Plant Communications ¢ CellPress

Research article Partner Journal

Genomic evolution and insights into agronomic
trait innovations of Sesamum species

Hongmei Miao'-’, Lei Wang?/, Lingbo Qu37, Hongyan Liu*, Yamin Sun?, Meiwang Le>,
Qiang Wang®, Shuangling Wei', Yongzhan Zheng', Wenchao Lin?, Yinghui Duan’,
Hengchun Cao’, Songjin Xiong?, Xuede Wang?, Libin Wei', Chun Li', Qin Ma', Ming Ju',
Ruihong Zhao', Guiting Li', Cong Mu’, Qiuzhen Tian', Hongxian Mei', Tide Zhang’,
Tongmei Gao' and Haiyang Zhang™-*

"Henan Sesame Research Center, Henan Academy of Agricultural Sciences, Zhengzhou 450002, China

2TEDA School of Biological Sciences and Biotechnology, Nankai University, Tianjin 300457, China

3College of Food Science and Technology, Henan Technology University, Zhengzhou 450001, China

“Institute of Plant Protection Research, Henan Academy of Agricultural Sciences, Zhengzhou 450002, China

5Crops Research Institute, Jiangxi Academy of Agricultural Sciences, Nanchang 330200, China

6Crop Research Institute, Anhui Academy of Agricultural Sciences, Hefei 230031, China

“These authors contributed equally to this article.

*Correspondence: Haiyang Zhang (zhanghaiyang@zzu.edu.cn)

https://doi.org/10.1016/j.xplc.2023.100729

ABSTRACT

Sesame is an ancient oilseed crop with high oil content and quality. However, the evolutionary history and ge-
netic mechanisms of its valuable agronomic traits remain unclear. Here, we report chromosome-scale ge-
nomes of cultivated sesame (Sesamum indicum L.) and six wild Sesamum species, representing all three kar-
yotypes within this genus. Karyotyping and genome-based phylogenic analysis revealed the evolutionary route
of Sesamum species from n = 13 to n = 16 and revealed that allotetraploidization occurred in the wild species
Sesamum radiatum. Early divergence of the Sesamum genus (48.5-19.7 million years ago) during the Tertiary
period and its ancient phylogenic position within eudicots were observed. Pan-genome analysis revealed
9164 core gene families in the 7 Sesamum species. These families are significantly enriched in various metabolic
pathways, including fatty acid (FA) metabolism and FA biosynthesis. Structural variations in SiPT1 and SiDT1
within the phosphatidyl ethanolamine-binding protein gene family lead to the genomic evolution of plant-archi-
tecture and inflorescence-development phenotypes in Sesamum. A genome-wide association study (GWAS) of
an interspecific population and genome comparisons revealed a long terminal repeat insertion and a sequence
deletion in DIR genes of wild Sesamum angustifolium and cultivated sesame, respectively; both variations inde-
pendently cause high susceptibility to Fusarium wilt disease. A GWAS of 560 sesame accessions combined with
an overexpression study confirmed that the NAC 1 and PPO genes play animportantrole in upregulating oil con-
tent of sesame. Our study provides high-quality genomic resources for cultivated and wild Sesamum species
and insights that can improve molecular breeding strategies for sesame and other oilseed crops.
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INTRODUCTION BC in the Harappa Valley of the Indian subcontinent (Bedigian

and Harlan, 1986). Sesame has the highest oil content (OC;
Sesame (Sesamum indicum L., 2n = 2x = 26) is the only cultivated

species in the Sesamum genus of the Pedaliaceae family and an
early eudicot crop that diverged from the Asterid branch (Joshi, Published by the Plant Communications Shanghai Editorial Office in

1961; Zhang et al., 2013a, 2013b) (Supplemental Figure 1). The association with Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and
history of sesame cultivation can be traced back to 3000-3050 CEMPS, CAS.
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average 55%) of all annual oilseed crops (Zhang et al., 2013b).
Moreover, its seeds contain approximately 0.8% lignans, and it
is regarded as “the queen of the plant oil crop seeds” for its
high resistance to oxidation and rancidity (Bedigian and Harlan,
1986; Zhang et al., 2019). Sesame, cultivated mainly in tropical
and subtropical regions, exhibits a higher tolerance to drought,
high temperature, and soil infertility and a lower resistance to
Fusarium wilt and stem rot diseases, waterlogging, and low
temperature than most wild Sesamum species (Nimmakayala
et al., 2011). Sesame’s short life cycle (70-90 days), abundant
seeds (~6000 seeds per plant), and small genome (354 Mb)
make it a valuable model for studying angiosperm evolution
and biological traits (Zhang et al., 2019).

The Sesamum genus comprises 36 species that can be catego-
rized into three groups according to their basic chromosome
numbers (n = 13, 16, or 32) (Kobayashi, 1991; Zhang et al., 2019,
2021). Certain wild Sesamum species, such as Sesamum alatum,
Sesamum calycinum, Sesamum latifolium, and Sesamum
radiatum, exhibit high resistance to diseases, waterlogging,
drought, and insects, earning them a prominent position in
academic research (Nimmakayala et al., 2011; Zhang et al., 2019;
Miao et al., 2021a). The Sesame Genome Working Group initiated
the Sesame Genome Project in 2010 to address the evolutionary
history of the Sesamum genus and provide a comprehensive
genetic foundation for accelerating genomics-assisted breeding
(Zhang et al., 2013b, 2021). Although several preliminary sesame
genomes have been reported (Zhang et al., 2013b; Wang et al.,
2014, 2022; Uncu et al., 2015; Li et al., 2020), a more accurate
chromosome-scale genome analysis is required to achieve the
goals of the Sesame Genome Project. Moreover, an understanding
of the genetic mechanisms underlying disease resistance, oil
biosynthesis, and metabolic regulation in Sesamum is necessary
to effectively utilize the genetic data obtained from wild Sesamum
species for sesame breeding.

Here, we report chromosome-scale genomes of cultivated ses-
ame and six wild Sesamum species. We identify the genome evo-
lution features of Sesamum and analyze their utility in under-
standing the evolutionary history of the Sesamum genus,
providing genomic insights into key agronomic traits such as
plant architecture, disease resistance, and OC.

RESULTS AND DISCUSSION

Sequencing, assembly, and annotation

We first sequenced the genome of sesame (S. indicum var. Yuzhi
11, n=13) using an lllumina/Solexa (Zhang et al., 2013b) + PacBio
SMRT + Roche/454 (Zhang et al., 2016) + bacterial artificial
chromosome (BAC) ends (ABI 3730) strategy. The genome was
then assembled using a Hi-C library + super-dense SNP genetic
map (Zhang et al., 2016) + BAC-fluorescence in situ hybridization
(FISH) cytogenetic map strategy (Supplemental Figures 2 and 3;
supplemental information). The resulting sesame genome
assembly (Figure 1; Supplemental Table 1) spanned 312.95 Mb
and contained 2210 scaffolds (largest: 28.36 Mb) with a
scaffold N50 number and N50 scaffold length of 7 and 20.33
Mb, respectively. We assembled and annotated approximately
281.40 Mb (89.92%) of 13 pseudomolecule sequences as 13
chromosomes. An additional 31.55 Mb (10.08%) within
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unanchored scaffolds was composed mainly of repetitive
sequences.

Our draft sesame genome contains 31 462 predicted protein-
coding genes with an average gene length of 2619 bp; 29 166
(92.7%) of these genes mapped to the 13 chromosomes. Inter-
spersed repetitive sequences occupied 47.75% of the sesame
genome (supplemental information; Supplemental Table 2). This
is comparable to other angiosperm genomes, such as those of
potato (Solanum tuberosum, 62.2%) (Xu et al., 2011), cacao
(Theobroma cacao, 25.7%) (Argout et al., 2011), and grapevine
(Vitis vinifera, 41.4%) (Jaillon et al., 2007). The telomeric repeats
in sesame shared the same conserved repeat-unit sequence
(TTTAGGG) as those found in other plants (supplemental
information). The 45S rDNA and 5S rDNA repeats were detected
in most satellite pseudochromosomes, reflecting their fine
integrity. In addition, we detected a 153-bp centromeric repeat
sequence (named SiCen1) using BAC-FISH (15 specific BACs
hybridized at the centromeric and pericentromeric regions of all
13 chromosome pairs) (supplemental information; Supplemental
Tables 3 and 7). This enabled subsequent comparisons of
species-specific centromeric repeats, independently revealing
the features of chromosome karyotype evolution in Sesamum.

To explore the origin and evolution of sesame within the Sesamum
genus, we assembled chromosome-level genome sequences of
six wild Sesamum species (S. alatum [var. 3651, n = 13], S. latifolium
[var. KEN1, n = 16], S. angolense [var. K16, n = 16], S. calycinum
[var. KEN8, n = 16], S. angustifolium [var. GO1, n = 16], and S. radi-
atum [var. G02, n = 2x = 32]) representing the three basic chromo-
some sets using a complicated assembly strategy (Supplemental
Figures 1, 4, and 5; supplemental information; Supplemental
Tables 4-6). Interspecific SNP genetic maps of S. calycinum and
S. angustifolium were also constructed and used to evaluate the
genome assemblies (Supplemental Table 7; Supplemental
Figure 6). In addition, we used BioNano mapping to obtain high-
quality genomic assemblies of S. latifolium and S. radiatum
(Supplemental Figure 4). The genome sizes of the six wild species
varied from 300.7 Mb (S. angustifolium) to 668.4 Mb (S. radiatum)
(Supplemental Table 6). Benchmarking Universal Single-Copy
Orthologs annotation (Supplemental Table 8) suggested that
these genome assemblies and the annotations of sesame
(98.5%) and wild species (91.2-98.1%) were relatively complete
and of high quality.

Chromosome groups and phylogeny

To clarify Sesamum evolution, we investigated the synonymous
substitution rate (Ks) distribution of paralogous genes
(Figure 2A). Similar to most dicots, the seven Sesamum species
underwent whole-genome duplication (WGD) and whole-genome
triplication (WGT-y) events (Figure 2A-al; supplemental
information). S. radiatum also underwent lineage-specific
WGD-2 (Figure 2A), resulting in a chromosome number of 2n =
4x = 64. Genome fluorescence in situ hybridization (GISH) of the
seven Sesamum species and centromeric repeat FISH indicated
that the 32 pairs of chromosomes in S. radiatum were derived
from a group of 2n = 2x = 32 diploid species (here named AA),
which included S. latifolium, and another group of 2n = 2x = 32
species (named BB), which included S. angolense, S.
calycinum, and S. angustifolium (Figure 2B and Supplemental



Genome evolution of Sesamum species

gV 13

Figure 1. The sesame genome.
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Shown are chromosome set and length (a), density of interspersed repetitive sequences (repeat number per 500 kb) (b) gene density of pseudomolecule
strand + (c), gene density of pseudomolecule strand — (gene number per 500 kb) (d), density (upper line) and location (lower line) of FA biosynthesis- and
metabolism-related genes (e), density (upper line) and location (lower line) of disease resistance genes (R genes) (f), GC content (g), and alignment of

duplicated blocks between chromosomes (h).

Figure 7; Supplemental Tables 9 and 10). Therefore, S. radiatum is
an allotetraploid species with two genome subgroups designated
AAs,, and BBg,,. Because of the high incompatibility of S. indicum
with S. alatum and the other 2n = 32 Sesamum species
(Supplemental Table 5) and their weak associated GISH
hybridization (Figure 2B), the S. indicum and S. alatum genomes
were designated CC and DD, respectively. These results
indicated that typical polyploidization events contributed to
species divergence within the Sesamum genus, reaffirming the
high frequency of polyploidization in angiosperms (Li et al., 2015).

To further investigate the evolution of Sesamum within the angio-
sperms, we performed a phylogenetic analysis using 645 single-
copy orthologous genes common to cultivated sesame, five
diploid Sesamum species, and 15 representative plant species
from monocots, eudicots, diploid oilseed crops, and closely
related taxa (Figure 2C; supplemental information). The
phylogenetic tree indicated that the branch containing
Pedaliaceae (Sesamum and other genera) and Pharymaceae
(Mimulus and other genera) diverged from the Solanaceae
family (Solanum and other genera) approximately 86.0 million
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years ago (mya) during the Cretaceous period (145.50-65.50
mya; Figure 2C). The Pedaliaceae branch then diverged from
Pharymaceae approximately 52.7 mya during the early Tertiary
period (65.5-23.3 mya), which corresponds to the recently
reported evolutionary rhythm of flowering plants (Zhang et al.,
2020). Cultivated sesame and wild diploid species diversified
approximately 48.5-19.7 mya. S. alatum (n = 13, DD) was the
first species to diverge, followed by S. indicum (n = 13, CC).
Despite a lack of prior knowledge regarding the progenitor of
modern cultivated sesame, our analysis indicated that S.
indicum (cultivated sesame) diverged from S. latifolium before
34.2 mya, with the other four diploid species (n = 16) diverging
27.2-19.7 mya. The formation of the allotetraploid species S.
radiatum likely occurred at a later stage, possibly ~5 mya,
which coincides with the period in which polyploidy events
have been identified in other crops (Myburg et al., 2014). Thus,
we inferred that the evolutionary route of Sesamum species
involved an increase in chromosome number fromn =13ton =
16. The early divergence of Sesamum species, together with
the large time scale (48.5-19.7 mya) of divergence within this
genus, highlights their specific and early evolutionary position
among eudicots (Zhang et al., 2013b).

Pseudochromosomes of the Sesamum progenitor

Genome synteny analysis can be used to evaluate genome con-
servation and identify the characteristics of progenitor species
by clustering collinearly matched orthologous or paralogous
gene pairs (Zhang et al., 2020). Genome synteny was used to
compare the Sesamum species with grapevine (Jaillon et al.,
2007), which has undergone a WGT-y event but no WGD
events (Wood et al.,, 2009; supplemental information). The
ratio of orthologous genes in syntenic blocks between V.
vinifera and individual Sesamum species varied from 25.35%
(V. vinifera vs. S. latifolium) to 31.82% (V. vinifera vs. S.
calycinum; P < 1E—10; Supplemental Table 11). The genome
synteny percentages between V. vinifera and Sesamum were
higher than those obtained by comparing V. vinifera with
various angiosperm species such as poplar (9.98%), papaya
(11.17%), cacao (15.53%), and soybean (8.64%) (Salse, 2012),
suggesting that Sesamum is a highly conserved and ancient
genus.

We then established the genome structure of Sesamum spp. using
the ancestral eudicot karyotype (AEK post-v; 9022 contiguous
ancestral genes [protogenes] in 21 paleochromosomes) (Murat
et al., 2017; supplemental information; Figure 2C). We detected
106 syntenic blocks in the cultivated sesame genome, which
contained 4653 (15.95%) collinear orthologous genes (P <
1E—10; Source Data 3 for Figure 2; Supplemental Tables 12 and
13). The ratio of orthologous genes in the 5 wild diploid species
varied from 12.84% (4986 orthologous genes in S. latifolium) to
18.27% (4489 in S. angustifolium). A high ratio of syntenic blocks
in the chromosomes of the ancestral eudicot and the seven
tested Sesamum species (Supplemental Figure 8) further
confirmed that the Sesamum genus experienced WGD and
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tetraploidization events. This finding highlights the high level of
evolutionary conservation within this genus.

To determine the basic chromosome number and possible karyo-
type structure of the Sesamum progenitor, we aligned the syn-
tenic blocks and collinear orthologous genes of four representa-
tive genomes, sesame (CC group), S. latifolium (AAsi), S.
calycinum (BBsca), and S. angustifolium (BBs,,), whose genome
assemblies were supported by SNP maps or BioNano assembly
platforms (Figure 3; supplemental information; Supplemental
Tables 7 and 10). Overall, we detected seven chromosomal
fissions and four chromosomal fusions between sesame (CC)
and S. latifolium (AAs;s) (Figure 3A). Only 1 fission and 1 fusion
event were detected within the three n = 16 diploid species
(AAsja, BBsca, and BBsa,) (Figure 3B). For the AA and BB
genomes, the number of orthologous gene pairs between AAg,
and BBg., and BBg,, were 3501 and 3687, respectively. The
chromosome pairs of S. angustifolium (BBs,,) aligned well with
the corresponding chromosomes in S. calycinum (BBsca),
demonstrating the structural conservation of these two genomes.

To investigate the chromosomal relationships between tetraploid
and diploid Sesamum species, we aligned the 32 pseudochro-
mosomes of S. radiatum with the AAg;, and BBs,, genomes using
MCScanX (E < 1E—05) (Figure 3C; supplemental information).
The S. radiatum genome was successfully grouped into the
AAs,, and BBg,, subgenomes, confirming the evolutionary rela-
tionships between these species. This finding aligned with the
prior results of subgenome duplication analysis (Figure 2A and
Supplemental Figure 8) and the distribution of the two
centromeric repeats (SraCen1 and SraCen2) (Figure 2B and
Supplemental Figure 7). Moreover, this further confirmed the
high degree of conservation between the AAsg,, and BBg,
subgenomes.

These results indicate that although speciation within the ancient
and highly conserved Sesamum genus primarily involved WGD
events, polyploidization and chromosomal fusions and fissions
have also played a vital role in the formation of species diversity.
High incompatibility and weak GISH hybridization among most
Sesamum species (Supplemental Table 5; Figure 2B), alongside
relatively low identity of interspecific genetic maps between the
two closely related species S. calycinum and S. angustifolium
(Supplemental Table 7; Supplemental Figure 6), also indicated
the distant and species-specific diversity of Sesamum spp.

Sesamum- and species-specific gene families

To systematically explore the genome evolution of Sesamum, we
first compared the six diploid Sesamum genomes with the com-
mon ancestor of angiosperms, analyzing the expansion and
contraction of orthologous gene clusters (Supplemental
Figure 9). A total of 1172 gene families were expanded and
1549 families were contracted in sesame compared with the
other 15 crops (Supplemental Figure 9A). As reported for
Aquilegia coerulea, grapevine, Eucalyptus grandis, cucumber,

(C) Phylogenetic evolutionary position and comparison of Sesamum with AEK using ancestral syntenic blocks. Light gray and light blue blocks cover the
Rosidae and Asteridae branches of the eudicots, respectively. The blue block covers monocots. Chromosomal syntenic blocks on the right show the
ancestral synteny results of V. vinifera and the seven Sesamum species with the AEK. 4DTv, four-fold degenerate site; WGT, whole-genome triplication;

mya, million years ago.
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Figure 3. Genome evolution of the Sesamum genus.

(A) Correspondence of genome group CC (n = 13) to groups AA and BB (n = 16).

(B) Correspondence of genome group AA (n = 13) to group BB (n = 16).

(C) Correspondence of subgenome groups AAs,, and BBg,, of S. radiatum (n = 32) to groups AAg;, and BBg,,, (n = 16), respectively.
(D) Distribution of SVs between S. indicum and S. alatum and between S. indicum and S. latifolium.

(E) Pan-genome analysis of Sesamum species.

(F) Core, dispensable, and private gene families in pan-genomes of Sesamum.
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Prunus persica, castor bean, citrus, cacao, and papaya, loss-of-
function mutations may have played an important role in Sesa-
mum evolution (Supplemental Figure 9A and 9B). Notably,
dozens of expanded and contracted gene families in Sesamum
are involved in disease resistance and fatty acid (FA)
biosynthesis and metabolism (Supplemental Tables 15 and 17;
P < 0.05), and these genes may contribute to the adaptation of
species to specific habitats (Wu et al., 2018).

We performed pan-genome analysis to identify structural varia-
tions (SVs) in Sesamum species, using S. indicum and S. latifolium
as reference genomes (Figure 3D-3F; Source Data 4 for Figure 3).
The number of SVs relative to cultivated sesame in the 5 diploid
Sesamum species varied from 44 698 (S. alatum vs. S. indicum)
to 50 063 (S. latifolium vs. S. indicum), with total SV lengths of
48.88 and 43.66 Mb, respectively. Overall, 202 685 putative
genes were detected in 25 401 putative gene families in
Sesamum (Figure 3E; Source Data 5 for Figure 3). Among these
gene families, 9164 (36.1%) were classified as core families,
14 292 (56.3%) as dispensable, and 1945 (7.7%) as private.
Sesamum exhibited a lower percentage of conserved collinear
gene families than did in Glycine (50.1%) (Liu et al., 2020b) and
Gossypium (61.8%) (Li et al., 2021a). These results reflect the
evolution of Sesamum across an extended period.

Pfam enrichment and Gene Ontology (GO) analyses demon-
strated that core genes in sesame were enriched in various bio-
logical processes, cellular components, and molecular functions
(P < 0.05). Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses also revealed enrichment of core genes in Ses-
amum within metabolic pathways such as “Biosynthesis of amino
acids” (map01230), “Carbon metabolism” (map01200), “FA
metabolism” (map00564), and “FA biosynthesis” (map00061)
(supplemental information; Supplemental Figure 10; P < 0.05).
The FA gene enrichment and high FA biosynthesis and
metabolism in Sesamum demonstrate the long-term genomic
evolution of this genus. By contrast, the private genes in all seven
Sesamum genomes were enriched mainly in ribosomes, oxida-
tive phosphorylation, DNA replication, and small molecule
biosynthesis and metabolism (supplemental information), which
may have conferred the genus-specific and conserved charac-
teristics of Sesamum in response to environmental change (Wei
et al., 2019; Miao et al., 2021b).

SVs associated with plant architecture

Plant architecture (uniculm or branching) is an important trait that
affects seed yield and cultivation models in sesame and other
crops (Mei et al., 2017). Branching type is a key agronomic trait
for Sesamum, with branch numbers ranging from 1 to 18
(Supplemental Table 2). We performed a genome-wide associa-
tion study (GWAS) on branch number traits in 560 core sesame
accessions (supplemental information; Supplemental Figure 11)
across two environments (Es; 2017-2018) using an 896 745-
variant matrix with a mixed linear model (MLM) program
(Figure 4A). Overall, SNP_3364138 in SiChr.10, with the lowest
P value of 6.58E—20, was determined to be the target variant
significantly associated with plant architecture traits in sesame.
SNP_3364138 was located in Sindi_2199200 (SiPT1; GenBank:
MT362742), which encodes a Centroradialis-like protein 2 iso-
form X1 (CEN-like 2). For the allelic gene Sipt1 in the uniculm ge-
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notype, insertion of a Copia long terminal repeat (LTR) retrotrans-
poson fragment (4166 bp) resulted in a frameshift of 22 amino
acids and formation of a premature terminator at 1261 bp, which
subsequently effected gene function (Figure 4B). SiPT1
overexpression in T, transgenic Arabidopsis resulted in the
formation of multiple branches on the stem branch and a
significant delay in flowering time (>20 d; Figure 4C). Homolog
analysis indicated that SiPT7 belongs to the Terminal flower1
(TFL) like subfamily of the phosphatidylethanolamine-binding
protein (PEBP) gene family in flowering plants (Figure 4D),
which are ancestral genes (homologous to protogene
P01033829001) (Murat et al., 2017). Furthermore, the SiPT1
and PT1 homologs were conserved in Sesamum (resemblance
coefficient > 93.5%; P < 1E—50; Supplemental Figure 12).

Interestingly, we found that the DT1 subfamily, which controls
inflorescence determination in sesame (Zhang et al., 2016),
belongs to the TFL-like subfamily (Figure 4E). Sesame exhibits
indeterminate growth, and there are up to 63 stem capsule
internodes in cultivated sesame (Miao et al., 2020a). Sidt1-1,
a SNP3g; mutation (dt7) in exon 2 of Sidt? (GenBank:
KU240042), resulted in a S79N amino acid substitution, leading
to determinate inflorescence growth (Figure 4E). Because
deletion of a 24.9-kb SV sequence occurred in DT1, the mutant
Sidt1-2 exhibited entirely determinate characteristics, with only
3-5 capsule nodes (Figure 4E; Zhang et al., 2016). These
results demonstrated the conservation and specific function of
the PEPB gene family in plant-architecture and inflorescence-
development traits.

SVs related to Fusarium wilt resistance

Fusarium wilt, caused by Fusarium oxysporum (FO), is a major
fungal disease that affects sesame and hundreds of other
crops (Ma et al., 2013; Qiu et al., 2014). In contrast to the highly
resistant (HR) S. calycinum, S. latifolium, S. angolense, and
S. radiatum species, cultivated sesame (var. Yuzhi 11) and S.
angustifolium are highly susceptible (HS) to highly pathogenic
strains of FO f. sp. sesami (FOS) (Supplemental Figure 13A;
Duan et al., 2020). Proteins involved in disease resistance
responses (encoded by R genes) participate in the recognition
of nonspecific transmembrane pattern recognition receptors
and pathogen effectors (Yue et al., 2012). Therefore, we
screened the Sesamum genomes against the plant resistance
gene database (PRGdb 3.0) (Osuna-Cruz et al., 2018) to identify
R genes (P < 1E—6; Source Data 1 for Figure 1; Supplemental
Table 14). As expected, the cultivated sesame genome
harbored fewer R genes (1198, comprising 14 types) than the 5
diploid wild Sesamum genomes, which had R gene counts
ranging from 1457 (S. alatum) to 1570 (S. Iatifolium)
(Supplemental Table 14). The ratios of nucleotide-binding subdo-
main (NBS) pathogen effector recognition genes in Sesamum
species, which ranged from 16.69% in cultivated sesame to
23.75% in S. alatum, were similar to those observed in 11 crop
species analyzed in this study (from 12.56% in Linum usitatissi-
mum to 27.86% in V. vinifera), most of which were susceptible
to FO infection.

Similar to the basal eudicot species A. coerulea, sesame contains
a gene rarely observed in angiosperms, CNLK (Osuna-Cruz et al.,
2018). However, Sesamum species lack Toll-interleukin-1 receptor
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Figure 4. The PEBP gene family regulates plant architecture and inflorescence development in Sesamum.

(A) GWAS analysis of the branch number trait in 560 sesame accessions. The target gene SiPT17 (red arrow) was identified on SiChr.10.

(B) Gene structure and evolution of SiPT1 and orthologous genes in sesame and S. radiatum. The target SNP (SNP_3364138) associated with branch
number is present in the target gene SiPT7. Compared with SiPT7 in branched accessions, Sipt1 in uniculm accessions contains a Copia LTR retro-
transposon fragment insertion at 1261 bp. S. radiatum contains two PT1 genes, SraPT1-1 and SraPT1-2, with conserved sequences.

(C) Arabidopsis overexpressing SiPT1 exhibits a higher branch number (up to 12) and delayed flowering time.

(D) Phylogenetic tree of the PEBP family in Sesamum. The PEBP family comprises the TFL-like, FT-like, and MFP-like subfamilies. PT1 and DT1 proteins
are included in the TFL-like subfamily (blue background).

(E) Polymorphic character of SiDT1 genes in sesame. Sidt1-1 carries a SNP in a determinate mutant. Sidt7-2 is lost in an entirely determinate accession

owing to deletion of a 24.9-kb DNA sequence.
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(TIR)-like NBS-leucine-rich repeat (LRR), TIR-NBS, coiled-coil TIR-
NBS-LRR, and TIR-NBS kinase R genes. Absence of TIR-NBS-
containing NBS genes has also been observed in the early-
diverging species A. coerulea, Mimulus guttatus, Oryza sativa,
and other monocot crops (Collier et al., 2011; Shao et al., 2016).
Thus, preservation or loss of specific R-gene types may have
occurred during early angiosperm evolution, perhaps reflecting
differences in fusion and fission of R-gene domains during their
formation over different evolutionary periods (Osuna-Cruz
et al.,, 2018). Additional R genes in Sesamum were found to
have undergone tandem duplication, resulting in an uneven
distribution across chromosomes (supplemental information;
Figure 1 and Supplemental Figure 5). A significant contraction of
19 R gene clusters, including RLK (receptor-like kinase), KIN
(kinase), RLP (receptor-like transmembrane protein), and NBS-
type genes, was observed in sesame and its related branches,
including monkey flower and tomato. This reduction may have
contributed to variations in resistance to FO and other pathogens
(Supplemental Table 15).

Histological observations indicated that the FOS pathogen 8PA73
(HSFO 08027 transformed with the GFP gene) invaded the root
epidermal cells of resistant and susceptible Sesamum spp. within
approximately 24 h (Supplemental Figure 13B). After 6 d of
inoculation, FOS was detected in the pith tissues of HS species
(S. indicum and S. angustifolium) but was restricted to the
epidermal tissues of HR species (S. calycinum and S. radiatum).
To identify target genes that regulate FOS resistance in
Sesamum, we performed association mapping using F;
interspecific crossing populations of S. calycinum (0% infected)
and S. angustifolium (100% infected) that were exposed to the
highly pathogenic FOS HSFO10175 (Duan et al., 2020; Figure
5A; supplemental information). Resistance to Fusarium wilt
disease was determined to be controlled by a single and
dominant gene pair in the interspecific crossing population (x® =
0.0, P < 0.01) (Supplemental Table 18). Association analysis
identified two significantly associated SNPs with the lowest P
values: SNP1738690 (P = 3.53E—17, R? = 69.4%) on ScaChr.16
of S. calycinum and SNP131559 (P = 1.56E—14, R? = 62.4%) on
SauChr.14 of S. angustifolium (Figure 5B). SV screening of the
target intervals in S. calycinum and S. angustifolium, together
with analysis of syntenic blocks and presence-absence
variations in gene families of 4 HS and HR species, revealed 52
syntenic gene pairs within the target 400-kb intervals (Figure 5C;
Source Data 6 for Figure 5). Coupled with comparison of
assembled genome sequences from 12 homogenous F,
interspecific hybrid lines, SV screening revealed a clear
association between SV_297658 (—1376 bp in S. angustifolium)
and FOS resistance (Figure 5C; Supplemental Table 19). Sanger
sequencing revealed a 1411-bp Copia LTR retrotransposon
insertion at —210 bp within the 5’ untranslated region (5’ UTR) of
Sangu_2112300 in S. angustifolium (HS). Genome annotation
indicated that Sangu_2112300 (named Saudir32) encodes a
dirigent protein (DIR). In contrast to the high expression level of
the allelic gene Scaly_2470000 (named ScaDIR40) in S.
calycinum (HR), Saudir32 exhibited low expression in root and
leaf tissues of S. angustifolium (HS) inoculated with FOS
(Figure 5D).

Syntenic comparison also revealed the loss of —1 bp to —1400 bp
in the 5’-UTR sequence and partial loss of the coding sequence
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(CDS) in the sesame ortholog Sindi_2089700 (Sindir37)
(Figure 5E). No transcripts of Sindir37 (Figure 5G) or the two
duplicated DIR genes were detected in FOS-inoculated sesame
(var. Yuzhi 11). Amplification of DIR genes within the tested
population validated the consistency between genotypes and
phenotypes (Supplemental Figure 14; Supplemental Table 20).

DIR proteins control stereoselective coniferyl alcohol coupling in
lignan and lignin formation and also enhance biotic and abiotic
resistance during secondary cell wall development in plants
(Paniagua et al., 2017; Li et al., 2021b; Liu et al., 2021). The DIR-
b/d subfamily enhances resistance to fungal pathogens such as
Fusarium crown rot pathogens (Yang et al., 2021), Fusarium
solani (Deng et al., 2022), and Marssonina brunnea (Li et al.,
2021b). To elucidate the resistance mechanism of DIR genes in
Sesamum spp., we analyzed the structural and evolutionary
characteristics of the DIR family (Supplemental Figure 15).
Overall, gene numbers in this family varied between 40 and 43,
and it could be divided into 6 subfamilies (Figure 5F).
Phylogenetic analysis revealed that all eight DIR genes related to
Fusarium wilt resistance in Sesamum belonged to the DIR-b/
d family (Supplemental Figure 15A). In addition, Pfam domain
comparisons indicated that these DIR family proteins possessed
similar structures with a high resemblance coefficient of greater
than 64.7% (P < 1E-15), excluding Sindir37 (Supplemental
Figure 15C). Within the DIR-b/d sesame subfamilies, three genes
were adjacent to each other on SiChr.9, highlighting the tandem
duplication characteristics of this family (Paniagua et al., 2017;
Liu et al., 2021). However, no DIR genes were expressed in
plantlets inoculated with FOS (data not shown).

Subsequent analysis of 5’-UTR flanking sequences demonstrated
that the DIR genes contained elements such as antioxidant
response element, as-1, MYB binding site, and W-box, as well
as various other elements related to stress response, hormone
signaling, development, and site binding (Supplemental
Figure 15B). Unlike that of Sindir37 and Saudir32 in HS species,
expression of ScaDIR40 and SlaDIR36 was significantly induced
in HR species upon infection with highly pathogenic FOS strains
(Figure 5G and Supplemental Figure 16A). These results
revealed the induction characteristics of DIR promoters under
biotic and abiotic stress. In the allotetraploid S. radiatum
(Supplemental Figures 13 and 15), two DIR genes, SraDir83 and
SraDir85, were highly expressed after FOS inoculation (data not
shown), suggesting that the ancestral species of the Sesamum
genus was HR to Fusarium wilt. Although the occurrence of SVs
in DIR genes may be incidental, they can still influence
susceptibility to Fusarium wilt. The evolutionary characteristics
of the DIR family in Sesamum species reflect the core and
conserved functions of DIR genes in regulating resistance to
Fusarium wilt.

To further examine the responses and regulatory network of DIR
genes after FOS inoculation, we compared the root transcriptomes
of two resistant species (S. latifolium and S. calycinum) and two
susceptible species (S. angustifolium and S. indicum) inoculated
with FOS strain HSFO 08027 for 0-168 h (Source Data Table 2).
Overall, high DIR gene expression in Sesamum was correlated
with disease resistance-related genes such as laccase 6, pentatri-
copeptide repeat 1, and papain family cysteine protease (pepti-
dase) genes, as well as transcription factor (TF) genes such as those
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Figure 5. DIR genes regulate resistance responses to FO in Sesamum.

(A) Phenotype of Fusarium wilt resistance in S. calycinum (HR) and S. angustifolium (HS). Top: controls (top row) and FOS 08027 treatments (bottom row)
of S. calycinum. Bottom: controls (top row) and FOS08027 treatments (bottom row) of S. angustifolium.

(B) GWAS analysis of Fusarium wilt disease resistance using an interspecific cross population from S. calycinum (KEN8) (HR) (top) and S. angustifolium
(G01) (HS) (bottom). Red arrows indicate the target SNPs with the lowest P values on the chromosome sets of S. calycinum and S. angustifolium.

(C) Synteny comparison of collinear genes in target intervals associated with Fusarium wilt resistance between S. calycinum and S. angustifolium. Red
arrowheads indicate target SNPs with the lowest P values. Red bars indicate a gene pair with an SV. Yellow bars indicate gene sequences. Gray lines
between genes indicate syntenic relationships.

(D) Structure of the target SV_297658 and DIR gene pair in S. calycinum and S. angustifolium. Segments in green and yellow indicate promoter and CDS
sequences of the DIR genes. The red segment indicates a 1411-bp Copia LTR sequence inserted in the promoter of Saudir32.

(E) Syntenic comparison of the target interval in sesame, S. calycinum (HR), and S. /atifolium (HR). Tandem duplication of 3 DIR genes (Sidir36, Sidir37,
Sidir38) has occurred on SiChr.9 of sesame.

(F) Phylogenetic tree of the DIR family in Sesamum, Arabidopsis, and V. vinifera. DIR genes related to Fusarium wilt resistance belong to the DIR-b/
d subfamily (light blue background). There are many more genes in DIR-b/d subfamily in Sesamum than in Arabidopsis and V. vinifera.

(G) Regulatory network of DIR genes in Sesamum. The normalized expression profiles of key genes in two HS (sesame and S. angustifolium) and two HR
(S. calycinum and S. latifolium) species inoculated with FOS 08027 for 0-168 h are shown as a heatmap.

encoding MYB82 and AMP-binding proteins. These TFs participate
inlignin and lignan biosynthesis (Liu et al., 2020a), stress responses
(Shockey and Browse, 2011; Li et al., 2022), and plant-pathogen
interaction pathways (Park et al., 2014; Liu et al.,, 2016b)
(Figure 5G; Source Data 10 for Figure 7). Weighted correlation
network analysis of the transcriptome of the HR species S. latifo-
lium identified MYB82 (KO9422) as a node gene that was upregu-
lated and co-expressed with 673 R genes in roots after FOS inoc-
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ulation (Bisque 4 model) (Figure 5G and Supplemental Figure 16B
and 16C). By contrast, no transcripts of MYB82 were detected in
HS sesame and S. angustifolium; however, the peptidase3
(KO1373) gene was highly expressed after 12-h inoculation and
conferred high susceptibility to pathogen infection (Figure 5G).
Therefore, we postulate that deletion of the 5 UTR and partial
CDS sequence of SiDIR may be essential for the high
susceptibility of cultivated sesame to highly pathogenic FOS
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strains. Early retention with later disruption or loss of key atypical
pattern recognition receptor genes is a common evolutionary
mechanism that gives rise to variation in crop
pathogen resistance. Hence, a promising strategy for enhancing
Fusarium wilt disease resistance could involve transfer of DIR
genes through interspecific hybridization or genetic modification
methods or regulation of key node genes such as MYB82,
peptidase3, and crucial R genes via artificial stimulation.

Genome evolution related to high OC regulation

The high OC of sesame seeds was greater than 50%, whereas
that of the 6 wild Sesamum species ranged from 29.46% (S. an-
gustifolium) to 46.99% (S. radiatum) after removal of crude fiber
(Supplemental Table 21). Compared with soybean (~20%) (Gali,
2003), cotton (~30%) (Liu et al., 2016a), sunflower (30%-47%)
(Li et al., 2017), flax (~40%) (Li et al., 2019), and peanut (50.6%)
(Chen et al., 2012), the wild Sesamum species exhibited a
relatively high OC.

To investigate the evolution of FA biosynthesis and metabolism
genes in Sesamum and to understand the reasons for the high
OC of sesame, we screened the genomes of Sesamum species
against a reference dataset of FA genes related to acyl lipid meta-
bolism (P < 1E—5; protein identity > 60%) (Figure 6A; Source Data
3 for Figure 2; Supplemental Tables 16 and 17). The percentage of
FA genes in the cultivated sesame genome (2.15%) was similar to
that in wild Sesamum (from 1.66% in S. latifolium to0 2.54% in S.
calycinum) and other oilseed crops (soybean, 2.82%; sunflower,
2.75%; castor bean, 1.92%). However, variations in the copy
numbers of key FA genes were observed among the oilseed
crops (Supplemental Table 16; Li et al., 2017, 2019). For
example, the number of stearoyl-ACP desaturase (SAD) genes
(7-11) in diploid Sesamum species (C18:1, 35.5%-42.1%) ex-
ceeded that in diploid oilseed crops with high linoleic (C18:2) or li-
nolenic (C18:3) acid content, including soybean (C18:2, 47%; 5
SAD genes), sunflower (C18:2, 60.78%; 2 SAD genes), flax
(C18:2, 12.8%; C18:3, 39.5%; 4 SAD genes), and castor bean (ri-
cinolic acid, C18:1, 80%-88%:; 4 SAD genes) (Figure 6A; Source
Data 2 for Figure 1).

Cluster analysis of orthologous and paralogous FA genes re-
vealed 5 significantly expanded and 7 contracted FA gene
families (P < 0.05) in the Sesamum genus (Supplemental
Table 17).For example, the carboxyltransferase beta subunit of
heteromeric ACCase (B-CT) (Enzyme Commission: 6.4.1.2 and
6.3.4.14; Figure 6A) is the first rate-limiting enzyme in FA synthe-
sis and participates in the formation of malonyl-coenzyme A
(Roesler et al., 1997). The gene number of the B-CT gene family
(Cluster1654) in cultivated sesame (eight) was higher than that
in five other oilseed crops and wild Sesamum species, likely
enhancing the initiation of FA synthesis and increasing seed
OC (Ohlrogge and Jaworski, 1997; Unver et al., 2017).
Correspondingly, the expression level of ACCase genes was
higher in sesame than in the wild species (Figure 6A). In
addition, homeodomain leucine zipper IV TFs regulate the
expression of GL2 (GLABRA2), a negative regulator of seed oil
accumulation (Shen et al., 2006; Dong et al., 2015; Lung et al.,
2018). Sesame possessed 10 homeodomain leucine zipper IV
TFs, fewer than the closely related species monkey flower and to-
mato (Supplemental Table 17).
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To understand the development of the high OC in cultivated ses-
ame compared with wild species, we evaluated the effect of
selection pressure. However, comparisons of the ratio of nonsy-
nonymous substitution/synonymous substitution (Ka/Ks) indi-
cated that FA gene families were not under positive selection in
sesame (Ka/Ks > 1; Supplemental Table 22), suggesting that
the elevated OC likely arose from independent species-specific
genomic evolution rather than environmental selection. To
assess the impact of breeding for improved OC on FA genes
and elucidate the mechanism of OC regulation in sesame, we
conducted an analysis of the population structure of 560 sesame
accessions, including 97 varieties, 401 Chinese landraces, and
62 international accessions (supplemental information). A total
of 894 425 reliable variants, distributed across 13 805 genes
with a mean fixation index (Fst) of 0.0022, were retained
(Figure 6B and Supplemental Figure 17). Compared with the
463 germplasm accessions (mean nucleotide diversity, ™ =
0.0023), the mean 7 value of the 97 Chinese varieties was
0.00186, indicating low genetic diversity. Evidence of artificial
selection in these 97 varieties was detected across 32 regions
(top 1%, = ratio > 2.97), which collectively contained 972
genes (Source Data 7 for Figure 6). These regions were
designated candidate artificial selection regions and included
four FA (SiChr.3, SiChr.5, and SiChr.9) and eight R (SiChr.1,
SiChr.2, SiChr.3, SiChr.4, SiChr.5, and SiChr.11) gene blocks
(Figure 6B; Source Data 8 for Figure 6). Ultimately, these
selected regions may enhance oil metabolism and disease
resistance in sesame varieties.

GWAS analysis was then used to identify genes regulating OC.
The 560 sesame accessions exhibited a wide OC range, from
30.58% (2018 Pingyu) to 58.67% (2017 Pingyu), reflecting signif-
icant phenotypic variation (Supplemental Figure 18). The broad-
sense heritability (H?) of OC was determined to be 83.07%, with
minor effects from environment and genotype by environment
interaction (P < 0.01, ANOVA), indicating that Sesamum OC
was primarily controlled by genotype. GWAS results further indi-
cated that 10 SNP intervals (P < 1E—5 and R? > 5%) were signif-
icantly associated with OC in at least 3 environments (Figure 7A;
Source Data 9 for Figure 7). Of the 10 SNP intervals, 5 candidate
genes with homozygous SNPs or insertions or deletions (indels)
were detected. In particular, SINAC1 (Sindi_2309500; SiChr.10)
exhibited the highest explanatory value (R? up to 43.8%) for OC
variation in the sesame population (Supplemental Figure 19B).
SiNAC1 is a NAC domain-containing TF that participates in
various plant developmental processes, such as remobilization,
shoot branching determination, and stress and defense re-
sponses (Puranik et al., 2012). As a TF, SINAC1 localized exclu-
sively to the nucleus (Supplemental Figure 20B). Structural
analysis indicated that a T/G mutation occurred within the
conserved N-terminal adhesion motif of SINACT7. In addition,
within the 560 sesame accessions, the 2 haplotypes of SINAC1
(Sindi_2309500) and Sinac? were highly correlated with OC
variation (Figure 7B and Supplemental Figure 19B). For
example, in 24 haplotype-1 accessions with high OC (average
OC = 51.96%), SINAC71 was highly expressed primarily in
developing seeds (8-20 d after flowering, DAF), as observed in
the varieties Shaanzhi 3 and WanzhiC02-3. By contrast, in 23
haplotype-2 accessions with low OC (average OC = 45.16%), Si-
nac1 exhibited low expression levels, as observed in the variety
Black sesame (Supplemental Figure 23). The C333A mutation in
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Figure 6. Oil biosynthetic process in sesame and domestication of FA- and R-gene blocks in the sesame population.
(A). Oil biosynthesis in Sesamum. Normalized expression profiles of key genes in developing seeds of sesame (var. Yuzhi11) and three wild Sesamum

species are shown as a heatmap.

(B) Distribution of the 7 ratio between 97 Chinese sesame varieties and 463 worldwide germplasm accessions, and R-gene and FA-gene blocks in
candidate artificial selection regions. Red arrows indicate four FA-gene blocks (FAB55, FAB76, FAB77, and FAB118) and eight R-gene blocks (RB25,
RB49, RB86, RB144, RB151, RB164, RB165, and RB172) detected in candidate improvement regions. FAB, FA-gene block; RB, R-gene block.

SiNACT led to a significant increase in OC, resulting in a 15.06%
boost (supplemental information; Supplemental Table 23).
Overexpression of SINAC1 in 27 transgenic Arabidopsis lines
(T4) resulted in a significant increase in seed OC from 22.39%
to 27.97% (P < 1E-5). We thus confirmed the regulatory
function of SINAC17 in crop FA biosynthesis for the first time
(Figure 7D).

We further analyzed the structural evolution of the NAC7 family in
Sesamum. Among all 6 wild species, 7 NAC1 homologs of SINAC1
were conserved with high similarity (>92.9%; P < 1E—149;
Figure 7B). The seven NACT orthologs carried the same
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haplotype as SiINAC1 at nucleotide Tzz3. In addition, SaoNAC1
(Sango_1566400) in S. angustifolium and SalNAC1 (Slati_3919800)
in S. latifolium displayed sequence deletions within the
conserved N-terminal adhesion motif (Supplemental Figure 21).
Transcriptome comparison indicated that most of the NACT
genes, excluding SlaNAC1 and SlaNAC2, exhibited expression
patterns in developing seeds similar to that of SINAC1
(Figure 7E). We hypothesize that the SINAC7-dependent
regulation of high OC content represents the original genotype of
ancestral Sesamum. Furthermore, nucleotide mutagenesis and
genomic variations occurred in conserved sequences of NACT
genes without strong natural selection pressure during Sesamum
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Figure 7. Candidate genes associated with OC in sesame.

(A) Candidate genes significantly associated with OC in eight environments. Of 560 accessions, 245 have high OC (average OC > 50%) and 315 have low
OC (average OC < 50%). —logP values of the SNP sites and candidate genes in the Sanya (2016) environment are shown.

(B) Phylogenic tree and structural comparison of NAC1 orthologs in Sesamum. Colored blocks indicate motifs in the promoter sequences of NAC1
orthologs. Yellow blocks indicate gene CDSs.

(C) Phylogenic tree and structural comparison of PPO orthologs in Sesamum. Colored blocks indicate motifs in the promoter sequences of PPO. Yellow
blocks indicate gene CDSs.

(D) OC comparison of transgenic Arabidopsis with SINAC1 and SiPPO overexpression vectors, and exogenous gene expression in developing seeds.
Blue and green blocks indicate 27 transgenic Arabidopsis lines with SINAC1 and 30 transgenic Arabidopsis lines with SiPPO. Thirty-three wild-type plants
were used as controls.

(E) Regulatory network related to SINAC1 in high- and low-OC sesame accessions. Genes in red blocks are highly expressed in both high- and low-OC

accessions. Genes in green and gray blocks are highly expressed in high-OC accessions and low-OC accessions, respectively.

evolution, reflecting the divergence of sesame with high OC from
wild Sesamum species.

To further explore the association between NAC1 and high OC, we
compared the expression profiles of 59 groups of transcriptomes
from developing seeds, including 2 high-OC accessions and 1
low-OC accession. We then analyzed the protein—protein interac-
tion (PPl) network related to SINAC1 in cultivated sesame
(Figure 7E; Source Data 11 for Figure 7). In the PPI network,
SINACT1 was coexpressed with FAD6 (Sindi_1772100, KO10255),

NPC1 (Sindi_0852400, KO01114), CYP96A10 (Sindi_2506800),
Sindi_0300900, and FAB1B (Sindi_2220700, KO00921), all of
which participate in unsaturated FA biosynthesis, phospholipid
catabolism, metabolic regulation, oxidative stress response, and
phosphatidylinositol phosphate biosynthesis. In particular, six
genes (Figure 7E), including FAR2 (Sindi_1809500, KO13356),
DPL1 (Sindi_0172700, KO01634), and PDAT (Sindi_1214000,
KOO00679), were involved in FA biosynthesis-related processes,
and they were upregulated in the high-OC accessions. Conversely,
Sindi_2186100 and Sindi_1573600 exhibited high expression in
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low-OC accessions (Source Data 11 for Figure 7). These results
suggested that the NAC7 TFs play a significant role in the
regulation of FA biosynthesis in developing seeds.

We also detected an association between SiPPO, which encodes
polyphenol oxidase | (PPO; Sindi_2087700; SiChr.9) and OC (with
R2 up to 17.66%) (Supplemental Figure 19A). PPO catalyzes the
oxidation of o-diphenols to o-diquinones as well as the
o-hydroxylation of monophenols (Vaughn and Duke, 1984;
Demeke et al., 2001). Moreover, PPO is associated with OC
and seed color in sesame (Wei et al., 2015). Among the 560
sesame accessions, SiPPO differed from the allelic gene Sippo
because of a 243-245 bp deletion of the nucleotide TTT, which
resulted in deletion of a phenylalanine (Fg,) in low-OC sesame
accessions (Supplemental Figure 19A). The allelic gene Sippo
was highly expressed in developing seeds (15-20 DAF) of low-
OC accessions such as var. Black sesame (Supplemental
Figure 23). Furthermore, overexpression of SiPPO in all 6
transgenic Arabidopsis lines (T,) significantly increased the OC
(average OC = 25.41%, P = 0.035; Figure 7C).

To explore the regulatory function of the PPO family in oil biosyn-
thesis, we analyzed the structural evolution of the PPO family in
Sesamum using the Pfam database. Compared with those of 5
other plants, sesame PPO proteins were more closely related to
monkey flower, with a resemblance coefficient of 48.5% or greater
(P < 5E—140; Figure 7C). In Sesamum, all eight PPO orthologs
had the same haplotype (deleted Fg,) as Sippo (low OC), and
most possessed PPO1_DWL, KFDV, and tyrosinase domains
(Figure 7D and Supplemental Figure 22). Therefore, we
postulated that the SiPPO haplotype with a high OC resulted
from a mutation during modern sesame evolution. The high
conservation of FA biosynthesis-related gene families in Sesamum
explains the high OC commonly observed in progenitors of the Ses-
amum genus. Furthermore, nucleotide mutations in key genes,
such as SINAC1 and SiPPO, represents an infrequent but feasible
evolutionary mechanism that has affected the regulatory network
of oil biosynthesis in modern cultivated sesame.

In summary, we successfully assembled chromosome-scale ge-
nomes for cultivated sesame and six wild Sesamum species. Our
analysis revealed that the Sesamum genus diverged early,
around 48.5-19.7 mya, during the Tertiary period. The evolu-
tionary route of Sesamum species involved a transition from n =
13 to n = 16 chromosomes, and allotetraploidization occurred
within the Sesamum genus. In addition, we observed SVs and
PAVs in key gene families of Sesamum, highlighting the genomic
evolutionary characteristics of sesame. Moreover, 32 artificial se-
lection regions covering 4 FA- and 8 R-gene blocks were de-
tected in Chinese sesame varieties. Notably, we identified four
key genes (PT1, DIR, and NAC1 and PPO) that controlled flower-
ing and plant architecture, resistance to Fusarium wilt, and OC
traits, respectively. These genomic resources and findings pro-
vide a robust foundation for future advances in the molecular
breeding of sesame and other oilseed crops.

METHODS

Plant materials

The genome of the well-known Chinese sesame variety Yuzhi 11 (2n = 26)
was sequenced as a reference genome, along with those of 6 wild Sesa-
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mum species (S. alatum [var. 3651, 2n = 26], S. latifolium [var. KEN1, 2n =
32], S. angolense [var. K16, 2n = 32], S. calycinum [var. KEN8, 2n = 32], S.
angustifolium [var. GO1, 2n = 32], and S. radiatum [var. G02, 2n = 64])
(Supplemental Figure 1; Supplemental Table 2). A core population of
560 sesame accessions (401 Chinese landraces, 97 Chinese varieties,
and 62 international accessions from 20 countries) (Source Data
Table 4) was used for genome re-sequencing and OC analysis. All
materials are publicly available from the sesame germplasm collection
at the Henan Sesame Research Center, Henan Academy of Agricultural
Sciences.

Sesame genome sequencing

The sesame reference genome (BioProject PRINA315784; v.3.0) was
sequenced using a complex genome sequencing strategy (Supplemental
Figure 2). In brief, DNA extracted from young leaf tissue was used
for short-insert (~500 bp) and long-insert (~3 kb) paired-end (PE) library
construction and sequencing according to the standard lllumina protocol
(llumina, USA). To increase the sequencing read length, ~8-kb and 20-
kb PE tag libraries were prepared and sequenced using a Genome
Sequencer FLX instrument (Roche Applied Science, Germany). BAC-end
sequencing of 42 240 BAC clones from a sesame BAC library
(CopyControl pCC1BAC vector) (Zhao et al., 2018) was performed by
Sanger sequencing (ABI 3730, USA). A 20-kb SMRTbell library was con-
structed and sequenced using Pacific Biosciences RS Il sequencing technol-
ogy (USA). Sequencing reads were processed using Trimmomatic (v.0.33)
(Bolger et al., 2014); after trimming, reads shorter than 50 nt were removed.
High-throughput chromosome conformation capture (Hi-C) libraries were
constructed and sequenced using the lllumina HiSeq 2500 platform. The
constructed sesame genome is shown in Supplemental Figures 2 and 3.

High-density cytogenetic map construction

Hundreds of BACs with single stable hybridization signal pairs were
screened from the sesame BAC library (Zhao et al., 2018). The
consecutive BAC-FISH technique was used to group 210 BAC probes
into 13 chromosome pairs. The hybridization signal positions of the BAC
probes were calculated using more than 3 replicates (Fonseca et al.,
2010). The apex of the short arm of the chromosome was designated
0.00, and the end of the long arm was designated 1.00. The ultra-dense
sesame SNP genetic map was integrated with a high-density cytogenetic
map and used to guide genome assembly (Zhang et al., 2016).

Reference genome assembly

The strategy used for sesame genome assembly is outlined in
Supplemental Figure 2. In brief, de novo assembly of the PacBio reads
was performed using continuous long reads following the hierarchical
genome assembly process (HGAP) workflow (PacBioDevNet). The
PacBio Rs_PreAssembler.1 module was used to correct errors in the
raw data using the following criteria: default minimum subread length >
500 bp, minimum read quality > 0.80, and minimum subread length >
7500 bp. The reads from MiSeq platform were mapped to polish the as-
sembly sequence from HGAP using Burrows-Wheeler Aligner (0.7.12)
(Li and Durbin, 2009). SNPs and indels were called and corrected using
SAMtools (Li et al., 2009) and an in-house script. Scaffolding and gap
filling were performed on meta-paired lllumina and Roche 454 sequencing
data using SSPACE 3.0 with default parameter values of x: 1 -m 50-010 -z
200 -p 1. The PacBio-only and hybrid assembly methods were used to
determine the best assembly strategy. Super scaffolds were grouped
into contigs based on the SNP genetic map and BAC-FISH cytogenetic
map. Hi-C data were mapped to the assembled genome sequences using
HiC-Pro (Servant et al., 2015) and 3D-DNA (Dudchenko et al., 2017).
Thirteen pseudomolecules were constructed using a Hi-C map.

Sequencing and assembly of wild Sesamum genomes

The genome sizes of the six wild Sesamum species were estimated by k-mer
depth using Jellyfish (Marcais and Kingsford, 2011) and GenomeScope
(Vurture et al., 2017). The genomes of these species were sequenced and
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assembled using the strategy outlined in Supplemental Figure 4
(supplemental information; BioProject PRINA625646). High-quality DNA
was extracted and used to construct the 500-bp PE, ~20-kb SMRTbell,
and Hi-C libraries.

High-molecular-weight DNA was isolated from S. latifolium and S. radia-
tum and labeled according to standard BioNano protocols using the
single-stranded nicking endonuclease Aflll. Labeled DNA was imaged
automatically using the Irys system (BioNano, USA) before de novo as-
sembly into consensus physical maps using BioNano IrysView. Conflicts
between the BioNano maps and the de novo assembly were manually
resolved using BioNano Access.

Two interspecific genetic maps were constructed to evaluate the quality of
the assembled S. calycinum and S. angustifolium genomes (supplemental
information). In total, 126 F individuals were randomly selected from the
Fo progeny and re-sequenced using the lllumina sequencing platform
(Source Data Table 1). Putative SNPs were called using SAMtools with
in-house script criteria: minimum read depth at a given position, 8; mini-
mum supporting reads for an allele, 2; allele representing > 20% of all
observed alleles. Interspecific SNPs with allelic polymorphisms were
identified using a custom script. JoinMap v.4.0 was used for marker
segregation analyses and linkage map construction (Van Ooijen, 2011;
Wang et al., 2015a; Santos et al., 2017). All linkage groups with more
than 20 SNP markers were grouped into the genetic maps. The integrity
of pseudomolecules with the linkage groups was determined using a
custom script.

Genome annotation

Protein-coding regions and genes were predicted using a combination of ab
initio, homology-based, and transcriptome-based prediction methods
(supplemental information). Ab initio prediction of coding genes was
performed with Augustus (v.2.5.5) (Stanke et al., 2006), GlimmerHMM
(v.3.0.1) (Majoros et al., 2004), and SNAP15 (Korf, 2004). Homology-based
prediction aligned the assembled Sesamum genomes to homologous pro-
teins from the whole-genome sequences of Arabidopsis thaliana, millet,
grapevine, castor bean, tomato, and potato (https://jgi.doe.gov/). GeneWise
(v.2.2.0) (Stein, 2013) was used to generate gene structures based on
homology alignments. Transcriptome-based prediction involved the gener-
ation of transcriptome data for the Sesamum species using the lllumina Hi-
Seq 2500 platform; these were then mapped to the genome assembly using
TopHat (v.2.0.8) (Kim et al., 2013). Cufflinks (v.2.1.1) (http://cufflinks.cbcb.
umd.edu/) was used to identify spliced transcripts in the gene models. All
evidence predicted from these approaches was integrated using
EVidenceModeler (Haas et al., 2008), which gave a weighted and non-
redundant (NR) consensus of gene structures. Gene models were
generated and filtered according to the following criteria: coding region
length < 150 bp; exclusively ab initio methods; The fragments per
kilobase of transcript per milion mapped reads (FPKM) values < 5; hits
with Uniref 90 database. Unigenes were searched against the NCBI NR,
SwissProt, and Pfam databases using BLASTP with a cutoff E-value of
1E-5. Criteria included the following: identity > 0.25; minimum alignment
length 100 bp. InterProScan (Jones et al., 2014) was used to annotate
motifs and domains in the gene sequences by comparison with publicly
available databases. GO information for each gene code was extracted
from the InterProScan results using BLAST2GO (Conesa et al., 2005).
Putative gene pathways were derived by matching genes with the KEGG
database (Kanehisa et al., 2004). Benchmarking Universal Single-Copy
Orthologs (Waterhouse et al., 2018) and the core eukaryotic genes
mapping approach (Parra et al., 2007) were used to evaluate the
completeness of the Sesamum genomes.

Interspersed repeat sequences

RepeatModeler (http://www.repeatmasker.org) was used for de novo
identification. RepeatMasker (v.4.0.6) was used to identify interspersed
repetitive sequences by aligning the Sesamum genome sequences
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against the RepBase database (v.20150807) (Tarailo-Graovac and
Chen, 2009) and the de novo database.

Telomeric repeats and rDNA loci

FISH of telomeres and rDNA repeats was performed as described previously
(Chen et al., 2015a, 2015b; Zhao et al., 2018). Telomere and rDNA repeat
probes were designed according to the universal plant telomeric repeat
probe (5'-TTTAGGGTTTAGGGTTTAGGG-3') and conserved sequences in
Arabidopsis spp., respectively (Chen et al., 2015a, 2015b; Fuchs et al.,
1995; Yang et al., 2017). Idiograms of 45S and 5S rDNA distribution
patterns in the Sesamum chromosomes were constructed according to
previously described methods (Zhang et al., 2012).

Centromeric repeats

Twenty-seven BACs with specific BAC-FISH hybridization signals at the
centromeric and pericentromeric regions of each sesame chromosome
pair were used to screen centromeric repeats (supplemental information;
Supplemental Table 2). LTR_FINDER (Xu and Wang, 2007) and
RepeatMasker (v.4.0.6) were used to detect and annotate LTR retrotrans-
poson sequences. Specific repeats within the LTR retrotransposon se-
quences were aligned using MAFFT v.7.245 (Katoh et al., 2002; Katoh
and Standley, 2013). Centromeric repeat sequences from wild Sesamum
species were screened on the basis of the sequence alignment (Wang
et al., 2015a) with identity > 90% and E-value < 1E-5. A phylogenetic
tree of centromeric repeats from Sesamum species, Zea mays (154 bp)
(Ananiev et al., 1998), and S. tuberosum (186 bp) (Tek and Jiang, 2004)
was constructed using ClustalW2.

WGD, WGT-v, and tetraploidization

Ks and four-fold degenerate site (4DTv) values for each Sesamum genome
were calculated using the PAML software (Yang, 1997) and an in-house
script. Grapevine and tomato were used to determine the WGD and
WGT-vy events in Sesamum. To determine the effects of selection pressure
on Sesamum, we estimated the Ka/Ks for each single-copy ortholog using
Codeml with a free-ratio model. Pairwise whole-genome alignments were
performed for the Sesamum genomes using MUMmer (v.3.23) (Kurtz et al.,
2004) with default parameters.

To validate the relationships of different chromosome karyotypes in Ses-
amum, pairwise GISH and centromeric repeat FISH were performed on
the seven Sesamum species using a consecutive FISH technique (Zhao
et al., 2018).

Sesamum genome group nomenclature

To explore the characteristics of genome evolution in the Sesamum
genus, we divided the seven assembled genomes into four genome
groups according to their genome structures. Data from 4DTv analysis,
centromere repeat hybridization signals, and GISH were used to differen-
tiate the 2 subgenomes (AAs;, and BBg,,) of allotetraploid S. radiatum
(2n = 4x = 64). Considering the high degree of incompatibility in interspe-
cies hybridization and the weak GISH signals, the S. indicum (2n = 26) and
S. alatum (2n = 26) genomes were designated CC and DD, respectively.

Phylogenetic position within the angiosperms

To elucidate the evolution of sesame within angiosperms, we aligned the
genomes of sesame and the 5 diploid Sesamum species (S. alatum, S. lat-
ifolium, S. angolense, S. calycinum, and S. angustifolium) with those of 15
other plant species using BLASTP. The 645 single-copy orthologous
genes identified were used to construct a phylogenetic tree
(supplemental information). Divergence times of key branches between
A. thaliana and Solanum lycopersicum (101.2-123.9 mya), S.
lycopersicum and M. guttatus (70-90 mya), and M. guttatus and V.
vinifera (110-140 mya) were determined based on the NODE TIME
dataset (http://www.timetree.org). The estimated divergence times of all
species were calculated using r8s software (https://sourceforge.net/
projects/r8s/).
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Syntenic blocks of Sesamum with post y-AEK

The 9022 ancestral orthologs in the 21 paleochromosomes of the ancestral
eudicot pseudochromosomes post-y were used for the Sesamum ancestor
analysis (Murat et al., 2017). Genome synteny analysis of the Sesamum
species and grapevine (Jaillon et al, 2007) was performed using
MCScanX (Wang et al., 2012) with the following parameters: MATCH_
SCORE: 50, MATCH_SIZE: 20, GAP_PENALTY: -1, OVERLAP_WINDOW:
5, E_VALUE: 1e-05 and MAX GAPS: 25. Dot plot diagrams were produced
using the Multi-Genome Synteny Viewer (v.2.1).

Four high-quality genomes (sesame, S. latifolium, S. calycinum, and S. an-
gustifolium) were used to identify the ancestral pseudochromosomes of
Sesamum. Collinear orthologous gene syntenic blocks (>20 genes per
block; P < 1E—20) shared among the 4 genomes were identified using
CoGe (https://genomevolution.org/coge/). Translocation and rearrange-
ment of the homologous chromosome fractions between genomes was
determined using in-house scripts with the following parameters: >1.5
Mb, or >100 common ancestral orthologous genes per block.

Sub-genomes in tetraploid species

Syntenic block analysis of S. radiatum with the diploid species S. latifolium
(AAgjy) and S. calycinum (BBgc,) was performed using MCScanX (Wang
et al., 2012). Paralogous genes and duplication blocks between S.
radiatum chromosomes were screened using BLASTP and MCScanX.
The centromeric repeats SraCen1 and SraCen2 were identified in the
assembled genome using BLASTN. The correspondence of homologous
pairs between S. radiatum and S. latifolium (AAs;) and S. calycinum
(BBsca), as well as the syntenic relationships within the two sub-
genomes of S. radiatum, were visualized using VGSC Toolkit (Xu et al.,
2016).

Orthologous gene clusters in Sesamum

Orthologous gene clusters between cultivated sesame and wild Sesamum
species and 15 crop species were identified using OrthoFinder (v.2.3.3)
(Emms and Kelly, 2019). The recommended settings were used for all-
against-all BLASTP comparisons (v.2.3.05) and OrthoMCL analyses. In-
house Perl scripts were used to process OrthoMCL outputs; data were
visualized using InteractiVenn (http://www.interactivenn.net/). To gain
further insight into the evolutionary dynamics of the Sesamum genes,
expansion and contraction of gene families were analyzed using CAFE
software (http://sourceforge.net/projects/cafehahnlab/). A phylogenetic
tree based on the JTT matrix-based model was constructed using the
maximum likelihood method with RaxML (Kozlov et al., 2019). GO and
KEGG analyses of the protein-coding genes were performed using
Omicshare CloudTools (http://www.omicshare.com/).

SV identification

Nucmer (MUMmer v.4.0, standard parameters) was used to align the refer-
ence genomes (S. indicum and S. latifolium) with the other Sesamum ge-
nomes. Alignments were filtered using a delta-filter (parameter: -1) and calcu-
lated using show-coords (parameters: -cIrT -I 90 -L 300). Assemblytics
(https://github.com/MariaNattestad/Assemblytics) (parameters: 500, 50,
10 000) was used to identify SVs from the nucmer results. SURVIVOR
(v.1.0.5, convertAssemblytics, minimum size: 50) was used to show the SV
distribution. SVs were annotated using ANNOVAR (v.2015-06-17). All six SV
types, including Insertion, Deletion, Tandem_expansion, Tandem_contrac-
tion, Repeat_expansion, and Repeat_contraction (50-10 000 bp) were identi-
fied in individual Sesamum species (Source Data 4 for Figure 3). For each
Sesamum species, >50% of the SV overlapping with the reference genome
was considered the same SV. All SVs were grouped into core SVs,
dispensable SVs, and private SVs for intergenomic analysis. Presence and
absence of SVs in Sesamum were determined using custom scripts.

Key gene families in sesame

R genes in Sesamum were predicted using the Disease Resistance
Analysis and Gene Orthology (DRAGO2) pipeline (https://github.com/
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sequentiabiotech/DRAGO2-API), using HMMER v.3, COILS 2.2, and
TMHMM 2.0c (Osuna-Cruz et al., 2018). PRGdb 3.0 (http://prgdb.org/
prgdb4/) was used as a reference. All putative and reference pathogen-
recognition genes were pooled together for BLASTP analysis (2.2.30+) with
max_hsps_per_subject 1 and P < 1E—06. The 11 plant species A. coerulea
(GCA_002738505.1), Glycine max (GCF_000004515.4), Gossypium raimon-
dii (GCF_000987745.1_ASM98774v1), Helianthus annuus (Ha412viri_
genes_v1.0), L. usitatissimum (Lusitatissimum_200_v1.0), M. guttatus
(GCF_000504015.1), O. sativa (GCF_000005425.2), Ricinus communis
(GCF_000151685.1), S. lycopersicum (GCF_000188115.3), T. cacao (GCF_
000208745.1), and V. vinifera (GCF_000003745.3) were used for R-gene fam-
ily comparison (P < 1E—06).

FA biosynthesis and metabolism-associated genes were identified in Ses-
amum species by aligning all unigenes to the acyl lipid metabolism refer-
ence dataset (http://aralip.plantbiology.msu.edu/pathways/pathways)
using BLASTP (P < 1E-5, protein identity > 60%). Five oilseed crops (H.
annuus, G. max, G. raimondii, L. usitatissimum, and R. communis) and a
close species, S. lycopersicum, were used to identify and compare FA ho-
mologs and families. Sesame FA- and R-gene blocks were identified ac-
cording to the following criteria: distance between two FA (or R)
genes < 200 kb and < 8 annotated non-target-type genes present be-
tween two consecutive FA- (or R-) gene sequences (Jupe et al., 2012).

Phylogenetic analyses of CEN-like protein 2, DIR, NAC, and PPO proteins
in sesame and other plants were performed using MAFFT v.7.5 (Katoh and
Standley, 2013). Branch support values were calculated using 1000
bootstrap replications. PPl networks related to DIR and NAC proteins
were analyzed using STRING (https://string-db.org) (Szklarczyk et al.,
2021) with an Arabidopsis dataset.

Genome re-sequencing and GWAS analysis

DNA was extracted from 560 sesame accessions for PE (100 and/or 150 bp)
library construction and sequencing on the lllumina HiSeq 2500 platform
(Source Data Table 5). Re-sequencing data were aligned to the sesame
reference genome using Burrows-Wheeler Aligner 0.7.15 with default
settings (Li and Durbin, 2009). Putative SNPs and indels were identified
using the Genome Analysis Tool Kit (GATK3.7) according to GATK joint-
calling best practices, with the following filter parameters: FS > 60.0,
MQ < 40.0, QD < 2.0, SOR > 3.0, MQRankSum < -2.5, and
ReadPosRankSum < —8.0 (Poplin et al., 2017). Variants in all re-sequencing
samples were filtered according to stringent criteria: minimum variant count
> 100 and minimum frequency of 0.1. A phylogenetic tree was constructed
using SnPhylo (v.20140701) (Lee et al., 2014). The K value was determined,
and Ln likelihood scores were calculated using ADMIXTURE (v.1.3.0;
https://dalexander.github.io/admixture/download.html). SNP density, pair-
wise nucleotide diversity (r), and Fst indices were calculated using VCFtools
(0.1.15) (Danecek et al., 2011). Haploview (4.2; http://www.broadinstitute.org/
haploview) and Java (v.1.0.0_131) were used to construct the haplotype
maps. The minimum minor-allele frequency was set to 0.05, and the
maximum linkage disequilibrium comparison distance was 100 kb. The
mean Fst and 7w values for sesame varieties (m,) and germplasm
accessions (rtg) were calculated for all variants using VCFtools, and tg/my
was calculated with a window size of 200 kb and a step size of 10 kb.
Association analysis between variants and phenotypes was performed
using an MLM in TASSEL 5. A minimum of 100 permutation analyses were
performed (cutoff: 107%). SNPs with r? >5 and P < 1E—6 were retained for
target SNP region detection. Candidate SNPs and genes were identified
according to a previously established method (Yano et al., 2016).

GWAS analysis of branch number and OC phenotypes of 560 sesame germ-
plasms in different environments was performed using TASSEL 5 and MLM
(Anderson and Weir, 2007; Bradbury et al., 2007) (supplemental information).
NR and KEGG annotations were assessed using BLASTP and BLAST2GO.
Gene evolution analysis of the target genes SINAC, SiPPO, and SiCEN-
Like2-1 was performed (supplemental information).
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FOS resistance assay

The FOS resistance of cultivated sesame and six wild species was
evaluated using self-constructed evaluation methods (Qiu et al,
2014; Miao et al.,, 2020b). Three FOS strains (HSFO08027,
HSFO09018, and HSFO09095) with different pathogenicity characteris-
tics were used at a conidium concentration of 1 x 10° colony-forming
units/ml. S. indicum, S. latifolium, S. angustifolium, and S. radiatum
were inoculated with the FOS strain HSFO 08027 carrying the GFP
gene for 0 h to 6 d before histological observation. Confocal laser-scan-
ning microscopy (OLYMPUS FV1000; Olympus, Tokyo, Japan) was used
to observe fluorescence intensity. The 488-nm argon laser was set to
26% intensity.

Transcriptome sequencing and analysis of FOS resistance

Seedlings of S. indicum, S. latifolium, and S. calycinum with 2-3 leaf
pairs were inoculated with the FOS strain HSFO08027 according to a
previously described method (Miao et al., 2020b). A total of 203 groups
of root tissue samples, inoculated for 0-168 h and assessed at 9 time
points, were collected for RNA extraction and transcriptome sequencing
(Source Data Table 2). After filtering, the FPKM value was used to
estimate gene expression levels (Mortazavi et al., 2008). Differentially
expressed genes (DEGs) (adjusted P < 0.05, log2[FC] > 1 or < —1) were
identified using the log2 ratio of mapped readswith Differential
Expression software (https://github.com/griffithlab/rnaseq_tutorial/wiki/
Differential-Expression).

Weighted correlation network analysis was used to construct a DEG
network (https://www.plob.org/article/14994.html). GO annotation of the
DEGs was performed against the NCBI NR database using BLAST2GO
(E < 1079 (Conesa et al., 2005). KEGG enrichment analysis of the key
modules was performed using Omicshare CloudTools (http://www.
omicshare.com/). Orthologous gene pairs in S. indicum, S. latifolium,
and S. calycinum were identified using OrthoVenn (Wang et al., 2015b).
The R genes identified in the DEG data were compared between
different treatments and species. A gene interaction network was
constructed using Cytoscape v.3.7.2 (Smoot et al., 2011).

GWAS analysis of Fusarium wilt resistance using an
interspecific F, population

Fusarium wilt resistance was evaluated in the parental lines, S. calycinum
(P4) and S. angustifolium (P,), as well as the F4, F,, and F,_3 lines of
their interspecific crossing populations, using a previously described
inoculation method (Miao et al., 2020b). SNP matrixes of the 126
individuals were independently constructed for S. calycinum (P4) and S.
angustifolium (P,) (Source Data Table 1; Supplemental Table 5). GWAS
analysis of all variants and phenotypes in the population was performed
using an MLM in TASSEL 5 and the SNP interval screening method
(Zhang et al., 2016, 2019). A minimum of 100 permutation analyses
were performed (cutoff: 1075). The syntenic blocks and DEGs in the
target SNP intervals between S. calycinum and S. angustifolium were
screened to detect candidate resistance genes. SV analysis of target
SNP intervals in the two parents and 12 homogenous F; lines with high
resistance or susceptibility to Fusarium wilt was performed to determine
the target gene using LUMPY (v.0.2.13) (Layer et al., 2014), Manta
(v.1.6.0) (Chen et al., 2016), GRIDSS2 (v.2.5.2) (Cameron et al., 2021),
and DELLY (v.0.7.8) (Rausch et al., 2012). SURVIVOR software (v.1.0.6)
(Jeffares et al., 2017) was used for SV filtering. Only SVs detected
simultaneously by 2 or more software programs were retained for
association analysis. DIR homologs in Sesamum species and other
crops were analyzed using BLASTP.

OC assay and seed transcriptome analysis

The OC of cultivated sesame and six wild species was measured using
gas chromatography (Agilent 7890, Agilent Technologies, USA). Seeds
from the 560 sesame accessions were collected from healthy plants
grown in 8 environments (Yuanyang [113°97’E, 35°05'N; 2016 and
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2017], Yangchang [113°6'E, 34°87’N; 2017 and 2018], Pingyu [114°63'E,
32°97’'N; 2017 and 2018], Yuanmou [101°85’E, 25°07’N; 2018], and Sanya
[109°50’E and 18°25’'N; 2016]). The OC of each sample was measured
using a previously established nondestructive NMR method with three
replicates per sample. ANOVA of OC traits was performed using SAS
(v.8.0). The OC trait distribution was normalized using the Shapiro-Wilk
test with a significance level of P < 0.05. The effects of genotype, environ-
ment, and the genotype X environment interaction on phenotypic varia-
tion were evaluated using PROC GLM.

Eighteen groups of developing seed samples, ranging from 7-10 d to 29—
30 d, were collected from S. indicum, S. radiatum, S. latifolium, and S. ca-
lycinum for RNA extraction and transcriptome sequencing (Source Data
Table 3); each set included 3-5 time points. Forty-two groups of devel-
oping Sesamum seed samples were from the high-OC accessions var.
Shannzhi 3 and WanzhiC02-3, spanning 4-28 DAF; 17 sets of the low-
OC accession var. Black sesame, spanning 4-20 DAF, were also
collected. All samples were used for RNA extraction and transcriptome
sequencing (Source Data Table 4). The expression profiles of
orthologous genes among the DEGs were compared using FPKM
values (Smoot et al., 2011).

Transgenic functional validation of target genes

To validate the functions of target genes, overexpression vectors were
constructed for SIiCEN-Like2-1 (NCBI: MT362742), SiNAC (NCBI:
MT365249), and SiPPO (NCBI: MT365245) and transferred into Arabidop-
sis (LL4404) using the binary vector pFGC5941. The endogenous refer-
ence gene AtB-tubulin was used as a reference for gRT-PCR. The tran-
script levels of SICEN-Like2-1, SiINAC, SiPPO, and gene alleles were
individually normalized against that of the §-tubulin gene. Comparisons
were performed using the 2722 method.

DATA AND CODE AVAILABILITY

The genome sequence of sesame has been deposited at GenBank
under accession number MBSK00000000 in BioProject
PRJNA315784. The assembled genome sequences and annotations
of the six wild Sesamum species have been deposited at GenBank un-
der accession numbers JACGWJ000000000, JACGWL000000000,
JACGWMO000000000, JACGWKO000000000, JACGWNO00000000O0,
and JACGWOO000000000 in BioProject PRINA625646. Genome
re-sequencing data for the 560 germplasm accessions is available
at NCBI in BioProject PRUNA626474 (SAMN14693735-14694294).
Sequences of three genes, SiPT1 (SICEN-Like2-1; NCBI: MT362742),
SINAC (NCBI: MT365249), and SiPPO (NCBI: MT365245), were up-
loaded to the NCBI database. Patents for SiPT7 (SICEN-Like2-1)
have been applied for in China with patent application 2023102968853
(March 24, 2023).
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