sesamum indicum L.) is a diploid species (2n = 26) with
an indeterminate growth habit and extensive phenotypic plasticity. The plant
typically reaches 0.5 to 2.5 meters in height and has a taproot system that enables
drought tolerance. Its flowers are zygomorphic and predominantly self-
pollinated, although cross-pollination can occur via insects. Capsules vary
widely in shape, size, and dehiscence level, often influencing yield stability.
Cytogenetic studies have divided Sesamum species into three categories based
on chromosome numbers: 2n = 26, 32, and 64. Techniques such as BAC-FISH
and chromosome painting have enabled the mapping of sesame chromosomes
and the identification of chromosomal markers (Zhao et al. 2018; Zhang et al.
2021a). This cytogenetic knowledge supports both classical and molecular
breeding approaches.

2.6 Breeding Methods in Sesame

Conventional breeding approaches in sesame include mass selection, pure-
line selection, and pedigree-based hybridization. However, a narrow genetic
base in some regions often limits breeding gains. To overcome this, mutagenesis
(using EMS, gamma rays, or space mutagenesis) has been applied to induce
novel variation (Liu et al. 2004; Wang et al. 2017). Heterosis breeding has been
explored, with hybrid cultivars developed to exploit vigor. However, hybrid seed
production remains challenging due to a complex flower structure. Interspecific
hybridization has also been attempted to introgress traits from wild relatives,
though cross-ability barriers exist. Molecular breeding, including marker-
assisted selection (MAS), is increasingly used, utilizing SSR, SNP, and InDel
markers linked to desirable traits (Zhang et al. 2021b).
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2.7 Important Traits of Sesame

Improving yield and harvest efficiency is a major breeding objective in
sesame. Key yield-related traits include the number of capsules per plant, seed
size (e.g., thousand-seed weight), and capsule-shattering resistance. Shattering
is a major cause of yield loss and a barrier to mechanized harvesting. Indehiscent
or semi-indehiscent capsule traits are under active selection, with the cll
mutation being the first fully shatter-resistant variant described (Zhang et al.
2018b). Other important traits include seed coat color (linked to market
preference and antioxidant content), branching habit, and plant height (Cui et al.
2021; Duan et al. 2021). Biotic stress resistance to pathogens like Phytophthora,
Alternaria, and phyllody, and abiotic stress tolerance (e.g., drought, salinity) are
also key breeding targets (Islam et al. 2016).

2.8 Sesame Genome

The construction of a high-quality reference genome for sesame evolved
considerably between 2010 and 2015, with the primary objectives encompassing
comprehensive genome sequencing, systematic annotation, and the development
of functional genomic resources (Zhang et al. 2021b). The first reference
genome for cultivated sesame was published by Wang et al. (2014b), based on
[llumina sequencing of the Zhongzhi 13 variety. Although widely used in genetic
studies, this assembly was fragmented and contained numerous gaps. Recently,
a significant improvement was achieved using a multi-platform approach
combining PacBio HiFi sequencing, Bionano optical mapping, and Hi-C
scaffolding technologies. This effort resulted in a high-contiguity, chromosome-
level assembly of the Baizhima variety (v3 assembly) with 97.54% of the
genome anchored to 13 pseudochromosomes and a contig N50 of 13.48 Mb
(Wang et al. 2022). The updated annotation identified 24,345 high-confidence
protein-coding genes and revealed improved structural accuracy and
completeness compared to earlier versions, thereby providing a robust genomic
resource for sesame breeding and functional genomics. This integrative, multi-
platform strategy enabled the construction of a high-quality chromosome-level
genome assembly for cultivated sesame, marking a significant milestone in
oilseed genomics. Furthermore, these methodological frameworks were
subsequently applied to wild Sesamum species, enabling comprehensive
comparative genomic analyses which elucidated evolutionary relationships
within the genus. The resulting genomic resources have provided foundational
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support for marker-assisted breeding strategies in sesame improvement
programs, accelerating the development of improved cultivars with enhanced
agronomic performance (Zhang et al. 2021b).

2.9 Genome-Wide Association and Quantitative Trait Locus
(QTL) Mapping in Sesame

GWAS and QTL mapping are pivotal tools for identifying the genomic
regions associated with complex traits. In sesame, GWAS using high-density
SNP data has revealed loci linked to yield traits, capsule traits, and stress
tolerance. For instance, studies have identified candidate genes, such as SiLPT3
and SiACSS, involved in capsule development and seed set (Zhou et al. 2018).
QTL mapping has elucidated loci for traits like plant height, male sterility,
waterlogging resistance, and oil content (Zhang et al. 2014; Liu et al. 2015).
These findings facilitate marker-assisted selection, genomic prediction, and the
development of ideotypes tailored to climate-resilient agriculture.

2.10 Historical Development and Genetic Richness of
Sesame in Sudan

Sudanese sesame germplasm encompasses substantial genetic diversity,
reflected in numerous landraces and local varieties, distinguished by diverse
morphological characteristics and seed coat pigmentation patterns (Zhang et al.
2021a). Traditional landraces are identified by regional nomenclature, including
Housh, Abdel-razig, Babinga, Bilia, Abu-sofa, Hurhairy, and various Gerabin
types (light and late), exhibiting considerable phenotypic variation in vegetative
and reproductive traits. Seed coat coloration ranges from white to black with
intermediate phenotypes, with white-seeded cultivars generally preferred for
export markets, while pigmented varieties are predominantly utilized for oil
extraction.

Indigenous landraces remain prevalent in cultivation systems, particularly
throughout the western part of Sudan. These genetic resources were
systematically collected during the 1950s and early 1960s, followed by
phenotypic selection and purification programs focusing primarily on seed color
characteristics (Osman 1985). This effort yielded several improved white-seeded
cultivars, including Zeraa-1, Zeraa-3, Zeraa-6, and Zeraa-7, which were
subsequently distributed to commercial and semi-commercial production
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systems. Concurrent efforts to introduce non-shattering traits through
introgression of the indehiscent gene (a recessive mutation identified in
Venezuela in 1943) from American germplasm proved unsuccessful, with the
resulting lines demonstrating inadequate agronomic performance.

A collaborative breeding initiative between the Agricultural Research
Corporation (ARC) of Sudan and the University of California, Riverside,
established in 1975 with funding from the United Nations Development
Programme (UNDP), resulted in the development of the cultivar Kenana-1
(Osman, 1985). Subsequent varietal releases in the mid-1980s included Kenana-
1, Zeraa-9, and Hurria-49. Kenana- I exhibits superior yield potential, with large
white seeds containing approximately 48% oil and 24% protein, bacterial blight
resistance, and distinctive eight-locule capsules. However, susceptibility to
webworm has been documented in Kenana-1. Zeraa-9 is characterized by small
white seeds and synchronous maturation (Osman 1985).

The 1990s breeding programs produced Kenana-2, Kenana-3, and Kenana-4
cultivars. Kenana-2 features large white seeds, early maturity, and enhanced
drought tolerance. Additionally, the cultivar Promo, selected from Greek
temperate germplasm, demonstrates profuse branching, a medium growth
duration, uniform maturity, and delayed capsule dehiscence (Ahmed 2008). In
2003, cultivars Um-Shagara and Gadarif-1 were released; Gedarif-1, derived
from temperate-tropical hybridization, exhibits determinate growth habit,
medium-late flowering, and vigorous growth characteristics, while Um-
Shagara, selected from introduced-local crosses, features extensive branching,
white seeds, and synchronized maturity (Ahmed et al. 2003).

More recently, the cultivar Elgizouli was developed and released in 2012. It
originated through the segregation of populations of crosses between introduced
materials sourced from International Development Research Centre projects and
indigenous cultivars. This variety exhibits extensive branching, elongated
capsules, white seeds, and uniform maturation characteristics (Khalafalla &
Ahmed 2012).
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3. Aims and Objectives of the Research

This PhD thesis aims to advance the genetic and biochemical understanding
of key agronomic, nutritional, and postharvest traits in Sudanese sesame, with a
focus on supporting the development of resilient, high-quality cultivars adapted
to semi-arid environments. Through the integration of high-resolution field
phenotyping, biochemical profiling, genome-wide association studies (GWAS),
gene analysis, and genomic prediction, this research aims to elucidate the genetic
architecture underlying key traits, including oil content and composition, seed
coat pigmentation, capsule-shattering behavior, and seed storage stability. By
exploiting the genetic diversity present in Sudanese germplasm, a largely
underutilized yet globally significant resource, the study aims to identify
molecular markers and candidate genes which can be applied in breeding
programs to improve yield stability, nutritional quality, and postharvest
performance in sesame.

The specific objectives of this research are:

e The assessment of genotypic variation in sesame seed quality and oil
stability under accelerated storage conditions to identify germplasm
with enhanced storability for hot climate production systems.

e Characterization of the variation in oil content, fatty acid profiles, and
seed coat color in Sudanese sesame germplasm to identify elite
genotypes for breeding programs, targeting enhanced nutritional and
market value.

e Characterization of the genetic basis of seed coat color to facilitate
breeding of market-preferred sesame varieties.

e Elucidation of genetic factors associated with oil content and fatty acid
composition profiles.

e Identification of the genetic determinants of capsule-shattering traits to
improve the yield of sesame.
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4. Materials and Methods

4.1 Plant Material

The studies involved diverse collections of sesame germplasm. Paper I
employed ten Sudanese sesame genotypes, including widely cultivated cultivars
(Kenana-2 (KN), Gadarif (GF), Eltayeb (EB), Tagarub (TB), Bromo (BO)) and
landraces (Radoum (RM), Southern Kordofan (SK), Ruface (RE), Hurhairy
(HR), and Abusundoug (AS), selected for their diverse market profiles and
nutritional traits. Papers II, IV, and V utilized the same panel of 200 genetically
diverse Sudanese sesame accessions, comprising genebank accessions,
advanced breeding lines, and released varieties. Paper III (Oil Content and Fatty
Acid Profiles) evaluated 87 accessions from the Agricultural Plant Genetic
Resources Conservation and Research Centre (APGRC) representing nine
regions of Sudan, with Kenana-2, Promo, and Herheri as checks.

4.2 Experimental Locations

Field experiments were conducted primarily at:
e Matuq Research Station (Gezira State; 14°11'10"N, 32°34'48"E) for
Papers II, III, IV, and V.
e Abu Naama Research Station (Sennar State; 12°44'43"N, 34°07'21"E)
for Paper IV.
Experiments employed augmented block designs (ABD) to evaluate
genotypes, and agronomic practices were carefully standardized across
experiments.

4.3 Phenotyping and Trait Evaluation

4.3.1 Storage Stability Assessment (Paper [)

Sesame seeds were exposed to accelerated storage conditions (55°C, 60%
RH) for 0, 16, and 32 days, simulating commercial storage of 6—12 months
(Taoukis et al. 1997). The seed quality attributes measured included
germination, oil content (AOAC 1990), fatty acid profiles via GC-FID (Ivarson
et al. 2017), fungal growth (Feldsine et al. 2002), water activity (aw), free fatty
acids (AOAC 1990), and peroxide value (QDstdal et al. 2000).
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4.3.2 Phenolic Compounds and Antioxidant Activity (Paper I)

The total phenolic and flavonoid extraction was conducted according to
Talhaoui et al. (2014). Phenolics were quantified using the Folin—Ciocalteu
assay, as outlined by Waterhouse (2002), and flavonoid content was determined
using the aluminum chloride colorimetric method (Kim ef al. 2003). Regarding
antioxidant activity assays, DPPH radical scavenging activity, ferric-reducing
antioxidant power, and ABTS radical scavenging activity were measured
according to (Re et al. 1999; Chang et al. 2001; Benzie & Devaki 2018).

4.3.3 Seed Coat Color Analysis (Papers |, Il, and Ill)

Seed coat color parameters were quantified using a Minolta Chroma Meter
CR-400 in CIELab space (L*, a*, b*), calibrated against a standard white plate.
Each sample (~50 g) underwent three replicate measurements to ensure
precision.

4.3.4 Qil Content and Fatty Acid Profiling (Papers Ill & 1V)

Oil extraction was performed using Soxhlet extraction with hexane solvent.
Fatty acid methyl esters (FAMEs) were analyzed using gas chromatography
(GC-FID, Agilent Intuvo 9000) (Tesfaye et al. 2024).

4.3.5 Capsule Shattering Morphological Traits (Paper V)

Three capsule traits, bicarpellate capsule shape (BS), capsule beak type
(TCB), and shattering type (ST), were visually assessed using standardized
descriptors adapted from IBPGR (2004) (Table 1). Evaluations were conducted

on five randomly selected mature plants per accession across three growing
seasons (2021-2023).
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Table 1. Qualitative traits and their categorical descriptions in sesame
capsule morphology and shattering behavior.

Traits Description

Bicarpellate capsule shape (BS) (1) Tapered at apex

(2) Narrow oblong

(3) Broad oblong

(4) Square

Type of capsule beak (TCB) (1) Short

(2) Long

(3) Curved

(4) Cleft

(5) Other

Shattering type (ST) (1) Non-shattering

(2) Partially shattering

(3) Completely shattering

4.4 Genotyping-by-sequencing

Young leaf tissues (~5 mm diameter) were collected from each genotype for
genomic DNA extraction using the Qiagen BioSprint 96 DNA Plant Kit.
Genotyping-by-sequencing libraries were prepared following the double-digest
restriction enzyme protocol with Pstl and Mspl enzymes (Poland et al. 2012).
Sequencing was performed using the [llumina NovaSeq 6000 platform at the
University of Minnesota Genomics Center. Bioinformatics processing included
alignment with BWA v0.7.4 to the sesame genome, SNP calling with SAMtools
and bcftools, and filtering SNPs with MAF > 3% and < 20% missing data.

4.5 Candidate Gene Analysis (Papers Il, IV, and V)

Candidate genes associated with significant SNP markers identified through
GWAS were annotated using functional genomics databases, including the
National Center for Biotechnology Information (NCBI), and comparative
analyses with model species, such as Arabidopsis thaliana and Brassica napus.
Genes linked to pigment biosynthesis pathways (Paper II), lipid metabolism
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(Paper 1V), and capsule-shattering mechanisms (Paper V) were identified and
functionally characterized based on homology and domain predictions,
facilitating targeted marker-assisted selection.

4.6 Statistical and Genomic Analyses

Statistical analyses employed ANOVA, broad-sense heritability calculations,
and correlation assessments using R software. Genome-wide association studies
(GWADS) utilized GAPIT software, employing BLINK, FarmCPU, and MLMM
models to detect marker-trait associations. Genomic predictions were executed
via r¥rBLUP models. Population structure and genetic diversity were assessed
through PCA and ADMIXTURE analyses, evaluating linkage disequilibrium
and relatedness among accessions.

Broad sense heritability (H) for oil composition (Paper IV) was calculated by
applying a mixed-effects model based on genotype means, resulting in the
following estimation of H:

o;

2 _
H® = 2

2
g, g,
¢ + —gL + —LE

Where o represents the genetic variance, g2, denotes the genotype by
location interaction variance, o is the residual from environmental variance,

and L is the number of locations. The statistical analysis was conducted using R
version 4.3.2, utilizing the "/me4" package to fit the mixed-effects models.

In paper V, the genetic evaluation, BLUEs (Best Linear Unbiased Estimates), is
obtained using the following model:

Yijk = |J.+ Gi + E] + (GXE)U + Bk + Eijk

Where: Yy is the trait value for genotype i in environment j, block &, p is the
overall average trait value across all genotypes and environments, G; is a fixed
effect of genotype i, E; is a fixed effect of environment, (GxE);;is a random GXE
interaction, By is a random effect of block, and € is the residual error.

The BLUPs (Best Linear Unbiased Predictions) were estimated using a model
that treated genotype as a random effect.
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Yie =+ G+ By + €

Where: G; ~ N (0, 6%g) is a random genetic effect, Bx ~ N (0, 6%g) is the random
block effect, and € ~ N (0, 62) is the residual error.
Broad-sense heritability was calculated using Cullis et al. (2006). The broad-
sense heritability was calculated using the following:

) mean PEV
H* =1—-—F5—

20¢;
Where PEYV is the average prediction error variance from the matrix of squared
standard errors of pairwise differences between genotype predictions, 62 ¢ is the
genetic variance component (from the BLUP model), and the factor of 2 adjusts
for the average variance of pairwise genotype differences.
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5. Results and Discussion

5.1 Storage Stability Assessment (Paper 1)

5.1.1 Seed Quality Characteristics

The sesame seeds maintained germination rates across all genotypes and
storage durations (Table 1, Paper I), demonstrating high viability under
accelerated storage conditions (p > 0.05). This observation aligns with prior
studies indicating sesame seeds' robustness in retaining germination rates
exceeding 80% post-storage (de Lima et al. 2014).

Significant variation was observed in seed color parameters (L*, a*, b*, AE),
influenced by storage durations, cultivar types, and their interactions (p < 0.001).
Accelerated storage for 32 days notably increased seed coloration parameters
compared to 16-day storage (Table 1, Paper I), which initially reduced
coloration. Color degradation at 16 days was likely caused by pigment loss and
browning reactions, whereas prolonged storage (32 days) induced pigment and
melanoidin formation from sustained heat-induced chemical reactions
(Lattanzio 2003). Cultivars exhibited inherent color differences, with brown
landrace genotypes (AS, HR) demonstrating higher stability in coloration
compared to whitish-released cultivars. Previous reports associate such color
changes with non-enzymatic browning connected with phenolic compounds and
tannins (Reyes-Moreno et al. 2000).

Accelerated storage significantly impacted oil content, decreasing total oil
and oleic acid levels while increasing linoleic acid content (Table 2, Paper I).
This selective oxidation is attributed to the lower activation energy required by
unsaturated fats to form lipid radicals compared to saturated fats, enhancing
susceptibility to oxidative degradation (Choe & Min 2006). This is consistent
with prior findings emphasizing the oxidative vulnerability of unsaturated fatty
acids, particularly under high temperature and humidity conditions (Lee & Choe
2012).
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5.1.2 Storability Characteristics

Storage conditions significantly influenced fungal growth, water activity (aw),
free fatty acids (FFA), and peroxide values (PV), with all parameters exhibiting a
notable increase during storage (p < 0.001) (Table 3, Paper I). Fungal growth and
PV notably increased over time, particularly after prolonged storage periods,
reflecting higher oxidative rancidity and microbial contamination under
accelerated conditions (Kumar et al. 2019). Interestingly, the FFA content peaked
at 16 days, likely due to decreased lipase enzyme activity caused by prolonged heat
exposure (Zhou et al. 2002). The sesame seeds' oxidative stability, indicated by
peroxide values, demonstrated rapid deterioration, emphasizing the need for
optimal storage conditions to maintain seed quality, as also identified in a previous
study (O'brien 2008). Genotypic differences were apparent, with some genotypes
(EB, KN, HR) exhibiting higher fungal growth. In contrast, others (RM, TB, SK,
BO, RE) showed resistance, indicating inherent genetic variations that affect
storability traits.
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5.1.3 Phytochemical content and antioxidant activity

Accelerated storage significantly reduced total phenolic compounds (TPC),

flavonoid content (TFC), ferric-reducing antioxidant power (FRAP) and ABTS
radical scavenging activities (p < 0.001), although DPPH activity remained
unaffected (Table 4, Paper I). The observed reduction in phytochemicals and
antioxidant activities aligns with reports from other crops under similar stress
conditions, suggesting chemical degradation and oxidative reactions induced by
high-temperature storage (Ll et al. 2010; Braganga et al. 2020). The retained
DPPH activity suggests a persistent radical scavenging capacity even after the
degradation of other antioxidants (Chang et al. 2001).
Genotypic variation was also significant, with the genotype Abusundoug (AS)
notably exhibiting higher phytochemical content and antioxidant capacities,
suggesting its potential for better storage stability and oxidative stress resistance
compared to other genotypes.

5.1.4 Multivariate Analysis and Genotypic Implications

Principal Component Analysis (PCA) effectively differentiated genotypes
based on phytochemical content, fatty acid profiles, and storage duration (Figure
1A, Paper I). High fatty acid content is inversely correlated with phytochemical
concentrations and antioxidant capacities (Figure 1B, Paper I). Moreover,
hierarchical clustering revealed that genotype AS demonstrated exceptional
stability under storage conditions, correlating with its higher antioxidant capacity
and lower fatty acid content (Figure 1C, Paper I). In contrast, the genotype HR
showed susceptibility to oxidative deterioration, aligning with its higher fatty acid
profile. These insights underscore significant genotype-dependent responses to
storage conditions, highlighting the importance of identifying and utilizing
genetic resources, such as genotype AS, to breed for enhanced storage stability
(Laurentin & Karlovsky 2006; Zhou et al. 2022). This study provides critical
insights into the storability characteristics of sesame, underscoring genotype-
specific responses to accelerated storage conditions. The genotype Abusundoug
(AS) emerged as a promising candidate for breeding programs due to its superior
storage stability linked to its phytochemical richness and lower polyunsaturated
fatty acid content. Future research should extend this evaluation to broader
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genetic material, examine genetic factors underpinning these characteristics, and
test stability across diverse environmental conditions.

5.2 Genetic Scanning of Seed Coat Color in Sesame (paper
Il & )

5.2.1 Seed Coat Color Phenotyping (Paper Il)

The analysis of CIELab parameters (L*, a*, and b*) across 200 Sudanese
sesame accessions over two years showed high consistency (»=0.997, p <0.001),
indicating strong genetic control over seed coat color traits. Lightness (L*) values
showed the greatest range, confirming broad phenotypic variation (Paper II).
Moderate correlations between L* and a* (» = -0.42), L* and b* (» = 0.37), and
a* and b* (» = 0.47) indicate interconnected pigment profiles (Figure 1A, Paper
IT). Principal component analysis (PCA) accounted for 88.4% of the total
variance, revealing three distinct phenotypic groups (high L*, high a*, high b*),
with notable overlap between light and yellow seeds (Figure 1B, Paper II). Broad-
sense heritability values were exceptionally high (0.9991 for L*, 0.9975 for a*,
and 0.9974 for b*), suggesting minimal environmental influence. These findings
align with previous QTL mapping studies (Wang et al. 2016; Du et al. 2019; Cui
et al. 2021), which demonstrates that seed coat color is largely controlled by a
limited number of stable loci, making it suitable for straightforward selection.

5.2.2 Seed Coat Color Variation and Its Implications (Paper IlI)

Seed coat color parameters (L*, a*, b*) exhibited significant variation. L*
values ranged from 34.1 to 79.8, confirming broad pigmentation diversity
(Supplementary data, Paper III). However, regression analyses revealed no
significant association between oil content and seed coat color, contrasting with
findings from Wang et al. (2020) and supporting the notion that seed
pigmentation and oil biosynthesis may be independently regulated. Despite
farmers' perceptions linking darker seeds to higher oil content (ETI 2023), our
data does not support this association.

Nonetheless, dark seeds have been associated with higher lignan and antioxidant
content in prior studies (Dossou et al. 2021; Comini et al. 2023) and may offer
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health benefits, such as reduced oxidative stress and inflammation (Bolvig et al.
2017; Pilar et al. 2017). Thus, seed coat variation remains relevant for both
nutrition and market preferences.

5.2.3 Genomic Diversity and Structure Analysis (Paper II)

Whole-genome SNP analysis showed heterogeneous variant distributions
across the 13 chromosomes, which were particularly high for chromosomes 5, 7,
and 10 (Figure 2a, Paper II). ADMIXTURE and DK methods identified two main
genetic clusters among the sesame accessions (Figure 2b, Paper II). The kinship
heatmap revealed clear blocks of relatedness (Figure 2c, Paper II), suggesting
shared ancestry or breeding histories (Eynard ef al. 2016). Linkage disequilibrium
(LD) decay was rapid, with #? dropping below 0.1 at ~204 kb, confirming high
recombination (Figure 2d, Paper II); this was consistent with findings in other
sesame populations (Du et al. 2019; Wang et al. 2022) compared to earlier studies
that used older genome assemblies (Wang et al. 2014b). This analysis, using the
updated reference genome, allowed for a more accurate resolution of LD decay,
supporting its utility for fine mapping and genome-assisted breeding.

5.2.4 GWAS and SNP-trait Associations (Paper Il)

The GWAS identified significant SNPs for all three-color traits. For L*, key
associations were found for chromosomes 3, 6, and 12. The strongest SNPs on
Chr12 (16523829 and 16523899 bp) explained over 6.5% of the phenotypic
variance (Table 1, Paper II). This agrees with Wang et al. (2020) and Li ef al.
(2021), who linked similar regions to light pigmentation. For a*, SNPs on
chromosomes 3 and 6 were significant, particularly Chr6 27694080 (9.2%
variance), corresponding with loci for red pigmentation and flavonoid pathways
(Wang et al. 2023). For b*, novel associations were identified on chromosomes 9
and 13. Notably, Chr13 SNPs at positions 345249 and 345322 bp explained over
6% of phenotypic variance, highlighting the unique adaptation in Sudanese
germplasm, which has not been captured previously by the use of Chinese or
Indian panels (Cui et al. 2021; Dutta et al. 2022).
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5.2.5 Candidate gene discovery (Paper Il)

Candidate genes were annotated near significant SNPs based on the LD decay
range (204,890 bp). APMJ01001391 (DOF3.1 zinc finger protein) on Chr3 was
linked to a* (Table 2, Paper II), which in previous studies has been found to
potentially regulate flavonoid biosynthesis under light stimuli (lorizzo et al.
2019). APMJ01003628 on Chr6 have previously been shown to encode histidine-
containing phosphotransfer protein (HPT), linked to cytokinin signaling and L*
variation (Cortleven & Schmiilling 2015). Furthermore, the K4AK4407764 and
APMJ01001731 (STYS kinases) modulate carotenoid metabolism and plastid
biogenesis (Mazur et al. 2021). WRKY23 (APMJ01003151) contributes to
anthocyanin regulation under stress (Chen et al. 2019; Meraj et al. 2020).
APMJ01007050 (SABP2) and APMJ01006505 (SBPI) were associated with b*
and L*, respectively, implicating salicylic acid signaling and light-mediated gene
regulation in pigmentation (Sanchez-Retuerta et al. 2018; Shaukat et al. 2022).

5.2.6 Implications for Breeding (Paper Il)

The high heritability and strong SNP-trait associations of seed coat color traits
underscore their value in breeding. The GWAS findings is supporting the use of
marker-assisted selection for color traits that also relate to oil quality and stress
resistance. The candidate genes identified here provide a foundation for
functional validation and gene editing. Sudanese sesame, as a center of diversity,
offers unique allelic variants with potential adaptation advantages. These insights
promote targeted breeding strategies to meet both nutritional and market
demands.

5.3 Diversity in Oil Content, Fatty Acid Profiles (Paper Ill and
V)

5.3.1 Variations in Oil Content and Fatty Acid Profiles (Paper lIl)

Sudanese sesame accessions showed broad diversity in oil content, ranging
from 32.8% to 50.2%, with a mean of 41.5% (Supplementary data, Paper III).
This range aligns with earlier studies by Mondal et al. (2010), Uzun et al. (2008),
Were et al. (2006), and Kurt (2018), reinforcing the presence of high oil-yield
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potential within Sudanese germplasm. Among the fatty acids, oleic acid (18:1)
ranged from 41.3% to 47.6%, and linoleic acid (18:2) from 35.0% to 41.4%,
dominating the unsaturated fraction. Stearic (18:0), palmitic (16:0), arachidic
(20:0), and gadoleic (20:1) acids contributed to the saturated fraction, albeit in
smaller proportions (Supplementary data, Paper III).

Notably, the high oleic acid levels observed in several accessions exceed ranges
reported in Turkey, Kenya, Tanzania, and Uganda, and one commercial variety
from India (Were et al. 2006; Uzun et al. 2008), underlining their potential for
oxidative stability and nutritional enhancement (Bahkali ef al. 1998; Kamdar et
al. 2021). This trait is highly relevant to human health and functional food
applications. Furthermore, the high triacylglycerol (TAG) and glyceride (Gly)
content found in some accessions may influence shelf stability and processing
quality (Zeb & Ahmad 2017; Saini et al. 2020).

5.3.2 Correlation and Multivariate Analyses

Strong positive correlations were found between oil content and total TAG (r

=0.91, p <0.01) and between oleic and stearic acids (Figure 2, Paper III), while
oleic and linoleic acids showed a strong negative correlation (» =-0.88, p <0.01),
consistent with findings from Kurt (2018) and Relina et al. (2022). This inverse
relationship reflects the enzymatic desaturation pathway mediated by FAD2 (Wei
et al., 2015). Minor fatty acids, such as linolenic acid (18:3), were positively
associated with linoleic acid, supporting coordinated biosynthesis.
Principal Coordinate Analysis (PCoA) did not show distinct clustering by
geographical origin, except for a loose cluster among South Kordofan accessions
(Figure 3, Paper III). This suggests the historical movement and trade of sesame
seeds across Sudan, which may have blurred region-specific differentiation
(Basak et al. 2019). Accessions from North Kordofan and Gedarif displayed
unique profiles, indicating possible outliers with breeding potential.

5.3.3 Breeding Perspectives (Paper Ill)

The study highlights the untapped potential of Sudanese sesame in enhancing
oil quality and composition. Accessions with high oleic acid and desirable seed
coat types offer targets for breeding programs. Moreover, understanding the
genetic basis of these traits, including the possible roles of FAD2 and other genes
involved in lipid metabolism, will enhance selection efficiency.
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Given that traits like fatty acid composition are environment-sensitive (Zahran
et al. 2020), multi-environment trials and genome-assisted selection should be
prioritized. Sudan’s germplasm, despite being underutilized globally, holds key
alleles for resilience and nutritional traits. Their conservation and integration into
breeding pipelines is crucial amid climate stress and shifting market demands.
This study highlights the considerable diversity in oil content, fatty acid profiles,
and seed coat color in Sudanese sesame. It demonstrates the potential for the
genetic improvement of oil quality traits and debunks the presumed correlation
between dark seed color and oil richness. The findings promote evidence-based
breeding strategies and advocate for deeper studies of genetic and environmental
interactions to harness the full potential of Sudanese sesame.

5.3.4 GWAS Study of Oil Content and Fatty Acid Composition (Paper 1V)

5.3.4.1 Phenotypic Variation in Oil and Fatty Acid Composition

Significant variability was observed in oleic acid, linoleic acid, and total oil
content among the 200 Sudanese sesame genotypes evaluated in two contrasting
environments, Abu Naama and Matuq (Table 1, Paper IV). Oleic acid levels
ranged from 3.07 mg/10 seeds (32%) to 9.00 mg/10 seeds (48.6%) at Abu Naama,
with a mean of 5.34 mg/10 seeds (40.5%), whereas values at Matuq ranged from
3.10 mg/10 seeds (36%) to 8.35 mg/10 seeds (49%), averaging 5.78 mg/10 seeds
(44%). Linoleic acid content also displayed considerable variation, ranging from
3.28 mg/10 seeds (32%) to 9.12 mg/10 seeds (51%) at Abu Naama (mean = 5.54
mg/10 seeds, 42%) and from 2.76 mg/10 seeds (33%) to 8.22 mg/10 seeds (46%)
at Matuq (mean = 5.02 mg/10 seeds, 38.5%). The total oil content varied greatly
across genotypes, with higher average values recorded at Abu Naama (mean =
44.45%; range = 33.14% to 62.05%) compared to Matuq (mean = 42.06%; range
=30.95% to 50.27%). These findings highlight the substantial genotypic diversity
in fatty acid composition and oil accumulation under different environmental
conditions. These ranges are consistent with prior studies (Uzun et al. 2008;
Mondal et al. 2010; Wei et al. 2015) and underscore the potential of Sudanese
germplasm to improve oil quality.

Despite considerable trait variability, correlation analysis revealed weak
relationships between environments for oleic and linoleic acids (» = 0.03 and -
0.06, respectively), emphasizing the significant role of genotype-by-environment

42



interactions. This result aligns with Kurt et al. (2016) and Hu et al. (2022), who
reported environmental sensitivity in oil biosynthesis traits.

Broad-sense heritability was moderate for oil and oleic acid (H = 0.28) but
negligible for linoleic acid, indicating a strong environmental effect. Similar
findings have been observed in other oil crops (Holland e al. 2003; Uzun &
Cagirgan 2006; Khan & Nawaz 2022), reinforcing the need for multi-
environment testing and environment-aware selection strategies in sesame
breeding.

5.3.4.2 Genetic Diversity and Linkage Disequilibrium

PCA and structure analyses revealed substantial population stratification, with
PC1 capturing 23.3% of the total genetic variance and clustering separating
GenBank accessions from other types (Figure 2, Paper IV). Structure analysis
supported two subpopulations (K = 2) (Figure 3A-B, Paper IV), indicating
historical selection and domestication patterns (Mohamed 2011; Parry &
Hawkesford 2012).

The kinship matrix revealed diverse genetic relationships (Figure 4A, Paper
IV), indicating suitability for genome-wide association studies (GWAS). LD
decay (Figure 4B, Paper IV) was estimated at ~204,890 bp (= 0.1), longer than
earlier studies (Wang et al. 2014a; Tesfaye et al. 2022; Seay et al. 2024), likely
due to differences in marker density, genome annotations, and sample structure.
Nevertheless, this LD decay supports resolutions sufficient for candidate gene
identification.

5.3.4.3 GWAS Analysis and Genomic Prediction

Multi-model GWAS (FarmCPU, Blink, MLMM) identified numerous SNPs
associated with oil content, oleic acid, and linoleic acid (Table 2, Paper IV).
Notably, Chrl 1693157 and Chr5 17024932 were consistently linked to oleic
acid in Abu Naama, while Chr3 23284702 and Chr9 1711873 were associated
with oil content across environments. These loci correspond with previous
findings in chromosomes 3, 5, and 9 (Wei et al. 2013; Li ef al. 2014; Zhao et al.
2022).

GWAS signals showed modest effect sizes (R*> =3-23%) and low minor allele
frequencies (MAF = 0.06-0.49), consistent with the polygenic and quantitative
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nature of these traits. Linoleic acid loci were environment-specific, supporting
gene-by-environment (G x E) interactions.

Genomic prediction using r#BLUP yielded moderate predictive abilities
(Figure 6, Paper 1V). Linoleic acid at Matuq and oil content at Abu Naama had
the highest mean predictive abilities (0.21 and 0.22, respectively). Oleic acid had
low predictability (0.07 at Abu Naama), suggesting trait and environment specific
model performance. These results confirm findings by Crossa et al. (2017) and
Chen et al. (2015), supporting genomic selection as a useful, though environment-
sensitive, tool.

5.3.4.4 Candidate Genes Associated with Oil Traits

Candidate genes were identified within 409 kb windows of significant SNPs.
For oleic acid (Table 3, Paper IV), APMJ01003105 (Chr5_17024932) encodes 3-
oxoacyl-(ACP) synthase 3A (KAS III), an enzyme involved in fatty acid
elongation (Berg et al. 2015; Guo et al. 2019). APMJ01000051 (Chrl_1693157)
matched OFPS, a transcription repressor potentially regulating lipid biosynthesis.
For oil content, APMJ01001210 (Chr3_23284702) encoded HVA22-like protein
A, implicated in membrane trafficking and stress response (Chen et al. 2002),
while APMJ01005016 (Chr9 1711873) corresponded to PDAT?2, an enzyme
catalyzing triacylglycerol (TAG) biosynthesis (Dahlqvist et al. 2000). These
candidate genes align with pathways highlighted in multi-omics analyses of fatty
acid regulation (Zhou et al. 2022).

5.4 Capsule-shattering Genomic Association (Paper V)

5.4.1 Phenotypic Variation and GxE

Analysis of 200 sesame genotypes over three years revealed distinct distributions
in capsule-related traits: bicarpellate capsule shape (BS), type of capsule beak
(TCB), and shattering type (ST). The narrow oblong BS was most common, while
ST showed a significant temporal shift; complete shattering increased from 69
accessions in Year 1 to 129 in Year 3, indicating environmental sensitivity (Figure
1, Paper V). The non-shattering phenotype was absent, necessitating binary
classification of ST. Principal Component Analysis (PCA) and Multiple
Correspondence Analysis (MCA), which confirmed ST and TCB as primary
contributors to phenotypic variation (Figure 2A-B, Paper V). ST exhibited a
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significant genotype-by-environment (GXE) interaction, with pronounced
crossover behavior among genotypes, indicating strong environmental influence
(Figure 3 Paper V). In contrast, BS was stable, and TCB showed moderate year-
to-year variation. These results are consistent with findings by Zhang et al.
(2018a) and Teboul et al. (2022), who also described ST as an environmentally
responsive trait with moderate heritability.

5.4.2 Genetic Structure and Linkage Disequilibrium

PCA on SNP genotypes revealed three partially overlapping populations,
suggesting moderate stratification due to gene flow and shared ancestry (Figure
4A, Paper V). Kinship analysis confirmed subclusters of related genotypes
(Figure 4B, Paper V), while LD decay dropped below 2 = 0.2 at ~218 kb (Figure
4C, Paper V). This LD distance is longer than the 166 kb observed in the USDA
collection (Seay et al. 2024), possibly due to the narrower genetic base of the
Sudanese germplasm compared to the larger collection of the USDA. The
moderately fast decay indicates the population is well-suited to high-resolution
GWAS.

5.4.3 GWAS lIdentifies Key Loci for Shattering Traits

Three GWAS models (BLINK, FarmCPU, MLMM) identified significant
SNP-trait associations (Table 2, Paper V). Five SNPs were significant across all
models: Chr2 15649330 and Chr8 31466064 for ST, and Chrl 19419575,
Chr8 19392181 and Chr8 30292484 for TCB. These markers explained up to
39% of phenotypic variance. Chr8 31466064 was part of a tightly linked
haplotype cluster, suggesting a potential QTL block. These findings build on and
expand previously identified loci, like S8 5062843 (Yol et al. 2021) and SiNST1
(Ju et al. 2024), but also introduce novel loci not reported before, such as
Chr2 15649330 and Chrl_19419575.

Haplotype analysis of Chr2 15649330 (Figure 6A, Paper V) and
Chr8 31466064 (Figure 6B, Paper V) showed clear phenotypic differentiation,
with Tukey’s HSD tests confirming significant differences among alleles (p <
0.01). These loci are strong candidates for marker-assisted selection (MAS).
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5.4.4 Candidate Genes and Functional Annotation

From 273 genes within 437 kb windows surrounding the key SNPs, 25
Arabidopsis orthologs with functions linked to pod shattering were identified
(Figure 7a, Paper V). These include regulators of cell wall modification (PLL2,
ARAF), hormone signaling (COR27, OSTI), programmed cell death (47G2,
APX3), and stress responses (RZFI, FLZ3, MKKS5) (Figure 7b, Paper V).
BLASTP and expression analysis in Brassica napus revealed that FLZ3, RZF1,
MKKS5, and COR27 exhibit expression patterns associated with pod-shattering
resistance (Figure 8, Paper V). In particular, FLZ3 presented downregulation at
late pod stages in resistant lines, supporting its involvement in delayed
dehiscence. RZF1 and MKK)5 displayed differential expression between resistant
and susceptible genotypes, consistent with roles in strengthening pod structures
or delaying shattering. These expression patterns corroborate the functional roles
previously described in other crops (De Zélicourt et al. 2016; Afridi et al. 2022;
Xiao et al. 2024).
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6. Conclusions

Sudanese sesame germplasm exhibits exceptional genetic diversity with great
potential for global breeding. By applying integrated genomic and multi-
environment phenotypic approaches, this work revealed significant variations in
key traits, including oil content, fatty acid composition, seed coat color, and
capsule-shattering resistance. Genotype-by-environment interactions were
notable for oil quality and shattering, while seed coat color showed high
heritability. Multi-model GWAS identified robust SNPs and novel candidate
genes, including FLZ3, MKK5, and COR27, validated through genomic
prediction, haplotype analysis, and transcriptomics. Notably, landrace
Abusundoug displayed superior storage stability, attributed to its low
polyunsaturated fatty acid content and high phytochemical content. Despite
Sudan's role as a center of sesame diversity, its germplasm remains underutilized
in global breeding due to geopolitical constraints. Harnessing this resource is
critical for developing climate-resilient, nutritionally enhanced sesame varieties.
Future efforts should focus on trait validation, marker-assisted selection, and
breeding for improved yield, quality, and shelf life.
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7. Future Perspectives

This thesis highlighted the untapped potential of Sudanese sesame germplasm
and demonstrated the power of integrating genomics, phenotyping, and
environmental analysis to accelerate sesame improvement. Building on these
findings, future research should pursue several key directions to deepen biological
insights and translate discoveries into breeding impact.

7.1 Conservation and Valorization of Landraces

The superior performance of certain landraces, such as Abusundoug,
highlights the importance of in-situ conservation and the targeted utilization of
indigenous germplasm. These genetic resources are crucial for preserving
adaptive traits and enhancing the nutritional and economic value of crops.

7.2 Expansion of Germplasm Panels and Environments

The current panel, though diverse, represents a fraction of the sesame diversity
found in Sudan and globally. Expanding GWAS to include broader African,
Asian, and introgressed germplasm, coupled with multi-location trials, would
strengthen the resolution of marker-trait associations and reveal genotype-by-
environment interactions critical for climate resilience.

7.3 Genomic Selection and Predictive Breeding

The integration of genomic prediction models with field performance data
opens new opportunities for rapid, data-driven selection. Future breeding
pipelines should incorporate genomic selection for complex traits, such as oil
composition, antioxidant capacity, and shelf life, to shorten breeding cycles and
increase genetic gain.
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7.4 Development of Climate-resilient and Mechanization-
ready Cultivars

Key discoveries, such as SNP loci associated with capsule shattering on
chromosomes 1 and 2, offer a foundation on which to develop non-shattering,
high-yielding varieties suitable for mechanized harvesting. Coupled with traits
like drought tolerance and storage stability, these cultivars will better meet the
demands of smallholder and commercial production systems under climate stress.

7.5 Validation and Deployment of SNPs as KASP for MAS

Significant SNPs identified through GWAS should be validated and converted
into user-friendly markers, such as Kompetitive Allele-Specific PCR (KASP)
assays, to move from association to application. These markers provide a cost-
effective and high-throughput method for screening breeding populations. Future
work should prioritize converting the most robust SNPs, such as those linked to
capsule shattering, oil content and seed coat color, into KASP markers. Validation
across independent populations and diverse environments will be crucial to
confirming the reliability of the marker. Once validated, these markers can be
integrated into marker-assisted selection pipelines to accelerate the development
of improved sesame cultivars with targeted traits.

7.6 Functional Validation of Candidate Genes

Although candidate genes associated with traits such as capsule shattering,
seed pigmentation, and oil stability have been identified, their biological functions
remain to be experimentally confirmed. Future studies should employ gene
expression profiling, knockout/knockdown approaches (e.g., CRISPR/Cas9), and
transgenic validation to establish causal links between candidate genes and
phenotypic traits.

7.7 Seed System Integration and Farmer-centered
Innovation

Future efforts must bridge the gap between research and practice to maximize
the impact of genetic improvements. Participatory breeding, seed system
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development, and agronomic packages tailored to local production systems will
be essential to ensure adoption and impact, particularly in underserved regions.

7.8 Market Segmentation and Trait-targeted Breeding

Future sesame improvement should be guided not only by agronomic
performance but also by market-driven trait preferences. Consumer demand
varies widely across regions; for example, white seeds are preferred for export
and bakery use, while pigmented seeds are valued in health food markets for their
antioxidant properties. Oil composition, flavor, shelf life, and seed uniformity
influence market segmentation. Integrating these preferences into breeding
programs will require close collaboration between breeders, processors, and
market actors. Targeted breeding for specific market classes, such as high-oleic
oil types, antioxidant-rich black sesame, or non-shattering, white-seed varieties
for mechanical harvesting, will enhance value chain integration and commercial
viability.
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Popular Science Summary

Sesame is one of the world’s oldest crops, long valued for its rich oil content,
nutritional benefits, and ability to thrive in harsh environments. Yet, despite its
importance, sesame has remained under-researched, especially in the countries
where it is most widely grown. Sudan is a leading producer and a center of genetic
diversity for sesame, but its unique landraces have been largely overlooked in
modern breeding programs.

This research analyzed 200 genetically diverse sesame varieties collected from
across Sudan. These accessions were grown and evaluated in multiple
environments to understand the genetic and environmental factors affecting key
traits, such as oil content, fatty acid composition, seed coat color, capsule
shattering, and storage stability.

By combining traditional field observations with modern genomic tools like
Genome-Wide Association Studies (GWAS) and genomic prediction, this
research discovered valuable genetic markers and candidate genes linked to these
traits. For example, novel genetic regions on chromosomes 1 and 2 influence
capsule shattering, an issue that leads to seed loss during harvest. Identifying such
markers allows breeders to develop varieties that are more suited for mechanical
harvesting, creating better yield stability. Moreover, this work also explored the
seed’s biochemical profile. Some varieties, such as the local landrace
Abusundoug, showed exceptional resistance to oil degradation under harsh
storage conditions. This resilience is linked to higher phytochemical content and
lower polyunsaturated fatty acids, essential for maintaining nutritional quality and
shelf life.

Additionally, this study examined seed coat color, which ranges from white to
black. Seed coat color is associated with antioxidant content and impacts
consumer preference. GWAS applications identified genetic regions and
candidate genes involved in pigment production, such as WRKY and DOF zinc
finger transcription factors. These findings are not just of academic interest; they
pave the way for marker-assisted breeding, a faster, more precise method for
developing sesame varieties that are more nutritious, resilient to climate stress,
and better suited for modern agriculture.

This research unlocks the potential of Sudanese sesame. It offers powerful
tools to help transform this “neglected crop” into a climate-smart, nutritionally
rich, and commercially valuable staple for farmers and consumers worldwide.
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Popularvetenskaplig sammanfattning

Sesam dr en av vérldens éldsta grodor och har ldnge uppskattats for sitt hdga
oljeinnehall, sina ndringsméssiga fordelar och sin formaga att klara av tuffa
miljéforhallanden. Trots sin betydelse dr sesam fortfarande en underutforskad
groda, sérskilt i de ldnder dér den odlas mest. Sudan &r en ledande producent och
ett centrum for genetisk mangfald hos sesam, men dess unika lantsorter har till
stor del forbisetts i moderna vaxtforadlingsprogram. Denna forskning analyserade
200 genetiskt varierande sesamvarianter insamlade fran hela Sudan. Dessa
accessions odlades och utvérderades i flera olika miljoer for att forsta de genetiska
och miljoméssiga faktorer som paverkar viktiga egenskaper, sdsom oljehalt,
fettsyresammanséttning, frofarg, kapselsprickning och lagringsstabilitet. Genom
att kombinera traditionella faltobservationer med moderna genomiska verktyg
som genome-wide association studies (GWAS) och genomisk prediktion,
identifierades vérdefulla genetiska markdrer och kandidatgener kopplade till
dessa egenskaper. Till exempel visade sig nya genetiska regioner pa kromosom 1
och 2 péverka kapselsprickning — ett problem som leder till froforlust vid skord.
Att identifiera dessa markorer hjilper forddlare att utveckla sorter som ar béttre
anpassade for mekanisk skérd och som ger stabilare avkastning. Forskningen
undersokte dven sesamfroets biokemiska profil. Vissa sorter, som den lokala
lantsorten Abusundoug, visade exceptionell motstandskraft mot oljenedbrytning
under svéra lagringsforhéllanden. Denna hallbarhet dr kopplad till ett hogt
innehdll av fytokemikalier och ldga nivaer av fleromittade fettsyror — viktiga
faktorer for att bevara néringskvalitet och héllbarhet. Studien granskade dessutom
froskalsfiarg, som varierar fran vitt till svart och paverkar bade antioxidantinnehall
och konsumentpreferenser. Genom GWAS identifierades genetiska regioner och
kandidatgener involverade i pigmentproduktion, sdsom WRKY- och DOF-
zinkfingertranskriptionsfaktorer. Dessa resultat &r inte bara av akademiskt
intresse. De banar vig for markorassisterad selektion, en snabbare och mer exakt
metod for att utveckla sesamsorter som ar mer niringsrika, klimatresistenta och
battre ldmpade for modernt jordbruk.

Denna forskning laser upp potentialen hos sudanesisk sesam och erbjuder
kraftfulla verktyg for att omvandla denna “forbisedda groda” till en klimatklok,
ndringsrik och kommersiellt védrdefull basgroda for odlare och konsumenter
vérlden Over.
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Abstract

Storage stability under non-optimal conditions is an essential characteristic of Sudanese sesame. To understand oppor-
tunities to improve storage stability in sesame, seed quality, storability characteristics, content of fatty acids and phyto-
chemicals, and antioxidant capacity were evaluated in ten Sudanese genotypes subjected to high temperature (55 °C)
and humidity (60% RH) for 16 and 32 days. The accelerated storage increased seed color, linoleic acid, fungal growth,
and peroxide value, while oil content, oleic acid, water activity, phytochemicals, and antioxidant capacity decreased
(P <0.05). The germination rate and content of saturated fatty acids were retained despite the storage (P>0.05). The
landrace Abusundoug showed better storage stability than the other genotypes due to generally low fatty acids and
high phytochemical contents. The differences in storage stability in the Sudanese genotypes underscore the need for
their further evaluation and use in breeding programs to improve sesame shelf life and quality.

Keywords Sesame - Cultivars - Oxidative stability - Accelerated storage conditions

1 Introduction

Sesame (Sesamum indicum L.) was domesticated over 3000 years ago and became one of the first oilseed crops utilized
by humans [1]. As an oilseed crop suited for tropical regions, sesame continues to be an important commodity by yield-
ing seeds with abundant levels of high-quality edible oils. In addition, sesame seeds contribute considerable amounts of
protein and other essential nutrients to the human diet [2]. The sesame seed contains 35-60% oil, 3-19% protein, 13.5%
carbohydrate, 5% ash, and a calorific value of 6355 kcal kg™ [3], and it is also a rich source of nutrients such as copper,
magnesium, manganese, iron, and vitamins E and B [4-6]. Sesame oil comprises 80% oleic and linoleic acids, while 18%
are palmitic, stearic, and linolenic acids [7].

Several studies have indicated that sesame seed oil possesses significant antioxidant properties due to the presence of
lignans, tocopherols, and Maillard reaction products [8]. A mixture of sesame and clove oil has also been shown to protect
stored products against beetle infestations from, e.g., Callosobruchus maculatus [8, 9]. Due to the many positive effects of the
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crop, sesame cultivation is expected to increase globally with a Compound Annual Growth Rate (CAGR) of 2.2% until the end
of 2027 [10]. Thus, global sesame production is projected to reach 6.8 million tons shortly, with Sudan, Myanmar, Tanzania,
India, Nigeria, and China ranked as the leading producing countries. [11].

Furthermore, sesame is expected to be increasingly recognized as a human health-contributing ingredient in food
products [12]. As a result of Sudan being one of the centers of origin and a major producer of sesame, an enormous
wealth of genetic diversity in sesame germplasm is present in the country [13]. Thereby, potentially important characters
relevant to future sesame production should be present within the Sudanese germplasm.

Sesame, its oil, and other products are used locally in Sudan, but sesame is also Sudan’s number one export commodity
[14]. Therefore, sesame seeds and/or oil storage is necessary, and most traditional storage methods utilized are similar
to those described for Ethiopia [15]. The climate in Sudan consists of desert conditions and temperatures around 45 °C
(or even up to 50 °C) in the north and semi-desert or semi-arid conditions in the south [16]. Traditional storage under
such a climate is often not beneficial for sesame seeds, which are high in oil and prone to fungal growth. In fact, storage
under harsh conditions results in adverse effects on both sesame seeds and oils. Oxidation and fungal infestations dur-
ing storage often deteriorate oil and seed quality, reduce germination potential, and increase levels of free fatty acids.

Additionally, long storage periods with adverse oxidation events result in color changes of the sesame seeds, destruc-
tion of essential fatty acids, and production of trans-acid and conjugated dienes, resulting in limitations of the use of
the seeds for a range of agricultural and food applications [17]. Also, antioxidant and prooxidant properties were shown
to be negatively affected by such storage conditions [18], which promoted the formation of polar compounds such
as oxidized polymers, significantly and negatively affecting human health [19, 20]. Studies on Sudanese sesame have
been limited until now, and the crop can be seen as a neglected crop in research. An increased understanding of the
effect of harsh storage conditions on the quality of the sesame seeds is lacking. Thus, this study aimed to increase the
understanding of how harsh storage conditions affect the sesame seeds’ quality by comprehensively assessing color
attributes, storability characteristics, phytochemical compound content, and fatty acid profiles concerning oxidative
stability under accelerated storage conditions to improve the opportunities for storage stability. Additionally, the study
aimed to predict further measures on how sesame seeds should be stored to improve the benefits of sesame for food,
production, and export in Sudan and beyond.

2 Material and methods
2.1 Sample collection and preparation

A total of ten genotypes (cultivars landraces) native to Sudan were used in the present study, namely Kenana-2 (KN:
whitish released cultivar), Gadarif (GF: whitish released cultivar), Eltayeb (EB: whitish released cultivar), Radoum (RM:
whitish landraces), Tagarub (TB: whitish released cultivar), Southern Kordufan (SK: whitish landraces), Bromo (BO: whit-
ish released cultivar), Rufaee (RE: whitish landraces), Hurhairy (HR: dark brown landraces), and Abusundoug (AS: light
brown landraces). The genotypes were freshly harvested during the 2021-2022 season and exposed to accelerated
storage conditions. Non-stored samples of each genotype were used as control samples and analyzed similarly to the
stored samples described below.

The accelerated storage of sesame seeds was carried out over 16 and 32 days in a climate chamber with conditions set
to 55 °C and 60% relative humidity (RH). The 55 °C/60% RH storage conditions result in a Q10 value of 3.4 for lipid oxida-
tion, “the process by which lipids undergo oxidative degradation increases 3.4 times when the temperature is raised by
10 degrees Celsius” [21]. These conditions are considered a simulation of commercial storage at 25 °C for 6 and 12 months,
which allows an evaluation of sesame seeds’ changes in seed quality, storability characteristics, and antioxidant capacity.

2.2 Evaluation of seed quality

2.2.1 Seed color

A colorimeter (Chroma Meter CR 400, manufactured by Minolta, Japan) was used to determine color parameters (L*, a*,
and b*) of stored and controlled sesame seeds. A standard white reflector plate was used to calibrate the equipment. The

Petri dish attached to the device was filled with 50.0 g of sesame seeds for measurement. Color changes were estimated
according to the following equation;
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AE = \/(AL )2 + (A #)? + (Ab =)

where; L* (luminosity); a* (negative =green and positive =red); b* (negative =blue and positive =yellow);. AE (the total
color difference).

2.2.2 Germination rate

The germination rate was investigated utilizing 3 replicates of each cultivar for the different storage stages (control=non-
stored samples of each cultivar, 16 days, and 32 days) using Petri dishes and filter paper. A total of 100 sesame seeds
were used in every replicate. The germination rate of the sesame seeds was evaluated after 3 and 6 days of germination
according to the International Seed Test Association [22].

2.2.3 Determination of oil content

Following [23] guidelines for oil extraction, the Soxhlet extraction method was used to determine the amount of oil in
seeds. Seeds are ground into powder using a Soxhlet extractor (DWK Life Sciences Kimble™ KIMAX™ Soxhlet Apparatus
with Allihn Condenser, Complete unit), and the oil is dissolved in a solvent. Then, the solvent is reheated, vaporized, and
condensed over the seeds for several hours to dissolve the oil. Oil percentages were calculated by weighing the oil after
it was extracted from the seed. The solvent was subsequently evaporated, resulting in the oil being left.

2.2.3.1 Fatty acid profile Oil extraction from sesame seeds was performed using a two-step solvent extraction process,
followed by fatty acid analysis via gas chromatography (GC) as per the modified protocol [24]. The extraction was con-
ducted in triplicate, with each replicate using ten seeds. First, non-polar lipids were extracted using hexane. Subse-
quently, the seed residue underwent a second extraction with a chloroform/methanol mixture (2:1 v/v) to recover any
remaining polar lipids. The extracts from both steps were combined for each replicate to ensure complete lipid recovery.
The combined extracts were then subjected to methylation at 90 °C before the n-Heptan partition to prepare fatty acid
methyl esters (FAMEs) for GC analysis. An aliquot of 1 pl sample was injected into a GC-MS instrument with FID detec-
tor (Agilent Intuvo 9000 GC coupled with 5977B MSD detector and MassHunter workstation software.) operated with a
split injection ratio of 10:1 (Gard chip: MS transfer line 250 °C, MS source 230 °C, and MS Quad 150°C). Analyte separa-
tion (250°C inlet temperature) utilized a 30 m DB-23 fused silica column (0.25 mm internal diameter and 0.25 pm film
thickness) from Agilent. Ultra-high purity helium was used as carrier gas at a 2.5 ml/min programmed constant flow. The
thermal ramping protocol for the GC oven began at an initial 150 °C held for 0.2 min, then increased at a gradient of 4 °C/
min until reaching 210 °C. Subsequently, the temperature was further raised at 10 °C/min until the final 230 °C and main-
tained for 7 min. Chromatographic peaks were identified using mass spectral matching against reference signatures
in the embedded NIST17 commercial library. Quantification relied on integrating total ion counts for each compound
using MassHunter workstation software from Agilent.

2.3 Evaluation of storability characteristics
2.3.1 Fungal growth

Fungal growth in both the control and stored sesame seeds was assessed following the guidelines set by AOAC standards
[25]. For each sample, one gram of material was homogenized in 10 ml of 0.1% peptone water using a vortex apparatus
for 1 -2 min, resulting in a final dilution of 1:10. Liquid samples were then serially diluted and plated on an appropriate
medium. Specifically, selected dilutions (107) of each sample (1 ml) were poured and plated on Petri dishes containing
sterile Potato Dextrose Agar (PDA), followed by incubation for 5 days at 25°C. Colony formation was observed daily dur-
ing the incubation period. Counts of colony-forming units per gram were recorded to quantify fungal growth (log cfu/g).
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2.3.2 Water activity

The water activity (a,,) of the sesame seeds was assessed at room temperature using a hygrometer (Humimeter RH2,
Schaller, Vienna, Austria) equipped with selectable sensors for measuring air humidity, material moisture, and water activ-
ity. The hygrometer was further enhanced with a temperature-controlled system to ensure a stable sampling environment
according to the Official Methods of Analysis of the Association of Official Analytical Chemists (2005) described in [26].

2.3.3 Determination of free fatty acids

The free fatty acid (FFA) content in sesame seed was assayed according to [23]. The acidity of the sesame seed flour was
calculated as mg KOH required to neutralize them in one-gram grain on a dry matter basis.

2.3.4 Determination of peroxide value

Measurement of peroxide values (PV) is critical for evaluating the progression of oxidation and rancidity development
in oilseeds. Peroxide value was determined through the iron (Il) thiocyanate assay as described by @stdal, Andersen [27]
with brief modifications. Sesame seeds flour (1g) was mixed with methanol: chloroform solution (30 ml), vortexed at
1500 rpm for 30 s, and centrifuged to separate phases. The resulting lower chloroform phase was combined with iron (1)
thiocyanate reagent prepared precisely according to documented compositions. After incubating for 5 min, absorbance
was measured using a UV-Vis spectrophotometer (Shimadzu UV-1800, Thermo Scientific™ Evolution™ 300, or Agilent
Cary 60) at 500 nm against a chloroform blank. Peroxide value was quantified using a standard conversion formula and
expressed in milliequivalents (meq) of active oxygen per kilogram of oil (meqO,/kg).

2.4 Determination of phenolic compounds and antioxidant activity
2.4.1 Preparation of phytochemical extracts

The samples were prepared following the procedures described by Talhaoui, Gdmez-Caravaca [28]. First, the samples
were mixed with absolute methanol (1g: 25 ml w/v) and stirred at room temperature for 24 h. The extraction of the phy-
tochemicals was performed twice, and the extracted solution was then dried under a vacuum with a rotary evaporator to
keep them dry for further analysis. All absorbance was measured using a UV-Vis spectrophotometer (Shimadzu UV-1800,
Thermo Scientific™ Evolution™ 300, or Agilent Cary 60) at different wavelengths.

2.4.2 Determination of total phenolic content

The Folin-Ciocalteu Index (FCI) assay was used to analyze the total phenolics content (TPC) with slight modifications.
Thus, according to [29], a solution of 20 L (1:10 w/v) dried methanolic extract was mixed with 100 pL of Folin—Ciocalteu
reagent, 300 pL of Na,CO; (20%) and 1.58 ml H,0. Then, the solution was incubated at 20 °C for 2 h. As a comparison to
a blank solution, the absorbance was measured at 765 nm. The output was described as mg of gallic acid equivalents
(GAE) per gram of sample (DW) based on a calibration curve using different concentrations of gallic acid (R?=0.99743).

2.4.3 Determination of total flavonoid content

The Quantification of the samples’total flavonoid (TFC) content was determined as described previously [30]. The mixture
of methanol extract (1 ml), 5% NaNO, solution (300 pL), 10% aluminum chloride (300 pL), and 1 mol/L sodium hydroxide
(2 ml)was incubated at 25 °C for five minutes. Then, the solution was diluted to a volume of 10 mL with H,O and vortexed
thoroughly. The absorbance was recorded at 510 nm. A calibration curve was generated based on different concentrations
of quercetin (R*=0.9761). Quercetin equivalents (QEs) per gram of the sample (DW) were considered to calculate TFC.

2.4.4 Antioxidant activity

2.4.4.1 Radical scavenging activity Radical scavenging activity was measured using a 2-diphenyl-1-picrylhydrazyl
(DPPH) assay as described by [31]. The DPPH was freshly produced by liquefying 3.9 mg DPPH in 100 ml of methanol to
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obtain a 1.00+0.01 unit of absorbance. After this, approximately 100 ul of sample extract or deionized water was mixed
with Tris—HCl buffer (50 mM; pH 7.4; 900 pl) and 1000 pl of the DPPH solution, followed by incubation in darkness for 2 h.
The absorbance of the mixture was measured at 517 nm. The amount of DPPH scavenging per gram sample is expressed
as Trolox equivalents (mg TE/g).

2.4.4.2 Ferric reducing antioxidant power assay The extracts’ Ferric Reducing Antioxidant Power (FRAP) was assessed
using a UV/visible spectrophotometer at a wavelength of 593 nm, following the method described by Benzie and
Devaki [32]. FRAP results were quantified and expressed as micromoles of Trolox equivalents per gram of the sample
(mg Trolox/g).

2.4.4.3 ABTS free radical scavenging assay The ABTS radical cation decolorization assay was utilized to assess antioxi-
dant capacity, following an established method by Re, Pellegrini [33] with modifications. The ABTS radical solution was
prepared and diluted to an absorbance of 0.700+0.02 at 734 nm and 30 °C before use. For the procedure, the sample
was combined with the ABTS working reagent, and the decrease in absorbance was monitored at 1-min intervals for up
to 6 min. Final absorbance was used to calculate Trolox equivalence against a standard curve (R*=0.9986) and derive
inhibition percentages. This colorimetric approach enables the measurement of radical scavenging activity, providing
valuable standardized antioxidant capacity information through Trolox values (mg Trolox/g).

2.5 Statistical analysis

All analyses were carried out on three replicated samples, and mean values and standard deviations were calculated. To
investigate the significance level of all the measurements across the three different storage conditions (non-stored and
stored at 16 and 32 days, respectively) and the cultivar interaction, a two-way ANOVA was conducted using the General
Linear Model (GLM) in the Minitab software version 19.2, which was also used to obtain the Pearson correlation matrix
plot of highly correlated characteristics. [34]. Finally, the Principal Component Analysis (PCA) was carried out using the
Factoextra-package in the R statistical program [35].

3 Results and discussion
3.1 Seed characteristics

The sesame seeds evaluated in this study showed no significant differences in germination rate, neither among cultivars
nor due to the storage times applied here (P> 0.05; Table 1). Thus, similar to previous findings [36], which have shown
a maintained germination rate of over 80% after accelerated storage, the tested sesame seeds in this study were hardy
and highly viable after the storage.

Changes of color in sesame seeds while stored have been limitedly studied till now. The present study clearly showed
a significant variation among storage times, cultivars, and their interaction for color parameters, including lightness (L¥),
redness (a*), yellowness (b*), and overall change (AF) (Table 1). Thus, the changes in the seed color of sesame were highly
affected by the total time the seeds were stored under accelerated conditions. In fact, 32 days of accelerated storage
resulted in a highly significant increase in the values of all color parameters (L*, a*, b*, and AE), while 16 days of storage
instead reduced most color values (Table 1). The color degradation at 16 days may be attributable to the loss of pigments
and browning reactions as bioactive compounds are utilized to counter storage stresses. The subsequent increase in
coloration after 32 days may result from novel pigment and melanoidin formation from Maillard reactions and phenolic
oxidation as constituents degrade further under sustained high temperatures [37, 38].

Among the cultivars evaluated here, the brown cultivars AS and HR (landraces) showed significantly lower L*, higher
a*, and lower AE than the whitish cultivars. Additionally, the whitish landraces RM, RE, and SK tended to have lower L*
but higher a* and lower AE compared to the released whitish cultivars KN, GF, EB, TB, and BO. These findings indicate that
while color changed for all genotypes during accelerated storage, inherent color differences existed between brown,
landrace whitish, and released whitish cultivars that persisted throughout storage. However, a relatively limited number
of genotypes were evaluated here, and further research is needed to determine the specific compounds and genetic
factors influencing color retention in sesame seeds during prolonged storage stresses. Considerable natural diversity
exists in mature sesame seed coloration, ranging from black to white, including gray, brown, golden, yellow, and ivory.
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Table 1 Germination and

o Genotypes Germination Color characteristics
color characteristics of (%)
ten sesame genotypes L* a* b* AE
under accelerated storage
conditions KN 98.0+0.4% 723404 58+0.1" 16.5+0.05¢ 4,0+0.4¢
GF 98.0+0.4" 71.6+0.6¢ 8.4+0.02P 20.9+0.2¢ 8.0+0.7"
EB 97.0+0.3% 73.3+0.78 7.8+0.1%¢ 204+0.1° 5.1+0.78
RM 97.0+0.4% 69.6+0.2° 7.0+0.047¢ 18.9+0.02¢ 1.6+0.20¢
B 97.0+0.4% 743+0.4% 7.6+0.15 20.9+0.25 5.1+04°
SK 97.0+0.5% 71.8+0.4¢ 8.6+0.2¢ 21.2+0.3% 3.9+04°
BO 95.0+0.5% 74.7+0.7° 7.1£0.02F¢ 18.8+0.1F 524048
RE 95.0+0.9% 67.6+0.2° 6.8+0.03° 17.8+0.1° 2.0+0.2°
HR 93.0+0.7A 41.3+0.1° 11,7404 15.3+0.01" 0.9+0.1F
AS 92.0+0.9% 65.6+0.3 10.1+0.04% 22.4+0.1° 3.8+0.3€
Storage time
Control 96.0+6.0" 68.9+10.08 8.0+1.78 19.5+2.6" 0.0+0.0¢
16 96.0+6.0" 66.3+9.0¢ 7.9+1.8° 18.9+2.08 47+3.08
32 96.0+4.3% 69.4+11.5% 8.4+1.9% 19.5+2.8" 7.1+38"
ANOVA
F-Value, G 142N 4063.9%** 146.5%%* 1429.9%** 219.8%**
F-Value, S 0.1 375.2%%* 12.4%%% 134.4%%* 2214,0%%*
F-Value, G*S 0.8Ns 312.8%** 8.7%%* 213.5%%* 101.9%**
SE Fit 3.19 0.27 0.25 0.10 0.24

(L *) Luminosity, (a *) Negative=green and positive=red, (b *) Negative=blue and positive =yellow, (AE)
total color difference, (G) Genotypes, (S) Storability, and values are means (+) SD of triplicate samples.
Means in the same column that share the same superscript letters do not differ significantly (P>0.05), ***;
(P< 0.001), M; no significant difference at (P> 0.05) as assessed by LSD

KN, Kenana-2; GF, Gadarif; EB, Eltayeb; RM, Radoum; TB, Tagarub; SK, Southern Kordufan; BO, Bromo; RE,
Rufaee; HR, Hurhairy; AS, Abusundoug

This rich pigment variation provides opportunities to uncover genotype-specific resilience mechanisms that preserve
color integrity under high temperature and humidity conditions. The elucidation of the biochemical basis for differential
storage response among cultivars might contribute to guidance in breeding to enhance shelf life, which has also been
suggested in previous studies [39]. In addition, previous research has reported that changes in the color of sesame seeds
are associated with non-enzymatic browning, which results from polymerization reactions between phenolic compounds
and tannins during storage conditions [40]. Thus, the change in sesame seed color reported here is likely the result of
such a non-enzymatic browning due to temperature and storage period, similar to what has been reported for rice Park,
Kim [41]. The differences found here in whitish color and color changes in landraces as compared to whitish released
cultivars might then be the result of higher stability as related to non-enzymatic browning and, thereby, to polymeriza-
tion between phenolic compounds and tannins in the landraces as compared to in the released cultivars.

Despite the fact that sesame seeds’ nutritional value and shelf life depend heavily on oil retention and beneficial fatty
acids, the effect of storage on these characteristics has been limitedly evaluated. The present study clearly showed that
accelerated storage conditions significantly affected the total oil content and the content of oleic and linoleic acids
(Table 2). Thus, corresponding with previous findings [42], the accelerated storage resulted in a decrease in total oil and
oleic acid content, while it resulted in an increase in linoleic content and no significant change for the other evaluated
fatty acids (Table 2). The fact that the accelerated storage resulted in differences in changes in the content of unsaturated
(oleic and linoleic) and saturated (palmitic and stearic) fatty acids reflects the difference in the oxidation rates of these
fats. It is well known that the low activation energy of unsaturated fats to form lipid radicals makes these more susceptible
to oxidation than saturated fats [43]. Thereby, the oxidative instability of linoleic acid might also impair the shelf life of
oil rich in linoleic acid, despite its known health benefits, such as e.g. a LDL cholesterol improver [44]. Accelerated stor-
age conditions with high temperature and humidity are known to increase moisture content in sesame seeds, resulting
in oxidation with a break-down of the oil and rancidity [45], which is the likely explanation for the decrease of the total
oil content after storage. Ideal storage conditions for sesame seeds include cool, dry, and dark environments with low
humidity, which will help preserve and prevent the oil content from spoilage.
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Table 2 Oil content and content of fatty acids (mg/pl) of ten sesame genotypes under accelerated storage conditions

Genotypes Oil content (%)  Content of fatty acids (mg/pl)

Palmitic Stearic Oleic Linoleic Linolenic Arachidic Eicosenoic

KN 47.0+0.1% 0.8+0.01°F 07+0015 224017 394015  0.03+0.0" 0.10+0.05%  0.02+0.0"®
GF 46.5+0.2" 09+0.01°F 0740018  23+0.1%C  45+0.1%C 003+0.0"® 0.07+0.0*C 0.02+0.0"®
EB 46.7+0.1" 1.0£0.01%5C  08+0.01"%  29+0.1%¢ 51+01" 0.03+0.0"  0.09+0.0"%  0.02+0.0%%
RM 46.6+0.1" 0.8+0.02° 0.6+0.01¢ 1.7+0.045¢  35+0.1¢ 0.02+0.08  007+0.0%C  0.01+0.0%
TB 46.4+0.2" 1.0+0.015P  08+0.01"8¢ 27+02"%¢ 48+01"  0.03+0.0" 0.08+0.0" 0.02+0.0"®
SK 46.4+0.1" 09+0.018PF 0740015 26+0.1%C 404015  002+00°  0.08+0.0*C 0.02+0.0"®
BO 46.8+0.1" 1.0+£0.01%¢ 084001 3,0+02%¢ 51+01" 0.03+0.0"  0.09+0.0"%¢  0.02+0.0%%
RE 46.4+0.1" 1.1+0.01"8 0.8+0.01"%  33+03% 52401 0.10+0.0"®  0.09+0.0* 0.03+0.0"®
HR 46.4+0.1" 1.2+0.01% 0.9+0.01% 43+014° 5.4+0.1° 0.07+0.0*  0.10+0.0" 0.04+0.0%
AS 46.4+0.1" 0.5+0.01" 0.4+0.01° 1.0£0.1¢ 22+0.1° 0.02+0.08 0.04+0.01°  0.01+0.08
Storage time

Control 475+0.7" 0.9+0.24 0.7+0.14 33+2.14 414128 0.04+0.04* 0.08+0.02"  0.03+0.03"
16 45.4+0.6° 0.9+0.2% 0.7+0.1% 2.1+0.88 44+10"  003+0.01* 0.08+0.02"  0.02+0.00"
32 46.7+0.6° 1.0+0.2" 0.7+0.1% 24+1.08 46+1.1A 0.03+0.01"  0.08+0.02*  0.02+0.01"
ANOVA

F-value, G 0.97M 22.5%#% 13.2%%% 3.96%** 18.4%%* 2.72%%% 10.8** 1.80N
F-Value, S 67.4%** 2.90N 1.90M 6.50%** 3.55%%* 1.70M 0.40N5 2.00™
F-Value, G*S  1.14NS 0.30M 0.40N 0.24%** 0.26M 0.83" 031N 0.70M

SE Fit 0.40 0.07 0.80 0.20 0.40 0.01 0.01 0.01

(G) Genotypes, (S) Storability, and values are means (+) SD of triplicate samples. Means in the same column that share the same superscript
letters do not differ significantly (P>0.05), ***; (P<0.001), M; no significant difference at (P> 0.05) as assessed by LSD

KN, Kenana-2; GF, Gadarif; EB, Eltayeb; RM, Radoum; TB, Tagarub; SK, Southern Kordufan; BO, Bromo; RE, Rufaee; HR, Hurhairy; AS, Abusun-
doug

However, differences in the content of the various fatty acids evaluated were noted among the cultivars, although the
oil content did not differ significantly (Table 2). Generally, high levels of most fatty acids were recorded for the dark brown
cultivar HR, while low levels were noted for the light brown cultivar AS (Table 2). Previous studies have indicated that
genetic factors determine the oil content, fatty acid synthesis, and sesame compound retention during storage [46]. The
present study included a relatively limited number of genotypes, and further elucidation of the genetic and biochemi-
cal basis for fatty acid stability during accelerated storage, including a higher number of genotypes, is a prerequisite if
breeding for these characters should be possible.

3.2 Storability characteristics

Fungal growth, a,,, FFA, and PV exhibited significant differences both across storage conditions and among cultivars
(Table 3). In general, fungal growth and PV increased with prolonged accelerated storage, while the significantly high-
est values for a,, and PV were recorded after 16 days of accelerated storage (Table 3). As shown by others [17], fungal
infections are normally increasing if seeds are stored at high relative humidity levels, although a high FFA concentration
also promotes fungal infection [47]. Additionally, a high FFA content contributes to rancidity and results in off-flavors
and odors in oilseeds during storage and has, therefore, been associated with limitations in industrial uses of sesame
[17]. However, in the present investigation, the FFA content was not significantly higher after 32 days of storage than in
control samples. The FFA content was significantly higher at 16 days of storage, which might result from reduced lipase
enzyme activity from heat damage during storage, as reported by others [48]. Oils and fats in sesame are commonly
tested for oxidative rancidity with PV, a measure of the oxidation of hydroperoxides, which are unstable and readily
decompose into volatile aldehydes [49]. As lipid oxidation decreases as storage time increases, PV is primarily useful as
a flavor quality indicator in the early stages of lipid oxidation [50].

Similarly to previous studies by Abdelazim, Mahmoud [51], the PV increased gradually and rapidly as the storage
period increased. The same author reported that sesame cake extract degraded the oxidation in soybean oil compared
to other extracts. Thus, low PV values in sesame cultivars might be connected to a high antioxidant capacity in those
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Table 3 Storability

characteristics of sesame Genotypes Fungal growth Water activity (a,,) Free fatty acid (FFA;  Peroxide value
15Tl
log cfu/ mgKOH/ PV; meq O,/
genotypes under accelerated flog 9 9 9 ( 402/9)
storage conditions KN 5.7+0.018 0.32+0.005*8 0.36+0.018 1.48+0.08°
GF 2.8+0.02¢ 0.29+0.004° 0.44+0.04* 1.35+0.05°
EB 59+0.13% 0.31+0.0055C 0.38+0.01%8 1.27+0.05%
RM 0.0+0.00° 0.33+0.001* 0.34+0.018 1.42+0.07¢
T8 0.0+0.00° 0.30+0.0055C 0.39+0.02"8 1.49+0.08°
SK 0.0+0.00° 0.29+0.005° 0.44+0.01% 1.33+0.05°
BO 0.0+0.00° 0.31+0.00148¢ 0.33+0.018 1.85+0.09"
RE 0.0+0.00° 0.32+0.001"8 0.36+0.018 1.62+0.07°
HR 5.7+0.018 0.32+0.007"8 0.36+0.018 1.88+0.09%
AS 2.8+0.01¢ 0.29+0.005° 0.39+0.03%8 1.56+0.08%
Storage time
Control 2.1+21¢ 0.3+0.04% 0.3+0.18 0.7+0.1¢
16 224258 0.4+0.02" 0.5+0.1% 1.6+0.4°
32 254294 0.2+0.01¢ 03+0.18 234034
ANOVA
F-Value, G 55,830.1%%* 10.3%%+ 2.0%%* 318.8%**
F-Value, S 953.6%** 447 5% 32.2%%* 16,051.1%%*
F-Value, G*S 484.7%%* 8.2%x* 4.5%%% 179.22%**
SE Fit 0.02 0.01 0.04 0.02

(G) Genotypes, (S) Storability, and values are means (+) SD of triplicate samples. Means in the same col-
umn that share the same superscript letters do not differ significantly (P> 0.05), ***; (P<0.001), ™; no sig-
nificant difference at (P<0.05) as assessed by LSD

KN, Kenana-2; GF, Gadarif; EB, Eltayeb; RM, Radoum; TB, Tagarub; SK, Southern Kordufan; BO, Bromo; RE,
Rufaee; HR, Hurhairy; AS, Abusundoug

seeds. Water activity (a,,) is an essential measure of available moisture for chemical reactions, microbial growth, and
shelf-life stability of products [52]. In the present study, the a,, increased significantly (P <0.0001) to 0.4 after 16 days,
while it was reduced back to 0.2 (P <0.0001) after 32 days of storage. This reduction in a,, after prolonged storage is likely
due to high temperature and duration, and proper aw maintenance has, in previous investigations, been found critical
for seed viability over time [53].

Fungal growth was found to differ significantly among the studied genotypes, with the significantly highest fungal
growth in the cultivar EB (5.9 log cfu/g), followed by the cultivars KN and HR (5.7 log cfu/g), while no fungal growth was
observed in the RM, TB, SK, BO, and RE cultivars. In principle, some of the genotypes were likely infected at the begin-
ning of the storage period, and on those genotypes, an increase in fungal growth was noted over the storage period.
Although clear genotypic differences were noted for a,, FFA, and PV, no clear pattern was observed regarding the culti-
var type. Thus, breeding for these characters will need additional information regarding the genetic background of the
differences observed.

3.3 Phytochemical compounds and antioxidant activity

The accelerated storage conditions clearly impacted TPC, TFC, FRAP, and ABTS, which all decreased significantly with
the storage time (Table 4), while no change in DPPH was noted. Phenolic compounds and antioxidants play an essential
protective role in the oil seeds by directly reacting with and neutralizing free radicals that cause oxidative damage [54].
Previous investigations on other crops, e.g., pistachios and soybeans [55], have also reported decreased phytochemicals
and antioxidant activity with storage. Braganca, Ziegler [56] found that phytochemicals and antioxidant capacity reduc-
tion over storage periods might result from oxidation and chemical reactions during high-temperature stress. The DPPH
assay is used to measure the radical scavenging activity, and lignans, as well as lignin glycosides in sesame cake, have
been found to have sufficient radical scavenging activity [57]. The retained DPPH activity during the storage of sesame
seeds shown in this work suggests that sesame antioxidants preserve free radical neutralization even after acceler-
ated aging. In previous studies, sesame antioxidants have contributed to preventing oxidation associated with quality
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Table 4 Phenolic compounds

and antioxidant activity of Genotypes Phenolic compounds Antioxidant capacity
sesame genotypes seeds TPC TFC DPPH FRAP ABTS (mgTrolox/g)
under accelerated storage (mg GAE/qg) (mg QE/qg) (mg Trolox/g) (mg Trolox/g)
conditions
KN 39403 46.5+0.8° 48+03" 3.6+0.27¢ 12.0+0.28
GF 49+0.1° 103.4+33% 494024 33+0.3° 11.4+0.4¢
EB 29+0.11 88.1+558 49+0.28 2.3+0.11 9.9+0.6°
RM 5.6+0.3¢ 56.3+0.6° 48+02° 5.0+0.3° 8.7+0.5¢
B 7.5+0.58 463+0.9° 49+0.28 6.6+0.2¢ 6.2+0.5°
SK 42+02° 53.2+1.0° 48+03" 9.2+0.6° 11.2+0.6°
BO 2.8+0.11 42.1+2.4° 49+0.28 33026 5.1+0.1"
RE 46+0.2F 452+ 145 47+03R 424015 4.4+0.2'
HR 43+0.45 438+1.3%F 49+0.28 4.6+0.3°¢ 7.0+0.3F
AS 10.2+0.3% 63.3+0.8% 5.0+0.28 10.5+0.8" 16.9+0.3"
Storage time
Control 794317 79.1+36.0" 49+04% 874524 13.2+4.6"
16 454228 53.3+13.6° 49+01° 41+1.98 8.7+3.98
32 29+1.8¢ 44.1+16.6° 48+0.5% 3.0+1.2¢ 5.9+3.4°¢
ANOVA
F-Value, G 1429.8%** 653.7%%* 1.5N 397.4%%+ 4006.4%**
F-Value, S 6283.1%** 1653.3*** 1.8Ns 1657.6%** 12,668.9%**
F-Value, G*S  183.9%** 144%%% 1.0 118.7%%* 397%#+
SE Fit 0.1 14 0.01 0.2 0.1

(TPC) Total phenolic compounds, (TFC) Total flavonoid compounds, (DPPH) 2,2-diphenyl-1-picrylhydra-
zyl, (FRAP) Ferric Reducing Antioxidant Power, (ABTS) 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid), (G) Genotypes, (S) Storability, and values are means (+) SD of triplicate samples. Means in the same
column that share the same superscript letters do not differ significantly (P>0.05), ***; (P<0.001),N%; no
significant difference at (P> 0.05) as assessed by LSD

KN, Kenana-2; GF, Gadarif; EB, Eltayeb; RM, Radoum; TB, Tagarub; SK, Southern Kordufan; BO, Bromo; RE,
Rufaee; HR, Hurhairy; AS, Abusundoug

deterioration in oils and oilseeds [58]. Thus, the present results suggest that bioactive compounds in sesame seeds might
continue to effectively scavenge free radicals and mitigate oxidative damage during storage stress.

Differences in the content of phytochemicals and antioxidant capacity were noted among the genotypes in the present
study (Table 4). In general, high content and capacity were found for the light brown landrace AS, except for TFC, for which
the whitish-released cultivar GF showed the highest value (Table 4). However, no consistency was found in the variation
of phytochemicals and antioxidant capacity among the evaluated genotypes, and additional studies incorporating a
higher number of genotypes are needed to understand the genetic background for the variation.

3.4 Multivariable analysis and remarks outlook

The first principal component (PC1; explaining 34.2% of the variation) of the Principal Component Analysis (PCA) sepa-
rated mainly the content of fatty acids with negative PC1 values from the content of phytochemicals and antioxidant
capacity, with positive PC1 values (Fig. 1A), which indicates that samples with high fatty acid content showed low phy-
tochemical content and low antioxidant capacity, as well as vice versa, which was verified by a Pearson correlation
analysis (Fig. 1B). The PCA also visualized that prolonged storage decreased phytochemicals and antioxidant capacity
(Table 4), as the control samples were placed further to the positive side along the PC1 axes than the samples stored at
32 days (Fig. 1A). The second principal component (PC2, explaining 23.8% of the variation) separated the samples based
on storage time, with the control samples showing negative PC2 values and the samples stored at 32 days showing the
most positive PC2 values. The loadings contributing mainly to the separation of the samples according to storage were
PV (peroxide value), DC (change in color), and OC (oil content), where control samples showed low PV (Table 3) and DC
(Table 1), and low OC (Table 2), oppositely to samples stored during 32 days. Previous studies have shown that the stor-
ability characteristics of oilseeds are affected by a range of factors, including moisture content, oil content, and insect
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Fig. 1 Multivariate analyses
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infestation [59]. Here, we could determine the importance and changes of various characters that impact the storability
of sesame seeds. The important ones, e.g., PV, DC, OC, and content of phytochemicals and fatty acids, need further evalu-
ation, and genotypic variation must be determined to be used in breeding for more storage-tolerant cultivars.

A hierarchical dendrogram (Fig. 1C), which explains the performance of the sesame cultivars across storage lengths,
clustered the material into three main groups (0 days, 16 days, and 32 days) with a few exceptions. Thus, interestingly, all
the AS (light brown landrace) samples (ASO=control, AS16 and AS32 =stored 16 and 32 days) clustered together with the
control (0) samples, indicating a high storage stability in that genotype. The AS genotype was found to have low levels
of fatty acids (Table 2) and high levels of phytochemicals and antioxidant potential (Table 4), placing it with the highest
positive PC1 values (Fig. 1A) among the genotypes. Additionally, HR16 was clustered with HR32 (dark brown landrace)
in the cluster with accelerated storage in 32 days, indicating low storage stability in this genotype. The HR genotype was
found to have a high content of fatty acids (Table 2), and HR16 and HR32 were placed with the most negative PC1 values.
Therefore, the present results contribute a basis for understanding essential characteristics to evaluate storage stability in
sesame. The AS and the HR are Sudanese landraces, and none have been previously evaluated concerning storage quality.
Previous studies have indicated the importance of incorporating genes from landraces into adapted cultivars to improve
the quality traits for long shelf-life and storage [60]. Thus, specifically, AS should be further evaluated for storage stabil-
ity characteristics and genes behind such characters, including an evaluation of performance over additional seasons.

4 Conclusions

The seed quality, storability characteristics, phytochemicals content, and antioxidant potential were significantly affected
by accelerated storage and the length of this storage in sesame. In principle, seed color increased, oil content and oleic
acid decreased, while linoleic acid increased, and fungal growth and peroxide values increased. In contrast, water activ-
ity decreased, and phytochemicals and antioxidant potential decreased as correlated with the length of the accelerated
storage time. Seed color change, peroxide value, and oil content were found to be the most important characteristics of
sesame, correlating with the accelerated storage time. Among the ten evaluated genotypes, one landrace (Abusundoug,
light brown) exhibited superior storage stability compared to the others, which enhanced stability correlated with lower
polyunsaturated fatty acids and higher levels of phytochemicals, resulting in increased antioxidant potential. Given these
favorable characteristics, it is recommended that Abusundoug be further evaluated for its potential incorporation into
sesame breeding programs to improve seed storage stability and nutritional quality. The findings reported here indicate
a potential to improve the storage stability of Sudanese sesame, which is extremely important in this high-value com-
modity crop for Sudan. Under current circumstances, the produced sesame seeds in Sudan are subjected to harsh storage
conditions (especially high temperatures), which mostly have a negative impact on the quality of the seeds and the oil.
Improving the storage stability will contribute to income opportunities for the country and its farmers, especially as the
interest in sesame oil is growing in the world market. Thus, to achieve improved storage stability in Sudanese sesame,
a more extensive range of genetic material should be analyzed for fatty acid composition, phytochemical content,
and antioxidant capacity to assess the variability of these components more fully across different sesame accessions.
Furthermore, the genes behind the content of these characters need to be evaluated. Additionally, accelerated storage
experiments should be carried out on genotypes with exceptionally high and low levels of the identified components
and grown in various environments (years and localities) to increase the understanding of storage stability.
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Introduction: Seed coat color in sesame is a crucial trait for breeding programs
as it is closely associated with important characteristics such as oil content,
protein levels, and disease resistance, which directly influence seed quality and
market value.

Methods: This study investigates the genetic basis of seed coat color in 200
Sudanese sesame genotypes grown for two consecutive years through
comprehensive phenotyping, genomic diversity analysis, genome-wide
association studies (GWAS), and candidate gene discovery.

Results and discussion: Phenotypic analysis across two growing seasons
revealed high heritability and significant correlations among color parameters
(L*, a*, and b*), indicating strong genetic control over seed coat color. The
genomic analysis identified distinct clusters among sesame accessions, with
rapid linkage disequilibrium decay suggesting a high level of recombination.
GWAS identified significant SNPs associated with seed coat color traits, revealing
key genomic regions on chromosomes 3, 6, 9, 12, and 13. Candidate gene
analysis highlighted several genes, including DOF zinc finger proteins and WRKY
transcription factors, which may play essential roles in pigment biosynthesis
pathways. These findings provide valuable insights for breeding programs to
enhance desirable seed coat color traits in sesame.
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1 Introduction

Sesame (Sesamum indicum L.) is a globally important oilseed
crop cultivated in over 70 countries with a production of 6.8 million
tons (FAOSTAT, 2022). Sesame is known as the ‘queen of oil crops,’
it is valued for its high oil content (up to 60%) and rich composition
of proteins, fatty acids, and antioxidants like sesamin and sesamolin
(Dar et al., 2019). Sudan, the largest producer of sesame, is considered
a center of origin for this crop, making it a crucial location for genetic
diversity studies and breeding efforts (Idris et al., 2023).

Among the various traits of interest in sesame breeding, seed
coat color has emerged as a critical characteristic influencing
consumer preferences and potential health benefits. However,
sesame seeds exhibit a wide range of colors, including white,
yellow, brown, and black, primarily determined by the
accumulation of pigments such as chlorophyll, carotenoids, and
various phenolic compounds in the seed coat (Wang et al., 2016).
Recent studies have highlighted the complex relationship between
seed coat color and agronomically important traits in sesame. For
instance, black sesame seeds contain significantly higher levels of
phenolic compounds and exhibit greater antioxidant activity than
white seeds (Mi et al, 2022). Darker seeds also have higher
concentrations of lignans, particularly sesamin and sesamolin,
which are known for their health-promoting properties (Abbas
etal, 2022). Regarding disease resistance, pigmented seed coats are
associated with enhanced protection against pathogens, such as
increased resistance to Fusarium wilt (Dutta et al., 2022).
Additionally, seed coat color influences oil content and fatty acid
composition, as white-seed varieties generally have higher oil
content, while black-seed varieties often exhibit a more favorable
fatty acid profile (Uzun et al., 2008; Wei et al., 2015).

The genetic basis of key traits in sesame has become easier to
study due to its relatively small diploid genome (27 = 26), estimated
at 357 Mb (Wang et al., 2016). Sequencing of the sesame genome
(Wangetal,, 2014) and its improved assembly and annotation (Wang
et al., 2022) have greatly advanced genetic research. Recent advances
in genomic technologies, particularly genome-wide association
studies (GWAS), have identified genetic loci associated with traits
such as oil content, fatty acid composition, and disease resistance
(Wei et al., 2015; Zhao et al., 2022; Zhou et al., 2022). A previous
GWAS on seed coat color in sesame identified 13 significant single
nucleotide polymorphisms (SNPs) associated with this trait,
including a major locus on LG4 harboring the PPO gene involved
in melanin biosynthesis (Wei et al,, 2015). Cui et al. (2021) identified
197 significant SNPs associated with seed coat color, including 30
detected across six environments and 92 candidate genes located near
four of these SNPs. However, due to the complexity of seed coat color
and its links to various biochemical and agronomic traits, further
research is needed to understand its genetic architecture.

Understanding the genetic control of seed coat color is essential
for developing cultivars with desired characteristics to meet diverse
market demands. White-seed sesame is widely preferred in many
markets for its perceived quality and value (Uzun et al., 2008), while
black sesame is gaining popularity due to its higher antioxidant
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content and potential health benefits (Abbas et al., 2022). The
CIELab color space, measuring lightness (L*), redness-greenness
(a*), and yellowness-blueness (b*), provides a standardized method
for quantifying seed coat color (Pathare et al., 2013). It has been
widely recognized for its effectiveness in seed color characterization,
developing a device-independent method that provides superior
perception accuracy compared to Red, Green, and Blue (RGB)
models (Ivanova et al., 2022). However, RGB frequently lacks the
precision needed for subtle variations, which is essential in
agricultural applications (Dong et al., 2018). It has been
documented that CIELab is reliable in evaluating seed quality and
vigor in various crop species (Armoniene et al., 2018). In addition,
CIELab has been validated in other contexts, including food science
and medical imaging (Dong et al., 2018).

In this study, we build upon previous GWAS efforts by
leveraging a more comprehensive and genetically diverse sesame
panel, combined with high-density SNP markers, to elucidate the
genetic architecture underlying seed coat color. Advanced
phenotyping approaches were employed to measure CIELab color
parameters (L¥, a¥, and b*), providing a detailed assessment of seed
coat color variation and enabling comprehensive analysis of its
genetic contributors. The findings from this study will contribute to
our understanding of pigment biosynthesis in sesame and provide
valuable information for breeding programs aimed at tailoring seed
coat color to meet market and nutritional demands. This study will
enhance our understanding of sesame genetic diversity in Sudan, a
major center of its origin, and may identify new alleles associated
with seed coat color and other important traits.

2 Materials and methods
2.1 Experiment setup

The field trial was conducted over two consecutive growing
seasons (2021 and 2022) at the Matuq Research Station in Gaziera
State, Sudan (14°11'10”N, 32°34’48”E). A total of 200 genetically
diverse sesame accessions, along with 3 control checks, were
evaluated using an augmented block design. The experimental
layout consisted of 8 blocks, comprising 28 plots. Within each
block, 25 distinct accessions were randomly assigned, and the 3
check varieties were replicated across all blocks to provide a
measure of inter-block variability.

Standard agronomic practices tailored to local conditions were
carefully followed throughout the growing season. These practices
included appropriate land preparation, timely sowing, optimal
irrigation scheduling, and recommended fertilizer application
rates. Pest and disease management were carried out as needed to
ensure healthy plant growth and development. Upon reaching
physiological maturity, the sesame plants were harvested
manually, and seeds were carefully extracted, cleaned, and dried
to a uniform moisture content. Subsequently, the seed samples were
stored under controlled environmental conditions to maintain seed
quality and viability until laboratory analysis could be performed.
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2.2 Seed coat color measurement and
data analysis

Seed coat color parameters were quantified using (Chroma
Meter CR 400, manufactured by Minolta, Japan). This device
measures color in the CIELab color space, where L* represents
lightness (0 = black, 100 = white), a* indicates the red-green
spectrum (-60 = green, +60 = red), and b* denotes the blue-
yellow spectrum (-60 = blue, +60 = yellow). Before
measurements, the colorimeter was calibrated using a standard
white reflector plate (Y = 93.7, x = 0.3160, y = 0.3323) to ensure
accuracy. For each sample, 50.0 g of sesame seeds were carefully
placed into a clean, dry Petri dish attached to the colorimeter,
ensuring a uniform layer with complete coverage of the
measurement area. Three replicate measurements were taken for
each sample, rotating the Petri dish 120° between readings to
account for any potential heterogeneity in seed color distribution
(Elsafy et al.,, 2024).

2.3 Statistical analyses

The relationships and distributions of color traits across two
years (2021 and 2022) were examined using correlation analysis and
scatter plots in the R “ GGally’ package (Schloerke et al., 2021). The
Principal Component Analysis (PCA) biplot for the seed coat color
attributes was created using ‘factoextra’ R package (Kassambara and
Mundt, 2016).

The broad-sense heritability (H) for sesame seed coat color was
calculated using:

oG . Of

H=0}/(0e+—L +
/(06 + ==+

Where o is represents the genetic variance, 63; is denotes the
genotype by year interaction variance, o7 is the residual from
environmental variance, and L is the number of years.

2.4 Genetic material preparation
and sequencing

From each line, a circular section of young leaf tissue,
approximately 5 mm in diameter, was harvested from each plant
and placed into a 96-well plate designed for tissue collection.
Genomic DNA was extracted using the Qiagen BioSprint 96
system alongside the Qiagen BioSprint DNA Plant kit. DNA was
normalized to ng/UL concentration, and sequencing libraries were
prepared using a genotyping-by-sequencing (GBS) protocol
(Poland et al.,, 2012). Specifically, the restriction enzymes PstI and
MspI were used to induce cuts at multiple sites in the genome, and
the resulting pool was ligated with unique barcode adapters,
multiplexed with 96 samples per lane, sequenced on a NovaSeq
6000 (Tllumina, San Diego, CA, USA). Sequencing of the DNA
libraries was done at the University of Minnesota Genomics Center
(St. Paul, MN, USA).
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Generated sequencing data was filtered for a minimum quality
(Q) score of 30 and demultiplexed using ‘sabre’ (https://github.com/
najoshi/sabre) to sort separate reads corresponding to each sample.
The reads were then aligned to the Sesamum indicum updated
genome assembly and annotations (Wang et al., 2022) with the
Burrow-Wheelers Alignment (BWA) tool version 0.7.4 (Li and
Durbin, 2009). Genome-wide SNPs were identified using
Samtools and beftools (Li, 2011). The SNP markers were filtered
to retain those with a minimum minor allele frequency (MAF) of
3% and a missing allelic proportion of 20% or less. This resulted in
3,636 SNPs distributed among the 13 chromosomes and 17 high-
confidence scaffolds.

2.5 Genetic diversity, population structure,
and marker density analysis

Genetic relationships among accessions were assessed using
TASSEL v5.2.60 (Bradbury et al, 2007). The genetic similarity
matrix was computed using the identity-by-state (IBS) algorithm
with 10,000 bootstraps. The resulting matrix was visualized as a
heatmap using the ‘heatmap’ package in R (Kolde and Kolde, 2015).
The Bayesian clustering approach was implemented to elucidate
population structure using ADMIXTURE v1.3.0 (Alexander et al.,
2009). The optimal number of ancestral populations (K) was
determined by running the analysis for K values ranging from 1
to 10, with 10 independent runs for each K. The best K was selected
based on the lowest cross-validation error. Results were visualized
using the ‘pophelper’ R package (Francis, 2017). To evaluate LD
decay, pairwise linkage disequilibrium between markers was
calculated using Tassel 5, utilizing a sliding window method with
50 markers. The LD values, represented as 7, were graphed against
physical distances derived from the Sesame genome V.3.0 reference.
A locally weighted scatterplot smoothing (LOWESS) curve was
used to visualize the LD decay pattern, and the LD decay distance
was estimated following the method described by Hill and Weir
(1988), and the SNP linkage disequilibrium (LD) heatmap physical
length and the number of SNPs within 1Mb were estimated using
the SRPlot interface (Tang et al., 2023).

2.6 Seed coat color traits association and
candidate gene search

GWAS was conducted using GAPIT 3 in R 4.3.2, employing the
Fixed and random model Circulating Probability Unification
(FarmCPU) method (Liu et al,, 2016; Wang and Zhang, 2021).
Significant markers were identified based on the Bonferroni-
corrected threshold (o = 0.01). For individual SNPs, this
corresponded to a p-value of roughly determined using a cutoff
calculated as the total number of markers (3636) divided by 1000.
This yielded a threshold corresponding to a logarithm of the odds
(LOD) score of approximately 3, which is presented as Manhattan
and QQ plots.

Searching for candidate genes was conducted by examining the
regions surrounding significant SNP markers to identify genes
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potentially influencing seed coat color. We analyzed protein-coding
sequences within 409,780 bp of significant loci based on the average
linkage disequilibrium in sesame (204,890 bp). Using a refined
sesame genome assembly (Wang et al, 2022), we conducted a
protein BLAST search on the NCBI clustered nr database
(Coordinators, 2015). We focused on Sesamum indicum
sequences with >80% identity and E-values <IE-10, retaining the
top three alignments for each sequence. These were then filtered to
identify candidate genes that regulate seed coat color.

3 Results
3.1 Seed coat color phenotyping

Analysis of sesame seed colorimetric parameters (L¥, a*, and b*)
across two growing seasons (2021 and 2022) revealed exceptionally
high consistency between years (r = 0.997, p < 0.001), indicating solid
genetic control over seed coat color (Figure 1A). The lightness (L*)
values demonstrated the most comprehensive range, suggesting
significant variability in seed coat brightness across accessions.
Importantly, we observed moderate negative correlations between
L* and a* values (r = -0.42, p < 0.001) and moderate positive
correlations between L* and b* values (r = 0.37, p < 0.001), which
indicates that lighter seeds tend to be less red but more yellow. The a*
and b* values showed moderate positive correlations (r = 0.47, p <
0.001), indicating that reddish seeds also tend to be more yellow. On
the other hand, the PCA showed significant insights into seed coat
color variation, where the first two principal components account for
a substantial 88.4% of the total variance of Dim1: 47.2%, Dim2: 41.2%
(Figure 1B). Three distinct groups emerge a high b* group
characterized by greater yellowness, a high a* group showing
increased redness, and a high L* group representing lighter seeds.
Interestingly, considerable overlap exists between the high L* and
high b* groups, showing a positive correlation between seed lightness
and yellowness. The broad sense heritability estimates for the seed

FIGURE 1

10.3389/fpls.2025.1541656

coat color traits were remarkably high, with H values of 0.9991,
0.9975, and 0.9974 for L*, a*, and b*, respectively.

3.2 Genetic diversity and structure analysis

The genomic landscape of the sesame accessions is characterized
by a heterogeneous distribution of genetic variants across the 13
chromosomes (Figure 2A). Chromosomes 5, 7, and 10 exhibit regions
of high variant density, as indicated by the red and orange bands.
Population structure analysis (Figure 2B) reveals a significant division
of sesame accessions into two distinct clusters, as determined by the
AK method, with the optimal K = 2 indicating clear genetic
differentiation. Admixture analysis further supports this, showing
distinct proportions of genotype patterns between the two
subpopulations. The kinship heatmap (Figure 2C) illustrates the
genetic relatedness among the sesame accessions, with distinct
blocks indicating varying degrees of relatedness, highlighting the
presence of genetically similar groups within the sesame population.
Linkage disequilibrium (LD) decay analysis (Figure 2D) demonstrates
a rapid decline in LD with increasing physical distance, with an
value of 0.1 at a physical distance of approximately 0.204 Mb.

3.3 Seed coat color traits association

GWAS identified several SNPs associated with the seed coat color
traits L*, a¥, and b* (Table 1) and Manhattan plot (Figure 3A). For the
L* trait, significant associations were detected on chromosomes 3, 6,
and 12. The most relevant markers were located at positions
16,523,829 bp and 16,523,899 bp on chromosome 12 (allele G/A),
with a p-value of 0.0009, explaining 6.51% of the phenotypic variance.
For a* trait, significant SNPs were predominantly located on
chromosome 3, including the marker at position 15960455 bp
(allele C/A) with a p-value of 0.0004, explaining 7.17% of
the phenotypic variance. Additionally, a highly significant marker
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(A) Correlation of seed coat color traits of the sesame accessions across two consecutive seasons, 2021 and 2022. (B) Principle Component Analysis
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was identified on chromosome 6 at position 27694080 bp (allele T/G)
with a p-value of less than 0.0001, accounting for 9.20% of the
phenotypic variance. For the b* trait, significant associations were
identified on chromosomes 9 and 13. The SNPs at positions 345,249
bp (allele G/A) and 345,322 bp (allele T/G) on chromosome 13
showed strong associations with p-values of 0.0013 and 0.0010,
respectively, explaining over 6% of the phenotypic variance. This
genetic association for seed coat color traits was confirmed by the QQ
plot (Figure 3B), which considered population structure and quality
control factors.

3.4 Searching for candidate genes

The candidate gene searching analysis identified several key
genes associated with seed coat color space traits in this study
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(Table 2). APMJ01001391, encoding the DOF3.1 zinc finger protein
(80.7% identity), and APMJ01001731, encoding STY8-like isoform
X2 (100% identity), were annotated on chromosome 3, both highly
associated with trait a*. On chromosome 6, two genes were
identified: APMJ01003628, encoding histidine-containing
phosphotransfer protein 4-like isoform X2 (100% identity),
associated with trait L*, and KAK4407764, encoding serine/
threonine-protein kinase STY8 (98.2% identity), associated with
trait a*. As a result, all genes identified were found in Sesamum
indicium except KAK4407764, which was found in Sesamum
angolense. Chromosome 6 also contains APMJ01003151, encoding
WRKY transcription factor 23 (96% identity). Further,
APMJ01007050, encoding salicylic acid-binding protein 2 (98.5%
identity), on chromosome 9 was associated with trait b*, while
APM]J01006505, encoding Squamosa promoter-binding protein 1
(99.2% identity), on chromosome 12, was linked to trait L*.
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TABLE 1 Genome-wide detection of genetic markers associated with seed coat color traits in 200 sesame accessions.

10.3389/fpls.2025.1541656

Trait SNP marker Pos (bps) Alleles p-value LOD (VA Allelic effect
L* Chrl2_16523829 12 16523829 GIA 0.0009 3.0225 034 6.51 -3.80
L Chrl2_16523891 12 16523891 crr 0.0013 29002 033 6.26 3.73
Lt Chrl2_16523899 12 16523899 G/A 0.0009 3.0225 034 6.51 -3.80
L Chr3_16244425 3 16244425 A/G 0.0010 3.0098 0.13 6.48 511
L* Chr6_6974622 6 6974622 G/A 0.0010 3.0175 0.10 6.50 5.58
a* Chr3_15951803 3 15951803 T/C 0.0007 3.1481 0.06 6.76 123
a* Chr3_15960455 3 15960455 CIA 0.0004 3.3560 005 717 1.36
at Chr3_15984070 3 15984070 AIG 0.0004 3.3909 0.06 7.24 127
a* Chr3_15984721 3 15984721 A/G 0.0004 33909 0.06 7.24 127
a* Chr3_15984975 3 15984975 AIG 0.0004 33909 0.06 7.24 127
a* Chr3_16249093 3 16249093 GIC 0.0011 29629 0.06 6.39 113
at Chr3_16593829 3 16593829 C/A 0.0001 3.9078 0.13 8.26 098
a* Chr3_26242291 3 26242291 crr 0.0002 3.6894 025 7.83 074
a* Chrd_3654235 4 3654235 AlC 0.0004 3.4379 018 7.34 1.03
a* Chr4_3654271 4 3654271 G/A 0.0011 2.9605 018 6.38 -0.96
at Chrd_3654307 4 3654307 T/A 0.0002 3.7045 0.17 7.86 -1.10
a* Chr6_20862610 6 20862610 A/G 0.0002 3.7350 0.19 7.92 0.76
a* Chr6_27694080 6 27694080 T/G 0.0040 44023 0.04 9.20 -1.66
b Chrl3_345249 13 345249 G/A 0.0013 28810 002 622 459
b Chr13_345322 13 345322 TIG 0.0010 29834 0.06 6.43 -2.60
b* Chr9_23287055 9 23287055 G/A 00011 2.9439 035 635 224

This table shows the details of single nucleotide polymorphism (SNP) markers significantly associated with key traits, including L*, a*, and b*, in sesame accessions. The information provided
includes the SNP marker ID, (Chr) chromosome and (Position/bps) physical position of the marker, the alleles, (MAF)minor allele frequency, (LOD) logarithm of odds score, (R*%) proportion
of phenotypic variance explained, and the estimated effect size of the associated allele.
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TABLE 2 lIdentified genes associated with L*, a*, and b*in sesame accessions.

NCBI candidate

Species Annotation % identity
genes
APM]J01001391 a* Chr3_15984975 Sesamum indicum dof zinc finger protein DOF3.1-like 3e-123 80.7%
serine/threonine-protein kinase STY8-like
APM]J01001731 a* Chr3_26242291 Sesamum indicum isoform X2 0.0 100%
histidine-containing phosphotransfer protein 4-like
APM]J01003628 L* Chr6_6974622 Sesamum indicum isoform X2 2e-99 100%
KAK4407764 a* Chr6_20862610 S I Serine/th ine-protein kinase STY8 0.0 98-2%
APM]J01003151 a* Chr6_27694080 Sesamum indicum probable WRKY transcription factor 23 2e71 96%
APM]J01007050 b* Chr9_23287055 Sesamum indicum salicylic acid-binding protein 2 2e-89 98.5%
APM]J01006505 L Chr12_16523829 | Sesamum indicum Squamosa promoter-binding protein 1 le-88 99.2%

4 Discussion

This study underlines the significant genetic basis of sesame
seed coat color, as demonstrated by high heritability estimates for
traits L¥, a¥, and b*. These findings confirm that seed coat color is
stable across environments, with minimal influence from external
factors, making it predominantly controlled by genetic factors. Such
stability is essential for breeding programs, ensuring consistency in
expressing traits across various cultivation conditions. Significant
SNPs associated with the L* trait on chromosomes 3, 6, and 12, and
with the b* trait on chromosomes 9 and 13, mark genomic regions
of interest for further research. These loci, which explain a
substantial proportion of phenotypic variance, provide a
foundation for breeding strategies to tailor seed coat colors to
specific market demands.

4.1 Seed coat color phenotyping

Our study demonstrated high year-to-year consistency in
sesame seed coat color (r = 0.997, p < 0.001), indicating that the
trait is stable, heritable, and minimally influenced by the
environment. This finding aligns with previous research
identifying key quantitative trait loci (QTLs) associated with seed
coat color in sesame. Du et al. (2019) developed a high-density
genetic map and found that seed coat color is primarily influenced
by a few major genes and several QTLs, which significantly
contribute to its heritability. Because sesame domestication has
led to lighter seed colors, which are largely determined by genetic
loci (Wei et al, 2016). Results demonstrate that the first two
principal components account for 88.4% of the total variance in
sesame seed coat color among Sudanese genotypes, indicating a
high level of genetic variation within these traits. Based on the
substantial variance explained by these components, a limited
number of genetic factors are responsible for seed coat color, and
distinct phenotypic groups can be formed, explaining genetic
differentiation between genotypes. Our study revealed
exceptionally high heritability (H) for L*, a*, and b* values,
indicating that genetic factors rather than environmental
influences predominantly control seed coat color traits. This
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finding aligns with previous studies, such as Wang et al. (2016),
which reported on the fine mapping of plant height and seed coat
color quantitative trait loci (QTLs) using a new high-density genetic
map, and Du et al. (2019), who constructed a high-density genetic
map using specific length amplified fragment (SLAF) sequencing
and conducted QTL mapping of seed-related traits in sesame.
Building on this, Sabag et al. (2021) emphasized that
straightforward selection strategies can significantly enhance the
genetic architecture of sesame seed coat color. Furthermore, since
these traits are primarily governed by additive genetic variance, Cui
et al. (2021) suggested that selection for these traits in breeding
programs could be highly effective.

4.2 Genomic diversity and
structure analysis

This study highlighted the heterogeneous distribution of genetic
variants across the sesame chromosomes, particularly the high
variant density on chromosomes 5, 7, and 10, provided a valuable
framework for understanding the genetic basis of seed coat color
and other agronomic traits using improved assembly and
annotation of the sesame genome. The findings from various
studies underscore the potential for utilizing this genetic
information in breeding programs to enhance sesame quality and
yield, and future research should continue to explore the functional
implications of these genetic variants and their interactions with
environmental factors to optimize sesame cultivation (Wu et al,
2014; Zhao et al., 2022; Zhou et al., 2022).

Our study revealed significant separation into two distinct
clusters among sesame accessions, as determined by the AK
method, which provides valuable insights into the genetic
diversity and evolutionary history of sesame where hybridization
and gene flow between populations can occur. Understanding the
population structure and genetic differentiation among sesame
accessions is critical to improving specific traits through breeding
programs, such as seed coat color (Pandey et al., 2013). Strategically
selecting parental lines representing diverse genetic backgrounds by
identifying distinct genetic clusters can enhance hybrid vigor and
trait improvement. Further, population structure can be used to

07 frontiersin.org


https://doi.org/10.3389/fpls.2025.1541656
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Elsafy et al.

conserve genetic resources, making it easier for future breeding
efforts to preserve various genetic materials (Dossa et al., 2016). The
kinship heatmap result in this study showed a visual representation
of the genetic relationships among the sesame accessions, where
distinct blocks indicate varying degrees of genetic similarity. Such a
heatmap is instrumental in identifying clusters of closely related
accessions, which can indicate shared ancestry or common breeding
practices (Eynard et al.,, 2016).

This study found that LD decay was rapid with increasing
physical distance, which provides insight into sesame’s genetic
architecture. LD describes the non-random association of alleles at
different loci, and its decay over distance can provide insight into
recombination rates and the dynamics of historical populations.
The observed r* value of 0.1 at a physical distance of
approximately 0.204 Mb in this study indicates a relatively
short-lived linkage disequilibrium (LD) in sesame, suggesting a
high level of recombination within the genome. Comparatively,
previous studies using the first version of the sesame genome
(Wang et al, 2014) have reported varying patterns of LD in
different sesame populations compared to our study that utilized
the updated version of the sesame genome (Wang et al., 2022). For
instance, Wang et al. (2014) found that LD in sesame decayed to
an 7* of 0.15 over a distance of around 150 kb, indicating the same
trend of rapid decay but over a longer distance. According to Du
et al. (2019), LD in a diverse set of sesame accessions exhibits a
significant decline, with r* values dropping to around 0.1 at
distances exceeding 100 kb. This finding is consistent with the
short-term nature of LD in this study.

According to these comparisons, LD decay in sesame
populations can vary. However, the trend still indicates a high
level of recombination, and this will benefit breeding programs
because it facilitates the introduction of genetic diversity and the
selection of desirable traits. The LD decay results have important
implications for breeding and genetic studies in sesame. For
instance, Francia et al. (2005) and Dubcovsky (2004) suggested
that rapid LD decay marker-assisted selection (MAS) could be
effectively employed in breeding programs, as the genetic markers
associated with desirable traits are likely to be closely linked to the
target genes. However, The LDs observed in this study were
relatively short, supporting the potential for efficient marker-
assisted selection strategies in sesame breeding.

4.3 SNPs-trait association analysis

Our study identified significant associations for the L* trait on
chromosomes 3, 6, and 12, with the strongest markers on
chromosome 12 at positions 16523829 bp and 16523899 bp.
These findings partially align with previous reports, such as Wang
et al. (2020), where transcriptome analysis identified genes
associated with flavonoid biosynthesis pathways involved in light
pigmentation. Similarly, Li et al. (2021) identified QTL hotspots for
L* on chromosome 12 using an F, population derived from Chinese
accessions. Another study by Cui et al. (2021) focused on brown
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seed coat traits primarily associated significant SNPs with
chromosome 6, while this study identifies both chromosome 6
and 12 loci for the L* trait. This difference might be attributable to
the genetic diversity of the Sudanese sesame germplasm and the
different reference genome used in this study (Wang et al., 2022).
Moreover, the Sudanese sesame accessions, known for their
adaptation to arid climates, may harbor unique alleles shaped by
local selective pressures.

The GWAS results in this study identified significant SNPs for
a* trait on chromosome 3, with a highly significant marker on
chromosome 6 (position 27694080 bp) explaining 9.20% of the
phenotypic variance. This finding aligns with the work of Wang
et al. (2023), where major-effect QTLs for red pigmentation traits
were also mapped to a 1.19 Mb interval on chromosome 6
(qBSCchr6). Additionally, genes associated with anthocyanin
biosynthesis pathways, such as MYB and bHLH transcription
factors, were identified in several studies as contributors to red
pigmentation. While chromosome 3 emerged as a key region in this
study, it is less frequently highlighted in Wang et al. (2023) and
Dutta et al. (2022) using Chinese or Indian germplasm. Moreover,
the SNPs on chromosome 6 in this study account for higher
phenotypic variance than those reported in Cui et al. (2021) and
Li et al. (2021), and this could be attributed to the distinct
geographic origin of the Sudanese accessions likely plays a role.
Different selective pressures, such as high UV exposure, may affect
anthocyanin pigmentation in Sudanese sesame, leading to a
stronger association on chromosome 3. Additionally, differences
in linkage disequilibrium (LD) patterns between populations may
result in unique SNP-trait associations in this study compared to
those in Asian germplasm.

For the b* trait, our study revealed significant associations on
chromosomes 9 and 13 were identified, with markers on
chromosome 13 (positions 345249 bp and 345322 bp) showing
strong associations. These findings are consistent with prior studies,
such as Cui et al. (2021), which identified regions on chromosome 9
linked to seed coat pigmentation. Transcriptomic studies have
further implicated pathways like carotenoid biosynthesis in yellow
pigmentation traits. However, this study identified chromosome 13
markers as key contributors to b*, which is unique compared to
previous studies (Cui et al., 2021; Du et al,, 2019). Most studies
highlight chromosomes 6 and 9 as major contributors to yellow
pigmentation in non-Sudanese sesame. However, The prominence
of chromosome 13 in our study may reflect unique genetic
adaptations of Sudanese accessions. Environmental stressors such
as drought and heat in Sudan may have shaped seed coat
characteristics, favoring alleles in less prominent loci. The local
cultural preferences for seed coat colors could also indirectly
influence breeding practices, leading to unique allele frequencies.

4.4 Searching for candidate genes

This study identified candidate genes likely to play important
roles in modulating pigment-related traits via their involvement in
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regulatory and signaling pathways. Their functional
characterization could uncover the molecular basis of
pigmentation in Sesamum indicum and related species. The DOF
Zinc Finger Protein encoded by APMJ01001391 has been implicated
in regulating light-responsive genes. lorizzo et al. (2019) stated that
the effects of light on flavonoid biosynthesis are crucial as light
triggers the production of anthocyanins. As a result of its
association with trait a*, this gene might be involved in
modulating pigmentation by activating flavonoid pathway genes.

Phosphorylation-dependent signaling pathways require Serine/
Threonine Kinases identified in APMJ01001731 and KAK4407764,
and Kinases such as STY8 control carotenoid metabolism and
plastid biogenesis (Mazur et al., 2021). This strong correlation
indicates that these genes may regulate carotenoid synthesis or
other pigment-related processes. Regarding WRKY, transcription
factors, such as WRKY23 encoded by APMJ01003151, play a critical
role in secondary metabolism regulation under stress conditions
(Meraj et al., 2020). As anthocyanin serves as a protective pigment,
WRKY23 may modulate anthocyanin biosynthesis under
environmental stress. According to Chen et al. (2019), WRKY
transcription factors are critical for stress-induced pigment
accumulation in different species.

Histidine-containing phosphotransfer proteins (HPTs) are
essential in the cytokinin signaling pathway. Cytokinin can affect
pigment biosynthesis by affecting plasid development and
secondary metabolite pathways (Cortleven and Schmiilling, 2015).
It also aligns with findings from other studies, where cytokinin
signaling indirectly affects pigment accumulation through
developmental cues (Wu et al, 2021). Furthermore, SABP2,
encoded by APMJ01007050, is implicated in signal transduction
in salicylic acid pathways, influencing flavonoid biosynthesis during
biotic and abiotic stresses (Shaukat et al., 2022). This trait may
mediate stress-mediated pigment accumulation due to its
association with trait b*. One of the most notable discoveries is
the identification of Squamosa Promoter-Binding Protein 1 (SBPI)
encoded by APMJ01006505, which is linked to trait L*. According to
Sanchez-Retuerta et al. (2018), SBP proteins regulate gene
expression via light-mediated pigment pathways, and because of
their high identity and significant annotation, SBPI may directly
regulate genes involved in carotenoid biosynthesis.

4.5 Implications on breeding

The findings from this study have significant implications for
plant breeding, particularly for improving desirable agronomic
characteristics. The identification of high heritability and strong
genetic correlations among color parameters (L*, a*, and b*)
suggests that seed coat color can be effectively selected for
breeding programs, facilitating the improvement of oil content
and disease resistance traits that are closely associated with color.
GWAS results identified significant SNPs linked to seed coat color
traits, which can be used for marker-assisted selection to accelerate
breeding. Moreover, discovering genes involved in pigment
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biosynthesis pathways, such as DOF zinc finger proteins and
WRKY transcription factors, creates new opportunities for genetic
manipulation and targeted breeding methods to optimize seed
quality. The findings enhance our understanding of the genetic
architecture of seed coat color and provide a strong framework for
developing sesame varieties with improved market value and
agronomic performance.

5 Conclusions

The results of this study underscore the importance of genetic
factors in determining seed coat color in sesame, with high
heritability estimates confirming the stability of these traits across
environments. Identifying significant SNPs associated with color
traits offers potential markers for marker-assisted selection in
breeding programs. Furthermore, the discovery of candidate
genes involved in pigment biosynthesis pathways provides a
foundation for future functional studies to elucidate the molecular
mechanisms underlying seed coat color variation. This study
contributes to understanding genetic diversity in sesame and
highlights the potential for targeted breeding strategies to
improve seed quality and marketability based on color traits.
Future studies should focus on the functional characterization of
the identified candidate genes and their interactions with the
environment to optimize sesame cultivation and enhance its
agronomic value.
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ABSTRACT

Sesame, a key oilseed crop, thrives in arid environments and offers high-quality oils. Sudan, a major producer and center of ses-

ame genetic diversity, remains underutilized in breeding efforts. This study analyzed 87 Sudanese sesame accessions, revealing

significant variations in oil content, fatty acid composition, and seed coat color. The findings highlight the potential of Sudanese
germplasm for improving oil quality and broadening trait diversity in breeding programs. Oil content ranged from 32.8% to
50.2%, with oleic acid (41.3%-47.6%) and linoleic acid (35.0%-41.4%) as the predominant fatty acids, consistent with other regions.
Some samples showed exceptionally high oleic acid levels. Seed coat color varied significantly, particularly in lightness (L*), but

it showed no correlation with oil content or fatty acid composition. Its potential link to bioactive compounds warrants further

study. Principal coordinates analysis showed no link between oil levels, fatty acid profiles, and the original collection sites. The
findings highlight the breeding potential of Sudanese sesame germplasm, particularly for developing varieties with high unsatu-
rated fatty acids, such as oleic acid, and diverse seed coat colors. Further studies across environments and genetic investigations

are needed to ensure trait stability and optimize their use.

1 | Introduction

Sesame (Sesamum indicum L.) is an ancient oilseed crop of con-
siderable economic and nutritional significance. Sesame belongs
to the genus Sesamum in the Pedaliaceae family, which com-
prises approximately 38 species that thrive in tropical and sub-
tropical regions (Kapoor et al. 2015). Although it is primarily
cultivated in regions north of the equator, sesame is adaptable
across latitudes between 40°N and 40°S (Dossa et al. 2016).

Archaeological evidence suggests that sesame's domestica-
tion dates back to approximately 5000B.C. in India, with find-
ings from the Harappa civilization supporting this timeline
(Kalaiyarasi et al. 2019). By 2000B.C., sesame had spread to

Mesopotamia and the Mediterranean, becoming a crucial crop
during the Bronze Age (Zech-Matterne et al. 2015). However,
identifying the exact origin of sesame is often challenging be-
cause of the complex relationship between the centers of origin
and diversity. While the Indian subcontinent is acknowledged
for its early domestication, East Africa, particularly Sudan, and
Ethiopia, is recognized as a critical region of genetic diversity for
sesame, which is crucial for improving and adapting the crop
to various environments (Dossa et al. 2016; Negash et al. 2020).

Sudan, one of the leading sesame producers globally, relies on
sesame as a significant agricultural and economic resource. It
supports local economies, particularly in rural areas, and con-
tributes to national export revenue (Karim and Ismai 2020).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited.
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The adaptability of sesame to semi-arid conditions enhances
its food security and agricultural sustainability in regions
where other crops may fail (Sabiel et al. 2015). Sesame is a
valuable commodity in domestic and international markets
because it has high oil content and beneficial nutritional
properties. Recent efforts have been focused on improving
production techniques and genetic traits to enhance yield, oil
content, and overall crop resilience in Sudan (Mahmoud and
Khalil 2019).

Sesame oil is known for its high content of unsaturated fatty
acids, particularly oleic and linoleic acids, which contribute
significant health benefits, including cardiovascular protec-
tion and anti-inflammatory properties (Bhunia et al. 2016;
Pathak et al. 2017). Some studies have indicated that the seed
coat color might be correlated to the fatty acid content and
composition in sesame seeds (Wang et al. 2020). The genetic
variation underlying sesame seed coat color is primarily con-
trolled by two major genes and several quantitative trait loci
(QTLs), which modulate the biochemical pathways responsi-
ble for pigmentation. Studies have demonstrated that the in-
heritance of seed coat color is multifactorial, involving both
additive and epistatic interactions between multiple genes (Du
et al. 2019; Wang et al. 2020). Some genes are critical in the
flavonoid biosynthesis pathway, which plays a critical role in
determining pigmentation. Genetic variations within these
pathways give rise to distinct seed coat phenotypes, such as
black and white seeds (Wang et al. 2020). Black sesame seeds
are particularly rich in antioxidants and valued for medicinal
use, whereas white seeds are preferred for culinary applica-
tions (Cui et al. 2021). Breeding programs aim to increase the
marketability of the crop and its nutritional value by optimiz-
ing the seed coat color (Li et al. 2021).

Despite the economic importance of sesame, its genetic diver-
sity is threatened by conflicts and environmental challenges,
particularly in Africa. The prolonged civil war in Sudan led to
the loss of vital agricultural land and unique sesame germplasm
(Bedigian and Harlan 1983). Several initiatives, including the es-
tablishment of gene banks and collaboration through networks
such as the Eastern African Plant Genetic Resources Network
(EAPGRN), have been crucial for preserving the genetic di-
versity of sesame (Abebe 2006). However, ongoing conflicts
threaten these efforts, underscoring the urgent need for conser-
vation, genetic resource management, and characterization of
stored genotypes.

While studies have extensively examined sesame in other re-
gions, evaluations of the Sudanese sesame germplasm (center
of diversity) remain limited. This study aimed to analyze a
diverse collection of Sudanese sesame gene bank accessions
for oil content, fatty acid composition, and seed coat color
to characterize stored accessions, evaluate present diversity
within the crop in Sudan, and identify genotypes suitable for
future breeding programs. Additionally, this study aimed to
contribute knowledge of the importance of enhancing nutri-
tional and market value while contributing to global conser-
vation, documentation, and crop improvement efforts. To our
knowledge, this is the first report on the fatty acid composition
of sesame from Sudan and the diversity present for this trait
within Sudanese germplasm.
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2 | Material and Methods
2.1 | Plant Materials

A total of 87 Sudanese sesame accessions, preserved through
long-term conservation at the Genebank of the Agricultural
Plant Genetic Resources Conservation and Research Centre
(APGRC) in Sudan, were evaluated in this study. The geo-
graphical distribution and associated passport data for these
accessions are detailed in Table S1 and are available on Genesys
(https://www.genesys-pgr.org/a/overview/v2AB710JABP).

Three widely grown Sudanese sesame cultivars, namely,
Kenana-2, Promo, and a farmer-preferred landrace, Herheri,
were included as controls for comparison, allowing for the
estimation of variations in oil composition and seed coat
color (Table S2). Kenana-2, released in 1990, is an early-
maturing, drought-tolerant sesame cultivar characterized by
its large seed size and white color (Ahmed 1997). Promo, a
high-yielding, medium-maturing cultivar released in 1998, is
known for its high branching and delayed shattering ability
(Ahmed 2008; Ahmed et al. 2003). From farmers' knowledge,
Herheri is a high-yielding, early-maturing landrace character-
ized by its dark brown seed coat, high oil content, and drought
tolerance.

2.2 | Plant Materials and Experimental Setup

This study used 87 sesame genbank accessions collected from 9
regions across Sudan, representing a wide geographical range.
The highest number of accessions came from North Kordofan,
with 23 accessions, followed by Gedarif (16), West Darfur (13),
Blue Nile (10), South Kordofan (8), North Darfur (5), Kassala (4),
Central Darfur (4), and South Darfur (4) (Figure 1 and Table S3).
According to the characterization data from the Genbank of
these accessions, the seed coat color of accessions varied from
white, light brown, reddish brown, brown, and dark brown to
gray and black. In addition, the 1000 seed weight varied from 2
to 6g, and the days to 50% flowering ranged from 32 to 76 days
(Table S1).

The selected accessions for this study were grown in the
field during the 2022-2023 season at the Matouq Research
Station (latitude 14°11’10” N, longitude 32°34’48” E) of the
Agricultural Research Corporation (ARC), Sudan. The soil at
the site is a vertisol, characterized by deep cracking and high
clay content.

The 87 sesame accessions were sown using an Augmented
Block Design (ABD) across five blocks, incorporating three
standard varieties, Kenana-2, Bromo, and Herheri, as national
checks. Each block consisted of 17 entries and three checks,
which were randomized within each block. Each accession
was sown in a 5-m row, spaced 0.7 m apart. Seeds were drilled
at a rate of 3kg/ha. Three weeks after sowing, the crop was
thinned to one plant per hole with an inter-row spacing of
7.5cm.

At maturity, three random plants from each experimental plot
were selected for colorimetric measurement, oil content analysis,
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FIGURE1 | Sudan map with the number of accessions collected from different states.

and fatty acid composition profiling. All accessions were care-
fully harvested, cleared of debris, winnowed, and stored at room
temperature until laboratory analysis.

2.3 | Extraction of Lipids and Gas Chromatography

Total lipids were extracted and analyzed following the method
described by Tesfaye et al. (2024), with minor modifications.
Lipids were extracted from 10 seeds per genotype, with two tech-
nical replicates for each sample. The seeds were homogenized in
1mL of 0.15M acetic acid and 3.75mL of a 2:1 (v/v) methanol/
chloroform mixture using an IKA T18 basic ULTRA TURRAX
homogenizer in a glass test tube. Subsequently, 1.25mL of chlo-
roform and 0.9mL of Millipore-grade H,O were added, and the
samples were vortexed for 10s. The mixture was then centri-
fuged at 3000 rpm for 2min.

After centrifugation, 200uL of the lower chloroform phase was
transferred into a clean glass screw-capped tube. The chloroform
was evaporated by placing the tubes on a heated sand bed (70°C)
under a stream of nitrogen gas. Once evaporation was complete,
the samples were reconstituted in 100uL heptane and methylated
by adding 2mL of methylation solution (2% concentrated H,SO, in
anhydrous methanol). The methylation reaction was performed in
a sealed tube at 90°C for 1h. After the reaction, the samples were

cooled to room temperature, and 1 mL of Millipore-grade H,0 and
0.75mL of heptane were added. The samples were vortexed for 15s
and centrifuged at 3000 rpm for 2min. After centrifugation, 100 uL
of the upper heptane phase, containing the fatty acid methyl esters
(FAMES), was transferred to a gas chromatography (GC) vial with
a glass insert for GC analysis.

Fatty acid profiles were generated for each sample using an
Agilent Model 886 gas chromatography instrument, and
data were collected using a flame ionization detector (FID).
Separation of the FAMESs was achieved using a WCOT fused-
silica CP-wax 58 capillary column (50mx0.32mm, Agilent)
with a split ratio of 10:1. The oven temperature was set to 150°C
for 0.2min, then increased by 4°C/min to 210°C, followed by an
increment of 10°C/min to 250°C. The temperature was main-
tained at 250°C for 5min to ensure full elution of the samples.

The identity of each fatty acid was determined by comparing the
retention times of its respective FAME:s to those a certified Me63
external standard (Larodan, Sweden). The oil content, total tria-
cylglycerols (total TAG), total glyceride (total Gly), and percent-
ages of fatty acidwere calculated using the following equations:

Total Weight of Fatty Acid:
OilContent(%):( otal Weight of Fatty Aci S) 100

Initial Weight of Seeds
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Total TAG (mg) = z Concentration of individual TAGs (mg)

Total Glyceride (mg)

Molecular Weight of Glycerol
=( Sum of TAG, DAG, MAG (mg) X

Molecular Weight of TAG and DAG

Percentage of Fatty Acid (FA) = (M)XIOO
Y Peak Areas of all FAs

This calculation of oil content ensures that the total fatty acids

measured are expressed as a percentage of the initial seed

weight, providing an accurate and precise measure of the oil

content in the seeds.

2.4 | Seed Color Measurement

A colorimeter (Chroma Meter CR 400, Minolta, Japan) was used to
measure the color of the stored sesame seeds, following the method
described by Hassan et al. (2021). The color parameters measured
were L* (lightness), a* (red-green), and b* (yellow-blue). The device
was calibrated using a standard white reflector plate. Two techni-
cal replicates were performed for each measurement using a Petri
dish filled with 50.0g of sesame seeds. The same seeds from these
replicates were used for lipid analysis.

2.5 | Statistical Analysis

All the statistics analyses were conducted using the open-source
R environment, version 4.3.2. Pearson's correlation coefficients
were calculated to examine relationships between variables
(Sedgwick 2012). The correlations were computed using the
“cor” function in R, and their significance was assessed using
the “cor.test” function. The resulting correlation matrix and p-
values provided insight into the strength and direction of lin-
ear relationships between the variables (Ornella et al. 2014).
Principal Coordinates Analysis (PCoA) was employed to explore
the similarity or dissimilarity among samples based on a dis-
tance matrix. The “cmdscale” function in R was used to per-
form classical multidimensional scaling on the distance matrix
obtained from the “dist” function. The PCoA plot presents the
samples in a reduced dimensional space, where the axes repre-
sent the principal coordinates that capture the maximum vari-
ation in the data.

Individual linear regression analyses were performed to assess
the relationship between oil content and color parameters (L*,
a* and b*). The regression models were constructed using Oil
Content (%) as the predictor variable and each color parameter
as the response variable. The models were fitted using the “Im”
function from the stats package in R, and model diagnostics
were conducted using the “broom” package (Robinson 2014).
The regression equations are as follows:

L* = p, + p, x oil content (%) + €
a* = B, + B, xoil content (%) + e

b* =, + B, x oil content (%) + €

where ) is the intercept, §, is the coefficient for (L*, a*, b*), re-
spectively, and € is the error term.

3 | Results

3.1 | Oil Content and Fatty Acid Composition
Profiling

The oil content ranged from 32.8% to 50.2%, with a mean of 41.5%
(Table S3). The total TAG varied from 7.4 to 18.3mg, with an aver-
age of 13 mg, while total Gly content varied from 0.3 to 0.8 mg, with
an overall mean of 0.6 mg. The oil composition differed among the
evaluated samples (Table S3). The palmitic acid (16:0) ranged from
10.8% to 8.94% for the saturated fatty acids, with an overall aver-
age of 10.0%. Stearic acid (18:0) concentrations ranged from 6.25%
to 7.80%, with a mean of 6.80%, while the arachidic acid content
(20:0) ranged from 0.73% to 0.49%, with a mean value of 0.60%.
For unsaturated fatty acid compositions, oleic acid (18:1) varied
from 41.3% to 47.6%, with an overall mean of 44.4%. For linoleic
acid (18:2), the content ranged from 41.4% to 35.0%, with a mean
of 37.8%. The linolenic (18:3) acid content ranged from 0.31% to
0.14%, with a mean of 0.20%. Gadoleic acid (20:1) content varied
from 0.13% to 0.03%, with a mean of 0.08%.

The range of oil content (32.8%-50.2%) in the Sudanese germplasm
corresponds well with results from previous studies, including
Mondal (2010) (36.3%-52.7%), Uzun (2008) (43.2%-59.0%), Were
(2006) (41.7%-55.5%), and Kurt (2018) (42.6%-57.8%) (Table 1).
For palmitic acid (16:0), levels ranged from 8.94% to 10.8% in our
study, consistent with Kurt (2018) (8.19%-10.26%) and Uzun (2008)
(8.0%-10.3%) but slightly narrower than Mondal (2010) (9.1%-
14.8%). Stearic acid (18:0) ranged from 6.25% to 7.80% in this study,
higher than Uzun (2008) (2.1%-4.8%) and closer to Kurt (2018)
(4.63%-6.35%). Oleic acid (18:1) ranged from 41.3% to 47.6% in
our study, exceeding the ranges reported by Uzun (2008) (29.3%-
41.4%) and Were (2006) (35.1%-42.1%) but aligned with Kurt (2018)
(36.13%-43.63%) and Mondal (2010) (36.7%-52.4%). Linoleic acid
(18:2) ranged from 35.0% to 41.4% in our results, and it is within
the ranges reported by Uzun (2008) (40.7%-49.3%), Were (2006)
(41.9%-48.0%), and Kurt (2018) (39.13%-46.38%). Linolenic acid
(18:3) ranged from 0.14% to 0.30% in this study, which is in line
with Kurt (2018) (0.28%-0.40%). Arachidic acid (20:0) and gadoleic
acid (20:1) were detected at 0.49%-0.7% and 0.03%-0.10% in this
study but were missing in the other studies (Table 1).

3.2 | Colorimetric Measurement

The color parameter L* ranged from 34.05+0.50 to 79.8 +0.42,
with an overall mean of 59.6 (Table S2). a* values varied from
4.55+0.07 to 15.1£0.00, with an overall mean of 8.4. Similarly,
the b* values ranged from 12.2+0.14 to 24.9 + 0.99, with an over-
all mean of 18.2.

3.3 | Correlations and Regressions Among
the Fatty Acid Composition and Colorimetric Traits

The total oil content exhibited a significant positive correla-
tion with triacylglycerols (TAG) (r=0.91, p<0.01). A significant
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TABLE1 | Arange comparison of oil content and fatty acid composition for this study and the previous studies.

Traits This study (%) Mondal (2010) (%) Uzun (2008) (%) Were (2006) (%) Kurt (2018) (%)
Oil content 32.8-50.2 36.3-52.7 43.2-59.0 41.7-55.5 42.6-57.8
Palmitic (16:0) 8.94-10.8 9.1-14.8 8.0-10.3 8.4-10.5 8.19-10.26
Stearic (18:0) 6.25-7.8 Not specified 2.1-4.8 4.5-6.0 4.63-6.35
Oleic (18:1) 41.3-47.6 36.7-52.4 29.3-41.4 35.1-42.1 36.13-43.63
Linoleic (18:2) 35.0-41.4 30.4-51.6 40.7-49.3 41.9-48.0 39.13-46.38
Linolenic (18:3) 0.14-0.3 NS NS NS 0.28-0.40
Arachidic (20:0) 0.49-0.7 NS NS NS NS
Gadoleic (20:1) 0.03-0.1 NS NS NS NS

TABLE 2 | Linear regression analysis of oil content and seed coat color parameters in Sudanese sesame gene bank collection samples.

Response_Variable Intercept Slope R? p_value_Intercept p_value_Slope
L* 46.27 0.32 0.01 7.71E-06 0.18
a* 11.98 -0.09 0.02 3.59E-09 0.06
b* 18.58 -0.01 0.00 3.64E-14 0.87
= correlations (p <0.05) were found among oil and fatty acids con-
5 tent and composition with seed coat color parameters (Figure 2).
o
< 1) The regression analysis showed that the intercepts for all color
Oil Content 0 s parameters (L*, a* and b*) were highly significant (p <0.001),
TAG o 0 & 2 indicating their strong baseline values (Table 2). However, the
oy | @ ‘ ° % o slopes were largely non-significant, with minimal variation ex-
Y £ § plained (R?<0.02), suggesting weak or negligible relationships
Palmitic ° 2 between the predictors and the response variables.
Stearic 0 g o
Oleic 0 5 Lo The Principal Coordinate Analysis (PCoA) revealed limited clus-
o o 2 g tering patterns among sesame accessions based on their geo-
linoleic 0“ £ £ graphic origin. However, the accessions from South Kordofan
linolenic ‘ s 2 formed a loose cluster, with most accessions showing positive
arachidic ° @ ° :(g values on PCoAl, indicating a possible similarity among the ac-
G ) cessions from this region. The accessions from other states, for ex-
adoleic ° el ample, from North Kordofan, Kassala, and Blue Nile, were more
L 0 ) dispersed across the plot, reflecting great variability of accessions
2 o ° o from these regions (Figure 3). Notably, an overlap was observed

o o
-1 -08 -06 -04 -02 0 02 04 06 08 1
FIGURE 2 | Correlation heatmap of oil content, fatty acid compo-
sition, and color parameters in sesame accessions. * indicated signifi-
cance at p<0.05.

negative correlation was observed between oleic acid (18:1) and lin-
oleic acid (18:2) (r=-0.88, p<0.01) (Figure 2). Palmitic acid (16:0)
displayed a significant positive correlation with stearic acid (18:0)
(r=0.62, p<0.05). Stearic acid (18:0) also showed a significant
positive correlation with arachidic acid (20:0) (r=0.54, p<0.05).
Among minor fatty acids, linolenic acid (18:3) was positively cor-
related with linoleic acid (18:2) (r=0.46, p<0.05). No significant

between accessions from different states. However, some acces-
sions from North Kordofan and Gedarif were positioned far from
the main clusters, indicating their possible unique set of oil con-
tent, fatty acids composition, and seed coat color characteristics.

4 | Discussion

The present study, investigating the range of oil content, fatty
acids composition, and seed coat color in Sudanese sesame,
revealed a highly significant variation in these traits and the
presence of high levels, especially in oleic acid content. As
these traits are essential for sesame breeding and crop im-
provement strategies, the Sudanese germplasms are of high
importance to be utilized by plant breeders in Sudan and
beyond.
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FIGURE3 | Principal coordinates analysis cluster plot based on oil content, fatty acids composition, and Sudanese sesame accessions. Collection

sites of the various accessions are displayed by different colors, as explained with the symbols.

The present study revealed that Sudanese sesame holds a signif-
icant range in total oil, total Gly, and total TAG contents. The
Gly and TAG levels in sesame are important concerning human
health and nutrition, as these compounds contain essential fatty
acids supporting metabolic functions and overall health (Carino
and Vital 2022). Previous studies have indicated that enhanc-
ing the TAG content in crops can increase beneficial fatty acids
essential for preventing chronic diseases (Saini et al. 2020).
Furthermore, TAG composition affects the shelf life of oils as
well as their suitability for cooking (Zeb and Ahmad 2017).
Additional studies are recommended to understand the perfor-
mance of Gly and TAG contents in Sudanese sesame across di-
verse environments to assess their stability and adaptability. In
addition, genomic analyses, including genome-wide association
studies (GWAS) and quantitative trait loci (QTL) mapping, can
potentially elucidate the genetic basis of oil content and connect
desirable agronomic traits.

The large range of content of unsaturated fatty acids, i.e., oleic,
linoleic, and a-linolenic acids in the Sudanese sesame, and
specifically, the high levels of oleic acid (up to 46.7%) contrib-
ute significantly to their specificity and potential to be used
in plant breeding. These fatty acids are essential for human
health and biofortification; several studies have highlighted
their importance. Thus, oleic acid has been shown to reduce
low-density lipoprotein (LDL) cholesterol levels and the risk
of cardiovascular diseases (Kamdar et al. 2021), but it is also
useful in breeding for oxidative stability (Bahkali et al. 1998).
Linoleic acid is essential for maintaining skin health and

regulating immune function (Kim et al. 2014). Additionally,
it has been demonstrated that alanine is an omega-3 fatty
acid that lowers blood pressure and improves lipid profiles,
helping to reduce the risk of heart disease (Han et al. 2019;
Wu et al. 2020). Thus, enriching crops with these fatty acids
contributes to improved nutritional quality and health bene-
fits Siahbalaci et al. (2021), and for this, the incorporation of
high-content genotypes in plant breeding programs might be
an important tool. Previous studies have shown that the fatty
acid profile of sesame oil exhibits significant variation con-
nected to the environmental difference in production (Zahran
et al. 2020), which indicates the importance of environmental
and genetic factors in determining the fatty acid composition
in sesame. Specific genes, such as the FAD2, are involved in
synthesizing fatty acids determining the oleic-to-linoleic acid
ratios (Wei et al. 2015). A comprehensive understanding of the
genetic basis underlying the high oleic acid content observed
in some of the accessions evaluated in this study, along with
insights into the stability of this trait across different environ-
mental conditions, is crucial for leveraging these accessions in
sesame breeding programs. Such knowledge would enhance
efforts to develop improved sesame varieties with superior
oil quality, benefiting breeding initiatives in Sudan and po-
tentially contributing to global sesame improvement. Also,
for the saturated fatty acids, a high variability was found in
the present study, in particular for palmitic, stearic, and ara-
chidic acids. Saturated fatty acids are known to impact human
health negatively, contributing to increased cholesterol levels
and cardiovascular disease risk (Sultan 2018). However, the
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saturated fatty acids also play a significant role in the oxida-
tive stability of the oil, thereby enhancing oil shelf life, and
making them critical factors in oil formulation and processing
(Hassanien et al. 2014). Among the saturated fatty acids in
sesame, arachidic acid is of specific interest for certain food
and cosmetics products (Cerone and Smith 2021). Arachidic
acid was detected in relatively low concentrations (less than
1%) in sesame seeds analyzed in this study. Previous research
hasindicated that arachidic acid has a less significant negative
effect on human health as compared to other saturated fatty
acids, such as palmitic and stearic acids (Mthana et al. 2022).
Genetic factors and environmental conditions have been
shown to influence the levels of arachidic acid (Abd-Elhafeez
et al. 2020) indicating a need to further understand the mech-
anisms of synthesis of this fatty acid.

The sesame accessions in the present study showed a large
variability in seed coat color. Sesame seed coat color has in
previous studies been linked to (i) taste and qualitative as-
pects when used in food formulations, where often light coat
color is preferred (Cui et al. 2021; Pandey et al. 2013), (ii) bio-
chemical functions that influence oil metabolism and disease
resistance (Zhang et al. 2013), and (iii) nutritional aspects
including the content of bioactive components, where often
dark colored types hold a higher content (Dossou et al. 2021).
This study did not identify any correlation between seed coat
color and oil content, fatty acid content, or fatty acid compo-
sition, as has been reported in some previous studies (Uzun
and Cagirgan 2006). Additionally, in Sudan, a prevalent belief
among sesame farmers associates dark brown seed color with
higher oil content (ETI 2023). Therefore, it is crucial to imple-
ment Farmer Field Schools (FFS) focused on sesame agron-
omy and seed characteristics to address such misconceptions.
The variation in seed coat color observed among the Sudanese
accessions presents new opportunities for breeding programs.
For example, dark-colored seeds, potentially associated with
higher lignin content, could be incorporated into breeding ef-
forts to target specific traits of interest. Previous studies have
indicated that dark seed coats are associated with a high lig-
nan content, which enhances the oil antioxidant properties of
sesame (Comini et al. 2023). Lignans are known to act as a
secoisolariciresinol diglucoside, which enhances the activity of
antioxidant enzymes such as superoxide dismutase and cata-
lase (Pilar et al. 2017; Rajesha et al. 2006), thereby reducing
inflammation and oxidative stress.

Additionally, lignans may contribute to cardiovascular health
by decreasing C-reactive protein (CRP), a marker of inflam-
mation (Bolvig et al. 2017). However, the connection between
seed coat color and lignan content in the Sudanese accessions
has to be further elucidated, as such studies have not been
performed on Sudanese sesame. Also, in some ancient sesame
germplasm, lignan content has been found to correlate with
oil content, with white-seeded varieties showing higher lig-
nan levels compared to dark-seeded germplasm (Kancharla
and Arumugam 2020).

Consistent with previous studies (Kurt 2018), the present study
found a significant negative correlation between oleic and lin-
oleic acid. This relationship is attributed to the desaturation of
oleic acid into linoleic acid, as Relina et al. (2022) reported.

The PCoA cluster plot indicated a large variation among the col-
lected Sudanese sesame accessions, although it did not show any
clear clustering pattern based on the regions of their collection
However, the majority of the accessions from South Kordofan
were found to have positive PCoA values, thereby forming a loose
cluster. This indicates that the samples collected from this region
might vary more similarly regarding oil, fatty acid, and compo-
sition than accessions from other regions. Also, the PCoA1 was
found to explain a high degree of the variation, indicating that
the spread of the accessions along this axis described the majority
of the variation among the samples. It is well known that histori-
cal seed migrations and trade have shaped the genetic landscape
of sesame, with accessions originating from Europe, Asia, and
North America forming different groups when analyzed by
double-digest site-associated DNA sequencing (Basak et al. 2019).
The lack of clustering by accessions from different regions of
Ethiopia indicates that sesame seeds have been traded across the
country and that there are significant variations in oil content
and fatty acid composition of origin other than regional. Thus,
an increased understanding of the background for the variation
in Sudanese sesame as regards oil content, fatty acids content,
and composition, similar to what has been studied previously, se-
quencing a wide collection of more than 700 accessions collected
globally (although only one representing the Sudanese gene pool;
Wei et al. 2015), will contribute to improved opportunities in
breeding high-quality sesame varieties for Sudan and beyond.

5 | Conclusions

Sudanese sesame accessions exhibit extensive variation in oil
content, fatty acid composition, and seed coat color traits that
are essential for breeding programs to improve oil quality and
nutritional value in sesame. The observed diversity in fatty acid
profiles, particularly the presence of high oleic acid content in
certain accessions, provides valuable opportunities for breeders
to enhance the nutritional attributes of sesame oil. Incorporating
multiple traits into breeding efforts is critical to optimizing oil
yield and quality. The significant variation observed within
Sudanese sesame highlights the importance of utilizing these
resources in breeding programs, not only in Sudan but also in
global initiatives. Despite Sudan’s status as a center of sesame
diversity, the Sudanese gene pool remains underutilized in in-
ternational breeding due to the country's unstable political
and economic conditions in recent decades. However, with the
increasing pressures of climate change and the need to feed a
growing global population, every available genetic resource
must be considered for breeding efforts. Preserving and utiliz-
ing the genetic diversity of Sudanese sesame is essential for de-
veloping high-quality, resilient cultivars capable of thriving in
diverse environmental conditions. These efforts will contribute
to food security and the sustainability of sesame production on
both local and global scales.
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Abstract

Sesame (Sesamum indicum L.) is a valuable oilseed crop that is widely grown in trop-
ical and subtropical regions because of its high oil content and favorable fatty acid
profile. This study evaluated 200 genetically diverse genotypes in two distinct envi-
ronments (Abu-Naama and Matuq) using an augmented block design. We employed
three genome-wide association study (GWAS) models (fixed and random model
circulating probability unification [FarmCPU], Bayesian information and linkage-
disequilibrium iteratively nested keyway [BLINK], and multiple locus mixed model
[MLMM]) to dissect the genetic basis of the oleic acid, linoleic acid, and oil content.
Across environments, significant single nucleotide polymorphism (SNP) markers
explained 3%—23% of the phenotypic variance, reflecting the quantitative nature of
these traits. Notably, four SNPs (Chrl_1693157, Chr3_23284702, Chr5_17024932,
and Chr9_1711873) were common across all three models, suggesting stable and
robust associations between oleic acid and oil content. Candidate gene analysis
revealed four notable sequences linked to these loci: a transcription repressor OF P8
(Sesamum alatum), an HVA22-like protein, a 3-oxoacyl-[acyl-carrier-protein] syn-
thase 3 A, and a putative phospholipid diacylglycerol acyltransferase 2 in (S.
indicum), all of which may play key roles in oil biosynthesis and accumulation.
Environment-specific loci have also emerged for linoleic acid, particularly on chro-
mosomes 6, 9, and 13. These findings provide robust targets for marker-assisted
selection and underscore the value of integrating multi-model GWAS and functional

validation to develop elite sesame cultivars with improved oil quantity and quality.

Abbreviations: BLINK, Bayesian information and linkage-disequilibrium iteratively nested keyway; FarmCPU, fixed and random model circulating

probability unification; GP, genomic prediction; GWAS, genome-wide association study; MLMM, multiple locus mixed model; QTL, quantitative trait loci;

SNP, single nucleotide polymorphism.
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1 | INTRODUCTION

Human well-being is closely tied to advancement in plant
breeding, particularly in enhancing oleic and linoleic acids.
Crops such as sesame (Sesamum indicum L.), soybean
[Glycine max (L.) Merr.], canola (Brassica napus), and sun-
flower (Helianthus annuus) serve as valuable sources of these
essential fatty acids and contributing significantly to nutri-
tion and health (Velasco & Fernandez-Martinez, 2002). Oleic
acid, a monounsaturated fatty acid, is known for lowering low-
density lipoprotein cholesterol and supporting cardiovascular
health (Al-Madhagy et al., 2023). Linoleic acid, a polyunsat-
urated fatty acid, plays a key role in reducing chronic disease
risk and maintaining healthy cell membranes (Kapoor et al.,
2021; Mercola & D’Adamo, 2023). Thus, enhancing fatty acid
content through plant breeding meets consumer demand for
healthier foods, directly improving oil quality and nutritional
value.

Sesame (2n = 2x = 26, SiSi) has a compact 350 Mb diploid
genome and is one the earliest domesticated oilseed crops
valued for its oil-rich seeds (Elsafy, 2023). Renowned for its
nutritional and therapeutic qualities, sesame oil is rich in oleic
and linoleic acids (He et al., 2020; Rauf et al., 2024). Although
sesame is believed to have originated in Africa, where wild
relatives persist, historical records link its early domestication
to the Indian subcontinent, emphasizing its longstanding agri-
cultural significance (Lim, 2012). Its adaptability to diverse
environments has enabled its global expansion, particularly
in marginal regions where other oilseeds struggle.

Advancements in plant breeding have been driven by
genomics, phenomics, and gene—environment interactions (G
X E), primarily through genome-wide association studies
(GWASs). J. Wang et al. (2023) identified quantitative trait
nucleotides associated with nine fatty acids in peanuts and
detecting key single nucleotide polymorphisms (SNPs) across
15 chromosomes, particularly for oleic and linoleic acids.
Similarly, Song et al. (2022) used GWAS and metabolomics

Plain Language Summary

Sesame, known for its rich oils and nutrients, is a globally valued crop. Sudan, a major
sesame producer, has unique varieties, yet little research has explored their potential.
This study investigated the genetic factors behind Sudanese sesame’s exceptional oil
quality, focusing on healthy fats like oleic and linoleic acids. By examining 200 types
of sesame in two environments, we identified key genetic markers (DNA “tags”) that
influence oil traits and revealed the significant role of the environment in shaping
these qualities. Combining the right genes and growing conditions could produce
sesame with superior oils. These findings offer valuable tools for farmers and breed-
ers to improve sesame varieties, enhancing the crop’s value for Sudanese producers

and delivering better sesame oil to consumers worldwide.

to identify genetic markers linked to fatty acid variations,
including palmitic and unsaturated fatty acids in sesame.
These discoveries highlight the potential for marker-assisted
breeding to enhance fatty acid content and quality. However,
its application in predicting breeding value remains limited,
underscoring the need for further research.

The genetic basis of oil content and fatty acid compo-
sition in sesame has been extensively explored, revealing
key quantitative trait loci (QTL), SNPs, and candidate
genes. Notably, W. Wei et al. (2013) identified significant
marker-trait associations for oil content in diverse sesame
germplasms, pinpointing loci related to lipid biosynthesis.
Songetal. (2021) highlighted the nsLTP gene family, identify-
ing specific genes (SiLTPI.15 and SiLTPVI.I) that contribute
to high sesame oil accumulation. Similarly, X. Wei et al.
(2015) mapped genomic variations associated with oil traits,
uncovering multiple lipid-related genes involved in the oil
biosynthesis pathways.

In a comprehensive genome-sequencing effort, L. Wang,
Yu, et al. (2014) discovered numerous SNPs linked to key
enzymes in sesame’s fatty acid biosynthetic pathway, such as
stearoyl-ACP desaturase (SACPD) and FAD2, which regulate
oleic and linoleic acid levels. Building on these findings, Zhou
et al. (2022) integrated transcriptomic and QTL analyses to
reveal genotype—phenotype associations for oil content iden-
tifying SNPs in regulatory regions that significantly impact
seed lipid composition. These studies underscore the com-
plexity of the sesame oil biosynthesis and highlight critical
targets for marker-assisted selection, paving the way for devel-
oping cultivars with enhanced oil yield and improved fatty
acid profiles.

Genomic prediction (GP) models leverage genome-wide
genetic markers to predict breeding values, integrating all
effects within a unified regression framework (Crossa et al.,
2017). This approach has revolutionized plant breeding by
enabling selection without direct phenotypic assessment,
allowing breeders to make informed and efficient decisions
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based on predicted values. GP is particularly valuable for
sesame, where complex traits, such as fatty acid composition
and oil content, are difficult to assess using traditional phe-
notypic methods (Bashir et al., 2023). Environmental factors
significantly influence these traits, leading to trait variability
across different growing conditions (Kurt et al., 2016). GP can
enhance selection efficiency, improving resilience and nutri-
tional quality. Understanding G X E is crucial for predicting
trait expression and optimizing sesame genotypes in diverse
climates (Hu et al., 2022). When combined, GWAS and GP
serve as powerful, complementary tools, accelerating sesame
breeding and the development of resilience, high-quality culti-
vars to meet rising consumer demand for nutrient-rich oilseed
crops (Kole, 2019).

Global sesame production is dominated by Sudan, Myan-
mar, Tanzania, India, Nigeria, and China, collectively con-
tributing70% of the world’s harvest (FAOSTAT, 2022). Sudan
stands out as a major producer and a primary center of
origin for sesame, boasting rich genetic diversity (Sabiel
et al., 2015). However, despite its leading role in sesame pro-
duction, breeding advancements remain limited, with high
yields attributed more to extensive cultivation than genetic
improvements (Teklu et al., 2022).

Despite its economic significance, particularly in Sudan,
its genetic basis and fatty acid composition remain poorly
understood. Sudanese sesame genotypes exhibit high genetic
diversity, emphasizing the need to explore their unique oil
profiles and identify the genetic factors influencing fatty acid
content. Enhancing nutritional value can improve marketabil-
ity, generate value-added products, and create sustainable
income for producers. This study represents the first genome-
wide analysis of Sudanese sesame, aiming to uncover genetic
factors associated with oil content and fatty acid composi-
tion in 200 genotypes. The objectives of this study were to
(1) identify genetic loci associated with oil content and fatty
acid composition through GWASs, (2) estimate breeding val-
ues for oil quality traits using GP models, and (3) analyze the
genotype-by-environment (G X E) interactions influencing
the expression of oil content and fatty acid traits.

2 | MATERIALS AND METHODS

2.1 | Field experiment and plant materials

The field experiments were conducted at two locations in
Sudan: Abu Naama Research Station (AN), Sennar State
(12°44’43" N, 34°07’21” E) and Matuq (MT) Research Sta-
tion, Gezira State (14°11'10” N, 32°34’48” E), to evaluate
sesame genotypes under varying field conditions. At Abu
Naama (Sennar State), the average high and low temperatures
were 37.1°C and 25.9°C, respectively, with 39.99 mm average
precipitation, 30.45% relative humidity, and 63 rainy days per
year (>1.0 mm rainfall). At Matuq (Gezira state), the average

Crop Science LY

Core Ideas

¢ Sudanese sesame is an underexplored genetic
resource to identify novel alleles and enhance
understanding of its role.

* Genome-wide association study (GWAS) and
genomic prediction models identify loci and breed-
ing values for oil quality, advancing sesame crop.

* Genotype-by-environment interactions influence
oil content and fatty acid composition in sesame.

high and low temperatures were 37.43°C and 26.03°C, with
25.67 mm precipitation, 27.38% relative humidity, and 41 rain
days per year (>1.0 mm rainfall).

Two hundred genetically diverse sesame accessions,
including gene bank accessions, landraces, released varieties,
and breeding lines, were evaluated under field conditions
using an augmented block design, with eight blocks per site.
Each block contained 22 independent accessions and three
replicated control checks, totaling 28 plots per block, with
each plot measuring 4 m> one-row long. Standard agro-
nomic practices, tailored to each location’s environmental
conditions, were applied throughout the growing season to
ensure optimal growth and reliable results. Seeds were har-
vested and stored under optimal conditions prior to laboratory
analysis to maintain data accuracy and consistency. This
experimental design was carefully chosen to minimize envi-
ronmental and positional effects and enhance comparative
analysis robustness and reliability across different genotypes
and locations.

2.2 | Gas chromatography
Total lipids were extracted as described by Tesfaye et al.
(2024), with minor modifications. Briefly, 10 seeds per geno-
type were used, with three technical replicates. The seeds were
homogenized in 1 mL of 0.15 M acetic acid and 3.75 mL
of methanol/chloroform (2:1 v/v) using an IKA T18 ULTRA
TURRAX homogenizer in a glass test tube. Chloroform
(1.25 mL) and Millipore water (0.9 mL) were added, followed
by vortexing for 10 s and centrifugation at 3000 rpm for 2 min.
After centrifugation, 200 pL of the lower chloroform phase
was transferred to a clean screw-capped glass tube. The chlo-
roform was evaporated at 70°C on a heated sand bed under
a nitrogen gas stream. Once dry, the samples were reconsti-
tuted in 100 pL heptane and methylated by adding 2 mL of
2% H,S0, in anhydrous methanol. The reaction proceeded
at 90°C for 1 h in a sealed tube. After cooling, 1 mL Mil-
lipore water and 0.75 mL heptane were added, followed by
vortexing (15 s) and centrifugation (3000 rpm for 2 min).
Following centrifugation, 100 uL of the upper heptane phase
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containing fatty acid methyl esters (FAMEs) was transferred
to a gas chromatography (GC) for analysis.

Fatty acid profiles were analyzed using an Agilent 8860 gas
chromatograph with a flame ionization detector. FAMEs were
separated on a wall-coated open tubular fused-silica CP-wax
58 capillary column (50 m X 0.32 mm, Agilent) with a 10:1
split ratio. The oven temperature program started at 150°C for
0.2 min, increased by 4°C/min to 210°C, then by 10°C/min to
250°C, where it was held for 5 min. Fatty acids were deter-
mined by comparing retention times with a certified Me63
external standard (Larodan).

Fatty acid and oil content percentages were calculated using
the following equations:

Percentage of a fatty acid (%FA)

Peak area of the FA

= X 100
Y Peak areas of all FAs

To determine fatty acids mass, a known concentration of
17:0 artificial FA (Larodan) was used as an internal standard.
The total amount of each free fatty acid was calculated based
on their peak areas and molecular weights (Mw) in relation to
the 17:0 internal standard according to the following equation:

Peak area FA ) ( Mw FA )
Peak area 17 : 0 Mw 17 : 0

X 17 : 0 control (mmol) X Mw of FA species

FA (mg) = (

Fatty acid content (mg) was expressed relative to the weight
of 10 seeds (mg/10 seeds). The total oil content was estimated
based on the combined mass of all fatty acid species, together
with the glycerol component of Triacylglycerol (TAG), using
the following equation:

FA pmol }

Total oil content (mg) = 2 [FA mg + ({ 3

X 41 (Mw glycerol in ester form) )]

The oil content was calculated using the following equa-
tion:
Oil content % = Total oil content x 100
Mass of sample

2.3 | Statistical analysis

Descriptive statistical for phenotypic traits across locations
were computed using the “psych” package in R, while corre-
lation analysis was performed with “corrplot”. Broad-sense
heritability (H?) was estimated to determine the genetic
contribution to oleic, linoleic, and oil content, using a mixed-
effects model based on genotype means, resulting in the

following estimation of H:

2
6G+

Where oé represents the genetic variance, aé ,, denotes the
genotype by location interaction variance, o-% is the residual
from environmental variance, and L is the number of loca-
tions. The statistical analysis was conducted using R version
4.3.2, utilizing the “Ime4” package to fit the mixed-effects

models.

2.4 | Genotyping and data analysis

From each line, a circular section of young leaf tissue,
approximately 5 mm in diameter, was harvested from each
plant and placed in a 96-well plate designed for tissue
collection. Genomic DNA was extracted using the Qiagen
BioSprint 96 system with the Qiagen BioSprint DNA
Plant kit (https://www.qiagen.com/us/products/discovery-
and-translational-research/dna-rna-purification/dna-
purification/genomic-dna/biosprint-96-dna-plant-
kit/#orderinginformation). DNA was normalized to ng/uL,
and sequencing libraries were prepared using a genotyping-
by-sequencing protocol (Poland et al., 2012). Specifically,
the restriction enzymes Pstl and Mspl were used to induce
cuts at multiple sites in the genome, and the resulting pool
was ligated with unique barcode adapters, multiplexed with
96 samples per lane, and sequenced on NovaSeq 6000 (Illu-
mina). The DNA libraries were sequenced at the University
of Minnesota Genomics Center.

Generated sequencing data were filtered for a minimum
quality (Q) score of 30 and demultiplexed using “sabre”
(https://github.com/najoshi/sabre) to sort separate reads cor-
responding to each sample. The reads were then aligned to
the S. indicum updated genome assembly and annotations
(M. Wang et al., 2022) using the Burrow—Wheelers Align-
ment tool version 0.7.4 (H. Li & Durbin, 2009). Genome-wide
SNPs been identified using Samtools and bcftools (H. Li,
2011). The SNP markers were filtered to retain those with
a minimum minor allele frequency (MAF) of 3% and a
missing allelic proportion of 20% or less. This resulted in
3636 SNPs distributed among the 13 chromosomes and 17
high-confidence scaffolds.

2.5 | Population relatedness and linkage
disequilibrium (LD)

The estimation of the genetic relatedness matrix among
the genotypes was conducted in Tassel 5 utilizing the
Centered_IBS method with default settings, followed
by the generation of the kinship heatmap using the
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https://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/dna-purification/genomic-dna/biosprint-96-dna-plant-kit/#orderinginformation
https://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/dna-purification/genomic-dna/biosprint-96-dna-plant-kit/#orderinginformation
https://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/dna-purification/genomic-dna/biosprint-96-dna-plant-kit/#orderinginformation
https://github.com/najoshi/sabre
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“kinship2” R package. Moreover, to analyze the popu-
lation structure and identify the optimal K, the software
Structure 2.3.4 was employed (https://web.stanford.edu/
group/pritchardlab/structure_software/release_versions/

v2.3.4/html/structure.html), with the outcomes being
compiled on the “StructureSelector” online platform
(https://lmme.ac.cn/StructureSelector/). Furthermore,

genetic variation across genotypes was assessed through
principal component analysis (PCA) using the prcomp
function in R. To estimate LD decay, Pairwise LD between
markers was determined using Tassel 5 by applying a sliding
window approach with 50 markers. LD decay was assessed
using Tassel by employing a sliding window technique with
a set of 50 markers. The calculated LD values, expressed as
12, were plotted against the physical distances ascertained
from the Sesame genome V.3.0 reference. To illustrate the
LD decay pattern, a locally weighted scatterplot smoothing
curve was applied, and the LD decay distance was estimated
based on the approach outlined by Hill and Weir (1988).

2.6 | Association analysis and trait prediction
The SNPs marker identification was performed using three
GWAS models: fixed and random model circulating prob-
ability unification (FarmCPU), Bayesian information and
linkage-disequilibrium iteratively nested keyway (BLINK),
and multiple locus mixed model (MLMM) on GAPIT 3 in
R version 4.3.2. (Liu et al., 2016; J. Wang & Zhang, 2021).
Significant SNPs were declared at the default Bonferroni
thresholds in association analyses at @ = 0.05. For single
SNP markers, at a/LD = 0.05/effective number of indepen-
dent markers, the significance threshold corresponded to a
p-value of approximately —log;;(0.0002451) or a logarithm
of odds score equivalent of 3.6, and all the significant SNPs
are displayed as Manhattan and Q—Q plots. A GP model was
employed to predict oleic acid, linoleic acid, and oil con-
tents across two locations using the “rrBLUP” R package
(Endelman, 2011).

2.7 | Candidate gene search

In the pursuit of identifying potential genes that influence
oil content and fatty acid composition, candidate genes were
identified in areas proximate to only significant common
SNP markers detected in the three GWAS models, involving
the analysis of putative protein-coding sequences (Support-
ing Information) found within 409780 base pairs (bp) around
significant genetic loci, utilizing data from a refined sesame
genome assembly and annotation (M. Wang et al., 2022).
However, this specific distance was selected based on the
observed genome-wide average LD in sesame genotypes,
which extended up to 204890 bp.
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A protein BLAST search was conducted on the NCBI
experimental clustered nr database platform (NCBI, 2019) to
further refine this search, targeting S. indicum protein-coding
sequences that exhibited more than 80% identity and an E-
value of 1E-10 or lower. This process retained only the top
three alignments for each S. indicum protein sequence for in-
depth analysis. This subsequent phase of analysis involved
filtering these alignments to identify candidate genes with
known involvement in regulating the oil content and fatty acid
profiles.

3 | RESULTS

3.1 | Phenotyping

Significant variability was observed in oleic, linoleic acid, and
total oil content among the 200 sesame genotypes across the
two sites, Abu Naama and Matuq (Table 1). Oleic acid lev-
els averaged 5.34 mg/10 seeds (40.5%) at Abu Naama and
5.78 mg/10 seeds (44%) at Matuq, with individual accessions
ranging from 3.07 (32%) to 9 mg/10 seeds (48.6%) and 3.1
(36%) to 8.35 mg/10 seeds (49%), respectively. Linoleic acid
averaged 5.54 mg/10 seeds (42%) at Abu-Naama with a range
of 3.28 (32%) to 9.12 mg/10 seeds (51%), and 5.02 mg/10
seeds (38.5%) at Matuq, within a 2.76 (33%) to 8.22 mg/10
seeds (46%) range.

Oil content showed greater variation, averaging 44.45% at
Abu Naama (ranging from 33.14% to 62.05%) and 42.06%
at Matuq (with a range from 30.95% to 50.27%). Skewness
and kurtosis in most traits indicated non-normal, asymmetric
distributions among accessions. Pairwise correlation analy-
sis showed a negligible linear relationship between the sites
for oleic (r = 0.03) and linoleic acid (—0.06) (Figure 1),
which support non-normal, asymmetric distributions among
the genotypes, likely due to the complex interplay of genetic
and environmental factors affecting these traits.

The broad-sense heritability analysis (H?) revealed a
small proportion of variance in oleic acid and oil content
(H? = 0.28). On the other hand, for linoleic acid, it showed
nearly zero heritability, suggesting minimal genetic influence
under the study conditions.

3.2 | Population relatedness and LD

The study identified population structure among the sesame
genotypes (Figure 2), with PCA showed that PC1 accounted
for 33% of the genetic diversity. However, distinct groups
can be distinguished based on the location of the genotype.
Genotypes from the GenBank collection formed a relatively
tight cluster, showing their genetic relatedness and likely a
common ancestral background, whereas breeding, collection,
landrace, and variety genotypes showed greater dispersed


https://web.stanford.edu/group/pritchardlab/structure_software/release_versions/v2.3.4/html/structure.html)
https://web.stanford.edu/group/pritchardlab/structure_software/release_versions/v2.3.4/html/structure.html)
https://web.stanford.edu/group/pritchardlab/structure_software/release_versions/v2.3.4/html/structure.html)
https://lmme.ac.cn/StructureSelector/)
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TABLE 1 Variation in sesame oil and fatty acid composition traits across 200 accessions.
Abu-Naama Matuq

Measure Oleic (mg/10 seeds) Linoleic (mg/10 seeds) Oil content% Oleic (mg/10 seeds) Linoleic (mg/10 seeds) Oil content%
Minimum  3.07 3.28 33.14 3.1 2.67 30.95
Maximum 9 9.12 62.05 8.35 8.22 50.27
Mean 543 5.54 44.45 5.78 5.02 42.06
SE 1.03 1.22 5.06 0.98 0.92 3.51
Median 5.07 5.1 43.42 5.21 4.52 40.58
Variance 4.36 5 261.1 7.79 5.97 385.46
Skewness -1.17 -0.99 —-1.72 -0.59 —-0.53 -0.78
Kurtosis 0.83 0.47 1.64 -1.35 -1.29 -1.31

Note: The table provides a statistical summary of sesame oil and fatty acid composition traits, including oleic acid, linoleic acid, and total oil content, for 200 sesame

accessions grown in Abu Naama and Matuq. The data included the minimum, maximum, mean, standard error, median, variance, skewness, and kurtosis values.

Abbreviation: SE, standard error.

patterns, exhibiting their higher genetic diversity and poten-
tial admixture. Structure analysis determined an optimal
K value of 2 (Figure 3a), indicating the presence of two
major subpopulations within the germplasm panel, which was
corroborated by the population structure membership coef-
ficients (Figure 3b), where most genotypes showed strong
assignment to one of the two subpopulations. The kinship
matrix heatmap (Figure 4a) highlighted varying degrees of
genetic relatedness among the 200 sesame genotypes, based
on genome-wide marker. LD decay showed r% = 0.1 at a
physical distance of approximately 204890 bp (Figure 4b),
indicating the extent of genetic recombination across the
genome.

3.3 | Association analysis and trait prediction
Using three GWAS models (FarmCPU, Blink, and MLMM)
across two environments (Abu-Naama and Matuq), several
significant SNP markers were identified for oleic acid, linoleic
acid, and oil content (Table 2; Figure 5a—c).

In Abu-Naama, FarmCPU detected five SNPs on chromo-
somes 1, 5, and 9 for oleic acid, two SNPs on chromosomes 9
and 13 for linoleic acid, and two SNPs on chromosome 3 for
oil content, explaining 7%—9% of the phenotypic variance.
Blink model identified oleic acid-associated SNPs on chromo-
somes 1, 5, and 7 (R? = 11%—-16%) and an oil-content marker
on chromosome 3 (R? = 9%). MLMM pinpointed oleic acid
SNPs on chromosomes 1 and 5 (R? = 10%-21%) and two oil
content SNPs on chromosome 3.

In the Matugq, all three models consistently identified SNPs
on chromosome 8 (Chr8_31702733 and Chr8_31825156) and
chromosome 11 (Chrl1_14710318) for oleic acid and chro-
mosome 9 (Chr9_1711873) for oil content (R? up to 23%).
Notably, Chr9_1711873 was consistently significant for oil
content, through effect directions varied between models,

highlighting how reference alleles and statistical frameworks
influence marker effect estimation.

Across analyses, minor allele frequencies ranged from 0.06
to 0.49, underscoring substantial allelic diversity. While indi-
vidual SNPs explained a modest portion of the variance,
reflecting the polygenic nature of these traits, the consistent
association of Chr5_17024932 (oleic acid in Abu-Naama) and
Chr9_1711873 (oil content in Matuq) highlights potential key
targets for further genetic dissection and breeding.

Across the three GWAS models, several common
SNPs were identified in both environments (Abu-Naama
and Matuq), indicating robust associations despite the
model differences. In Abu-Naama, Chri_1693157 and
Chr5_17024932 were consistently associated with oleic acid,
whereas Chr3_23284702 was a shared marker for oil content
across all three models. However, no significant SNPs were
detected for linoleic acid in any model.

In the Matuq, Chr9_1711873 consistently influenced the
oil content across FarmCPU, Blink, and MLMM, under-
scoring its potential importance for oil trait improvement.
However, no single SNP was universally identified for oleic
or linoleic acid, likely reflecting their polygenic complexity.

The GP for oil content oleic and linoleic acid concen-
trations across two environments, Abu Naama and Matuq,
indicated varying predictive abilities. Linoleic acid at Matuq
was had the highest mean predictive ability (0.21), ranging
from —0.24% to 0.56%, closely followed by oil content at Abu
Naama (a mean prediction of 0.22 within the range of—0.10 to
0.56) (Figure 6). Oleic acid at Matuq showed a slightly lower
mean prediction of 0.15, ranging from —0.34 to 0.52. Linoleic
acid in Abu Naama had a mean predictive ability of 0.13, rang-
ing from —0.24 to 0.40, while oleic acid in Abu Naama had
the lowest mean prediction (0.07), with a broader range from
—0.23 to 0.26. The weakest predictive ability was observed
for oil content at Matuq, with a mean of —0.04 and a range of
—0.42-0.25.
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TABLE 2 Genome-wide identification of the genetic markers associated with oil content, oleic acid, and linoleic acid composition in 200
sesame accessions using the following models: fixed and random model circulating probability unification (FarmCPU), Bayesian information and
linkage-disequilibrium iteratively nested keyway (BLINK), and multiple locus mixed model (MLMM).

Model Trait/locations SNP Marker Chr Position/bps Alleles MAF LOD R* (%) Effect
FarmCPU Abu-Naama
Oleic acid Chrl_1693157* 1 1693157 C/IT 0.45 321 7 0.4
Oleic acid Chr5_17024932% 5 17024932 C/IT 0.1 3.22 7 -0.49
Oleic acid Chr5_17029387 5 17029387 T/A 0.11 2.95 7 0.45
Oleic acid Chr5_17034072 5 17034072 AIG 0.11 3.39 8 -0.5
Oleic acid Chr9_26574216 9 26574216 C/IT 0.06 2.98 7 —-0.89
Linoleic acid Chr13_13034832 13 13034832 AIT 0.14 3.03 7 0.48
Linoleic acid Chr9_3976219 9 3976219 G/A 0.07 3.01 7 —0.68
Linoleic acid Chr9_3976223 9 3976223 AIC 0.07 3.06 7 0.68
Oil content Chr3_23284702* 3 23284702 AIG 0.3 3.99 9 1.75
Oil content Chr3_23284761 3 23284761 T/A 0.31 3.76 8 -1.68
Matuq
Oleic acid Chrl1_14710318 11 14710318 C/IT 0.18 35 8 0.38
Oleic acid Chr8_31702733 8 31702733 G/A 0.06 3.61 8 0.63
Oleic acid Chr8_31825156 8 31825156 AIT 0.06 3.61 8 -0.63
Oil content Chr9_1711873* 9 1711873 AIG 0.09 4.07 8 -2.06
Blink Abu-Naama
Oleic acid Chrl_1693157* 1 1693157 C/IT 0.49 4.28 11 —-0.35
Oleic acid Chr5_17024932* 5 17024932 C/T 0.11 4.05 16 0.42
Oleic acid Chr7_15291065 7 15291065 G/A 0.08 3.22 12 -0.57
Oil content Chr3_23284702* 3 23284702 AIG 0.3 4.44 9 -1.38
Matuq
Oleic acid Chrl11_14710318 11 14710318 C/T 0.25 33 3 -0.23
Oleic acid Chr6_25438022 6 25438022 G/T 0.46 3.45 20 -0.7
Oleic acid Chr8_31702733 8 31702733 G/A 0.06 3.68 18 0.43
Oleic acid Chr8_31825156 8 31825156 AT 0.06 3.77 0 0.44
Linoleic acid Chr6_24421274 6 24421274 G/IC 0.12 3.56 19 -0.29
Oil content Chr9_1711873* 9 1711873 AIG 0.11 432 23 1.22
MLMM  Abu-Naama
Oleic acid Chrl_1693157* 1 1693157 C/IT 0.49 3.48 10 -0.36
Oleic acid Chr5_17024932%* 5 17024932 C/T 0.11 3.27 21 0.43
Oil content Chr3_23284702* 3 23284702 AIG 0.3 3.26 9 -1.38
Oil content Chr3_23284761 3 23284761 T/A 0.3 3.15 0 -1.35
Matuq
Linoleic acid Chr6_24421274 6 24421274 G/IC 0.12 35 19 —-0.36
Linoleic acid Chr6_24440370 6 24440370 G/A 0.12 3.15 0 -0.34
Oil content Chr9_1711873* 9 1711873 AIG 0.11 3.25 23 1.22

Note: This table provides details of single nucleotide polymorphism (SNP) markers significantly associated with key traits, including oleic acid, linoleic acid, and oil con-
tents, in sesame accessions grown at two locations, Abu-Naama and Matuq. The table includes the SNP marker ID, chromosome (Chr) and physical position (position/bp)
of the marker, alleles, minor allele frequency (MAF), logarithm of odds (LOD) score, proportion of phenotypic variance explained (R>%), estimated effect size of the
associated allele (effect), and the shared SNP markers across the three models (¥).
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Correlation of sesame oil and fatty acid composition traits between locations. The heat map depicts the correlation between sesame

oil and fatty acid composition traits, including oleic acid (oleic acid), linoleic acid (linoleic acid), and total oil content (oil), across the two locations,
Abu Naama (AN) and Matuq (MT). The values represent the correlation coefficients, indicating the strength and direction of the relationship

between the two locations for each trait.

TABLE 3 Candidate genes associated with fatty acid and oil content traits in sesame.
NCBI candidate
genes Trait SNP Species Annotation E-value % identity
APMJ01000051 Oleic acid Chr1_1693157 S. alatum  Transcription repressor OFP8 4.00E-90 81.40
APMJ01001210 Oil content  Chr3_23284702  S. indicum HVA22-like protein a 2.00E-114 100
APMJ01003105 Oleic acid ~ Chr5_17024932  S. indicum 3-oxoacyl-[acyl-carrier-protein] synthase 3 A 0.0 99.70
APMJ01005016 Oil content  Chr9_1711873 S. indicum putative phospholipid:diacylglycerol 0.0 100

acyltransferase 2

Note: The table summarizes the key candidate genes linked to oleic acid and oil content traits in Sesamum species identified through significant SNPs. Gene annotations,
E-values, and percentage identity scores indicate the strength of genetic association and homology to known proteins.

Abbreviation: SNP, single nucleotide polymorphism.

3.4 | Candidate gene search

Candidate gene analysis using the S. indicum v1.0 refer-
ence genome identified four protein-coding sequences with
high homology (> 80% identity, E-value < 1E-10) near
significant SNP markers (Table 3; Supporting Informa-
tion). APMJO0I1000051, associated with oleic acid at SNP

Chri_1693157, showed 81.4% identity (E-value: 4.00E-
90) with a transcription repressor OFPS8 from S. alatum.
For oil content, APMJ01001210 (SNP Chr3_23284702)
matched a HVA22-like protein a in S. indicum (100% iden-
tity, E-value: 2.00E-114). Another oleic acid candidate,
APMJ01003105 (SNP Chr5_17024932), had 99.7% identity
(E-value: 0.0) to 3-oxoacyl-[acyl-carrier-protein] synthase
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FIGURE 2 Genetic diversity and population structure of 200 sesame accessions. The principal component analysis (PCA) plot illustrates the

genetic diversity and population structure among various sesame accession groups. Each point represents an individual accession, with colors

distinguishing different groups, such as breeding lines, collections, GenBank accessions, landraces, and varieties. The x- and y-axes correspond to the

first and second principal components, respectively, representing the primary dimensions of the genetic variation within the dataset.
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sesame accessions. The heatmap illustrates the subpopulations structure, with accessions grouped into two distinct subpopulations represented in red

and green.
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(a) Kinship heatmap showing the genetic relationships among 200 sesame accessions based on additive relationships. (b) Linkage

disequilibrium (LD) patterns in the sesame genome. The figure shows the distribution of LD decay across genomic distances in the sesame

populations. The x-axis represents the physical distance in base pairs (bp), whereas the y-axis represents the LD measure (+*). Each data point

corresponds to a pairwise comparison of the genetic markers. The red line depicts the overall trend of LD decay, indicating a decrease in genetic

linkage between markers as the physical distance increases.

3 A, an enzyme in fatty acid elongation. APMJ01005016
(SNP Chr9_1711873), linked to oil content, aligned with a
phospholipid, diacylglycerol acyltransferase 2, in S. indicum
(100% identity, E-value: 0.0), a key enzyme in triacylglycerol
biosynthesis.

4 | DISCUSSION

In this study, 200 Sudanese sesame accessions were evalu-
ated across two locations, Abu Namma and Matug Research
farms of the Agricultural Research Corporation, Sudan, using
an augmented design with replicated checks. The accessions
represented a diverse collection, including gene bank acces-
sions, landraces, advanced breeding materials, and released
cultivars. Oil content and fatty acid composition, specifically
oleic and linoleic acid, were analyzed using GC. Broad-sense
heritability and population structure analyses were conducted
to assess the genetic variation among the accessions. Three
GWASs were performed using three models namely Farm-
CPU, BLINK, and MLMM to identify SNPs associated with
oil content, oleic, and linoleic acid across both locations. A
total of four SNPs were identified for oil content, and oleic
acid across, while no significant SNPs were detected in case
of linoleic acid content. To the best of our knowledge, this is
the first study to utilize GWAS for identifying SNPs associ-

ated with oil content and fatty acid composition in Sudanese
sesame germplasm

4.1 | Phenotypic traits
Evaluating 200 sesame genotypes across Abu Naama and
Matuq locations revealed significant variations in fatty
acid composition and oil content, shaped by genotype-
by-environment (G X E) interactions. The wide range of
oleic (32.8%—49.6%) and linoleic acids highlights substan-
tial genetic diversity, offering valuable potential for breeding
programs targeting health and industrial applications. Oleic
acid is favored for its stability and health benefits, whereas
linoleic acid, a polyunsaturated fatty acid, is essential for
human health but reduces oil stability (Gunstone, 2011). Our
finding aligns with previous reports including X. Wei et al.
(2015), who documented oleic acid values of 32.08%—53.14%
in a diverse sesame panel, while Mondal et al. (2010) reported
a range of 36.7%-52.4% in Indian sesame and Uzun et al.
(2008) reported 29.3%—41%. The observed variation con-
firms the potential of Sudanese sesame germplasm for genetic
improvement to enhance oil quality, reinforcing its nutritional
and economic value.

The significant variation in oil content, averaging of
44.45% in Abu Naama and 42.06% in Matuq, demonstrates
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(FarmCPU), (B) Bayesian information and linkage-disequilibrium iteratively nested keyway (BLINK), and (C) multiple locus mixed model
(MLMM), identifying significant single nucleotide polymorphisms (SNPs) associated with oil content, oleic acid, and linoleic acid in 200 sesame
accessions across two locations Abu Naama (AN) and Matuq (MT). The Manhattan plots show the distribution of —log;,(p-values) for each SNP
across the 13 sesame chromosomes, with the x-axis representing chromosomal position and the y-axis indicating the strength of association.
Horizontal lines across the plots denote genome-wide significance thresholds. The O—Q plots compare the expected versus observed p-values
distributions, where deviations from the diagonal at the upper end suggests an enrichment of significantly associated SNPs beyond random

expectation.

the potential for selecting genotype with higher oil yields. The
minimal correlation between oleic and linoleic acid content
across locations (with r-values near zero) indicated a weak
linear relationship between these traits under the different
environmental conditions. This aligns with previous findings
that environmental factors, such as soil type and temperature,
strongly influence oil content and fatty acid composition in
sesame (Uzun et al., 2008).

The low broad-sense heritability (H? = 0.28) for oleic acid
and oil content, along with near-zero heritability for linoleic
acid, indicates minimal genetic variance, suggesting that the
phenotypic differences are largely environmentally driven
rather than genetic (Holland et al., 2003). This poses chal-
lenges for breeding programs, as selecting genotypes based
on performance in one environment may not predict outcomes
in different conditions. Similar findings in oil crops support
this, with Uzun and Cagirgan (2006) demonstrating that envi-
ronmental factors significantly impact fatty acid profiles in

sesame. Likewise, Khan and Nawaz (2022) reported low her-
itability estimates for oil content and fatty acid composition,
reinforcing the dominant role of environmental influences.
Arslan et al. (2007) further reported significant genotype-
by-environment interactions affecting oil content and fatty
acid composition in sesame mutants, reinforcing the need for
breeding strategies that integrate environmental assessments
alongside genetic evaluations to improve the stability across
diverse growing conditions.

4.2 | Population relatedness and LD

Population structure analysis revealed substantial genetic
diversity, as indicated by PCA using 3636 SNP markers.
The first principal component accounted for 33% of the
genetic variation, surpassing the 27% reported by Sabag et al.
(2021) in their study on flowering date and yield component
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FIGURE 6 Predicted values for oil and fatty acid content in

sesame accessions across two locations. The boxplots show the
predicted distributions of oleic and linoleic acids and oil content in 200
sesame accessions grown at two locations: Abu Naama (AN) and Matuq
(MT). The central line indicates the median, while the boxes represent
the interquartile range (IQR). Whiskers extend to the non-outlier range,
and individual points denote the outliers. Colors differentiate traits and
locations: blue and yellow for oleic acid, red and orange for linoleic
acid, and green and purple for oil content at AN and MT, respectively.

trade-offs in sesame using 20,294 SNP markers across 184
genotypes. This variation may stem from differences in the
reference genome as their study used the L. Wang, Yu, et al.
(2014) reference genome, whereas this study employed the
updated annotation reference genome from M. Wang et al.
(2022). The clustering of “GenBank” genotypes suggest close
genetic relationship, likely due to shared ancestry and similar
selection pressures.

The dispersed clustering of “breeding,” “collection,” “lan-
draces,” and “variety” genotypes reflects their broader genetic
diversity, shaped by their geographical origins and distinct
selection pressures. Sudan’s long history of sesame cultiva-
tion (Mohamed, 2011) has contributed to this wide genetic
variation, as confirmed by a structure analysis, which iden-
tified K = 2 as the optimal value, dividing the germplasm
into two subpopulations. This classification provides valu-
able insights into genetic architecture, supporting the strategic
integration of desirable traits for developing improved sesame
varieties, aligning with Parry and Hawkesford (2012).

The kinship matrix illustrates genetic relationships within
the sesame population, identifying diverse parent lines suit-
able for heterosis exploitation. A LD measure (%) of 0.1 at
approximately 204890 bp indicates relatively rapid LD decay,
differing from the 163930 bp reported by Tesfaye et al. (2022)
using an older sesame reference genome version. Our LD

»

decay is longer than 150 kb (L. Wang, Han, et al., 2014)
and 166 kb (Seay et al., 2024) but shorter than 1639.3 kb
reported by Tesfaye et al. (2022) in Ethiopian sesame acces-
sions. This variation may stem from differences in population
structure, as our Sudanese germplasm subset likely experi-
enced greater recombination events or stronger bottlenecks,
resulting in larger linkage blocks. In addition, differences in
marker density and selection criteria could influence LD esti-
mates; as our study utilized a denser SNP set and an updated
reference genome, potentially detecting fewer recombination
breakpoints and inflating LD block sizes.

Sample size and genetic diversity significantly influence
LD decay; genetically uniform or those under strong selec-
tion tend to exhibit extended LD. In addition, methodological
differences, such as defining LD thresholds (r2 = 0.1 vs.
72 = 0.2) and variations in analytical pipelines, contribute
to discrepancies in LD estimates across studies. Despite this
variation, the relatively high LD observed here supports fine
mapping of agronomically important genes in sesame breed-
ing. Our results suggest that recombination has fragmented
linkage blocks over generations, and this rapid LD decay
benefits association mapping by improving the resolution for
identifying trait-controlled genes.

4.3 | Association analysis and trait prediction
GWAS has gained prominence in sesame research, identifying
genomic associations for agronomic traits, such as 1000-seed
weight, seed size, plant height, seed coat color (Du et al.,
2019; L. Wang, Yu, et al., 2014; L. Wang et al., 2016). For
quality traits, Wu et al. (2017) mapped QTLs linked to oil,
protein, and sesamin content across sesame chromosomes.
Zhou et al. (2022) expanded this by analyzing 14 fatty acids
over 2 years using GC—mass spectrometry, identifying 249
QTLs associated with fatty acid composition. In addition, they
detected 43 unique SNPs linked to key oil traits, including
palmitic, stearic, oleic, linoleic, and arachidic acids. Shared
loci across traits, such as those for linoleic acid, palmitic acid,
and oil content on chromosome 11, highlight the genetic com-
plexity of fatty acid biosynthesis. Further analysis of these
SNP loci identified 671 genes within an 88 kb window, linked
to metabolic, cellular, and singling pathways, providing criti-
cal targets for improving sesame oil quality through molecular
breeding.

Despite progress in sesame genomics, few studies have
examined the genetic associations of fatty acids and oil con-
tent, particularly in Africa. This study used GWAS to analyze
oleic and linoleic acids and oil content in a set of 200 Sudanese
sesame genotypes using GWAS across two distinct envi-
ronments. These findings provide insight into the genetic
architecture of sesame in Africa, where environmental condi-
tions strongly influence trait expression. Similar to Zhou et al.
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(2022), this study identified multiple SNP loci associated with
key oil quality traits, enhancing the understanding of fatty acid
composition and oil content. The results confirm the poly-
genic inheritance of seed oil traits in sesame, with multiple
loci contributing to trait variability, consistent with findings
in other oilseed crops (Pandey et al., 2014; Reinprecht et al.,
2009; X. Wei et al., 2015).

Our GWAS results underscore the polygenic nature of
sesame oil traits, revealing environment-dependent and
model-specific SNP associations. The repeated detection of
Chrl_1693157 and Chr5_17024932 across models and envi-
ronments suggests a stable QTL for oleic acid, aligning
with an earlier work mapping seed-quality traits to chromo-
some 5 (W. Wei et al., 2013). Similarly, Chr3_23284702 and
Chr9_1711873 were consistently associated with oil content,
supporting earlier findings that identified these chromosomes
as oil-related QTL hotspots (C. Li et al., 2014).

A recent GWAS combined with transcriptome analysis
identified novel loci and regulatory genes involved in fatty
acid biosynthesis (Zhou et al., 2022). This underscore the
importance of integrating functional validation and expres-
sion profiling, as single-marker GWAS may not fully capture
regulatory genes influencing fatty acid composition. Com-
bining expression data with marker-trait associations enables
the identification of key transcription factors or enzymes
with significant allelic effects under different environmental
conditions.

The presence of low frequency of minor alleles (MAF
as low as 0.06) with notable effect sizes, modest R? values
(3-23%), and the environment-specific signals (linoleic acid
SNPs on chromosome 9 in Abu-Naama vs. chromosome 6 in
Matuq) support a quantitative inheritance model and G X E
interaction for these traits. Recent transcriptomic studies show
the importance of multi-omics approaches in dissecting com-
plex pathways, confirming candidate genes and regulatory
elements that GWAS alone overlooks. Future breeding efforts
will benefit from validating these candidate genes at genomic
and transcriptomic levels while integrating fine-mapping and
marker-assisted selection to accelerate the development of
high-oil, high-oleic sesame cultivars.

This study showed variations in predictive ability across
traits and environments, highlighting the complex interplay
between genetic and environmental factors in determining
crop traits. The moderate predictive power observed for
linoleic acid and oil content in specific environments sug-
gests that genomic selection, particularly using models such as
rrBLUP, can aid in breeding sesame varieties with improved
oil content and fatty acid profiles. However, lower predictive
abilities observed for oleic acid and oil content highlight the
need to consider trait—environment interactions when apply-
ing genomic selection strategies. Moderate to high predictive
abilities in some trait-environment combinations demonstrate
genomic selection’s potential for improving sesame oil qual-
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ity, through further model optimization and integration of
environmental covariates may improve accuracy, especially
for traits with lower predictability (Crossa et al., 2017).
Environmental factors significantly influence sesame oil con-
tent and fatty acid composition, leading to substantial trait
variability (Kurt et al., 2016; J. Wang et al., 2023).

Hu et al. (2022) reported the significant influence of envi-
ronmental and genetic diversity on sesame oil and fatty acid
profiles, with oleic acid ranging from 39% to 54% and linoleic
acid from 39% to 59%. The advancement of GP models has
improved breeding value estimation, enabling breeders to
make informed selections by considering multiple interact-
ing factors. L. Chen et al. (2015) emphasized that genomic
selection is particularly beneficial for complex traits like
fatty acid composition, as it integrates environmental factors,
improving traits predictability and crop performance under
specific conditions. Combining genomic data with environ-
mental variables can enhance the development of nutritionally
rich, climate-resilient sesame varieties, promoting sustainable
cultivation.

4.4 | Candidate gene search

Our candidate gene analysis identified four protein-coding
sequences near the significant SNP markers associated
with oleic acid and oil content. APMJ0I003105 on
Chr5_17024932 corresponds to 3-oxoacyl-[acyl-carrier-
protein] synthase 3A (KAS III), an enzyme involved in
fatty acid synthesis by catalyzing the initial condensation
of acetyl-CoA with malonyl-ACP (Guo et al., 2019). This
elongation step is essential for seed oil composition (Berg
et al., 2015). In addition, APMJ01000051 on Chrl_1693157
shares 81.4% identity with the transcription repressor OFPS,
which may regulate key enzymatic genes influencing fatty
acids accumulation in sesame seeds.

For oil content, APMJ0I1001210 on Chr3_23284702
encodes an HVA22-like protein, which is involved in stress
response and membrane trafficking (W. Chen et al., 2002),
although its direct role in oil biosynthesis remains unclear.
Its strong alignment indicates a potential link between
seed development and lipid metabolism. Another candidate,
APMJ01005016 on Chr9_1711873, corresponds to phospho-
lipid diacylglycerol acyltransferase 2 (PDAT2), an enzymes
that facilitates TAG production by transferring acyl groups
from phospholipids to diacylglycerol (Dahlqvist et al., 2000).
Enhanced PDAT?2 activity can boost TAG levels, ultimately
increasing sesame oil content.

Zhou et al. (2022) identified three candidate genes
(SINPZ1100015, SINPZ1201700, and SINPZ1201748) linked
to key loci for fatty acid and oil content across diverse
global accessions. While our study analyzed fewer accessions
across two environmental conditions, it leveraged the broad
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genetic diversity of Sudanese sesame germplasm, a center
of origin for the crop. Integrating these findings with large-
scale GWAS and transcriptomic studies (Dossa et al., 2019;
Zhou et al., 2022) could enhance our understanding of the
genetic mechanisms governing oil traits. Fine-mapping major
QTLs across multiple environments is crucial for accurately
capturing genotype—environment interactions.

The candidate genes highlight the key molecular regula-
tors of fatty acid and oil biosynthesis, with potential links
to stress response pathways that may influence oil yield and
composition. Future studies should focus on functional valida-
tion through gene expression analysis, knockout/knockdown
approaches, and overexpression studies. Marker-assisted
selection targeting these genes could enhance breeding effi-
ciency for high-oleic, high-oil sesame cultivars, thereby
meeting growers, consumers, and industrial demands.

While this study does not capture the full genetic diver-
sity of Sudanese sesame, there remains considerable untapped
variation in wild relatives, landraces, and underutilized cul-
tivars. Exploring these resources could reveal lines with
enhanced oleic acid content. Molecular breeding approaches,
including marker-assisted selection and CRISPR/Cas genome
editing of key fatty acid biosynthesis genes, such as FAD2
(Rauf et al., 2024), could accelerate genetic improvement.
Introgression from related species and optimized agro-
nomic practices may further expand the oil content and
oleic acid range, enhancing sesame’s nutritional and market
value.

5 | CONCLUSION

This comprehensive GWAS analysis provides insight into the
complex genetic factors influencing oil content and fatty acid
composition (oleic and linoleic acids) in Sudanese sesame
genotypes, identifying the key loci responsible for these traits.
The observed variability across environments demonstrates
the significant impact of environmental factors on trait expres-
sion, underscoring the need for environment-specific breeding
strategies. The identification of candidate genes associ-
ated with these traits offers new opportunities for molec-
ular breeding to enhance the nutritional quality of sesame
oil.

GP also showed promise for specific traits in distinct envi-
ronments, particularly for oleic acid in Abu Naama and oil
content in Matuq, suggesting that genomic selection could
improve these traits and optimize sesame breeding programs.
This study enhances the genetic understanding of sesame
and supports the development of improved varieties in both
local and global markets. Future work should emphasize
validating gene function (expression assays, knockouts, and
overexpression) and using marker-assisted selection to boost
breeding efficiency for high-oleic, high-oil sesame, meeting
both market and consumer needs.
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