Genome Biology Genome B|0|Ogy

This Provisional PDF corresponds to the article as it appeared upon acceptance. Copyedited and
fully formatted PDF and full text (HTML) versions will be made available soon.

Genome sequencing of the high oil crop sesame provides insight into oil
biosynthesis

Genome Biology 2014, 15:R39 doi:10.1186/gb-2014-15-2-r39

Linhai Wang (linhai827@163.com)
Sheng Yu (yusheng@genomics.cn)
Chaobo Tong (tongchaobo@gmail.com)
Yingzhong Zhao (zhaoyz63@163.com)
Yan Liu (zpteacher@hotmail.com)

Chi Song (songchi@genomics.cn)
Yanxin Zhang (zhyx026@yahoo.com.cn)
Xudong Zhang (zhangxudong2@genomics.cn)
Ying Wang (wangying2@genomics.cn)
Wei Hua (huawei@oilcrops.cn)
Donghua Li (Idh360681@163.com)

Dan Li (lidan4@genomics.cn)

Fang Li (lifang@genomics.cn)

Jingyin Yu (yujyinfor@gmail.com)
Chunyan Xu (xuchunyan@genomics.cn)
Xuelian Han (hanxuelian@genomics.cn)
Shunmou Huang (shunmouh@yahoo.com.cn)
Shuaishuai Tai (taishuaishuai@genomics.cn)
Junyi Wang (wangjunyi@genomics.cn)
Xun Xu (xuxun@genomics.cn)

Yingrui Li (liyingrui@genomics.cn)
Shengyi Liu (liusy@oilcrops.cn)
Rajeev K Varshney (R.K.Varshney@CGIAR.ORG)
Jun Wang (wangj@genomics.cn)
Xiurong Zhang (zhangxr@oilcrops.cn)

ISSN  1465-6906
Article type Research
Submission date 17 July 2013
Acceptance date 24 January 2014
Publication date 27 February 2014

© 2014 Wang et al.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly credited.


mailto:linhai827@163.com
mailto:yusheng@genomics.cn
mailto:tongchaobo@gmail.com
mailto:zhaoyz63@163.com
mailto:zpteacher@hotmail.com
mailto:songchi@genomics.cn
mailto:zhyx026@yahoo.com.cn
mailto:zhangxudong2@genomics.cn
mailto:wangying2@genomics.cn
mailto:huawei@oilcrops.cn
mailto:ldh360681@163.com
mailto:lidan4@genomics.cn
mailto:lifang@genomics.cn
mailto:yujyinfor@gmail.com
mailto:xuchunyan@genomics.cn
mailto:hanxuelian@genomics.cn
mailto:shunmouh@yahoo.com.cn
mailto:taishuaishuai@genomics.cn
mailto:wangjunyi@genomics.cn
mailto:xuxun@genomics.cn
mailto:liyingrui@genomics.cn
mailto:liusy@oilcrops.cn
mailto:R.K.Varshney@CGIAR.ORG
mailto:wangj@genomics.cn
mailto:zhangxr@oilcrops.cn

Genome Biology Genome B|0|Ogy

Article URL http://genomebiology.com/2014/15/2/R39

This peer-reviewed article can be downloaded, printed and distributed freely for any purposes (see
copyright notice below).

Articles in Genome Biology are listed in PubMed and archived at PubMed Central.
For information about publishing your research in Genome Biology go to

http://genomebiology.com/authors/instructions/

© 2014 Wang et al.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly credited.


http://genomebiology.com/2014/15/2/R39
http://genomebiology.com/authors/instructions/

Genome seguencing of the high oil crop sesame
provides insight into oil biosynthesis

Linhai Wangd'
Email: linhai827@163.com

Sheng Ya&'
Email: yusheng@genomics.cn

Chaobo Tony'
Email: tongchaobo@gmail.com

Yingzhong Zhad'
Email: zhaoyz63@163.com

Yan Liu*'
Email: zpteacher@hotmail.com

Chi Song
Email: songchi@genomics.cn

Yanxin Zhang
Email: zhyx026@yahoo.com.cn

Xudong Zhang
Email: zhangxudong2@genomics.cn

Ying Wand
Email: wangying2@genomics.cn

Wei Hud
Email: huawei@oilcrops.cn

Donghua Lt
Email: Idh360681@163.com

Dan LP
Email: lidan4@genomics.cn

Fang Lf
Email: lifang@genomics.cn

Jingyin YU
Email: yujyinfor@gmail.com

Chunyan Xa
Email: xuchunyan@genomics.cn



Xuelian Haid
Email: hanxuelian@genomics.cn

Shunmou Huang
Email: shunmouh@yahoo.com.cn

Shuaishuai Tai
Email: taishuaishuai@genomics.cn

Junyi Wang
Email: wangjunyi@genomics.cn

Xun Xu?
Email: xuxun@genomics.cn

Yingrui Li?
Email: liyingrui@genomics.cn

Shengyi Lid”
Corresponding author
Email: liusy@oilcrops.cn

Rajeev K Varshnéy”
Corresponding author
Email: R.K.Varshney@CGIAR.ORG

Jun Wang*”’
Corresponding author
Email: wangj@genomics.cn

Xiurong Zhang
Corresponding author
Email: zhangxr@oilcrops.cn
! Oil Crops Research Institute of the Chinese Academy of Agriculturah&es,
Key Laboratory of Biology and Genetic Improvement of Oil Crops of the
Ministry of Agriculture, Wuhan 430062, China
2 Beijing Genomics Institute (BGI) — Shenzhen, Shenzhen, China
3 Department of Biology, University of Copenhagen, Copenhagen, Denmark

* Yanzhuang oil CO., LTD, Hefei, China

® International Crops Research Institute for the Semi — Arid Tropics 88R),
Patancheru, India

® CGIAR Generation Challenge Programme (GCP), c/o CIMMYT, Mexico, DF,
Mexico



" Equal contributors.

Abstract

Background

SesameSesamum indicum L., is considered the queen of oilseeds for its high oil content and
quality, and is grown widely in tropical and subtropical areas asmpaortant source of ojl
and protein. However, the molecular biology of sesame is largely unexplored.

Results

Here, we report a high-quality genome sequence of sesamnmebéesdde novo with a contig
N50 of 52.2 kb and a scaffold N50 of 2.1 Mb, containing an estimated 27,148 genes. The
results reveal novel, independent whole genome duplication and the absertbe| of
Toll/interleukin-1 receptor domain in resistance genes. Candidats gad oil biosynthet|c
pathways contributing to high oil content were discovered by coninmargenomic angd
transcriptomic analyses. These revealed the expansion ofltyjgped transfer genes hy
tandem duplication, the contraction of lipid degradation genes, and tbeedtfal expression
of essential genes in the triacylglycerol biosynthesis pathwatycydarly in the early stage
of seed development. Resequencing data in 29 sesame accession2froountrie
suggested that the high genetic diversity of lipid-related gemgist be associated with the
wide variation in oil content. Additionally, the results shed light onpikietal stage of seed
development, oil accumulation and potential key genes for sesamin fiood@an importan
pharmacological constituent of sesame.

Conclusions

As an important species from the order Lamiales and a highopi] tre sesame genome will
facilitate future research on the evolution of eudicots, as welthasstudy of lipig
biosynthesis and potential genetic improvement of sesame.

Background

Sesame Jesamum indicum), a widely grown crop in tropical and subtropical areas, is
documented as the most ancient oil crop that provides humans withesiseimtial daily
energy. Vegetable oil consumption is expected to reach almost 860 kilograms by 2030
[1], which will increase the demand for oil-rich crops; gensticlies to improve oil content
in vegetable will help address this demand. Compared to other edibdeops such as
soybean Glycine max), rapeseedBrassica napus), peanut Arachis hypogaea) and olive
(Olea europaea), sesame has innate superiority for its high oil content (~55%yo$ekd)
[2], and thus is an attractive potential model for studying lipid biosynthesis [3].



The sesame seed had been considered the “queen of oilseeds”Hghitil content and

quality [4], and has been traditionally categorised it as a h&aitts in China, Japan and
other East Asian countries [5]. The antioxidative furofuran lignansesame has been
analysed by pharmacologists for their potent pharmacological piesper decreasing blood
lipids [6] and lowering cholesterol levels [7]. Recently, the gete®@ing sesamin synthase
was identified [8].

Taxonomically, sesame belongs to Lamiales, an order comprisR®)&10 flowering plants
in the clade asterids [9]. Lamiales includes many other wellvkn@r economically
important species, such as oliveléa europaea), leonurus I(eonurus japonicas), lavender
(Lavandula spica) and basil ©Qcimum basilicum). However, intensive genetic or genomics
study are lacking in most Lamiales species. As high-througbpgtiencing has become
routine, several studies in sesame have been performed. A numbeplef sequence repeat
(SSR) markers have been developed [10-12]. The loci associatedndgthiscent capsule
trait, determinate growth habit and seed coat colour have beetedatespectively [13-15],
and the expression levels of sesame genes have been explored arsjeg &d high-
throughput DNA sequencing technologies [16-18]. The phylogenetidgosit sesame has
been determined using chloroplast genomic data, which indicated the iceagel of
Sesamum in Lamiales [19]. These studies along with the recently publighiadte genome
of Utricularia gibba and the genome survey of sesame have contributed new insigtitanto
Lamiales [20,21].

Here, we report a high-quality draft genome of the sesameygenathongzhi No. 13’, an

elite cultivar with high oil content (59%), which has been introduoechost major sesame
planting areas in China over the last 10 years. In addition to tHeasgelmbled genome
sequences, a new high-density genetic map, 12 in-depth RNA-Seq daadetsequencing
data for 29 sesame accessions were generated for understandiremaysing genome
structure, evolution and important nutritional characters, includingl lgnd sesamin
synthesis, in the most comprehensive way. Together, these redultspen a door for

genetic studies in favour of a variety of purposes in, but not restricted to, sesame.

Results and discussion
De novogenome sequencing

Assembly and assessment

After reads filtering, 54.5 Gb of high-quality data from sesanigvar “Zhongzhi No. 13"
were obtained using the lllumina Hiseq2000 platform (Figure S1, Tableand S2 in
Additional file 1; Data S1 in Additional file 2), representing apjmreately 152.7 fold
coverage of the predicted sesame genome. SOAPdenovo [22] was usednibleagke
genome, which resulted in a draft genome of 274 Mb with contig N50 afitldcN50 of
52.2 kb and 2.1 Mb, which are ~2.7 and ~92.9-fold longer, respectively, than augrevi
survey of the sesame genome [21] (Table 1; Table S3 and S4 inoAdtiile 1). Using a
newly constructed genetic map consisting of 406 markers (Daita A&ditional file 2), we
anchored 150 large scaffolds (117 oriented) into 16 pseudomolecules, whiruriedr
85.3% of the genome assembly and 91.7% of the predicted genes (numbe&idd-ds316;
Table 1; Figure 1; Table S5 and Figure S3-S5 in Additional fije The estimate
heterozygosity of the assembled sequenced line was 1.08. 7t low heterozygosity was



not unexpected because sesame is a self-pollinated plant [23], arfddnvperformed
successive selfing for five generations on the sample before e@ogieo guarantee its
homozygosity.

Table 1 Summary of sesame genome assembly and annotation

Assembly Number N50 (size/number) N9O (size/number) Total length
Contigs All 26,239  52.17 kb/1,545 11.40 kb/5,534 0 2
Scaffolds All 16,444  2.10 Mb/42 268.23 kb/169 276 M
Anchored on chromosomes 150 - - 234 Mb
Anchored on chromosomes and oriented 117 - - RO 7
Annotation Number Total length Percentage of the assembly
Protein coding genes All 27,148 86.08 Mb 31.46
Transposable elements  All - 78.86 Mb 28.46
LTR-Retroelements - 48.03 Mb 17.56
non-LTR Retrotransposons* - 11.70 Mb 4.28
DNA transposons - 10.88 Mb 3.98
Unknown - 14.64 Mb 5.35
Noncoding RNAs rRNA fragments 386 89.66 kb <0.04
tRNAs 870 65.31 kb <0.03
mMiRNAs 207 25.41 kb <0.01
snRNAs 268 33.93 kb <0.02
*Long interspersed nuclear elements (LINES) and short intessgenuclear elements
(SINESs).

Figure 1 Distribution of the basic genomic elements of sesame. (RseudomoleculetB)

Gene density (MRNA); the frequency of sites within gene regions per 500 Idul riiom

0.04 to 0.61(C) DNA TE (transposon element) density; the frequency of sites within DNA
TE regions per 500 kb ranged from 0 to 0(&®. Retrotransposon element density; the
frequency of sites per 500 kb within retrotransposon element regions ranged from 0 to 0.71.
(E) GC content; the ratio of GC sites per 100 kb ranged from 0.32 to 0.40. Inner ribbons
indicate self-collinearity of sesame, and the homologous regions of more thanré Mb a
highlighted. Circos (http://circos.ca) was used to construct the diagram.

The assembly covered 77.4 - 81.3% of the genome size accordingestithations derived
from 17-mer depth distribution (357 Mb) (Figure S2 in Additional fil@dd flow cytometry
(337 Mb) (Figure S3 in Additional file 1). The integrity of gene gpat the genome
assembly was demonstrated by the successful mapping of 99.3% of 3,328 expressee seque
tags (ESTs) [16] retrieved from GenBank, and 98.5% of 86,222 unigenesvénat
assembledle novo from previously reported RNA-Seq data [17] (Table S6 in Additiotel fi
1). In addition, the large-scale assembly accuracy was assessgdfive fosmid clones
(33.5-38.6 kb) that were sequenced thoroughly using the Sanger sequeobimgogy (see
Supplementary Note in Additional file 1), whereby 99.6% of the clone seqaen average
were identical to the assembly (Table S7 and Figure S7 in Addititedl). Hence, a high-
quality assembly of sesame is provided here, rendering it ablalsource for studying
genome structure and evolution.



Genome annotation

We predicted 27,148 protein-coding genes with an average transcripf SiZ&/1 bp byab
initio and homology-based analyses (Table S8-S10 in Additional file 1), togetheRNA-
Seq reads-assisted annotation. Of those, 23,635 (87.1%) were supported pgsunige
protein similarity, with only 12.9% derived solely fragb initio gene predictions (Table S9
in Additional file 1). With regard to non-coding genes, we identified BO0RNAs, 870
tRNAs, 268 snRNAs, and 386 rRNA fragments from the assembly, tespecTable S11
in Additional file 1).

Transposable elements play an important role in and are the coapmonents of plants. A
comprehensive annotation revealed that the repeat elements ire sasalower (28.5% of
assembly) than in grapevine (52.2%) [24], tomato (63.2%) [25] and potato (526%0)
(Table 1; Table S12 and S13 in Additional file 1). As observed in sdoprenced genomes,
long terminal repeats (LTRsS) in sesame occupy the maj&ityi%) of repeat sequences.
When the number of full-length LTRE@pia andGypsy) was plotted against their insertion
time inferred from the intra-sequence divergence of LTRorsg(Figure S8 in Additional
file 1), the resulting age distributions exhibited typical ‘bapes with the accumulation of
many recent LTRs and many fewer old LTRs. These age disbrisuteflected a steady-state
stochastic birth/death model for the dynamics of LTR accumulation and af2ivjty

For the two major members of LTRs, the proportionCopia (7.3% of the genome) in
sesame is comparable to that in grapevine, tomato and potato, butdbetage ofGypsy
(6.6%) is extremely underrepresented (Table S13 in Additional)il&nlike that observed
in tomato and potato, the distribution of the divergence ra@ypdy is very smooth and low
in sesame, suggesting that it had not experienced explosive actomatlaactivity (Figure
S9 in Additional file 1), and may be associated with the low ptapoof Gypsy, which in
turn relates to the lower repeat element ratio and smaller genome sizenaé.sesa

Evolution in the sesame genome

Gamma and a recent whole genome duplication evergesame

Sesame belongs to the asterids clade of eudicots [28]. Taxongmisathostly related to
Utricularia gibba [20], tomato and potato, the other whole genome sequences available and
published thus far in this clade [25,26]. Based on the shared singlegem@g from 11
sequenced species (Table S14 and Figure S10 in Additional féesBme was estimated to
have diverged fronU. gibba ~98 million years ago (68.6 - 145.2 MYA), and from the
tomato—potato lineage ~125 MYA (89.8 - 185.8 MYA) (Figure S11 in Additional file 1).

We identified 11,934 shared dicots-monocots, 14,158 shared asterids-rasiddaes of
dicots) and 20,563 shared asterids lineage (sesdmgibba, tomato and potato) gene
clusters (Figure 2a), representing their ancestral gene éamiloreover, we identified 450
gene families containing 2,638 genes, plus 3,972 single-copy genewdtstspecific to
sesame (Table S14 in Additional file 1; Figure S10 in Additioal i Data S3 and S4 in
Additional file 2). Many of these genes were or encoded P450 genedjngac proteins,
transposases, transcription factors and disease resistance gguestisg their possible
roles in species differentiation and adaptability in the sesame lineagen@és



Figure 2 Genome evolution of sesame. (&eft: shared and unique gene families in each
lineage; Right: distribution of the asterids-specific gene families amsedtricularia

gibba, tomato and potato. Gene numbers in related gene families are listed in b(agkets.
The relationships between grapevine and two subgenomes of sesame. These regions we
listed in Table S15 in Additional file 1. For each segments in the grapevine chromosome, tw
obvious duplicated collinear segments from sesame were aligned. Accordingetaihed
gene ratio in duplicated segments, the high (red) and low-fractionated sedbiaee} are
representedc) Polyploidisation events in the asterids | lineage. Age was estimaiealizce

to Ks distributionyy: gamma triplication event in eudicot ancestor; T: triplication event in the
tomato-potato lineage; D: recent duplication event in sesame; Dmr: the nevgt rec
duplication event itJ. gibba; Sin: Sesamum indicum; Sly: Solanum lycopersicum;

Stu:Solanum tuberosum; Vvi: Vitisvinifera; Ugi: Utricularia gibba. See Supplementary Note

4 in Additional file 1 for more details.

Based on synonymous substitution rati€g @nd synteny relationships, we uncovered the
dicot-specific gammay] event and a novel independent whole genome duplication (WGD)
event in the lineage leading to sesame (Figure S12 and S13 in Addil®ria. The recent
WGD event in the sesame lineage was further corroborated in that thegsaqggeine region
always aligned with two sesame segments (Figure 2b; Tabte and Figure S14 in
Additional file 1). We tentatively partitioned the recent sesaimeage-specific WGD
genomic regions into two nonoverlapping “subgenomes”. The two subgenomes/éGihe
corresponded to ~61 Mb (7,781 genes) and ~74 Mb (7,975 genes) regions, rdgpective
constituting ~50% of the current sesame genome assembly. Amorngfelled grape
genomic loci, 79.1% were found to have undergone substantial gene |dssa wipy
retained in only one of duplicated syntenic regions (subgenomes) otshens genome
(Supplementary Note, Table S16 and S17 in Additional file 1; Da@an8556 in Additional
file 2), following the WGD that occurred in the sesame-lineageeskimate the age of recent
WGD events in the sesame genome, we extracted 1,239 duplicated sps@se(both
retained in two subgenomes; Data S7 in Additional file 2) and eaézlitheirKs valuesWe
observed nearly parallel peaks and identical ranges iKstbestributions of these duplicated
gene pairs and those from the triplication event in tomato (Fi§lein Additional file 1),
which have been dated to ~71 (x19) MYA [25]. Therefore, the recent \&#@Dbt of sesame
should have occurred independently in the parallel period of the ttipficavent in the
tomato-potato lineage, but older than the most recent duplicatith gibba after their
divergence (Figure 2c). Genes retained in duplicate are not evestiybuted among
different functional categories [29], and an obvious bias was obsdorethe genes
corresponding to transport, regulation, signal transduction and metakalisesame (Table
S18 in Additional file 1). These over-retained genes may function serilgsin increasing
the complexity of the regulatory networks accountable for the¥antion between genotype
and environment for the species after WGD.

Absence of N-terminal TolVinterleukin-1 receptoi (R) nucleotide binding sites
encoding resistance genes in sesame

Genes encoding nucleotitiending sites (NBSs) are the largest class of plant disease
resistance genes. Based on whether they contain a TIR domain @BB]radistance genes
can be further categorised into two subclasses (TIR and non-WR)dentified a total of
171 genes with an NBS domain in sesame (Table S19 in Additiond))fiend 65.2% were
organised in tandem arrays (Figure S16 in Additional file 1).guingly, all of the NBS-
encoding resistance genes belonged to non-TIR type. The absencedufifidit-containing



resistance genes has been reported generally in monocots [31], tauk ign eudicots
although it has been detected in sugar bBeta(vulgaris) by polymerase chain reaction
(PCR) [32]. Analysis of homologous genes from 11 species including &o¢sichnd 3
monocots has also shown that sesame and monocots are absent frathdMECO clusters
of genes with the TIR domain (Data S8 in Additional file 2; Feg84.7 in Additional file 1).
The absence of the NBS genes with the TIR domain in sesamiirfees exanimated by
searching the gene-masked assembly and the unmapped reads;sheitrest a TIR domain
in sesame. Hence, the unambiguous absence of TIR domain-contasigignee genes at
the whole genome scale in sesame, a species of eudicots, providesparadigm for the
study of the evolution of resistance genes [33]. However, the meahdhat induced such
loss, and whether it is common in the order Lamiales require further elanidat

Quiality characters of sesame

Molecular foundation for the high oil content of same

Elucidation of the sesame genome allowed the unprecedented opportunitydyoosd
biosynthesis for its high oil content. By searching the lipid-eelajene database consisting
of 222 functional families oArabidopsis thaliana, we found that sesame has unexpectedly
low gene copy numbers (708) comparedAtahaliana (736), soybean (1,298), grapevine
(732), tomato (902) and rice (805) (Data S9 in Additional file 2). Fotvwibezdible oil crops,
the conspicuous discrepancy between sesame and soybean in themt@it ¢~55% vs.
~20%, respectively, of dry seed) and their predicted lipid gene nu(ib8rvs. 1,298,
respectively) implies that different properties or mechanisiral biosynthesis exist in the
two distantly related oil crops.

In contrast, soybean contains more copies than sesame in ~94.1%2thpid-related
gene families. We found that the families encoding lipid trangfetein type 1 (LTP1),
midchain alkane hydroxylase, FAD4-like desaturase (FAD4-like),atcwhol-forming fatty
acyl-CoA reductase (AICFAR) have been expanded by tandem digiiga sesame (Figure
S18 - S20 in Additional file 1). Among these families, LTP1 is #Hrgdst containing 34
genes with 29 clustering into four tandem arrays (Figure 3a).higkesequence similarity
among the genes in tandem 3 and 4 suggested that each might pexienerd a recent
expansion. Of these LTP1 genes, more than 90% were expresseet iof 43 sesame seed
transcriptomes (FPKM > 1), confirming their functional actigtim lipid biosynthesis
(Figure 3b). Expansion and retention of these genes may refleseldgation for genomic
variation corresponding to the production of high oil content during domtstidaecause
the enhancement of the LTP1 family may benefit oil accunamally strengthening the
transport of fatty acids, acyl-CoAs, and other lipid molecules [B#]addition, the two
cytosolic lipoxygenase (LOX) and lipid acyl hydrolase-like (LAfdjnilies related to the
degradation of lipids [35,36] are both contracted in sesame (8 LOXs ahAH®) when
compared to soybean (45 LOXs and 42 LAHS) (Figure S21 and S22 incdkddlifile 1).
Based on these data, we speculate that the expansion of somenpithgdies, especially
the type 1 lipid transport genes, and the contraction of lipid degrada&tiated families may
lead to higher oil content in sesame than soybean.



Figure 3 Diagrams represent gene expansion of LTP1 in sesame. f&ximum—

likelihood tree showing expansions of LTP1 in sesame. Red dots, sesame; green dots,
Arabidopsis; yellow dots, soybean; blue dots, grapev{ig Expression patterns and tandem
arrays of LTP1 in sesame. Twelve transcriptomes corresponding to theos&6d20, 25

and 30 DPA of three accessions (from left to right): ZZM4728 (high oil content, 59% of
seed), ZZM3495 (low oil content, 51% of seed) and ZZM2161 (low oil content, 48% of
seed).

Differentially expressed lipid genes in seed depat@nt

To investigate the potential mechanism underlying the variatiorl content in sesame, we
evaluated two accessions representing low oil content matgdd@% and 51%) in
germplasm, along with the high oil content cultivar “Zhongzhi No. (B3%), each in four
developmental stages [10, 20, 25, and 30 days post anthesis, (DPA)] feE&Nanalysis
(Table S1 in Additional file 1). Clustering of the expression pgsfof the 416 sesame genes
that were predicted to be orthologous to the lipid-related genediudliana (Supplementary
Note in Additional file 1), clearly distinguished the 10 DPA frorheststages and also the
high and low oil sesame accessions (Figure 4a), suggestintp¢éhdetermination of different
oil content by lipid-related genes begins in the early stages of seedpleeeat.

Figure 4 Expression profiles of the lipid-related genes in sesame seétierarchical
clustering of the sesame seed samples based on th@)eierarchical clustering of the
sesame seed samples based on the expression levels (RPKM) of 416 predictddtioid-re
genes(b) Differently expressed genes (DEGs) of 10 DPA seeds in the downstreawh par
the TAG synthesis pathway. DEGs between the high and low lipid content accessioss i
pathway are marked in red. Coloured squares indicate the expression level (RREK&) @f
DEGs encoding phosphatidylcholine: diacylglycerol cholinephosphotransferaS€&\PD
phospholipid: diacylglycerol acyltransferase (PDAT), oil-body proteinsalsiesin, caleosin
and oleosin) and transcription factors (ABI3, ABI4 and WRI1) in the three accedsams (
left to right): ZzM4728 (high oil content, 59% of seed) and ZZM3495 (low oil content, 51%
of seed), ZZM2161 (low oil content, 48% of seed). The correlation (r) of expressiempatt
between transcription factors and genes were calculated using Pearsetési@or
coefficients (PCCs) based on all 12 transcriptomes. Dashed arrows indicat@lppositive
regulation.

After checking all oil-related pathways, we found that the gerpeessed differentially at 10
DPA were enriched significantly in the downstream of triaggegtol (TAG) biosynthesis
pathway, including genes encoding phosphatidylcholine: diacylglycerol
cholinephosphotransferase (PDCT) [37], phospholipid: diacylglycerol racgferase
(PDAT) [38], oil-body proteins (steroleosin, caleosin and oleosin), @ms$dription factors
(ABI3, ABI4 and WRI1) (Data S10). Until recently, the last steplAG biosynthesis was
assumed to be uniquely catalyzed by acylCoA: diacylglyceroltrangferase (DGAT).
However, some plants (e.g. sunflower, castor beanGigpis palaestina) and yeast were
found to have an acyl-CoA-independent mechanism for TAG synthesis, whah us
phospholipids as acyl donors and diacylglycerol (DAG) as the amc§p®,40]. In the
present study, PDAT was expressed 2- to 3.5-fold higher in théigheil accession than
the two low-oil accessions at 10 DPA (Figure 4b), whereas DGiAowed no significant
differences in expression. These results are in accordanicghei results in yeast, which
revealed that overexpression of PDAT can increase TAG lnyd2ii the early logarithmic
phase [40,41]. Collectively, these data strongly suggested that phession of PDAT in



collaboration with other genes plays a pivotal role in shaping the oil acdionutathe early
stage of sesame seed development.

Population variation in sesame lipid-related genes

To screen the sequence variation in lipid-related genes, 29 sesam@ssions from 12
countries with oil content variation ranging from 48.6% to 59.8% welext®d for genome
resequencing. More than 120 Gb clean data corresponding to 13-fold gexoweriage for
each accession were generated, resulting in the idenbficati2,348,008 single nucleotide
polymorphisms (SNPs) (Data S11 in Additional file 2). From theB#sS population
diversity r) and Watterson’s estimator of segregating stieg (vere estimated to be 0.0025
and 0.0032, respectively, in the population (Figure 5a; Figure S23 in Addifiend). This
genetic diversity is lower than that in rice [42], but highanthhat in chickpeaGjcer
arietinum) [43], watermelon Citrullus lanatus) [44] and soybean [45] (Table S20 in
Additional file 1). Lipid-related genes in sesame showed a wat@tion with z values
ranging from 0 to 0.0099, and were similar to the average of other (@8681 vs. 0.0020).
In addition, lipid-related genes with highvalues (top 10%) were significantli? & 0.0001)
enriched in the two biological processes of lipid transport and y@ikation. For example,
most genes in the LTP1 family exhibited high diversity (Figurd. Bpecifically, the
“youngest” tandem 4 nearly occupied all of the higlegalues in lipid genes. Furthermore,
using read depth of coverage, we found about a quarter of the 708tgudgid-related
genes in sesame had copy number variations (CNVs) (DatanSA&ditional file 2) that
were enriched significantlyP(< 0.01) in the biological process of lipid transport and the
molecular function of lipid binding. For the LTP1 genes, 3 of tandem 1t&dem 2, 4 of
tandem 3 and 8 of tandem 4 were observed to have CNVs (2—4 copies imamang the
population (Data S13 in Additional file 2). The abundant variation in LTPghimbe
associated with the intra-species differences in oil contents.

Figure 5 Schematics of the pairwise nucleotide diversityx( red) and total

polymorphism (0w, blue) of sesameSchematics of the pairwise nucleotide diversityréd)
and total polymorphisnmiv, blue) of sesaméa) Distributions ofz (red) andhw (blue) of the
sesame genome and positions of lipid-related genes (part, see Figure Sagional file

1). The two lines of bars below the axistzadr Ow indicate the positions of the lipid-related
genes in sesame. Blue bars, lipid-related genes except for LTPHrsed BP1 genegb)
Scatterplots of anddw values of LTP1 genes (red triangle), non-LTP1 lipid-related genes
(blue triangle) and the other genes (green circles).

We also found that the oleate desaturase (FADB20.0016) and linoleate desaturase (FADS,
7 = 0.0018) genes usually keep low diversity, which may partially exghe low variation
(40 = 5% of oil) in oleic and linoleic acid content in sesamesstors [2]. For the oil-body
protein families, higher variation was detected in the caleasilyf (with an average value

of 0.0047) than in oleosin (0.0025) and steroleosin (0.0024). In contrast, traoscripti
regulatory families containing WRI1, ABI3 and ABI4 exhibited teky low = values (<
0.0008), indicating a conserved function for these transcription factargatigipate in seed
development and oil biosynthesis.

Genes for sesamin biosynthesis

Sesamin is an oil-soluble furofuran lignan typically presentsarse seed. It can increase oil
stability and has been reported to be positively correlated withiltlventent [46]. Sesamin



biosynthesis involves two key genes encoding dirigent protein (DIR)pgeditol/sesamin
synthase (PSS), respectively [47] (Figure S24a in Additionalfil®y conducting a BLAST
search against the 11 species (Table S14 in Additional file &)fownd that the DIR
homologues are present in sesame (SIN_1015471) and tomato, but theeRSHhg @detected
in sesame (SIN_1025734), indicating the genetic foundation for the sesame-spedifit.p

The gene expression level usually correlates with its product If&e four stages of three
sesame accessions with different sesamin content (Table SHdiioAal file 1), DIR
(SIN_1015471) expression was generally highest in the three 10 &#tAsamples, which
decreased in the following stages. In contrast, PSS showed diff@tézins among the three
accessions (Figure S24b in Additional file 1), with the highest ezjme levels detected at
20 DPA in the low sesamin accessions as reported previously [49] bigihar levels than
that detected at 10 DPA in the high sesamin accession. The higadewel in the early seed
developmental stage in the high sesamin accession might be tesbogta its dual catalytic
property, thereby producing more piperitol for subsequent sesamin biosynthdssighlive
expected to find PSS sequence variations between the high and lomnsaseessions, we
found that it was especially conserved when we checked thes@§uenced accessions (the
three accessions used for RNA-Seq were also included). Thus, cutasee that other genes
might regulate the different expressions of PSS; thereforseleeted a list of co-expressed
genes of PSS for further study (Data S14 in Additional file 2)les€ genes are mainly
involved in metabolic processes and catalytic activity (Figure S25 in Addifitedl).

Conclusions

The genome of sesame assemlaedovo offers a new whole genome sequence in the order
Lamiales that follows the typical minute genotde gibba. This information provides an
important resource for genetic and evolutionary studies. The evolutiocemarsd outlined
for sesame clearly revealed a more recent WGD event atX9)1MYA, which occurred
after the split from tomato and potato and presents a new regoustedying the intricate
paleopolyploidisation processes in plants. The evolution of genes inlearoraasterids may
be more complicated, considering the complete loss of the TIR-type NBftegcesistance
genes in sesame, which undoubtedly presents a new paradigm in glgcttiat fate of
resistance genes along with their interactions with disekka®over, determining whether
similar mechanisms exist that induce or offset the loss off BRedomain in both eudicots
and monocots will be of great interest.

Although many studies have focused on the mechanisms of lipid biosgnthadi
accumulation and the detection of lipid-related genes in differeniespéice genes involved
in the dozens of complex oil biosynthesis pathways require furtheidation. For primary
edible oil crops such as rapeseed, peanut and soybean, it iscaldgtrio encounter
intertwined polyploidy or large genome sizes with many lipldtes genes, which makes
studies on oil biosynthesis much more daunting. In contrast, the hidgltenteént and fewer
lipid-related genes in the small and diploid genome of sesarke in@n invaluable potential
model plant for studying oil biosynthesis. Tle novo assembled genome, a set of 12
transcriptomes and 29 resequenced accessions provide a large rdgspuaxgloring the
mechanisms underlying different oil contents between sesame wrehsp as well as among
sesame accessions. The extensive expansion and high diversity bfjefes, and key genes
differentially expressed in the downstream of TAG biosynthesiswaat should aid future
genetic studies in sesame. Undoubtedly, the advancement of studyaomeseill improve
the quantity and quality of the edible oil crops to fight food and nutrition crises.



Materials and methods

DNA and RNA Isolation

The sample used for whole genomenovo sequencing was “Zhongzhi No. 137, an elite
sesame cultivar that has been introduced to most of the magmnesgdanting areas over the

last 10 years. Genomic DNA was extracted from leaves witaadard CTAB extraction
method [50]. The materials used for RNA-Seq to analyse lipid asahse synthesis were

three sesame accessions with different lipid and sesamin c¢hédaié S1 in Additional file

1). The seeds of 10, 20, 25 and 30 DPA were sampled for RNA-Seq. The procedure described
by Weiet al. [17] was used for RNA extraction and sequencing (or see Additional file 1).

Whole genome shotgun sequencing and assembly

We carried out whole genome shotgun sequencing with the Illlumina B0 platform.
Eight paired-end sequencing libraries with insert sizes of ~180 bgB@DO bp, 2 kb, 5 kb,
10 kb and 20 kb were constructed, which generated a total data amount of 89.54 G
reduce the effect of sequencing error on assembly, we tookea séstringent filtering steps
on reads generation (see Supplementary Note in Additional file Br #ié above quality-
control and filtering steps, 54.46 Gb of clean data, ~150-fold coverage qfredected
genome size was remained (Table S2 in Additional file 1; Batan Additional file 2). The
guality and quantity of the filtered data were checked by thilalitions of the clean reads
from every library (Figure S1 in Additional file 1). For all b&t37.63 Gb of clean data from
short-insert size libraries, a custom programme based okttex frequency methodology
was used to trim reads and correct bases [25]. Next, all of the remaining datssefode
novo genome assembly.

We carried out the whole genome assembly using SOAPdenovo [29,51].

Contig construction: First, we split the reads from the shorttissas libraries intd&-mers (k
= 71) and constructed @ Bruijn graph. We then simplified the graph referring to the
parameters, and lastly connectedkhaer path to produce the contig file.

Scaffold construction: All usable reads were realigned onto thegcseyguences; the amount
of shared paired end relationships between each pair of contigsearate of consistent and
conflicting paired-ends, were calculated to construct the scafébdgsby step, from short-
insertion-size paired—ends to long-insertion-size paired—ends, andly,finad obtained
scaffolds.

Gap filling: We used the tool GapCloser [52] to close the gapslenfie constructed
scaffolds, which were mainly composed of repeats masked befofeldecamnstruction. We
used the paired-end information to retrieve the read pairs #tabhe end mapped to the
unique contig and the other located in the gap region. Then, we prefaoa¢ddsembly for
these collected reads. Finally, about 274 Mb of sesame genomessesbied, 98.8% of
which is non-gapped sequences (see Additional file 1).



Estimation of genome size by flow cytometry

Flow cytometry (FCM) was used to determine the DNA contentes&rme [53]. Sesame
samples and reference material were analysed on an EPI&EER cytometer (Beckman-
Coulter, Hialeah, FLA) with an air-cooled argon laser (Uniphas&88 nm using 20 mW.
Salmon erythrocytes (2.16 pg/1C) were used as internal biologtadence materials.
Nuclear DNA content (in pg) of sesame samples was estinaataiding to the following
equation: 1C nuclear DNA content = (1C reference in pg x peak nugasesame)/(peak
mean of reference). The number of base pairs per haploid genonwalaalated based on
the equivalent of 1 pg DNA = 978 Mb [54]. As a result, the C-valuesdrse was estimated
to be 0.34 pg/1C, and its genome size was estimated to be ~337 Mle E&)ur Additional
file 1).

Anchoring of genome assembly to sesame genetic map

We used a combination method of specific length amplified fragment (SL4Egseing and
experiment marker analysis to construct a new genetic map 18mg lines derived from
the Zhongzhi N0.13/2ZM2289 population. In total, 2,719 SNPs, 97 insertions & deletions
(InDel) and 2,282 SSR markers were developed and screened algaipsiptlation. After
filtering the markers with low PCR quality, those having no polymorph&éd those
showing significantly distorted segregation in the population, tiaenest 45 InDel, 259 SNP
and 124 SSR markers were used to construct the genetic map usingplosuftavare.
Finally, we successfully constructed a genetic map that spans 1790.GhaMas 406
markers including 39 InDel, 251 SNP and 116 SSR markers. Based gerthtic map, 150
large scaffolds were anchored onto 16 pseudomolecules (see detais Supplementary
Note 3 in Additional file 1).

Gene structure prediction and function annotation

To predict genes in the assembled genome, we used both homology-basdsl nand
methods. For the homology-based predictién,thaliana, grapevine, castor, and potato
proteins were mapped onto the assembled genome using Genewise [@&jne gene
models. Forde novo prediction, Augustus [56] and GlimmerHMM were employed using
appropriate parameters. Data from these complementary analgse merged to produce a
nonredundant reference gene set using GLEAN [57]. In addition, RNgAd&& of multi —
tissues (young roots, leaves, flowers, developing seeds, and shootdipspur previous
study [17] were also incorporated to aid in gene annotation. RN dS&a were mapped to
the assembled genome using Tophat [58], and transcriptome-based geh&estrwere
obtained by cufflinks [59]. Then, we compared this gene set with #wopis one to get the
final nonredundant gene set of sesame (Table S8 — S10 in Additiend).firhe noncoding
gene predications and gene function annotations were conducted aibedesn the
Supplementary Note 3 and Table S11 in Additional file 1.

Repeat annotation

We identified repeat content in the sesame genome using anaiimbi of de novo and
homology-based approaches (see Supplementary Note, Table S12 and S13iomaAdidt

1). Full-length LTR retrotransposons were identified by LTR_STRE@ and classified as
Gypsy, Copia and other types of transposons using the programme Repedé&Classi



implemented in the RepeatModeler package [61]. Then the insertioa &f LTR
retrotransposons was dated according to the method described pyabbss[62] (see
Supplementary Note and Figure S8 in Additional file 1).

Evolution analysis

Gene clustering was conducted with OrthoMCL [63] by settingrthen inflation value 1.5
and other default parameters. PHYML [64] was selected to reaohste phylogenetic tree
based on the HKY85 model [65]. The programme MCMCTree of the PAMkaguge [66]
was used to estimate species divergence time. Mcscan [67Jusesk to construct the
chromosome collinearity. Detailed descriptions about the ideniticeof recent WGD
events and two subgenomes are provided in the Supplementary Note 4 in Additional file 1.

Analysis of resistance genes in sesame

HMMER V3.0 [68] was used to screen predicted sesame proteome atainaiv hidden
Markov model (HMM) corresponding to the Pfam NBS (NB-ARC), andhéir build
sesame—specific NBS HMM for screening. The TIR and LRR domegns identified using
local Pfam_Scan (-E 0.01 --domE 0.01). MARCOIL [69] with a threshold pilityaof 90
and the programme paircoil2 [70] with a P-score cutoff of 0.025 usrd as the settings for
the CC maotif identification.

The absence of the NBS gene with a TIR domain in the segamoene was further validated
by checking the gene-masked assembly and the unassembled readbe Foasked

assembly, we found 9 NB-ARC fragments (> 300 bp), but no TIR hitobtsned. Among

all the unmapped reads, only 19 showed homology to TIR domain, but all tsetogather

covered less than half of the TIR region. Considering the abovésrabtel NBS genes with a
TIR domain were absent from sesame (for detailed methodsupgdeBientary Note 5 in
Additional file 1).

Analysis of important characteristics in the genome

The homologous lipid gene in sesame and other crops were identifisdagty (le-5,
identity >30%) based on the database of acyl-Lipid metabolisi. ithaliana [71] (for
detailed methods see the Supplementary Note 7 in Additional file 1).

Genome resequencing and SNP calling

For each accession, a paired-end sequencing library with ingeg ef 500 bp was
constructed and then sequenced on the Hiseq 2000 platform. The raw readthemer
subjected to a series of stringent filtering steps that had bset inde novo genome
assembly (see Supplementary Note 1.3 in Additional file 1). Finaygenerated more than
120 Gb clean data totally with each sample at over 13-fold sequende (Bgp& S11 in
Additional file 2). The clean reads were mapped to the assemldathsegenome using
BWA software [72]. After mapping, SNPs were identified withdreaapping quality>20 on
the basis of the mpileup files generated by SAMtools [73] (Bdta Additional file 2). The
SNPs extracted by the above process were first filterethdywsequencing deptk30 and
<581 using the vcfutils programme in SAMtools; then the raw SNB wsiee further filtered
using the following criteria: copy numbgR and a minimum of 5 bp apart with the exception



of minor allele frequencies (MAEs 0.05), whereby SNPs were retained when the distance
between SNPs was less than 5 bp. Diversity parametargl 6,, were measured using a
window of 10 kb with a step of 1 kb [42,44].

Detection of CNVs was performed as described by Zlehaty and Jiacet al. [74,75] (see
Supplementary Note 8 in Additional file 1).

Data access

Genomic data generated by the whole project are available Bit tR€ whole project under
the accession number APMJO0000000 [76]. WGS raw reads are depositedhen8&tAt
study: SRA122008 [77]. The raw RNA-Seq data are deposited under the st

SRA122023 [78]. Genome assembly, annotation and RNA-Seq data, are alable\ai
[79].
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