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Abstract

Background: Sesame (Sesamum indicum L., 2n = 26) is an important oilseed crop with an estimated genome size
of 369 Mb. The genetic basis, including the number and locations of quantitative trait loci (QTLs) of sesame grain
yield and quality remain poorly understood, due in part to the lack of reliable markers and genetic maps. Here
we report on the construction of a hitherto most high-density genetic map of sesame using the restriction-site
associated DNA sequencing (RAD-seq) combined with 89 PCR markers, and the identification of grain yield-related
QTLs using a recombinant inbred line (RIL) population.

Result: In total, 3,769 single-nucleotide polymorphism (SNP) markers were identified from RAD-seq, and 89
polymorphic PCR markers were identified including 44 expressed sequence tag-simple sequence repeats (EST-SSRs),
10 genomic-SSRs and 35 Insertion-Deletion markers (InDels). The final map included 1,230 markers distributed on 14
linkage groups (LGs) and was 844.46 cM in length with an average of 0.69 cM between adjacent markers. Using this
map and RIL population, we detected 13 QTLs on 7 LGs and 17 QTLs on 10 LGs for seven grain yield-related traits
by the multiple interval mapping (MIM) and the mixed linear composite interval mapping (MCIM), respectively.
Three major QTLs had been identified using MIM with R? > 10.0% or MCIM with hZ > 5.0%. Two co-localized QTL
groups were identified that partially explained the correlations among five yield-related traits.

Conclusion: Three thousand eight hundred and four pairs of new DNA markers including SNPs and InDels were
developed by RAD-seq, and a so far most high-density genetic map was constructed based on these markers in
combination with SSR markers. Several grain yield-related QTLs had been identified using this population and
genetic map. We report here the first QTL mapping of yield-related traits with a high-density genetic map using
a RIL population in sesame. Results of this study solidified the basis for studying important agricultural traits and
implementing marker-assisted selection (MAS) toward genetic improvement in sesame.
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Background

Sesame (Sesamum indicum L. is an important and
ancient oilseed crop [1]. It is a diploid species (2n =26)
with an estimated genome size of 369 Mb [2]. Sesame
seed has the highest oil contents compared with rape-
seed, peanut, soybean and other oilcrops [3]. It is also
rich in proteins, vitamins and specific antioxidants such
as sesamin and sesamolin [4,5], making it one of the best
choices for health foods. As the market demand of
sesame seeds is rapidly growing, it becomes one of the
most important goals to stably improve grain yield of
sesame by genetic approaches. Grain yield of sesame per
plant is considered to be composed of three compo-
nents, i.e. the number of capsules per plant, the number
of grains per capsule and the grain weight. Some other
factors, including plant height, length of capsules (floral)
and axis height of the first capsule were found to
strongly associated with grain yield of sesame [6]. Since
the grain yield-related traits are inherited quantitatively
and governed by multiple genes sensitive to the environ-
ment, QTL-mapping is needed to dissect the genetics of
these traits [7]. The high-density genetic map had been
proved to be a very effective and important approach for
QTLs detection in rice [8-11] and other crops [12-14].
Unfortunately, there are no yield-related QTLs or genes
have been reported in sesame due in part to the lack of
reliable DNA markers and genetic maps constructed
based on permanent populations.

The first genetic linkage map of sesame was con-
structed using an F, population derived from the inter-
variety cross of ‘COI1134” (white seed coat) and ‘RXBS’
(black seed coat) [15]. This map was 936.72 cM in gen-
etic length with an average marker distance of 4.93 cM.
It contained 220 markers, including 8 expressed sequence
tag-simple sequence repeats (EST-SSRs), 25 amplified
fragment length polymorphism (AFLPs) and 187 Random
Selective Amplification of Microsatellite Polymorphic Loci
(RSAMPLs), that are distributed on 30 linkage groups,
which is more than 2 folds the number of chromosomes
of the haploid sesame genome. Later, 14 more genic-SSRs
developed from RNA-seq were integrated onto this map
[16]. More recently, this map was improved substantially
by placement of more markers using an enlarged F,
population [17]. This reduced the number of LGs to 14,
only one LG more than the haploid chromosome num-
ber of sesame. The genetic length of this new map was
1,216 cM, and the marker density was 1.86 cM per
marker interval. Four QTLs controlling seed coat color
with a heritability ranging from 59.33% to 69.89% were
detected in F3 populations.

The emergence of massively-parallel, next-generation
sequencing (NGS) platforms with continually reducing
costs offers unprecedented opportunities for genome-
wide marker development and genotyping by sequencing
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(GBS). Several NGS methods are combined with restric-
tion enzyme digestion to reduce the complexity of the
target genomes, making the sequencing load and cost
significantly declined [18], while still capable of discov-
ering thousands of single-nucleotide polymorphisms
(SNPs) or insertion-deletions (InDels) markers [19-21].
The restriction-site associated DNA sequencing (RAD-
seq) was one of the NGS methods that sequencing only
the DNA flanking specific restriction enzyme sites to
produce a reduced representation of genome, which
ligated an adapter containing multiplex identifiers (MIDs)
in the reduced-representation libraries (RRLs) [22-27]. In
these ways, several high-density genetic maps have been
constructed in eggplant [28], ryegrass [13], barley [14],
grape [27] and even sesame [29]. Recently, a high-density
genetic map of sesame was constructed based on an F,
population using the specific length amplified fragment
sequencing (SLAF-seq) technology, which is an enhanced
RRL sequencing strategy for de novo SNP discovery from
large populations [21,29]. This map comprises 1,233 SLAF
markers that are distributed on 15 linkage groups (LGs),
and is 1,474.87 ¢cM in length with average marker spacing
of 1.20 cM. Collectively, all the three published sesame
genetic maps are not ideal for quantitative traits mapping
as they are all on the basis of a temporary population (F,)
that renders repeated phenotyping unfeasible [30]. More-
over, these maps are not comparable as they lack common
markers.

In this study, we identified three thousand seven hundred
and sixty-nine pairs of SNP markers through RAD-seq of
two sesame varieties “Zhongzhi 14’ and ‘Miaogianzhima’.
These markers combined with 1,195 previously reported
EST-SSR or genomic-SSR and 79 InDel markers [31],
were used to construct a high-density genetic map of
sesame using a recombinant inbred line (RIL) population.
We further present the identification of grain yield-related
QTLs based on these novel genomic resources.

Results

RAD sequencing, SNPs and InDels discovery

A total of 62.57 Gb high-quality sequence data containing
312,829,823 pair-end reads was obtained. The read
number for the 224 RILs ranged from 598,119 to
3,483,606 with an average of 1,644,718. For the two par-
ents, 3,030,776 reads were from the female parent and
3,881,579 reads were from male parent. After, the num-
ber of RAD-tags identified from the male and female
parents was 231,000 and 207,000, respectively. The
average coverage for individual tag was 16.80-fold in the
male parent and 14.64-fold in the female parent. The
number of comparable RAD-tags between the two par-
ents was 47,247. However, only 3,769 SNP had been
identified for two parents of the RIL population. Most
of these SNPs were transition type SNPs with Y(T/C)



Wu et al. BMC Plant Biology 2014, 14:274
http://www.biomedcentral.com/1471-2229/14/274

and R(G/A) types accounting for 30.43% and 30.78%,
respectively (Additional file 1). Besides SNPs, 97 InDels
(=2 bp) were identified with 79 successfully designed for
further PCR verification and population genotype ana-
lysis [31].

Combined with previously published sesame SSRs, a
total of 1061 EST-SSRs, 134 genomic-SSRs and 79 InDels
were surveyed on the genomic DNA of the two parents.
Eighty-nine of these PCR markers detected polymorphism
including 44 EST-SSRs, 10 genomic-SSRs and 35 InDels.
The efficiencies of EST-SSRs, genomic-SSRs, InDels and
SNPs markers in detecting polymorphism between
parents varied from 5.0% with EST-SSRs to 46.7% with
InDels. All of these polymorphic SSR and InDel markers
detected codominant loci.

Genetic mapping
Before genetic mapping of these markers, 656 SNP
markers and 1 InDel marker that had more than 40%
missing data in the RIL population were excluded. Another
1,786 SNPs, 15 InDels, 24 EST-SSRs and 4 genomic-SSRs
were also excluded for their excessively distorted pattern
with segregation ratios of the minor allele frequency less
than 0.29. Therefore, a final set of 1,327 SNPs, 19 InDels
and 26 SSRs, which mostly inherited in a codominant
manner, were used for genetic map construction (Table 1).
As a result, 1,230 markers, including 1,190 SNPs, 22
SSRs and 18 InDels were mapped onto 14 different LGs,
covering 844.46 cM of the sesame genome and giving an
average distance of only 0.69 cM between adjacent
markers (Figure 1, Additional file 2). The length of individ-
ual LGs varies from 6.08 ¢cM to 130.52 cM, with the
average marker distance per LG ranging from 0.23 cM
to 1.92 ¢cM and the marker number per LG from 26 to
227 (Table 2). There were 16 gaps more than 10 cM

Table 1 Summary of markers surveyed for genetic mapping

Page 3 of 14

distributed on 9 LGs, excluding LG2, LG8, LG9, LG10
and LG14, with the largest gap of 22.54 c¢M located on
LG6. Most of these gaps were located near the end of
the linkage groups (Figure 1), which was considered a
reflection of high levels of recombination at distal regions
of chromosomes [39,40]. Furthermore, the distributions of
SSR, InDel and SNP markers toward different LGs are
random, with less than 10% SSR or InDel markers each
LGs.

One thousand one hundred and fifteen mapped markers
segregated in the expected 1:1 ratio in the population.
However, segregation of 115 mapped markers, including 4
SSRs, 2 InDels and 109 SNPs, were significantly deviated
from this ratio (P <0.05) (Table 2). Seventy-seven (61.1%)
segregation distorted markers exhibited skewed genotypic
frequencies toward “Zhongzhi 14; while 49 (38.9%) toward
‘Miaoqgianzhima’. Most of these markers have no effect
on the calculation of map distance, except SBN1614,
SBN3567 and GSSR074. Compared to mapped SNP
markers and InDel markers, the mapped SSR markers
had the highest percentage of skewed markers at 17.4%.
These segregation distortion markers were distributed
on 13 LGs, excepting LG14. The largest LG4 with 227
mapped markers had the most segregation distortion
markers. The frequency of segregation distortion marker
on LG12 was much higher than for other LGs at 39.4%.
Four regions of segregation distortion (SDR) were de-
tected on four LGs, including LG2, LG4, LG6 and LG12
(Table 2). Most of these SDRs distributed near the end
of their LGs, with 3 to 5 skewed markers each and
accounting for 14.3% of the total skewed markers in the
map. Most skewed markers in four SDRs were SNP
type, with one EST-SSR marker (ZM1197) and one
InDel marker (SBI035) in SDR-LG4. All the markers in
SDR-LG2, SDR-LG6, and SDR-LG12 exhibited skewed

Type Series code  No. of Number of markers Source
matr kers With clear Detected Excessively Excessively Used for  Mapped
ortags  pands polymorphism missed® distorted®  mapping®
Genomic-SSR GB, GSSR 134 107 10 0 4 6 6 Dixit et al. [32];
Cho et al. [33];
Spandana et al. [34]
EST-SSR ZHY, HS, ZM, 1,061 872 44 0 24 20 16 Wei et al. [15];
SEM, Y, SBM Zhang et al. [16];
Yue et al. [35];
Wei et al. [36];
Wang et al. [37];
Yepuri et al. [38];
Wu et al. [31]
InDel SBI 79 75 35 1 15 19 18 Wu et al. [31]
SNP SBN 47,247 3,769 656 1,786 1327 1,190 Authors' laboratory
Total 3,858 657 1,829 1372 1,230 -

2Number of excessively missed markers with more than 40% missing data in population; °Number of excessively distorted markers with segregation ratios of the
minor allele frequency less than 0.29; “Number of markers used for genetic mapping without excessively missed or distorted.
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Figure 1 The high-density genetic map of sesame. a Linkage groups 1 to 7. b Linkage groups 8 to 14. Numbers to the left of each LG are
marker positions (cM). The SNP, SSR and InDel markers on the map are in black, red and blue, respectively. The segregation distorted markers on

the map are represented by asterisks next to the marker locus name.
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Table 2 Distribution of mapped markers on the 14 linkage groups of sesame

Linkage Number of markers® Length Average Largest No. of No. of
group Total SNP SSR InDel (cM) distance (cM) gap (cM) gaps >10 ctM SDRs®
LG1 152(7) 152(7) 0 0 55.54 037 11.26 1 0
LG2 101(11) 98(11) 1 2 549 0.54 838 0 1
LG3 7709) 73(8) 2(1) 2 83.25 1.08 103 1 0
LG4 227(24) 220(22) 4(1) 3(1) 95.58 042 1338 3 1
LG5 78(4) 71(4) 4 3 76.88 0.99 16.44 1 0
LG6 183(14) 180(13) 1(1) 2 102.99 0.56 22.54 2 1
LG7 120(10) 11209) 5(1) 3 130.52 1.09 19.56 3 0
LG8 72(11) 69(10) 2 (1) 5845 0.81 796 0 0
LG9 50(2) 50(2) 0 0 2162 043 56 0 0
LG10 44(5) 43(5) 0 1 16.73 038 273 0 0
LGT11 38(4) 37(4) 1 0 57.79 1.52 11.22 1 0
LG12 33(13) 31(13) 1 1 2838 0.86 2226 1 1
LG13 29(1) 28(1) 1 0 55.75 1.92 20.05 3 0
LG14 26(0) 26 0 0 6.08 0.23 249 0 0
Total 1230(115) 1190(109) 22(4) 18(2) 844.46 0.69 - 16 4

2The number of segregation distortion markers are given in parentheses; ’SDR means segregation distortion region.

genotypic frequencies towards ‘Zhongzhi 14, while to-
wards ‘Miaoqianzhima’ in SDR-LG4.

Phenotypic analysis

In all experiments, seven yield-related traits showed sig-
nificant differences between the mapping parental lines.
Compared to Miaogianzhima, the male parent Zhongzhi
14 displayed significantly taller plant height (PH), shorter
first capsule height (FCH), longer capsule axis length
(CAL), more capsule number per plant (CN), shorter cap-
sule length (CL) and larger thousand grain weight (TGW)
(Figure 2). The PH, FCH, CAL and TGW in 2013FY or
2013WC were missed for their bad field performance
caused by extreme weathers. Interestingly, the average
grain number per capsule (GN) of Zhongzhi 14 was
more than Miaoqianzhima in Wuchang (2012WC,
2013WC), while less in Fuyang (2012FY and 2013FY).
All traits showed a continuous distribution and trans-
gressive segregation in the RIL population (Figure 2),
indicating governed by multiple genes. The near-normal
curve distribution of PH, FCH, CAL, GN and TGW
suggested a polygene mode of the genetic control; but
CL and CN showed a bimodal distribution, suggesting
the involvement of major effect genes. Analysis of vari-
ance (ANOVA) showed that the between-line variations
of all traits in each trial were significant at P = 0.001.
The broad-sense heritability of the seven traits ranged
from 29.8% (FCH) to as high as 95.7% (CN) (Table 3).
The heritabilities of each trait are in line with their
corresponding distributions.

Trial-wide correlation coefficients of all seven traits
were significant at the level of P =0.01 (Additional file
3). Correlation of CL among different environments (years
or locations) were strong with the coefficients above
0.80, while much weaker correlation for CAL were
noted with the coefficients ranging from 0.27 to 0.35.
Across the three environments where phenotypic data
were available (2012WC, 2012FY and 2013YL), signifi-
cant positive correlations were observed between PH
and FCH (P <0.01), PH and CAL (P <0.01), PH and
TGW (P <0.05), FCH and TGW (P <0.05), even CL and
GN (P <0.01), while significant negative correlation were
observed between CN and TGW (P <0.05) (Table 4).
More interestingly, GN and TGW were positively corre-
lated in 2012FY (P <0.01), but negatively correlated in
2013YL (P <0.01).

QTL analysis
A total of 13 yield-related QTLs were found on 7 linkage
groups using the multiple interval mapping (MIM)
methods. A range of one to three QTLs were detected
for individual traits (Table 5). Six QTLs were detectable
in more than one trial, including Qph-12, Qtgw-11, Qgn-1,
Qgn-6, Qgn-12 and Qcl-12, while others were repeatable
by two softwares. Most of them showed positive additive
effects by the alleles of Zhongzhi 14 except Qgn-12 and
Qcl-12. Six major-effect QTLs were detected with the
phenotypic effect (R*) more than 10%, including one
QTL, Qcl-12, showing R* ranged from 52.2% to 75.6%.
QTL mapping was also performed with QTLNetwork
2.0 under the mixed linear composite interval mapping
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Figure 2 Distributions of the phenotypic data in the ‘Miaogianzhima x Zhongzhi 14’ RIL population. PH, plant height; FCH, first capsule
height; CAL, capsule axis length; CN, capsule number per plant; CL, capsule length, GN, grain number per capsule; TGW, thousand grain weight.
Mean and standard deviation of two parents are indicated at the top of each histogram, with Z and M representing Zhongzhi 14 and Miaogianzhima,
respectively.
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Table 3 QTLs for grain yield-related traits and their epistasis detected by MCIM from the analysis of the RILs in

multi-trials

Traits QTL LG Marker interval QTL QTL peak Additive  h2(%)® ae® h2.(%)°  H*(%)"
region (cM) position  effect®
Plant height Qph-6 LG6 SBN3089-SBN3112 33.5-338 335 3.0724%%% 363 325
Qph-12 LG12 ZM1466-SBI005 13.5-22.3 220 2.8852%%* 336
First capsule Qfch-4 LG4 SBN3000-SBN1825 60.7-60.8 60.8 2.0016%** 472 29.8
height
Qfch-11 LGT1 SBN1622-SBN3137 8.3-179 133 2171770 502
Qfch-12 LG12 ZM1466-SBI005 12.0-22.3 19.0 2.0667*** 337
Capsule axis length  Qcal-5 LG5 SBN3577-SBN3576 43.7-44.4 439 1.7747%%% 2.54 69.7
Qcal-9 LG9 SBN3559-SBN2018 2.1-46 34 1.7761%%% 1.99
Capsule number Qcn-11 LG11 SBN1622-SBN3137 11.3-179 153 —4.1764%** 448 95.7
per plant
Thousand grain Qtgw-11 LG11 SBN1798-SBN1765 18.2-20.2 19.2 0.0638*** 5.78 489
weight
Grain number Qgn-1 LG1 SBN1076-SBN2389 29.7-36.0 34.7 1.2248%** 1.82 54.6
per capsule
Qgn-6 LG6 SBN1261-SBN1801 88.3-92.9 923 1.7740%%% 561 -0.8819* 1.16
Qgn-12 LG12 SBN1362-SBN3344 26.0-26.7 26.3 —14724% 426
Capsule length Qcl-3 LG3 SBN2902-SBN1034 76.1-774 764 —0.0857*** 313 86.8
Qcl-4 LG4 SBN2166-SBN1014 64.1-64.2 64.1 0.0653*** 3.02
Qcl-7 LG7 SBN3401-SBN3441 73.8-79.0 770 0.0529%** 1.93
Qcl-8 LG8 SBN1686-SBN3565 11.0-11.2 1.1 0.0420%** 1.70
Qcl-12 LG12 ZM1466-SBI005 14.0-18.0 16.0 —04237%** 4539
Trait Epistatic Nearest marker QTL peak aa® hf,a(%)b
interaction position (cM)

First capsule height ~ Qfch-4 and Qfch-12 SBN3000 and SBIO05

60.8 and 19.0

1.2998*** 1.59

Positive and negative values indicated additive effect, additive x environment interaction effect (ae) or epistatic interaction additive effect (aa) by the alleles of
Zhongzhi 14 and Miaogianzhima, respectively; PContibution ratio of QTL additive effect, additive x environment interaction effect (ae) or epistatic interaction
additive effect (aa); *, **, *** Significant at 0.05, 0.01, 0.001 probability levels, respectively; “The broad-sense heritability (H?) was calculated with the formula

H? = 62/(a% + 02In).

(MCIM) algorithm to dissect the main additive effects
(a), the additive-additive epistatic effects (aa) and the
additive-environmental interaction effects (ae) in multi-
trials. A total of 17 QTLs were detected on 10 linkage
groups (Table 3). All of them had significant a effects,
and Qgn-6 also had significant ae effects at P <0.05 in
2013FY. All of them showed significant additive effect at
P <0.001, and explained 1.70-45.39% of the phenotype
variation with four major QTLs larger than 5.0%. Two
QTLs for first capsule height, Qfch-4 and Qfch-12, were
also detected with significant aa effect explained 1.59%
of the phenotypic variation (Table 3).

We also compared QTLs that both identified using
MIM and MCIM for seven different yield-related traits.
Thirteen QTLs were detected by two methods with
similar QTL regions, while Qcl-3, Qcl-4, Qcl-7 and Qcl-8
were only detected by MCIM. Three major-effect QTLs
were detected by two methods with R*>10.0% or hZ >
5.0%, including Qtgw-11, Qgn-6 and Qcl-12. Further-
more, the Qph-12 and Qfch-12, contributed by Zhongzhi

14, and Qcl-12 contributed by Miaoqianzhima, were co-
located. Three QTLs, Qfch-11 and Qtgw-11 contributed by
Zhongzhi 14, and Qcn-11 contributed by Miaoqgianzhima,
were located closely on linkage group LG11.

Discussion

Construction of a high-density genetic map in sesame

In this study, only 44 (5.0%) EST-SSRs and 10 (9.3%)
genomic-SSRs were found polymorphic in the mapping
population and thus were useful for genetic map construc-
tion. This rate of polymorphism is much lower than in
many previous reports in sesame [16,32,34], indicating a
narrower genetic dissimilarity between the parents. How-
ever, thanks to the high-throughput RAD-Seq technology,
we were able to discover more than 3000 SNPs plus
dozens of InDels from ~40 k comparable RAD-tags.
The rate of SNPs was 7.98% across the genome, which
was higher than 5.12% reported by Zhang et al. [29].
The observation that most SNPs belong to the Y(T/C)
(30.43%) and R(G/A) (30.78%) types are consistent with
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Table 4 The pairwise correlation coefficients between different traits in three environments

Trait PH FCH CAL CN CcL GN TGW
2012WC PH 1

FCH 0.587** 1

CAL 0.574** -0.063 1

CN 0401** -0.075 0.435** 1

CL 0.236** 0.131* 0.154* 0.039 1

GN 0412% 0.320%* 0.148* 0.108 0.485** 1

TGW 0.141* 0.147* 0.161%* -0.113* 0.175* —0.095 1
2012FY PH 1

FCH 0.684** 1

CAL 0.848** 0.224** 1

CN —0.214** —0455** -0.01 1

CL -0.104 —-0.025 -0.101 =0.271% 1

GN 0.017 0.024 0.017 —0.340** 0.303** 1

TGW 0.354** 0.307** 0.311%* —0.524** 0.058 0.217** 1
2013YL PH 1

FCH 0.708** 1

CAL 0.749** 0.095 1

CN 0.116* —0.288** 0.407** 1

CL —-0.044 -0.122* 0.042 —0.244** 1

GN 0.205** 0.130* 0.189** —0.197%* 0.401%* 1

TGW 0.264** 0.277%* 0.109 —0.256** —-0.046 —0.160** 1

*Significant at P <0.05, **Significant at P <0.01.

the situations previously reported in sesame [29] and
other species including even human [41].

Furthermore, the mapping population in this study
was the first reported and the largest permanent map-
ping population in sesame. Compared to other published
genetic maps in sesame, the map constructed in this
paper had the highest marker density, the similar num-
ber of linkage groups compare to Sesamum indicum L.
chromosomes (2n = 26), fewer distortion markers, fewer
and smaller gaps [15,17,29]. Furthermore, 2,442 (64.8%)
SNP markers and 44 (49.4%) polymorphic PCR markers
that excessively missed or distorted were excluded for
map construction in this study, while more than 65.4%
markers were discarded for their unexpected segregation
patterns that reported by Zhang et al. [29]. There were
also 115 (9.35%) markers that showed significant segre-
gation distortion (P <0.05) were mapped onto our map,
while 205 (16.63%) [29] and 79 (10.91%) [17] on other
two genetic maps in sesame. Four SDRs were detected
on 4 LGs of our map, while 18 SDRs on 11 LGs of SLAF
map [29]. Most of them distributed near the end of LGs,
and may be involved in gametic, zygotic or other selec-
tions [42,43]. The map size reported here is 844.46 cM,
which is significantly shorter than previously published
maps of 1,216 and 1,474 cM. This might be due to the

discarded linkage groups with less than 20 markers and
the fewer segregation distortion markers and SDRs in
our map. More importantly, several PCR markers on our
map will be very useful information for the comparison
of maps, genes or QTLs reported in sesame. Therefore,
the high-density genetic map constructed in this study
combined the advantages of two older maps in sesame,
and will be an ideal map for QTL/gene mapping, com-
parative genomics analysis, map-based cloning and so
on. However, it should be pointed out that the utility as
a general tool for the research community has limitations
for the genetic map presented is mainly based on SNP
between only two sesame varieties and the SNP flanking
sequence is only 85 bp.

Identification of grain yield-related QTLs using
high-density genetic map in sesame

As grain yield is a complex quantitative trait controlled
by multiple genes and sensitive to environments, it is
imperative to phenotype yield-related traits repeatedly
for reliable QTL mapping. Here the availability of a per-
manent segregating population (the RIL) makes it feasible
for repeated phenotyping both over time and location.
Since significantly (P = 0.01) correlations were found
for each trait among different environments, the field
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Table 5 QTLs of yield-related traits detected by MIM from the analysis of the RILs in five trials
Traits Trials QTL LG LOD Marker QTL QTL peak LOD R? (%)  Additive
threshold®  Interval region (cM)  position effect®
Plant height 2013YL Qph-6 LG6 3.1 SBN1813-SBN3112  26.7-33.1 325 331 6.0 40183
2012WC  Qph-12 LG12 30 ZM1466-SBN1229 219-230 223 3.10 56 3.5444
2013YL Qph-12 LG12 32 ZM1466-SBN1229 12.1-233 19.0 3.92 91 4.9657
First capsule 2013YL Qfch-4 LG4 32 SBN693-SBI050 60.0-66.7 60.1 350 6.2 23771
height
2012WC  Qfch-11 LGT1 3.1 SBN1609-SBN3137 6.7-16.9 133 4.20 82 25115
2013YL Qfch-12 LG12 32 ZM1466-SBI005 6.0-23.7 190 539 1.5 32616
Capsule axis 2012FY Qcal-5 LG5 30 SBN1595-SBM1111 43.0-48.0 439 440 8.1 42033
length
2013YL Qcal-9 LG9 3.1 SBN3559-SBN2018  24-4.7 34 3.86 9.2 3.5580
Capsule number ~ 2013YL Qen-11 LGT1 30 SBN1622-SBN3137 14.3-16.9 163 3.29 70 —4.7757
per plant
Thousand grain 2012WC  Qigw-11 LGT1 3.2 SBN1798-SBN1765 17.9-19.2 182 413 7.7 0.0618
weight
2013YL Qtgw-11  LG11 32 SBN1798-SBN1765  182-20.2 192 368 9.2 0.0672
2013WC  Qigw-11 LGT11 30 SBN1798-SBN1765 17.9-21.2 19.2 5.14 12.3 0.0695
Grain number 2013WC  Qgn-1 LG1 3.1 SBN2389-SBN297 36.8-48.2 46.1 3.90 6.8 14556
per capsule
2013FY Qgn-1 LG1 32 SBN1076-SBN1844 304-464 39.6 6.30 11.0 24169
2012WC  Qgn-6 LG6 30 SBN1261-SBI043 789-99.0 923 440 80 22658
2012FY Qgn-6 LG6 3.1 SBN1261-SBI043 83.2-99.0 929 6.9 114 2.3877
2013YL Qgn-6 LG6 3.1 SBN1261-SBI043 74.4-99.0 89.5 83 183 2.9494
2013WC  Qgn-12 LG12 31 SBI005-SBN3344 22.3-26.7 260 50 79 —-1.5765
2013FY Qgn-12 LG12 32 SBI005-SBN3344 22.3-26.7 253 83 13.6 -2.7619
Capsule length 2012WC  Qcl-12 LG12 50 ZM1466-SBI005 3.0-223 180 2955 522 —0.3805
2012FY Qcl-12 LG12 50 ZM1466-SBI005 3.0-223 170 4280 703 -0.5104
2013YL Qcl-12 LG12 50 ZM1466-SBI005 3.0-223 170 5056 720 —04851
2013WC  Qcl-12 LG12 50 ZM1466-SBI005 3.0-223 17.0 5492 740 -0.3964
2013FY Qcl-12 LG12 50 ZM1466-SBI005 3.0-220 170 5620 756 —0.4955

2LOD thresholds determined by 1,000 permutation; ®Proportion of phenotypic variation explained by individual QTL; “Positive and negative values indicated

additive effect by the alleles of Zhongzhi 14 and Miaogianzhima, respectively.

experiments must have provided reliable phenotypic
data for QTL mapping. However, trial-wide correlation
coefficients below 0.351 for CAL or below 0.509 for CN
indicated a weak or moderate correlation, respectively.
And three QTLs for CAL and CN were identified in only
one environment, although be detected using both MIM
and MCIM.

Finally, thirteen yield-related QTLs on 7 LGs and 17
QTLs on 10 LGs had been detected using MIM and
MCIM method, respectively. These were the first re-
ported grain yield-related QTLs in sesame, and all of
them were detectable in more than one trial or by two
algorithms. The genetic control of seven yield-related
traits was mostly comprised of few major QTLs plus sev-
eral minor QTLs. Three major QTLs had been detected
using MIM with R* > 10.0% or MCIM with hZ > 5.0%. Ten
minor QTLs had been identified for seven yield-related

traits using both MIM and MCIM. On the other hand, we
found a QTL (Qgn-6) showed significant ae effect, and
one pair of QTLs for FCH with significant aa effect.
Several ae or aa effect of yield-related QTLs also had
been reported in wheat [44], soybean [45], oilseed rape
[46], and so on. These QTLs with a, ae or aa effect will
be very important common and special information for
yield improvement in sesame.

Furthermore, significantly correlations were found
among some of the yield-related traits, which are indica-
tive of closely linked or pleiotropic genetic factors control-
ling these traits. This was then verified by co-localization
of several QTLs for these traits. The co-localization of
Qph-12 and Qfch-12, all from the Zhongzhi 14 alleles,
were in line with the significant positive correlation be-
tween PH and FCH. The positive correlation was found
between FCH and TGW, but negative correlation between
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CN and TGW or CN and FCH. Correspondingly, Qfch-11
and Qtgw-11 with positive additive effect from Zhongzhi
14 alleles, and Qcn-11 with negative additive effect from
Miaoqianzhima alleles, were closely located on LGI11.
Nevertheless, not all correlations can be explained by
QTL co-localization, such as CL and GN, PH and CN.
These contradictions could be due to the effect of
undetected QTLs or reasons other than pleiotropy or
linkage.

Future perspectives and challenges in sesame breeding
Improvement of yield is one of the most important
targets for sesame breeding; however, it is a time-
consuming and tedious project because multiple complex
and environment-sensitive components are involved in
this process. The identification of yield-related QTLs in
this study has laid a preliminary foundation for marker
assisted selection (MAS) toward the yield traits in sesame.
Even though, for some minor QTLs with low LOD scores,
further validation is necessary before utilizing them in
breeding. On the other hand, the epistatic interaction and
the co-location of yield-related QTLs may be beneficial or
problematic for pyramiding of desired loci, depending on
their patterns. The positive aa effects of Qfch-4 and Qfch-
12 indicate that the integration of both QTLs will be
beneficial to the improvement of FCH in this study. The
closely located Qtgw-11 and Qcn-11 showed significant
additive effect on TGW and CN, but the favorable alleles
are carried by different parent lines. Thus, there are still a
lot of efforts to make to precisely dissect the linked or
epistatic QTLs, or screen for germplasm with independent
favorable allelic variations, to facilitate breeding.

In this study, we found that most QTLs showing posi-
tive additive effects are from the alleles of Zhongzhi 14, an
excellent commercial cultivar with several high-yield char-
acters. However, two identified QTLs for GN and CN
contributed by Miaoqianzhima. It means that introduction
of these two QTLs using the alleles of Miaogianzhima will
further improve the GN and CN of Zhongzhi 14. Further-
more, we have found ‘the superior line’ predicted using
QTLNetwork 2.0 with significantly increased genotype
effect for GN value than two parents [47] (data not
showed). So there will be very great breeding potential
for the improvement of grain number per capsule with
this RIL population. This genotyped RIL population
combined with high-density genetic map will also serve
as an effective study system for characterizing serious of
important agricultural traits, such as yield, oil or protein
content in grain, stress tolerance, and so on.

Conclusions

This report presents by far the first QTL mapping work
of yield-related traits in sesame using a RIL population,
in addition to the construction of a high density genetic
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map. We developed 3,769 SNPs markers by RAD tag
sequencing, and constructed a so far most high-density
genetic map of 14 LGs in combination with SSR and
InDel markers. Using this RIL population and genetic
map, several grain yield-related QTLs had been detected
in more than one trials or by both MIM and MCIM
method, including three major effect QTLs with R*>
10.0% or h?>5.0%. Three QTLs with significant ae or
aa effect had also been identified using MCIM algo-
rithm. Several co-localized QTLs were identified that
partially explained the correlations among seven yield-
related traits. The high-density genetic map and yield-
related QTLs in the current study solidified the basis for
studying important agricultural traits, map-based clon-
ing of grain yield-related genes and implementing MAS
toward genetic improvement in sesame.

Methods

Plant materials and field trials

The mapping population used in this study consists of
224 Fgo recombinant inbred lines derived from single-
seed descent from a cross between ‘Miaoqgianzhima’ and
“Zhongzhi 14, both are white seed-coated. The male par-
ent ‘Zhongzhi 14’ is a commercial cultivar grown widely
in China while the female parent ‘Miaoqianzhima’ is a
landrace accession originating from Anhui province in
China. The two varieties are distinct in many morpho-
logical traits, including plant height, growth habit, cap-
sule shape, leaf shape and color, as well as resistances to
multiple diseases.

Five field trials were set in five environments during
the year 2012 to 2013 at normal planting season (from
June to September), two in Wuchang (2012WC, 2013WC),
two in Fuyang (2012FY, 2013FY), and one in Yangluo
(2013YL). Wuchang (30°52’'N, 114°32’E) and Yangluo
(30°73'N, 114°62’E), which are ~38.6 km apart, both are
located in the summer-sown sesame zone of the middle
Yangtze Valley, while Fuyang (32°93’N, 115°81E) in the
summer-sown sesame zone of the Huang Huai basin.
The aforementioned two zones take up more than 50%
of China’s sesame-grown area. All trials were in a ran-
domized complete blocks design, with three replicates
each environment. Each plot had two 2.0-m rows spaced
0.4 m apart. At the two-euphylla stage, the plants were
thinned and only thirteen evenly distributed plants in
each row were retained for further analyses.

Traits evaluation

In each plot or genotype, only six uniform plants were
used for trait evaluation. Plants at the two ends of each
row were not selected to avoid edge effects. Traits evalu-
ated include plant height (PH, cm), first capsule height
(FCH, cm), capsule axis length (CAL, cm), capsule number
per plant (CN), capsule length (CL, mm), grain number
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per capsule (GN) and thousand grain weight (TGW, g).
CAL was measured as the length of axis from the lowest
capsule to the top one. CL and GN were measured as the
mean values of 18 uniform capsules from six plants. The
half of TGW was measured as the mean weight of three
independent samples of 500 grains. Other traits were mea-
sured as the mean values of 6 plants. All of them were
measured just before the harvest stage.

Genomic DNA extraction and PCR

Genomic DNA was extracted from young leaves using
the DNA extraction kit (TIANGEN Co. Ltd, Beijing).
One thousand two hundred and seventy-four PCR markers,
including 134 genomic-SSRs, 1,061 EST-SSRs and 79 InDels
were used for genetic map construction (Table 1) [31].
Polymerase chain reactions (PCR) for SSRs and InDels
were performed in 10 pl reactions, containing 10 ng
DNA, 2 pmol of each primers, 2 nmol dNTPs, 15 nmol
MgCl,, 0.2 U Taq DNA polymerase (Thermo Fisher Sci-
entific, America) and 1 x PCR buffer supplied together
with the enzyme. The PCR cycles were 94°C 3 min,
36 cycles of 94°C 20 s, 55°C ~ 60°C (depending on the
primers) 30 s, 72°C 40 s, and a 5 min at 72°C for final
extension. PCR products were separated in 8% non-
denaturing polyacrylamide gels (Acr:Bis =19:1 or 29:1)
on a constant voltage of 180 V for 2 ~ 3 h, and were vi-
sualized by silver staining [48].

RAD sequencing, InDel and SNP markers development
Restriction-site Associated DNA (RAD) approach com-
bined with Illumina DNA sequencing was used for rapid
and effective discovery of InDel and SNP markers. RAD
library construction, sample indexing and pooling followed
Baird et al. [49]. The restriction enzyme EcoR I was used
to cut the DNA of two parents and RIL population [50].
22 multiplexed sequencing libraries were constructed, in
which each DNA sample was assigned a unique nucleotide
MID for barcoding. Single-end (101 bp) sequencing was
performed using Illumina NGS platform HiSeq2000 in a
total throughput of 22 lanes.

Raw sequence reads without MID barcode sequences
were trimmed to 85 nucleotides from the 3’ end to
ensure more than 90% of the nucleotides have a quality
value above Q30 (equals 0.1% sequencing error) and
more than 99% above Q20 (equals 1% sequencing error).
Reads of low quality, including reads with <85 bp after
trimming or with ambiguous barcodes, were discarded.
For InDels and SNPs calling, the trimmed reads were
clustered into RAD-tags based on sequence similarity
using Stacks under default parameters [51]. Clustered
RAD-tags with very high read depth (>500) were excluded
[51]. Sequences of RAD-tags were blasted between
the two parental plants. InDels (>2 bp) or SNPs were
identified in alignment results, and regarded as true
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polymorphisms when each allele was observed at least
three times. InDel markers were developed for PCR ana-
lysis by gaps in alignment results with another protocol
[31]. The resultant sequence reads containing SNPs were
compared among RIL plants. Only SNPs that were con-
sistently discovered in parents and the progenies were
retained [50]. The genotypes of SNP or PCR markers of
224 RILs were used for genetic map construction.

Linkage mapping

The marker segregation ratios were examined using the
chi-square test. The poorly performing markers were re-
moved before map construction, which excessively missed
with more than 40% missing data in the RIL population or
excessively distorted with segregation ratios more than of
the minor allele frequency less than 0.29 [13]. A region
with at least three adjacent loci showing significant seg-
regation distortion (P <0.05) was defined as a segregation
distorted region (SDR) [52]. The genetic linkage map was
constructed using JoinMap 4 (Kyazma, Wageningen,
Netherlands). Linkage groups were determined using a
minimum LOD value of 5.0 and a maximum recombin-
ation of 45%. The regression mapping algorithm was
used under the LOD threshold of 3.0 to determine the
orders of markers in each linkage group. The linkage
groups harboring less than 20 markers were discarded.
A ripple was performed after addition of each locus, with
the goodness-of-fit jump threshold for removal loci =5.0
and third round = Yes. The Kosambi mapping function
was used to translate recombination frequencies into
map distances. The final marker order of each linkage
group was verified by the software program RECORD
[53]. The linkage map was graphically visualized with
MapChart 2.2 [54].

QTL analysis
The mean phenotypic data of three replicates (blocks) in
different trials (environments) from all 224 lines (geno-
types) were analyzed for frequency distributions, standard
errors, pearsons correlation coefficients and ANOVA using
SAS Statistics package [55]. The broad-sense heritability
(H?) was calculated with the formula H? = oﬁ/ (oﬁ + o2lr),
where o7 represents the genetic variance, o is the residual
variance, and 7 is the number of replicates per genotype.
QTLs were detected for each of the seven traits using
the MIM method implemented in Windows QTL Car-
tographer 2.5 [56] and MCIM in QTLNetwork 2.0 [57].
In Windows QTL Cartographer 2.5, a Composite inter-
val mapping (CIM) analysis was run at first using Model
6 for one trait in one trial independently, with the forward
and backward stepwise regression under a step size of
1 ¢M and a window size of 10 cM. The LOD significance
thresholds (P <0.05) were determined by running 1,000
permutations tests [14]. The MIM was subsequently used
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to more precisely locate the QTLs. The QTL peaks
identified in CIM were used as the initial model for the
MIM and progressively refined the model using Bayes-
ian Information Criteria (BIC-MO0). QTL effects includ-
ing their percentage of phenotypic variance (total R?)
were estimated with the final model fitted in MIM, and
the R* for individual QTL was estimated using CIM.
The boundaries of the confidence interval of the QTLs
were estimated with the positions where the LOD value
drop-off was equal to 1 [58].

QTLNetwork 2.0 was also used to identify QTL epista-
sis and QTL-environment (QE) interactions of one trait
in several trials with three replicates together, which
employed the genome scan parameters of a 10 ¢cM test-
ing window, 1 ¢M walk speed and 10 cM filtration win-
dow. Two-dimensional (2D) genome scans were carried
out to search for multiple interacting QTLs. A genome-
wide threshold value of the F-statistic (a = 0.01) for
declaring the presence of a QTL was estimated by 1,000
random permutations. A Monte Carlo Markov Chain
method with Gibbs sample size of 20,000 was used to esti-
mate QTL effects [59]. The sum of individual phenotypic
variance explained by each QTL was calculated as the
total phenotypic variance explained by all QTL for each
trait.

Availability of supporting data

The raw sequence data of the RAD sequencing have
been deposited in the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) data-
base under the accession number SRA100255.
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traits among different trials.
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