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Abstract

Background: Characterization of genome-wide patterns of allelic variation and linkage disequilibrium can be used
to detect reliable phenotype–genotype associations and signatures of molecular selection. However, the use of
Sesamum indicum germplasm for breeding is limited by the lack of polymorphism data.

Results: Here we describe the massively parallel resequencing of 29 sesame strains from 12 countries at a depth
of≥ 13-fold coverage for each of the samples tested. We detected an average of 127,347 SNPs, 17,961 small InDels,
and 9,266 structural variants per sample. The population SNP rate, population diversity (π) and Watterson’s estimator
of segregating sites (θw) were estimated at 8.6 × 10-3, 2.5 × 10-3 and 3.0 × 10-3 bp-1, respectively. Of these SNPs,
23.2% were located within coding regions. Polymorphism patterns were nonrandom among gene families, with
genes mediating interactions with the biotic or abiotic environment exhibiting high levels of polymorphism. The linkage
disequilibrium (LD) decay distance was estimated at 150 kb, with no distinct structure observed in the population.
Phylogenetic relationships between each of the 29 sesame strains were consistent with the hypothesis of sesame
originating on the Indian subcontinent. In addition, we proposed novel roles for adenylate isopentenyltransferase (ITP)
genes in determining the number of flowers per leaf axil of sesame by mediating zeatin biosynthesis.

Conclusions: This study represents the first report of genome-wide patterns of genetic variation in sesame. The
high LD distance and abundant polymorphisms described here increase our understanding of the forces shaping
population-wide sequence variation in sesame and will be a valuable resource for future gene–phenotype and
genome-wide association studies (GWAS).
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Background
Sesamum indicum (sesame) is an ancient crop with a
mid-range genome size of ~357 Mb, and contains high
concentrations of oils and proteins with medicinal value.
However, this species is prone to waterlogging, and is
particularly susceptible to many fungal and bacterial dis-
eases, such as stem and root rot, Fusarium wilt, powdery
mildew and others. These biotic and abiotic stresses can
lead to lower overall yields, with outputs strongly associ-
ated with growth conditions. To overcome environmen-
tal stresses and improve yields, abundant germplasm
along with genetic information are required for plant-
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breeding programs [1], and characterization of genome-
wide patterns of allele variation and linkage disequilibrium
ensure the detection of reliable phenotype–genotype
associations and signatures of molecular selection [2].
India, China and Korea are the leading countries for
sesame germplasm collection, preservation and research
[3]. In China, ~6,000 strains of sesame have been deposited
in the National Gene Bank of China (Wuhan, medium-
term Genebank; Beijing, long-term Genebank). In Korea,
> 7,698 variants have been preserved in the Gene Bank of
the Rural Development Administration (RDA) located
in Suwon, Korea [4], and in India > 10,000 variants have
been archived in the National Bureau of Plant Genetic
Resources (New Delhi, India). However, few studies have
examined the genetic diversity of the sesame germplasm
on a genome-wide scale due to a lack of genomic informa-
tion and an absence of suitable biomarkers [1,5-7].
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Sesame is the most common cultivar of the genus
Sesamum, which contains more than 20 species of flow-
ering plants. Unlike sesame, the majority of species in
this genus have not been domesticated, with significant
divergence in polyploidy levels [1]. As most of these wild
species are native to sub-Saharan Africa, sesame was ori-
ginally believed to have originated in Africa; however,
domesticated sesame has since been shown to have orig-
inated on the Indian subcontinent [8,9]. Further investi-
gation into the evolution of sesame has been hampered
by the absence of detailed molecular data across mul-
tiple sesame strains.
Completion of the sesame reference genome provides an

essential resource for exploring the genetic variation of wild
and domesticated S. indicum (http://www.ocri-genomics.
org/Sinbase/). Here, we analyzed 29 resequenced sesame
strains collected from 12 countries at a coverage of ≥
13-fold. From these data, we have constructed the first
haplotype map for sesame, which provides insight into
the genetic diversity of sesame across multiple strains.
These data can be used for the development of genome-
wide association studies, and in turn facilitate the mapping
of genes associated with both simple and complex traits.
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Figure 1 Origins of the sesame strains used in this study.
Results and discussion
Phenotype diversity of resequenced sesame strains
We manually selected 29 sesame strains for genome
resequencing, including 6 from its presumed origin sites
of India and Africa, 16 from China, 2 from the United
States and 1 each from Afghanistan, the United Arab
Emirates, Korea, Myanmar, the Philippines and Viet
Nam (Additional file 1: Data S1). These strains exhibited
a wide range of phenotypes, including determinate and
indeterminate growth habits, tall and short plant height,
early and late flowering, different seed coat color, single
and triple flowers per leaf axil, uniculm and branching
style, and others. The distant geographic relationships
and wide phenotype variation made these strains an
ideal model for exploration of the genetic diversity of
cultivated sesame (Figure 1).

Landscape of the genetic diversity of sesame
To identify large-scale polymorphisms and better under-
stand the genetic structure of the sesame germplasm,
each of the 29 sesame strains were re-sequenced, gener-
ating more than 120 Gb of filtered data at a coverage
depth of ≥ 13× for each strain (Additional file 2: Figure S1;
America
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Additional file 1: Data S1). All sequence reads were
aligned against the reference genome of “Zhongzi No. 13”,
which has an effective genome length of 274 Mb (http://
www.ocri-genomics.org/Sinbase/), using the BWA soft-
ware [10]. The mapping rate across different strains varied
from 88.8% to 95.2%, for an average of 91.4%. The map-
ping result is consistent with that from the GATK soft-
ware (Additional file 1: Data S1).
Using a stringent pipeline, we identified an average of

127,347 single nucleotide polymorphisms (SNPs) per
strain using the SAMtools software [11], ranging from
40,925 to 392,544 (Table 1; Additional file 2: Figure S2).
Overall, SNP rates ranged from 1.5 × 10-4 to 14.3 × 10-4,
respectively, with G:A, A:G, C:T and T:C substitutions be-
ing the most common (Additional file 2: Figure S3). By
combining SNP across all strains, we identified 2,348,008
Table 1 Summary of DNA variations in the 29 sesame strains

No. Strain name Total bases (Gb) Tota
(num

1_CHN Zhongzhi No.15 4.21 73,71

2_CHN Zhongzhi No.11 4.22 52,47

3_CHN H98 4.05 123,8

4_CHN Jizhi No.1 4.18 107,6

5_CHN Jinzhi No.2 4.09 92,66

6_CHN Zhima8131 3.81 109,9

7_CHN 2009-3335_2 4.06 208,7

8_CHN ZZM2541 4.12 62,52

9_CHN Yiyangbai 4.22 68,64

10_CHN Zihuaye 23 4.20 46,50

11_CHN Baizhima 4.21 176,6

12_CHN Zhima 4.17 68,61

13_CHN Mishuozhima 4.17 89,04

14_CHN Bahuama 4.21 160,0

15_CHN Xiangheizhi 2078 4.17 92,30

16_CHN Fuyangsilengcao 4.07 79,31

17_AFG 0725 4.10 136,5

18_EGY L161 4.15 203,6

19_GUI K1 4.12 137,7

20_IND 0847 4.15 392,5

21_KOR Shuiyuan 117 4.19 63,82

22_MOZ Suke No5- < 2> 4.14 60,01

23_MOZ Jasbrouk 4.16 61,09

24_MYA Miandianhei 4.19 253,1

25_PHI CLSU-1 4.08 200,7

26_UAE 24-1 4.12 260,0

27_USA u.C.R/82NOINS 4.16 54,41

28_USA Youxianxing N03 4.18 215,6

29_VIE V6 4.17 40,92
unique SNPs, for a population SNP rate of 8.6 × 10-3 bp-1.
We next employed GATK software to call and calculate
the SNP population, which resulted in generation of a
total of 2,003,821 population SNPs. The concordance
rates between GATK and SAMtools ranged from 80.0%
to 89.9% with an average of 85.4% for the 16 linkage
groups (pseudomolecular chromosomes) (Additional file 1:
Data S2). Sanger sequencing showed that the SNP calling
accuracy rate was ~93.7% (Additional file 2: Figure S4;
Additional file 1: Data S3). These results indicated that the
majority of SNPs detected here were reliable. Of these
SNPs, 25.1% were located within gene coding regions
with 1.5%, 7.5% and 1.7% in the 5′ untranslated region
(UTR), coding sequence (CDS) and 3′UTR, respectively
(Additional file 2: Figure S5; Additional file 1: Data S4).
The top three SNP rates were detected in strains 20, 24
l SNPs
ber)

Total SNPs
in gene (%)

Total InDels
(number)

Total InDels
in gene (%)

6 28.5 11,441 28.6

1 17.1 4,495 27.9

30 22.8 17,998 27.4

56 21.4 9,931 24.9

8 20.2 5,966 25.6

05 37.1 25,752 33.9

73 27.8 37,602 28.3

8 25.3 8,128 32.4

0 24.2 11,851 23.5

7 17.8 7,289 24.3

49 25.4 32,028 26.9

7 20.7 11,531 25.5

8 21.1 14,073 25.1

11 32.3 32,041 28.9

3 19.1 8,676 21.8

0 16.8 9,436 26.5

55 29.2 21,952 34.7

42 27.6 26,351 28.9

36 20.0 12,656 26.4

44 30.9 56,594 30.0

8 17.4 8,815 22.4

8 13.7 7,168 25.3

3 19.1 8,929 27.0

89 23.0 44,538 27.5

37 22.3 16,553 27.9

55 23.1 31,722 27.2

0 21.3 5,364 27.9

92 31.9 26,637 32.7

5 15.8 5,363 20.3
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and 26, which originated in India, Myanmar and the
United Arab Emirates, respectively; thus these regions
may harbor a more diverse sesame germplasm.
Although sesame is traditionally considered a self-

pollinating plant, it is also subjected to crossed pollin-
ation by insects such as butterflies and bees. This is
consistent with the observed rate of heterozygosity ran-
ging from 12.37 to 49.30%, with an average of 25.39%
(Additional file 2: Figure S6; Additional file 1: Data S5).
Five of the 16 Chinese cultivars (strains 1 to 5) exhibited
lower heterozygous rates (16.82 - 23.25%) compared to
both mean levels and other non-Chinese strains. The
unusually high heterozygosity rates for strains 16, 22,
and 26 suggest that these strains are more attractive to
insects; however, more trivial explanations, such as se-
quencing and alignment errors, cannot be ruled out, es-
pecially in the repeat regions.
Population SNPs were used to calculate two com-

monly used population genetics statistics: population di-
versity (π) and Watterson’s estimator of segregating sites
(θw). The average π and θw values across all 29 strains
A

B

C
D

E
F

G

H

Figure 2 Landscape of the genetic variation in sesame. Distribution of
density, (D) population SNPs, (E) large-effect SNPs, (F) π values, (G) DNA tr
across the sesame genome.
were 2.5 and 3.0 per kb, respectively, which are lower
than that of rice [12] but higher than chickpea (Cicer
arietinum) [13], watermelon (Citrullus lanatus) [14] and
soybean [15] (Additional file 1: Data S6). We observed
numerous consecutive slide windows along with the pseu-
domolecules (LG1-LG16) that contained fewer than nor-
mal SNPs, and in turn lower π and θw values (Figure 2),
indicative of an uneven distribution of genetic diversity
along sesame pseudomolecules. We examined the genome
for the highest and lowest polymorphic regions (blocks
falling in the top and bottom 5% of π values) and found
that the number of genes in the highest polymorphic re-
gions was smaller than in the lowest regions (524 vs.
1308) (Additional file 1: Data S7 and S8), similar to other
species, such as chickpea [13]. Many of the genes in the
highest polymorphic regions were related to environ-
mental adaptability, including stress response pathways
(Additional file 1: Data S9). These genes may offer a
valuable resource for the study of biotic and abiotic
stress in sesame. It is also interesting to note that des-
pite the greater number of genes in the lowest
(A) pseudomolecules, (B) gene density (mRNA), (C) average InDel
ansposon element density, and (H) retrotransposon element density
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polymorphic regions, only five genes were enriched in
two gene ontology (GO) terms, all of which were asso-
ciated with basic biological functions; i.e., ribosome
binding (Additional file 1: Data S10).
We next used the mapped reads that met all pair-end

requirements, but contained alignment gaps in one end of
the contig to detect short InDels (1 - 5 bp) in each strain.
The overall number of InDels detected was inversely pro-
portional to the length of the InDel (Additional file 2:
Figure S7). The numbers identified across all 29 strains
ranged from 4,495 - 56,594 (average = 17,961), for a
total of 520,880 unique InDels (Additional file 1: Data
S11). Similar to SNPs, the distribution of InDels along
the genome was not uniform, with high-density regions
strongly associated with regions containing high SNP
density (Figure 2). Among these InDels, the numbers of
insertions and deletions were similar (48.8% vs. 51.2%,
respectively). Homozygous InDels were found at a rate
more than 1.5-fold that of heterozygous InDels. Of
these InDels, 71.7% were located in intergenic regions,
1.5% (8,221) in CDS and 5.0% in UTRs, respectively.
Structural variation (SV) was originally defined as in-

sertions, deletions, DNA inversions and other sequence
rearrangements greater than 1 kb in size [16]. With se-
quencing now becoming routine [17], the operational
spectrum of structural variants has widened to include
much smaller events [18,19]. In the present study, we
detected SVs between 10 bp and 1 Mb using the soft-
ware package Breakdancer v1.2 [20] set to default pa-
rameters. We found 7,220 - 12,458 SVs per strain
(average = 9,266) across all 29 strains when compared to
the reference genome (Additional file 1: Data S12). For
these SVs, deletion events outnumbered insertions at a
rate of nearly two to one (Additional file 2: Figure S8).
Outside of InDels, the rates of other SVs, including
DNA inversion, intrachromosomal translocation and in-
terchromosomal translocation were relatively low, ran-
ging from 739 to 2,360 (average = 1,140). The majority
of SVs were between 100 - 1000 bp in size, with longer
variations (>1 kb) less abundant, especially those longer
than 10 kb (Additional file 2: Figure S9), consistent with
that seen in sorghum [21].

The effect of variations on genes
DNA sequence changes within genes plays a pivotal role
in morphology and plant evolution. Of the 27,148 anno-
tated genes in sesame genome (http://www.ocri-genom-
ics.org/Sinbase/), 74.8% (20,311) were found to contain
one or more SNPs in comparison to the reference gen-
ome. Furthermore, 62.6% (16,997), 15.5% (4,218), and
18.0% (4,892) of genes contained SNPs in their CDS, 5′
UTRs, and 3′UTRs, respectively. These genes were cate-
gorized into 43 molecular function groups, with 30%
associated with the terms protein binding, hydrolase
activity and ATP binding; however, all genes with pre-
dicted hydrolase activity contained SNPs only within
their CDS regions (Additional file 2: Figure S10). Fur-
ther analysis identified 258 genes with SNPs in their
CDS regions that were significantly enriched (P < 0.01)
for the biological processes cell death and apoptotic
process (Additional file 1: Data S13). The 136,130 non-
synonymous and 142,103 synonymous SNPs identified
in coding regions represent a non-synonymous-to-syn-
onymous substitution ratio of 0.99 (Additional file 1:
Data S4; Additional file 2: Figure S11), similar to that of
sorghum (1.0) [22], but higher than that of Arabidopsis
thaliana (0.83) [23] and lower than that of soybean
(1.38) [15] and rice (1.2) [24]. GO term enrichment for
genes with non-synonymous SNPs were strongly associ-
ated with cell death, apoptosis, and defense response
(Additional file 1: Data S14), particularly those genes en-
coding disease resistance proteins, UDP-glucosyltransferase
or the proteins containing leucine-rich repeats and NB-
ARC domains (Additional file 2: Figure S12; Additional
file 1: Data S15). These results are indicative of a higher
rate of mutation in genes involved in biotic stress re-
sponses, consistent with the theory that plant-pathogen
interactions result in the diversification of pathogen-
associated molecular pattern recognition receptors [25,26].
Coding region SNPs located in key structural locations

can lead to significant changes in protein morphology,
and in turn cause changes in overall protein function.
Within the 29 sesame strains examined, we identified
1,281 SNPs associated with the formation of premature
stop codons and 246 stop codon to non-stop codon mu-
tations. Start codon to non-start codon mutations were
observed in 186 genes, along with an additional 404
splice site mutations (Additional file 2: Figure S13). Most
of these large-effect SNPs were located on the proximal
ends of the pseudomolecules (LG) (Figure 2). Annota-
tion of these four large-effect SNPs categories revealed
different patterns of functional enrichment. For ex-
ample, start codon to non-start codon mutations were
found primarily in genes involved in transport, apop-
tosis, and defense response, while splice site mutations
were more common in genes associated with cellular me-
tabolism, oxidation-reduction, organic substance metabol-
ism, and nitrogen compound metabolism (Additional
file 2: Figure S14). Among the four types of large-effect
SNPs, premature stop codons were particularly inter-
esting, as these mutations are often associated with loss
of function. The majority of the mutations were found
in genes associated with the GO biological processes
related to adversity, including cell death, apoptosis, and
defense response (Additional file 1: Data S16).
Despite the fact that most SNPs were detected in CDS

regions, CDS regions accounted for only 14.3% of the
12,651 InDel mutations, lower than both the 5′ and 3′
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UTRs (18.4% and 19.6%, respectively). The number of
genes containing InDels in the 5′ and 3′ UTRs de-
creased as InDel size increased from 1 to 5 bp, but the
CDS InDels increased significantly in 3-bp InDels, simi-
lar to that observed in sorghum [21] (Additional file 2:
Figure S15). This enrichment of 3-bp InDels is to be ex-
pected, as InDels that are not multiples of 3 bp result in
frame shifts and are usually fatal. Finally, we analyzed
the distribution of InDels on the basis of gene ontology,
and found they were similar to SNPs resulting in prema-
ture stop codons, with statistically significant enrichment
(P < 0.001) in genes involved in cell death, apoptosis, and
defense response (Additional file 1: Data S17).

Genetic relationships among the 29 sesame strains tested
When considering whether sesame was first cultivated in
Africa or on the Indian subcontinent [8,9], it is import-
ant to investigate the effects of geography on sesame
genetic diversity. A phylogenetic tree containing all 29
sesame strains was constructed using the neighbor-
joining method. This analysis revealed the highest de-
grees of relatedness among the Chinese strains, with
strains originating in other countries spread throughout
(Figure 3a). This interwoven nature of sesame strains de-
rived from different geographic locations was also evi-
dent based on principal component analysis (PCA)
(Figure 3b and c). Indistinct groups were observed using
Figure 3 Genetic relationships among the 29 sesame strains tested. (
population SNPs. (b, c) PCA results for the first four statistically significant c
the Bayesian clustering software STRUCTURE [27] with
K changing progressively from 2 – 5 (Figure 4a).
As this study did not include any relatives or wild spe-

cies of sesame, definitive conclusions regarding the origins
of sesame are not possible. However, the phylogenetic re-
lationships observed among the 29 sesame strains shed
some light on the evolution of sesame. The three strains
from India, Myanmar, and the United Arab Emirates ex-
hibited higher genetic distances relative to the other
strains (Figure 3a). According to the Vavilov center of di-
versity theory, which states that richer genetic diversity is
observed in the location where a plant was first domesti-
cated [28], these results suggest that sesame originated on
the Indian subcontinent.

High linkage disequilibrium in sesame
LD patterns are necessary to determine mapping resolution
when designing association studies [29,30] and interpreting
association peaks [31]. To estimate the LD of sesame, we
calculated r2 between pairs of SNPs using Haploview [32]
and found that it decayed to ~0.15 from an initial value of
0.30 over the course of ~150 kb (Figure 4b and c). The LD
decay estimate of sesame is comparable to that of self-
pollinated soybean (~150 kb) [15], but higher than that
seen in A. thaliana (~4 kb) [29], indica rice (~65 kb) [12]
and foxtail millet (~100 kb). It was also significantly higher
than that of cross-pollinated plants such as sorghum (1 kb)
a) Neighbor-joining (NJ) tree analysis of 29 sesame strains based on
omponents.



Figure 4 Population structure and linkage disequilibrium of sesame. (a) Structure analysis of 29 sesame strains based on whole-genome se-
quencing. (b) LD decay determined using squared correlations of allele frequencies (r2) against distance in sesame. (c) LD of sesame, shown using
a slide window of 100 kb. Red and white spots indicate strong (r2 = 1) and weak (r2 = 0) LD, respectively.
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[33] and maize (<1 kb) [34]. The high LD of sesame
makes it not only a good plant for studying the effects
of extreme LD in genomic and population structures
[15], but also suitable for GWAS with relatively few
polymorphic markers.

Bulked segregant analysis for the candidate sites of the
number of flowers per leaf axil in sesame
Bulked segregant analysis (BSA) is a rapid method that
allows for the detection of markers in specific genomic
regions [35] and has been successfully applied to detect
quantitative trait loci (QTL) or genes for various traits
in rice [36], maize [37], and wheat [38]. In combination
with high-throughput sequencing technology, BSA has
been used to identify a novel xylose utilization gene
from Saccharomyces cerevisiae. Here, we employed the
BSA method to explore candidate genes that may be re-
sponsible for the number of flowers per leaf axil. This
phenotype is an important agronomic trait in sesame as
it plays a role in the predicted yield. The 29 sesame
strains were classified into two groups based on mono-
flower versus triple-flower (13 versus 16) (Additional file 1:
Data S1). We identified 695 genes with coincident SNPs
between the two pools. Of these genes, 181, 21 and 31
contained SNPs in the CDS, 5′UTR and 3′UTR, re-
spectively (Additional file 1: Data S18). GO term
annotation associated these genes predominantly with
ATP binding, zinc ion binding, nucleic acid binding
and heat shock protein binding. Of particular interest
were six adenylate isopentenyltransferase (ITP) homo-
logs (SIN_1002735; SIN_1000260; SIN_1000476; SIN_
1000477; SIN_1016115 and SIN_1001679), which were
significantly enriched in the zeatin biosynthesis path-
way (Figure 5). Zeatin is a member of the phytohor-
mone family of cytokinins, which is known to be
involved in a variety of processes associated with the
growth and development of plants, including promotion
of lateral bud growth and stimulation of cell division to
produce bushier plants [39,40]. The present results sug-
gest that ITP genes may also play a role in the number of
flowers per leaf axil of sesame by mediating zeatin biosyn-
thesis. However, further studies using transgenic models
or two-parent crossing populations are required.

Conclusions
Next-generation sequencing is rapidly increasing our un-
derstanding of genetic variation in crop plants [41]. This
study provides the first comprehensive resequencing
analysis of the high oil crop sesame. The availability of
these data, generated from 29 strains originating from
12 countries, provides insight into genetic variation of
the sesame germplasm genome and facilitates a broad



Figure 5 Positions of the six ITP homologs in the zeatin biosynthesis pathway. DMAPP: Dimethylallyl pyrophosphate; CY735A: Cytokinin
trans-hydroxylase; ATP: Adenosine triphosphate; ADP: Adenosine diphosphate; AMP: Adenosine monophosphate.
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range of functional and evolutionary studies including
on genome evolution, population genetics, marker-
assisted breeding and gene identification. The identifica-
tion of high LD in the sesame genome indicates that
marker-assisted breeding is a better choice for sesame
improvement. The data presented here provide new evi-
dence supporting the hypothesis that sesame originated
on the Indian subcontinent. In both coding and noncod-
ing regions, we identified hundreds of thousands of poly-
morphisms, which provide an important resource for
both evolutionary genetic and functional studies. Of par-
ticular interest are genes harboring non-synonymous
mutations, including large-effect SNPs, which are likely
to mediate interactions with the environment. This study
also suggested that the ITP genes might play a role in
determining the number of flowers per leaf axil of ses-
ame. However, further studies are required to fully
understand the functional relevance of the genetic varia-
tions identified in this study.

Methods
Twenty-nine cultivated sesame strains were selected for
genome resequencing, including 16 from China, 2 from
the United States, and 1 each from Afghanistan, the
United Arab Emirates, Korea, Myanmar, the Philippines,
and Viet Nam.

Library construction and sequencing
Genomic DNA was extracted from fresh and etiolated
leaves of each strain using the CTAB method. Paired-
end sequencing libraries with inset sizes of ~500 bp were
constructed for each strain according to the manufac-
turer’s instructions (Illumina) using 5-μg genomic DNA.
Sequencing was performed using the Illumina Hiseq
2000 platform. Raw sequencing reads were then sub-
jected to a series of stringent filtering steps, removing
reads based upon the following criteria:
Type (1): Reads with ≥ 10% and ≥ 3% unidentified nucle-

otides for short and long insert size libraries, respectively.
Type (2): Reads having > 40% of bases with quality

scores < 7.
Type (3): Reads of > 10 bp aligned to the adapter se-

quence, allowing ≤ 2-bp mismatches.
Type (4): Paired-end reads that overlapped ≥ 10 bp

with the corresponding paired end.
Type (5): Read1 and read2 of two paired-end reads

that were completely identical (considered to be prod-
ucts of PCR duplication).
A total of > 120 Gb was generated following all filtering

steps, at a depth of ≥ 13-fold (Additional file 1: Data S1).

SNP calling
Reads were mapped to the assembled sesame genome of
“Zhongzhi No.13” using BWA software [10]. The detailed
parameters used were as follows:
“bwa aln -m 200000 -o 1 -e 30 -i 15 -l 35-L -I -t 4 -n

0.04 -R 20 –f”
“bwa sampe -a 800”
Considering all strains as a group, we used the SAM-

tools function “mpileup” [11] to detect raw population
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SNPs using reads with a mapping quality ≥ 20. The pa-
rameters used were as follows:
“samtools mpileup –uf –b –D| bcftools view -bvcgI -p

0.99”
Using the SAMtools program “vcfutils”, SNPs extracted

using the above process were first filtered to yield sequen-
cing depths between 30 and 581. The parameters used
were as follows:
“perl vcfutils.pl varFilter -d 30 -D 581”
Raw SNP sites were further filtered based on the fol-

lowing criteria: copy number ≤ 2, and a minimum of
5 bp apart, with the exception of minor allele frequen-
cies (MAF ≥ 0.05) where SNPs were retained when the
distance between SNPs was < 5 bp. The diversity param-
eters π and θw were measured using a window of 10 kb
with a sliding window of 1 kb [12,14].
To check the SNP calling accuracy of SAMtools, four

fragments ranging in size from 4.5 to 8.1 kb were ran-
domly selected and amplified using overlapped primers,
and the resulting PCR products subjected to Sanger se-
quencing. The concordance rates of SNPs detected by
the two methods ranged from 92.3 to 95.2 (average =
93.7%) (Additional file 2: Figure S4; Additional file 1:
Data S3).
In addition, the GATK toolkit [42] was also used to

call SNPs, as follows:
We first mapped clean reads to the sesame genome

using the BWA software with the following parameters:
“bwa aln -m 200000 -o 1 -e 30 -i 15 -l 35-L -I -t 4 -n

0.04 -R 20 –f”
“bwa sampe -a 800”.
SAMtools was used to split, sort, rmdup and merge

the SAM aligned result, and picard-tools was used to
sort the bam result and was marked as the duplicate.
Next, we used the GATK program to realign and filter
SNPs from the unified genotyper raw VCF using the
parameters:
java -jar GenomeAnalysisTK.jar -T SelectVariants –R –

variant –concordance –o
java –jar GenomeAnalysisTK.jar -T VariantFiltration –

R –filterExpression “QD< 20.0 || ReadPosRankSum < -8.0
|| FS > 10.0 || QUAL < $MEANQUAL” –filterName
LowQualFilter –missingValuesInExpressionsShouldEvaluat
AsFailing –variant –logging_level ERROR –o
java –jar GenomeAnalysisTK.jar -T CombineVariants –

R -V sample1.vcf –V sample2.vcf -genotypeMergeOptions
UNIQUIFY –o *.
A total of 2,003,821 population SNPs were obtained

from the 16 linkage groups using GATK.

Short InDel detection
Using the default parameters of the software SOAPInDel
[43], primary short insertions or deletions up to 5 bp
were extracted based on the mapped reads that meet the
pair-end requirements and contain alignment gaps, with
all gaps supported by at least three non-redundant paired-
end reads. Primary InDel sets were then filtered to include
read quality values > 20 and InDels < 5 bp away.
Structure variation detection
According to the principal of paired-end sequencing, one
of the paired-end reads should be aligned to the forward se-
quence, while the other is aligned to the reverse sequence.
The distance between the two aligned positions should be
in accordance with the insert size. Thus two paired-end
reads aligned to the genome should have normal direction
and appropriate span. Abnormal paired-end alignments
were analyzed by clustering and comparing with the types
of structure variation previously defined using the software
Breakdancer [20] run using the default parameters. The
resulting SV dataset included INS (insertions), DEL (dele-
tions), ITX (intrachromosomal translocations), INV (inver-
sions) and CTX (interchromosomal translocations) ranging
from 10 bp to 1 Mb.
Calculation of linkage disequilibrium
To measure LD in the population, we calculated the
correlation coefficient (r2) of alleles using the software
Haploview [32], as follows:

(1)Ped and info files were generated as input files.
(2)For each chromosome, such as LG1, the parameters

were set as “java –jar haploview.jar -n –log LG1.log
-pedfile LG1.genotype.ped -info LG1.genotype.info
-dprime -minGeno 0.6 -minMAF 0.01 -hwcutoff
0.001 -memory 2000 -maxdistance 500”.

(3)Curves were then plotted with R scripts, which draw
averaged (r2) against pair wise marker distances.
Population genetics analysis
The diversity parameters π and θw were measured using
a window of 10 kb with a sliding window of 1 kb
[12,14]. The top and bottom 5% blocks based upon π
value were extracted, and the genes in these blocks de-
fined as high- and low-divergence genes, respectively
(Additional file 1: Data S7 and S8).
Individual SNPs were used to calculate distances be-

tween samples. Under the p-distances model with boot-
strapping (1,000), a neighbor-joining tree was constructed
with TreeBest (http://sourceforge.net/projects/treesoft/files/
treebest/) for the 29 sesame strains. The phylogenetic
tree was displayed using the software MEGA5 [44]. was
performed using the software EIGENSOFT [45]. The soft-
ware FRAPPE [46] was used to determine the population
structure.

http://sourceforge.net/projects/treesoft/files/treebest/
http://sourceforge.net/projects/treesoft/files/treebest/
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Additional files

Additional file 1: Consists of the supplementary Data S1 to S18.
Data S1. Information on the 29 resequenced sesame strains. Data S2.
Comparison of the calling SNPs between GATK and Samtools. Data S3.
Validation of the SNPs detected with NGS using Sanger sequencing in
four DNA fragments. Data S4. Number of SNPs in gene regions. Data S5.
Summary of the candidate SNPs in the 29 strains. Data S6. Diversity levels
of sesame and other species populations. Data S7. List of genes in the
blocks with the highest π value (top 5%). Data S8. List of genes in the
blocks with the lowest π value (top 5%). Data S9. Enriched GO terms of
genes in regions with the highest π (top 5%). Data S10. Enriched GO
terms of genes in regions with the lowest π (top 5%). Data S11.
Summary of InDels detected in the 29 strains. Data S12. Summary of
SVs detected in the 29 strains. Data S13. Enriched GO terms for genes
containing SNPs in the CDS. Data S14. Enriched GO terms for genes
containing non-synonymous SNPs in the CDS. Data S15. Enriched IPR
terms for genes containing non-synonymous SNPs in the CDS. Data
S16. Enriched GO terms for genes containing large-effect SNPs. Data
S17. Enriched GO terms for genes containing frameshift InDels in the
CDS. Data S18. Numbers of mutant genes related to various phenotypes
predicted using BSA.

Additional file 2: Consists of the supplementary Figure S1 to S15.
Figure S1. Clean data of the 29 sesame strains acquired using next-
generation sequencing technology. Figure S2. Numbers of total SNPs
and SNPs located in mRNA regions in the 29 sesame strains. Figure S3.
Comparison of the frequencies of different SNP styles in sesame. Figure
S4. Chromas exemplifying the SNPs discordant between NGS and Sanger
sequencing. Figure S5. Statistics of the SNPs located in the UTR and CDS
in the 29 sesame strains. Figure S6. Proportions of the heterozygous and
homozygous SNPs in the 29 sesame strains. Figure S7. Number of InDels
of 1 to 5 bp in the 29 sesame strains. Figure S8. Number of SVs in each
of the 29 sesame strains. Figure S9. Length distributions of SVs in the 29
sesame strains. Figure S10. GO-SLIM categories of the genes with SNPs
in the CDS, 5′-UTR and 3′-UTR. Figure S11. Proportions of synonymous
and non-synonymous SNPs in CDS regions. Figure S12. Proportions of
genes containing non-synonymous SNPs in different gene families.
Figure S13. Proportions of genes containing large-effect SNPs. Figure
S14. GO-SLIM categories of genes containing large-effect SNPs. Figure S15.
Numbers of genes with different InDels in the CDS, 5′-UTR, and 3′-UTR.
Abbreviations
BSA: Bulked segregant analysis; CDS: Coding sequence; CTX: Interchromosomal
translocation; InDel: Insertion and deletion; GO: Gene ontology;
GWAS: Genome-wide association study; INS: Insertion; ITX: Intrachromosomal
translocation; INV: Inversion; ITP: Isopentenyltransferase; LD: Linkage
disequilibrium; PCA: Principal component analysis; RDA: Rural development
administration; SNP: Single nucleotide polymorphism; SV: Structure variation;
UTR: Untranslated region.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
XRZ and LHW contributed to the design of the research. LHW and XRZ
wrote the manuscript. XLH and LHW performed the sequencing experiments
and data analysis. YXZ and DHL prepared materials and performed the
experiments. JYY performed the database construction. All authors read and
approved the final manuscript.
Acknowledgements
Studies conducted by the Oil Crops Research Institute of the Chinese
Academy of Agricultural Sciences were supported by the National Crop
Germplasm Resources Infrastructure (NB2012-2130135), the National Natural
Science Foundation of China (no. 31271766, no. 31101182 and no.
31201242), National Crop Germplasm Resources Protection (2012-014) and
China Agriculture Research System (no. CARS − 15).
Author details
1Oil Crops Research Institute of the Chinese Academy of Agricultural
Sciences, Key Laboratory of Biology and Genetic Improvement of Oil Crops
of the Ministry of Agriculture, Wuhan 430062, China. 2Beijing Genomics
Institute (BGI) − Shenzhen, Shenzhen, China. 31gene, Hangzhou, China.

Received: 1 February 2014 Accepted: 12 August 2014
Published: 20 August 2014

References
1. Carlsson AS, Pham TD, Bui TM, Werlemark G, Bui TC, Merker A: A study of

genetic diversity of sesame (Sesamum indicum L.) in Vietnam and
Cambodia estimated by RAPD markers. Genet Resour Crop Evol 2009,
56(5):679–690.

2. Slavov GT, DiFazio SP, Martin J, Schackwitz W, Muchero W, Rodgers-Melnick
E, Lipphardt MF, Pennacchio CP, Hellsten U, Pennacchio LA, Gunter LE,
Ranjan P, Vining K, Pomraning KR, Wilhelm LJ, Pellegrini M, Mockler TC,
Freitag M, Geraldes A, El-Kassaby YA, Mansfield SD, Cronk QC, Douglas CJ,
Strauss SH, Rokhsar D, Tuskan GA: Genome resequencing reveals multi-
scale geographic structure and extensive linkage disequilibrium in the
forest tree Populus trichocarpa. New Phytol 2012, 196(3):713–725.

3. Zhang Y, Zhang X, Che Z, Wang L, Wei W, Li D: Genetic diversity
assessment of sesame core collection in China by phenotype and
molecular markers and extraction of a mini-core collection. BMC Genet
2012, 13:102.

4. Kim SY, Kang CW, Lee SW, Mathur PN, Hodgkin T, De Zhou M, Lee JR:
Selection of a core collection of Korean sesame germplasm by a
stepwise clustering method. Breed Sci 2006, 56(1):85–91.

5. Bhat KV, Babrekar PP, Lakhanpaul S: Study of genetic diversity in Indian
and exotic sesame (Sesamum indicum L.) germplasm using random
amplified polymorphic DNA (RAPD) markers. Euphytica 1999, 110(1):21–33.

6. Cho YI, Park JH, Lee CW, Ra WH, Chung JW, Lee JR, Ma KH, Lee SY, Lee KS,
Lee MC, Park YJ: Evaluation of the genetic diversity and population
structure of sesame (Sesamum indicum L.) using microsatellite markers.
Genes & Genomics 2011, 33(2):187–195.

7. Wang L, Zhang Y, Qi X, Gao Y, Zhang X: Development and
characterization of 59 polymorphic cDNA-SSR markers for the edible oil
crop Sesamum indicum (Pedaliaceae). Am J Bot 2012, 99(10):e394–e398.

8. Bedigian D, Harlan J: Evidence for cultivation of sesame in the ancient
world. Econ Bot 1986, 40(2):137–154.

9. Bedigian D: Characterization of sesame (Sesamum indicum L.) germplasm:
a critique. Genet Resour Crop Evol 2010, 57(5):641–647.

10. Li H, Durbin R: Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics 2009, 25(14):1754–1760.

11. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis
G, Durbin R: The sequence alignment/map format and SAMtools.
Bioinformatics 2009, 25(16):2078–2079.

12. Xu X, Liu X, Ge S, Jensen JD, Hu F, Li X, Dong Y, Gutenkunst RN, Fang L,
Huang L, Li J, He W, Zhang G, Zheng X, Zhang F, Li Y, Yu C, Kristiansen K,
Zhang X, Wang J, Wright M, McCouch S, Nielsen R, Wang W: Resequencing
50 accessions of cultivated and wild rice yields markers for identifying
agronomically important genes. Nat Biotechnol 2012, 30(1):105–111.

13. Varshney RK, Song C, Saxena RK, Azam S, Yu S, Sharpe AG, Cannon S, Baek J,
Rosen BD, Tar’an B: Draft genome sequence of chickpea (Cicer arietinum)
provides a resource for trait improvement. Nat Biotechnol 2013,
31(3):240–246.

14. Guo S, Zhang J, Sun H, Salse J, Lucas WJ, Zhang H, Zheng Y, Mao L, Ren Y,
Wang Z, Min J, Guo X, Murat F, Ham BK, Zhang Z, Gao S, Huang M, Xu Y,
Zhong S, Bombarely A, Mueller LA, Zhao H, He H, Zhang Y, Huang S, Tan T,
Pang E, Lin K, Hu Q, Kuang H: The draft genome of watermelon (Citrullus
lanatus) and resequencing of 20 diverse accessions. Nat Genet 2013,
45(1):51–58.

15. Lam HM, Xu X, Liu X, Chen W, Yang G, Wong FL, Li MW, He W, Qin N,
Wang B, Shao G, un SS, Zhang G: Resequencing of 31 wild and cultivated
soybean genomes identifies patterns of genetic diversity and selection.
Nat Genet 2010, 42(12):1053–1059.

16. Feuk L, Carson AR, Scherer SW: Structural variation in the human genome.
Nat Rev Genet 2006, 7(2):85–97.

17. Abecasis GR, Altshuler D, Auton A, Brooks LD, Durbin RM, Gibbs RA, Hurles
ME, McVean GA: A map of human genome variation from population-
scale sequencing. Nature 2010, 467(7319):1061–1073.

http://www.biomedcentral.com/content/supplementary/s12870-014-0225-3-s1.xlsx
http://www.biomedcentral.com/content/supplementary/s12870-014-0225-3-s2.docx


Wang et al. BMC Plant Biology 2014, 14:225 Page 11 of 11
http://www.biomedcentral.com/1471-2229/14/225
18. Alkan C, Coe BP, Eichler EE: Genome structural variation discovery and
genotyping. Nat Rev Genet 2011, 12(5):363–376.

19. Li Y, Zheng H, Luo R, Wu H, Zhu H, Li R, Cao H, Wu B, Huang S, Shao H, Ma
H, Zhang F, Feng S, Zhang W, Du H, Tian G, Li J, Zhang X, Li S, Bolund L,
Kristiansen K, de Smith AJ, Blakemore AI, Coin LJ, Yang H, Wang J:
Structural variation in two human genomes mapped at single-
nucleotide resolution by whole genome de novo assembly. Nat
Biotechnol 2011, 29(8):723–730.

20. Chen K, Wallis JW, McLellan MD, Larson DE, Kalicki JM, Pohl CS, McGrath SD,
Wendl MC, Zhang Q, Locke DP, Shi X, Fulton RS, Ley TJ, Wilson RK, Ding L,
Mardis ER: BreakDancer: an algorithm for high-resolution mapping of
genomic structural variation. Nat Meth 2009, 6(9):677–681.

21. Zheng LY, Guo XS, He B, Sun LJ, Peng Y, Dong SS, Liu TF, Jiang S,
Ramachandran S, Liu CM, Jing HC: Genome-wide patterns of genetic
variation in sweet and grain sorghum (Sorghum bicolor). Genome Biol
2011, 12(11):R114.

22. Mace ES, Tai S, Gilding EK, Li Y, Prentis PJ, Bian L, Campbell BC, Hu W, Innes
DJ, Han X, Cruickshank A, Dai C, Frere C, Zhang H, Hunt CH, Wang X, Shatte
T, Wang M, Su Z, Li J, Lin X, Godwin ID, Jordan DR, Wang J: Whole-genome
sequencing reveals untapped genetic potential in Africa’s indigenous
cereal crop sorghum. Nat Commun 2013, 4:2320.

23. Clark RM, Schweikert G, Toomajian C, Ossowski S, Zeller G, Shinn P,
Warthmann N, Hu TT, Fu G, Hinds DA, Chen H, Frazer KA, Huson DH,
Scholkopf B, Nordborg M, Ratsch G, Ecker JR, Weigel D: Common sequence
polymorphisms shaping genetic diversity in Arabidopsis thaliana. Science
2007, 317(5836):338–342.

24. McNally KL, Childs KL, Bohnert R, Davidson RM, Zhao K, Ulat VJ, Zeller G,
Clark RM, Hoen DR, Bureau TE, Stokowski R, Ballinger DG, Frazer KA, Cox DR,
Padhukasahasram B, Bustamante CD, Weigel D, Mackill DJ, Bruskiewich RM,
Ratsch G, Buell CR, Leung H, Leach JE: Genomewide SNP variation reveals
relationships among landraces and modern varieties of rice. Proc Natl
Acad Sci U S A 2009, 106(30):12273–12278.

25. Stahl EA, Dwyer G, Mauricio R, Kreitman M, Bergelson J: Dynamics of
disease resistance polymorphism at the Rpm1 locus of Arabidopsis.
Nature 1999, 400(6745):667–671.

26. McDowell JM, Dhandaydham M, Long TA, Aarts MG, Goff S, Holub EB,
Dangl JL: Intragenic recombination and diversifying selection contribute
to the evolution of downy mildew resistance at the RPP8 locus of
Arabidopsis. Plant Cell 1998, 10(11):1861–1874.

27. Pritchard JK, Stephens M, Donnelly P: Inference of population structure
using multilocus genotype data. Genetics 2000, 155(2):945–959.

28. TURRIL WB: Studies on the origin of cultivated plants. Nature 1926,
118:392–393.

29. Kim S, Plagnol V, Hu TT, Toomajian C, Clark RM, Ossowski S, Ecker JR, Weigel
D, Nordborg M: Recombination and linkage disequilibrium in Arabidopsis
thaliana. Nat Genet 2007, 39(9):1151–1155.

30. Mather KA, Caicedo AL, Polato NR, Olsen KM, McCouch S, Purugganan MD:
The extent of linkage disequilibrium in rice (Oryza sativa L.). Genetics
2007, 177(4):2223–2232.

31. Huang X, Wei X, Sang T, Zhao Q, Feng Q, Zhao Y, Li C, Zhu C, Lu T, Zhang
Z, Li M, Fan D, Guo Y, Wang A, Wang L, Deng L, Li W, Lu Y, Weng Q, Liu K,
Huang T, Zhou T, Jing Y, Lin Z, Buckler ES, Qian Q, Zhang QF, Li J, Han B:
Genome-wide association studies of 14 agronomic traits in rice
landraces. Nat Genet 2010, 42(11):961–967.

32. Barrett JC, Fry B, Maller J, Daly MJ: Haploview: analysis and visualization of
LD and haplotype maps. Bioinformatics 2005, 21(2):263–265.

33. Morris GP, Ramu P, Deshpande SP, Hash CT, Shah T, Upadhyaya HD,
Riera-Lizarazu O, Brown PJ, Acharya CB, Mitchell SE, Harriman J, Glaubitz JC,
Buckler ES, Kresovich S: Population genomic and genome-wide association
studies of agroclimatic traits in sorghum. Proc Natl Acad Sci U S A 2013,
110(2):453–458.

34. Gore MA, Chia JM, Elshire RJ, Sun Q, Ersoz ES, Hurwitz BL, Peiffer JA,
McMullen MD, Grills GS, Ross-Ibarra J, Ware DH, Buckler ES: A first-
generation haplotype map of maize. Science 2009, 326(5956):1115–1117.

35. Michelmore RW, Paran I, Kesseli RV: Identification of markers linked to
disease-resistance genes by bulked segregant analysis: a rapid method
to detect markers in specific genomic regions by using segregating
populations. Proc Natl Acad Sci 1991, 88(21):9828–9832.

36. Vikram P, Swamy BPM, Dixit S, Ahmed H, Cruz MTS, Singh AK, Ye G, Kumar
A: Bulk segregant analysis: “An effective approach for mapping
consistent-effect drought grain yield QTLs in rice”. Field Crops Res 2012,
134:185–192.

37. Quarrie SA, Lazić-Jančić V, Kovačević D, Steed A, Pekić S: Bulk segregant
analysis with molecular markers and its use for improving drought
resistance in maize. J Exp Bot 1999, 50(337):1299–1306.

38. Lanning SP, Fox P, Elser J, Martin JM, Blake NK, Talbert LE: Microsatellite
markers associated with a secondary stem solidness locus in wheat. Crop
Sci 2006, 46(4):1701–1703.

39. Sasaki E, Ogura T, Takei K, Kojima M, Kitahata N, Sakakibara H, Asami T,
Shimada Y: Uniconazole, a cytochrome P450 inhibitor, inhibits
trans-zeatin biosynthesis in Arabidopsis. Phytochemistry 2013, 87:30–38.

40. Kamada-Nobusada T, Sakakibara H: Molecular basis for cytokinin
biosynthesis. Phytochemistry 2009, 70(4):444–449.

41. Flintoft L: Crop genetics: resequencing sows the seeds. Nat Rev Genet
2010, 11(12):816–817.

42. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A,
Garimella K, Altshuler D, Gabriel S, Daly M, DePristo MA: The genome
analysis toolkit: a MapReduce framework for analyzing next-generation
DNA sequencing data. Genome Res 2010, 20(9):1297–1303.

43. Li S, Li R, Li H, Lu J, Li Y, Bolund L, Schierup MH, Wang J: SOAPindel:
efficient identification of indels from short paired reads. Genome Res
2013, 23(1):195–200.

44. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S: MEGA5:
molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol Biol Evol
2011, 28(10):2731–2739.

45. Patterson N, Price AL, Reich D: Population structure and eigenanalysis.
PLoS Genet 2006, 2(12):e190.

46. Tang H, Peng J, Wang P, Risch NJ: Estimation of individual admixture:
analytical and study design considerations. Genet Epidemiol 2005,
28(4):289–301.

doi:10.1186/s12870-014-0225-3
Cite this article as: Wang et al.: Deep resequencing reveals allelic
variation in Sesamum indicum. BMC Plant Biology 2014 14:225.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Phenotype diversity of resequenced sesame strains
	Landscape of the genetic diversity of sesame
	The effect of variations on genes
	Genetic relationships among the 29 sesame strains tested
	High linkage disequilibrium in sesame
	Bulked segregant analysis for the candidate sites of the number of flowers per leaf axil in sesame

	Conclusions
	Methods
	Library construction and sequencing
	SNP calling
	Short InDel detection
	Structure variation detection
	Calculation of linkage disequilibrium
	Population genetics analysis

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

