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Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of “markers” physically linked to them. These included visible
or morphological, cytological, protein, and molecular or DNA markers.
Among them, the first DNA marker, the RFLPs, introduced a revolutionary
change in plant genetics and breeding in the mid-1980s, mainly because
of their infinite number and thus potential to cover maximum chromosomal
regions, phenotypic neutrality, absence of epistasis, and codominant nature.
An array of other hybridization-based markers, PCR-based markers, and
markers based on both facilitated construction of genetic linkage maps,
mapping of genes controlling simply inherited traits, and even gene clusters
(QTLs) controlling polygenic traits in a large number of model and crop
plants. During this period, a number of new mapping populations beyond F,
were utilized and a number of computer programs were developed for map
construction, mapping of genes, and for mapping of polygenic clusters or
QTLs. Molecular markers were also used in the studies of evolution and
phylogenetic relationship, genetic diversity, DNA fingerprinting, and
map-based cloning. Markers tightly linked to the genes were used in crop
improvement employing the so-called marker-assisted selection. These
strategies of molecular genetic mapping and molecular breeding made a
spectacular impact during the last one and a half decades of the twentieth
century. But still they remained “indirect” approaches for elucidation and
utilization of plant genomes since much of the chromosomes remained
unknown and the complete chemical depiction of them was yet to be
unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated the development of the “genomic resources” including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic—physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.
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As expected, sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But the development of information technology made
the life of biologists easier by leading to a swift and sweet marriage of
biology and informatics, and a new subject was born—bioinformatics.

Thus, the evolution of the concepts, strategies, and tools of sequencing
and bioinformatics reinforced the subject of genomics—structural and
functional. Today, genome sequencing has travelled much beyond biology
and involves biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker, and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second-generation sequencing methods. The
development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, the development of
collaborative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series “Compendium
of Plant Genomes,” a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and three basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization are growing rapidly every day. However, the information is
scattered in research articles and review papers in journals and dedicated
Web pages of the consortia and databases. There is no compilation of plant
genomes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful to both
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders, but also for practitioners of an array
of plant science disciplines, such as taxonomy, evolution, cytology,

Preface to the Series



Preface to the Series

physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are, therefore, focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/or economic importance of the plants, description of their genomes from
a molecular genetic and cytogenetic point of view, and the genomic resources
developed. Detailed deliberations focus on the background history of the
national and international genome initiatives, public and private partners
involved, strategies and genomic resources and tools utilized, enumeration on
the sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, the potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

I must confess that as the series editor, it has been a daunting task for me
to work on such a huge and broad knowledge base that spans so many
diverse plant species. However, pioneering scientists with lifetime experience
and expertise on the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series I have been and will remain
a student first, a science worker second, and a series editor last. And, I must
express my gratitude to the volume editors and the chapter authors for pro-
viding me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to the Springer staff,
particularly Dr. Christina Eckey and Dr. Jutta Lindenborn, for the earlier set
of volumes and presently Ing. Zuzana Bernhart for all their timely help and
support.

I always had to set aside additional hours to edit books beside my pro-
fessional and personal commitments—hours I could and should have given
to my wife, Phullara, and our kids, Sourav and Devleena. I must mention that
they not only allowed me the freedom to take away those hours from them
but also offered their support in the editing job itself. I am really not sure
whether my dedication of this compendium to them will suffice to do justice
to their sacrifices for the interest of science and the science community.

New Delhi, India Chittaranjan Kole



Sesame (Sesamum indicum L., 2n = 26) is an ancient and widely grown
oilseed crop with high oil and antioxidants content. In China, sesame has
been used as medicine and was mentioned in the earliest Chinese medicine
dictionary ‘ShenNong’s herb classic’ more than 2000 years ago. In India and
other ancient countries, sesame has been applied for food, medicine, and
religious ceremonies. The vigor of the endless flowering of sesame is always
applied to express the bright expectation of one’s life by the Chinese people.
The story ‘Ali Baba and the Forty Thieves’ and the famous magic code
‘Open Sesame’ also suggest that sesame was very important for the progress
of civilization, especially in the ancient Arabic regions. At present, sesame is
widely cultivated in 80 countries distributed mainly in the tropical and
subtropical regions of the world for its high tolerance to high temperature and
arid environments. However, sesame is a traditional crop and the sole cul-
tivated species in the genus Seamum of the Pedaliaceae family. The relative
narrow genetic base in sesame limits the development of the genetics and
breeding research on it. Prof. Amram Ashri has considered sesame as an
orphan species for the remote phylogenetic relationship with other crops and
the wild Sesamum species and the rare knowledge on its genetics.

The initiation of the Sesame Genome Project by the Sesame Genome
Working Group in 2010 was the prelude to sesame genomics and compar-
ative genomics research. The achievements of the sesame genomics and
functional genomics research provided the necessary genome information
and improved the sesame genetics and breeding studies around the world.
Thus, we summarize the main progresses in sesame genome research, as well
as the necessary background knowledge of sesame genetics and genomics
research to readers in this book entitled, The Sesame Genome.

This book comprises 19 chapters, which present the world sesame pro-
duction status, description of botanical traits, classical genetics and molecular
genetics of key agronomic traits, cytological and chromosome group anal-
ysis, techniques of mutation and creation of genetic variation, breeding
techniques and popular improved varieties, and the achievements of genome
sequencing and genomics research in sesame. We also introduce the back-
ground of initiation of Sesame Genome Project, the strategies and tools of
sesame genome sequencing and assembly, genome structure, key gene
families, and genome evolution of sesame. The genome sequencing of the
wild Sesamum species is also enumerated in the book for the first time.
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We sincerely attempted to edit the book as a useful tool and guide for
sesame scientists and industries. In order to increase the visuality and
instructiveness of the contents, a great number of unpublished figures and
photographs are included by authors. Lots of new and unpublished research
results are also provided. Moreover, the new objectives of sesame breeding
and the concepts of the ideal sesame put forward by Prof. Haiyang Zhang,
Mr. D. Ray Langham, and other famous sesame scientists are listed and
discussed in the book. With the continuous development of the genome
sequencing techniques, the quality of the sesame genome assembly will
obviously be improved in near future. More tools and data resources will be
established accordingly. Therefore, we hope that the scientific information
and experimental ideas reflected in this book are helpful for future molecular
genetics and genomics research in sesame and other crops.

This book is the first professional work about sesame genome. The con-
tents also exhibit the fruits of the international cooperation and communi-
cation on sesame genetics, genomics and breeding research in recent years.
We expect that the application of the updated genome and genetics infor-
mation would improve the collaboration of the world sesame research and
enhance the development of the world sesame industry in the future.

Zhengzhou, China Hongmei Miao
Zhengzhou, China Haiyang Zhang
New Delhi, India Chittaranjan Kole
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Abstract

Sesame is an ancient oilseed crop. In this
chapter, we introduce the status of sesame
production and the world trade, cultivation
styles, and seed nutrition. With the increase of
harvested area and the yield level, the world
sesame production is accelerating. The
increasing demand in the market is stimulating
the development of the sesame industry. In
sesame seeds, high unsaturated fatty acids,
proteins, minerals, and antioxidants result in
the high value of sesame products. The
nutritional and pharmaceutical advantages of
sesame in food industry and medicine indus-
tries are concisely recognized and valued.
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1.1 Introduction

Sesame (Sesamum indicum L., 2n = 26)
(Fig. 1.1) belongs to the Sesamum genus of the
Pedaliaceae family and is one of the five main
oilseed crops of the world. Sesame seeds are
traditionally used for oil crushing and food
consumption for the high oil (29.5-62.7%) and
protein (12.9-30%) contents. S. indicum is the
sole cultivar in the genus Sesamum (Fig. 1.1).
The cultivation history can be traced back to
3050-3500 BC in the Harappa Valley of the
Indian subcontinent (Bedigian and Harlan 1986).
Sesame is tolerant to drought and arid environ-
ments. At present, sesame is mainly cultivated in
the tropical and subtropical regions of Asia,
Africa, and America continents (Ashri 1998).

1.2 World Sesame Production

Sesame is a traditional oilseed crop and is mainly
cultivated in more than 80 countries of the world
(Fig. 1.2). About 70% of the regions for sesame
production located in the latitudes from 30° S to
43° N. All these countries are primarily located
in Africa, Asia, Central America, and Latin
America under hot and dry environments. Espe-
cially, Africa is an important region for sesame
production. Even though the progenitor of
sesame is not determined and the origins of
sesame are still debated (Bedigian et al. 1985;

H. Miao et al. (eds.), The Sesame Genome, Compendium of Plant Genomes,
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Fig. 1.1 Images of sesame
plant, flower, capsule, and
seeds. a Sesame (Chinese var.
Yuzhi Dw607 with short
internode length) plant in
field. b Sesame flowers.

¢ Sesame capsules. d and

e White- and black-coated
sesame seeds. (Photographs
provided by Haiyang Zhang)

Kobayashi 1986; Ashri 1998), Africa has most of
the wild Seamum species and represents the tra-
ditional cultivation history of sesame of the
world.

At present, a dozen of countries in the eastern
or western Africa such as Sudan, Nigeria, Tan-
zania, Ethiopia, Burkina Faso, South Sudan,
Chad, and Uganda produce more than 100 Kilo
tons sesame seeds per country annually (2018
FAO data, www.fao.org/statistics/en/). In Asia,

the main production countries include India,
Myanmar, and China. Mexico, Paraguay, Boli-
via, Venezuela, Guatemala, Honduras, Nicar-
agua, and the United States in America supply a
smaller portion of sesame production, but these
countries, particularly the USA, Venezuela,
Paraguay, and Bolivia, are the leaders in mech-
anized harvest technology. Moreover, Portugal,
Greece, Italy, and Bulgaria in Europe also plant
sesame for domestic consumption in European

Fig. 1.2 Distribution of the world sesame production. Eighty sesame production countries are shown in color
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1 Economic and Academic Importance of Sesame

Table 1.1 Sesame

) < Country name Area harvested(Ha) Production(Tons) Yield(Kg/ha)

production statistics of the

world and main production World (Total) 11,743,382 6,015,573 5123

countries in 2018 Sudan 3,480,000 981,000 2819
India 1,730,000 746,000 4312
Myanmar 1,463,447 768,858 5254
Tanzania 800,000 561,103 7014
South Sudan 617,908 206,522 3342
Nigeria 539,089 572,761 10,625
Burkina Faso 438,941 253,936 5785
Ethiopia 415,112 301,302 7258
Chad 325,114 172,539 5307
China 311,203 433,386 13,926
Others 1,622,568 1,018,166 6275

All the above data cited from FAO dataset (www.fao.org/statistics/en/)

Union countries in recent years (Ray Langham,
personal communication).

In 2018, the total area of sesame harvested in
the world was 11.74 million hectares, and annual
production was 6.02 million tons (Table 1.1)
(FAO data). The top five countries with high
harvest area for sesame include Sudan, India,
Myanmar, Tanzania, and South Sudan. China
had the highest sesame yield of 1392.6 kg/ha in
2018. However, the average yield of the world
sesame is still low at 512.3 kg/ha.

Currently, all the top ten countries for sesame
production are developing countries in the Asia
and Africa continents (Table 1.1). Some devel-
oped countries, such the USA and Portugal, also
grow sesame in arid regions for domestic

Fig. 1.3 Trends in the world
sesame production from 2009

consumption. In USA, there are about 60,000
hectares with an increase trend in recent few
years (data supplied by D. Ray Langham).
With the rapid development of the world
agriculture, sesame production has increased in
the past decade (Fig. 1.3). The world harvested
sesame area rose from 7.87 million hectares in
2009 to 11.74 million hectares in 2018, with the
mean annual increase of 4.25% (ranging from
0.28 to 14.94% from 2009 to 2018). The world
sesame production increased from 3.87 million
tons in 2009 to 6.02 million tons in 2018, with
the mean annual increase of 4.44% (ranging from
12.23 to 12.84%). Meanwhile, the average yield
of sesame annually increases 2.77% during
2009-2018. The data suggest that the increase of

‘World sesame production from 2009-2018
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world sesame production is mainly resulted from
the increase of world harvest area (Zhang et al.
2019). Africa is the sole region with an increase
tendency for sesame production.

1.3 World Sesame Trade

The world sesame trade market has been stimu-
lated by the increased sesame production in the
recent years. From 2008 to 2017, the total trade
amount of the main export countries ranged from
0.9575 million tons (2008) to 1.8617 million tons
(2017). The imported amount of sesame seeds
ranged from 1.081 million tons (2008) to 1.9085
million tons (2017) (Fig. 1.4). It is worth noting
that China is the largest sesame importer since
2003 for the decrease of total production and
harvest area. In the past ten years, the annual
imported sesame product touched to 0.977 mil-
lion tons (2016) (www.fao.org/statistics/en/).
Even though the domestic sesame seeds contain
high oil content with high appearance quality and
good flavor, the sesame harvested area in China
gradually declined for the low profit and high
labor cost of sesame production. Moreover,
massive labor transfer from the country to cities
and low trade price in the world sesame market
enhance the decrease of sesame production in
China.

Globally, the trade prices fluctuated in the past
decade (Fig. 1.5). The import price of sesame

Fig. 1.4 Trends in the world
sesame trade from 2008 to

seeds in China varied from $714 per ton in 2003
to $1027 per ton in 2016. The highest price of
$1751 per ton was in 2014. The import price in
Japan followed the same pattern. Due to unex-
pected weather and total annual production
variation in the main sesame producing regions,
the international trade market presents the insta-
bility and always influences the import price.
Subsequently, the great variation of price influ-
ences the enthusiasm of the sesame farmers, even
though the sesame processors (both for oil and
edible products) have a small profit margin from
the sesame trade fluctuation. Finally, this insta-
bility affects the development of the global
sesame industry.

1.4 Sesame Cultivation

Sesame is a survivor crop, because sesame is
mainly cultivated under low input conditions in
most of the main production countries (Langham
2007). However, the planting regions for sesame
cover different regions from irrigated to rain-fed
conditions. In different production regions, the
models and techniques for sesame cultivation
vary accordingly. The main planting models
include one cropping, double cropping, triple
cropping per year, intercropping, thin population,
and dense population (Fig. 1.6).

There are two types of sesame in the world
according to the levels of moisture and fertility

World sesame trade from 2008-2017
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Import price of sesame seeds in China and Japan
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Fig. 1.5 Import price variation of sesame seeds in China and Japan from 2003 to 2016. Source from Chinese customs
dataset

Fig 1.6 Representative planting models of sesame in China. a One cropping. b Double cropping. ¢ Triple cropping.
d Intercropping. (Photographs provided by Haiyang Zhang and Hongmei Miao)
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(Langham 2007). One is cultivated in dry areas
or seasons (such as in USA, Venezuela, Ethiopia,
and Sudan) (Fig. 1.7c, d). The other is mainly
cultivated under conditions with high moisture
and fertilizer input (such as in China and Korea)
(Fig. 1.7a, b). Meanwhile, one variety can pre-
sent different architecture, when planted under
high and low input architectures, respectively. In
the high input architectures using high moisture
and fertility, the plants grow strong during the
vegetative and reproductive phases. The leaves
are large; the internodes are long; the height to
the first capsule is high; and there are more
capsule node pairs. On the contrary, the low
input architecture with low moisture and/or fer-
tility results in the small plant type. The leaves
are small; the internodes are short; the height of
the first capsule is low; and there are fewer
capsule node pairs. Furthermore, the capsule
number per plant and the seed number per cap-
sules are low. The yield is normally lower than
that of the high input conditions. The ability of
some sesame genotypes to withstand drought
allows it to be one of the few crops that can be
cultivated in extreme dry areas of the world.
Sesame is an indeterminate crop with long
flowering time. Langham (2007) divided the
phenology of sesame into four main phases

Fig. 1.7 Representative
sesame varieties planted in
various conditions. a Sesame
variety Yuzhill in China.

b Sesame variety in South
Korea. ¢ Sesaco sesame
variety in USA. d Sesame
variety in Sudan (Photographs
provided by Haiyang Zhang,
Churl Whan Kang, Ray
Langham, and Khalafalla Ali, &
respectively)

(vegetative, reproductive, ripening, and drying)
and ten stages (Table 1.2). Reproductive, ripen-
ing, and drying phases generally overlap. For
example, sesame plants can still be flowering,
while the lower capsules are ripe and shattering.
In the main production regions, all the farming
actions (planting, thinning, weeding, cutting,
shocking, and drying) are still manual. Thus, the
drying phase is meaningful only for the plants
that are left in the field to dry for direct harvest
with a combine.

The greatest advances in modern agriculture
lie in the mechanized practices from sowing until
the harvest phase. Sesame is traditionally a
manual crop. This laborious planting model and
low profit are not suitable for the rapid develop-
ment of the world agriculture. Stabilizing the high
yield and increasing the relative profits are the
key and everlasting objective of sesame produc-
tion. Raising the mechanization level is necessary
for improving sesame production. In 1943 in
Venezuela, D.G. Langham introduced mecha-
nization with mechanical planting, cultivating,
cutting and binding, and combining. The only
manual operation was in shocking the sesame and
feeding the shocks into the combine. In 1982 in
the USA, Sesaco Company released varieties that
could be swathed into a windrow and left in the

SN
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Table 1.2 Phases and

Stage/phase End point of stage DAP? Week
stages of sesame number

Vegetative

Germination Emergence 0-5 1-

Seedling Third pair true leaf length = 2nd 6-25 3-

Juvenile First buds 26-37 2-

Pre- 50% open flowers 38-44 1-

reproductive

Reproductive

Early bloom Five node pairs of capsules 45-52 1

Mid bloom Branches/minor plants stop 53-81 4

flowering

Late bloom 90% of plants with no open flowers 82-90 1+

Ripening Physiological maturity (PM) 91-106 2+

Drying

Full maturity All seed mature 107- 1-
112

Initial drydown | First dry capsule 113- 2
126

Late drydown Full drydown 137- 3
146

Source from Langham (2007)

“DAP = days after planting. Data were collected based on S26 in 2004 at Uvalde, Texas,

under irrigation condition

field to dry and then harvested by a combine. This
was the first sesame that was completely mecha-
nized. In 1988 in the USA, Sesaco released the
first sesame varieties that could be harvested
directly in the field after the sesame was dry
enough for almost 6% seed moisture. In 1997,
nondehiscent (ND) sesame variety was released
in the USA with improved shatter resistance. In
2008, improved nondehiscent sesame variety was
released. After being dry one month, 85% of the
capsules in improved nondehiscent plants still
have seed to the top (Langham 2008). At present,
the above new sesame varieties with the increased
shatter resistance trait are widely cultivated with
the mechanized technology in the USA, Para-
guay, and Bolivia (Fig. 1.8). We believe that the
mechanization innovation of sesame cultivation
will improve the world sesame industry in the
near future.

1.5 Sesame Nutrition

Sesame is a high oil content crop. In the principal
producing countries, sesame plays a considerable
role in the development of the national economy,
even though sesame contributes only about 1%
of the total world oilseed production. Compared
with cereals and other oilseed crops, sesame seed
has high oil and dietary fiber contents
(Table 1.3). The nuclear magnetic resonance
(NMR) evaluation results indicate that the oil
content in the 50 foreign and domestic sesame
germplasm resources ranges from 29.48 to
58.71% (Wei et al. 2016). Uzun et al. (2008)
reported specific samples with 62.7% oil content.
Besides abundant protein (12.9-30%), sesame
seed is also rich in vitamins and minerals
(Table 1.4). Of the eight kinds of vitamins
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Fig. 1.8 Mechanized
cultivation with improved
nondehiscent sesame varieties
in the United States.

a Improved nondehiscent
sesame variety with greater
retention of seeds in capsule.
b Mechanized cultivation.

¢ Capsule mature before
drydown. d Direct combine
harvest (Photographs
provided by D. Ray
Langham)

Table 1.3 Nutritional

Crop Oil Protein | Carbohydrate | Crude Moisture
ingredients in sesame and fiber
other crops (g per 100 g)
Sesame (white- 52.0 18.4 21.7 9.8 53
seeded)
Peanut seed 50.0 25.8 16.2 - 5.5
Soybean 21.0 35.0 18.7 4.8 15.5
Rapeseed 38.0 26.0 24.0 - 8.0
Wheat flour 1.8 9.9 74.6 0.6 12.0
Corn (yellow) 4.3 8.5 72.2 1.3 12.0
Data are cited from Zhang et al. (2012)
Table 1.4 Vitamin and Vitamin component Content Mineral component” Content
mineral contents in sesame (mg/100 g) (mg/100 g)
seeds Thiamine (B,) 1.3 Calcium (Ca”") 1345
Niacin 5.0 Magnesium (Mg?") 344
Vitamin C 0.5 Potassium (K*) 674
Lactochrome (B,) 6.3 Iron (Fe**) 69
Pantothenic acid 600 Sodium (Na™) 75
Vitamin E 50 Copper (Cu**) 19
Tocopherol (o, B) 5 Manganese (Mn2+) 17
Folic acid 18.5 Selenium (Se“) 0.4
Zinc (Zn**) 37

#Vitamin content data are cited from Zhang et al. (2012)
"Mineral content data are supplied by Henan Sesame Research Center, Henan Academy
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existing in sesame seeds, the content of pan-
tothenic acid (600 mg in 100 g sample) ranks no.
1, followed by vitamin E (50 mg), folic acid
(18.5 mg), lactochrome (B,) (6.3 mg), niacin
(5.0 mg), tocopherol (a, B) (5 mg), thiamine (B )
(1.3 mg), and vitamin C (0.5 mg). In addition, in
100 g sesame seeds, there are 1345 mg calcium,
344 mg magnesium, 674 mg potassium, 69 mg
iron, 75 mg sodium, 37 mg zinc, 19 mg copper,
17 mg manganese, and 0.4 mg selenium. Fur-
thermore, sesame oil contains many minerals like
magnesium, copper, calcium, iron, and zinc, and
vitamins like Bs. The bulk of these minerals in
the sesame seed and sesame oil obtain the high
acceptance among the customers (Prakash and
Naik 2014). In sesame leaves, the concentration
of calcium, zinc, iron, and magnesium is
19,212.6 mg/kg, 15.7 mg/kg, 301.5 mg/kg,
1433.9 mg/kg, respectively (data provided by
Zhigang Liu). In China, sesame leaves are
becoming a popular vegetable. In Tanzania, the
leaves of a wild sesame species, namely
‘Mlenda’, have been used as a vegetable.

In addition, the sesame seed carbohydrate
content is high to 25.0%, while the digestible
fiber in sesame seeds reaches to 9.8 g per 100 g
(Jimoh and Aroyehun 2011; Zhang et al. 2012;
Makinde and Akinoso 2013; Prakash and Naik
2014; Sene et al. 2017). At present, sesame seeds
are applied as the preferred food, especially in
developed Asian countries.

1.5.1 Fatty Acid Composition

in Sesame Oil

Sesame oil is composed of triglyceride and a
little amount of phospholipid (0.03-0.13%).
There are saturated, monosaturated, and
polysaturated fatty acids in sesame oil (Zhang
et al. 2019). Oleic acid (18:1) (~40%) and
linoleic acid (18:2) (~46%) are the main fatty
acids and consist of about 85% of the sesame oil.
In addition, the saturated fatty acids include
palmitic acid (16:0) (8%) and steric acid (18:0)
(4%). The content of arachidic acid (20:0) and
linolenic acid (18:3) is below 1%. For

polysaturated acids, linoleic acid especially is a
requisite fatty acid and cannot be synthesized in
human body. Linoleic acid can inhibit the syn-
thesis of cholesterol in human blood and soften
the blood vessel to prevent arteriosclerosis. In
India, the sesame oil is recommended for topical
use by Ayurveda, as sesame oil contains selective
antineoplastic properties which are similar to
those demonstrated for essential polyunsaturated
fatty acids and their metabolites (Smith and
Salerno 1992). Smith and Salerno (1992) proved
that that linoleic acid of sesame and safflower oils
could selectively inhibit malignant melanoma
growth over normal melanocytes, whereas
coconut, olive, and mineral oils contain little or
no linoleic acid at all. Therefore, sesame is also
believed as the ideal vegetable oil for body
health.

1.5.2 Amino Acid Composition
in Sesame Seeds

Sesame seeds contain 18-20% proteins (Zhang
et al. 2019). Li et al. (2014) evaluated the 369
sesame accessions and determined that the pro-
tein content in sesame seeds varied from 16.72 to
27.79%. Insoluble 11S globulin and soluble 2S
albumin are termed as a-globulin and B-globulin,
respectively, and are the two major storage pro-
teins in sesame seed. The two proteins occupy
80-90% of total seed proteins (Anilakumar et al.
2010). Comparison of amino acid compositions
indicates that 11S globulin and soluble 2S are
substantially less hydrophobic than the known
oleosins and thus should not be aggregated mul-
timers of oleosins. The functional properties of
globulin in sesame can be influenced by interac-
tions with food components and the processing
treatments (Anilakumar et al. 2010). Sesame seed
contains 18 types of amino acids (Table 1.5). In
white sesame seeds, the main amino acids are
glutamic acid (4.21%) and arginine (2.79%)
(Zhang et al. 2019). Sesame is rich in sulfur
containing amino acids and limited in tryptophan
(Kapadia et al. 2002; Anilakumar et al. 2010; Gao
et al. 2011; Prakash and Naik 2014).
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Table 1.5 Amino acid
composition in sesame
seeds

Amino acid component

Glutamic acid
Arginine
Aspartic acid
Leucine
Phenylalanine
Valine
Glycine
Alanine
Tyrosine
Threonine
Methionine
Isoleucine
Serine

Lysine
Proline
Histidine
Cystine
Tryptophan
Total

H. Zhang et al.

Content (%)

White seed” Black seed®
4.21 4.02
2.79 2.60
1.66 1.62
1.41 1.33
1.02 0.96
1.01 0.97
1.00 0.98
0.90 0.88
0.90 0.84
0.89 0.86
0.84 0.61
0.77 0.72
0.73 0.71
0.67 0.69
0.58 0.54
0.47 0.47
0.37 0.36
0.21 0.20

20.42 19.33

*White sesame seeds (var. Yuzhi 11) and black seeds (var. Ji9014) harvested in
Yuanyang experimental station in 2009 are evaluated using standard chemical method by
HSRC, HAAS, China (cited from Zhang et al. 2019)

1.5.3 Oxidants in Sesame Seeds

Antioxidants are molecules which present with
low content but prevent or reduce the extent of
oxidative destruction of biomolecules, according
to the classical definition (Halliwell 1990). In the
famous Mediterranean diet pyramid, olive oil is
recommended, as it contains 2% unsaponifiable
fraction. The most abundant antioxidants in olive
oil are lipophilic and hydrophilic phenols.
Sesame seed has been used as a traditional health
food and medicine to prevent numerous diseases
in Africa and Asia since the dawn of civilization
(Shittu et al. 2007). In Chinese medicine dic-
tionaries, such as ‘ShenNong’s herb classic’ (the
earliest Chinese medicine work, written more
than 2000 years ago), ‘Supplementary records of
famous physician’ (formed at the 2nd or 3rd
century AD), and ‘Wu Pumedica’ (edited at the
third century AD), sesame has been recorded as a

tonic and medicine. The active components in
sesame seeds refer to antioxidants, such as lig-
nans (Ram et al. 1990; Baydar 2005; Suwimol
et al. 2012). Sesame shows a remarkable stability
to oxidation (Abou-Gharbia et al. 1997, 2000)
and is regarded as ‘the queen of the plant oil crop
seeds’, perhaps for the high resistance to oxida-
tion and rancidity (Bedigian and Harlan 1986).
Comparison of unroasted and roasted sesame
seed oil indicates that y-tocopherol is the main
active constituent in fresh unroasted seed oil,
while sesamol has high concentration in roasted
seed oil, which is produced by hydrolysis of
sesamolin. y-tocopherol is the major tocopherol
in sesame seeds, and the content is high to be
490-680 mg/kg sesame oil. In wild sesame
species of S. alatum, S. angustifolium, and S.
latifolium, the amounts of y-tocopherol are 210—
320, 750, and 800 mg/kg sesame oil, respec-
tively. o-tocopherol is the predominant form in
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the photosynthetic tissues such as stems and
leaves (Kiani et al. 2016). The main function of
a-tocopherol is to be a radical-chain breaking
antioxidant in membranes and lipoproteins, as
well as in foods (Kamaleldin and Appelqvist
1996). a-tocopherol is more useful for decreasing
platelet aggregation, low-density lipid oxidation,
and delaying intra-arterial thrombus formation.
Lignans and glucosides are present in the
sesame seeds. Lignans are oil soluble and mostly
are in sesame oil, whereas glucosides are water
soluble and mostly are in the meal. Sesame lig-
nans are comprised of sesamin, sesamolin, and
small amounts of sesaminol, piperitol, sesamoli-
nol, pinoresinol, (+)-episesaminone, hydroxy-
matairesinol, allohydroxymatairesinol,  and
larisiresinol (Shittu et al. 2007). Sesamin and
sesamolin are the main lignans in sesame seeds
but have no antioxidative ability. Other compo-
nents such as sesaminol carry free phenolic
groups and present the antioxidant activity (Kanu
et al. 2010) (Fig. 1.9). Physical characters and the
main functions of lignans are listed in Table 1.6.
In the 1380 Chinese domestic and world
sesame germplasm accessions, the lignan content
varies from 0.517 to 15.832 mg/g (Haiyang
Zhang, unpublished data). The content of sesa-
min and sesamolin ranges from 0.200 mg/g to
10.598 mg/g  and from 0.024 mg/g to
7.521 mg/g, respectively (Fig. 1.10). In sesame
seeds, the average sesamin content is a little
higher than that of sesamolin. Most varieties in
production have about 5.0 mg/g lignans in seeds.
In addition, we compared the lignan content
of the cultivated sesame (var. Yuzhi 11) and five

Fig. 1.9 Chemical structure
of sesame lignans. Source
from Ide et al. (2003)
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wild Sesamum species and found that the five
wild species have higher lignans content
(Table 1.6). Interestingly, in the -cultivated
sesame, sesamin and sesamolin contents are rel-
atively low and almost equal to each other. S.
angolense has the highest lignan content of
15.18 mg/g seed. S. latifollum has no sesamolin
but has high sesamin of 7.87 mg/g. Meanwhile,
the sesamolin content in the other four species is
relatively high. Compared with S. indicum, the
five wild species has lower sesamin content, even
though the total content of sesamin and sesa-
molin is higher.

Many reports have demonstrated that sesame
oil and sesamin have the therapeutic benefits for
anti-inflammation in osteoarthritis, antioxidant,
antihypertensive, anticancers, lowering blood
cholesterol and serum lipid, and neuroprotective
effects against hypoxia (Fukuda et al. 1986;
Tsuruoka et al. 2005; Srisuthtayanont et al.
2017). Sesamin, sesaminol, and episesamin can
specifically inhibit the A’desaturases which par-
ticipate in polyunsaturated fatty acid biosynthesis
in fungus and rat liver and play an important role
in health-promoting effects (Shimizu et al. 1991).

Sesamin is the most important lignans in
sesame oil (Kanu et al. 2010). Under normal
room temperature and atmospheric pressure,
sesamin presents needle-like crystal. The melting
point is at 122-123 °C. The boiling point is
504.4 °C at 760 mmHg pressure. Sesame is
lipid-soluble. Sesamin can possibly inhibit the
catabolism of vy-tocopherol, which results in
higher bioavailablility observed in human and
animal studies (Ikeda et al. 2002; Sontag and

0

Sesaminol Sesamolin
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Table 1.6 Lignans content in the seven Sesamum species

Sesamum species Material Variety name

S. indiucm Yuzhi 117
S. latifolium K1*

S. angolense K16"

S. calycinum Ken8*

S. angustifolium Go1r”

S. radiatum G02*

ND indicates ‘Not detected’

Lignans (mg/g seed)

Sesamin Sesamolin Total
2.37 2.23 4.60
7.87 0 7.87
0.54 14.64 15.18
0.52 5.99 6.51
0.18 12.91 13.09
1.42 5.06 6.48

“The above sample seeds are harvested in Sanya Experimental station of HSRC, HAAS, China, in 2015 (unpublished
data). The sesamin and sesamolin contents are measured by the high-performance liquid chromatography (HPLC)

method. (Provided by Haiyang Zhang)

Accession number

Sesamin (mg/g)

Fig. 1.10 Distribution of sesamin and sesamolin content
in the worldwide sesame germplasm. a Sesamin content
of the 1380 sesame accessions. b Sesamolin content of the
1380 sesame accessions (unpublished data). All the

Parker 2002). Srisuthtayanont et al. (2017)
proved that sesamin increased expression of all
the chondroitin sulfate proteoglycans (CSPGs)
synthesis genes and suppressed the interleukin-1
beta (IL-1B) expression in genes and in protein
levels.

In addition, sesamin shows antihypertensive
and neuroprotective effects against hypoxia or
brain damage. As the DOCA-salt hypertensive
rats are fed with sesamin, the enhanced vascular
O°” production is inhibited. The results indicate
that sesamin bears the antioxidative action and
contributes to the antihypertensive activity in
biomass (Nakano et al. 2002).

Accession number

3 4 5 6 7 8

Sesamolin (mg/g)

materials are cultivated in Yuanyang experimental station
of HSRC, HAAS, China, in 2015. Source from Zhang
et al. (2019)

Tsuruoka et al. (2005) performed the DNA
microarray analysis of the effect of sesamin on
the gene expression in rat liver. The results
showed that 38 genes were up-regulated of which
16 genes encode proteins possessing a lipid-
metabolizing function, and other 16 encode
proteins possessing a xenobiotic/endogenous
substance metabolizing function. The expres-
sion of B-oxidation-associated enzymes in per-
oxisomes and the auxiliary enzymes required for
degradation increased. The expression of acyl-
CoA thioesterase genes involved in acyl-CoA
hydrolase and very long-chain acyl-CoA thioes-
terase was also up-regulated. The results suggest
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that sesamin regulates the lipids metabolism at
the mRNA level. Furthermore, studies indicate
that NF-xB, STAT3, INK, ERK1/2, p38 MAPK,
PI3K/AKT, caspase-3, and p53 signaling path-
ways are critically involved in mediating the
anticancer effects of sesamin. Thus sesame can
be used for cancer prevention and treatment
(Majdalawieh et al. 2017).

Sesamol is an effective antioxidant found
mainly in roasted sesame seeds or processed
sesame oil. In sesamol molecule, there is a phe-
nolic derivative with a methylenedioxy
group. Sesamol can inhibit the excessive pro-
duction of nitric oxide in the lipopolysaccharide/
gamma-interferon stimulated C6 astrocyte cells
(Soliman and Mazzio 1998). Studies have shown
that sesamol can act as a metabolic regulator and
possesses chemopreventive, antimutagenic, and
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antihepototoxic properties (Kaur and Saini 2000;
Kapadia et al. 2002).

Sesaminol is naturally a trace compound in
sesame seeds and can be used as a food additive or
in medicinal application for the natural antioxid-
ance. Sesaminol could be transformed from sesa-
molin. The antioxidative activity of sesaminol is
relatively equal to those of sesamol and Y-
tocopherol. The antioxidative activity of refined
unroasted seed oil probably results from sesaminol
(Fukuda et al. 1986; Miraj and Kiani 2016).

Sesamolin exists in unprocessed sesame oil
and is the source of sesaminol. Sesamolin can be
converted to sesamol, sesaminol dimmer, and
other lignans, when heated. Sesamolin achieves
the anticancer activity by increasing the expres-
sion level of NKG2D ligands on Raji cells, which
are derived from Burkitt’s lymphoma (Table 1.7).

Table 1.7 Physical characteristics and main functions of major sesame lignans

Sesame Content in Molecular Molecule

lignan seeds formula size
(mg/100 g)

Sesamin 77-930 C20H1806 354

Sesamolin 61-530 Cy0H;307 370

Sesaminol 0.3-1.4 C,oH ;307 370

Content in
sesame oil

(%)
0.40

Biological function

Lipid and glucose metabolism
Hypertension

Anti-inflammatory activity by
inhibiting delta 5-desaturase
Increasing y-tocopherol levels in
plasma and liver of humans

Free radical scavenging

Protecting liver against ethanol- and
carbon tetrachloride-induced damage
Inhibiting vascular superoxide
production

Promoting angiogenesis

Providing neuroprotection
Bactericide and insecticide activities

0.30 Increasing the hepatic mitochondrial
and the peroxisomal fatty acid
oxidation rate

Synergistic for pyrethrum insecticides
Inhibiting mutagenesis induced by

H202

Inhibiting the membrane lipid
peroxidation

Microsomal peroxidation induced by
ADP-Fe**/NADPH

Oxidation of LDL induced by copper
ions

Increasing the availability of
tocopherols

Inhibiting oxidative damages in DNA

0.10

Source from Moazzami (2006) and Dar and Arumugam (2013)
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1.6 Sesame Application
1.6.1

Sesame Nutritional Food
Production

Traditionally, sesame seeds are used in Hindu
culture as a ‘symbol of immortality’, and sesame
oil is used widely in prayers and burial cere-
mony. At present, sesame is described as a food
and aliment for providing energy, a soothing
frame of mind, and retarding aging (Prakash and
Naik 2014). The sesame market is on the rise,
due to the development of more and more
industrialized products for consumption, which
has growth of around 15% per year. As the main
demand for sesame comes from the food indus-
try, 70% of sesame seeds in most importer
countries are used for crushing oil and producing
sesame flour and fried seeds. European people
use sesame oil as a substitute for olive oil.
Japanese use sesame oil for cooking fish.

Sesame seeds are consumed in nature or in
products, such as confectionery and bakery.
Thus, hulled sesame seeds are also one sort of the
important sesame products. The seed coat can be
removed via manual, mechanical, physical, and
chemical processes. Tahini made from the roas-
ted hulled sesame seeds is a traditional sesame
food in Eastern Asia. Meanwhile, sesame seed
cake is nutritious and can be used as animal feed
and sesame flour. Sesame flour has high protein
content. Especially methionine and tryptophan
take up 10-12% sesame proteins (Anilakumar
et al. 2010).

Moreover, sesame seeds are applied as an
ingredient for food production. In Greece, seeds
are used in cakes, while in Togo and Africa, the
seeds are an ingredient of main soups. Many
recipes, such as sesame seed sprouts, hummus,
sesame mustard sauce, ginger sesame chicken,
sesame pastry, sesame seed sauce, and sesame
green beans, also contain sesame seeds as an
important ingredient (Anilakumar et al. 2010).
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1.6.2 Application as Medicinal
Substances

Oxidative stress is associated with many diseases
by radical damage, such as atherosclerosis, dia-
betes mellitus, chronic renal failure, rheumatoid
arthritis, and neurodegenerative diseases (Abuja
and Albertini 2001). Lipid peroxidation reac-
tions are generally free radical-driven chain
reactions, in which one radical can induce the
oxidation of a great number of substrate mole-
cules represented by polyunsaturated fatty acids
(PUFA). As for the nutritious and antioxidant
characters, sesame oil, lignans, lecithin, flavo-
noids, and other nutritious constitutes extracted
from sesame seeds are used as antifungal,
antioxidant, cancer preventative drugs, skin
softener, and other medicinal and pharmaceutical
substances. In the USA medicine market, ‘Sci-
vation’ company sells sesame seed ligans soft
gels applied for fat loss, reducing cholesterol to
support liver and kidney health, and maintaining
healthy lipid profile. Of 540 mg sesame seed
extract, there are 81 mg (15%) sesamin and
27 mg (5%) sesamolin.

1.6.3 Industry Processing

In addition, sesame can be used for industry for
specific physical characters. For example,
sesame flowers can be used to produce per-
fumes and cologne. Myristic acid has been
extracted from sesame oil and used for cos-
metics and soap manufacturing. Sesamolin has
insecticidal properties and has been used as a
synergist for pyrethrum insecticides (Morris
2002). Moreover, sesame oil has been used as a
solvent, oleaginous vehicle for drugs, skin
softener, and the manufacture of margarine and
soap. Chlorosesamone has been obtained from
sesame roots and proved with antifungal activity
(Hasan et al. 2000).
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Furthermore, sesame cake and rejected mate-
rials can be used as fertilizes. The stems of
sesame plants can produce organic fertilizers to
improve the soil nutrition. It is also worthy to
mention that new further processing products of
sesame are creating new consumption market for
sesame industry in recent years. As to new
sesame products related with proteins and lig-
nans, new processing techniques always attract
higher additional value and more producers’
attention. We therefore believe that sesame
industry is vigorous with the sustainable devel-
opment tendency.

1.7 Academic Importance

Sesame takes both the important economic
position and academic position during the
development of the world oilseed crops industry.
Compared with oilseed rape (Brassica napus),
soybean (Glycine max), peanut (Arachis hypo-
gaea), sunflower (Helianthus annuus), and other
oilseed crops, sesame seeds contain high fatty
acids and antioxidants content. Clarifying the
regulatory mechanisms underlying oil biosyn-
thesis, fatty acid and storage protein composi-
tion, and the secondary metabolic processes of
antioxidants in sesame will certainly explore the
energy substance synthesis patterns in higher
plants and oilseed crops (Suh et al. 2003; Ashri
2006; Wei et al. 2012; Zhang et al. 2013).
Sesame is a very ideal material for genetic
studies. Sesame grows fast with the high pro-
ductive character. The life cycle stage is about
71-99 days, while the flowering stage varies
from 28 to 65 days (Kang et al. 2006). Of the
806 germplasm accessions cultured in Pingyu
experimental station (Pingyu, China) in 2017, the
capsule number per plant varies from 6 to 165,
and the average seed number per capsule varies
from 20 to 173 (unpublished data, provided by
Zhang Haiyang). Thus, obtaining the offspring of
hybridization population is very easy for sesame.
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In addition, sesame has high adaptability for
tropical climates. The tolerance of drought and
high temperatures make sesame survival suc-
cessful in low input and arid lands. Sesame is
susceptible to fungi diseases (such as Fusarium
wilt and stem charcoal rot diseases) and water-
logging, while many wild species present high
resistance to biotic and abiotic stresses (Joshi
1961; Nimmakayala et al. 2011; Zhang et al.
2012). Comparison of the genetic and genomic
differences between sesame and the wild Sesa-
mum species will determine the stress response
mechanism of disease resistance in sesame. Thus,
the Sesamum genus can be used as the model
plant to investigate the resistance and regulation
processes for biotic and abiotic stresses in nature.

More importantly, sesame is an ancient crop,
and the evolutionary position is important.
Chloroplast genomics data indicate that S. indi-
cum in Sesamum (Pedaliaceae) is closely related
to the family Solanaceae (Fig. 1.11). The sesame
genome is small to only 354 Mb according to the
k-mer analysis results (Zhang et al. 2013). The
chromosome structure is relatively simple and
presents the diploid characters (Zhao et al. 2017).
Thus, clarifying the genome evolution of S.
indicum and other wild species in Sesamum will
supply precious information for revealing the
possible evolution pattern of the ancestors of
eudicot plants. Therefore, sesame is regarded as a
model oilseed crop for genetic studies of key
agronomic traits and genomic evolution analysis
within endicot plants (Zhang et al. 2019).

1.8 Conclusion

Sesame is an important oilseed crop with the
world production of 6.11 million tons annually.
Sesame as a model of oilseed species offers a
great opportunity for genetics analysis of veg-
etable oil biosynthesis and metabolism. With the
fulfilling of the Sesame Genome Project, sesame
can supply an example for exploring the
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Genome-sequenced Family Species  Available genome
Species number number
Physcomitrella patens | Funariaceae 210 1
Selaginella moellendorifii | Selaginellaceae 326 1
Zea mays
Sorghum bicolor
Panicum virgatum Poaceae 11,461 6
Setaria italica
Brachypodium distachyon
Oryza sativa
| Aquilegia coerulea | Ranunculaceae 2,242 I
Sesamum indicum = | Pedaliaceae 34 0
Mimulus guttatus | Phrymaceae 106 i
Solanum tuberosum
- Solanum lycopersicum | Solanaceae 2,030 2
Vitis vinifera | Vitaceae 950 1
= Lotus japonicus
I Medicago truncatula
] Phaseolus vulgaris Fabaceae 23,535 5
'E Glycine max
Cajanus cajan
Fragaria vesca
E Prunus persica Rosaceae 1,966 3
| Malus x domestica
- Linum usitatissimum I Linaceae 167 1
s conmls | Guphosicce o512
POPH."HS rrichocarpa | Salicaceae 772 I
— Cucumis sativus I Cucurbitaceae 989 I
Eucalyptus grandis | Myrtaceae 5,774 I
— Eutrema halophilum
— Brassica rapa
Capsella rubella Brassicaceae 3501 6
i -E Arabidopsis lyrata '
Arabidopsis thaliana
Carica papaya I Caricaceae 43 i
= Theobroma cacao | Malvaceae 3,704 1
Citrus clementina
Rutaceae 1,487 2

Citrus sinensis

Fig. 1.11 Phylogenetic positions of sesame and the 36
Zhang et al. (2013).

molecular mechanisms related with growth and
development and resistance responses to biotic
and abiotic stresses for other crops.
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Abstract

Sesame is distributed widely in the tropical
and subtropical regions of the world. The
cultivation history of sesame dates back to
over 5000 years ago. In this section, the
botanical features and growth characteristics
of sesame including root, stem, leaf, flower,
capsule, and seed are discussed. The overview
summarizes the species-specific morphologi-
cal characteristics of sesame and provides the
fundamentals for sesame genetics and geno-
mics research. In addition, the wild species are
also described.

2.1 Origin of Sesamum indicum

Sesame was named ‘Sesamum indicum’ by Carl
Linnaeus for the first time in 1753 (Bedigian
2010a). The name ‘Sesamum orientale’ precedes
S. indicum, and many scientists have argued that
S. orientale should be used, and some papers
have used it. However, the debate was settled by
the Committee for Spermatophyta at the 2005
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International Botanical Congress that approved
the name Sesamum indicum L. in the Interna-
tional Code of Botanical Nomenclature (ICBN)
(Brummitt 2005).

S. indicum is the sole widely cultivated spe-
cies in the Sesamum genus (Joshi 1961; Weiss
1971; Zhang et al. 2012), although there are
minor uses of a wild species S. radiatum. Sesame
is widely grown in Asia, Africa, and America. To
ascertain the original place and the expansion
history is difficult. According to Index Kewens
and Supplements, about 29 of the 36 Sesamum
species have been found in Africa (Kobayashi
1991). The existence of an overwhelming num-
ber of wild Sesamum species in Africa suggests
that this continent should be the place of origin of
sesame (Joshi 1961; Weiss 1983; Sharma et al.
2014). However, Asia is rich in diversity of
cultivated sesame. Fuller (2003) inferred that
sesame originated from the northwestern South
Asia by the time of the Harappan civilization,
based on the archaeological findings of charred
sesame seeds. There is a species (S. malabaricum
Burm.) in India, which can be crossed with S.
indicum producing fertile seeds (Bedigian
2010a). The analysis of the two chloroplast DNA
regions (ndhF and #rnLF) determined that S.
indicum is closely related with S. malabaricum
(Bedigian 2010b). Nanthakumar et al. (2000)
studied the genetic relationships among seven
cultivated and wild Sesamum species using iso-
zymes and random amplified polymorphic DNA
(RAPD) markers. The data showed that .
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malabaricum and S. radiatum were most closely
related to cultivated S. indicum. Hiremath and Patil
(1999) regarded S. mulayanum as the wild pro-
genitor of S. indicum, according to the morpho-
logical, genetic, and cytogenetic analyses. Thus
sesame is believed to be domesticated in the Indian
subcontinent (the western Indian peninsula and
parts of Pakistan) (Bedigian 1984, 1985, 1988,
2000; Bedigian et al. 1985; Bedigian and Har-
1an1986; Powell 1991; Zohary and Hopf 1994;
Bhat et al. 1999; Hiremath and Patil 1999; Fuller
2000; Fuller and Madella 2000). However, further
genomic works should be done to confirm the
evolution history and the exact progenitor of S.
indicum.

2.2 Botanical Traits
of the Cultivated Sesame

S. indicum is an erect annual herb. According to
the descriptions of botanists, S. indicum presents
the specific botanical traits as follows: High, sim-
ple, or branched. Stem obtusely quandrangular,
sulcate, finely pubescent to glabrous, rarely pilose,
usually more or less glandular. Leaves very vari-
able, often heteromorphic, opposite or alternate;
lower leaves long, petiolate, ovate or ovate-
lanceolate, 3-lobed, 3-partite or 3-foliolate, roun-
ded or obtuse at the base, acute at the apex, margins
often dentate; upper leaves more shortly petiolate,
narrower, oblong-lanceolate to linear-lanceolate,
usually entire, and narrowly cuneate at the base; all
leaves thinly pubescent and more or less glandular,
becoming glabrous; leaves light green, paler and
more gray below. Flowers white, pink, or mauve-
pink with darker markings. Calyx persistent; lobes
oblong, pubescent. Ovary slightly compressed,
more or less rounded at the apex, pilose; filaments
and style white, anthers light brown; pollen white.
Nectaries are yellow. Capsule oblong quadrangu-
lar, slightly compressed, deeply 4-grooved, roun-
ded at the base and apex, then rather abruptly and
shortly beaked at the apex. Seeds more or less
horizontal in the capsule, not winged, black,
brown, or white, with faces smooth or rarely
slightly veined, never rugulose or reticulate (Bedi-
gian 2010a).

H. Miao et al.

2.2.1 Root

Sesame has tap root system comprising the
principal tap root component and fibrous roots
with numerous root hairs (Fig. 2.1a—c). Since the
roots can penetrate into deeper soil layers to find
moisture and nutrients, sesame is tolerant to
drought and infertility, and has the high yield
potential without irrigation. The wild species S.
radiatum has stronger tap root with more stout
fibrous roots (Fig. 2.1d). Correspondingly, S.
radiatum has higher tolerance to biotic and abi-
otic stresses, compared with the cultivated
sesame and some other wild species. When
sesame is attacked by Fusarium wilt disease, the
root and the above-ground part do not grow well
and often the plant will die (Fig. 2.1e, f).

Sesame roots grow rapidly in the vegetative
phase. In clay soil of Sudan, sesame roots pen-
etrate into the soil layer of 25 cm in 10 days, and
115 cm in 50 days (Weiss 2000). Generally, in
the proper soil conditions, the roots may be as
deep as the plants are tall (Langham 2008). The
growth status of root reflects that of the above-
ground part in sesame.

Langham (2018a) states that the root distri-
bution is affected by the moisture. If there are
rains or irrigations soon after planting, more
fibrous roots form in the upper 30 cm of soil with
shorter tap toots. The shallow root is susceptible
to drought and heavy rains. In the US, the opti-
mum situation for sesame is to plant sesame
seeds into soil moisture and then not to supply
additional moisture for about 30 days to force the
root down further into the soil.

2.2.2 Stem

Sesame is a crop with a single stem or branch.
Bedigian (2010a) described that the stem of
cultivated sesame is firm, square with ribs at each
corner, and furrowed at the midpoint of each side
(Fig. 2.2). The stem color is classified into pale
green (or yellow), green, green with purple
stripes, and purple (Fig. 2.2a—d). The pubescence
length and density on the stem vary in different
genotypes. Some stems are glabrous, while some
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Fig. 2.1 Morphology of
sesame root. a Root of
seedling cultured in
nutritional pots. b Root of
seedling with 3 pairs of leaves
in field. ¢ Root of adult plant
in field. d Root of wild
species S. radiatum with high
tolerance to biotic and abiotic
stresses. e Sesame plants with
0—4 ratings of Fusarium wilt
symptom, respectively from
left to right. f Sesame root
with 0—4 ratings of Fusarium
wilt symptom, respectively
from left to right.
(Photographs provided by
Hongmei Miao)

have considerable pubescence (Fig. 2.2e, f). For
some sesame mutants and several wild species,
the stem is curly or prostrate, and the plant is not
erect (Fig.2.2g, h). In addition, some
tetracarpellate genotypes have an association
with fasciation (Fig. 2.2i). Only a few flowers
and capsules form in the oblate stem (Langham
2007; Bedigian 2010a).

Sesame is a tall plant with relatively short life
cycle (about 80-90 days in China). The plant
grows slowly in the first 30 days, but then
accelerates in the late vegetative and reproduc-
tive phases. Histological section observations
indicate that the tissue structure of sesame stem
includes epidermis, cortex, and vascular cylinder
individually from outer to inner layers (Fig. 2.3a,
b show a horizontal view, and Fig. 2.3c, d shows
a vertical view). In vascular cylinder, there are
vascular cells, phloem, xylem, and pith from the
outer to the inner tissues. Continuous division of
the cambium cells forms new cell layers of
phloem and xylem, and result in thickening and
lengthening of the stem. When a sesame plant is
infected by fungi (such as Fusarium oxysporum

f. sp. sesami, or Macrophomina phaseolina
(Tassi) Goid.), the stem tissues get brown and
gradually lose the transport capability of water
and nutrition (partially shown in Fig. 2.4).

There are four key stem-related measure-
ments: plant height, height to the first capsule
node, capsule zone length, and tip length without
a capsule. The statistics data of stem-related traits
in the 763 worldwide sesame accessions were
collected in 2017 (Fig. 2.5) (unpublished data,
Haiyang Zhang).

2.2.2.1 Plant Height

The height of sesame plant usually is measured
from the first leaf node to the highest capsule
with viable seeds. Some breeders measure it from
the ground to the highest capsule. The plant
height varies significantly in the worldwide
germplasm. Of the 763 sesame germplasm
accessions planted in Pingyu experimental sta-
tion, China in 2017, plant height varied from
71.67 to 200.00 cm with a normal distribution
(Fig. 2.5a) (unpublished data, Haiyang Zhang).
More than 50% of the uniculm varieties were
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Fig. 2.2 Morphology of sesame stem and type. Stem
color, morphology, pubescence density, and stem
strength vary in sesame germplasm. a Yellowish stem.
b Green stem. ¢ Green stem with purple stripes. d Purple

stem. e Glabrous stem with no pubescence. f Pubescent
stem. g Twisted stem of a mutant. h Procumbent stem of
a wild Sesamum species. i Stem fasciation. (Photographs
supplied by Haiyang Zhang)

Fig. 2.3 Histological section observation of sesame stem
during seedling stage. a Horizontal section of sesame
stem. b The structure of the horizontal stem. ¢ Vertical
section of sesame stem. d The structure of the vertical

stem. Chinese variety Yuzhi 11 was used in the study. Ep:
epidermis. Co: cortex. VC: vascular cylinder. Pi: pith.
Bar = 100 pm. (Photographs supplied by Hongmei Miao)
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Fig. 2.4 Sesame stem section of healthy and diseased
plants infected by Fusarium oxysporum f. sp. sesami
(FOS). a Vertical cut view of left: healthy stem and right:
FOS infected stem. b Healthy stem cross-section of
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120-150 cm high. Langham (2019) reported the
international current plant height range is 56—
311 cm. (There are shorter lines in a drought, but
the range includes only lines that were grown in a
normal year).

To our knowledge, the highest world record
of the plant height of the cultivated sesameis
created by a Chinese farmerin 2015 (Zhumadian
net, http://news.dahe.cn/2015/09-16/105650582.
html). In the usual field size of 0.01 hectares, the
average height of the Chinese sesame variety is
above 3 m. The highest capsule node number ina
uniculm plantis 59 (Fig. 2.6a). Chinese sesame
scientists have developed a new sesame variety
Yuzhi Dw607 with short internode length. Cul-
tivated in Xinjiang extension station in 2016, the
plant height was 1.7 m and had 62 capsule
nodeson the uniculm stem (Fig. 2.6b).

The growth speed of the sesame plant varies
with the development stages. As shown in
Fig. 2.7, the plant height of the cultivated sesame
(varieties from Japan and USA, respectively)
increases in an ‘S’ style in the whole cycle. In the
seedling stage, the plant height increases slowly.
During budding and flowering stages from about
38 days after planting (DAP) to 70 DAP, the
height increases significantly (Langham 2007;
Sintim and Yeboah-Badu 2010).

Fig. 2.6 Plant height of
sesame a Chinese domestic
sesame variety cultivated in
Xiping county, Henan, China
by a sesame farmer in 2015
(photo cited from http://news.
dahe.cn/2015/09-16/
105650582.html). b Yuzhi
Dw607 with short internode
length cultivated in Jinghe
county, Xinjiang, China in
2016 (Photographs supplied
by Hongmei Miao)

Plant height is a complicated trait in sesame.
Culp (1960b) found that plant height is con-
trolled by 3-10 factors, with tall plants being
dominant. In most cases, transferring the desir-
able genes controlling the short height to tall
genotypes or vice versa usually is time-
consuming.

There are some dwarf accessions with low
height or short internode length in sesame
germplasm from China, Republic of Korea, and
Japan. Langham (2011a) studied the line Suwon
128 obtained from Kang CW of the Republic of
Korea and found the Suwon 128 is pygmy con-
trolled by a recessive allele. The allele was
incorporated into a variety Sesaco 70 with a
height of 85 cm with 29 capsule node pairs. The
fewer capsule nodes are compensated by the
ability to plant in higher plant populations. In
2009, a dwarf line dw607 was developed from
var. Yuzhi 11 using ethylmethane sulfonate
(EMS) mutagenesis method by HSRC, HAAS,
China (Fig. 2.8). The internode length decreased
from 6.0 to 8.4 cm to about 3.5-4.0 cm resulting
in a plant height reduction from 170 cm to about
110 cm (data not shown). The height of the first
capsule is also lower. Compared with Yuzhi 11,
dw607 has a similar high yield potential but
higher resistance to logging. Genetic analysis
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Fig. 2.7 Plant height variation of the cultivated sesame
during growth and development. a Performance of 3
cultivars adapted from Japan planted in 3 sites. (Modified

Fig. 2.8 Phenotype comparison of dwarf mutant dw607
with short internode length and the wild type Yuzhi 11.
a Plant height comparison of Yuzhi 11 (left) and dw607
(right) at the final flowering stage. b Seedlings of Yuzhi
11 (left) and dw607 (right) at 3 days after germination;
¢ Internode length comparison of Yuzhi 11 (left) and
dw607 (right). (Photographs supplied by Haiyang Zhang)

proves that the internode length in dw607 and
Yuzhi 11 is controlled by single gene alleles. To
date, dwarf variety Yuzhi dw607 is in production
with very good farm yields.

Plant height of sesame can be influenced by
the amount of moisture, heat, fertility, light, and
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from Sintim and Yeboah-Badu 2010). b The height over
time of 3 USA varieties. (Modified from Langham 2007)

population. In continuous cultivation, the plant
height and the height to the first capsule node of
Sesaco 26 varied under different environments
(Langham 2007). In general, the plant grows
taller under high moisture and fertility condi-
tions. In a high population with inadequate sun-
light, the height of the first capsule node always
is high and can reach to more than 1 m.

Plant height is positively correlated with the
yield trait. However, high plant height makes
sesame susceptible to lodging from high winds,
such as a hurricane. The taller the plant, the
lower the lodging tolerance. In order to increase
the lodging tolerance and the yield, reducing the
plant height is a feasible solution for sesame
breeders. On the other hand, plant height also
affects mechanization production in sesame. Too
high plant is not adaptable for mechanical har-
vest (Langham 2014). As the reel of the header
pushes the plants ahead of the combine rather
than into the header, the seeds will shake to the
ground and may result in high loss (Fig. 2.9a).
With Sesaco 70, the reel pulls the sesame into the
header (Fig. 2.9b). In some cases, tall plants
cross over the auger and do not feed into the
combine. Zanten (2001) recommended that the
optimal height of sesame for mechanized harvest
was 50-150 cm at the Final FAO/IAEA Co-
ordination Research Meeting in 1998. Langham
and Wiemers (2002) suggested that the maxi-
mum height acceptable for all harvest imple-
ments is 150 cm. Lower plants are preferable.
Bennett MR believes that the ideal type plant
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Fig. 2.9 Schematic diagram of mechanical harvest of sesame with different height types. a Tall plants harvest diagram
with a platform header. b Short plants harvest diagram with a platform header (Figures supplied by Ray Langham)

height of sesame should be 120-130 cm tall with
82 cm of reproductive stem with 28 node pairs of
capsules (personal communication, 2016).

2.2.2.2 Height to the First Capsule

The height of the first capsule node is measured
from the first leaf node or the ground to the
bottom of the lowest capsule on the main stem.
Some researchers measure from the ground to the
lowest capsule. Of the 763 sesame germplasm
accessions investigated in 2017, the height of the
first capsule varied from 15.6 to 160.0 cm
(Fig. 2.5b). Most varieties have medium height
of 30-60 cm. Of the 11 varieties with long height
to the first capsule (> 100 cm), seven are from
Africa or Latin America and are day-length
sensitive. For example, as cultivated in early
May at the Pingyu site, a Tanzanian accession
(Tan-south 1) and a Mexican accession (Yori 77-
1) produced only a few capsules with shriveled
seeds in early September (data not shown).
Langham (2017b) reported the international
current height to the first capsule range is 9—
160 cm. The genotypes with very high first
capsules are generally short-day genotypes
planted in a long-day environment. Conversely,
the genotypes with very low first capsules are
long-day genotypes planted in a short-day
environment.

Kobayashi (1986) studied the genetic back-
ground of the height to the first capsule in sesame
and found that the high height to the first flower
or capsule is dominant over the low height. The

height to the first capsule is affected by both
genotype and environment (such as moisture,
fertility, time of planting, light quality, and
population).

In addition, the height to the first capsule is an
important trait for mechanical harvest in sesame
production. The cutter bar position should be
below the lowest capsule. When the height is too
low, the combine will face the risk of picking up
stones and damaging the combine. When the
height to the first capsule is too high, the plant is
generally taller resulting in lower yields.
According to the expert suggestions, the recom-
mended height of the lowest capsules should be
15-20 cm above ground for hand-harvested
crops, or 15-40 cm above the ground for
mechanical harvesting, depending on the
machinery and topography (Zanten 2001; Lang-
ham and Wiemers 2002).

2.2.2.3 Capsule Zone Length
Capsule zone length extends from the base of the
lowest capsule to the tip of the highest capsule
with viable seed. It is basically the plant height
minus the height to the first capsule. This trait is
a yield component trait in sesame.

As shown in Fig. 2.5¢c, of 763 sesame germ-
plasm accessions, the capsule zone length varied
from 13.5 to 129.13 cm. Over 50% of the vari-
eties had the capsule zone length of 70-90 cm.
Langham (2017b) reported the international
capsule zone range is 12 to 188 cm. The capsule
zone length can only be compared within the
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same phenotype. Branched phenotypes generally
have shorter capsule zone lengths than uniculm
phenotypes. However, branched phenotypes with
a shorter capsule zone may produce a compara-
ble number of capsules as the uniculm with
longer capsule zone.

Most sesame varieties are indeterminate. At
the end of the reproductive phase, they may have
flowers that do not produce capsules. The non-
productive tip length of 763 varieties ranged
from 0.0 to 26.5 cm (Fig. 2.5d).

2.2.2.4 Branching Style

Branching style indicates the potential amount of
true branching in a line. Langham (2019) used
five ratings of the branching style: 0 = Segre-
gating or mixed; 1 = Uniculm—no branching
(Fig. 2.10a); 2 = Uniculm except ‘weak bran-
ches’ in open (Fig. 2.10b); 3 = Few branches (3—
4 branches) (Fig. 2.10c); and 4 = Many branches
(more than 4 branches) (Fig. 2.10d). For sesame,
branching generally takes place in nodes on the
bottom of the stem below the capsule zone
(Langham 2008). The lines with ‘many branches’

Fig. 2.10 Various branching a
styles of sesame plantlets.

a Uniculm. b Uniculm with
weak branches. ¢ Few
branches. d Many branches.
e Secondary branches formed
on branches. f Tertiary
branches on branches.
(Photographs supplied by
Hongmei Miao)

have more nodes below the first capsule, and
may have fewer nodes on the main stem. In
germplasm libraries of the cultivated sesame,
some branched varieties form the secondary
branches on branches (Fig. 2.10e), and rarely,
there are tertiary and quaternary branches. For
the determinate mutant (dr 2 type) created by
Israeli scientist Ashri A. (Ashri 1998), the ter-
tiary branches form on branches (Fig. 2.10f)
(Zhang et al. 2016).

Branching is controlled by a single gene
where branched is dominant over non-branched
or uniculm phenotype (Nohara 1933; Brar and
Ahuja 1979; Kobayashi 1986; Mei et al. 2017).
However, the environment also affects the
branching style of a sesame variety in the field.
In non-thinned populations, it is sometimes dif-
ficult to select for both pure branching and uni-
culm genotypes. When the population is too low,
the uniculm plants always produce branches. On
the contrary, when the population is too high and
the stems cannot get enough sunlight, the
branching varieties may not have branches. In a
high population, a ‘many’ branching line may
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have 0—4 branches. There are some uniculm lines
with no branches under all circumstances. Rat-
ings should be made on based several popula-
tions to include the end plants of a row. Most
uniculm and branching lines have the potential to
branch in every leaf axil.

During the Final FAO/IAEA Co-ordination
Research Meeting held in 1998, the worldwide
sesame breeders proposed uniculm sesame vari-
eties for dense stands under high input conditions
and appressed medium branching varieties for
low input conditions (Zanten 2001). Branching
varieties were recommended to solve the cutting
problems of the thick stems of uniculm lines
(Beech and Imrie 2001). Branching varieties use
the extra space, form more capsules, and also
shade the ground to prevent weeds. Generally,
the branching reduces plant height but increases
the exposure to winds which may lead to lodg-
ing. Branching is important for mechanization of
sesame cultivation. For the binder, branches help
in swathing and combining. In both auger and
belt swathers, branched plants will become
intertwined and make it easier to move the plants
to the windrow. For direct harvest using combi-
nes, intertwining helps the header auger move the
plants to the feeder housing. However, too much
branching makes it difficult to separate the crop
at the edge of the header and may result in loss of
capsules and/or shattering of seeds (Langham
2007).

2.2.2.,5 Height to First Branch

The height of first branch refers to the height
from the ground to the base of the first true
branch with viable capsules (Langham 2007).
For branched varieties, the true branches form
below the first flower node pair. There are many
phenotypes where the first flowers do not make a
capsule, and thus the height to the first flower
may be different than the height to the first cap-
sule. Weak branches normally start from the
lowest node pair in uniculm line, when the
population is low or with ample fertility and
moisture. Langham (2017b) showed that the
international current known height to the first
branch is 1-135 cm. The height to the first
branch is highly dependent on the inter-row and
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intra-row spacing. Higher populations within the
row, as well as narrower row width have fewer
branches. In high-density populations, the
internode length increases, as the plants compete
for light. The key is that most leaf axils have the
potential to produce a branch, but abundant
sunlight should be supplied to that leaf axil.

2.2.3 Leaf

The leaf is an important organ that captures light
energy and synthesizes organic compounds
through photosynthesis and finally affects the
seed yield in sesame (Langham and Wiemers
2002). Recently Langham (2018b) described the
traits of tens of botanical traits related to sesame
leaf, such as leaf shape, leaf length, leaf blade
length, petiole length, petiole groove, ratio of leaf
blade length and width, leaf area, basal leaf
margin, leaf base shape, leaf apice shape, leaf
thickness, leaf venation, leaf enations, and mot-
tled leaf. The results supply the guidance for
breeding and botanical research in sesame.
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Fig. 2.11 Leaf shape in sesame. Leaf shape of sesame
varies from lobed to entire blade, from applanate to curly,
from linear to cordate, and from entire to serrated leaf
edge. The top group is typical at the base of the plant, the
middle group at the middle of the plant, and the bottom
group at the top of the plant. (Photographs supplied by
Ming Ju)
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Sesame is a eudicot with a pair of cotyledon in
seed. The leaf organ comprises of leaf blade and
petiole. Leaf shape varies and is related with the
leaf position and genotypes. In sesame germ-
plasm, leaf shape varies from linear, lanceolate,
elliptic, ovate, narrowly cordate, and other
specific types (Fig. 2.11). For basal leaves, the
extent of the lobe incision is also different (the
top row in Fig. 2.11).

Langham (2018b) states that the lower leaves
can be entire, lobed, cleft, parted, or divided.
Generally, the first leaves increase in size with
the 5th or 6th node pair having the largest leaves
with various incision depths; the leaf size then
decreases up the plant as shown in Fig. 2.12 with
measurements at the 5th, 10th, and 15th leaf pair.

The leaf length varies from 4.4 to 42.5 cm;
the leaf blade length varies from 4.2 to 25.5 cm;
the leaf blade width varies from 0.7 to 33.6 cm;
and the petiole length varies from 0.2 to 17.0 cm.
Moreover, the pubescence density, leaf reticulate
pattern, and leaf color are diverse.
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In sesame, the type of leaf arrangement
includes opposite, alternate, ternate, and mixed
types in the upper half of the main stem at
beginning of flowering (Anon 2004). The diver-
sity of leaf shape and the leaf arrangement from
up to bottom favors for constructing the ideal
plant type and utilizing the ample sunlight.
Baydar and Turgut (2000) reported that the lobed
leaf shape was dominant over simple or ovate
leaf shape. The results obtained from the F,
generation indicated that inheritance of this trait
was monogenic with 3:1 segregation ratio.

Histological sections of the leaves of sesame
seedlings results show that leaf blade tissue
comprises of upper epidermis (UE), adaxial
parenchyma cell (PC (ad)), vascular bundle cell
layer (VB), abaxial parenchyma cell (PC (ab)),
and lower epidermis (LE). Vascular bundle cells
in petiole and primary leaf vein can perform
limited secondary growth (Fig. 2.13). In upper
and lower epidermis layers, there are stomata.
The stomata belong to the buttercup type and
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Fig. 2.12 Leaf sizes at various positions of the plant. As
shown on six varieties plus the lowest and highest other
phenotypes, when measuring the 5th, 10th, and 15th leaf
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pair from the base, all measurements decrease. The width
and petiole length decrease more dramatically than the
leaf blade
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Fig. 2.13 Cross-section of leaf blades of sesame.
a Cross-section of the seedling leaf blade at the 1 leaf
stage of Yuzhi 11. b Cross-section of the seedling leaf
blade at the 2 leaf stage of Yuzhi 11. The PC (ad) and PC
(ad) tissues in veins are horizontally arranged, and the

represent the characteristics of family Pedali-
aceae (Li 1987).

The surface structure of leaves is related with
the drought tolerance in sesame. Scanning elec-
tron microscope (SEM) shows there are four
types of leaf hairs on the leaf surface of sesame
seedlings: non-glandular hairs, long stalk glan-
dular hairs, short stalk glandular hairs, and
mucilage hairs (Fig. 2.14). The secretions of
glandular hairs contain a variety of compounds.
Varieties with different drought tolerance present
different glandular trichome structure (Su et al.
2016). Thus, the specific types of glandular tri-
chome structure and the secretion components
can be applied for sesame germplasm identifi-
cation and the drought tolerance evaluation (Su
et al. 2016). Langham (1945a) reported that
genotypes with many glands had drought toler-
ance under drought conditions. In periods of
excess rainfall, genotypes with fewer glands had
more waterlogging tolerance. He found that
glands were dominant over glabrous in leaves.
Sun et al. (2009) reported differences in leaf
secretions in relation to waterlogging.

Although there have been studies on the leaf
glands, very little is known whether the pub-
escence on the other organs are related to drought
and waterlogging tolerances. The density, types,
and lengths of pubescence vary on the cotyledons,
stems, leaves, petioles, outer and inner flower

adaxial/abaxial trait is reduced. UE: upper epidermis. LE:
lower epidermis. PC (ad): adaxial parenchyma cell. PC
(ab): abaxial parenchyma cell. VB: vascular cylinder
cells. Bar = 100 um. (Photographs supplied by Hongmei
Miao)

corollas, flower lips, calyxes, and capsules
(Fig. 2.15) (Langham 2017b). Several studies
have shown that the pubescence presence is
independent from one organ to the next (Bisht et al.
1998; Mahajan et al. 2007; Frary et al. 2015).

In sesame, leaf angle and leaf area index are
important traits for yield breeding. Most geno-
types have acute angle leaves at the top of the
plant, but the angle increases the lower the leaf.
There are genotypes where the acute angle per-
sists. In general, when the fertility potential and
capsule setting is low, the leaf angle is acute
(Fig. 2.16a, b). For most varieties with high yield
in China, leaves in up stem are more horizontal and
are not as acute (Fig. 2.16c, d). As to a specific
sesame line, improving the plant type with acute
leaf angle will help the leaves receive and utilize
sunlight more efficiently, resulting in higher yield.

The largest leaves in terms of area form
between the 3rd and 6th node (Langham 2018b).
During this stage, sesame plants are transitioning
from the vegetative phase into the reproductive
phase, and more nutrition and energy are needed.
Babu et al. (2004) estimated genetic parameters
in 18 white seeded genotypes of sesame and
reported that additive and non-additive gene
action appeared to be important for the leaf area
index trait. Saravanan and Nadarajan (2003)
reported that non-additive variance played a
major role for leaf area index.
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Fig. 2.14 Normal glandular trichomes on the surface of
sesame leaves by scanning electron microscope (SEM).
a and ¢ The glandular hairs on adaxial (dorsal) surface of
Rongxian black sesame and Yuzhi 11, respectively. b and
d The glandular hairs on abaxial (ventral) surface of
Rongxian black sesame and Yuzhi 11, respectively. e The
short stalk capitate trichomes type 1. f The short stalk
glandular trichomes with two cell head in the post
secretory phase (PPS). g The peltate trichome typela (with
four cell head). h The long-capitate trichomes and type I.
(Cited from Su et al. 2016)

Fig. 2.15 Differences in the
pubescence in the capsules.
a Glabrous pubescence.

b Medium pubescence.

¢ Profuse pubescence

As to the leaf edge of sesame, several mutants
induced naturally or through EMS mutagenesis
resulted in different leaf shapes (Fig. 2.17). Fig-
ure 2.17a shows a normal leaf. A natural mutant
cll displays the up curly leaf shape trait during
the entire development life (Fig. 2.17b). Some
enations are present on the veins of the back
blade of the leaves in mutant c/1 (Langham 1946,
2001; Langham and Rodriguez 1946). Besides
the mutation of leaf edge and the enations, there
may be enations on the flower corollas; bent
styles in the flowers resulting in a loss of fertility;
a twisted stem; and extra layers of cells across the
carpels resulting in an indehiscent capsule
(closed capsule), when dry. Cross-section
observations of leaf blades indicate that the
lower epidermis in c/1 is not as smooth as that in
the wild type. The abaxial parenchyma cell (PC
(ad)) and adaxial parenchyma cell (PC (ad)) tis-
sue end to be horizontally arranged in leaf veins
(unpublished data, Haiyang Zhang). Another
curly leaf mutant cI2 presents curly leaf with
curly stem (Fig. 2.17¢c). The curly trait is con-
trolled by a semi-dominant gene. The homozy-
gous dominant line presents the curly leaf and
twisted stem, capsule number in the fragile stem
reduces obviously. For the heterozygous line, the
stem is normal and erect, only leaves are curly.
Other mutants related with leaf color and leaf
shape are reported in Chap. 5 of this book. There
are genotypes that under low moisture stresses,
the leaves facing east toward the sun will curl up,
while the leaves on the west side of the plant are
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Fig. 2.16 Various leaf angle types of sesame. a Sharp
angle of 1 capsule per leaf variety. b Sharp angle of 3
capsule per leaf variety. ¢ Gentle acute angle of sesame

variety. d Applanate angle of short internode length
variety. (Photographs supplied by Hongmei Miao)

Fig. 2.17 Leaf shape with various curling types of
sesame. a Normal leaf. b Gentle curly leaf with enations
at the veins of the ¢/l mutant found by DG Langham.
¢ Curly and shrinking leaf (mutant c¢/2) d Whole curly

normal. As the sun moves to the west in the
afternoon, the leaves on the west side will curl
while the leaves on the east side return to normal
(data not shown).

2.2.4 Flower

As the plant enters from the vegetative phase into
the reproductive phase, buds will form. The
sesame flower is bisexual. The inflorescence

leaf. e Under-curly leaf with shrinking phenomenon,
named by DG Langham (1945b) as wrinkled leaf and
controlled by a recessive allele. (Photographs supplied by
Hongmei Miao)

initiation and differentiation directly affect the
yield per plant. This section presents the mor-
phology of sesame flower, inflorescence differ-
entiation, and spontaneous outcrossing.

Sesame flower grows in the leaf axil on short
pedicel. The sesame flower consists of pedicel,
calyx, corolla, stamen, and pistil. The stamen
consists of filament and anther, while the pistil
consists of ovary, style, and stigma. The flower
corolla is tubular and campanulate with long lip
(Fig. 2.18). Prior to opening, the flower buds are
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yellow-green. When the flower opens (about the
same time fertilization takes place), the color of
flower corolla varies from white, light pink, pink,
red, violet, to purple (Fig. 2.18). The purple
flower is dominant over white flower (Nohara
1933; John 1934; Pal 1934; Sikka and Gupta
1949; Khidir 1973; Kobayashi 1986). There are
abnormal flowers that are green, and the lip does
not open, and yet there is fertilization, and a
capsule forms. The flower size also varies in

Fig. 2.18 Morphological traits of sesame flower. a-p
Flower type variation in corolla color, corolla size, petal
shape, lip color, and shape. e, g, m, n, o, and p Indicate

sesame. In Sesamum, to our knowledge, the lar-
gest flower is from the wild species S. angolense
with the corolla length of 6.8 cm. The longest
known corolla length in sesame is 4.5 cm
(Langham 2018c). Besides the corolla, other 13
flower-related traits including the calyx tip color,
calyx lobe length, calyx hairiness, calyx hair,
corolla hairiness, interior corolla color, corolla
interior pigmentation, lower lip color, the longest
lip length, the absence/presence of foveola,

the flowers of the wild Sesamum species or interspecies
progeny. (Photographs provided by Hongmei Miao)
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anther filament color, anther connective tip
gland, and anther style length are used to
describe the morphological traits of the sesame
flower (Anon 2004). Langham (2018c) provides
additional 45 morphological traits with flower.

Langham (1947a) reported a wide variation of
coloring inside the corolla where the antho-
cyanins (purple) and flavonols (yellow) have
different patterns (smear, flake, or dots) in dif-
ferent parts of the lip in relation to the foveola in
different intensities (from absent to strong).
Langham (1947b) reported 16 different morpho-
logical traits within the flower.

Genotypes with a single flower per axil form
two extra nectaries in the leaf axil on both sides
of the flower. Extrafloral nectaries are believed to
be rudimentary flowers. In different sesame
germplasm accessions, the color, size, and
number of nectaries per axil are variable
(Fig. 2.19). In Chinese germplasm accessions,
co-existence of auxiliary two nectaries and three
capsules per axil has been found (Fig. 2.19d).
These triple capsule lines have the potential to
develop 5 or even 7 flowers per leaf axil. The
nectaries have nectar in the center and attract
insects and hummingbirds to feed. For the wild
species, the nectary usually is purple and small.
For mechanized sesame production, the nectaries
may dry down to a size and weight similar to the
seed, and they are difficult to clean out of the
seed.

In genotypes with three flowers per leaf axil,
initially there is one flower per leaf axil. Then, 2—

5 days later, two axillary flowers may appear
besides capsule forming from the first flower
(Langham 2018c). There are genotypes with a
propensity to produce 5 and even 7 flowers in
low populations in strong sunlight. Compared to
the axillary flowers, the central flowers produce
longer capsules with more seeds per capsule.
Under low fertility and/or moisture, high tem-
perature, and/or moisture conditions, the devel-
opment of the axillary flowers (sometimes even
central flowers) may result in the abscission of
flowers and capsules.

2.2.4.1 Inflorescence Differentiation

In sesame, the flower bud initiates from the
continuous differentiation of the apical meristem
throughout the whole reproductive phase. Thus,
sesame is considered an indeterminate crop with
over a month in the reproductive phase. How-
ever, there are a few determinate varieties, which
can form a terminal flower cluster, as the shoot
apical meristem is converted into a terminal floral
meristem (Melzer et al. 2008; Hanano and Goto
2011). For sesame, there are two types of deter-
minate mutants. One is the drl type mutant
DS899. This determinate mutant was created
from sibling line of Yuzhi 11 (applied for the
Sesame Genome Project) using ethyl methane
sulfonate (EMS) mutagenesis in 2009 (China
patent no. ZL2015108760163). The dfl mutant
line can develop 8-20 capsule node pairs before
the development of the inflorescences terminates.
The other is df2 type determinate mutant which is

Fig. 2.19 Sesame nectary number and type in leaf axil.
a Capsules without nectaries. b Small nectaries. ¢ Large
nectaries. d Nectary accompanied on plant with three

capsules per leaf axil. e Purple nectaries of wild species.
(Photographs provided by Hongmei Miao)
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induced by gamma ray (5000 Grey) (Ashri
1998). Differing from the wild type and df1 type,
dr2 mutant has a limited number (3-5) capsule
node pairs on the main stem but will develop
branches with additional capsules. This number
of node pairs on the main stem is not affected by
environmental factors (Zhang et al. 2016). Gene
function analysis proves that the determinate
traits are controlled by the alleles of the SiDr
gene. More information about gene cloning and
its function will be introduced in the following
chapters.

Scanning electron microscope (SEM) analysis
shows the initiation and differentiation of the
inflorescences in sesame (Fig. 2.20) (unpub-
lished data, Haiyang Zhang). The indeterminate
wild type (var. Yuzhill), drl line (var. Yuzhi
DS899) and two dr2 derived lines (08TP092 with
4-locule capsule trait and US92 with 6-locule
capsule trait) are analyzed. For the wild type and
dtl types, the apical meristem at the stem tip is
leaf primordial at seedling stage. With the con-
tinuous differentiation, enlargement, and bulge,
new apical leaf primordial and lateral flower
meristems form (Fig. 2.20a, b). Flower primor-
dial meristems are laterally arranged surrounding
the apical meristem (Fig. 2.20e). Finally, the
apical meristem of d¢1 becomes a terminal flower
meristem (Zhang et al. 2016). For dr2, the apical
meristem forms flower meristem mat 2 leaf pair
old seedlings (Fig. 2.20c). Terminating the
inflorescence differentiation occurs earlier, com-
pared with the wild type and dfl type (Zhang
et al. 2016). During the apical meristem devel-
opment, leaf primordial develops into bracts. The
inflorescence meristem of sesame divides into
calyx primordial, petal primordial, stamen pri-
mordial and pistil (Fig. 2.20e, f). For the 4-locus-
capsule genotypes (D¢, dtl, and dr2), there exist
four petal primordial and four stamen primordial
in the inflorescence meristem. Meanwhile, the 6-
locule-capsule genotype (df2) presents six petal
primordial and six stamen primordial (Fig. 2.20
g). The results indicate that the differentiation of
petal and stamen number is diverse in various
germplasm accessions.
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2.24.2 Anther and Pollen
Development

The sesame anthers are white and full of pollens
(Fig. 2.21a). After dying using the Alexander
staining method, the pollen grains are red and
ball-like (Fig. 2.21b). According to the morpho-
logic characteristics of its microspores, Yang
et al. (2008) divided the sesame pollen devel-
opment process into seven stages, i.e.,
microsporocyte formation stage (bud length
<2 mm), meiosis stage (2 mm < bud length <
3 mm), tetrad stage (3 mm < bud length < 4
mm), early microspore stage (4 mm < bud
length < 5 mm), middle microspore stage
(6§ mm < bud length < 6 mm), late microspore
stage (6 mm < bud length < 7 mm), and pollen
maturation stage (bud length > 7 mm).

Transmission electron microscopy (TEM) and
SEM images show that the male gametes devel-
opment initiates with the differentiation of stamen
primordia and comprises of seven stages in
sesame (Fig. 2.22; Yang et al. 2008; Guo et al.
2014). In microsporocyte formation stage, the
stamen primordia develop into microsporocytes
and four layers of anther wall (Fig. 2.22a, b). The
microsporocytes are large and specific. During
performing meiosis, the metabolism activities of
microsporocytes are increasing (Fig. 2.22c).
Lipid globules appear, and tapetal cells walls
become crooked. Probacula form between the
callose and plasma membrane. Then the tetrad
cells form and are surrounded by thick callose
wall (Fig. 2.22d). The tapetal cells are dissolved.
In middle and late microspore stage, the micro-
spores are nearly spherical with the nucleus
locating in the center soon (Fig. 2.22e, f). Tapetal
cells disintegrate and many ubisch bodies are
secreted. Subsequently, the tapetal cytoplasm
density decreases (Fig. 2.22g, h). With the uneven
mitosis, the microspores form and develop into
mature pollen grains (Fig. 2.221). Meanwhile, the
sterile pollen grains develop abnormally with
irregular shape. Compared with the fertile pollen,
the sterile pollens in segregated lines of ms86-1
are aborted as a disc. Semi-fertile lines form
aborted and partial aborted pollens (Fig. 2.22j-1).
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Fig. 2.20 Inflorescence initiation of determinate sesame
mutants and the wild type by scanning electron micro-
scope. a Inflorescence initiation of Yuzhi 11 (indetermi-
nate, wild type) at 2 leaf pairs (x100). b Inflorescence
initiation of Yuzhi DS899 (determinate, dt1 type) at 2 leaf
pairs (x100). ¢ Inflorescence initiation of US92 (deter-
minate, dr2 type) at 2 leaf pairs (x100). d Inflorescence
initiation of 08TP092 (determinate, dr2 type) at 5 leaf
pairs (x100). e Differentiated apical leaf primordial and
lateral flower primordial of Yuzhi 11 (x200). f Flower

meristem differentiation of 4 locule capsule type (var.
Yuzhi 11) (x300). g Flower meristem differentiation of 6
locule capsule type (var. US92) (x300). h Flower
meristem differentiation of 4 locule capsule type (var.
08TP092) (x200). AF: apical flower meristem. AFP:
apical flower primordia. BP: bract primordial. CP: calyx
primordial. LFP: Lateral flower primordial. LP: Leaf
primordia. PP: Petal primordial. PS: Pistil stigma. SP:
Stamen primordial. Bar = 100 pm. (Photographs pro-
vided by Hongmei Miao)
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Fig. 2.21 Morphology of sesame mature anther and pollen. a Mature anther. b Mature and fertile pollen dyed using
Alexander staining method. (Photographs provided by Hongmei Miao)

Fig. 2.22 Ultrastructure of microspore formation in
sesame. a Microsporocyte formation stage. b Microsporo-
cyte. ¢ Meiosis stage. d Tetrad stage. e Early microspore
stage. f Middle microspore stage. Spherical microspore
presented with several large vacuoles. g Tapetal cells with
sparse cytoplasm in late microspore stage. h Mature
pollen with several apertures on the surface with ubisch
bodies. i Pollen maturation stage. j Aborted microspore in
genetic male sterile (GMS) line ms86-1. k: Aborted and
partial aborted microspores in semi-fertile line of ms86-1.

1 Partial aborted microspore with some ubisch bodies. PS:
Pollen sac. CW: cell wall. N: nucleus. Ch: chloroplast.
ER: endoplasmic reticulum. C: Callus. Ms: microspore.
V: vacuole. Ta: Tapetum. Ub: ubisch bodies. PG: Pollen
granule. AM: Aborted microspore. PAM: Partial aborted
microspore. In photos b and ¢, Bar = 1 pm. In the other
10 photos, bar = 10 pm. The fertile, sterile, and semi-
sterile plants of ms86-1 are applied for analysis. (Mod-
ified from Yang et al. 2008; Guo et al. 2014)
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2.2.4.3 Cross-Pollination Frequency
Sesame is considered as a self-pollinated
crop. However, the cross pollination by insects
is common with the current known range of 0—
68% (Howard et al. 1919; Mohammad and Alam
1933; Richharia and Persai 1940; Sikka and
Gupta 1949; Kumar and Gokhale 1952;
Muhammed et al. 1965; Khidir 1972, 1981;
Yermanos 1980; Pathirana 1994). Most of the
above studies used a similar methodology to
Langham (1944). According to the investigation
results of cross-pollination of non-glabrous
seedlings in progeny of open-pollinated glab-
rous lines, the natural cross pollination was 4.6%.
Van Rheenen (1980) compared three cultivars
and found that in one cultivar the -cross-
pollination was 2.7%, while the second was
51.7%, illustrating that different cultivars had
different outcrossing rates. The results reflected
that controlled self-pollination is advisable for
the maintenance of germplasm collections. Yer-
manos (1980) found that the cross pollination
reached to less than 1%, when the sesame was
surrounded by cotton and other crops. In Mor-
eno, CA, cross pollination frequency was 68% in
a field where the sesame was the only blooming
plant in a semi-arid area. Sun et al. (2015)
investigated the cross pollination rate using two
groups of sesame varieties under mixed planting
pattern during 2010-2012. One is the
determinate/indeterminate cultivar group. Of
which, the determinate cultivar is dr2 type clo-
sely linked with capsule indehiscence trait (Ashri
1998). The other is mono-flower/tri-flower per
axil cultivar group. The individual trait of these
two groups is controlled by one gene pair.
Results showed that the natural crossing polli-
nation frequency varied from 5.13 to 23.35%
with a mean value of 12.69%. The value can be
affected by planting region, year, and cultivar
genotype. Thus the suggested isolation distance
is above 400 m with a buffering zone of 8§—12 m,
in order to guarantee the seed purity of above
99.9%. Anon (1998) specified a buffer of 10 m
around the certified or foundation seed.

H. Miao et al.

Visits by insects have been shown to increase
the fertility within the capsules and to increase
yields (Panda et al. 1988, 1989; Montilla and
Cedeno 1991; Patil et al. 2000; Falusi 2007; Blal
et al. 2012, 2013; Mahfouz et al. 2012; Nithya
et al. 2012; Pashte et al. 2015). Insects (Alydidae,
Anthophoridae, Apidae, Calliphoridae, Coc-
cinellidae, Coreidae, Crabronidae, Eumenidae,
Formicidae, Halictidae, Ichneumonidae, Lycae-
nidae, Megachilidae, Muscidae, Nitidulidae,
Nymphalidae, Pentatomidae, Peridae, Sar-
cophagidae, Scoliidae, Sphecidae, Syrphidae,
and Vespidae families) are the main source of
cross pollination, while wind has little effects on
crossing pollination in sesame (Sikka and Gupta
1949; Mahfouz et al. 2012; Mahmoud 2012;
Nithya et al. 2012; Kamel et al. 2013; Pashte and
Shylesha 2013a, 2013b; Said et al. 2013;
Ngongolo et al. 2015; Sajjanar and Eswarappa
2015; Sun et al. 2015; Fohouo and Nepide 2018).

2.2.4.4 Day Length Sensitivity

Sesame has both short-day and long-day geno-
types. If a short-day genotype is grown under
long-day conditions, the late maturity sesame
tends to extend the vegetative stage (Rhind
1935). If a long-day genotype is grown under
short-day conditions, the plants will flower and
terminate very early. Day length insensitive
sesame can produce flowers and capsules under
short-day and long-day conditions, even though
the latter is better. Ghosh (1955) reported that
short photoperiod could advance the flowering
process particularly in the medium-late varieties.
According to the flower stage observation of the
763 worldwide sesame germplasm accessions in
China (Pingyu), nine exotic varieties did not
flower until the end of August. The flowering
stage of the other 754 accessions varied from
18.3 to 38.3 d, with the average flowering days
of 30.4 d (unpublished data, Haiyang Zhang).
The 4 varieties with short flowering stage
(<20 days) are from the north of China such as
Jilin and Liaoning provinces and express the
early-maturing trait. Of the 13 cultivars with long
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Fig. 2.23 Morphology of
sesame capsule. a Small-sized
capsule. b Middle-sized
capsule. ¢ Large-sized
capsule. d Long capsule.

e Yellow capsule. f Green
capsule. g Green capsule with
purple stripes. h Purple
capsule. i Glabrous capsule.
j Capsule with sparse
pubescence. k Capsule with
short pubescence. 1 Capsule
with dense and long
pubescence. m Bicarpellate
capsule. n Tricarpellate
capsule. o Quadricarpellate
capsule. p Multi-carpellate
capsule. (Provided by
Haiyang Zhang)

flowering stage (>36 days), 2 varieties were
sent from Mozambique and Greece (probably an
accession from the tropics) and cultivated several
years in China. The other 11 short-day varieties
were Chinese domestic varieties from the middle
and the south of China. The flowering stage
affects the capsule development and the final
yield. Short-day varieties grown in a long-day
environment and long-day cultivars grown in a
short-day environment have poor yields.

2.2.5 Capsule

Sesame capsule is the organ producing seeds.
Sesame capsules form from flowers in the leaf
axil at about the 4th to 6th node pairs. The
morphology of capsule-related traits such as
capsule size, capsule color, carpel number,

capsule pubescence, and dehiscence varies in
sesame germplasm (partially in Fig. 2.23). To
reflect the characteristics of sesame capsule, four
key traits of capsule, i.e., number of capsules per
leaf axil, carpel number, capsule size, and shatter
resistance are usually applied for genetics
analysis.

2.2.5.1 Capsule Number Per Leaf Axil

Capsule number per leaf axil trait is one of the
yield components. Anon (2004) defines the
capsule arrangement trait as mono capsular or
multi capsular type. Many descriptions classify it
as single capsule and 2 or more. Even the geno-
type is 3 capsules per leaf axil, not all axils have 3
capsules. Others classify the capsule per leaf axil
as single (1) and triple (3) capsules (Fig. 2.24a, b).
Langham (2017b) divided the capsule number per
leaf axil into 5 ratings. i.e., 0 = Segregating or
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Fig. 2.24 Capsule number per axil. a Single capsule per
axil. b Triple capsules per axil. ¢ All these capsules (7, 6,
5,4, 3,2, and 1 from left to right) are taken from the same
plant. Plant is provided by Wongyai W. (Modified from
Langham (2008))

mixed, 1 = Single capsule, 3 = Triple capsule.
5 = Five capsules, and 7 = Seven capsules. Five
capsules per leaf axil are common in Chinese
germplasm library. In one plant, the number of
capsules per leaf axil varied from 1 to 7 (Langham
2017b) (Fig. 2.24c). Weiss (2000) reported an axil
forms up to 8 capsules.

The predominant number of capsules per leaf
axil is usually expressed in the middle zone of
the capsule zone. However, there are cases where
a single capsule genotype may have 1-5 node
pairs of triple capsules in low populations with
high light/moisture/fertility conditions. Con-
versely, a triple capsule genotype may only have
single capsules in high populations with low
light/moisture/fertility  conditions. = Langham
(1945a) found that lines with three leaves per
node normally lead to three capsules per node.

It is preferable to investigate the capsule traits,
after the leaves have fallen off. The capsule
number varies in stem part and is affected by
genotype and environment. Most triple capsule
lines have single capsules at the bottom and the
top of the stem.

Rare cultivars consistently form three capsules
in every node of the stems (Langham 2008).

Langham (2007) found that the axillary cap-
sules on triple capsule lines formed fewer seeds
and lower 1000-seed weight, compared with the
central capsules. In a triple capsule line, the
central flower always forms 3-5 days earlier than
axillary flowers. The seed weight in axillary
capsules takes up 69.9-87.3% of that of the
central capsule. To date there have been no
studies that have determined whether 1 or 3
capsules have higher yield level. Many sesame
breeders including Langham DG, Kinman ML,
Yermanos DM, Mazzani B, Beech DF, and
Bennett MR believe that single capsule lines do
better in rainfed or semi-irrigated conditions,
while triple capsule lines do better in full irriga-
tion or high and timely rainfall regions (Langham
2007). Several investigations have shown the
ratio of capsule formation from a flower varies
from 61.4 to 82.8%. Triple capsule lines have the
lowest ratios (i.e., 59.2% and 51.6% for single
stem and few branch lines, respectively) of cap-
sules versus flowers.

Single capsule is dominant over triple capsule
with a single allele (Nohara 1933; John 1934; Pal
1934; Langham 1945b; Sikka and Gupta 1949;
Culp 1960a; Baydar and Turgut 2000; Yol and
Uzun 2012).

2.2,5.2 Capsule Carpel Number

The number of carpels per capsule is an impor-
tant trait in sesame (Fig. 2.25). Anon (2004)
classified the carpel number into bicarpellate and
tetracarpellate types. Langham (2017a) divided
the sesame capsule into five groups with various
values, i.e., 0= Segregating or mixed,
2 = Bicarpellate, 3 = Tricarpellate, 4 = Tetra-
carpellate, and 99 = Other, according to the most
common capsule types. Some rare capsules have
6-10 carpels (Yermanos et al. 1964; Fig. 2.25a).
The predominant number of carpels per capsule
is observed better in the middle half of the cap-
sule zone.

In a bicarpellate capsule, in each carpel there
are two locules are separated by false membrane
(indicated by red line in Fig. 2.25b) for a total of
four locules each with a row of seeds. An
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Fig. 2.25 Capsule carpel type in sesame. a Carpel
number types from left to right are bicarpellate, tricarpel-
late, quadricarpellate, and rare capsule types with more
than one 4+ carpel capsule, respectively (photo cited from
Yermanos et al. (1964)). b Carpel section (separated by
red line) of bicarpellate capsule. ¢ Carpel section (sepa-
rated by red lines) of tetracarpellate capsule. (Photos
supplied by Ray Langham)

exception is the seamless capsule which does not
form false membranes resulting with two rows of
seed in the carpel but no separation of the rows.
In a teracarpellate capsule, there are four carpels
with eight locules (separated by red lines in
Fig. 2.25¢c). In sesame breeding research, many
breeders classify the lines and the capsules based
on locule number instead of carpel number.
Hildebrandt (1932) felt that sesame should be
divided into two subspecies based capsule the
number of  carpels:  bicarpellate  and
quadricarpellate.

In most cases, bicarpellate is dominant over
tetracarpellate with a single allele (Abe 1919;
Nohara 1933; John 1934; Langham 1947c;
Khidir 1973; Van Rheenen 1981; Kobaya-
shi1986; Gutierrez et al. 1994; Baydar and Tur-
gut 2000; Padmasundari et al. 2010). Field
investigations indicated that carpel number of
capsule trait is also affected by environment.
There are so many examples of plants with
mixed number of carpels in sesame. Some
bicarpellate plants will have one or more nodes

near the center of the capsule zone that have tri-
and/or tetracarpellate capsules, and vice versa.
Most tri- and tetracarpellate plants will begin and
end with bicarpellate nodes (Langham 2017a). In
some capsules, there are double rows of seeds
within a locule, especially at the bottom of the
locule. The seeds seem more constricted with
irregular shape (Langham 2007).

Theoretically, more rows of seeds in capsules
will result in higher yield. To date, most breeders
find that bicarpellate lines outyield tetracarpel-
late. Van Rheenen (1981) performed a back-
crossing of a multi-locular capsule to a four-
locular line. However, the yield reduced 34%.
Yol and Uzun (2012) postulated that the lack of
yield resulted from the inadequacy of the
assimilation of photosynthetic production per
leaf. The extra capsules and locules in the
quadricarpellate types could not be filled
adequately.

2.2.5.3 Capsule Size

To describe the capsule size of sesame, the
indicators of capsule length, capsule width, and
capsule thickness are applied. According to the
method of Langham (2017a), capsule length is
measured from the bottom to the top of seed
chamber outside of the capsule. The length range
of capsule is not affected whether calyx and
pedicel exist or not. The tip of the capsule is not
included (Fig. 2.26a). Langham (2017a) reported
the international current capsule length range is
1.3-7.0 cm. Meanwhile, the capsule width refers
to the width from the edge of one carpel to the
edge of the other carpel (Fig. 2.26b). Langham
(2017a) reported the international current known
range of capsule widths is 0.5-2.3 cm. For cap-
sules with more than two carpels, the longest
distance of carpels should be measured
(Fig. 2.26b). As to capsule thickness, the mea-
sured side of bicarpellate capsules refers to the
narrowest side where the capsule will split at
maturity. For capsules with more than two car-
pels, the thickness indicates the longest distance
within a carpel (Fig. 2.26¢, d). Langham (2017a)
reported the international current known range of
capsule thicknesses is 0.5-0.9 cm. During
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Fig. 2.26 Measurement method of capsule size of
sesame. a The capsule length measured from the bottom
to the top of seed chamber outside (indicated by double
head arrow). b The width of capsule is measured from the

measuring, fully elongated capsules (central
capsules on a triple capsule line) are chosen from
the middle of the capsule zone from 5 represen-
tative plants.

In China, the capsule size is one of the con-
siderable yield components traits. Chinese sci-
entists usually investigate the capsule traits with
the green mature capsules before drying down or
split. The capsule length indicates the measured
distance from the tip to the bottom of a capsule.
Of the 763 germplasm planted in triple replica-
tions in 2017, the ranges of capsule length,
width, and thickness varied from 1.87 to
498 cm, 0.61 to 2.20 cm, and 0.57 to 1.46 cm,
respectively (Fig. 2.27a—c). Meanwhile, the seed
number per capsule varied from 17.4 to 117.7
(Fig. 2.27d). 450 (59.0%) accessions had 50-70
seeds per capsule (Haiyang Zhang, unpublished
data).

Sesame is a productive crop, as the seed
number per capsule and per plant is very high.
Increasing capsule length indeed can increase the
volume of the seed chamber. Wongyai and
Juttpornpong (1992) found that capsule length

edge a carpel to the edge of the other carpel (indicated by
double head arrow). ¢ and d The thickness of capsule is
measured across a carpel (indicated by double head
arrow). (Photos provided by Ray Langham)

and width are correlated with seed weight. The
capsule width can be used as a field indicator for
high seed weight. Langham (2017a) reported that
the coefficient () of the correlation of the capsule
width and the seed weight per capsule was 0.347.
However, the capsule size is not consistent with
the high yield. The capsule length increases
rapidly in 9-15 days after flowering (DAF).
Besides the genotype, the environments of
moisture, fertility, and population also affect the
development of capsules and seeds (Langham
2018d).

2.2.5.4 Shatter Resistance of Capsule

In most sesame germplasm accessions, capsules
are dehiscent with low shatter resistance. The
shatter resistance level of a capsule is considered
the most important yield component in sesame
now, as the indehiscent or non-dehiscent vari-
eties with high shatter resistance can reduce the
harvest loss of mature seeds, especially for
mechanized production. DG and DR Langham
found nine traits affect shattering: capsule open-
ing, capsule split, capsule constriction,
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Fig. 2.27 Variation of capsule size in sesame germplasm accessions. a Capsule length variation. b Capsule width
variation. ¢ Capsule thickness variation. d Seed number per capsule. (Figures provided by Hongmei Miao)

membrane completeness, placenta attachment,
capsule membrane attachment, tip roll back,
capsule position on stem, and seed blocks
(Fig. 2.28a—g).

To reflect the shatter resistance of sesame
capsule, Langham (2017a) provides an evalua-
tion method and quantifies the shatter resistance
level with the 11 ratings. The measuring proce-
dures are listed as the following: (1) Harvest two
capsules from the middle of the main stem from
five plants, when the capsules have reached
physiological maturity. For triple capsule lines,
one central capsule and the one adjacent axillary
capsule are chosen. (2) Put the capsules into a
container to dry and retain all of the seed.
(3) After the capsules are dry, invert the capsules
and allow seed to flow out. (4) Collect the seeds
out of capsules and the seeds still in capsules,
weigh the two groups of seeds, and calculate the

percentage of retained seeds. In many shattering
cultivars, the capsules will lose seed while still
upright, which reflects the loss while the plants
are upright in a shock drying.

The shatter resistance standard includes:
0 = Segregating or mixed; 1 =SUS (Super-
shattering)—visual seed retention <25%;

2 = SHA (Shattering)—visual seed retention
<50%; 3 = SSH (Semi-shattering)—visual seed
retention at 50-75%; 4 = SR (Shatter resistant)
—visual seed retention >75% without indehis-
cent or seamless alleles; 5 = ID (Indehiscent)—
homozygous indehiscent alleles with closed
capsule; 6 = IDO (Indehiscent open)—homozy-
gous indehiscent alleles with capsule open at tip;
7=GS (Seamless)—homozygous seamless
alleles with closed capsule; 8 = GSO (Seamless)
(homozygous seamless alleles with capsule open
at tip); 9 = Cl1 (presence of C + 1 alleles with
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Fig. 2.28 Morphology of
sesame capsule. a Capsule
opening. b Capsule split.

¢ Capsule constriction.

d Membrane completeness.

e Placenta attachment.

f Capsule membrane
attachment. g Seed blocks.

h Tip roll back (indicated by
red arrow). i Indehiscent
capsule of c/1 mutant. j Non-
dehiscent capsule. (Photos a—
h and j supplied by Ray
Langham; photo i supplied by
Hongmei Miao). WT
indicates the wild type

closed capsule); 10 = C10 (presence of C + 1
alleles with capsule open at tip); and 99 = Other
(Langham 2017a).

A natural mutant (named c/1) with indehiscent
capsules and curly leaves was found in 1940s
(Langham 1946; Langham and Rodriguez 1946)
(Fig. 2.281). The shatter resistance level is 100%.
Compared with the natural dehiscent capsule, the
indehiscent capsule is entirely closed, and the
carpels did not split naturally after maturity or
desiccation. The indehiscent trait in ¢/l is con-
trolled by single gene pair and is not affected by
environment (Zhang et al. 2018). The indehiscent
line is not suitable for production, as the capsules
are hard to break, and if sufficient force is applied
to break them open, the seed is damaged leading
to free fatty acids and eventually rancidity.
Cagirgan (2001) isolated eight indehiscent
mutants from irradiating 4 Turkish varieties.
Mussi et al. (2016) using 600 Gy found out of 85
plants, two were indehiscent and 13 were semi-
dehiscent.

In 1988, Langham released direct harvest
varieties that open at the tip, but still retain the

majority of the seeds while drought. This was the
first varieties that would allow the plants to
remain in the field for as much as 50 days after
maturity to dry down to 6% seed moisture. In
1997, Langham released nondehiscent varieties
that were appreciably more shatter-resistant with
less seed loss than the direct harvest varieties
(Langham 2000). The non-dehiscent trait was
added to hundreds of different genetic back-
grounds. Non-dehiscent variety breeding was a
giant step ahead in the history of the sesame
breeding of the world and improved the mecha-
nization of sesame, although there were still
some shatter resistance issues.

In addition, environmental conditions such as
rainfall, temperature, and wind can affect the
shatter resistance of sesame capsule. In the USA,
sesame is harvested in the fall when there is more
rainfall. Rainfalls would result in dews and fogs.
Under the environment, the hygroscopic capsule
would absorb moisture and closes during the
night and then opens in the sun in the morning.
This constant closing and opening weaken the
shatter-resistant mechanisms. If there was
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considerable rain, the soil would be too muddy
for the combines to enter the fields without
leaving ruts and compacting the soil. In general,
the breeding nurseries were left standing for as
much as 2-4 months after the plants were dry
enough to combine to take more notes and make
more selections. Under the rains or at times
50 KPH winds, the sesame varieties present the
amount of shatter resistance. In 2007, Langham
established a new standard for evaluating the
shatter resistance of a variety: the plants have to
hold 85% of the seeds in a capsule for one month
after they are dry, and it has rained at least
30 mm. The varieties that pass this threshold are
termed improved non-dehiscent varieties (Lang-
ham 2011b, 2013).

Another natural mutant (named seamless) was
found in 1986 by DG and DR Langham
(Fig. 2.29). The capsule did not open at maturity
or desiccation. It had the same problems as the
indehiscent capsules—too difficult to open
without damaging the seed. Wongyai and
Chowchong (2003) in Thailand discovered the C
+ 1 non-shattering allele. C + 1 is a stabilized
variety derived from a cross between a shattering
line (KUds6111) and a direct harvest line
(Sesaco 20). Upon drydown, the capsules do not
open, but release the seeds easily when threshed
with a soybean thresher. The hold is different
from the S20 hold where the capsules open at the
tip when they dry down. The capsules hold the
seeds through placenta attachment. When the C
+ 1 capsules open, there is no placenta attach-
ment, and the seeds easily flow out of the cap-
sule. In the USA where the plants are left
standing in the field until they dry down enough
to result in 6% moisture seed in the combine, the
C + 1 capsules will eventually open before the
population is dry enough for harvest and release
the seeds (Fig. 2.29). In a wind, with no placenta
attachment, most of the seed comes out of the
capsules and would be lost. On the other hand, if
the plants are cut at physiological maturity and
shocked as in most of the sesame production
regions in the world, the capsules do not open
even when the plants are fully dry until they are
threshed.

Fig. 2.29 Two other types of non-shattering alleles. Left
photo: seamless capsule where there are two carpels, but
they do not form a false membrane to allow the capsule to
split at drydown. Right photo: C + 1 capsule where the
capsule does not open unless left in the field long after
drydown. Photographs provided by Ray Langham

2.2.6 Sesame Seed

2.2.6.1 Seed Morphology and Size

As the sesame capsule grows, the seeds mature in
4-6 weeks. Sesame seeds are attached to the
placenta and arranged in rows within the locules
of capsule (Ashri 2007). Sesame seeds present
various shapes such as orbicular, eclipse, elon-
gated, and column-shaped (Fig. 2.30). Hilte-
brandt (1932) distinguished two types in respect
of shape of seeds-elongated and orbicular. Joshi
(1961) and Ram (1930) showed the seed shapes
and colors and found the surface of both white
and black sesame seeds was possibly smooth or
rough. For the most cultivated sesame varieties,
the seed surface is smooth. Some white coat
seeds are with web waves or spots on the surface
and a line appears in the middle of the surface
(Fig. 2.30a). The tip of the sesame seed always
presents a black spot, which is the dried placenta
attachment (Fig. 2.30). The seeds of the wild
species have the rough surface. Only the wild
species S. alatum forms winged seeds
(Fig. 2.30d).

Sesame seed belongs to small-sized type.
Langham (2018d) provides the evaluation of
seed size with 6 scales using hundred seed
weight: 0 = segregating; 3 = small (<0.25 g);
4 =(0.25-0.29 g); 5 = medium (0.30-0.34 g);
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Fig. 2.30 Morphology of sesame seed. a Cultivated
sesame seeds with stripe in the middle of the surface.
b Oval shaped seed. ¢ Elongated shaped seeds. d Winged

6 =(0.35-0.39¢g); and 7 =large seeds
(>0.39 g). According to comparison results of
244 samples, the correlation (r) between 100-
seed weight and the seed size was 0.469 (Lang-
ham 2003).

Of the 763 worldwide sesame germplasm
accessions cultured in China in 2017, 1,000 seed
weight ranged from 0.79 g to 4.47 g (Fig. 2.31a)
(Unpublished data, Haiyang Zhang). In China,
seeds with the thousand seed weight of more than
3.5 g are regarded as large seeds. Of the 763
accessions, 38 (5.0%) were large-seed varieties.
Langham (2018d) reported the international cur-
rent capsule length range is 0.7-5.2 g. Mean-
while, in the 763 accessions, the length and width
of seed varied from 1.92 to 3.58 mm, and 1.14 to
1.97 mm, respectively (Fig. 2.31b, c). The seed
area varies from 2.12-5.37 mm? (Fig. 2.31d).
Correlation analysis indicates that the 1,000 seed
weight has the most significant correlation
(P < 0.0001) with seed area (r = 0.668**%), seed
length  (r =0.487*%**) and seed width
(r = 0.566%*%*), respectively (data not shown).

In other publications, other measurements of
the seeds have been made as follow (Langham
2018d).

Seed length: In mm accurate to 0.01. Current
known range: 1.92—4.60 mm.
Seed width: In mm accurate to 0.01. Current
known range: 1.00-3.31 mm.

seeds of S. alatum. e Seed size variation of sesame
varieties. (Photographs provided by Hongmei Miao)

Seed thickness: In mm accurate to 0.01. Current
known range: 0.11-1.69 mm

Seed geometric mean diameter: In mm accurate
to 0.01. Current known range: 0.81-3.91 mm.
Seed arithmetic diameter: In mm accurate to 0.01
mm. Current known range: 1.29-1.91 mm.
Seed sphericity: In mm? accurate to 0.01. Current
known range: 0.575-0.64 mm”. In percentage
accurate to 0.01. Current known range: 62.84%.
Seed bulk density: In kg/m® accurate to .001.
Current known range: 0.640 kg/m”.

Seed surface area: In mm?® accurate to 0.01.
Current known range: 5.84-10.2 mm®.

Seed flat surface area: In mm? accurate to 0.01.
Current known range: 3.24 mm?>.

Seed transverse surface area: In mm? accurate to
0.01. Current known range: 1.22 mm?.

Seed aspect ratio: In percentage accurate to 0.01.
Current known range: 61.50-75.00%.

2.2,6.2 Sesame Seed Coat Color

Seed coat color is an important agronomic trait in
sesame. The highest polymorphism can be
observed for seed coat color ranging from white
to black through all intermediate colors (Prasad
and Gangopadhyay 2011; Pandey et al. 2013).
The natural color of mature sesame seeds varies
from black, intermediate colors (e.g., gray,
brown, golden, yellow, and light white) to white
(Zhang et al. 2013).In the description of the
Anon (2004), the seed color of sesame is divided
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Fig. 2.31 Variation of seed shape and size in 763 sesame germplasm accessions. a 1000 seed weight variation. b Seed
length variation. ¢ Seed width variation. d Seed area variation (Provided by Hongmei Miao)

into white, cream, beige, light brown, medium
brown, dark brown, brick red, tan, olive, grey,
dull black, and bright black. White seeded
sesame is more popular in Asia and mainly used
to produce fried sesame seeds and tahini.
Meanwhile, Asian people like to eat black
sesame. Especially in China, black sesame is
applied as a kind of Chinese medicine. Com-
pared with the white seeds, black sesame seeds
usually have higher ash and carbohydrate con-
tent, but lower protein, oil, and moisture ratios
(Kanu 2011). In addition, there is a commercial
sesame variety known as ‘Turkey gold’ from
Turkey. Cagirgan I explained that the seed color
of the variety ranges from dark buff to brown and
is affected by environment (personal communi-
cation, 2013). In sesame, the seed coat color is

associated with seed quality traits, disease resis-
tance, and the species evolution trace (Shahidi
et al. 2006; El-Bramawy et al. 2008; Zhang et al.
2013). Black varieties generally produce lower
yields, probably because of the less effort to
improve black varieties.

Based on the variation of RGB (red, green, and
blue color) values of seed picture collected using
the color capture tool, Zhang et al. (2013) divided
the seed coat color into 14 groups (Fig. 2.32).
The RGB values range from 20 to 150.

Meanwhile, the color value of sesame seeds
can be calculated by L*, a*, and b* values,
which are collected using seed color monitor
(colorflex EZ, USA). L* represents the color
brightness, a* represents the color red and green,
and b* represents yellow and blue (Imtiaz et al.
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Fig. 2.32 Seed coat color variation in sesame popula-
tions. 14 pieces (a—n) of seed color pictures represented
the corresponding RGB values within 14 grades of 20—
150. The black seeded parent presents black (a) and the
white seeded parent is white (n). a RGB value of 20 ~ 30.

Table 2.1 Evaluation

b 30~40. ¢ 40~50. d 50~60. e 60~70. £ 70~ 80.
g 80~90. h 90~100. i 100~110. j 110~120.
k 120~130. 1 130~ 140. m 140~ 150. n 150~ . (Cited
from Zhang et al. (2013))

Scale AE*ab value Color variation type
standard of seed coat color
variation in sesame® 1 0.0 < AE*ab < 0.5 Faint difference
2 0.5 < AE*ab < 3.0 Difference
3 3.0 < AE*ab < 6.0 Significant difference
4 AE*ab > 12.0 Different color

“Evaluation standard of seed coat color variation in sesame is referenced the standard of
Li (2001) (cited from Yuan et al. (2018))

2008). The equation of AE =

VAa*2 + Ab*2 + AL is used to evaluate the
color variation between two samples or treat-
ments (Yuan et al. 2018; Table 2.1).

Under the waterlogging treatment of 60 h,
theAE*ab value of six sesame varieties (4 white
seeded and 2 black seeded) varies from 2.16 to
7.28. The AE*ab value variation reflects that the
seed color of a variety significantly changes
under waterlogging, which is in line with the
observation of the seed coat color variation using
naked eyes (Yuan et al. 2018).

2.2.6.3 Seed Flavor

Seed flavor is an extremely subjective trait in
sesame. The seed flavor comprises of sweetness,
astringency, bitterness, sourness, dusty-taste,
first-taste, after-taste, accent of taste, and total
taste for raw and roasting samples (Takada and
Uno 2001). Langham (2018d) lists the values of
4 ratings: 0 = Segregating or mixed; 3 = Bitter;
5 = Neutral; and 7 = Sweet. Ashri (2007)
reported there is no information on the genetic

control of the taste components for the compli-
cated evaluation and the genetic background.
Thus, sesame breeding for sweetness is difficult
and complicated. Moreover, the seed flavor can
be affected by environment. The amount of
rainfall, dews, and humidity can result in the seed
taste a bit musky (Langham 2017b). Takada and
Uno (2001) rated seed on a —2 to +2 scale on the
taste. Bennett MR (personal communication,
2016) stated that the taste of seed is associated
with the level of phenols and oxalic acid nor-
mally found in the seed testa. Dark colored seeds
have phenols and higher oxalic acid content than
white seeds. Bennett and Lang (1991) used the
following rating of flavor: 0 = tasteless and 1-15
scale with 15 bitter. Shahidi et al. (2010) iden-
tified over 240 volatiles in sesame that contribute
to flavor to include pyrazines, furans, nitrogen-
containing compounds, aldehydes and ketones,
alcohols, acids, esters, and lactones, hydrocar-
bons, phenols, and sulfur-containing compounds.
The flavor depends on methods of processing to
include temperatures and duration. There is still
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disagreement on the most important compounds,
but there is agreement that the pyrazines (par-
ticularly alkylpyrazines) are responsible for the
desirable flavor of sesame.

2.3 Botanical Traits of Wild Species

Since the nineteenth century, many botanists
reported the various numbers of the wild species
in Sesamum (Joshi 1961; Bedigian 2010b;
Nimmakayala et al. 2011). Joshi (1961) listed 36
species of Sesamum according to the index
Kewensis. Some wild species has high economic
and academic position in Sesamum. For example,
S. alatum and S. angustifolium are used as
cooked vegetables especially in eastern Africa.
Meanwhile, S. angustifolium has high adapta-
tions for drought resistance and can be used for
genetics and breeding research. S. radiatum is
immune to Fusarium oxsporum f. sp. sesami, and
has been used for disease resistance and plant-
pathogen interaction studies in sesame. We here
summarize the botanic characters of the six wild
species (S. alatum Thonn, S. latifollum Gillet, S.
angolense Welw, S. calycinum Welw, S. angus-
tifolium Oliver Engl., S. radiatum Schumach. &
Thonn.), as these species are being applied for
genome sequencing and genomics research in
sesame. The basic agronomic traits of the wild
species are list in Table 2.2.

2.3.1 S. Alatum Thonn.

S. alatum (2n = 26) distributes in Asia and
Africa. S. alatum is an erect annual herb up to
1.5 m tall, with simple or sparsely branched
stem. Low leaves are divided almost to the base,
and the up leaves linear (Fig. 2.33). Corolla tube
is pink or bright red. Dark spot presents at the
throat of corolla. Capsule is slim and long with
beak. The capsule is bicarpella with small size of
seeds. Seed presents a large and long wing at
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apex. Testa color varies from pale to dark brown
(Fig. 2.33e). Compared to the plants cultivated in
India, the plant height of S. alatum cultivated in
China is lower to 1.4 m.

2.3.2 Sesamum Angolense Welw

S. angolense Welw. (2n = 26) distributes in
Africa (https://plants.jstor.org). S. angolense is a
shrubby perennial herb high to 3 m (Fig. 2.34).
Leaves are subsellile or shortly petiolate. Flowers
are pink, red, purple, or pale mauve with deeper
markings. Corolla is large and the length ranges
from 3.5 cm to 7 cm. Single flower per leaf axil
(Fig. 2.34b). Yellow nectary can be seen on the
leaf axil (Fig. 2.34c). No winged seeds are broad
with rough texture (Fig. 2.34d).

2.3.3 Sesamum Latifolium Gillet.

S. latifolium Gillet. (2n = 32) is erect high to
more than 2 m (Fig. 2.35a) (https://plants.jstor.
org). The stem has pubescent with brownish
hairs. Leaves are heteromorphic. The lower
leaves are large, ovate-cordate, or 3-lobed with
long petiolate (Fig. 2.35b). Upper leaves are
smaller and ovate to ovate-lanceolate. The
flowers are pale pink or pinkish mauve
(Fig. 2.35c). There are purple stripes on the
corolla lop. No winged seeds are broad with
sharp-angled margins (Fig. 2.35e).

2.3.4 Sesamum Calycinum Welw

S. calycinum Welw. (2n = 32) is a semi-erect or
prostrate herb (Fig. 2.36). Branches are slender
and upwards. Leaves are entire, linear, and sub-
sessile. Corolla is pale rose. Capsules are long
with long beak. Capsule length is about 2.96 cm,
and the width is about 0.4 cm (Table 2.2). Seeds
are small and rugose. Thousand seed weight is
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Table 2.2 Characterization of the six Sesamum species

Trait Species
S. alatum
Sample
(Akola,
India)

Plant height (cm) 167.8

Branch number 5.0

Length of lower leaf 4.15

(cm)

Length of upper leaf 545

(cm)

Width of lower leaf 0.35

(cm)

Width of upper leaf 0.3

(cm)

Root length (cm) 19.4

Root short ratio 0.12

Corolla length (cm) 3.14

Corolla width (cm) 1.12

Petiole length of lower 2.1

leaves (cm)

Height of first capsule

(cm)

Capsule zone length

(cm)

Capsule node number

Stamen number

Pistil length (cm)

Capsule number per 52.5

plant

Capsule length (cm) 3.74

Capsule width (cm) 0.52

Seed number per 85.0

capsule

1000 seed weight (g) 1.1

Qil content (%)
Protein content (%)

ND not determined

3651
(Sanya,
China)

158.0
2.0
13.0

7.9

1.0

0.4

ND
ND
ND
ND
4.5

18.0

ND

28.0
4
1.4
ND

3.66
0.38
85.0

1.7
30
14.7

S.

angolense
K16

262.0
5.5
20.5

9.8

8.0

33

ND
ND
7.36
5.08
1.5

129.0

ND

ND
4

3.0
ND

2.88
0.6
135.8

0.939
17.88
31.04

S.

angustifolium
GO1

121.8
17.6
15.2

8.7

4.02

0.84

ND
ND
3.68
2.2
ND

46.0

64.6

15.2
4
1.88
318.2

1.87
0.4
80.4

0.528
19.16
21.22

S.

calycinum

Ken 8

152.2
11.6
11.8

9.7

3.44

0.96

ND
ND
4.4
2.68
ND

22.1

120.0

29.2
4
2.14
339.0

2.96
0.4
104.0

0.549
14.69
29.11

H. Miao et al.

S. S.
latifolium  radiatum
Ken 1 G02
258.4 191.6
10.8 16.0
16.7 17.4
11.9 9.7
18.1 13.0
5.1 3.56
ND ND
ND ND
4.4 4.28
22 3.0
ND ND
89.2 584
145.8 132.8
21 27

4 4

1.7 2.04
178 298.4
3.4 32
0.7 1.1
106.2 86.6
1.523 2.171
11.34 12.93
28.67 28.24

The first column data (Akola, India) is cited from Babu et al. (2016). Other column data (Sanya, China) is supplied by
Hongmei Miao. The wild species are cultured in Sanya, China from 2015-2017. The 5 plants per species are chosen for
trait investigation. Oil and protein contents of the seeds are measured using chemistry methods (GB/T5512-2008 and

GB/T4489.2-2008, in China)
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Fig. 2.33 Botanical characters of S. alatum. a Plantlet
image. b Basal leaf. ¢ Flower. d Capsule. e Seeds with
wings. (Provided by Haiyang Zhang)

less than 0.6 g. Hybridization results indicates
that S. calycinum can cross fertile to S. angusti-
folium (2n = 32).

2.3.5 Sesamum Angustifolium Oliver
Engl.

S. angustifolium Engl. (2n = 32) is erect annual
or perennial herb (Fig. 2.37). Stem is simple or
branched. Leaves are entire and linear to cultrate.
Flowers are pink, purple, or mauve. Spots pre-
sent within the corolla. Nectary is sessile. Cap-
sule is long with long beak. The capsule size is
long with the length of 1.87 cm and the width of
0.4 cm. The thousand seed weight is less than
0.6 g. Both sides of the seeds show transversal

Fig. 2.34 Botanical characters of S. angolense. a Plantlet
image. b Flower. ¢ Capsule. d Seed with wings. (Provided
by Haiyang Zhang)

ribs (Fig. 2.37e). S. angustifolium can cross fer-
tile to S. calycinum (2n = 32).

2.3.6 Sesamum radiatum Schumach.
& Thonn.

S. radiatum Schum. & Thonn. 2n =64) is a
perennial or annual herb and distributes in Africa
(Dansi et al. 2012). In India, S. radiatum is
regarded as an invasive species mainly for human
activities (Narasimhan 2010). S. radiatum is erect
up to 120-150 cm (Fig. 2.38). Stem is single or
branched. Leaves are simple and stipules are
absent. Single flower forms from one leaf axil.
Corolla color varies from white, pink to purplish.
Capsule is bicarpel with short beak at the apex.
Seeds are brown or black with radial sculptures
(Dansi et al. 2012) (Fig. 2.38e). To date, S.
radiatum 1is cultivated in Africa mainly for
nutritional and medicinal properties. The resis-
tance to biotic and abiotic stresses is very high.
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Fig. 2.35 Botanical
characters of S. latifolium.

a Plantlet image. b Leaf.

¢ Flower. d Capsule. e Seeds
with rough surface. (Provided
by Haiyang Zhang)

Fig. 2.36 Botanical
characters of S. angustifolium.
a Plantlet image. b Semi-
prostrate plant with many
branches. ¢ Prostrate plantlet
with many branches.

d Flower. e Capsule with
beak. f Seed with rough
surface. (Provided by
Haiyang Zhang)

Fig. 2.37 Botanical
characters of S. angustifolium.
a Plantlet image. b Leaf.
¢ Flower. d Capsule with
beak. e Seed with rough
surface. (Provided by
Haiyang Zhang)
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Fig. 2.38 Botanical
characters of S. radiatum.

a Plantlet image. b Flower
with purple corolla. ¢ Flower
with white corolla. d Capsule.
e Seed with rough surface.
(Provided by Haiyang Zhang)

The morphological characters of the wild
species are diverse. Therefore, to avoid the
ambiguities of the species classification and
nomenclature, further cytogenetic and genomic
studies are required. Cytogenetic and genomic
analyses of the wild species are introduced in the
following chapters.
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Abstract

Sesame seed has been well recognized as a
nutritional protein source owing to its richness
in sulfur-containing amino acids, particularly
methionine. Proteins represent approximately
15-25% dry weight of sesame seed, or 30—
50% mass of the defatted sesame cake. Two
abundant storage proteins, 11S globulin and
2S albumin, constitute 60-70% and 15-25%
of total sesame proteins, respectively. Two
gene families separately encoding four 11S
globulin and three 2S albumin isoforms were
tentatively identified in sesame genome.
Amino acid composition of these deduced
storage proteins revealed that the richness in
methionine and cysteine is attributed mainly
to two 2S albumin isoforms and partly to one
11S globulin isoform. Sesame oil, a
high-quality edible oil source, comprises
mainly triacylglycerols (>95%); the acyl
chains esterified to the glycerol backbone are
mostly unsaturated essential fatty acids. In
comparison with most other edible oils
extracted from diverse seeds, sesame oil is
extremely stable due to the effective antioxi-
dant activities partly attributed to its abun-
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dance of lipid-soluble furofuran lignans,
mainly sesamin and sesamolin, which are also
demonstrated to possess several biological
effects on human health. The oil molecules,
including furofuran lignans, in sesame seed
are stored in specialized organelles termed oil
bodies, which are encapsulated by a layer of
proteins on their surface. Three classes of
unique proteins, i.e., oleosin, caleosin, and
steroleosin, were identified in sesame oil
bodies in the past two decades, and gene
families encoding three oleosin, two caleosin,
and two steroleosin isoforms were found in
sesame genome. Particularly, caleosin and
steroleosin were named when they were first
detected in sesame oil bodies. Therefore, the
structural organization of sesame oil body has
served as a reference model to study oil bodies
in diverse plant species, and the three types of
oil body proteins were also subsequently
detected in oil bodies of various seeds. Novel
techniques for constituting various types of
artificial sesame oil bodies with three essential
constituents (matrix oil, membrane phospho-
lipid, and oil body protein) have been suc-
cessfully established, and applications of these
artificial oil bodies are actively developed.
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3.1 Introduction

Sesame seed, empirically utilized as food addi-
tive or key ingredient of various products, has
been regarded as a nutritional goldmine. Distinct
from most other seeds, sesame is well recognized
for two characters beneficial for human health.
One is its high quality of nutritive protein com-
position, i.e., richness in sulfur-containing amino
acids. The other is the presence of abundant oil-
soluble furofuran lignans, mainly sesamin and
sesamolin, which are known to possess several
biological activities beneficial for human body.
Similar to other oily seeds, sesame seed accu-
mulates abundant storage proteins and oils
(mainly triacylglycerols) in protein bodies and oil
bodies, respectively (Fig. 3.1). The proteins rich
in sulfur-containing amino acids are confined in
proteins bodies while furofuran lignans are
mixed with triacylglycerols in the lipid matrix of
oil bodies.

Fig. 3.1 Light microscopy (upper) and electron micro-
scopy (lower) of a mature sesame seed (Peng and Tzen
1998)

3.2 Sesame Storage Proteins

The content of proteins represents approximately
15-25% dry weight of sesame seed, or 30-50%
mass of the defatted sesame cake. Amino acid
contents of sesame seed vary among varieties
and their growing conditions, but not seed coat
colors, e.g., white, brown, and black (Namiki
1995). Compared with the standard values rec-
ommended for dietary requirement by the Food
and Agriculture Organization and the World
Health Organization, sesame proteins are slightly
lower in lysine but richer in methionine and
cysteine. In terms of essential amino acid com-
position, sesame seed proteins are comparable to
those in beef and milk, except for the low content
of lysine (Hasegawa et al. 1978). Sesame cake,
the remainder after oil extraction, is an adequate
supplement of proteins to domestic animals
owing to its richness in sulfur-containing amino
acids.

3.2.1 Historical Studies on Sesame

Proteins

The earliest scientific documentation on the
physicochemical properties of sesame proteins
appeared in late nineteenth century when protein
chemistry was in its infancy and little was known
about amino acid constituent. Ritthausen (1880)
crystallized sesame seed proteins from defatted
sesame cake by saline solution and found a high
sulfur content of these proteins by elemental
analysis. Approximately half century later, Jones
and Gersdorff (1927) modified the extraction
procedure of sesame proteins and succeeded in
isolating two globulin fractions. The relatively
abundant globulin was crystallized and named o-
globulin. Thirty years later, Nath and Giri
(1957a; b) investigated the physicochemical
properties of sesame seed proteins by elec-
trophoresis, and the amino acid composition of
sesame seed o-globulin was determined (Nath
et al. 1957). By ultracentrifugal analysis, Sinha
and Sen (1962) separated sesame seed proteins
into four fractions, 2S, 7S, 13S, and 19S
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components; and the major fraction, o-globulin,
comprising 13S and 19S components, represents
60-70% of total sesame seed proteins. Taking
into consideration of homologous proteins from
other seeds, sesame a-globulin (13S component)
is named 11S globulin thereafter. Molecular
cloning of cDNA fragments encoding these well-
characterized sesame proteins was not reported
until the end of the last century (Tai et al. 1999).
The rapid advance of cloning and sequencing
techniques has allowed the complete sequencing
of two gene families encoding abundant proteins,
as well as a comprehensive understanding of the
properties of these sesame proteins at molecular
level (Hsiao et al. 2006).

3.2.2 The Most Abundant Protein:
11S Globulin

The most abundant protein of sesame seed, the
insoluble 11S globulin, constitutes 60-70% of
total seed proteins. Purification of sesame 11S
globulin was achieved by chromatography using
a Sepharose 6B column (Okubo et al. 1979a).
Most physicobiochemical properties of the puri-
fied sesame 11S globulin were characterized
(Table 3.1), including molecular weight, amino
acid composition, organization and interaction of
subunits, intrinsic viscosity, isoelectric point,
specific rotation, absorption coefficient, fluores-
cence emission maximum, partial specific
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volume, diffusion coefficient, frictional ratio,
quaternary structure, and hydrogen ion equilib-
rium (Hasegawa et al. 1978; Prakash and Nandi
1978; Lakashmi and Nandi 1979; Nishimura
et al. 1979; Okubo et al. 1979b; Plietz et al.
1986; Yuno et al. 1986; Prakash and Narasinga
Rao 1990). Gelation properties of sesame 11S
globulin play an important role in the preparation
of various food products with sesame paste.
Compared with soybean 11S globulin, sesame
11S globulin is more hydrophobic; this distinct
hydrophobicity results in their differences in
solubility, gelation properties, and emulsification
capacities. Gelation occurs at pH 7 in the pres-
ence of 2% NaCl for soybean protein, but at pH
10 in the presence of 5% NaCl for sesame protein
(Hasegawa et al. 1979). To improve gelation
properties, succinic and maleic acids were added
to sesame protein to increase its hydrophilicity
and gelation capability (Hasegawa et al. 1981).
Reductive alkylation of €-amino groups
increased the critical concentration for gelation
of sesame 11S globulin (Fujino et al. 1981).
Moreover, emulsification capacity and stability
of sesame 11S globulin were found to be ele-
vated by adding citric acid.

Sesame seed contains several 11S globulin
isoforms that assemble randomly to form hex-
amers of M, 300-350 kDa (Plietz et al. 1986).
Each sesame 11S globulin consists of an acidic
subunit (30-40 kDa) and a basic subunit (20—
25 kDa) covalently linked by a single disulfide

Table 3.1 Physicochemical properties of 11S globulin and 2S albumin

Property 11S globulin 2S albumin
Sedimentation coefficient (Sy¢ ) 12.8S 2S

Diffusion coefficient (D ) 3.46 x 1077 cm?/s 8 x 1077 cm?/s
Intrinsic viscosity 0.03 dL/g 4.1 mL/g
Partial specific volume 0.718 mL/g 0.725 mL/g
Absorption maximum 278.5 nm 276 nm
Absorption coefficient 13.0 7.24
Fluorescence emission maximum 328 nm 336 nm
Frictional ratio 1.06 1.3

Molecular weight 361-450 kDa 14-18 kDa

Data from Prakash and Nandi (1978), Nishimura et al. (1979), Rajendran and Prakash (1988)
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Fig. 3.2 SDS-PAGE of sesame total seed proteins in the
presence and absence of B-mercaptoethanol (8-ME)

bond (Tai et al. 1999). These subunit pairs are
dissociated after the breakage of their linked
disulfide bond in the presence of a reducing
agent, such as B-mercaptoethanol (Fig. 3.2). The
acidic and basic subunits of 11S globulins are
paired specifically as they are processed from a
precursor protein of 50-60 kDa, which is cut into
two polypeptides posttranslationally after the
disulfide bond is first formed between the two
subunits.

3.2.3 The Major Soluble Protein: 25
Albumin

The major soluble protein, 2S albumin, which
constitutes approximately 15-25% of the total
sesame proteins, was first named [-globulin in
contrast to the most abundant o-globulin. 2S
albumin was purified by precipitation with 30—
50% sodium sulfate followed by Sephadex G-
100 chromatography with a phosphate buffer
containing 0.15 M NaCl, and its physicochemi-
cal properties (Table 3.1) and hydrodynamic
parameters were determined and calculated
(Rajendran and Prakash 1988). Similar to 11S
globulin, each 2S albumin isoform consists of a
small subunit (4 kDa) and a large subunit
(9 kDa) presumably linked by two disulfide
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bonds (Tai et al. 1999; Fig. 3.2). The small and
large subunits of 2S albumin are paired specifi-
cally as they are processed from a precursor
protein, which is possibly cut into two polypep-
tides by the same protease responsible for split-
ting the acidic and basic subunits of 11S
globulins. As found in seeds of diverse
dicotyledonous species, several 2S albumin iso-
forms are present in sesame seed. In comparison
with the extensive studies on sesame 11S glob-
ulins, not much investigation has been focused
on sesame 2S albumin until it was identified as a
severe allergen in the past two decades (Beyer
et al. 2002).

3.2.4 A Minor Storage Protein: 7S
Globulin

Three classes of storage proteins, 11S globulin,
7S globulin, and 2S albumin, are commonly
found in dicotyledonous seeds, and isoforms are
usually detected in each of the three classes
(Shewry 1995). Similarly, besides the abundant
11S globulin and 2S albumin isoforms, two 7S
globulin isoforms of 55-60 kDa are detected as
minor constituents in protein bodies of sesame
seed and comprise approximately 1-2% of the
total sesame seed proteins (Tai et al. 2001).
Different from 11S globulin and 2S albumin, the
mature polypeptide of 7S globulin is composed
of a single subunit with no consensus cleavage
site  for the splitting protease, asparaginyl
endopeptidase (Fig. 3.2). Mature 7S globulin
isoforms exist in both soluble and insoluble
fractions of sesame seed protein extract.

3.2.5 Accumulation of Storage
Proteins in Protein Bodies

Many protein bodies (approximately 5 pm in
diameter) containing a matrix of storage proteins
surrounded by a lipid bilayer are observed in the
cytosol of mature sesame seed cells (Fig. 3.1).
Immunolocalization reveals the coexistence of
three classes of storage proteins, 11S globulin,
7S globulin, and 2S albumin, in each of the
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protein bodies (Tai et al. 2001). While 2S albu-
min and 7S globulin are mostly detected in the
peripheral region of the protein body, 11S glob-
ulin is evenly detected in the whole protein body.
Generally, the deposition of storage proteins
occurs in ER membrane of maturing seeds where
they are processed, modified, and assembled to
form protein bodies before being transported to
the cytosol. An N-terminal cleavable signal
peptide essential for ER targeting via signal
recognition particle (SRP)-dependent pathway is
present in the precursor polypeptides of these
three types of storage proteins. After ER pene-
tration, 11S globulin and 2S albumin, but not 7S
globulin, are processed into two subunits after
forming intramolecular disulfide bonds (Hara-
Nishimura et al. 1998). The cleavage is possibly
processed by the same protease, i.e., asparaginyl
endopeptidase. A cNDA fragment (accession
number AF169973) encoding the precursor
polypeptide of a putative asparaginyl endopep-
tidase has been cloned from maturing sesame
seeds. After proteolytic cleavage, the three clas-
ses of sesame storage proteins are processed,
modified, assembled, and deposited into vacuoles
of maturing protein bodies, presumably in a
compatible route of transportation.

3.2.6 Gene Families Encoding
Sesame Storage Proteins

Isoforms of sesame 11S globulin, 7S globulin, or
2S albumin, instead of being posttranslationally
modified from single gene products, are presum-
ably encoded by gene families. To date, cDNA
sequences encoding precursor polypeptides of
four 11S globulins (Accession numbers:
AF091842,  AF240004, DQ256293, and
DQ256294), three 2S albumins (Accession num-
bers: AF091841, AF240005 and DQ256292), and
one 7S globulin (Accession number: AF240006)
have been cloned from maturing sesame seeds.
Alignments of the deduced amino acid sequences
of the precursor polypeptides of sesame 11S
globulins and 2S albumins are separately shown
in Figs. 3.3 and 3.4.
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A database of 3328 expressed sequence tag
(EST) sequences from maturing sesame seeds
was established (Suh et al. 2003). Among these
sequences, 44, 9, 19, and 28 EST sequences are
corresponding to cDNA fragments encoding the
four 11S globulin isoforms, respectively; 25, 46,
and 13 EST sequences are corresponding to
cDNA fragments encoding the three 2S albumin
isoforms, separately. However, no EST sequen-
ces corresponding to cDNA fragments encoding
the 7S globulin isoforms are found in this data-
base. Possibly, the expression levels of 7S genes
are relatively low during seed maturation.

All genes encoding the precursor polypeptides
of 118 globulins, 7S globulins, and 2S albumins
are presumably present as single or low copy
number in sesame genome; and they are assumed
to be specifically turned on during seed matura-
tion when protein bodies are actively assembled
(Tai et al. 2001). All mRNAs of the three classes
of sesame storage proteins start to accumulate in
maturing seeds approximately two weeks after
flowering, diminish in the seed-drying stage, and
eventually vanish in mature seeds. In detailed
analyses of maturing sesame seeds by Northern
and Western blotting analyses, the expression
and accumulation of 7S globulin occur slightly
lagging behind those of 11S globulin and 2S
albumin.

3.2.7 Deduced Amino Acid
Compositions of Sesame
Storage Proteins

For a better understanding of sesame nutritive
protein composition, amino acid compositions of
sesame storage proteins were deduced from the
available cDNA sequences (Table 3.2). As
expected, some of these sesame abundant pro-
teins including 2S-1, 2S-3, and 11S-1 do com-
prise relatively high methionine and cysteine
contents and thus account for the nutritive value
of sesame proteins. Particularly, a quarter of
amino acids in 2S-1 are sulfur-containing amino
acids; the contents of methionine and cysteine
are 13.64 and 9.09%, respectively. In a word, the
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Fig. 3.3 Sequence alignment of the deduced precursor row is listed on the right for each isoform. Broken lines in
polypeptides of the four 11S globulin isoforms in sesame the sequences represent gaps introduced for best align-
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Fig. 3.4 Sequence alignment of the deduced precursor row is listed on the right for each isoform. Broken lines in
polypeptides of the three 2S albumin isoforms in sesame the sequences represent gaps introduced for best align-
seeds. The amino acid number for the last residue in each  ment and conserved residues are shaded

Table 3.2 Amino acid composition of different storage proteins in sesame seeds. Methionine and cysteine contents (%
by frequency) are calculated according to the mature protein sequences deduced from their corresponding genes

Isoform 11S-1 11S-2 11S-3 11S-4 2S-1 2S-2 2S-3 7S

A (Ala) 6.62 7.16 6.84 8.91 3.64 2.61 6.19 5.86
C (Cys) 1.14 0.84 0.85 1.34 9.09 6.96 8.85 2.31
D (Asp) 4.11 5.26 2.78 3.79 0.91 3.48 0.88 3.37
E (Glu) 7.53 7.16 9.19 7.35 11.82 7.83 11.50 11.90
F (Phe) 3.65 421 3.63 4.45 3.64 2.61 2.65 4.26
G (Gly) 7.53 7.79 9.62 9.13 4.55 6.96 3.54 8.88
H (His) 2.51 1.68 2.14 2.45 2.73 0.00 1.77 2.49
I (Ile) 4.34 4.00 4.70 5.35 0.91 1.74 0.88 4.44
K (Lys) 1.83 2.53 1.92 1.34 0.91 0.00 1.77 4.44
L (Leu) 6.62 9.05 7.69 6.24 3.64 5.22 4.42 5.68
M (Met) 3.20 1.68 0.85 1.56 13.64 1.74 10.62 1.42
N (Asn) 4.79 4.84 5.56 5.79 1.82 2.61 1.77 4.09
P (Pro) 4.34 4.63 3.63 4.01 2.73 2.61 2.65 3.55
Q (Gln) 8.68 7.16 8.97 8.46 14.55 24.35 12.39 9.59
R (Arg) 9.82 10.32 10.47 10.02 12.73 14.78 13.27 10.83
S (Ser) 7.53 5.47 5.98 6.68 5.45 6.96 5.31 5.33
T (Thr) 5.25 4.84 5.56 2.67 0.91 0.87 0.88 3.37
V (Val) 6.85 6.53 5.71 6.46 0.91 522 4.42 497
W (Trp) 0.91 1.68 0.85 1.11 1.82 0.00 2.65 0.53

Y (Tyr) 2.74 3.16 2.99 2.90 3.64 3.48 3.54 2.66
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sesame richness in sulfur-containing amino acids
is mainly attributed to the soluble 2S albumin.

3.3 Sesame Oil

Oil content of sesame varies significantly (rang-
ing from 35 to 65% of dry weight), depending on
varieties and their cultivation conditions with the
average oil content of approximately 50%
(Namiki 1995). Sesame oil is composed of tria-
cylglycerols (>95%), diacylglycerols, free fatty
acids, phospholipids, and some unsaponifiables.
Similar to many other seed oils, sesame oil con-
tains an equimixture of oleic and linoleic acids.
Sesame oil contains roughly 500 mg/kg total
tocopherols, including abundant <y-tocopherol
(95.5-99%), minor o-tocopherol, and trace
amounts of o-tocopherol and P-tocopherol
(Kamal-Eldin and Appelqvist 1994). However,
the total tocopherol level in sesame oil is gen-
erally lower than that in other vegetable oils
(Kamal-Eldin 2005). Empirically, sesame oil has
long been used as health food in Asian countries.
In comparison with most other edible oils
extracted from diverse seeds, sesame oil is
extremely stable partly due to the effective
antioxidant activities attributed to its abundance
of oil-soluble furofuran lignans, mainly sesamin
and sesamolin (Fig. 3.5). The contents of sesa-
min and sesamolin in sesame oils vary signifi-
cantly among species; the content of sesamin
ranges from 700 to 1130 mg/kg while that of
sesamolin ranges from 200 to 590 mg/kg
(Tashiro et al. 1990).

Fig. 3.5 Chemical structures
of sesamolin and sesamin

o: : o™

sesamolin
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3.3.1 Sesamin and Sesamolin

Sesamin and sesamolin were found to possess
several biological functions including suppress-
ing lipid peroxidation in erythrocytes, inhibiting
intestinal absorption of cholesterol and hepatic 3-
hydroxy-3-methylglutaryl CoA reductase activ-
ity, preventing chemically induced mammary
cancer, inhibiting A’-desaturase and chain elon-
gation of CI18 fatty acids, exhibiting the antihy-
pertensive effect, enhancing liver detoxification
of carbon tetrachloride and ethanol, and
quenching the excess generation of nitric oxide
(NO) induced by lipopolysaccharide (LPS) in rat
primary microglia cells (Dar and Arumugam
2013; Hou et al. 2003). Moreover, sesamin and
sesamolin exert effective neuroprotection against
cerbral ischemia as observed in vivo using ger-
bils subjected to a focal cerebral ischemia
induced by occlusion of the right common car-
otid artery and the right middle cerebral artery
(Cheng et al. 2006). These two furofuran lignans
were also demonstrated to significantly alleviate
liver damage of rats caused by carbon tetra-
chloride in combination with kava (Chen et al.
2010).

3.3.2 Sesame Enterolignan
Precursors

Enterolignans (also called mammalian lignans),
such as enterodiol and enterolactone, are gener-
ated by the human intestinal microflora after the
consumption of certain plant lignans (Coulman
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et al. 2005). Due to their structural similarity to
estrogen and their capability of binding to
estrogen receptors, enterolignans are proposed to
be weak estrogenic/antiestrogenic  analogs.
Therefore, the consumption of enterolignans or
their precursor molecules is suggested to reduce
the risk of hormone-related diseases as well as
certain cancers and coronary heart diseases. It
has been noticed that sesamin and sesamolin
from sesame oil are adequate precursors from
food sources for the generation of enterolignans
in human body (Penalvo et al. 2005; Liu et al.
2006; Wu et al. 2006).

3.4 Sesame Oil Bodies

The high-quality oil molecules, including tria-
cylglycerols and furofuran lignans, in sesame
seed are stored in specialized organelles termed oil
bodies of average sizes approximately 2 pm
(Fig. 3.1). An oil body in sesame seed comprises
an oil matrix that is surrounded by a monolayer of
phospholipids embedded with proteins (Fig. 3.6),
and the proteins covering almost the entire surface
of oil bodies sustain their integrity and stability by
providing steric hindrance and electronegative
repulsion among these oil storage organelles
(Tzen 2012). Therefore, the compacted oil bodies
in mature sesame seed cells by no means fuse or
combine, even the seeds have been stored for a
period of time at room temperature. The three
essential constituents of sesame oil bodies, namely
matrix oil, phospholipid, and protein are 98.5, 0.6,
and 0.7% by weight, respectively; and the phos-
pholipids found in sesame oil bodies are 41.2%
phosphatidylcholine, 15.8% phosphatidy
lethanolamine, 20.9% phosphatidylinositol, and
22.1% phosphatidylserine (Tzen et al. 1993).

3.4.1 Historical Studies on Integral
Proteins of Sesame Oil

Bodies

Integral proteins on the surface of sesame oil
bodies have been actively investigated by using
tools of molecular biology and protein
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chemistry in the past three decades. Three
classes of oil body-associated proteins, oleosin,
caleosin, and steroleosin, have been identified in
sesame seeds (Fig. 3.7), and isoforms are pre-
sent in each of the three classes (Chen et al.
1997, 1998, 1999; Frandsen et al. 2001; Lin
et al. 2002, 2005; Tai et al. 2002; Tzen et al.
1997). Oleosin, the most abundant protein class
on the surface of sesame oil bodies presumably
serves as the major structural component to
maintain the physical and chemical organization
of these lipid storage organelles (Tzen et al.
2003). This abundant protein is characterized by
a distinctive central hydrophobic domain of
approximately 8 kDa  (around 70
hydrophilic amino acid residues). Caleosin has
a calcium-binding motif and several potential
phosphorylation sites that are proposed to be
modulated for some physiological roles in the
formation or degradation of oil bodies (Chen
and Tzen 2001). The central hydrophobic
domain putatively responsible for anchoring
caleosin to oil bodies is around 4 kDa. Ster-
oleosin is assumed to contain a sterol-binding
dehydrogenase belonging to a super-family of
pre-signal proteins involved in signal transduc-
tion controlled by their binding sterols (Lin and
Tzen 2004). Different from the central
hydrophobic domains of oleosin and caleosin,
steroleosin is assumed to anchor to oil bodies by
its N-terminal domain of approximately 5 kDa.
These three classes of oil body proteins found in
sesame are presumably present in seed oil
bodies of diverse angiosperm species. More-
over, the structural organization of sesame oil
bodies is applicable to oil bodies in gym-
nosperm species (Wu et al. 1999; Jiang et al.
2009; Pasaribu et al. 2014, 2016, 2017).

non-

3.4.2 Gene Families Encoding
Sesame Oil Body Proteins

All mRNAs coding for sesame oleosin, caleosin,
and steroleosin isoforms specifically accumulate
in maturing seeds when oil bodies are actively
assembled, and subsequently diminish when
seeds become mature (Chen et al. 1999; Lin and
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Fig. 3.6 Model of a sesame

oil body. Simplified structures sterol B

of oleosin, caleosin, and TAG

steroleosin are shown at the
bottom. Modified from Lin
and Tzen (2004)

cytosol

Tzen 2004; Tai et al. 2002). So far, cDNA
sequences corresponding to three oleosin iso-
forms (Accession numbers: AF302807, U97700,
and AF091840), two caleosin isoforms (Acces-
sion numbers: AF109921 and DQO088381), and
two steroleosin isoforms (Accession numbers:
AF302806 and AF498264) have been cloned
from maturing sesame seeds. Deduced amino
acid sequences of these three classes of oil body
proteins and their homologous structural regions
revealed in sequence alignments are separately
shown in Figs. 3.8, 3.9, and 3.10.

In a database search of 3328 EST sequences
from maturing sesame seeds (Suh et al. 2003),
EST sequences corresponding to abundant
oleosin-H1 and oleosin-L isoforms could be
identified. However, no EST sequences

oleosin H2
oleosin L

steroleosin

corresponding to the minor oleosin-H2, caleosin
isoforms, and steroleosin isoforms were identi-
fied in these sesame EST sequences, presumably
due to their low expression levels in the maturing
sesame seeds. Apparently, a random sequencing
of around 3000 EST sequences seems to be
insufficient for functional genomics analysis of
minor oil body proteins in sesame seeds.

3.4.3 Isoforms of Sesame Oil Body

Proteins

To date, all known seed oleosins can be classified
as one of the two isoforms, i.e., H- and L- (high
and low molecular weight) oleosins (Tzen et al.
1990). Two H-oleosins (17 and 15.5 kDa) and
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Fig. 3.7 SDS-PAGE of total proteins in sesame seed oil
bodies

one L-oleosin (15 kDa) are detected in sesame
oil bodies. The physiological significance of the
presence of these three oleosin isoforms remains
to be elucidated. Two caleosin isoforms of sim-
ilar molecular mass (27 kDa) are present in
sesame oil bodies. While oleosin isoforms are
exclusively found in oil bodies, caleosin isoforms
are detected in other cellular fractions, e.g.,
endoplasmatic reticulum (Neasted et al. 2000).
Whether sesame caleosin isoforms are also
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Fig. 3.8 Sequence alignment of the three deduced
oleosin isoforms in sesame seeds. The amino acid number
for the last residue in each row is listed on the right for
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present in other subcellular fractions besides seed
oil bodies remains to be confirmed. Two ster-
oleosin isoforms of 41 and 39 kDa are observed
in sesame seed oil bodies. Similar to caleosin
isoforms, steroleosin isoforms are possibly loca-
ted in other cellular fractions besides seed oil
bodies (Lin and Tzen 2004). The apparent dis-
tinction of the two steroleosin isoforms in sesame
oil bodies is mainly resulted from their distinct
sterol-binding sub-domains, and this distinction
implies that the two sesame steroleosin isoforms
may be modulated by different sterols to regulate
two distinct physiological roles for the formation
or degradation of seed oil bodies. However, the
endogenous ligands (sterols) for the two ster-
oleosin isoforms in maturing or germinating
sesame seeds have not been identified so far.

3.4.4 Targeting and Assembly
of Sesame Oil Body
Proteins

How oleosin, caleosin, and steroleosin are
assembled to sesame oil bodies has not been well
illustrated. To initiate this study, an in vitro
system was established; artificial oil emulsions
were constituted to mimic maturing seed oil
bodies for the simultaneously targeting of in vitro
translated oil body proteins (Chen and Tzen
2001). The results suggest that calesoin or oleo-
sin spontaneously targets to maturing oil bodies
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Fig. 3.9 Sequence alignment of the two deduced cale-
osin isoforms in sesame seeds. The amino acid number for
the last residue in each row is listed on the right for each

isoform. Broken lines in the sequences represent gaps
introduced for best alignment, and conserved residues are
shaded
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Fig. 3.10 Sequence alignment of the two deduced
steroleosin isoforms in sesame seeds. The amino acid
number for the last residue in each row is listed on the

where ER membranes are concurrently expanded
with deposited lipid molecules to form an oil
matrix. In contrast, steroleosin is assembled to
maturing oil bodies through different locations of
endoplasmic reticulum (ER) membrane (Tzen
et al. 2003; Tzen 2012). It seems that steroleosin
is directed by its hydrophobic N-terminal
domain, which serves as an uncleavable signal
peptide for ER targeting via SRP-dependent
pathway. Subsequently, steroleosin is translo-
cated to the phospholipid bilayer of ER

145
146

195
i 196

245
246

294
293

332
341

348
362

right for each isoform. Broken lines in the sequences
represent gaps introduced for best alignment, and con-
served residues are shaded

membrane and then laterally transported to the
surface of maturing sesame oil bodies
(Fig. 3.11).

3.5 Artificial Sesame Oil Bodies

With proper proportions of the three essential
constituents in native sesame oil bodies, namely
matrix oil, membrane phospholipid, and surfactant
protein, artificial sesame oil bodies of similar sizes
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Fig. 3.11 Targeting model of oleosin, caleosin, and steroleosin to a maturing sesame oil body. Modified from Tzen

(2012)

(0.5-2 um) and structural stability were success-
fully constituted by sonication (Tai et al. 2002).
Stable artificial sesame oil bodies were generated
by the combination of oleosin isoforms or any
oleosin isoform alone, i.e., oleosin-H1, oleosin-H2,
or oleosin-L; relatively, oleosin-L. provided
slightly better structural stability than the other two
isoforms. Recombinant oleosin expressed in
Escherichia coli was also able to stabilize artificial
sesame oil bodies with size, topology and stability
comparable to those encapsulated with native
oleosin isolated from sesame seeds (Tzen et al.
1998). Furthermore, sizes of artificial sesame oil
bodies could be controlled by changing the ratio of
matrix oil over oil body protein (mainly oleosin
isoforms), and a normal distribution with an
average size proportional to this ratio was dis-
played (Peng et al. 2003). Thermostability of
artificial sesame oil bodies was found to be suc-
cessively reduced as their sizes were subsequently
increased. When surfactant proteins (mainly oleo-
sin isoforms) were cross-linked by glutaraldehyde

or genipin, the thermally tolerant temperature of
artificial sesame oil bodies could be uplifted from
50 to 90 °C.

Artificial sesame oil bodies of approximately
10 times smaller (50-200 nm) than native
sesame oil bodies were successfully constituted
with matrix oil, membrane phospholipid, and
caleosin (Chen et al. 2004). These relatively
small artificial sesame oil bodies constituted with
caleosin possessed higher thermostability (up to
70 °C), and they were consistently kept as dis-
crete particles at lower pH surroundings, in
comparison with those stabilized by oleosin.
Recombinant sesame caleosin expressed in
E. coli could stabilize artificial sesame oil bodies
with size, topology, and stability comparable to
those encapsulated with native caleosin isolated
from sesame seeds. Under the same reconstitu-
tion condition, artificial sesame oil bodies were
unstable and decomposed rapidly when oleosin
or caleosin was replaced with equivalent quantity
of steroleosin.
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3.5.1 A Protein
Expression/Purification
System

A bacterial expression/purification system has
been developed to produce recombinant proteins
efficiently by massively accumulating target
proteins fused to oleosins on the surface of arti-
ficial sesame oil bodies (Peng et al. 2004a, b). In
this system, a target protein was first over-
expressed as an insoluble oleosin-fused recom-
binant protein largely aggregated in the pellet of
cell lysate. The oleosin-fused target protein was
simply harvested by centrifugation, assembled
into artificial sesame oil bodies, released via a
specific proteolytic cleavage, and then collected
by concentrating the ultimate supernatant. For
the purpose of protein purification, this new
technique is a powerful and competitive method
in comparison with several protocols using con-
ventional affinity chromatography. However, it is
also relatively expensive for the enzymatic
release of the target protein from the recombinant
oleosin-fused polypeptide on the surface of arti-
ficial sesame oil bodies. To solve this economical
problem, an improved system has been devel-
oped and demonstrated by producing nattokinase
in E. coli (Chiang et al. 2005). In this revised
system, nattokinase was first over-expressed as
an insoluble oleosin-intein-fused protein in the
pellet of cell lysate. The oleosin-intein-
nattokinase was harvested by centrifugation,
assembled into artificial sesame oil bodies,
released via self-splicing of the intein linker, and
then collected by concentrating the ultimate
supernatant  (Fig. 3.12). Without using an
expensive protease for specific cleavage, the
release of target protein via intein self-splicing
induced by temperature adjustment significantly
reduces the processing cost. Apparently, this
improved system provides an inexpensive pro-
cess to produce recombinant proteins with high
efficiency.

In a different viewpoint, the target protein
fused to oleosin may be used without releasing
from artificial oil bodies; a novel system of
enzyme fixation was designed to achieve, in one
step, protein refolding and immobilization by
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linking an active enzyme. For example, D-
hydantoinase, fused to sesame oleosin on the
surface of artificial oil bodies, has been engi-
neered and used directly (Chiang et al. 2006).
The immobilized D-hydantoinase remained as an
active enzyme for many cycles of industrial
reaction and kept its activity in solution after
stored at 4 °C for two weeks. Apparently, this is
a useful system for enzyme immobilization.

3.5.2 A Carrier for Drug Delivery

Oral delivery is still the most important and
frequently used application route for drug
administration. However, oral bioavailability of
many hydrophobic drugs is extremely low and
thus evidently reduced their efficacy in medicinal
utilization. In contrast with the regular sizes of
artificial sesame oil bodies stabilized with oleo-
sins, the relatively small artificial sesame oil
bodies, constituted with matrix oil, phospholipid,
and caleosin, have been used to develop an oral
delivery system for hydrophobic drugs as
exemplified by the delivery of cyclosporine A, a
hydrophobic drug used in the treatment of some
autoimmune illnesses (Chen et al. 2005). In the
preparation of delivery formulation, cyclosporine
A was successfully trapped in artificial sesame
oil bodies, and the drug-loaded artificial oil
bodies remained stable after stored at 4 °C for
weeks. This designed delivery formulation
showed a satisfactory bioavailability in an animal
study via oral administration.

Though curcumin is a hydrophobic molecule,
it is found to be indissoluble in most seed oils.
Thus, a mixed dissolvent formula was designed
to dissolve curcumin. Furthermore, artificial oil
bodies constituted with a recombinant sesame
caleosin were employed to encapsulate the
admixture containing curcumin (Chang et al.
2013a, b). These artificial oil bodies of relatively
small sizes (150 nm) were successfully solidified
in the forms of powder and tablet (Fig. 3.13).
Oral bioavailability of curcumin was demon-
strated to be significantly elevated via encapsu-
lation in this novel formulation of artificial oil
bodies in an animal study. Artificial oil bodies
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Fig. 3.12 Scheme of the bacterial expression/purification
system via artificial sesame oil bodies (modified from
Peng et al. 2004a). Step 1: overexpression of a target
protein in an insoluble oleosin-fused form (gray color
representing an incorrect folding) in the inclusion body of
E. coli. Step 2: reconstitution of artificial sesame oil
bodies with triacylglycerol (TAG), phospholipid (PL),

seem to provide an adequate formulation to be
evaluated for the possibility of encapsulating
many other hydrophobic drugs for oral
administration.

3.5.3 A Carrier to Render Haptens
for Antibody Production

Immunodetection based on the specific interac-
tion between antigens and antibodies has been
demonstrated to be a powerful tool in pharma-
ceutical diagnosis as well as in academic studies.
Enzyme-linked immunosorbent assay (ELISA) is
commonly used to quickly screen target mole-
cules, such as marker proteins of diseases (Butler
2000). However, relatively tiny molecules, i.e.,

and the insoluble oleosin-fused protein. Step 3: collection
of ASOB by centrifugation. Step 4: separation of the
target protein from oleosin in artificial sesame oil bodies
via proteolytic cleavage or self-splicing of intein. Step 5:
harvesting the target protein from the ultimate supernatant
after centrifugation

less than 1000 Da, are not immunogenic and
hardly elicit immune responses in animals.
Therefore, to generate antibodies against a small
molecule, a carrier protein is typically employed
to conjugate with the tiny molecule and form an
artificial antigen (protein molecule complex) prior
to animal immunization. Frequently, antibodies
against the tiny molecule are weakly generated
while antibodies against the carrier protein are
massively generated. To establish a suitable sys-
tem to render tiny molecules for antibody pro-
duction, recombinant sesame caleosin was
engineered to possess 17 extra Lys residues, over-
expressed in E. coli, chemically linked to target
tiny molecules, and assembled to artificial sesame
oil bodies prior to animal immunization. (Liu
et al. 2011). By using this system, mono-specific
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polyclonal antibodies against biotin were suc-
cessfully generated in rats (Fig. 3.14). Interest-
ingly, those antibodies generated via the
biotinylated caleosin on the surface of artificial
sesame oil bodies no longer recognized sesame
caleosin. It appears that the engineered Lys-rich
caleosin is a suitable carrier protein for the pro-
duction of antibodies against tiny molecules via
presentation of target compounds on the surface
of artificial sesame oil bodies.

3.5.4 A Detecting Kit for Tea
Astringency

Astringency is a mouth sensation of tea or fruit
due to the massive aggregation of polyphenolic
compounds and salivary proteins, and the com-
plex aggregation significantly reduces lubricating

[ )

function of saliva (Bajec and Pickering 2008).
A practical assay was designed to quantitatively
evaluate the relative astringency of oolong tea
in vitro by using artificial sesame oil bodies
sheltered by a modified caleosin fused with his-
tatin 3, a kind of human salivary peptide (Shih
et al. 2017). After mixed with oolong tea infu-
sion, the artificial oil bodies tend to trap tea
polyphenol and float on top of the solution to
form a visible milky layer. The thickness of
aggregated artificial oil bodies seems to be cor-
responding to the tea astringency (Fig. 3.15).
Relative astringency of tea infusions can be cal-
culated by recording the visible thickness of
aggregated artificial oil bodies in comparison
with the standard curve generated by concur-
rently observing a serial dilution of standard tea
infusions. It seems to be an adequate kit to detect
relative astringency of tea and other drinks.
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Fig. 3.14 Scheme of producing antibodies against biotin via artificial sesame oil bodies constituted with biotinylated
caleosins. Modified from Liu et al. (2011)
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Fig. 3.15 Scheme of detecting tea astringency via photographed at different time intervals after mixed with
observing flotation of artificial oil bodies constituted with  different tea infusions. Relative astringency of tea infu-
caleosin fused with a salivary protein, histatin 3. Aggre-  sions was correlated to the thickness of floated artificial oil
gated artificial sesame oil bodies that floated and formed  bodies. Modified from Shih et al. (2017)

milky layers on top of sample solutions in cuvettes were
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3.6 Concluding Remarks

Sesame is regarded as a nutritive protein source
due to its richness in sulfur-containing amino
acids, which is mainly attributed to the soluble
2S albumin. Sesame oil, conventionally regarded
as a high-quality edible oil source in Asia, is
highly attributed to its furofuran lignans, mainly
sesamin and sesamolin. In the past three decades,
structure and organization of sesame oil bodies
have been well characterized. Oleosin, caleosin,
and steroleosin, the three classes of proteins
identified in sesame oil body, have served as
references for the studies on the integral proteins
of lipid storage organelles in other plant species.
Gene families encoding these three groups of oil
body proteins have been sequenced nearly com-
pletely from maturing sesame seeds. Oleosin-
and caleosin-stabilized artificial oil bodies are
successfully constituted and used to develop a
bacterial expression/purification  system, a
hydrophobic drug delivery system, an antibody
production system, and a visible detecting kit for
tea astringency. Further investigation and tech-
nical improvement are expected to create novel
artificial sesame oil bodies as versatile vehicles
that could fulfill many other requirements for
specialized applications.
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Abstract

Improving levels of yield potential, seed qual-
ity, resistance to biotic and abiotic stresses, and
the adaptation to cultivation mechanization are
still the main breeding objectives in sesame in
the past decades. To understand the species-
specific genetic characteristics of sesame, we
review the progress of classical genetics of the
key traits including the phenology characters
related to the growth and development,
yield-related traits, seed quality traits, stress
tolerance, and other important morphological
and agronomic traits in sesame in this chapter.
Especially, plenty of classical genetic studies of
the quantitative traits in different genotypes and
environments presented by worldwide sesame
scientists are reviewed. The results of the
classical genetic analysis provide the theoreti-
cal basis for elite alleles collection and molec-
ular marker-assisted selection (MAS) in sesame
breeding.
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4.1 Introduction

Sesame is an annual oilseed crop with long cul-
tivation history. Under various environments,
sesame presents high adaptation and great
genetic variability, and thus is regarded as an
ideal crop for genetic research (Banerjee and
Kole 2009a; Zhang et al. 2019). According to the
record of Joshi (1961), genetic studies of mor-
phological and agronomic traits in sesame initi-
ated since 1930s. Basic genetic analysis of some
key quality traits, such as stem color, branching
type, stem fasciation, stem hairiness, leaf
arrangement, flower color, capsule carpel num-
ber, and seed coat color in sesame was previ-
ously studied (Langham 1944, 1945a, b, 1946,
1947). Subsequently, in order to realize high and
stable seed yield, some scientists focused on the
genetic analysis of the yield related traits in
sesame (Ashri 1981). In recent years, genetic
correlation and combining ability among the
main yield components in sesame are still the hot
research points (Liu et al. 1980; Ashri 1998;
Gnanasekaran et al. 2008; Banerjee and Kole
2009b; Sumathi and Muralidharah 2010a; 2014).
Till now, tens of yield components, such as plant
height, number of primary branches, number of
capsules per plant, capsule length, number of
seeds per capsule, 1000-seed weight, seed dor-
mancy, days to maturity, and other quantitative
traits are determined with the various contribu-
tions to the final seed yield of sesame plantlet

79

H. Miao et al. (eds.), The Sesame Genome, Compendium of Plant Genomes,

https://doi.org/10.1007/978-3-319-98098-0_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-98098-0_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-98098-0_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-98098-0_4&amp;domain=pdf
mailto:zhanghaiyang@zzu.edu.cn
https://doi.org/10.1007/978-3-319-98098-0_4

80

(Duc Pham et al. 2010). The findings of the
classical genetic analyses of the above traits
provide the solid basis for molecular genetic
analysis in sesame (Zhang et al. 2016; Mei et al.
2017).

To date, the molecular genetic studies of
many agronomic traits in sesame are being sys-
tematically performed. However, gene interac-
tion type analyses of different crosses for the
quantitative or qualitative traits are still required,
in order to elucidate the genetics of characters
and to improve the molecular genetics and
breeding techniques in sesame (Hossain et al.
2010; Sumathi and Muralidharan Sumathi and
Muralidharan 2010). In this section, we sum-
marize the main findings of the classical genetic
analyses about key traits including growth and
development, yield components, seed quality,
disease resistance, abiotic tolerance, and other
botanic traits in sesame.

4.2 Genetic Analysis

of Morphological Traits
4.2.1 Root Morphology Traits
Root is a vital organ for plants to tolerate water
stresses (Passioura 1982; Armenda-Soto et al.
1983; Shashidhar et al. 1990). Satish (2013)
investigated seven root morphological traits
including root number per plant, maximum root
length (cm), root volume (cc), root fresh weight
(g), root dry weight (g), root to shoot length ratio
(%), and root to shoot dry weight ratio (%) and
two shoot morphological traits including shoot
fresh weight (g) and shoot dry weight (g) among
the six generations of two crosses. The genetic
architecture of the seven root morphological
traits is also summarized as below. With regard
to the root number per plant trait, highly signif-
icant and negative additive, dominant, and
additive x additive gene effects were detected in
both crosses; meanwhile, the additive X domi-
nance and dominance X dominance gene effects
presented highly significant and positive in both
crosses. Moreover, dominance X dominance
interaction was found in high range and the
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duplicative type of interaction presented. In the
cross MT-19-03 x AT-87, additive gene effect
was significant and positive. In both crosses,
predominance of dominance and domi-
nance X dominance type of epistatic interactions
was evident, which suggested the high efficiency
of recombination technique for root trait related
breeding in sesame.

As regards to the maximum root length trait,
the additive, dominant, and additive x additive
gene interaction was found significant and neg-
ative in both crosses, and the additive x domi-
nant and dominance X dominance  type
interaction was significant and positive. Mean-
while, the magnitude of dominance x domi-
nance interaction was high, and duplicate
interaction existed in both crosses. All the
digenic interaction effects were significant in
both crosses, indicating the complexity of the
root length trait in sesame. Moreover, the results
suggested that the dominance and dominance-
based interactions would be rewarding for new
line selection.

As regards to the root volume trait, significant
and negative additive and dominance X domi-
nance gene effects were noticed in both crosses.
Dominant, additive x additive, and addi-
tive x dominance gene effects were found sig-
nificant and positive. Meanwhile, dominance
followed by additive x additive type of epistasis
interaction was higher. Duplicate interaction was
also evident in both crosses. The results indicated
the predominance of additive, dominance, and
epistatic interaction in the inheritance of root
volume.

With regard to the root fresh weight trait,
additive gene effect was significant and positive
in the cross TKG-314 x CST-2001-05, but sig-
nificant and negative in the cross MT-19-
03 x AT-87. Dominant gene effect was highly
significant but negative, while the domi-
nance X dominance interaction was highly sig-
nificant and positive in both crosses. Moreover,
the cross MT-19-03 x AT-87 showed the sig-
nificant negative additive x additive and addi-
tive X dominance interactions. The scale of the
dominance x dominance interaction was higher,
compared to other gene effects. Duplicative



4 Classical Genetics of Sesame

interaction was presented in both crosses. The
results showed that all the digenic interactions
were significant in the cross MT-19-03 x AT-87
in the negative direction, while the magnitude of
dominance x dominance interaction was higher
in desirable direction in the cross TKG-
314 x CST-2001-05.

Regarding the root dry weight trait, both
crosses exhibited highly significant and negative
dominance gene effect, and significant and neg-
ative additive x additive gene effects. Additive
and additive x additive interactions were sig-
nificant and negative for the cross TKG-
314 x CST-2001-05, while both the above
gene effects were significant and positive in the
cross MT-19-03 x AT-87. Dominance x domi-
nance type of interaction was significant and
positive in both the crosses. Duplicate interaction
was also detected in these crosses. For the root
dry weight trait, the additive, dominance, and
epistatic interactions were important in the
inheritance of this trait, but dominance and
additive x dominance type interaction was of
higher magnitude in negative direction. The
results suggested the high possibility of screen-
ing the genotype with higher root dry weight in
the advanced generations.

As to the root to shoot length ratio trait, the
cross TKG-314 x CST-2001-05 (—0.07) showed
significant but negative additive gene effects,
while positive additive gene effect in the cross
MT-19-03 x AT-87 (0.04) was not significant.
For both the crosses, dominant and addi-
tive x additive interaction was significant but
negative.  Significant and negative addi-
tive x dominance gene effects were found in the
cross MT-19-03 x AT-87 (—0.11). Domi-
nance X dominance gene interaction was highly
significant and positive in both the crosses.
Similarly, all the digenic interactions were sig-
nificant in both the crosses. The results reflected
the complexity of the inheritance of root to shoot
length ratio. In the extended model, the magni-
tude of dominance and dominance-based inter-
actions with duplicate type epistasis was high in
both the crosses. Thus the genetic basis of
dominance and dominance-based interactions
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suggested that heterosis breeding would be
effective for the root to shoot length ratio trait.

Regarding the root to shoot dry weight ratio
trait, dominance and additive x additive inter-
action were significant and negative in both
crosses. The additive gene effects of the cross
TKG-314 x CST-2001-05 were significant and
negative. Meanwhile, the dominance x domi-
nance interaction was significant and positive in
both crosses for the trait. Duplicate interaction
was also detected in the crosses.

4.2.2 Stem Hairiness

Stem hairiness is an important trait in sesame for
its relation with the natural defense against biotic
and abiotic stresses. Previous reports indicated
that the inheritance pattern of stem hairiness trait
was relatively simple. Baydar and Turgut (2000)
reported that hairiness was dominant over the
hairless trait, which accorded with the segrega-
tion ratio of 3:1 in the F, generation. Thus the
hairiness trait is regulated by a single gene.
Falusi (2000) also reported a similar monogenic
inheritance in hairiness of stem and petiole in the
interspecific cross between S. indicum, and S.
prostratum. Subsequently, Falusi et al. (2002)
studied the inheritance of stem and petiole hair
density and found that medium hair density trait
was dominant over thin long hair trait. Strong
hairiness was dominant over light hairiness with
ratio of 3:1. Similarly, Yol and Uzun (2011)
studied the inheritance of hairiness on stem, leaf,
and capsule in sesame. The results proved that
the hairiness trait in sesame is controlled by a
single dominant gene.

4.2.3 Petiole and Nectary Color

The color of petiole and nectary color of the
worldwide sesame germplasm accessions pre-
sents diverse results. Thus only few reports focus
on the inheritance pattern of petiole and nectary
color in sesame. Van Rheenen (1970) studied the
inheritance of petiole and nectary color of local
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races and pointed out that the mode of inheri-
tance of the traits was monogenic.

424 Seed Dormancy

Compared with the cultivated sesame, wild
Sesamum species such as S. mulayanum always
show deep seed dormancy (Tanesaka et al.
2012). The seeds of S. indicum and F; of inter-
specific cross S. indicum x S. mulayanum
showed good germination, while S. mulayanum
and F; of the backcross presented the deep dor-
mant character. Combined with the maternal
inheritance of seed coat trait, the seed dormancy
of S. mulayanum was attributed to the seed coat
structure (coat enhanced dormancy). The dor-
mancy depth of the F; seeds of S. indicum x S.
mulayanum varied. The ratio of the seeds with
deep dormancy (<50% germination) and those
with no or shallow dormancy (> 50% germina-
tion) accorded with the expected ratio of 3:1,
which indicated that seed dormancy trait is con-
trolled by a single dominant gene (Tanesaka et al.
2012). Interestingly, the purple pigmentation of
the corolla of the interspecific cross was also
controlled by a single dominant gene. Investi-
gation of F, showed that the purple pigmentation
trait presented the linkage relation with seed
dormancy.

4.3 Genetic Analysis
of the Phenology
Characteristics Related
to the Growth
and Development

For sesame, the life cycle from planting to
maturity (for normal harvest) varies from 77 d to
144 d (Langham 2018). According to the
description of Langham (2007, 2008, 2018), the
cycle of sesame phenology includes four phases,
i.e., (1) vegetative stage: from planting to start of
flowers; (2) reproductive stage: from start pri-
mary flowering to flower termination; (3) ripen-
ing stage: from flower termination to
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physiological maturity; and (4) drying stage:
from physiological maturity to direct harvest. To
date, except for a few farmers in the US and
several Latin American countries where the
mechanized harvest technologies are applied,
most farmers of the world usually harvest sesame
by the end of ripening stage by manual or semi-
mechanization. Thus the cycle of sesame here
refers to the whole life length from planting to
maturity. The traits about ‘days to first flower-
ing’, ‘days to 50% flowering’, and ‘days to
maturity’ reflect the important phenology char-
acters in sesame.

4.3.1 Days to First Flowering

The trait of days to first flowering is an important
trait and always reflects the growth and devel-
opment rhythm of a sesame line under a specific
environment. Murty (1975) pointed out that the
general combining ability variance for ‘days to
flowering’ trait was larger than the specific
combining ability variance indicating the pre-
dominance of additive gene action. Meanwhile,
some reports showed that both additive and non-
additive genetic variance were equally important
for this trait (Das and Gupta 1999). For instance,
Bakheit et al. (2001) reported that the addi-
tive x additive type was the most important
epistatic effect for ‘days to the first flowering’
trait. Recently, Sumathi and Muralidharan (2014)
investigated the days to first flowering and other
nine important traits of the six generations
derived from the six crosses (Table 4.1). The
results indicated that the days to first flowering of
the six varieties varied from 51.14 d to 40.22 d.
For days to first flowering, the additive compo-
nent, dominant component, and their interactions
were found in the crosses. In addition, the cross,
TMV x KS 99037 presented the addi-
tive x additive gene action for the trait, while
TMV 4 x KS 99037 was the additive as well as
additive x additive interaction effects along with
duplicate epistatis. The results reflected the var-
ious types of gene effects on days to first flow-
ering trait among different crosses.
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4.3.2 Days to 50% Flowering

Days to 50% flowering indicates the days to
flowering (Zhang and Feng 2006; Langham
2018). Similar to the trait ‘days to first flower-
ing’, the inheritance of days to 50% flowering
trait is also a complicated trait. Satish (2013)
found that the days to 50% flowering of 10
sesame varieties ranged from 30.35 d (in TKG
314) to 83.00 d (in CST-2001-2005). In the past
three decades, numerous reports reflected the
genetics background analysis results of days to
50% flowering trait within various crosses
(Table 4.2). According to the results of Satish
(2013), the additive, dominance, and domi-
nance X dominance gene effects on this trait
were shown in the 3 crosses, i.e., MACSS
1 x MT-20-03, TKG-306 x Selec. (N1 x
COl), and RT-127 x ZC, while addi-
tive X dominance gene interaction was signifi-
cant in the crosses MACSS 1 x MT-20-03 and
RT-127 x ZC (Satish 2013). For the F; derived
from the crosses TKG-306 x Selec. (N1 x Col)
and RT-127 x ZC, the mean of the days to 50
per cent flowering exceeded those of the parents
and presented the over-dominance character.
Moreover, the dominance and domi-
nance X dominance gene effects were significant
in all three crosses. Besides the above types of
the additive, dominance, and domi-
nance X dominance gene interaction effects,
other effects, such as non-additive gene action
and the additive x dominance gene action, have
been observed in dozens of crosses (Table 4.2).
The complicated genetic basis for this trait in

sesame reflects the complicated interaction
between genotypes and genotypes X
environments.

4.3.3 Days to Maturity

The days to maturity trait is also an important
trait in sesame, as it reflects the life cycle char-
acterstics of a sesame variety. However, the
definition of ‘maturity’ varies in different sesame
production regions. In China, sesame maturity
indicates the physiological maturity stage, by

L. Wei et al.

which most of the leaves have shed and the lower
capsules have become yellowish and almost
dehiscent. In the USA, maturity is the date when
50% of the plants reach physiological maturity
and the seeds in 75% capsules of the way up the
capsule zone appear the seed line and black tip
(Langham 2017). In the description of IPGRI
(International Plant Genetic Resources Institute,
India), maturity was defined as the number of
days from planting or first irrigation until 75% of
plants reaching physiological maturity. Mean-
while, UPOV (International Union for the Pro-
tection of New Varieties of Plants) (2013)
explained that maturity was the date when
approximately 50% of sesame plants show the
capsule dehiscence on the middle third of the
main stem. Later, Langham overviewed the
above opinions and defined that ‘maturity date’
was the date when most of the leaves have shed
and the lower capsules show a physiological
maturity color (Langham 2018).

For sesame, days to maturity is affected by
genotype and environment. Of the 763 world-
wide sesame germplasm accessions planted in
Pingyu, China in 2017, the days to maturity
varied from 75 d to 120 d (Unpublished data,
Haiyang Zhang). Especially, dozens of exotic
varieties, such as some accessions collected from
Africa and Latin America, cannot realize the
whole life cycle under the natural growth field
environment because of their low adaptability for
changed day length and latitude. Similar to the
traits ‘days to first flowering’ and ‘days to 50%
flowering’, ‘days to maturity’ trait is prone to
substantial ~genotype X environment interac-
tions. According to the description of Joshi
(Joshi 1961), late maturity dominates over the
early maturity by one pair of genes, even though
a few somewhat intermediate types occurred. At
present, a great amount of reports reflect that the
gene interaction effects of days to maturity are
diverse in different sesame crosses. Similar to the
trait of days to 50% flowering, besides the
additive, dominance, and additive and domi-
nance gene actions, other effects including non-
additive gene action and the epistatic effect
action also have been observed in dozens of
crosses (Table 4.3). Till now, no genes related to
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Table 4.2 Summary of genetic analyses of days to 50% flowering in sesame crosses

Genetic effect type

Additive gene action

Over-dominance

Predominance of additive gene action

Non-additive gene action

Predominant non-additive gene action

Additive gene, dominance, and
dominance x dominance

Additive x dominance gene interaction

Cross structure

9 cultivars and 36 F, progeny
An 8 x 8 half diallel cross

of sesame

14 lines

TKG-306 x Selec. (N1 x Col)
RT-127 x ZC

8 parents, 28 Fy, 28 F,, and 4
controls

Mutant 224 x Mutant 274
Mutant 40 x Mutant 699
Mutant 207 x Mutant 699
Mutant 40 x Mutant 699

5 lines, 10 testers, and 50 F;
hybrids

IS-1162 x MT-75

SI-775 x MT-75

NIC-8401 x NIC-16220

8 lines and 4 varieties as testers

TMV 5 x IS 184
TNAU 2031 x RT 105

P1 x P3
P3 x P5
P4 x P5

5 lines, 6 testers, and 30 hybrids

DS-9 x Ahutil

DS-9 x Halitil

DS-10 x E-8

10 lines, 4 testers, and 40
hybrids

MACSS 1 x MT-20-03
TKG-306 x Selec. (N1 x CO1)
RT-127 x ZC

MACSS 1 x MT-20-03; RT-
127 x ZC
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days to maturity have been cloned in sesame
because of the complicated genetic background.
Genome-wide associated studies (GWAS) were
applied for single nucleotide polymorphism
(SNP) loci screening for the days to maturity trait
in recent a few years (Wei et al. 2015) (see the
following chapters). We thus believe that the
genomics and functional genomics research in
sesame will conversely stimulate the genetic
analysis of the above traits.

4.4 Genetic Analysis of Yield
Components Traits

4.4.1 Yield Components Traits

Yield trait is the most important and complicated
quantitative trait for crops. Yield trait usually
involves many yield-related components traits
and is determined by the interaction of yield
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Table 4.3 Statistics of genetics analysis results of days to maturity trait in sesame

Genetic effect type

Additive gene action

Additive and dominance gene
action

Dominance genetic variance

Non-additive gene action

Predominance of non-additive
gene action

Pronounced additive,
dominance, and non-allelic
interaction

Dominance x dominance(l)
type interaction

Duplicate epistasis

Cross structure
A 6 x 6 full diallel combination
6parents, 15 F;

10 mutant lines, 45 F; hybrids

70 genotypes

14 advanced varietal lines

8 parents, 28 F;, 28 F,, and 4 controls

TMV 4 x KS 99037
TMV 5 x KS 99153

Biparental progeny BIP I (NKD 1110 x Gowri) and BIP II
(1799 x Gowri) and F; bulk populations CI and C II

9 lines, 5 varieties, and 45 hybrids

Gowri-173 x JCT-7
Gowri -173 x RT-54

5 lines, 10testers, and their 50 F,

AT 355 x Guj.Til-4
RSE 3 x Guj.Til-2
RSE 3 x Guij.Til-3

ES-230 x DS-10
ES-230 x SI-775
IS-1162 x MT-75

TMV 5 x IS 184
TNAU 2031 x RT 105

5 lines, 6 testers, and 30 hybrids.

DS-9 x Ahutil
DS-9 x Halitil
DS-7 x Halitil
10 lines, 4 testers, and 40 hybrids

NIC7907 x TMV3

Cianno 13/10 x VRI 1 cross

3 lines,5 testers, and their F1

2 crosses

L. Wei et al.
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components and environmental conditions
(Ebata and Electron 2010; Haruna et al. 2012;
Gelalcha and Hanchinal 2013; Agrawal et al.
2017). Moreover, most yield components are
also regulated by multiple genetic loci. Thus, to
reveal the genetics and molecular regulation
mechanism of yield-related traits is always the
highlight for crop genetics and breeding research
(Monpara 2009; Goudappagoudra et al. 2011;
Ibrahim and Khidir 2012; Singh et al. 2012; Wu
et al. 2014).

For sesame, tens of traits, such as capsule
number per plant (CN), seed number per capsule
(SN), thousand seed weight (TSW), plant height
(PH), height to the first capsule (HFC), branch
number (BN), leaf number per plant (LN), cap-
sule number on the main stem zone, seed number
per plant (SN), and the above phenology-related
(physiological stage) traits are found correlated
with the seed yield (Biabani and Pakniyat 2008;
Muhamman et al. 2010; Daniya et al. 2013;
Jatothu et al. 2013). Tabatabaei et al. (2011)
pointed that SN was positively correlated with
CN (r = 0.79, P < 0.01), seed mass of main stem
(r =049, P <0.01), seed mass of lateral bran-
ches (r = 0.45, P < 0.05), main stem (r = 0.41,
P < 0.05), and flower color (r = 0.47, P < 0.05),
respectively. According to the correlation analy-
sis results, Akbar et al. (2011) pointed out that
the five traits including capsule number per plant,
days to maturity, plant height, capsule length,
and 1000-seed weight had the significant positive
contribution to seed yield. Moreover, other four
traits, such as primary branches per plant, sec-
ondary branches per plant, capsule width, and
seeds per capsule were positive but not statisti-
cally significant correlated with seed yield per
plant. The other characters related to maturity,
days to flowering, and days to 50% flowering
showed negative correlation with seed yield.
Similarly, Goudappagoudra et al. (2011) per-
formed correlation and path coefficient analysis
of the 10 quantitative traits within 120 F, pro-
geny. Seed yield per plant was detected to be
significantly and positively associated with cap-
sule number (r=0.7302), followed by seed
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number, branch number per plant, plant height,
and 1000-seed weight, respectively. Capsule
number per plant, seed number per capsule, and
1000-seed weight showed the high and positive
direct effect on seed yield. Meanwhile, Ibrahim
and Khidir (2012) performed the genotypic cor-
relation and path coefficient analysis, in order to
determine the effects of yield components on the
final seed yield using 220 Fs families derived
from 10 cross combinations. Highly significant
positive genotypic correlation was also detected
between seed yield per plant and the seed yield
per unit area and the six traits including plant
height, capsule number per plant, primary branch
number, height to the first capsule, days to 50%
flowering, and days to maturity. Path analysis
revealed that number of capsules/plant, 1000-
seed weight, and number of seeds/capsule had
the highest positive direct effects on seed
yield/plant.

Furthermore, 40 natural sesame accessions
were used to perform the correlation relationship
and path analysis of the 14 yield-related traits
(Agrawal et al. 2017). Of which the 6 traits, i.e.,
days to maturity, branch number per plant, cap-
sule number per plant, seed number per capsule,
1000-seed weight, and protein content, showed
significant and positive association with seed
yield per plant at genotypic and phenotypic
levels. Meanwhile, plant height was found to be
positively and significantly correlated with the 5
traits (i.e., branch number per plant, capsule
number per plant, days to maturity, internode
length, and leaf number per plant). Path analysis
results showed that the nine traits, i.e., days to
maturity, capsule length, branch number per
plant, protein content, branch number per plant,
capsule number per plant, seed number per cap-
sule, 1000-seed weight, and leaf length, had the
positively direct effect with seed yield, while
other 4 traits (i.e., plant height, internode length,
leaf number per plant, and days to 50% flower-
ing) presented the negative direct effect. There-
fore, to increase the yield in sesame, the elite
genotypes related with high branch number per
plant, capsule number per plant, seed number per
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Table 4.4 Statistics of genetics analysis results of seed yield per plant in sesame

Genetic effect type

Additive genetic variance

Predominance of additive gene
action

Preponderance of dominance
gene action

Additive and dominant gene
effects

Non-additive gene action

Cross structure

An 8 x 8 half-diallel cross

biparental progenies BIP I (NKD 1110 x Gowri) and BIP II
(1799 x Gowri) and their F5 bulk populations CI and C II

82 genotypes

5 lines, 6 testers, and 30 hybrids.

10 lines, 4 testers, and 40 hybrids

70 genotypes

14 lines

8 parents, 28 Fy, 28 F,, and 4 controls
10 varieties and F; hybrids
30 lines

50 genotypes

L5 x T3
L2 x Tl
L7 x Tl
L6 x Tl
L3 x T2
L3 x T3
L4 x T2

7 parents and their 21 hybrids

5 variety crosses and their 6 generations

6 crosses

Dhauri Local x DSS-9
DSS-9 x RT-54

ES-230 x NIC-8401
IS-1162 x NIC-8401
IS-1162 x MT-75

Mutant 224 x Mutant 699
Mutant 181 x Mutant 353
Mutant 9 x Mutant 181

Mutant 207 x Mutant 274

A 6 x 6 full diallel experiment

an 8 x 8 half diallel cross

5 lines, 6 testers, and 30 hybrids.

L. Wei et al.
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Table 4.4 (continued)

Genetic effect type

Predominance of non-additive
gene action

Additive x additive effect

Dominance x dominance effects

Additive x additive epistatic

Cross structure

RT 33 x Guj.Til-10
LIMDI 9 x Guj.Til-1
TC 66 x Guj.Til-2

TMV 5 x N 32
TMV 5 x IS 184
CO1 x IS99

TMV 5 x Si 66

DS-7 x TSES-2
DS-9 x TSES-3
DS-9 x TSES-4

8 lines and 4 testers

9 lines, 5 varieties, and 45 hybrids

P2 x P5
P5 x P6

VRI—1 x T6

VS 9510 x Co 1
Cianno 13/10 x VRI 1
Si 1115 x 1 TMV 3

90 triple test cross families and parents, F; and F, of 4
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Sharmila and
Mahalingam
(2007)
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effect crosses

Non-additive gene action and the
complementary type of epistasis

capsule, and 1000-seed weight trait should be
chosen and applied.

The above results reflect that some traits such
as CN, TSW, and SN consistently present the
significant and positive correlation with the seed
yield per plant (SY). Thus, the above traits are
regarded as the principal yield components in
sesame (Liu et al. 1980; Gnanasekaran et al.
2008; Banerjee and Kole 2009b; Sumathi and
Muralidharah 2010a; Gangadhara et al. 2012;
Ibrahim and Khidir 2012).

In recent years, the genetic architecture of
physiological stages, yield, and seed quality-
related traits have been investigated in sesame.
Most of the above quantitative traits present the

3 lines, 5 testers, and their F;

(2001)

Ramalingam
et al. (1990)

complicated gene actions involving additive,
dominance, additive x additive, additive x
dominance, and dominance x dominance types.

4.4.2 Seed Yield Per Plant

Seed yield per plant is the most important yield
trait for sesame. So many studies and findings
confirmed the complicated genetic architecture
with various gene interaction effects within dif-
ferent parent combinations under different eco-
logical conditions (Table 4.4). Kumar and
Ganesan (2004) investigated the genetic action of
seed yield per plant using 6 generations of the 5
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Table 4.5 Statistics of genetics analysis results of capsule number per plant in sesame

Genetic effect type

Additive gene action

Additive x additive
epistatic effect

Additive and dominant
gene actions

dominance gene action

Non additive gene
action

Cross structure

An 8 x 8 half-diallel cross

biparental progenies BIP I (NKD 1110 x Gowri) and BIP II
(1799 x Gowri) and their F5 bulk populations CI and C II
Biparental progeny of a cross

82 genotypes

5 lines, 6 testers, and 30 hybrids.

5 lines, 10 testers, and their 50 F;

70 sesame genotypes

14 lines

TTC1, TTC2, and TTC4

Six crosses of Sesamum

Two crosses of sesame

Five varietal crosses and their six generations (P, P», Fy, F», By,

and B,)
VRI-1 x T6
TMV 3 x T6

Cianno 13/10 x VRI 1 cross.

L5 x T3
L3 x T2
L3 x T3
L4 x T2

5 genotypes, 6 cross combinations, and their 6 generations (Py, P,,

F,, F,, BC,, and BC,)

Dhauri Local x DSS-9
DSS-9 x RT-54

RT 33 x Guj.Til-10
TC 66 x Guj.Til-2
AT 351 x Guj.Til-4
AT 355 x Guj.Til-4
DPI 1484 x Guj.Til-1

SI-1147 x NIC-8401
SI-775 x NIC-8401
IS-1162 x DS-10

L. Wei et al.
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Table 4.5 (continued)

Genetic effect type Cross structure

Mutant 9 x Mutant 207

Mutant 181 x Mutant 224
Mutant 224 x Mutant 699
Mutant 274 x Mutant 699

Preponderance of non-  TMV 5 x IS 184

additive gene action

DS-7 x TSES-4
DS-9 x TSES-3
DS-16 x Halitil

Pl x P4
P1 x P5
P2 x P4
P2 x P5
P3 x P6

8genotypes as lines and 4 varieties as testers

Se lines, 6 testers, and 30 hybrids.

9 lines, 5 varieties, and 45 hybrids

Predominant additive
gene action

10 varieties and F; hybrids
9 genotypes and 72 hybrids

30 lines
50 genotypes
Non-additive gene

action

9 cultivars and 36 F;

A 6 x 6 full diallel experiment

An 8 x 8 half diallel cross of sesame

crosses and found that the dominance effect
(h) was significant for the trait. As to the cross
VRI-1 x T6, the positive and significant addi-
tive x additive effect was observed and reflected
the possibility of realizing the transgressive
segregation in advanced generations. Moreover,
the additive x dominance and domi-
nance X dominance interaction effects were
shown in most of the crosses except for Anna-
malai x T6, which showed the complementary

3 lines, 5 testers, and their F;s
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type of epistasis. Meanwhile, Sharmila and
Mahalingam (2007) carried out the generation
mean analysis of the four sesame crosses. The
six-generation analysis of Py, P,, F;, F,, BCy,
and BC, showed that all the gene interaction
effects were non-significant for the cross
NIC7907 x TMV3, while the remaining 3
crosses showed the dominance x dominance
effects. These results indicated that seed yield per
plant is  predominantly  controlled by
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dominance x dominance type interaction effects.
The dominance (h) and dominance X dominance
gene effects showed the presence of duplicate
dominant epistasis for the trait. To reveal the
genetics basis of seed yield per plant trait, Satish
(2013) analyzed the six generations of the three
crosses and found that the additive, dominant,
and additive x additive types of interactions
were significant and negative in all three crosses.
Moreover, additive x dominant type of interac-

tion was found positive in cross TKG-
306 x Selec. (N1 x CO1l) and negative in
Cross MACSS 1 x MT-20-03. Domi-

nant X dominant type of interaction was highly
significant and positive in cross MACSS
1 x MT-20-03 and RT-127 x ZC. Higher
magnitude of dominance x dominance type of
interaction was found in all cross. Duplicate type
of epistasis was recorded in all the three crosses.
All the types of gene effects were significant in
cross MACSS 1 x MT-20-03 with duplicative
epistasis. ~ However, in  crosses TKG-
306 x Selec. (N1 x Col) and RT-127 x ZC,
both dominance, and additive interactions were
significant.

4.4.3 Capsule Number Per Plant

The capsule number per plant (CN) trait is an
important quantitative trait in sesame. For most
sesame varieties, inflorescence presents indeter-
minate, and capsule number is easily affected by
environmental conditions and the rhythm of plant
growth and development. Of the 763 worldwide
sesame germplasm accessions cultured in China
(Piangyu) (described in the Chap. 2) in 2017, the
CN varied from 9.2 to 96.2 with the standard
deviation of 16.54 (Unpublished data, Haiyang
Zhang). According to the results of numerous
reports summarized for CN trait (Table 4.5),
gene interaction effects varied within different
crosses and environments (Sharmila and Maha-
lingam 2007; Satish 2013; Sumathi and
Muralidharan 2014). Sumathi and Muralidharan
(2014) investigated the CN variation of the
generations of the six crosses. Of the six vari-
eties, TMV5 had the highest average CN (77.27),

L. Wei et al.

while KS990813 exhibited the lowest number
(41.63). In TMV4 x KS99037, TMVS x
ks99153, TMV4 x KS99153, and TMVS x
KS99037, the dominance component was sig-
nificant and positive for CN trait, similar to the
results of Vidhyavathi (2002). In TMV4 x
1s99153, additive dominance model was
observed. However, both additive and domi-
nance gene actions were found in the cross TMV
4 x KS99037. Meanwhile, Satish (2013) also
found that the negative additive gene effects,
positive dominance effects, additive x additive
gene interaction, and positive additive x domi-
nance interaction, dominant X dominant type
interaction were presented in the different
crosses. Moreover, higher dominance and dom-
inance X dominance gene interaction presented
in all the three crosses, and duplicate gene action
was observed in all the crosses.

As shown in Table 4.5, besides the additive,
dominance, and both additive and dominance
gene interaction effects, other effects such as non-
additive gene action and epistatic effects are
observed in dozens of crosses. The complicated
genetic basis for CN trait in sesame exhibits the
complexity of genotype to genotype and the
interaction between genotypes and environments.

444 Thousand Seed Weight

Sesame belongs to small seed-sized crop type.
Increasing the seed size or seed weight can
contribute to high seed yield per plant and the
final productivity. For sesame, the thousand seed
weight usually varies from 0.79 to 4.47 g (data
not shown, Haiyang Zhang). Previous studies
proved that thousand seed weight trait is con-
trolled by substantial genotype X environment
interactions in sesame. Some reports indicated
that the genetic basis for the TSW trait varied
from the additive, dominance, both additive and
dominance gene interaction to non-additive gene
action, and additive X dominance and domi-
nance X dominance interaction epistatic effect
(Table 4.6). The complicated genetic bases for
TSW trait in sesame reflect the complex inter-
action between genotype to genotype and
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Table 4.6 Statistics of genetics analysis results of thousand seed weight in sesame

Genetic effect type

Additive gene action

Additive x additive epistatic effect

Additive and complementary effect

Additive, dominance x dominance, and
additive x dominance effects and
duplicate epistasis

Predominant additive gene action

Non-additive gene action

Predominant non-additive gene action

Cross structure
9 cultivars and 36 F, progeny

An 8 x 8 half diallel cross of sesame

10 lines, 4 testers, and 40 hybrids

Slines, 10 testers, and 50 F,

14 advanced lines

90 triple test cross families and their parents, F; and
F, in 4 sesame crosses

Si 1115/1 x TMV 3

VS 9510 x Col; NIC 7907 x TMV 3, and Cianno
13/10 x VRI 1

9 genotypes and 72 hybrids

50 genotypes

An 8 x 8 half-diallel cross

A 6 x 6 full diallel
7 parents and 21 hybrids

9 lines, 5 varieties, and 45 hybrids

Mutant 9 x Mutant 699
Mutant 51 x Mutant 181
Mutant 224 x Mutant 450
Mutant 353 x Mutant 450

DSS-9 x ICT-7
RT-54 x MT-75

TC 66 x Guj.Til-4
RT 33 x Guj.Til-10
TC 66 x Guj.Til-10

8 genotypes as lines and 4 varieties as testers

P4 x P5
P5 x P6

5 lines, 6 testers, and 30 hybrids
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Table 4.6 (continued)

Genetic effect type

Cross structure

L. Wei et al.

References

Sumathi and

Muralidharan
(2008)
19 parents and 90 crosses Yamanura and
Nadaf (2009)
Predominant dominance gene action L7 x Tl El-Satar (et al.
L6 x Tl 2016)
L3 x T2
L3 x T3
L4 x T2
Dominance gene action Biparental progenies BIP I (NKD 1110 x Gowri) nuradha
and BIP II (1799 x Gowri) and F; bulk populations ' (A2002)

Cl and C I

Biparental progeny of a cross

Additive x dominance and
dominance X dominance interaction
effects

and BC,)

between genotype and environment. Sharmila
and Mahalingam (2007) reported that the TWS
trait was additive and complementary for the
cross ‘Si 1115/1° x ‘TMV 3’, while additive,
dominance x dominance, and additive x domi-
nance effects and duplicate epistasis were pre-
dominant in the other three crosses. Various gene
interactions indicate both fixable and non-fixable
gene effects. Genetic architecture of TSW sug-
gests that the transgressive segregation in
advanced generations should be possible. Satish
(2013) found the significant and negative addi-
tive gene effects in all three crosses. In cross RT-
127 x ZC, the dominance gene interaction pre-
sent significant and positive; however, the dom-
inance gene interaction was negative and
significant in cross TKG-306 x (N1 x COLl).
Meanwhile, the significant and positive addi-
tive x additive type was found in crosses
MACSS 1 x MT-20-03 and RT-127 x ZC. The
cross RT-127 x ZC exhibited significant and
negative additive X dominance and domi-
nance X dominance type of gene interaction.

5 crosses and their 6 generations (Py, P,, Fy, F», BCy,

Anuradha and
Lakshmi
(2008)

Kumar and
Ganesan
(2004)

Moreover, the mean value of the TSW of F,
hybrid was intermediate, compared to parents in
the crosses MACSS 1 x MT-20-03 and TKG-
306 x Selec. (NI x Col), indicating the
incomplete dominance. In the cross, RT-
127 x ZC, the mean value of F; was higher
than those of parents and presented the over-
dominance character. Meanwhile, duplicate type
of epistasis for TSW trait was noticed in all three
CTOSSes.

445 Seed Number Per Capsule

Seed number per capsule is another important
yield component trait. So many sesame scientists
confirmed the complicated inheritance of seed
number per capsule trait (Table 4.7). Simple
models seem inadequate to explain the genetic
base of the trait. Previous reports showed the
various gene interaction effects within the dif-
ferent crosses under diverse environments
(Kumar and Ganesan 2004; Mungala 2017;
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Table 4.7 Statistics of genetics analysis results of seed number per capsule in sesame

Genetic effect type

Non-additive gene action

Additive gene action

Additive x additive
interaction effect

Preponderance of additive gene
action

Dominance effect

Cross structure and heredity value?
9 cultivars and 36 F, progeny

A 6 x 6 full diallel

An 8 x 8 half diallel cross

5 lines, 6 testers, and 30 hybrids.

9 lines, 5 varieties, and 45 hybrids

Gowri-173 x Dhuri Local
JCT-7 x RT-54

Mutant 181 x Mutant 207
Mutant 181 x Mutant 224
Mutant 9 x Mutant 207

Mutant 207 x Mutant 224

DPI 1484 x Guj.Til-10
AT 355 x Guj.Til-2
TC 66 x Guj.Til-1

ES-230 x IS-1162
SI-775 x NIC-16220
SI-775 x DS-10

9 genotypes and 72 hybrids
30 lines
70 genotypes

14 advanced lines

AnnamalJai x T6
T™MV 3 x T6

50 genotypes

5 crosses and 6 generations (Py, P,, Fy, F,, BCy,

and BC,)

Biparental progeny of a cross

97

References

Mcharo (1994)
Kamala (1999)
Saravanan et al. (2003)

Sumathi and Muralidharan
(2008)

Kumar and Vivekanandan
(2009)

Deepa and Lokesha (2012)

Kumar et al. (2012)

Mungala (2017)

Raikwar (2018)

Rajaravindran et al. (2000)
Banerjee and Kole (2006)

Monpara and Khairnar
(2016)

Saxena and Bisen (2017)
Kumar and Ganesan (2004)

Gawali et al. (2007)

Kumar and Ganesan (2004)

Anuradha and Lakshmi
(2008)

Additive and dominant gene
effects and BC,)

Saxena and Bisen 2017). Satish (2013) found
that additive gene effect was significant and
negative in the crosses TKG-306 x Selec. (N1
COl1) and RT-127 x ZC. However, addi-
tive x dominance type of interaction was found
significant and negative in cross MACSS
1 x MT-20-03 and TKG-306 x Selec. (N1 x
CO1). Dominance x dominance interaction
presented negative and significant in cross
MACSS 1 x MT-20-03. Moreover, two crosses

5 crosses and 6 generations (P, P,, Fy, F,, BCy,

Gaikwad (2004)

MACSS 1 x MT-20-03 and RT-127 x ZC
exhibited duplicate type, while cross TKG-
306 x Selec. (N1 x COIl) manifested the com-
plementary type of epistasis for this trait. In the
F, hybrid, high seed number per capsule was
observed in all the three crosses and suggested
the overdominance characteristics. Meanwhile,
great variation of seed number per capsule in F,
progeny indicated the high possibility of trans-
gressive segregation. The mean value of BC; and
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Table 4.8 Statistics of genetics analysis results of plant height in sesame

Genetic effect type

Additive gene action

Predominant additive gene
action

Dominance effect

Predominant dominance gene
action

Additive and dominance gene
actions

Non-additive gene action

Cross structure
A 6 x 6 full diallel
9 genotypes and 72 hybrids

Biparental progenies BIP I (NKD 1110 x Gowri) and
BIP II (1799 x Gowri) and F3 bulk populations CI and C II

An 8 x 8 half diallel cross

7 parents and 21 hybrids

Biparental progeny of a cross

5 lines, 6 testers, and 30 hybrids

5 lines, 6 testers, and 30 hybrids

14 advanced lines

10 varieties and F; hybrids

8 genotypes as lines and 4 varieties as testers

30 lines

IC 96128 x Guj.Til-3
RSE 3 x Gu;j.Til-3

5 crosses and 6 generations (P, P,, Fy, F,, BCy, and BC,)

L2 x Tl
L7 x Tl
L6 x Tl
L3 x T2
L3 x T3
L4 x T2

TMV 4 x KS 99037

MT-75 x RT-54
JCT-7 x CO-1

10 lines, 4 testers, and 40 hybrids

9 lines, 5 varieties, and 45 hybrids

Mutant 9 x Mutant 353
Mutant 9 x Mutant 224

L. Wei et al.

References
Kamala (1999)
Rajaravindran
(et al. 2000)
Anuradha (2002)

Saravanan et al.
(2003)

Mothilal and
Manoharan
(2005)

Anuradha and
Lakshmi (2008)

Sumathi and
Muralidharan
(2008)

Sumathi and
Muralidharan
(2009)

Saxena and
Bisen(2017)

Murty (1975)

Sankar and
Kumar (2003)

Banerjee and
Kole (2006)

Mungala (2017)

Kumar and
Ganesan (2004)

El-Satar et al.
(2016)

Sumathi and
Muralidharan
(2014)

Deepa and
Lokesha (2012)

Ramesh et al.
(2014)

Kumar and
Vivekanandan
(2009)

Kumar et al.
(2012)

(continued)
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Table 4.8 (continued)

Genetic effect type

Predominant non-additive
gene action

Dominance x dominance
type

Dominance and

additive x additive

Additive x dominance and
dominance X dominance
effects

Additive x dominance effect

Additive x additive epistatic
effect

Complementary type of

Cross structure

Mutant 274 x Mutant 699
Mutant 207 x Mutant 274

ES-230 x SI-1147
IS-1162 x NIC-8401
DS-10 x MT-75

P2 x P5; P5 x P6

TNAU 2031 x IS 99

DS-16 x TSES-4
DS-16 x TSES-1
DS-9 x Western

MACSS 1 x MT-20-03
TKG-306 x Selec. (N1 x CO1)

RT-127 x ZC
MACSS 1 x MT-20-03
TKG-306 x Selec. (N1 x COl)

VS 9510 x Co 1 cross

Cianno 13/10 x VRI 1 cross

90 triple test cross families and parents, Fy, and F, in 4
crosses

3 lines, 5 testers, and F,

929

References

Raikwar (2018)

El-Bramawy and
Shaban (2008)

Vidhyavathi
et al. (2005)

Yamanura and
Nadaf (2009)

Satish (2013)

Satish (2013)

Sharmila and
Mahalingam
(2007)

Sharmila and
Mahalingam
(2007)

Bakheit et al.
(2001)

Ramalingam

epistasis

Duplicate-type epistasis All cases

BC, generation was similar to those of the par-
ents indicating the possibility of maternal effect
for the trait exhibition. In the cross, MACSS
1 x MT-20-03, additive, dominance, and epi-
static gene interactions were significant, which
indicated the ambiguity improvement of the trait.
However, the dominance-based interactions were
of higher magnitude in a desirable direction.

4.4.6 Plant Height

Plant height is an important trait for sesame, as it is
always correlated with the capsule stem length and
capsule number. So many results indicated that

et al. (1990)

Sharmila and
Mahalingam
(2007)

inheritance of plant height is complicated
(Table 4.8). The gene interaction effects are deci-
ded on crosses (or genotypes) and the environ-
ments (Vidhyavathi et al. 2005; El-Satar et al.
2016; Mungala 2017; Raikwar 2018). Sharmila
and Mahalingam (2007) pointed out that the
additive x dominance and dominance X domi-
nance effects were significant in the VS 9510 x
Co 1 cross, while the additive x dominance effect
was significant only in the Cianno 13/10 x VRI 1
cross. In all cases, duplicate-type epistasis was
also observed for plant height traits. Moreover,
Satish (2013) showed that additive, dominance,
and epistatic interactions were highly significantin
the inheritance of plant height across the three
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Table 4.9 Genetic analysis statistics of other 17 yield-related traits in sesame

Trait

1. Capsules per
leaf axil

2. Locule
number

3. Leaf shape

4. Capsule
length

Genetic basis

One capsule per leaf axil trait is
dominant to three capsules per
leaf axil, controlled by single

gene

4 locule trait is dominant to
multi-locule, controlled by single

gene

Lobed leaf shape was dominant
to simple or ovate leaf shape,
controlled by single gene

Additive gene action

long capsule trait is dominant to

short capsule trait

Non-additive gene action

Predominant non-additive gene

action

Additive x additive epistatic

effect

Duplicate type of epistasis

Cross type
6 genotypes and F,

4 genotypes and F,

6 genotypes and F,

5 genotypes and10 F,

6 genotypes and F,

Biparental progenies BIP I (NKD
1110 x Gowri) and BIP I

(1799 x Gowri) and F5 bulk
populations CI and C 1T

14 advanced lines

8 parents, 28 F;, 28 F,, and 4 controls

2 parents and F;, F,, and F3 progeny

9 cultivars and 36 F, progeny
9 lines, 5 varieties, and 45 hybrids

Mutant 9 x Mutant 40
Mutant 40 x Mutant 224
Mutant 40 x Mutant 181
Mutant 224 x Mutant 274

RT 33 x Guj.Til-3
DPI 1484 x Guj.Til-1
DPI 1484 x Guj.Til-10

ES-230 x NIC-16220
SI-775 x NIC-8401

5 lines, 6 testers, and 30 hybrids

DS-10 x Western
DS-13 x Halitil
DS-13 x Ahutil

DS-10 x TSES-3
DS-10 x TSES-4
DS-10 x Ahutil

90 triple test cross families and their
parents, Fy, and F, of 4 crosses

3 lines, 5 testers, and F;

L. Wei et al.

References

Baydar and
Turgut (2000)

Yol and Uzun
(2011)

Baydar and
Turgut (2000)

Padmasundari
et al. (2010)

Baydar and
Turgut (2000)

Anuradha
(2002)

Saxena and
Bisen (2017)

Aye et al.
(2018)

Yol et al.
(2017)

Mcharo (1994)

Kumar and
Vivekanandan
(2009)

Kumar et al.
(2012)

Mungala
(2017)

Raikwar(2018)

Sumathi and
Muralidharan
(2008)

Yamanura and
Nadaf (2009)

Yamanura and
Nadaf (2009)

Bakheit et al.
(2001)

(Ramalingam
et al. 1990)

(continued)
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Table 4.9 (continued)

Trait

5. Branch
number per
plant

Genetic basis

Additive,
dominance x dominance, and
additive x dominant epistasis

type

Additive x additive interaction
effect

Additive and dominant and
additive x additive gene effects

Additive and
additive x dominance
interaction

Dominance x dominance type

Branching type is dominant to
uniculm trait with segregation
ratio of 3:1

Additive gene action

Predominance of additive gene
action

Dominance genetic variance

Cross type
MACSS 1 x MT-20-03

TMV 5 x T6

RT-127 x ZC

TKG-306 x Selec. (N1 x COl1)

MACSS 1 x MT-20-03
TKG-306 x Selec. (NI x COl)

TMV 4 x KS 99037
TMV 4 x KS 990813
TMV 5 x KS 99037
TMV 5 x KS990813
TMV 5 x KS99153

6 genotypes and F, generations

14 advanced lines

5 lines, 6testers, and 30 hybrids

82 genotypes

Tparents and 21 hybrids

5 lines, 6 testers, and 30 hybrids.

An 8 x 8 half diallel cross

A 6 x 6 full diallel
An 8 x 8 half-diallel cross

10 varieties and F; hybrids

8 genotypes as lines and 4 varieties as

testers
30 lines

8 parents, 28 Fy, 28 F,, and 4 controls
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References

Satish (2013)

Kumar and
Ganesan
(2004)

Satish (2013)

Satish (2013)

Satish (2013)

Sumathi and
Muralidharan
(2014)

Baydar and
Turgut (2000)

Saxena and
Bisen (2017)

Sumathi and
Muralidharan
(2009)

Kumbhar et al.
(2008)

Mothilal and
Manoharan
(2005)

Sumathi and
Muralidharan
(2008)

Saravanan
et al. (2003)

Kamala (1999)

Das and Gupta
(1999)

Murty (1975)

Sankar and
Kumar(2003)

Banerjee and
Kole (2006)

Aye et al.
(2018)

(continued)
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Table 4.9 (continued)

Trait

6. Secondary
branch number
per plant

Genetic basis

Predominant dominance effect

Predominant non-additive gene
action

Non additive gene action

Additive x additive epistatic
effect

Dominance x dominance effect

Both additive x dominance and
dominance x dominance effects

Duplicate-type epistasis was
complementary

Additive and dominance type,
and additive x additive gene
effects

Additive and dominance type and
duplicate epistasis type

Additive gene

Predominance of additive gene
action

Cross type

Biparental progenies BIP I (NKD
1110 x Gowri) and BIP II

(1799 x Gowri) and F5 bulk
populations CI and C 1T

Biparental progeny of a cross

5 crosses and 6 generations (P, P,, Fy,
F,, By, and B,)

P2 x P3
P5 x P6

Nine lines, five released varieties, and
45 hybrids

DSS-9 x Dhauri Local
MT -75 x RT-54

TC 66 x Guj.Til-2
DPI 1484 x Guj.Til-1
RSE 3 x Guj.Til-10

90 triple test cross families and parents,
F,, and F, of 4 crosses

VS9510, x Co 1
NIC 7907 x TMV 3

Cianno 13/10 x VRI1

Si 1115/1 x TMV 3

MACSS 1 x MT-20-03
RT-127 x ZC

TKG-306 x Selec. (N1 x COl)
RT-127 x ZC

MACSS 1 x MT-20-03
TKG-306 x Selec. (N1 x COl)
RT-127 x ZC

14 advanced lines

8 parents, 28 F;, 28 F,, and 4 controls

10 varieties and F; hybrids
9 genotypes and 72 hybrids

L. Wei et al.

References

Anuradha
(2002)

Anuradha and
Lakshmi
(2008)

Kumar and
Ganesan
(2004)

El-Bramawy
and Shaban
(2008)

Kumar and
Vivekanandan
(2009)

Deepa and
Lokesha
(2012)

Mungala
(2017)

Bakheit et al.
(2001)

Sharmila and
Mahalingam
(2007)

Sharmila and
Mahalingam
(2007)

Sharmila and
Mahalingam
(2007)

Satish (2013)

Satish(2013)

Satish (2013)

Saxena and
Bisen (2017)

Aye et al.
(2018)

Murty (1975)

Rajaravindran
et al. (2000)

(continued)
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Table 4.9 (continued)

Trait

8. Seed number
per plant

9. Number of
filled seeds per
plant

10. Number of
ill-filled seeds
per plant

11. Flower
number per
plant

12.
Reproductive
efficiency

13.
Photosynthetic
rate

14. Leaf area
index

15. Harvest
index

16. Biological
yield

17. Capsule
bearing height

Genetic basis

Non-additive gene effects are
more conspicuous

Additive gene effects

Additive x additive epistatic
effect

Preponderance of dominance
gene action

Non-additive genetic component

Preponderance of additive gene
action

Preponderance of additive gene
action

Non-additive gene action
Preponderance of additive gene

action

Preponderance of additive gene
action

Additive genetic variance

Non-additive variance

Additive genetic variance

Dominance variance

Dominance variance.

Additive gene action

Cross type
9 cultivars and 36 F, progeny

9 cultivars and 36 F1 progeny

90 triple test cross families and their
parents, F; and F, in 4 sesame crosses

L5 x T3
L2 x Tl
L7 x T1
L6 x Tl
L3 x T2
L3 x T3
L4 x T2

RT 33 x Guj.Til-10
TC 66 x Guj.Til-10
AT 351 x Guj.Til-4

A6 parent diallel including reciprocals

A 6 parent diallel including reciprocals

A6 parent diallel including reciprocals

A6 parent diallel including reciprocals

A6 parent diallel including reciprocals

An 8 x 8 half diallel cross

An 8 x 8 half diallel cross

An 8 x 8 half diallel cross

14 advanced lines

Biparental progeny of a cross

Biparental progeny of a cross

82 genotypes
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References

Mcharo (1994)

Mcharo (1994)

Bakheit et al.
(2001)

El-Satar et al.
(2016)

Mungala
(2017)

Krishna et al.
(2002)

Krishna et al.
(2002)

Krishna et al.
(2002)

Krishna et al.
(2002)

Krishna et al.
(2002)

Saravanan
et al. (2003)

Saravanan
et al. (2003)

Saravanan
et al. (2003)

Saxena and
Bisen (2017)

Anuradha and
Lakshmi
(2008)

Anuradha and
Lakshmi
(2008)

Kumbhar et al.
(2008)
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crosses. Dominance X dominance interaction
type in crosses MACSS 1 x MT-20-03 and TKG-
306 x Selec (N1 x COl) and dominance and
additive x additive in RT-127 x ZC, MACSS
1 x MT-20-03, and TKG-306 x Selec. (N1 x
COl) cross was positive and high, whereas the
additive, dominance, and additive X dominance
interactions were significant in negative direction.
Duplicate epistasis type was noticed in all three
crosses. In the above three crosses, F; presented
the overdominant character for their higher values
of plant height than those of parents. Interestingly,
additive and additive x additive gene effects were
significant but opposite in direction with each
other. Therefore, selecting dwarf varieties with
low height should be effective in all the crosses.
However, higher magnitude of domi-
nance X dominance gene effects in crosses
MACSS 1 x MT-20-03 and TKG-306 x Selec.
(N1 x Col) and the dominance gene effects in
cross RT-127 x ZC indicated the importance of
dominance gene effects on plant height.

4.5 Other Yield-Related Traits

Besides the above yield components traits, there
are still other traits contributing to the seed yield
in sesame. Here we listed the genetic analysis of
other 17 traits to supply the genetic mechanism
basis for further molecular regulation analysis of
the yield trait in sesame (Table 4.9). The inher-
itance of the above traits such as capsules per leaf
axil, locule number, and leaf shape was relatively
simple and proved to be controlled by single
gene (Nohara 1933; Baydar and Turgut 2000;
Padmasundari et al. 2010; Yol and Uzun 2011).

Table 4.10 Resistance

' Grade
scale of sesame against
Fusarium wilt 0 < DI
3 15 < DI
5 30 < DI
7 55 < DI
9 70 < DI

Disease index (DI)

L. Wei et al.

Some traits such as capsule length, internode
length, height to first capsule, and harvest index
are complex with various gene interaction types
involving in additive, dominance, and epistatic
effects in different combinations (Mcharo 1994;
Bakheit et al. 2001; Yamanura and Nadaf 2009;
Satish 2013; Mungala 2017; Saxena and Bisen
2017; Aye et al. 2018).

Notably, even though the branch number per
plant trait is controlled by complicated gene
interaction types including additive, dominance,
and epistatic effects in different various cross
combinations (Sharmila and Mahalingam 2007;
Kumbhar et al. 2008; Aye et al. 2018), branching
type is monogenic dominant to uniculm type
(Baydar and Turgut 2000; Sumathi and
Muralidharan 2014). Furthermore, many scien-
tists pointed out that the additive gene action was
predominant for the seven traits including sec-
ondary branch number per plant, total seed
number per plant, filled seed number per plant,
flower number per plant, photosynthetic rate,
capsule stem length, and reproductive efficiency
(Murty 1975; Rajaravindran et al. 2000; Sara-
vanan et al. 2003; Kumhar et al. 2008; Saxena
and Bisen 2017; Aye et al. 2018) In addition,
non-additive gene effects were more conspicuous
for the height to first branch and ill-filled seed
number per plant trait (Mcharo 1994).

4.6 Seed Quality Traits

Sesame seeds contain abundant unsaturated fatty
acids, proteins, and antioxidants such as lignan
and vitamin E. The analysis of genetic basis of
oil content, protein content, lignan content, and

Resistance level

<15 Highly resistant (HR)

< 30 Resistant (R)

< 55 Moderately resistant (MR)
< 70 Susceptible (S)

< 100 Highly susceptible (HS)

Modified from Qiu et al. (2014)
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Table 4.11 Grade scale of powdery mildew disease in sesame

Disease grade Description

0 No lesions or specks

1 Small-sized powdery specks infecting less than 1% leaf area

3 Enlarged irregular powdery growth covering 1-5% leaf area

5 Powdery growth to form big patches covering 5-25% leaf area

7 Powdery growth covering 25-50% leaf area followed by yellowing

9 100% leaf area covered with powdery growth and infected leaves yellowing and dropping

Modified from Rao et al. (2012))

their components’ ratio is a hot topic in sesame
genetic research. In the past few decades, in order
to clarify the genetic behavior of the high quality
of sesame oil and protein, sesame researchers
focused on the genetic basis and the inheritance
of the oil content and protein content and their
correlation, as well as digging out related genes
and molecular markers (Jin et al. 2001; Chun
et al. 2003; Leduc et al. 2006; Magni et al. 2010;
Wei et al. 2013; Li et al. 2014).

4.6.1 Oil and Protein Content

Oil content (OC) and protein content (PO) are
complex quantitative traits and are affected by
genotype and environment. Yermanos et al.
(1972) assessed 721 worldwide sesame varieties,
and found that the oil and protein contents ranged
from 40.4% to 59.8% and from 19% to 31%,
respectively. Li et al. (2014) evaluated 369
worldwide sesame germplasm accessions under
five environments. The oil content varied from
27.89% to 58.73% with an average of 51.34%,
while the protein content varied from 16.72% to
27.79% with an average of 21.19%. The results
proved that the oil and protein contents of the
natural germplasm population varied obviously.
Meanwhile, the OC and PC traits in sesame were
significantly influenced by genotype and geno-
type X environment, as the V(G)/V(P) reached
up to 76.2 and 50, respectively (Li et al. 2014).
Moreover, The OC is easily affected by geno-
type, as the broad-sense heritability (H2) values
of OC trait are higher than those of PC trait. The
high correlation coefficient (r = —0.66) between

OC and PC indicates that the OC and PC traits
have the significant and negative correlation (Li
et al. 2014).

In order to analyze the inheritance of oil and
protein contents, Culp (1959) primarily investi-
gated the phenotype of the cross N124 x K8.
The oil and protein content presented the high
broad-sense heritability value of about 50% and
60%, respectively. One or two genes were esti-
mated to determine the inheritance of oil content,
while one gene determined the protein content.
Murty (1975) examined the oil and protein con-
tents and other six agronomic traits within a
complete diallel cross of 10 sesame varieties. The
oil and protein contents of the 10 parents varied
from 40.53—48.11%, to 16.83—24.48%, respec-
tively. Combining ability analyses revealed that
the specific combining ability was high for pro-
tein content, while the heterosis was insignificant
for oil content. Banerjee and Kole (2009a)
investigated the genetic architecture of the five
physiological parameters and oil content and oil
yield per plant in seven sesame genotypes and
their 21 F,; and F, progeny. The results showed
that the additive gene action for OC was pre-
dominant in F;, while non-additive gene action
in F,. Fatteh et al. (1982) studied the genetic
variation of the oil content using a diallel cross
set among the 6 sesame lines. The non-additive
type of genetic variation appeared contributing to
oil content. Furthermore, Chandramony and
Nayer (1988) performed diallel analysis of six
varieties and indicated that oil content was con-
trolled by non-additive gene action. Mansouri
and Ahmadi (1998) studied the combining ability
for seven sesame lines crossed in diallel style and
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found that the genetic variance for oil content
resulted from the additive gene action.

Das and Gupta (1999) reported that both
additive and non-additive genetic variance were
equally important for oil content. Saravanan et al.
(2000) reported that both SCA (specific com-
bining ability) and GCA (general combining
ability) variance were significant for oil content.
Sankar and Kumar (2003) observed the signifi-
cant additive and non-additive genetic effects for
oil content. However, some scientists reported
that additive genetic variance was more impor-
tant for oil content (Saravanan et al. 2003; Vid-
hyavathi et al. 2005). Babu et al. (2004)
estimated the genetic characters of oil content in
18 white-seeded sesame genotypes. Low heri-
tability and narrow variability range in the
advanced generations were observed and indi-
cated the preponderance of non-additive gene
action. Thereby the potential to improve the oil
content trait through advanced generation selec-
tion would be limited. Kumar and Vivekanandan
(2009) and Kumar et al. (2012) also reported the
predominance of non-additive gene action in the
inheritance of oil content. Meanwhile, El-
Bramawy and Shaban (2008) studied the gene
action for the oil content in 6 x 6 half-diallel
progenies (F;) and detected the preponderance of
non-additive genetic variance. Overdominance
and the positive and negative gene effects were
symmetrical or nearly symmetrical with respect
to this trait. Sumathi and Muralidharan (2009)
analyzed the gene action and the heterosis using
11 genotypes including five lines and six testers.
SCA variance was greater than GCA variance for
oil content trait, suggesting the predominance of
non-additive components. According to line x
tester analysis of 19 parents and 90 crosses in
sesame, Yamanura and Nadaf (2009) proved that
the oil content trait was determined by the pre-
dominance of non-additive gene action and could
be improved by biparental mating. Sumathi and
Muralidharan (2014) performed a field experi-
ment with five sesame genotypes and six cross
combinations and the six generations to estimate

L. Wei et al.

the gene effects for oil content. None of the
crosses exhibited additive genetic variance for
the trait. Meanwhile, EL-Satar et al. (2016)
analyzed the gene action for the oil content with
21 F, crosses of seven lines and three testers. The
specific combining ability variance was much
higher than the general combining ability vari-
ance, indicating the preponderance of dominance
gene action for the oil content trait.

4.6.2 Sesamin and Sesamolin
Content

Sesamin and sesamolin are the two major com-
ponents of oil-soluble lignans in sesame seeds
(Wang et al. 2012; Zhang et al. 2019). Ogata and
Kato (2016) reported that the sesamin and sesa-
molin contents in sesame fit an additive-
dominant model without the influence of epista-
sis. The additive variance exceeded the domi-
nance variance in both contents, as the average
degree of dominance was 0.58—0.88. Most of the
dominance effects reduced these contents. The
sense heritability was high, ranging from 0.859
to 0.903. For the sesamin and sesamolin con-
tents, no major differences were observed
between the F; and F, progeny. There was a
statistically significant and positive correlation
with each other in each generation. Thus the
content of sesamin and sesamolin would be
controlled by a common polygenic system.
Selecting new sesame lines with high sesamin
and sesamolin contents based on the phenotype
of low generations should be effective.

4.6.3 Seed Coat Type

Seed coat type (including seed coat color,
roughness, and hardness) affects the commodity
quality of sesame. The gene interaction of seed
coat color (from white to black), roughness (from
rough to smooth), and hardness (from stiff to
tender) traits have been studied in sesame. The
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results showed that the above two traits were
under the control of single gene. As to the seed
coat color, the inheritance is complex (Culp
1959; Shahidi et al. 2006; El-Bramawy and
Shaban 2008; Kanu 2011; Zhang et al. 2012).

4.6.4 Seed Coat Hardness

The inheritance of seed coat hardness (stiffness
or tenderness) in sesame has been studied since
the early twentieth century (Nohara 1930). The
stiffness of the seed coat of black-and brown-coat
seeds is chiefly due to the thickening of the lower
part of the side wall in the epidermal cells with
which a deposition of something like the crystals
of calcium oxalate on the bottom wall is com-
pletely linked. The tenderness of the white seeds
is due to the natural wall of the epidermal cells
contrary to the above stiff seed coat. The hered-
itary nature of stiffness to tenderness seed coat
trait follows the simple Mendelian rule, as the
stiffness is dominant over the tenderness with the
heterozygotes segregation ratio (stiffness: ten-
derness = 3:1) in the F, generation.

4.6.5 Seed Coat Color

The two sesame lines (K8: smooth seed coat
type; N124: rough seed coat type) used as parents
in Culp (1959) study to investigate the inheri-
tance of seed coat type in sesame. The F,, and
BC, (F; x N124) plants possessed rough seed,
indicating dominance of this character. The F,
generation of 252 plants consisted of 185 rough
and 67 smooth seeded plants. This segregation
conforms to an expected 3:1 ratio (Chi-
square = 0.339). The BC, (F; x K8) of 112
plants was composed of 49 rough and 63 smooth
seeded segregates. This conforms to an expected
1:1 ratio (Chi-square = 1.750). The above results
indicate the presence of rough or smooth seed
coat type is simply inherited and is conditioned
by one pair of genes with rough seed coat
dominant.

Seed coat color is a commercial trait in
sesame. Seed coat color is also associated with
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antioxidant content and activity, seed biochemi-
cal properties, disease resistance level, and even
genus evolution character (Budowski and
Markley 1951; Nakimi 1995; Shahidi et al. 2006;
El-Bramawy and Shaban 2008; Kanu 2011;
Zhang et al. 2012, 2013). Thus, the inheritance of
sesame seed coat color has been studied over a
long period. In sesame, three indicators, L*, a*,
and b* are used to exhibit the variance of the
seed coat color trait. Of the 763 worldwide
sesame accessions cultivated in 2017, the values
of L* a* and b* ranged from 15.17~67.21,
—0.07 ~14.84, —0.5~30.29, respectively
(Unpublished data, Haiyang Zhang,).

Nohara (1933) primarily performed a cross
between a white-seeded and a black-seeded
sesame accession, and found the ratio of black:
dark brown: pale brown: white seed coat color
accorded with 9:3:3:1. Seed coat color trait
should be controlled by two genes. Sikka and
Gupta (1947) also proved that black cost color is
invariably dominant and seed coat color is reg-
ulated by two genes. Gutierrez et al. (1994)
found that black is the dominant testa color, and
light brown was observed to be partially domi-
nant over white. The results showed that the seed
coat color trait is controlled by two independent
genes with complementary effects and complete
dominance at each locus. However, genetic
analysis results of the F, generation in black X
light brown and black x white crosses revealed
that one gene had complete dominance and
supplemented the effects of other genes control-
ling basic testa colors. Baydar and Turgut (2000)
reported that the colored seed was dominant over
white seed. However, F, generations exhibited
3:1 segregation ratio, as well as 9:4:3 and 9:3:4
ratios, indicating the inheritance of both com-
plete dominance and epistatic action types.

In addition, Falusi (2007) performed the
genetic analysis of crosses from nine sesame
accessions and demonstrated that seed color had
a complex genetic basis. Different gene actions
were responsible for the expression of the trait.
Single gene action was observed in three crosses
and two gene action in two crosses. In the sixth
cross involving white and black seeded parents,
an array of white, black, brownish-white, and
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brown colors were observed in the F, and
revealed the complex genetic nature. Results also
indicated that plants with the same seed color
might be under different genotype constitution.
Pandey et al. (2013) studied the genetic base of
sesame seed color using the five crosses derived
from different varieties with white, beige, or
various shades of brown color. In general, tetra-
genic model corroborated with the color combi-
nations. The color beige seemed fixable as well
as suppressive over other colors. In white seeded
lines, several genes co-existed and produced
segregants in F, generation. Two loci, Gr and I,
regulated the suppression or intensification of
pigment production. Two major genes, V and
B were accountable for basic color production.
The recessive allele ‘b’ tightly linked with ‘r’,
resulted in beige color which suppressed the
effect either of the loci V and B. In recent years,
Zhang et al. (2013) analyzed genetic segregations
of the six generations of a cross and performed
the quantitative trait loci (QTL) for sesame seed
coat color. The results showed that two major
genes with additive-dominant-epistatic effects
along with polygenes controlled the seed coat
color trait in sesame.

4.7 Disease Resistance in Sesame

For sesame, the seed yield and quality are always
affected by biotic (such as diseases and insects)
and abiotic (such as waterlogging, drought, and
wind) stresses (Rajput et al. 1998; Verma et al.
2005; Yuan et al. 2018). There are at least eight
fungal diseases underlying the economical attack
to sesame in the worldwide production areas
(Kolte 1985). Especially, the three diseases, i.e.,
Fusarium wilt, charcoal rot, and Alternaria leaf
spot is the most important diseases which usually
cause about 25-40% of yield losses in sesame
(El-Bramawy 2003, 2006; El-Bramawy and
Shaban 2008). Enhancing the disease resistance
of the host plants to pathogens is the principal
approach to reduce the yield loss induced by
diseases. Meanwhile, clarifying the inheritance
pattern of disease resistance is prerequisite to
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realize the entire improvement of the disease

resistance in sesame varieties.

Fusarium Wilt Disease
Resistance

4.7.1

Sesame Fusarium wilt (SFW) disease is one
worldwide disease in sesame and can cause 15—
30% of the yield loss annually (Bedigian and
Harlan 1986; Verma et al. 2005). SFW is induced
by Fusarium oxysporum f. sp. sesami (FOS).
SFW disease is primarily found in Egypt, India,
the Soviet Union, and other sesame production
countries since 1920s. Besides host genotypes
and environmental factors, the Fusarium wilt
resistance level of a sesame variety can be
affected by pathogen races and pathogenicity
(Qiu et al. 2014; Miao et al. 2019). In recent a
few years, the Chinese sesame scientists sys-
tematically observed the SFW infection in hun-
dreds of sesame germplasm accessions under the
artificial nursery (Yuanyang experimental sta-
tion, China) in successive two years (Fig. 4.1)
and determined the Fusarium wilt infection
scales according to the disease index (DI) (Qiu
et al. 2014; Miao et al. 2019).

The disease index was calculated according to
the following formula:

(S x ny)

DI =
2n

x 100

DI: disease index; s; symptom grade; n;:
plants infected by Fusarium wilt pathogen; N:
total plant number.

There are five grades from the highly resistant
(HR) to highly susceptible (HS) with the suc-
cessive DI value scales (Table 4.10).

For the two groups of the susceptible sesame
varieties or lines inoculated with FOS strains in
2015 and 2017, the peak value of DI appeared at
the mature stage, with a high DI of more than 55.
However, the key stages leading to the DI
increase were mainly from budding to early
flowering stage (about in the middle of July) and
the full flowering stage (from the middle to the
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Fig. 4.1 Disease index (DI) variation of susceptible
sesame varieties inoculated with FOS strains in nursery
during two seasons. All the varieties were grown in the
Yuanyang Fusarium wilt disease nursery (E 113.97°, N
35.05°). The nursery was inoculated with five FOS strains

end of August) (Unpublished data, Haiyang
Zhang) (Fig. 4.1).

As shown in Fig. 4.1, in each of the 20
sesame varieties with high susceptibility to FOS
strains, the value of DI variation rapidly
increased mainly at seedling and flowering stages
(Unpublished data, Haiyang Zhang). In order to

with high pathogenicity. a: DI variation of 20 varieties
highly susceptible to Fusarium wilt grown in 2015. b: DI
variation of 20 varieties highly susceptible to Fusarium
wilt grown in 2017 (Provided by Hongmei Miao)

explore the genetic inheritance of sesame germ-
plasm to FOS pathogen, the Fusarium wilt
resistance of the 112 lines of F,; progeny
derived from the cross JS012 x DS899 and the
parents were evaluated using the laboratory
detection method described by Qiu et al. (2014).
The results showed that two FW resistance QTLs
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were determined with the high R? values of 0.11
and 0.15, respectively (Unpublished data,
Haiyang Zhang).

In the past few decades, sesame researchers
performed the Fusarium wilt resistance evalua-
tion of sesame germplasm accessions and cross
lines under the natural field or artificial nursery
conditions and found that the SFW resistance
trait was complex with different gene interaction
effects in various cross combinations (Wang
et al. 1993; El-Bramawy 2006). Wang et al.
(1993) systematically investigated the Fusarium
wilt resistance in F;, F,, and backcross genera-
tions of diallel crosses of five sesame varieties at
full flowering stage. Analysis results indicated
that the inheritance of the resistance to FOS was
mainly controlled by additive gene -effect.
The GCA of disease index was the most signif-
icant in F; and F,, while some crosses presented
the gene interaction effects. Meanwhile, El-
Bramawy (2006) observed two generations (F5
and F,) derived from the 15 crosses during two
successive seasons. All the samples were cul-
tured under natural inoculation of FOS patho-
gens. The results showed that the heritability for
Fusarium wilt resistance in sesame was very
high (more than 95%) in both generations. The
screened lines with the highest significant cor-
relation could be applied for new variety breed-
ing (El-Bramawy 2006). Subsequently, El-
Bramawy and Shaban (2008) investigated the
Fusarium wilt resistance of 15 F; and six parents
and detected that the infection percent of the 21
groups varied from 6.12% to 30.10%. Besides a
predominance of dominance components, addi-
tive and non-additive components of genetic
variance were found contributing to the inheri-
tance behavior of the resistance. In addition, the
additive, dominance, and epistatic components of
genetic variation were also detected in some
cross families (Bakheit et al. 2000).

4.7.2 Charcoal Stem Rot Resistance

Charcoal stem rot disease (CSR) is one of the
most important worldwide diseases for sesame
(Rajput et al. 1998; El-Bramawy, and Wahid

2006), as it is destructive in all stages of sesame
cycle and can cause about 5-100% of the yield
loss (Vyas 1981). CSR is caused by
Macrophomina phaseolina (Tassi.) Goid. The
most common symptom of the charcoal rot dis-
ease is the sudden wilting mainly at the flowering
stage. The stem and root of the infected plants
always get black rapidly due to severe tissue
destruction by  Macrophomina  pathogen
(Fig. 4.2).

As the infection of charcoal rot disease is
related with the genotypes and environments,
Zhang and Feng (2006) set up the charcoal rot
resistance evaluation standard for sesame. The
investigation time is the day by which over 50%
plants in a population present the charcoal rot
symptoms during flowering stage. The disease
degree is designed as follows: O: normal plant
without disease spots; 1: less than 1/3 of the plant
and less than 1/4 of the capsules on plant exhibit
charcoal rot; 3 : 1/3 to 2/3 of the plant and 1/4 to
172 of the capsules on plant exhibit charcoal rot;
5: over 2/3 of the plant and 1/2 to 3/4 of the
capsules on plant exhibit charcoal rot; and
7: plant dead (Zhang and Feng 2006; Wang et al.

Fig. 4.2 Symptoms of charcoal stem rot disease in
sesame. Left image indicates the initial symptom. Right
image indicates later symptom of charcoal rot disease.
(Provided by Hongyan Liu)
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2017). The disease index (DI) was calculated
based on the following formula:

DIN = 3 = 1(x; x 1)/(7 xS = lx,-), i=1,3,5 ad7
(where Xi represents the plant number with dis-
ease degree I).

Meanwhile, Thiyagu et al. (2007) established
the artificial screening and sick plot methods to
evaluate the resistance of sesame genotypes to
charcoal rot disease. The resistance was classified
into five grades with the corresponding infection
percentages, i.e., resistant, moderately resistant,
moderately susceptible, susceptible, and highly
susceptible (Dinakaran and Mohammed 2001).

To reveal the genetic character of resistance to
charcoal rot in sesame, El-Bramawy and Wahid
(2006) analyzed the charcoal rot resistance of the
F; and F, generations of 6 x 6 diallele crosses
under natural infection conditions in 2004 and
2005. The results presented the significant dif-
ferences of the charcoal rot resistance level in
various crosses and the characters of quantitative
trait in sesame. Regress analysis indicated that
seed yield, branch number, and seed color were
significantly correlated with the infection percent
of charcoal rot and Fusarium wilt in sesame (El-
Bramawy and Wahid 2006; El-Bramawy and
Shaban 2008). Li and Zhang (1984) investigated
the resistance to charcoal stem rot in F; progeny
of 28 crosses and eight parents in the successive
two years. The results reflected that some F,
progeny presented heterosis in disease resistance.
The resistance variation in different crosses was
significant and the resistance to charcoal rot was
controlled by dominant genes. Considering the
heterosis and dominant gene effect, screening the
elite homozygous lines with high disease resis-
tance from the low generation progeny seems
uneasy (Li and Zhang 1984). Similarly, Sin-
hamahapatra and Das (1992) analyzed the com-
bining ability analysis of a 9 x 9 diallel set of
sesame genotypes under artificial infection plot
inoculated with Macraphamina phasealina
pathogen. The results revealed that the domi-
nance component played a major role in con-
trolling the charcoal rot resistance in the
population.
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El-Bramawy and Shaban (2008) investigated
the charcoal rot disease resistance of the 15 F;
and 6 parents under greenhouse conditions
according to the method of Ahmad et al. (2002).
The charcoal rot infection ratio of the 21 groups
of samples varied from 2.95 to 24.11%. Similar
to FOS resistance, the inheritance behavior for
charcoal rot resistance should be controlled by
both additive and non-additive components with
a preponderance of non-additive genetic vari-
ance. The parents possessed mostly negative
genes in dominant form with respect to resistance
to charcoal rot trait. Moreover, Pandey et al.
(2017) prove that both dominant and additive
gene actions were involved in the charcoal rot
resistance in sesame, and the magnitude of
dominance gene effects was high. The genetic
analysis indicates that the parents with high
resistance to charcoal rot could be used as elite
materials for disease resistance breeding of new
sesame varieties.

4.7.3 Leaf Disease Resistance

Leaf diseases are common diseases in sesame
(Fig. 4.3). There are five main worldwide leaf
diseases in sesame, i.e., sesame leaf blight caused
by Helminthosporium sesami Miyake, Alternaria
leaf spot (or black spot) caused by Alternaria
sesami (Kawamura) Mohanty et Behera,
Nigrospora leaf blight by Nigrospora sphaerica,
brown spot byAscochyta sesami Miura, and
Corynespora blight (or Corynespora blight spot)
by Corynespora cassiicola (Berk and Curt)
(Fungi Identification Manual (First edition), Crop
Diseases and Insect Pests in China (Second edi-
tion) (Naik et al. 2003; Sun 2006; Zhao et al.
2014). Independently, leaf blight disease can
cause the infection of 30—40% of the population
and always result in serious losses for sesame
production (Zhao et al. 2014). Some leaf diseases
such as Alternaria leaf spot can cause seed rot,
pre-or post-emergence death of seedlings, infect
all the above-ground parts, and result in consid-
erable yield loss and seed quality (Naik et al.
2003).
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Fig. 4.3 Symptoms of
sesame leaf diseases. a:
Sesame leaf blight in leaf; b:
Sesame leaf blight in capsule;
c: Sesame Alternaria leaf spot
in leaf; d: Sesame brown spot
in leaf; e: Sesame
Corynespora leaf spot in leaf;
f: Sesame Corynespora leaf
spot in stem (Provided by
Hongyan Liu)

In sesame fields, two or more leaf diseases
often occur simultaneously in a population. Thus,
performing the genetic analysis of leaf disease
seems more difficult. Till now only several leaf
diseases are applied for the genetic inheritance in
sesame. El-Bramawy and Shaban (2008) ana-
lyzed the Alternaria leaf spot resistance of 45 d-
old sesame plants under greenhouse conditions in
2005 and 2006. All the seedlings were sprayed
with Alternaria leaf spore suspension (2 x 10°
spore per mL) and the disease syndrome was
assessed 1 week after inoculation according to
the method of Karunanithi (1996). The resistance
to Alternaria leaf spot presented mostly additive
variance. In order to explore the inheritance of
Alternaria blight resistance in sesame, Esh-
warappa (2010) investigated the cross RT-273
(resistant) x Gulbarga local black (susceptible)
and determined that the resistance to Alternaria
blight disease is controlled by single dominant
gene. Testing analysis of the F3 and F, families
under field condition confirmed the single dom-
inance of the gene action (Deepa 2010;
Goudappagoudar et al. 2014).

b i

4.7.4 Powdery Mildew Disease
Resistance

Powdery mildew disease is caused by Oidium
acanthospermi (Childarwar) and can result in
50% yield losses in sesame (Venkata et al. 2013).
Powdery mildew mainly occurs in India and
some countries with heavy rainfall environment.
To precisely investigate the disease resistance,
Rao et al. (2012) scored the disease intensity
using the six grades (from O to 9) (Table 4.11).
Based on the percentage disease index (PDI), the
disease resistance is grouped into four categories,
i.e., 0: indicates immune (I), 1-30: resistant (R),
31-50: moderately resistant (MR)/tolerant (T),
and 51-100: susceptible (S) (Raja 1990).

The resistance level to powdery mildew dis-
ease is determined using the percentage disease
index (PDI) according to the following formula
described by McKinney (1923) (Rao et al. 2012).

Sum of grades

PID =
Total number of leaves analysed x Maximum disease grade x

100
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To efficiently evaluate the disease resistance,
Venkata et al. (2013) established the powdery
mildew disease screening method. In the early
1970s, scientists initiated cross combinations and
resistance gene action analysis. Some reports
showed that two major genes with complemen-
tary gene action were involved in the resistance
to powdery mildew disease in sesame (Raja
Ravindran and Rathinam 1996; Rao et al. 2012;
Reddy and Haripriya 1990). Moreover, Rao et al.
(2012) investigated the powdery mildew toler-
ance of the 6 generations derived from the cross
PKDS 37 x Swethatil under natural field con-
ditions. The results indicated that the resistance
to powdery mildew was recessive and should be
controlled by two independent recessive genes
with complementary epistasis (Rao et al. 2012).
Similarly, Sravani et al. (2012) reported that the
resistance to powdery mildew disease was gov-
erned by two pairs of recessive genes. Venkata
et al. (2013) found that the susceptibility was
dominant over the resistance phenotype using
new evaluation method. The different results
might be resulted from the various resistant
sources.

4.7.5 Phyllody Resistance

Phyllody is one of the most destructive diseases
in sesame and causes serious yield losses. Phyl-
lody is caused by a pleomorphic mycoplasma-
like organism (phytoplasma) and could be
transmitted by leaf hopper (Vasudeva and
Sahambi 1955; Ustun et al. 2017). In general, the
shoots of infected plants present shorten intern-
ode with high dense leaves, and plants grow
stunted. Meanwhile, the floral organs keep green
with leaf-like shape (Win et al. 2010). As a
result, the infected plants hardly form normal
flowers, capsules, and seeds and result in obvious
yield loss.

Reliable screening methods for phytoplasma
inoculation were described by Singh et al.
(2007). Periwinkle was applied as an alternate
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host to transmit the disease to healthy sesame
plants through dodder (Cuscuta campestris)
transmission (Singh et al. 2007). Dodders were
used as the bridge between the recipient host
(healthy sesame) and the donor plant. As to the
resistance inheritance to phyllody, the gene
action type of the trait in sesame has been studied
with so many populations and crosses. Most
results showed that the resistance to phyllody is
mainly controlled by one or two genes in sesame.
For instance, Saravanan et al. (2003) reported
that additive genetic variance was more impor-
tant for phyllody occurrence. Naik et al. (2011)
studied the inheritance pattern of phyllody
resistance with the cross derived from a resistant
landraces Tamil Nadu local (TNL) and a sus-
ceptible cultivar E8. The segregation analysis of
a total of 149 F3 families revealed that phyllody
resistance is under the control of two dominant
genes with complementary gene action (9:7).
Singh et al. (2007) selected three intra- and two
inter-specific crosses to study the inheritance of
phyllody resistance, whereas two each intra- and
interspecific crosses were identified to test the
allelic relationship between resistant genes. The
segregation analysis of F, and the backcross of
the intraspecific crosses revealed that a single
recessive gene controlled phyllody resistance,
whereas the results of the interspecific combi-
nations suggested the involvement of a single
dominant gene. Allelic test on intraspecific
crosses revealed the recessive resistance by two
independent non-allelic genes exhibiting dupli-
cate dominance, whereas the interspecific crosses
presented the dominance nature of the resistance
resulted from the involvement of one dominant
and one recessive gene.

4.8 Insects Resistance in Sesame

Besides the above factors, insects are also a
major limit to high and stable yield for sesame
production. About 65 species of insects can



114

attack sesame at different growth and develop-
ment stages (Ahuja and Bkhetia 1995).

4.8.1 Gall Midge Resistance

Sesame gall midge is caused by Asphondylia
sesami Felt. To understand the genetic character
and the resistance mode to gall midge, Ubor et al
(2015) screened the gall midge resistance using
30 sesame genotypes and the crosses under field
conditions. The result showed that non-additive
gene action took the function in the inheritance
of resistance to gall midge. Cross analysis indi-
cated that the additive and non-additive gene
actions simultaneously controlled the inheritance
of the resistance. Estimation of the genetic effects
for the resistance presented the predominance of
additive and additive x additive type of epista-
sis, even though dominance also had a role in the
cross Sesiml x 7020-1-2.

4.8.2 Shoot Webber Resistance

Foliage feeder shoot webber (Antigastra cata-
launalis D.) occurs widely in most sesame
growing regions. Shoot webber can cause huge
damage up to 40% of population in India espe-
cially in Tamil Nadu (Abraham et al. 1977).
Gnanasekaran et al. (2010) analyzed the gene
action of the resistance to shoot webber using
eight varieties with high yield level and five
genotypes with high resistance to shoot webber.
The results indicated that the resistance to shoot
webber in the samples was highly influenced by
non-additive gene action.
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5.1 Introduction

At present, there are about 20,000 sesame
germplasm accessions in the world. Most of the
sesame germplasm materials are preserved in
South Korea, India, China, and some African
countries. Of which, 6658 accessions are pre-
served by National Bureau of Plant Genetic
Resources (NBPGR) in India, 7698 accessions in
South Korea, and more than 6000 accessions in
China (Pei et al. 2014; Gong et al. 2016).
Meanwhile, the USA, Japan, Venezula, Kenya,
Senegal, Tanzania, and several other African
countries also preserve some sesame germplasm
accessions including some wild species (Personal
communication, H. Zhang). In order to enhance
the genetics and breeding research in sesame, the
Chinese scientists initiated sesame germplasm
collection and creation of genetic variability
since 1950s. Till now, China has become one of
the few countries constructing the sesame core
germplasm population. Abundant germplasm
resources provide the material basis for improv-
ing the genetics and breeding research in sesame.
However, we have to keep in mind that sesame
(8. indicum) is the sole Sesamum species that are
directly cultivated for seed production. The rel-
atively narrow genetic base limits the progress of
the world sesame breeding. Especially, elite
accessions with immunity to biotic stresses (in-
cluding Fusarium wilt, Charcoal rot, and other
major diseases), or significantly high resistance
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or tolerance to capsule shattering and abiotic
stresses (including waterlogging, low tempera-
ture, and other abiotic stresses) are hardly
detected from the naturally cultivated sesame
reservoirs (Langham 2007; Qiu et al. 2014;
Zhang et al. 2019). Therefore, creating new lines
with desirable traits is a prerequisite for sesame
breeding. Besides pedigree selection, mutation
induction is the most effective technique for
sesame variety improvement (Ashri 2001). Here
we summarize progress in mutagenesis and
thereby creation of new sesame germplasm
accessions. Description of some key mutants
with determinacy, dwarf, and other elite traits are
also introduced.

5.2 Germplasm Creation
Techniques

For sesame, the common mutagenesis method to
induce mutants includes physical mutagenesis
(such as X-ray, y-ray, and fast neutron) and
chemical mutagenesis (such as ethylmethane
sulphonate (EMS), sodium azide, diethyl sul-
phate, and colchicine) (Ashri 1998; Muhammad
et al. 2013). Scientists initiated physical and
chemical mutagenesis research in sesame in the
1950s (Shi 1991). Most studies mainly focused
on the optimization of the mutagen dosage and
the treat time to determine the high efficiency of
the mutagenesis techniques. Subsequently, space
mutation, ion implantation, and hybridization
breeding methods were gradually introduced into
sesame breeding. In the 1990s, the Plant Breed-
ing and Genetics Section (PBGS) of the Joint
FAO/TAEA Division provided the coordinated
research project (CRP) and stimulated the
mutation induction and variety improvement in
sesame (Zhang et al. 2019). As a result, world-
wide sesame scientists from South Korea, China,
Egypt, India, Japan, Israel, and several other
countries performed the mutagenesis research in
sesame. About 140 sesame mutants involved in
several important agronomic traits and the dis-
ease resistances were created and reported (Ashri
1998, 2001; Van Zanten 2001; Kumari et al.
2016). In the past two decades, more mutants
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with short internode length and plant height,
determinate inflorescence, high oil content, and
other key elite traits were created and utilized for
sesame variety improvement (Ramadoss et al.
2014; Begum and Dasgupta 2015; Zhang et al.
2016; Wang et al. 2017; Miao et al. 2020).

5.2.1 Physical Mutagenesis

Physical mutagens such as ultraviolet, X-ray, -
ray, fast neutron, laser, microwave, and ion beam
are effective reagents to induce new lines (Ashri
1998, 2001; Melzer et al. 2008). Especially X-
rays, gamma rays, and fast neutrons are very
common for sesame (Shi 1991; Uzun and
Cagirgan 2009; Diouf et al. 2010). For example,
the famous df2-typemutant with determinate
inflorescence was induced by y-ray (5000 Grey)
(Ashri 1998). Differing from another determinate
mutant DS899 (drl type) induced by EMS
mutagenesis, the df2 mutation-induced by y-ray
resulted from the loss of a long DNA sequence
containing the SiDt gene in sesame (Zhang et al.
2016).

Different sesame accessions present various
resistance levels to mutagens to some extent.
Pathirana (1994) found that the seeds of variety
MI3 were more resistant to irradiation than MI2.
Ramadoss et al. (2014) investigated the mutation
efficiency of two genotypes TTVS 51 and TTVS
19 mutated by y-rays and found that the high
frequency of viable mutants was observed in the
M, population with 450 Gy inducement condi-
tion. The visible mutation was involved in
branching habit, plant height, phyllotaxy, the
height to the first capsule, flower morphology,
internode length, seed characters, and other
agronomic traits. Further heritability studies
confirmed that the M5 bulk population of the
radiated seeds induced under low dose (such as
250 Gy and 350 Gy) seemed more effective for
mutant screening (Ramadoss et al. 2014).

As to fast neutron irradiation (FNI), Murty
and Bhatia (1990) obtained a mutant (N29) with
polypetalous corolla and no corolla lobes from
the M, generation of CV.N.62-32 induced with
1.6 KR fast neutrons. Muhammad et al. (2013)
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compared the tolerance level of the two cultivars
Ex-Sudan and Kenana-4 with a flux of 1.5 x 104
ncm 2 s~ ', The results suggested that 12 and 16
uSv were the most effective dose to induce
mutants with high yield potential.

5.2.2 Chemical Mutation Techniques

For sesame, the main chemical mutagens include
EMS, sodium azide, diethyl sulphate, and
colchicines (Shi 1991; Wang et al. 2017). Of
which EMS is the most popular and widely
applied for in sesame for the high convenience
and efficiency (Kumar and Yadav 2010; Anbar-
asan et al. 2013, 2014, 2015; Wang et al. 2017).

Systematical research of EMS mutagenesis
technique in sesame was initiated since the late
twentieth century (Shi 1991; Begum and Das-
gupta 2010; Lv et al. 2011; Kumar et al. 2012;
Anbarasan et al. 2013; Kumari et al. 2016; Wang
et al. 2017). Anbarasan et al. (2013) treated the
sesame seeds with various EMS concentrations
ranging from 0.2 to 2.0 mM. The mutation effi-
ciency was evaluated based on the seed germi-
nation rate (%) of the 5th and 10th-day seedlings.
The seedling height (shoot length), root length,
and lateral branch number per primary root were
also investigated and compared. As a result,
1.0 mM EMS touched the LD50 value (the 50%
reduction of seed germination and seedling
growth). In order to determine the optimal EMS
concentration and the highest mutation efficiency
in sesame, Wang et al. (2017) compared the
mutation induction effects of the 15 treatment
combinations with various EMS concentrations
(0.1-2.0%) and treatment time (624 h). The
results showed that the four treatment conditions
(0.5%/24 h, 1.0%/24 h, 1.0%/12 h, and 1.5%/
6 h) are the most suitable conditions for sesame.
The mutation frequency touched to 0.80% or
higher. For M, and M3 generations of the visible
mutants, 23.71% mutation could be stably des-
cended to the progenies (Wang et al. 2017).

In order to induce the genetic variation of
growth and yield traits in sesame, Salisu et al.
(2011) performed chemical mutagenesis through
colchicine treatments (including 0.1, 0.5, 1.0, and
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2.0 mM) on the seeds of two varieties (var. Ex-
Sudan and E-8). Some agronomic traits including
germination percent, leaf number per plant,
internode length, leaf area, plant height at
maturity, and several yield-related traits were
significantly and negatively affected (P < 0.01)
with the increase of colchicine concentration.
Meanwhile, some mutants with chlorophyll
deficiency were also detected in the mutant
population. The results suggested that low con-
centration of colchicine was suitable to induce
the genetic variation of yield-related traits in
sesame.

In recent years, mutagenesis studies mainly
focused on the comparison analyses of various
mutagens and mutation approach combinations
(Begum and Dasgupta 2010; Boranayaka et al.
2010; Ravichandran and Jayakumar 2015).
Especially, the effects of y-rays and EMS with
different concentration combinations on sesame
were systematically investigated (Begum and
Dasgupta 2010; Anbarasan et al. 2015). Com-
parison analysis results proved that the induce-
ment efficiency of EMS (0.5, 1.0, 1.5, and 2.0%)
was much higher than that of y-rays (200, 400,
and 600 Gy). The lowest concentration of y-rays
(200 Gy) and EMS (0.5%) could induce the
highest mutation efficiency in the studied geno-
types (Begum and Dasgupta 2010). Meanwhile,
Boranayaka et al. (2010) performed the treat-
ments of y-rays of 0Co (10, 20, 30, 40, and 50
krad) followed by EMS treatment (0.8, 1.0, 1.2,
1.4, and 1.6%) on seeds of two genotypes. The
reduction of seed germination rate was more
evident than other traits. Begum and Dasgupta
(2011) assessed the extents of variability and
heritability of the seed yield trait and yield
components in the mutant populations of three
sesame genotypes induced by y-rays and EMS,
respectively. The results reflected that lower
doses of the physical and the chemical mutagens
were more effective for mutation induction in
sesame. EMS was more suitable to produce
polygenic variability than vy-rays. 0.5% EMS
appeared to be the best for creating new lines
with high yield potential in early generations.
Similarly, Ravichandran and Jayakumar (2015)
studied the mutation efficiency of 7y-rays and
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EMS and proved that vy-irradiation was more
effective to induce mutation than EMS treatment
in sesame. Moreover, Anbarasan et al. (2015)
compared the effects and the mutation efficiency
of EMS (0.6, 0.8, 1.0 1.2, and 1.4 mM), y-rays
(30, 40, 50, 60, and 70 KR), and their combi-
nations (30 KR + 0.6 mM, 40 KR + 0.8 mM, 50
KR + 1.0 mM, 60 KR + 1.2 mM, and 70 KR +
1.4 mM) on M; and M, mutant generations of
sesame variety TMV3. In M, generation, the
reduction of seed germination, survivability, and
seedling height traits was observed. Mutation
effect and efficiency were positively affected by
mutagen number and dose concentration.

5.3 Sesame Mutant Library and Key
Mutants

To our knowledge, a great number of new
sesame mutants involved in seed yield, seed
quality, plant growth and development rhythm,
resistance (or tolerance) to abiotic and biotic
stresses, or other key agronomic traits have been
created via various mutagenesis techniques
(Murty 1988; Kang et al. 1994; Wang et al. 2017;
Zhang et al. 2019). In 1989, a narrow-leaf mutant
was induced by the EMS from the M, progeny of
var. Ven-52. The leaf vestige existed around the
veins (Murty and Oropeza 1989). Pathirana
(1991) identified 21 sesame lines induced by
gamma ray induction and detected the high tol-
erance to phytophthora blight. 450 and 600 Gy
could produce more lines with high tolerance to
phytophthora blight than 100, 200, 300, and 750.
Rajput et al. (1994) screened the population
induced through vy-irradiation and found some
mutants with early flowering date, short plant
height, branching type, and high yield traits.
Notably, some mutants with determinate
flowering habit, short internode, short stalk, short
flowering period, male sterility, resistance to
diseases and waterlogging, or other elite traits
have been applied for genetics and breeding
research in recent years (Cagirgan 2001; Abra-
ham 2012; Zhang et al. 2016; Wang et al. 2017,
Yu et al. 2017; Miao et al. 2020) (Table 5.1).
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In the past decades, Chinese scientists con-
structed a sesame mutant library containing over
60,000 lines using a sibling of var. Yuzhi 11
through EMS mutagenesis approach (Wang et al.
2017; Zhang et al. 2019; Miao et al. 2020). Of
these more than 1000 visible mutants involving
dozens of agronomic and botanic traits have been
identified and evaluated (Unpublished data,
Haiyang Zhang). For the mutant library, 27
agronomic traits of the six trait groups including
‘leaf type’, ‘plant type’, ‘flower and fertility’,
‘capsule and seed characters’, ‘other physical
traits’, and ‘disease resistance and herbicide
resistance’ are applied to screen mutants. In
particular, the determinate mutant DS899
(dr1 type) and the short-internode mutant Dw607
created by EMS exhibited the importance of
mutagenesis technique in sesame breeding
(Zhang et al. 2016; Miao et al. 2020). In 2015,
based on the above two mutants, the first gen-
eration of Chinese sesame varieties with high
adaption for mechanized cultivation, such as
Yuzhi DS899 and Yuzhi Dw607 was bred by
HAAS, China (Table 5.1).

5.4 Mutants Related to Botanic
Traits

Previous reports described some sesame mutants
involved in mutated leaf type, flower (corolla)
morphology, flowering habit, flowering stage,
and branching type (Murty and Oropeza 1989;
Murty and Bhatia 1990; Kang et al. 1994;
Boureima and Damme 2012; Madhusudan et al.
2013). For example, Madhusudan et al. (2013)
found a mutant with split corolla from the M,
generation of DS-1 through gamma radiation
approach (500 Grey). Rajput et al. (1994) iso-
lated some mutants with short structure, early
flowering, uniculm, heavy branching, or high
yield traits through vy-ray mutagenesis. Mean-
while, Boureima and Damme (2012) also per-
formed y-ray mutagenesis and detected a wide
range of genetic variability with viable sesame
mutants. In mutants, the main mutation included
capsule indehiscence, petal broken, male sterility,
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Table 5.1 Mutants and varieties induced by mutagenesis techniques in sesame

Mutation technique

Gamma radiation

Representative new sesame varieties or lines

ANK-S2, Ansanggae, Babil, Binatil-1, Birkan, Cairo White8, Eshtar, Rafiden,

Sinai White48, Suwon 155, and Yuzhi 11

Chemical mutation

Kalika (BM3-7), Seodunkkae, UMA, USHA, Yangbaeckkae, Yuzhi 28, Yuzhi

29, Yuzhi 30, Yuzhi 31,Yuzhi DS899, Yuzhi Dw607, and Yuzhi Dw609

Space mutation
Zhongzhi 13

Recombination breeding and
physical mutation

Modified from Yu et al. (2017)

and seed coat color change, and yield variation.
Especially, the 4 main yield-related traits, i.e.,
capsule size, capsule number per node, carpel
number per capsule, and flowering date were
improved in some mutants.

As to the flowering habit trait, changing the
inflorescence indeterminacy to determinacy is
one of the most important innovations for sesame
breeding (Ashri 1998; Zhang et al. 2016). Dif-
fering from the normal varieties, there are two
types of determinate mutants in sesame. One is
dr2-typemutant induced through gamma radia-
tion (5000 Grey) by an Israeli scientist Ashri A.
(Ashri 1998) (Fig. 5.1a). The mutant only forms
3-5 capsule nodes per stem under different
environments. The other is dfl-type determinate
mutant (China Patent No. Z1.2015108760163)
created from a sibling line of Yuzhi 11 (used for
the Sesame Genome Project) by EMS mutagen-
esis technique (Fig. 5.1b). The mutant can
develop 8-20 capsule nodes. The capsule node
number per stem varies with the altitude and
sowing season. Trait comparison indicated that
the two determinate mutants can form a terminal
flower cluster on the top, as the shoot apical
meristem was converted from continuous differ-
entiation to the terminal meristem during
maturing stage (Melzer et al. 2008; Zhang et al.
2016, 2019). Genetic analysis results revealed
that the morphological difference between drl
and dr2 mutants resulted from the allelic function
of the SiDt gene (Zhang et al. 2016) (see more
description in following chapters). At present, a
series of determinate sesame varieties were bred
with dtl mutant as a parent using pedigree

Jihangzhi 1, Jihangzhi 2, Jihangzhi 3, Jihangzhi 4, Zhengtaizhi 1, Zhongzhi 11,

Pungsankkae, Suwonkkae, Zhengzhi 97C01, and Zhengzhi 98N09

selection in China (Fig. 5.1c, d). In farms, all the
determinate varieties derived from dtl mutant
present the consistency in capsule mature, the
high tolerance to logging, and the high adaption
for mechanization cultivation and harvest.

Plant height trait is also an important topic in
sesame breeding. In 2009, a dwarf mutant
Dw607 with short internode length was named
induced from the sibling of var. Yuzhi 11 using
EMS mutagenesis by Chinese sesame scientists
(Fig. 5.2). Compared with the wild type, the
internode length of the mutant decreased from
6.0-8.4 cm to 3.5—4.0 cm, which resulted in the
significant reduction of the plant height (Miao
et al. 2020). Interestingly, gene cloning results
indicated that the target mutated gene Sidwfl
(NCBI accession no. KY649623) regulating the
dwarf and short internode length traits in sesame
is homologous to the ‘green evolution’ gene in
wheat (Miao et al. 2020) (see more description in
following chapters). As to the first dwarf sesame
variety Yuzhi Dw607, both the height to the first
capsule and the plant height reduced, which
result in the high tolerance to logging. As a
result, the high capability of population density
and capsule number exhibits the high yield
potential in sesame production.

5.5 Mutants Related to Yield
and Yield Components

In recent years, some mutants with the
improvement of yield and yield components
traits were obtained through y-ray irradiation
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Fig. 5.1 Determinate
flowering habit in sesame. a:
dr2 type determinate mutant
(reservation no. 08TP092).
The dt2 type mutant is
induced by y-rays (Ashri
1998). b: dr1 type determinate
mutant DS899. ¢:
Determinate variety Yuzhi 28
with determinate
inflorescence and long
capsule trait. d: Determinate
variety Yuzhi 29 with
determinate inflorescence and
purple flower trait (Provided
by Hongmei Miao)
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Fig. 5.2 Dwarf mutant with short internode length in length and high capsule density; ¢: Dwarf variety Yuzhi
sesame. a: Comparison of the internode length between =~ Dw607 at maturing stage in Xinjiang experimental
wild type (var. Yuzhi 11, left) and dwarf mutant (Dw607,  station, China (Provided by Haiyang Zhang)

right); b: Dwarf mutant Dw607 with short internode

(Murthy 1980; Al-Janabi et al. 1991; Tepora and Das 1994). Murthy (1980) screened 20 visible
Dela Cruz 1991; Potan et al. 1994; Rahman and mutants in the M, generation exposed by y-rays.
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The results showed that 36-10, S337, and R149
presented significantly high yield. Meanwhile, 1-
8, 2-2, 22-2, 34-3, and 43 maintained high oil
content. Al-Janabi et al. (1991) selected the 11
promising mutants from the Mg generation. The
seed number per capsule, capsule number per
plant, capsule number per leaf axil, and capsule
length increased, while the branch number
reduced in the mutants.

5.6 Mutants Related to Seed
Quality Traits

Mutagenesis approaches have been applied for
sesame seed quality breeding since the late
twentieth century (Ashri 1994; Kang 1996;
Begum and Dasgupta 2011). Ashri (1994)
reported some sesame mutants with unique plant
architecture, large seed size, and high seed
quality induced by gamma radiation. Kang
(1996) developed the mutant ‘Suwonkkae’ from
the across derived from a local variety and a
mutant induced by X-rays. The new line pre-
sented the superior quality than the parents.
Moreover, Begum and Dasgupta (2011) reported
some mutants with high oil content and high
yield from the M, generation induced by y-rays
and EMS, respectively.

5.7 Mutants Related to Disease
Resistance and Stress Tolerance

Shahin (1998) studied the effect of mutagens on
the growth of Aspergillus flavus and the aflatoxin
production in sesame seeds. The results showed
that gammar irradiation could decrease the pro-
duction of aflatoxin in the seeds. The irradiation
of 2.5 kGy gamma rays could completely
inhibited the production of aflatoxin in the
inoculated sesame seeds under optimal condi-
tions. Meanwhile, Cagirgan (2001) observed the
tolerance to wilt disease in the M, mutations of
the 4 sesame cultivars after irradiated with 150-
750 Gy doses of gamma rays. In order to obtain
the mutants with high tolerance to drought stress,
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Boureima et al. (2012) investigated the mutants
induced by gamma radiation under polyethylene
glycol (PEG) 6000 treatment during seedling
stage and water deficiency treatment during
vegetative stage, respectively. However, to our
knowledge, no elite mutants with high resistance
to stresses have been successfully applied for
stress breeding in sesame.

5.8 Mutants Related to Male
Sterility

Pathirana (1991) primarily reported a mutant
with male sterility induced by gamma rays. In
attempt to create male-sterile materials for
hybridization breeding (Li and Chen 1998),
irradiated dry seeds of sesame variety Yuzhi 4
with gamma rays (300, 500, and 700 Gy) of
0Co. Ten mutants with male sterility mutation
were obtained from the 60,000 M, individuals.
Of which 6 mutants exhibited the characters of
pure male sterility and female fertility. The male
sterility could be inherited and would be con-
trolled by single recessive gene. Moreover,
Boranayaka et al. (2011) studied the pollen fer-
tility of two genotypes after induced by gamma
rays and EMS. The results indicated that either
large or cryptic structural variation of pollens
was observed in the mutants. The percentage of
the fertile pollens in M; plants presented the
reduced tendency with the increase of mutagen
dosage.
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Abstract

Plant tissue culture and genetic transformation
are powerful biotechniques for plant genetic
improvement. For sesame, in vitro callus
induction and differentiation with high effi-
ciency are very difficult because of the specific
characters of the species, and employing
genetic transformation is too difficult. In the
past forty years, many scientists tried a huge
number of experiments in order to establish
efficient callus induction and plantlet regener-
ation system in sesame. In this section, we
present the history and the main progresses of
sesame tissue culture and gene transformation
research. Several successful examples for
plant regeneration and gene transformation
in sesame are listed. In addition, the main
factors influencing the efficiency of tissue
culture, plantlet regeneration, and gene trans-
formation are discussed. The application
prospect of tissue culture and gene transfor-
mation in sesame genetics and breeding
research is also introduced.
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6.1 Introduction

Sesame belongs to the Pedaliaceae family and is
originated from the tropical regions. Its rapid
growth and development and short life-cycle
(low to 70 d) character exhibit high potential for
sesame to be a model crop for genetics research
in key agronomic traits. However, sesame is
regarded as one of the most recalcitrant crops for
in vitro callus induction and differentiation (Were
et al. 2006; Yadav et al. 2010; Raja and Jaya-
balan 2011; Zhang et al. 2019). In the past forty
years, many researchers conducted technical
optimization experiments in order to establish the
effective techniques of tissue culture and plantlet
regeneration in sesame. Early studies involved
adventitious shoot induction techniques (George
et al. 1987; Chen et al. 1994; Zhi et al. 1998;
Saravanan and Nadarajan 2005; Seo et al. 2007;
Chattopadhyaya et al. 2010; An 2009; An et al.
2011). Later, in order to increase the efficiency of
multiple shoot formation and plantlet regenera-
tion, many factors including genotype, explant
type, explant pre-treatment method, -culture
medium and condition, and plant hormones and
the concentration combinations have been
investigated (Shi and Cai 1986, 1989a; Yi et al.
1997; Were et al. 2006; An 2009; Miao et al.
2012). At the same time, both Agrobacterium-
mediated transformation and particle bombarding
methods were also applied in sesame in order to
set up the gene transformation technique (Chen
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et al. 1996; Yadav et al. 2010; Chowdhury et al.
2014). In recent a few years, the techniques of
callus induction, differentiation, and plantlet
regeneration have been established in sesame and
are being applied for sesame transgene research
(Mary and Jayabalan 1997; Were et al. 2006;
Charaborti and Ghosh 2009). Fortunately, the
Agrobacterium-mediated gene transformation
system has been successfully established in
sesame in recent a few years (Mitsuma et al.
2004; Chowdhury et al. 2017; Zhang et al. 2019),
even though the transformation efficiency is still
low. The findings provide the powerful technique
system for exploring the molecular genetic basis
of important agronomic traits and expanding the
genetic basis of the cultivated sesame in near
future.

6.2 Tissue Culture and Plant
Regeneration in Sesame

For sesame, studies of tissue culture and plant
regeneration techniques initiated in the 1980s
(Liu 1986; Liu et al. 1994; Qu et al. 1994; Li
et al. 1996; Mary and Jayabalan 1997; Xu et al.
1997; Zhi et al. 1998; Baskaran and Jayabalan
2006; Wei et al 2007; Charaborti and Ghosh
2009; Cui et al 2010). At present, the tissue
culture and plant regeneration techniques in
sesame are mainly applied for two different
purposes. One is to produce adventitious shoots
and propagate valuable plants via explant
induction, which is designated as organogenesis
(direct way). The other is to form adventitious
shoots or embryos via callus tissue induction,
differentiate the callus tissues, and then develop
regenerated plants, which is designated as
somatic embryogenesis (indirect way) (Miao
et al. 2012).

In the early stage of the tissue culture tech-
nology development in sesame, many scientists
focused on the adventitious shoot induction
techniques (George et al. 1987; Chen et al. 1994,
Zhi et al. 1998; Saravanan and Nadarajan 2005;
Seo et al. 2007; Chattopadhyaya et al. 2010; An
2009; An et al. 2011). Several reports showed
that various explants such as seed, shoot tip,
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stem, and young leaf could be used to directly
induce plexus bud and for propagation (George
et al. 1987, 1989; Kwon et al. 1993; Rao and
Vaidyanath 1997; Gangopadhyay et al. 1998;
Were et al. 2006; Lokesha et al. 2007; Seo et al.
2007; Ahmed et al. 2008; Abdellatef et al. 2010;
Chattopadhyaya et al. 2010; Raja and Jaya-
balan 2010; Honnale 2011; Raja and Jayabalan
2011; Shashidhara et al. 2011; Singh and Sha-
gufta 2011; Lokesha et al. 2012; Wadeyar 2013;
Malaghan et al. 2016; Pratik et al. 2016). How-
ever, inducing shoots from the above explants
via callus induction and differentiation in sesame
seems very difficult (Taskin and Turgut 1997).
Till now, most of the regenerated plants in some
sesame genotypes were induced from the
adventitious buds which are induced through
callus tissue induction and differentiation meth-
ods (Shi and Cai 1986, 1989a; Li et al. 1996;
Miao et al. 2012; Bangaremma et al. 2013).

6.2.1 Somatic Embryo Formation

Somatic embryogenesis belongs to indirect way
to realize the plant regeneration. As to the vari-
ous explants, switching organ growth to the de-
differentiation and callus formation is the first
culture strategy. Even though somatic embryos
could form from callus tissues induced from
hypocotyl explants, the differentiation of somatic
embryos into new sesame plantlets is difficult
(Mary and Jayabalan 1997). The failure or low
rate of callus differentiation, low repeatability of
successful methods, or significant effect of
genotypes could result into the low ratio of
embryo formation in sesame (Mary and Jaya-
balan 1997; Were et al. 2006; Charaborti and
Ghosh 2009; Tiwari et al. 2011). Miao et al.
(2012) investigated the effects of explant type,
hormone type, and hormone concentration on
callus induction and plantlet regeneration from
various genotypes of the cultivated sesame (S.
indicum), S. radiatum, S. schinzianum, and
hybrids of the interspecific cross S. schinzia-
num X S. indicum, and established a highly
efficient system of callus induction, differentia-
tion, and plantlet regeneration for the Sesamum
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genus. Meanwhile, George et al. (1987) detected
the embryo-like structure of callus tissues which
were derived from hypocotyl segments. How-
ever, the embryo-like cells did not form shoots.
Xu et al. (1997) obtained somatic embryos on the
surface of the induced callus tissues. The somatic
embryos in late maturation stage formed cotyle-
don, shoot apex, and radical tissue after several
rounds of subculture. Liu et al. (1994) success-
fully induced somatic embryos from embryonic
callus tissues through suspension shock culture.
They also investigated the variation of hormone
level during the somatic embryo development.
The results showed that the endogenous hormone
content in cells increased, as the embryonic cal-
lus formed, while the exogenous hormones are
necessary to induce explant de-differentiation. In
addition, main research results suggested that the
genotype was the key factor to limit the appli-
cation of callus induction and plantlet regenera-
tion methods in sesame (Mary and Jayabalan
1997; Were et al. 2006; Charaborti and Ghosh
2009).

6.2.2 Genotype

Genotype is a key factor affecting the efficiency
of tissue culture techniques in sesame. In the
previous reports, many sesame germplasm
accessions and wild Sesamum species including
S. schinzianum, S. radiatum, and S. occidentalis
have been studied for plant regeneration
(Table 6.1). Different genotypes exhibited dif-
ferent capacity of plant regeneration. Kwon et al.
(1993) compared the callus induction rate of two
cultivars and S. orientate which was collected
from Ghana. The results showed that S. orientate
exhibited significantly higher rate than cultivated
sesame. Rao and Vaidyanath (1997) compared
the nine sesame varieties with the wild species S.
occidentalis cultured in the studied medium. The
results indicated that the average shoot number
of S. occidentalis was much higher. Miao et al.
(2012) examined the genotype effect of three
cultivars, two wild species S. radiatum and S.
schinzianum, and five distant hybrid lines of S.
schinzianum X S. indicum on callus induction
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and shoot regeneration. The results confirmed
that genotype determined the callus induction
rate, callus quality, and the final plant regenera-
tion rate. The highest frequency of callus
inducement and differentiation in the wild spe-
cies was 97.50% and 94.02%, respectively,
higher than those in cultivars (highest to 40.60%
and 8.16%, respectively). Interestingly, the dis-
tant hybrids showed medium frequency of callus
inducement (46.67%) and differentiation
(89.29%) because of their hybridized genetic
background. Therefore, optimizing the regener-
ation technique for different genotypes is neces-
sary in sesame tissue culture research. George
et al. (1989) performed the shoot induction using
seven cultivars. Of the seven cultivars, the
maximum number of the produced multiple buds
varied from 15 to 18 per explants, and 80%
explants could develop buds. The minimum of
the produced multiple buds was 4-5, and only
44% explants developed buds. The genotype of
donors indeed could influence in vitro propaga-
tion of explants, although shoot tip induction is a
reliable method in sesame.

6.2.3 Explant Type

In sesame, many types of explants such as
immature embryo, mature embryo, anther, seed,
hypocotyl, cotyledon, shoot tip, stem segment
with axillary, de-embryonated cotyledon, root,
and transverse thin cell layer of the internodes
have been tested to induce callus or adventitious
shoot (Table 6.1). The induction frequency of
callus tissues and plant regeneration varied with
the various explant types and sources. In general,
the induction rate of callus tissues of hypocotyls
is significantly higher than cotyledon and other
explants. Meanwhile, the efficiency of callus
induction and regeneration was affected by other
factors, including explant age and collection
time, development stage of donor plants, nutri-
tional condition, and cultivation condition. Liu
et al. (1990) found that anthers of plants cultured
in autumn were more suitable for callus induc-
tion than summer planted materials. To rescue
the immature embryos, especially from the
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Table 6.1 An overview of the tissue culture and plant regeneration techniques in sesame

Genotype

S. indicum
S. indicum
S. indicum
S. indicum
S. indicum
S. indicum
S. orientale
(S. indicum)
S. indicum
S. orientale
(S. indicum)
S. indicum
S. indicum
S.

indicum x S.
Schinziamum

S. indicum
S. indicum;
S.
occidentalis
S. indicum

S. indicum

S. indicum

S. indicum

S. indicum

S. indicum

S. indicum

)S. indicum

S. indicum

Explant type

Hypocotyl and shoot
tip with cotyledon

Hypocotyl

Shoot tip

Anther

Immature embryo

Anther

Hypocotyl and
cotyledon

Hypocotyl and
cotyledon

Hypocotyl and
cotyledon

Seed

Hypocotyl

Immature embryo

Hypocotyl
Seedling shoot tip

Hypocotyl

Cotyledon, root, and
subapical hypocotyl
segment

Hypocotyl, cotyledon,
and radicle

Node

Hypocotyl, cotyledon,
and cotyledon node

De-embryonated
cotyledon

Leaf

Shoot tips

Culture results

Hypocotyl-embryo-like tissue produced from callus
tissue; shoot tip with multiple cotyledon shoots

Bud differentiated from callus tissue

Multiple shoot buds

Bud differentiated from callus tissue

Single plantlet

Callus tissue and differentiated root from callus tissue

Shoot differentiated from callus tissue

Embryo-like structure formed in hypocotyl-derived
calli

Adventitious shoot from hypocotyl- and cotyledon-
derived calli; multiple shoots

Multiple shoots

Embryo-like structure

Shooting

Callus tissue; multiple shoots

Multiple shoots

Somatic embryos induced from hypocotyl-derived
callus

Embryos present on the callus surface; somatic
embryos with cotyledon, shoot apex, and radicle
tissue

Hypocotyl budding differentiated from callus tissue
and embryonic callus with differentiation potential;
cotyledon shoot; radicle callus tissue

Multiple shoot

Callus tissue

Adbventitious shoot

Shoot

Adventitious shoot

Shoot bud
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References

George et al.
(1987)

Shi and Cai
(1989a)

George et al.
(1989)

Shi and Cai
(1989b)

Sudhaker et al.
(1990)

Liu (1990)

Li and Chen
(1990)

Kwon et al.
(1993)

Chen et al.
(1994)

Liu et al. (1994)
Qu et al. (1994)

Li et al. (1996)

Rao and
Vaidyanath
(1997)

Mary and
Jayabalan (1997)

Xu et al. (1997)

Yi et al. (1997)

Gangopadhyay
et al. (1998)

Yu (2005)
Seo et al. (2007)
Raja and

Jayabalan (2010)

Abdellatef et al.
(2010)

(continued)
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Table 6.1 (continued)
Genotype Explant type Culture results References
Transverse thin cell Chattopadhyaya
layer of the internodes et al. (2010)
S. indicum Hypocotyl and Hypocotyl callus; cotyledon-direct regeneration Honnale (2011)
cotyledon
S. indicum Hypocotyl Shoot regenerated from callus Wadeyar and
Lokesha (2011)
S. indicum De-embryonated Adventitious shoot Lokesha et al.
cotyledon (2012)
S. indicum Adventitious shoot De-embryonated cotyledonary explant Malaghan et al.
(2013)
S. indicum Anther Shoot Yifter et al.
(2013)
S. indicum De-embryonated Shoot Pratik et al.
cotyledon (2016)
S. indicum De-embryonated Shoot Malaghan et al.
cotyledon (2016)
S. radiatum Stem with axil Seedling regenerated from callus tissue Shi and Cai
(1986)
S. indicum Hypocotyl and Callus tissue; multiple shoots Miao et al.
S. radiatum cotyledon (2012)
S.
schinziamum
S.
indicum X S.
radiatum

interspecific hybrid seeds, about 10-day-old
embryos after pollination are ideal for plant
regeneration  (Unpublished data, Haiyang
Zhang).

6.2.4 Plant Growth Regulators

Besides the above factors, plant growth regula-
tors and nutrition substances are also the main
factors determining the tissue culture efficiency
in sesame. George et al. (1987) cultured the
hypocotyls and cotyledon explants on MS med-
ium without hormones and found all the explants
necrosed without any morphogenetic response.
In sesame, common cytokinins, such as 6-BA (6-
benzylaminopurine), KT (kinetin), TDZ (thidi-
azuron, B), and ZT (zeatin) and auxins, such as

2,4-D (2,4-dichlorophenoxy acetic acid), NAA
(naphthalene acetic acid), IAA (indole acetic
acid), and IBA (indole-3-butyric acid) are widely
applied for tissue culture (George et al. 1987;
Were et al. 2006; Ahmed et al. 2008; Charaborti
and Ghosh 2009; Raja and Jayabalan 2011). In
addition, some growth regulating substances,
such as GAj; (gibberellic acid), AgNO;, and
activated charcoal are also added in culture
media to regulate the growth and development of
various tissues. Studies showed that the specific
hormone combinations with various concentra-
tions could induce different morphogenetic
responses of explants in sesame (Baskaran and
Jayabalan 2006). Singh et al. (2006) found that
both 2,4-D and 6-BA could reduce the formation
of callus tissue in sesame. Miao et al. (2012) also
detected that 2,4-D had the function in promoting
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the cell division and expansion which took the
important function in increasing the callus
induction efficiency. However, the induced calli
were apt to forming roots, rather than shoot dif-
ferentiation. Meanwhile, 6-BA could accelerate
cell division and were favorable for the formation
of high-quality calli in sesame.

As to hormone combination, George et al.
(1987) studied the function of cytokinin and
auxin combinations in sesame. When NAA
0.2 mg'L_l) in combination with BA, KIN,
ZEA, or 2iP was used, the callus tissues with
moderate growth rate were observed at the fourth
week after culture. George et al. (1989) found
that shoot tip with cotyledon pretreated with
cytokinins showed high induction frequency of
multiple buds, of which 6-BA (8 mg-L™") was
the most favorable cytokinin to form multiple
buds, while 2ip (8 mg-L™") exhibited the lowest
effect.

Meanwhile, Kwon et al. (1993) screened a
combination of 1-2 mgL™' NAA and 0.2-
0.6 mg-L™" BAP which was effective for callus
induction from hypocotyl and cotyledon
explants. The embryo-like structures were
formed in hypocotyl-derived calli on the medium
supplemented with only 1 mg-L™"' 2,4-D. Addi-
tion of casein hydrolysate (1-2 g-L™") to the
regeneration media containing 0.1 mg-L™' NAA
plus 1-4 mg-L™" BAP could effectively increase
the formation rate of adventitious shoots from the
hypocotyl- (22—42%) and cotyledon-derived calli
(16-34%), respectively, in S. orientale. In gen-
eral, high concentration of BAP (3—4 mg-L™") in
combination with casein hydrolysate could favor
the formation of multiple shoots, while low
concentration (1-2 mg-L™") induced the forma-
tion of single shoot. Under the condition of low
BAP concentration, addition of casein hydro-
lysate with high concentration also tended to
induce the formation of multiple shoots. Mean-
while, the differentiation of roots was easily
induced from the regenerated shoots on 1/2 MS
medium supplemented with 0.5 mg-L™' NAA.
Till now, there are rarely any reports on the
mechanism of hormone function in sesame callus
differentiation. To set up the stable and high-
efficient callus induction and differentiation
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system in sesame, more studies of explant de-
differentiation regulation and the response
mechanism of explants on hormone combina-
tions should be conducted in future.

6.2.5 Culture Medium

In the process of in vitro tissue culture, various
culture media with different nutritional compo-
nents and concentrations should be supplied for
specific tissues at specific growth stages. MS
medium is the most common medium applied for
sesame tissue culture, while 1/2MS sometimes
was used for seed germination and root forma-
tion of the regenerated shoots (Yi et al. 1997; An
et al. 2011; Miao et al. 2012). Other media such
as Bs, Nitsch, LS, and White have been applied
for sesame tissue culture and plant regeneration.
Li and chen (1990) found that MS, Bs, and LS
medium gave insignificant effects on the induc-
tion of sesame callus tissue. Yi et al. (1997)
detected that the MS medium was the most
optimum medium for callus induction of black
sesame. Rao and Vaidyanath (1997) investigated
the induction of multiple shoots in MS, LS,
Camborg’s, and L medium, respectively. The
induction percentage of multiple shoots varied
from 38 to 100% for different genotypes on dif-
ferent media. Percentage of multiple shoot
response of genotype T-85, TC-25, Co-I, and
Rajeshwari reached 100% on all the four types of
media. The lowest percentage of 38% was for the
genotype Krishna on Bs medium.

6.2.6 Other Additives
and Treatments

In addition to the above main factors such as
genotype, plant growth regulator, and explants
which affect callus induction and shoot regener-
ation, some other additives and treatments such
as glutamine, casein hydrolysate, L-tyrosine,
activated charcoal, and ethylene inhibitors
including AgNO; and CoCl, also have certain
effects on sesame tissue culture. Shi and Cai
(1986) added casein hydrolysate in the
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regeneration induction medium for sesame stem
section culture and found its benefit for shoot
regeneration. Kwon et al. (1993) also found that
addition of casein hydrolysate effectively
increased the formation rate of adventitious
shoots from hypocotyl- and cotyledon-derived
calli in S. orientale. In sesame anther culture,
addition of 300 mg-L™" L-tyrosine did not pro-
mote the formation of pollen callus but presented
toxic function for explant culture.

In addition, Abdellatef (2010) studied the
effect of ethylene inhibitors AgNO3; and CoCl,
on sesame tissue culture and found that AgNO;
increased the number of shoots from 2.7 to 3.7
per explant, and the shoot length increased from
1.3 to 2.9 cm accordingly. Meanwhile, addition
of 5 mg-L™" CoCl, induced the root length from
3.5 cm to 17 cm. The stimulative effect might
result from a reduction of ethylene concentration
or inhibition of ethylene action.

Xu et al. (1997) found that addition of 0.5%
activated charcoal and 3% mannitol medium had
good effects on embryos development. However,
Shi and Cai (1989b) detected that addition of 0.2%
activated carbon took no effects on callus induc-
tion and regeneration for sesame anther culture.

Meanwhile, some scientists found a few cul-
ture treatments could give aid to optimize the
tissue culture techniques. To study the effect of
cytokinins on multiple bud induction in the var-
ious sesame cultivars, George et al. (1989) soaked
the seeds in the 6-BA, zeatin, or 2iP solution,
respectively for 72 h and then put all the treated
seeds on MS medium for germination and further
multiple shoot induction. As a result, the induc-
tion frequency of the multiple shoot buds from the
explants pretreated with cytokine increased. Rao
and Vaidyanath (1997) considered that the total
number of shoots induced from the explants
pretreated by GAj; was higher than those of
control and the seedlings pretreated with BAP in
different varieties and wild species. Moreover,
dark treatment was also detected as a crucial step
for shoot regeneration from cotyledon in sesame.
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6.3 Application of Tissue Culture
Techniques in Interspecific
Hybridization in Sesame

Plant tissue culture technique is developed based
on the theory of plant cell totipotency and the
specific character of tissue regeneration. At pre-
sent, the tissue culture techniques in sesame are
mainly applied for rescuing the easily abortive
embryos and precious germplasm materials,
overcoming the incompatibility of distant
hybridization in interspecific hybridization, and
facilitating genetic modification. To improve
resistance level of sesame to biotic and abiotic
stresses,  scientists performed interspecific
hybridization research since 1950s (Joshi 1961).
However, the low frequency of interspecific
hybrids and the high incompatibility between the
cultivated sesame and most of the wild Sesamum
species limit the application of the elite geno-
types of the wild species in sesame breeding
(Joshi 1961; Subramanian 2003; Nimmakayala
et al. 2011; Zhang et al. 2013, 2019; Yang et al.
2017). Only the progeny derived from the cross
between S. malabaricum (2n = 26) and the cul-
tivated sesame exhibited high fertility rate under
natural growth conditions (Nimmakayala et al.
2011). Moreover, to obtain hybrids from the
crosses between the cultivated sesame and other
remote wild Sesamum species and interspecific
hybrids with different chromosome karyotypes,
such as S. schinzianum (2n = 64), S. radiatum
(2n = 64), S. alatum (2n = 26), and S. indicatum
(hybrid species derived from S. indicum and S.
prostratum) (Mukherji 1947), the embryo rescue
and tissue culture techniques should be applied
(Nimmakayala et al. 2011; Miao et al. 2012;
Zhang et al. 2013; Yang et al. 2017; Zhao et al.
2018). To assess the interspecific hybrids, some
specific simple sequence repeat (SSR) markers
have been screened and utilized (Chinese patent
no. ZL. 201210318496.8). The findings thus give
impetus to the interspecific hybridization breed-
ing in sesame.
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6.4 Genetic Modification in Sesame

Plant genetic transformation system includes the
recombinant DNA technology and the tissue
culture skills, which introduce the exogenous
genes or foreign DNA fragments into the recep-
tor genomes and transmits the new genetic
information into the offsprings. Sesame is one of
the most recalcitrant crops for tissue culture and
plantlet regeneration. Thus, compared with
cereals and other oilseed crops, the development
of genetic transformation techniques in sesame is
relatively lagging. In order to develop an efficient
genetic modification technique in sesame, many
researchers focused on exploring the genetic
modification  techniques,  especially  the
Agrobacterium-mediated  transformation and
particle bombarding methods via adventitious
shoot formation (Chen et al. 1996; Yadav et al.
2010). In the past three decades, the main
transgenic methods such as biolistic or particle
gun bombardment, Agrobacterium-mediated
transformation, pollen-tube channel transforma-
tion, and explant dipping methods including
floral dipping, pollen infiltration, and suspension
drop have been used in sesame (Table 6.2). Of
these the former two transformation methods
depend on the tissue culture and shoot regener-
ation system.

6.4.1 Genetic Modification Via Micro-
Particle Bombardment

in Sesame

As a direct gene transfer method for forming
transgenic plants, micro-particle bombardment
technique was developed in the 1980s. Till now,
the technique is widely applied for transgene
delivery in various crops (Christou 1995; Breitler
et al. 2002). Particle bombardment can directly
transfer the foreign DNA molecules into the cells
or tissues, independent of cell or tissue type.
Chen et al. (1996) performed particle bombard-
ment using cotyledon as explant with the aid of
the direct multiple shoot induction techniques.
Bhattacharyya et al. (2015) also analyzed the

H. Miao et al.

effect of particle bombardment transformation
technique on 5-day-old apical tissues of sesame
seedlings (cv. Rama). The results of PCR, RT-
PCR, western blot, and enzymatic assay showed
that four transformants carrying the exogenous
bar (bialaphos resistance) gene with single inte-
gration site in the genome. The mean transfor-
mation frequency touched 15.84%.

6.4.2 Agrobacterium-Mediated
Genetic Modification
in Sesame

Differing from the particle bombardment method,
Agrobacterium-mediated genetic transformation
is easy to obtain more transformants with low
copy of exogenous genes. Some advantages such
as high conversion efficiency and low equipment
cost make the Agrobacterium-mediated genetic
transformation widely used in gene function
research, biological metabolite production, and
transgenic breeding. For example, the Agrobac-
terium rhizogenes-mediated transformation is
mainly used to culture the transformed hairy
roots as a plant organ bioreactor and to produce
valuable substances such as the recombinant
proteins and pharmaceutically important sec-
ondary metabolites (Jin et al. 2005).

In the past two decades, scientists applied the
tissue induction and plantlet regeneration tech-
niques in the Agrobacterium-mediated gene
transformation in sesame (Taskin et al. 1999;
Yadav et al. 2010; Chowdhury et al. 2014).
Taskin et al. (1999) confirmed that sesame was
an amenable crop for Agrobacterium-mediated
transformation; however, no transformants gen-
erated due to low efficient regeneration system in
sesame. Yadav et al. (2010) established the
Agrobacterium-mediated transformation tech-
nique in sesame for the first time, based on the
adventitious shoot induction technique. PCR,
RT-PCR, and southern blot analysis showed that
the transformation frequency reached up to
1.01%. Meanwhile, Chowdhury et al. (2014)
performed the Agrobacterium-mediated trans-
formation using de-embryonated cotyledons at
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Table 6.2 An overview of the genetic transformation techniques in sesame

Transformation Transformation Vector or gene
style receptor

Agrobacterium- Seedling stem A carrot
mediated calmodulin gene,
transformation cam-4

De- pCAMBIA2301
embryonated
cotyledon
Agrobacterium Cotyledon LBA4404/pBI121
tumefaciens-
mediated
transformation
Agrobacterium Wounded vector pMOG413
rhizogenes- hypocotyl
mediated Cotyledon pCAMBIA2301
transformation
Floral dipping, Flower A binary vector
pollen containing NPT II
infiltration, and gene and EGFP
suspension drop gene
Pollen-tube Jiheizhi No. 1 Insulin gene
channel
transformation
Biolistic cotyledon pTABNBARG65
particle gun vector contained
bombardment TA29-Barnase
5-day-old apical  Bialaphos

meristem
tissues

resistance gene
(bar)

Transformation result

Overexpression of cam-4 gene
enhanced the biosynthetic
activity of phenylpropane
derivatives

Regeneration frequency and
transformation efficiency were
57.33 and 42.66%, respectively.
Several homozygous T, plants
obtained

No transgenic shoots obtained

Phytase gene was transferred into
the hairy roots

Transformation frequency was
1.01%

Transformation frequency varied
from 3.4 to 50%

Insulin gene was integrated and
inherited into Ts generation

11 BASTA-resistant plantlets
were obtained

T, plants obtained
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shoot development stage. The transgenic adven-
titious shoots were developed based on somatic
embryo induction and differentiation techniques.
To screen the positive transgenic lines, the opti-
mized medium containing 50 mg-L™" kanamycin
and 500 mg-L™" cefotaxime was applied in the
study. As a result, the highest plantlet regenera-
tion rate and transformation efficiency in sesame
reached 52.00% and 42.66%, respectively. GUS
histochemical activity and RT-PCR assay results
exhibited the high efficiency of the Agrobac-
terium-mediated transformation technique with
low copy of the exogenous gene nptIl.

To data, there are two successful examples for
the application of the Agrobacterium-mediated

gene transformation in sesame have been repor-
ted (Mitsuma et al. 2004; Chowdhury et al.
2017). One is the transformation of a carrot
calmodulin gene (cam-4) into the wild species S.
schinzianum (2n = 64) through the A. tumefa-
ciens infection on the stems of seedlings (Mit-
suma et al. 2004). Both southern hybridization
and RT-PCR proved the integration and expres-
sion of cam-4 gene in the transformed Sesamum
plants. Moreover, overexpression of cam-4 gene
enhanced the biosynthetic activity of phenyl-
propane derivatives in the transformed plants
(Mitsuma et al. 2004). The other is the transfor-
mation of osmotin-like protein (OLP) gene
(SindOLP) into the cultivated sesame cv. VR1-1
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(Chowdhury et al. 2014, 2017). A total of 13 TO
lines carried single copy of SindOLP gene were
obtained under the kanamycin screening.

6.4.3 Pollen-Tube Channel
Transformation in Sesame

Compared with the above two methods for plant
gene transformation, the pollen-tube channel
method is relatively simple with low cost,
regardless of the tissue culture stage. For sesame,
the pollen-tube channel transformation method is
rarely used. Zhen et al. (2004) performed the
transformation of the exogenous DNA from the
wild sesame and sorghum into the cultivated
sesame via pollen-tube channel method. To
establish a novel plant bioreactor based on

mm

Fig. 6.1 Histochemical assay of positive transformants
with transient and stable GUS expression. a Nontrans-
formed hypocotyl explant (control). b Transient gus
expression in hypocotyl. ¢ Nontransformed callus tissue
(control). d Transient gus expression in callus. e-h Leaf,

sesame oil body expression system, Li et al.
(2016) transformed the binary vector PBI121
containing the insulin gene into the sesame cul-
tivar Jiheizhi no. 1 via pollen-tube pathway. The
transformed plantlets with kanamycin resistance
were testified by PCR and PCR-southern
hybridization. The results showed that the insu-
lin gene was integrated into the genome of
transformants and passed to the Ts generation.
The findings proved the feasibility of the genetic
transformation of the exogenous insulin gene
into sesame oil body via the pollen-tube-
mediated method. In addition, Were (2006)
transformed the green fluorescent protein (GFP)
reporter gene and neomycin phosphotransferase
(NPTI) gene into sesame genome via floral dip
with Agrobacterium suspension before pollina-
tion. The highest mean transformation rate

flower, capsule, and seed, respectively in the nontrans-
formed plantlet (control). i-1 Stable gus expression of leaf,
flower, capsule, and seed, respectively in the positive TO
transformant. (Provided by Ming Ju)
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reached 49.8%. The above rare results showed
the high potential of uncommon dipping trans-
formation method in sesame.

6.5 T-DNA Insertion Mutant Library
in Sesame

In recent few years, in order to improve the
genetic modification techniques in sesame, a
highly efficient callus induction and differentia-
tion technique and the adventitious shoot induc-
tion technique were systematically developed in
sesame and several wild species (An et al. 2011;
Miao et al. 2012). Subsequently, an efficient
Agrobacterium-mediated transformation tech-
nique via callus induction and differentiation was
established in sesame, S. latifolium, and S.
radiatum for the first time (partial results shown
in Fig. 6.1) (unpublished data, Haiyang Zhang).
The results showed that both callus type and
genotype significantly affected the transforma-
tion efficiency (unpublished data, Haiyang
Zhang).

In the study, the pBI121 vector containing a
neomycin phosphotransferase gene (Npz-1I) and a
B-glucuronidase (Uid A) gene was transferred
into sesame and several wild Sesamum species
using the transformation system. The embryonic
calli (type III, annotated by Miao et al. (2012))
with high quality were induced from the A.
tumefaciens-infected explants on the selection
medium (i.e., basal MS + 0.1 rng-L_l NAA + 2
mg- L™ 6-BA + 30 g-L™" sucrose + 400 mg-L™"
cefotaxime + 25 mg-L™' kanamycin). The his-
tochemical activity of GUS expression proved
the positive transformants (Fig. 6.1). As a result,
353 transgenic lines for Sesamum were gener-
ated. The high transformation efficiency reached
to 7.5%. In addition, RT-PCR results indicated
that 59.7% of the assayed transgenic lines pre-
sented the low copy number of the disarmed T-
DNA insertions (<2) (Unpublished data,
Haiyang Zhang). The results proved the high
efficiency of the Agrobacterium-mediated trans-
formation technique in sesame and its key func-
tion in genetic transformation and functional
genomics research in sesame.
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In order to explore the unknown genes related
to agronomic traits in sesame, Henan Sesame
Research Center, Henan Academy of Agricul-
tural Sciences (HSRC, HAAS), China, recently
established a sesame T-DNA insertion mutant
library for the first time based on the above
techniques (Unpublished data, Haiyang Zhang).
Till now, the mutation library consists of 520
mutant lines. PCR assay and phenotypic muta-
tion investigation results showed that the muta-
tion frequency of T-DNA insertion in the library
reaches to 2.4%. About 50% of mutated traits
were stably inherited into progeny. Meanwhile,
the mutated traits were involved in leaf type,
stem strength, capsule size, and environmental
tolerance and resistance.

Furthermore, to explore the candidate genes
affected by T-DNA insertion, the genetic char-
acterization of a subset of 28 positive transgenic
TO lines were analyzed using the new-generation
genome re-sequencing technique (Unpublished
data, Haiyang Zhang). The results indicated that
the average insert number was 1.7. About 54% of
the mutated lines presented one inserted site in
the whole genome sequences. A total of 21
insertion sites of T-DNA fragment were found
located into the 5° or 3° UTR regions of genes,
nine in gene exons, seven in gene introns, four in
3> UTR region, and eight in intergenic regions.
The high-efficient genetic transformation tech-
niques and the constructed T-DNA insertion
library supply the solid basis for the molecular
genetics research in sesame.
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7.1 Introduction

Sesame (S. indicum) is the sole cultivated species
in the genus Sesamum. The narrow genetic base
and the relatively low genetic diversity in this
species limit the breeding of new elite varieties in
sesame. As shown in Chap. 5, mutation tech-
niques and created new lines have been intro-
duced that suggest the possibility of creating
abundant breeding materials for sesame genetic
improvement. Sesame breeding initiates in the
early twentieth century. Pedigree selection and
induced mutation are the two most commonly
used breeding techniques in sesame (Ashri
2001). Physical or chemical mutagenesis studies
started in the 1950s (Shi 1991). In particular, the
Plant Breeding and Genetics Section of the Joint
FAO/TAEA Division organized the Coordinated
Research Project (CRP) in 1993 and encouraged
mutation induction and variety improvement in
sesame. The CRP project reported 140 useful
sesame mutants with new phenotypes related
with plant architecture, leaf, flower, capsule,
maturation, male sterility, disease resistance, and
other agronomic traits developed by the partici-
pants by the end of the last century (Ashri 1998,
2001; Van Zanten 2001). Thus, assembling the
elite traits such as shatter resistance, determinate,
dwarf, and resistance or tolerance to environ-
mental stresses into new sesame varieties became
more prevalent and useful. In addition, the tra-
ditional breeding techniques including heterosis,
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space breeding, and pedigree selection and the
new varieties developed in sesame are introduced
in this chapter.

7.2 Traditional Breeding

Techniques in Sesame
7.2.1 Mutation Method
and Application
in Sesame

Sesame is an ancient oil crop with long cultivation
history of more than 5000 years. However, the
history of sesame breeding is relatively young. As
described in the Chap. 5, physical and chemical
mutagenesis has been employed for new germ-
plasm creation in sesame in the past decades.
Most of mutant lines have been used for variety
breeding and release, such as the Chinese varieties
Jiguang 2, Ezhi 2, Jinzhi 3, Zhengzhi 98N09,
Ganzhi 9, Yuzhi DS899, and Yuzhi Dw607
(Zhang et al. 2019). To avoid of repetition, we
here only introduce the space mutation breeding
method and its application in sesame breeding.

Space mutation breeding, also termed space
breeding or space technology breeding, is a useful
technique for creating new germplasm, new
materials, and new varieties in crop breeding.
Space mutation was initiated by the first mission of
Russia’s Sputnik 4 in 1960 carrying the seeds of
wheat, pea, maize, and onion. Space mutation
breeding is comprised of three steps: seed screen-
ing, space mutation, and mutation observation and
trait selection. Mutagenized by high-energy ion
radiation, microgravity, space magnetic field, ultra
vacuum, and other physical stresses in space, the
DNAs of seeds or seedlings would be changed and
inherited in the progeny (Liu et al. 2004). Space
environment could cause up to 2—4% of useful
mutations observed in diverse field crops, flori-
cultural plants, and vegetables, compared with their
natural variability (1/200,000) and chemical
mutagenesis (5/1000) (Pan et al. 2005). In the past
five decades, space mutation breeding has been
carried out in the USA, the former Soviet Union,
Europe, and China. In China, space breeding
research started in 1987.
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Sesame space breeding was initiated by the
17th retrievable satellite of China in 1996 (Zhang
et al. 2003). The seeds of Yuzhi 4 were picked up
for 15 d space flight, and the mutated variety
Zhongzhi 1 was bred from the progeny of the
mutated Yuzhi 4 by the Oil Crops Research
Institute of CAAS, China, which should be the
first variety bred through space breeding tech-
nique. Zhongzhi 1 showed high yield of
1288.8 kg/ha with the increase of 11.82% over the
control (Yuzhi 4). The resistance of the variety to
charcoal rot disease was also improved at the same
time (Zhang et al. 2003). Subsequently, so many
sesame varieties such as Zhongzhi 13, Jizhi 1,
Jihangzhi 1, Jihangzhi 2, Jihangzhi 3, Jihangzhi 4,
and Zhengtaizhi No. 1 were gradually released by
Chinese sesame scientists. All the varieties
exhibited high seed yield with the increase of
9.55-17.88% over controls, good seed quality,
and high resistance to diseases (Zhang 2005; Xu
et al. 2010, 2013, 2016; Wei et al. 2016).

Space mutagenesis usually induces morpho-
logical variation involved in leaf, plant height,
plant characters, flower color, capsule, fertility,
pre-flowering period, capsule number per plant,
1000-seed weight, yield, and resistance to envi-
ronmental stresses in sesame (Lv et al. 2011; Gao
et al. 2013). For the mutants, DNA mutagenesis
could be identified by amplified fragment length
polymorphism (AFLP) markers, as polymorphic
DNA bands were diverse and different from the
wild types (Sun et al. 2007; Lv et al. 2011; Gao
et al. 2013). Considering the space mutation
results in the uncertain variation in sesame seeds, a
huge mutation bank of sesame should be con-
structed for new sesame variety breeding and
mutagenesis mechanism research of specific traits.

7.2.2 Heterosis Breeding in Sesame

The heterosis phenomenon of sesame was
reported by B. Pal for the first time in 1945 (Pal
1945). Sesame has high heterosis potential, the
hybrid vigor capacity of the F; yield reached up
to 252% (Tu 1998; Zheng et al. 2003; Zhang
et al. 2005; Sakhiya 2013). In 1993, the first
sesame hybrid Yuzhi 9 (ms86-
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1 x Danbackggae) was bred and released by the
Chinese sesame scientists (Tu et al. 1994). The
male sterile line ms86-1 was optimized from an
introduced sterile line from the USA by the
Chinese sesame scientists and was applied in
sesame hybrid breeding. Compared with the
control (Yuzhi 4), the yield of the hybrid Yuzhi 9
increased by 29.52% in 1989-1991.

Later, more sterile lines, such as 95 ms
induced by y-rays and 0176A and D248A chosen
from natural mutants, were detected (Liu et al.
2013; Zhao et al. 2013). The first light insensitive
male sterile line Sipsms304 was created from the
sibline of Yuzhi 11 by ethyl methanesulfonate
(EMS) mutagenesis in 2009 by the Chinese
sesame scientists (Zhang et al. 2016; China
patent: Z1.201411814406.3). As a result, more
hybrids such as Zhengzazhi HO3, Zhengzazhi 3,
Zhongzhiza 1, Zhongzhiza 2, Wanzazhi 1, Wan-
zazhi 2, Wanzhi 6, and Wanzhi 11 were gradually
bred and released in China. However, most of all
the above hybrids are produced based on two-
line-producing seed technique. The procedures of
the hybrid seed production involve high cost and
are time-consuming and thereby limit the appli-
cation of hybrid seeds in sesame production.

5

7.2.3 System Selection
and Hybridization
Breeding in Sesame

In the early of 1950s, sesame scientists began to
systematically collect and evaluate the landraces
in the world. In China, about 20 landraces, such
as Silingcao, Batongbai, Hebei Bawangbian,
Baoding Jinkouhuang, Fuyang Silingcao,
Wuchang Jiugentou, Xiangyang Laohongzhima,
Xiniujiao, Pingyuanbatou, and Daduzhima, were
selected and utilized for production in various
production regions of China at that time. From
1960 to 1970s, the first-generation Chinese
sesame varieties were mainly bred from the elite
landrace resources through systematic selection
method. As a result, so many important varieties,
such as Zhongzhi 1, Xiezhi 1, Xiangzhi 2,
Zhuzhi 2, Yuzhi 3, Luozhi 16, Ganzhi 1, Ningzhi
2, and Jinzhi 1 for Hubei, Henan, Hebei, Jiangxi,
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Jiangsu, and Shanxi provinces, respectively,
were released. The varieties played an important
role in enhancing the development of sesame
breeding in China at early stage.

Hybridization breeding with the pedigree
selection is a common and effective method for
sesame variety improvement. The desired and
wide variation of traits via controlled crosses
could be transferred into new varieties. The cross-
combinations could be developed between two or
more parental lines. In China, the first group of
varieties bred through hybridization technique
included Zhongzhi 7, Zhuzhi 1, and Jizhil that
were released in the early 1980s. Later, tens of
sesame variety series were bred through
hybridization breeding and showed high adapta-
tion for the main production regions in China
(such as Henan, Anhui, Hubei, Jiangxi, Hebei,
Liaoning, and Shanxi). In the system selection
and hybridization breeding, more desirable lines
with more elite alleles were rapidly applied for
variety improvement. The yield potential and the
tolerance to environmental conditions of the
representative sesame varieties were improved by
the end of twentieth century in China.

7.2.4 Interspecific Hybridization

in Sesame

For sesame, interspecific hybridization belongs to
resistance breeding. As shown in the Chap. 2, the
wild Sesamum species are precious germplasm as
a source of genes conferring high tolerance and
resistance to various pests and diseases and harsh
environments. Especially, to our knowledge,
there are no varieties or germpalsm accessions
immune to the Fusarium wilt pathogen Fusarium
oxysporum and the charcoal rot disease pathogen
Macrophomina phaseolina except for some wild
Sesamum species (Zhang et al. 2019). Transfer-
ring the donor resistance genes into the cultivated
species via interspecific hybridization should be a
feasible method to improve sesame varieties
(Ashri 2007; Zhang et al. 2013). However, the
incompatibility of the different Sesamum species
under natural condition limits the interspecific
hybridization method in sesame breeding (Zhang
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et al. 2013; Yang et al. 2017). Thus, before per-
forming the interspecies breeding, the abortion of
hybrid embryos and the sterility of interspecies
crossing should be overcome. With the aid of
immature embryo culture technique, Zhang et al.
(2013) obtained the 2430 F,; interspecific hybrid
progeny derived from °S. schinzianum x S.
indicum’ and °S. radiatum x S. indicum’ crosses
and detected the simple sequence repeat
(SSR) marker HS209 to identify the progeny of
interspecific hybrids for the first time. The new
materials and precise evaluation techniques pro-
vide new hopes for interspecific hybridization
breeding in sesame, even though no varieties
have been bred in sesame using the interspecific
hybridization and pedigree selection and proved
by molecular markers in the world.

The achievement of the Sesame Genome
Project (SGP) gives sesame scientists more
chances to apply the elite traits and genetic
resources of the wild Sesamum species in sesame
breeding. Recently, the first interspecific hybrid
population for S. calycinum (2n =32, var.
KENS) and S. angustifolium (2n = 32, var. GO1)
was generated by the Sesame Genome Working
Group (SGWG) and applied to construct the first
couple of interspecific single nucleotide poly-
morphism (SNP) genetic maps in sesame
(Unpublished data, Haiyang Zhang) (partial
results shown in the following chapters). Further
molecular mechanism of the elite traits in the
wild Sesamum species will certainly stimulate the
interspecific hybridization and molecular breed-
ing for disease resistance in sesame.

7.3 Sesame Breeding
and Representative Sesame
Varieties in China
7.3.1 Sesame Breeding History
in China

In China, sesame breeding research initiated in
the 1950s. Till now at least 181 Chinese sesame
varieties including 154 white seeded, 20 black
seeded, and 7 yellow or brown seeded varieties
have been bred and released for production.
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Hybridization with pedigree selection is the main
classical technique to breed new sesame vari-
eties. From 1950s to 2013, 78 (50.6%) of the 145
varieties were bred by hybridization breeding,
followed by system selection breeding (37,
24.0%), mutation induction (11, 7.14%), genetic
male sterile (GMS) hybrid (9, 5.8%), and others
(20, 20.1%) (Liu et al. 2015). According to the
development of breeding techniques, the history
of sesame breeding research in China was divi-
ded into five stages: (1) 1950-1960s for selection
breeding. Dozens of landraces such as Beijing
Bawangbian, Shangcai Zihuaye Ersan, Xian-
gyang Xiniujiao, and Wujinghei were selected
from the germplasm library. (2) 1970-1980s for
hybridization breeding. Twenty-three varieties
such as Zhongzhi 1, Zhongzhi 2, Zhongzhi 3,
Zhuzhi 1, Zhengzhi 2, Jizhi 1, and Jizhi 2 are
bred. (3) 1990s for mutation, GMS hybrid, and
hybridization. Nineteen varieties such as
Zhongzhi 5, Zhongzhi 7, Zhongzhi 8, Yuzhi 1,
Yuzhi 2, Yuzhi 3, Yuzhi 9, Henan 1, Jizhi 3, and
Ningzhi 1 were bred. (4) 2000-2013 for muta-
tion, hybridization, and other breeding tech-
niques. A total of 112 varieties including the
Zhengzhi, Ganzhi, Zhongzhi, Ezhi, Wanzhi,
Jinzhi, Liaozhi, and Jizhi series were bred and
released. (5) 2014 to present for mutation,
hybridization, and molecular breeding tech-
niques. Besides traditional variety breeding,
some new varieties with new elite traits, such as
Yuzhi DS899 with determinacy, Yuzhi Dw607
with short internode length and plant height, and
their derived varieties, are bred and released. At
present, the new lines with shattering resistance,
indehiscence, and high oleic acid content have
been created and applied for variety improve-
ment in China (Data not shown). Thus, we
believe that the new progress in sesame breeding
techniques and variety improvement would
stimulate the sesame industry in near future.

7.3.2 Parental Lines in Sesame
Breeding in China

In China, at least 8115 sesame germplasm
accessions are preserved to date, which cover the
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46 countries in the world. More than hundreds of
elite germplasm accessions have been utilized in
breeding (http://www.sesame-bioinfo.org/
phenotype/index.html) (Yang et al. 2018). Pedi-
gree analysis revealed that Yuzhi 4, Ezhi 1 (old),
and Yiyangbai are the most important breeding
materials as parental lines for sesame breeding in
China (Yang et al. 2018). At least 21 varieties are
bred using Yuzhi 4 as the parental line. To breed
an elite variety, more outstanding parental lines
with different blood relationship and geographi-
cal origins are required. At present, in order to
enhance the selection efficiency, most sesame
varieties in China are derived from the 45 Chi-
nese original local resources and nine foreign
resources using hybridization. The high-efficient
application of the parental lines could rapidly
realize the objectives of sesame breeders. How-
ever, we should know that the loss of amount of
alleles in landraces and narrower genetic basis
become more and more serious. The challenges
of creation of new materials and highly efficient
breeding techniques for sesame breeding should
be faced and solved in the future, in order to
change the slow breeding status.

7.3.3 Representative Sesame
Varieties in China

Seed yield and seed quality are the two key traits
in sesame breeding. From 2011 to 2015, 39
sesame varieties were bred and released in China
(Table 7.1). As shown, the yield level of the new
varieties increased to 120.6 kg per mu, equal to
1809 kg per ha (in Yuzhi Dw607). The highest
oil and protein content of varieties reached to
60.52% (in Zhongzhi 12) and 26.75% (in Yuzhi
Ds899), respectively. In sesame new variety
examination in China, the standard of good
sesame variety comprise of the six items, i.e.,
(1) seed type and color: oval and pure white or
black seed; (2) ratio of seed coat weight: < 10%j;
(3) 1000-seed weight (TSW): >2.5 g; (4) seed oil
and protein content: Oil content > 54% or
protein content > 20%; (5) total sugar content of
seed: >10%; (6) total lignan content of seeds:
0.5%. As to the varieties with high oil content
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(>58%), high protein content (>24%), large size
(TSW > 4.0 g), or tiny size (TSW < 2.0 g) are
regarded as high-quality variety.

Yuzhi 11

Yuzhi 11 (Fig. 7.1) is a famous and popular
sesame variety in China, which was bred using
mutation induction method by the Henan Sesame
Research Center, HAAS in 2003, which has been
applied for genome sequencing in the
SGP. Yuzhi 11 has high and stable yield with the
record of 3,204 kg per ha in summer sowing in
Henan in 2004. The seeds contain 56.66% fatty
acids and 19.74% protein.

Ganzhi No. 9

Ganzhi No. 9 (Fig. 7.2) is the first Chinese black
sesame variety bred through radiation mutation
in China. The variety has high yield and com-
modity  traits with high resistance to
Macrophomina phaseolina and high tolerance to
lodging and drought.

Yuzhi DS899

Yuzhi DS899 is the first determinate variety for
production application in the world (Fig. 7.3).
The variety was bred and released in 2015. Yuzhi
DS899 was mutated from the sibline of Yuzhi 11
using EMS mutagenesis. The variety has high
yield potential of 130 kg per mu with high den-
sity of 15,000-18,000 plantlets per mu. The oil
content and protein content of seeds is 52.21 and
26.05%, respectively. The thousand seed weight
(TSW) is 5.1 g. Thus the variety is regarded as
high-quality sesame variety and suitable for
direct seed processing.

Yuzhi Dw607

Yuzhi Dw607 is a dwarf variety with short
internode length. The variety was bred and
released in 2015 (Fig. 7.4). Yuzhi Dw607 was
mutated from the sibline of Yuzhi 11 using EMS
mutagenesis. The internode length is 3.8-4.6 cm.
The plant height ranges from 1.1 to 1.6 m. The
variety is suitable for high density cultivation and
mechanized harvest with abundant fertilizers and
water. For the low plant height and strong stem,
the resistance to lodging of the variety is high.
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Table 7.1 New sesame varieties released by Chinese sesame scientists from 2011 to 2015

Year

2011

2012

2013

2014

Breeding organization

Oil crops research
institute, CAAS

Oil crops research
institute, CAAS

Oil crops research
institute, CAAS

ZAAS, Henan
HAAS, Hebei
AAAS, Anhui
SAAS, Shanxi
HSRC, HAAS, Henan
HSRC, HAAS, Henan
HSRC, HAAS, Henan

Oil crops research
institute, CAAS

Oil crops research
institute, CAAS

Oil crops research
institute, CAAS

Oil crops research
institute, CAAS

AAAS, Anhui
SAAS, Shanxi
LAAS, Henan
XAAS, Hubei
HSRC, HAAS, Henan

Oil crops research
institute, CAAS

Oil crops research
institute, CAAS

AAAS, Anhui
HSRC, HAAS, Henan
HSRC, HAAS, Henan
JAAS, Jiangxi
JAAS, Jiangxi
JAAS, Jiangxi

Oil crops research
institute, CAAS

HAAS, Hebei
ZAAS, Henan
XAAS, Hubei

Variety name

Zhongzhi 18

Zhongzhi 19

Zhongxiangzhi
1

Zhuzhi 19
Jiheizhi 2
Wanzhi 5
Fenzhi 7
Zhengzhi 15
Zhengzhi 16
Zhengzhi 17
Zhongzhi 22

Zhongzhi 23

Zhongzhi 21

Yanzhuang 1

Wanzhi 6
Jinzhi 7
Luozhi 21
Ezhi 7
Zhengzhi 18
Zhongzhi 24

Yanzhuang 2

Wanzhi 7
Zhengzhi 19
Zhengtaizhi 1
Ganzhi 11
Ganzhi 12
Ganzhi 13
Zhongzhi 29

Jihangzhi 3
Zhuzhi 21
Ezhi 8

Average yield

(kg/mu)

59.1

100.37

84.63

84.15
72.25
92.2

65.51
79.24
90.02
94.04
71.77

77.02

79.48

90.69

91.69
76.90
78.94
80.19
88.0
88.7

97.7

89.5
108.2
115.5

78.74

94.43

95.81
105.7

78.07
87.30
81.36

Increase
rate (%)

13.22

12.64

31.23

7.57
23.60

8.14
11.35
14.55

6.31
11.03
19.0

5.58

14.16

7.09

8.27
9.42
5.02
15.18
11.60
12.24

15.35

5.51
10.21
17.69
10.13

7.27

8.84

7.82

5.57
11.80
7.17

Oil
content
(%)

56.82

60.52

59.17

54.71
52.12
56.38
53.80
58.66
59.04
58.34
58.67

55.61

56.95

59.27

57.67
55.40
55.69
56.71
56.71
52.70

58.32
55.0

57.49
51.28
57.06
57.48

53.45
56.0
56.53
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Protein
content (%)

19.89

21.96
24.15

21.99
16.70
16.80
17.96
18.23

20.90

18.91

18.70

22.52
21.25
18.85

16.66

21.0

17.49
25.53
20.57
21.82

229
20.3
19.76

(continued)
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Table 7.1 (continued)

Year  Breeding organization | Variety name Average yield Increase Oil Protein
(kg/mu) rate (%) content content (%)
(%)

2015 | HSRC, HAAS, Henan  Yuzhi DS899 117.7 9.62 51.43 26.75
HSRC, HAAS, Henan  Yuzhi 21 112.6 14.9 58.33 17.92
HSRC, HAAS, Henan  Yuzhi Dw607 120.6 12.3 52.62 22.28
NAAS, Henan Wanzhi 16 110.1 12.3 56.94 19.21
ZAAS, Henan Zhuzhi 22 106.8 8.9 52.74 19.04
NAAS, Henan Wanzhi 16 110.1 12.3 56.94 19.21
ZAAS, Henan Zhuzhi 22 106.8% 8.9 52.74 19.04
AAAS, Anhui Wanzhi 12 - - - -

‘~’ indicates not known. (Provided by Haiyang Zhang)

Fig. 7.1 Plant and seed
image of sesame variety
Yuzhi 11. Left is the plant
image in field. Right is the
image of seeds. Photographs
provided by Haiyang Zhang

Fig. 7.2 Images of Ganzhi
No. 9. Photographs provided
by Meiwang Le
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Fig. 7.3 Plant images of
Yuzhi DS899. Photographs
provided by Haiyang Zhang

Yuzhi Dw607 variety has high yield potential of
160 kg per mu with high density of 14,000-
15,000 plantlets per mu. The oil content and
protein content of seeds is 52.62 and 22.28%,
respectively. In 2017, Yuzhi Dw607 was planted
in Xinjaing Experimental Station and created the
highest yield record of 233 kg per mu (equal to
3495 kg per ha) in the world.

In recent years, under the support of the
Chinese Agriculture Research System, sesame
scientists in Henan Sesame Research Center
cooperated with the Agriculture Research Cor-
poration in Sudan and performed the sesame
breeding experiments in Sudan. At present, three
lines (CSS1, CSS2, and CSS3) have been bred
with the Chinese and African varieties as parental
lines using hybridization breeding technique
(Fig. 7.5). In 2018, the highest yield level
reaches 103.1 kg per mu with the increase of
108.28%, compared to the control. The selection
of the new varieties will improve the sesame
industry in Africa (Unpublished data, Haiyang
Zhang).

Fig. 7.4 Image of Yuzhi
Dw607. Left is the plant
image. Right is the
comparison of internode
length of Yuzhi Dw607
(right) with the control (left).
Photographs provided by
Haiyang Zhang

7.4 Sesame Breeding
and Representative Sesame
Varieties in Africa
7.4.1 Sesame Breeding Development
in Africa

Daniel (2017) stated that many constraints such
as indeterminate flowering nature, shattering of
capsules at maturity, insect, pests and diseases,
heat, and drought are the major factors hindering
the considerable yield improvement in Ethiopia.
The improvement of sesame has lagged behind
other crops due to a lack of research, shortage of
trained personnel, limited financial support, and
limited international cooperation (Daniel 2017).
In Sudan, the main problems limiting production
and expansion of sesame are the low yield
potential of existing varieties, rain fall amount
and distribution, limited use of the deficient
certified seeds, inadequate weed control, harvest
problems mainly related to dehiscence, labor
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Fig. 7.5 Three new varieties (lines) bred by Chinese sesame scientists in Sudan. The left, middle, and the right image
indicate CSS1, CSS2, and CSS3, respectively. Photographs provided by Haiyang Zhang

shortage and too expensive harvest stage, and
prevalence of many insect pests and diseases.
Lacking of non-shattering varieties and difficul-
ties in mechanical harvesting are of the main
concern, whereas the harvesting cost of sesame is
more than 70% of the total cost. Khidir (1969)
stated that in Sudan as well as in many other
countries, the main problem facing sesame pro-
duction is the shattering of seeds at maturity, thus
leading to a great loss in yield.

The main objectives of sesame breeding are
high seed yield, indehiscent capsule, high oil
percent, and high tolerance to pest and diseases.
Sesame improvement resulted in rapid replace-
ment of the old landraces which is characterized
by as excellent source of genes for adaptability,
and resistance to biotic and a biotic stresses by
new ones of narrow genetics background. Due to
proper management of the sesame genetic
resources should be achieved, this management
includes collection of sesame germplasm, con-
servation, evaluation, and characterization. In
Africa, the main breeding methods are utilized to
identify and select the sesame varieties possess-
ing desirable traits. Breeding methods used for
sesame improvement vary from selection to
hybridization, mutation, and molecular breeding.
Most of the sesame varieties released in African
countries were developed by selection procedure
or through hybridization. These methods of
breeding are technically easy, need no

sophisticated tools, and are suitable for
improvement of many traits with unidentified
genes at one time.

7.4.2 Breeding for Indehiscent
Sesame Varieties
in Sudan

In Sudan, the ultimate objective of sesame
breeding program, since its inception in the early
1950s, has been the development of high yield-
ing non-shattering varieties for mechanized crop
production. In 1951, a segregating population
from a cross with an indehiscent mutant was
imported from the USA and initial selections
were made at the central rain-land research sta-
tion at Tozi till 1954. The selected lines like the
original materials were proved to be poor yield-
ers (Walton 1959). In 1957, crosses were made to
transfer the indehiscent trait to the local types.
However, the lines resulting from this program
were also poor yielders. At the end of 1960s, a
multiple crosses program involving several
indehiscent lines and a large number of local
types started, but no success was achieved
(Khidir 1998). It is noteworthy that in many parts
of the world breeding for indehiscence proved to
be a difficult undertaking. Thus, the main and
immediate objective of the sesame breeding
program should be to develop the high yielding
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but indehiscent varieties. The shattering problem
could be partially solved by breeding for uniform
maturity (Khidir 1969).

7.4.3 Local Varieties and New
Varieties in Sudan

The local sesame varieties in Sudan are numerous
with many local names, such as Housh, Abdel-
razig, Babinga, Bilia, Abusofa, Heraher, Gerabin
light, Gerabin late, Abuzabad, Amortaba, Baladi,
and Mafaza light. These varieties are character-
ized by great variability in the vegetative and
reproductive characteristics, as well as the seed
color. The seed color varies from white to black
with all shades of color in between. The white
seeded varieties are preferable for exporting,
while the colored for oil extraction.

Landraces are still widely used in Sudan,
particularly in Western Sudan. In the 1950s and
the early 1960s, a large number of landraces
were collected. By selection within these lan-
draces and purification of local varieties accord-
ing to the seed color, some local varieties, such
as Ziraa-1, Ziraa-3, Ziraa-6 and Ziraa-7 in white
seeded were released. The varieties were avail-
able to the commercial and semi commercial
farmers. In 1960s, with the objectives of pro-
ducing non-shattering high yielding varieties for
mechanized production, a population segregating
for the indehiscent gene (a recessive mutant
discovered in Venezuela in 1943) was imported
from the USA. The selected lines from this
population and the lines produced by transferring
the gene to the local types were proved to be
poor yielders.

In 1975, a joint breeding program between
Agricultural Research Corporation (ARC) and
University of California, Riverside, started with
financial support from UNDP. This led to the
release of the variety Kenana-1. In mid-1980s,
Kenana-1, Ziraa-9, and hurria-49 were released
(Osman 1985). Kenana-1 is characterized by
high yield productivity, large seed size, and
white seeds that contain 48% oil and 24% pro-
tein. The variety is resistant to the bacterial blight
but attractive to the web worm. The capsule has
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eight locules. Ziraa-9 is characterized by small
white seed and uniform maturity (Osman 1985).

In 1990s, Kenana-2, Kenana-3, and Kenana-4
were released. Kenana-2 is characterized by big
seed size with white color. It is also of early
maturity and drought tolerant. Promo is a variety
selected from introduced materials of temperate
origin (Greece), characterized by high branching,
medium duration, even maturity and delayed
shattering (Ahmed 2008). In 2003, Um Shagara
and Gedarif-1 were released. Gedarif-1 is a
variety selected from segregating materials of
crosses between temperate and tropical cultivars.
It is characterized with non-branching habit,
medium-late duration to flowering and good
vigorous habit of growth. Um Shagra is selected
from segregated materials of crosses between
introduced and local cultivars. The variety is
characterized by high branching, white seed, and
even maturity (Ahmed et al. 2003).

In 2012, a new sesame variety named as
Elgizouli was released. The variety is selected
from segregated materials of crosses between
introduced and local cultivars. The original seed
stock of the introduced parent was from Inter-
national Development Research Centre (IDRC)
project. It is characterized by high branching,
long capsule, white seed, and even maturity
(Khalafalla and Ahmed 2012).

7.4.4 Sesame Breeding and New
Varieties in Ethiopia

Sesame breeding in Ethiopia started in late 1960s
with 72 introduced and landrace accessions,
focusing on introduction (Tadele 2005). Ethio-
pian sesame breeders have come to rely on
breeding methods involving the use of collection,
selection (mass and pure line), hybridization
(followed by pedigree and bulk method of
breeding), and recently induced mutation (Daniel
2017). Ethiopian Institute of Agricultural
Research (EIAR), The Institute of Agricultural
Research (IAR), and IDRC initiated the high land
and low land oilcrop projects in 1981 and 1982,
respectively. The low land project covered
sesame, ground nut, caster, and safflower. The
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project continued with its second phase from
1988 and greatly accelerated the research work
on sesame. During this time, both exotic and
local sesame lines were evaluated for their dis-
ease resistance, yield, and yield attributing
characters at various ecological zones of Ethio-
pia. Out of sesame lines assembled and evaluated
at multilocations, 10 lines (exotic and some
landraces), have been proved promising, and four
varieties (i.e., T 85, Kelafo 74, S, and E) were
released during the first phase of the project. The
cultivar T 85, which is also called Hirhir as local
name and Humera type as market name, is
appreciated worldwide for its aroma and sweet
taste. The variety has good uniform large white
seed and often used as standard in the world
market. However, it is susceptible to bacterial
blight caused by Pseudomonas or Xanthomonas.
Hence, other three varieties S, E (introductions
from Uganda) and Abasina (selected line from
landraces) were released which meant to mitigate
the limitation in T 85, as the varieties moderately
tolerate the disease (Tadele 2005).

Daniel (2017) reported that T 85 and Kelafo
were released on 1976 and the varieties E and S
were released on 1978. Six sesame varieties (i.e.,
Adi, Mehedo 80, Abasina, Argene, Serkamo, and
Tate) were evaluated further and released in the
second phase of the project. All of these ten
sesame varieties are selected lines from the lan-
draces (Thomas Development Associates 1992).
The varieties Mehado8 released on 1989 and
Abasina released on 1990. Argene, Adi, and
Serkamo were released on 1993, and Tate was
released on 2000 (Daniel 2017).

The productivity of sesame is induced by
improved varieties or improved agronomy prac-
tices and crop protection. The potential yields are
probably as high as 2000 kg/ha which is much
higher than the national average 600 kg/ha
(Wijnands et al. 2009). The data indicate that
the yield potential of sesame is much higher than
the actual yield, as still much damage occurs by
pests and diseases, insufficient weed control,
high level of mono cropping, inefficient har-
vesting for shatter loss, and unrealized genetic
potential. The main objective of sesame research
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in National Agricultural Research System of
Ethiopia is to develop new cultivars concentrat-
ing on diseases resistance, white seeded, and
high yielding characters with increased market
values. The research in the country is geared
toward evaluation of new collected accessions
and exotic materials to develop a sesame variety
with desirable characteristics with a combination
of traits of interest including considerable oil
content and other seed quality traits important for
the export market (Tadele 2005).

7.4.5 Sesame Breeding and New
Varieties in Tanzania

A large number of Tanzanian farmers are still
subsistence producers using the diverse crop
cultivars originated from their own farming
environments. The number of traditional culti-
vars selected to adapt for the different cultural
values and environmental conditions is also very
large. Many traditional cultivars are given names
which emphasize the qualities of the cultivars,
thus resulting in easy sharing of information and
seed of such cultivars. As a result, traditional
cultivars are easily accepted and spread within
ethnic ground.

The national varieties listed since 1950s up to
2008 in Tanzania include Naliendele92 released
in 1992, which is characterized by basal branch-
ing and heavy leaf shedding at maturity but sus-
ceptible to the bacterial blight. The variety
Zawadi94, released in 1994, is characterized by
profuse basal branching. The capsules turned
from green to purple at maturity. The seed color is
dull white. The variety tolerates to leaf spot and
stem rot. Ziada94 was released in 1994, charac-
terized by late maturity (120-140 d). The plant
color is light green. The variety has profuse
branching, the seed color white brown but change
to creamy white, if harvested in prolonged rains.
The variety Lindi 02 was released in 2006,
characterized by basal branching, long capsule,
2-3 capsules within the same plant with very
white seeds, and tolerant to the leaf spot and stem
rot. The variety has high oil content (55-61%).
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7.5 Sesame Breeding in the USA
and Ideal Sesame

Since 1950s, main objectives of sesame breeding
in the world involves adaptation to mechaniza-
tion with determinate, dwarf, not-dehiscent or
indehiscent trait. With the aid of abundant
sesame germplasm materials, D. G. Langham
and D. R. Langham performed experiments to
breed new sesame varieties with high adaptation
for mechanized harvest for more than 70 years in
the USA. In 1982, Sesaco Company released
varieties that could be swathed into a windrow.
In 1988, Sesaco released the first sesame vari-
eties that could be harvested directly in the field
after the sesame was dry enough for a 6% seed
moisture. In 1997, a non-dehiscent (ND) sesame
variety was released in the USA with improved
shattering resistance. In 2008, the first improved
non-dehiscent (IND) sesame variety (US Patent
no. 8,080,707) was released. After being dry for
one month, 85% of the capsules in IND plants
still have seed to the top (Langham 2008). The
development of the first indehiscent sesame
variety realizes the whole mechanization pro-
duction in the USA, even though the seed quality
should be improved further. At present, the
above new sesame varieties with the increased
shatter resistance trait are widely cultivated with
the mechanized technology in the USA, Para-
guay, and Bolivia (Fig. 1.8). The history of
breeding of indehiscent varieties in the USA
shows that more non-dehiscent sesame varieties
could be developed and spread to other areas of
the world. Consequently, full mechanization with
non-dehiscent sesame varieties would benefit the
world sesame industry in the future.

As breeders, we all must admit that each of us
has a set of prejudices as to what sesame should
be liked. Just on the basis of three basic traits of
branching, capsules per leaf axil, and days to
maturity, it is possible to categorize the origin of
new germplasm materials: (1) single stem, triple
capsules, medium maturity from China; (2) few
branches, triple capsules, early maturity from the
Republic of Korea; (3) few branches, single
capsules, medium-to-early maturity from Turkey
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and the Middle East; and (4) many branches,
single capsule, medium-to-late maturity from
America, Africa, and Indian subcontinent. A few
other traits further define the latter phenotype:
(1) long-day flowering: North America; (2) short-
day flowering: the rest of America and Africa;
(3) smaller leaves: Indian subcontinent; (4) red
seed: South India. Many countries have collected
extensive germplasm and then developed a core
collection. There must be a concerted effort to
not concentrate on just the core collections.
There are many hidden genes in the germplasm
materials that did not qualify as core. There is a
tremendous amount of variation in morphologi-
cal traits and many more to be discovered with
microscopes, chemical analysis, and genomics.

As to the ideal sesame variety, the following
are different concepts of ideal sesame from dif-
ferent sesame scientists. In Japan, T. Kobayashi’s
ideal sesame (Kobayashi 1986) can be described
by: non-branching, short internodes, early
maturing, low plant height, triple capsule,
bicarpellate, opposite leaf phyllotaxy, and lodg-
ing resistance.

In Republic of Korea, C. W. Kang’s ideal
sesame (personal communication, 1998): shatter
resistance; white or black seed (brown is good
but there is no market); few branches, branches,
or uniculm; triple capsule or one capsule; semi-
dwarf; dense capsule set; super yield—F; hybrid
using GCMS; high maturity to the top; clean
(clear) color; resistance to Phytophthora blight,
Fusarium wilt and Corynespora blight; low-
temperature germinability; high harvest index—
low capsule set; lodging resistant; determinate
with numerous capsule nodes; qualitative
improvement over current varieties: oleic or
linoleic fatty acid, oil, sesamin, and sesamolin;
taste, protein, essential amino acids.

In Thailand, W. Wongyai’s ideal sesame
(personal communication, 2000): white seed
(major) and black seed, shaker shatter resistance
for manual and machine threshing; high seed
weight per capsule; 100-seed weight >3 g;
delayed shattering 10-20 days from maturity;
early maturity 80-90 days to maturity for early
rainy season; medium maturity 95-100 days for
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rainy season; suitable seed yield for early matu-
rity; resistance to bacterial leaf spot (Pseu-
domonas and Xanthomonas), whitefly, and
aphid; having capsule at the tip of stem (may
give uniform ripening and good seed fill); short
internode, especially look for short internode in
the lower part; small leaf size and erect angle and
leaf fallen before harvesting; bicarpellate capsule
with opposite position and alternate arrangement;
single capsule or three capsules which have a
uniform capsule size; plant height 120-150 cm;
single stem or branching with 2—4 branches but
prefer two branches; branches should occur at the
same node and parallel to stem; erect stem;
lodging resistance; no vivipary; high lignans
antioxidant; no or small nectaries (Thai lines
have some of the smallest nectaries); non-
photosensitive; no longer capsule length; look
for later flowering approximately 40 days;
shorter ripening period.

In Australia, M. R. Bennett’s ideal sesame
(personal communication, 2016): some of the
characters were mandatory: seed color white to
cream; seed should not be bitter; tolerance to
diseases, insects, and lodging; minimal shatter-
ing; >0.38 g/100 seeds with a minimum of
0.32 g; >44.5% harvest index; 56.1-27.0% oil
content, with higher content rated a 4; 40-50 cm
height of first capsule with lower values for both
higher and lower heights; 2.26-3.00 branches for
early and medium maturity and 0.75-1.00 bran-
ches for late maturity and anything over 3.0
branches; 120-130 cm plant height with lower
values lower and higher; the ideal was 120-
130 cm plant height, 40-50 cm first capsule
height, 82 cm capsule zone length, with 28
‘whorls’ (node pairs) of triple capsules based on
20 plants/m*; and >90 capsules per plant. The
following traits were desirable but were not
scored: capsule color change at maturity; short
time between the end of flowering and maturity;
lowest branch should be basal; seedling vigor;
dormancy to control vivipary; and capsule length
should be longer than internode length. He took
data on several traits, but they were not scored:
number of nodes to first capsule; days to 50%
flowering, days to 90% flower termination, days
to 90% mature; capsule length; capsule width;
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hairiness on the leaf, stem, and capsule; seed
weight per plant; and biomass per plant.

In Turkey, H. Baydar’s ideal sesame: bran-
ches; single capsule; bicarpellate capsule (Baydar
2005).

The above concepts and ideas for the ideal
sesame indicate that there is no ideal sesame that
will be suitable for the whole world. The ideal
sesame for Chinese manual farmers is not the
same as for USA mechanized farmers. Even
within China, the ideal sesame for the north with
a shorter growing period will be different than for
the south with a longer growing period. There-
fore, we breeders should apply the high-efficient
breeding techniques involved in the traditional
breeding, molecular marker assisted selection,
and molecular design breeding techniques to
realize the individual ideal breeding objectives in
the future.
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Abstract

Next-generation sequencing (NGS) technology
has reinforced the development of the molec-
ular genetic research in sesame in the recent
two decades. In the early stage, most sesame
scientists endeavored to develop more specific
DNA markers with high polymorphism and to
construct the molecular genetic maps for
sesame with the aid of the limited expressed
sequence tag (EST) and transcriptome infor-
mation. In the recent decade, a lot of sesame
genome information stimulated rapid pro-
gresses in the molecular genetics analysis of
important agronomic traits in sesame. In this
chapter, we overview the main achievements
of the high-resolution molecular genetic map
construction, quantitative trait loci (QTLs)
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mapping related to the key traits, map location
of molecular markers, and identification of the
key functional genes in sesame. Especially,
several successful examples for gene location
and detection of molecular markers associated
with yield, seed quality, disease resistance,
and other key agronomic traits in sesame are
enumerated. The prospects and strategies for
establishing the molecular breeding tech-
niques in sesame are also discussed.

8.1 Introduction

Sesame is regarded as an orphan crop species in
plant genome research because of the ancient
phylogenetic position and the remote phyloge-
netic distance from cereals and other economic
crops. In particular, sesame is a self-pollinated
crop and has a relatively narrow genetic base
(Yue et al. 2012; Zhang et al. 2012a, c; Uncu
et al. 2015). Thus, to rapidly aggregate the elite
genic alleles into a new variety using the con-
ventional breeding techniques with the limited
breeding materials seems difficult. In order to
increase the breeding efficiency, digging amount
of functional genes and molecular markers or
QTLs significantly associated with the target
traits is necessary. Therefore, clarifying the
molecular regulation mechanism of the key
agronomic traits and determining the theoretical
basis of the molecular breeding techniques
become more urgent in sesame.
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In recent years, the high-throughput next-
generation sequencing (NGS) technology facili-
tated the progress in sesame molecular genetic
research specifically including constructing high-
resolution molecular genetic maps, locating the
QTLs, detecting molecular markers, and identi-
fying the key functional genes related to agro-
nomic traits (Ganal et al. 2011; Wei et al. 2011;
Sim et al. 2012; Wang et al. 2015; Zhao et al.
2015; Zhang et al. 2016). The accomplishment of
the Sesame Genome Project further supplied the
key genome information for genetic and genomic
research and marker-assisted breeding in sesame
(Zhang et al. 2012b, 2019; Miao 2014; Wang
et al. 2014; Wei et al. 2015a, b). We here review
the history of molecular marker development and
the main achievement of molecular genetic
analysis in sesame. The successful experiences
provide a great deal of genomic information and
the foundation for strengthening the future
molecular breeding in sesame.

8.2 Molecular Marker Discovery
in Sesame

Sesame is an underutilized and disparaged
crop. Compared to cereals and other major oil-
seed crops, the investment in sesame breeding
research and industry in the world is evidently
meager. Till 2009, only 3328 sets of expressed
sequence tag (EST) data of sesame were depos-
ited in the NCBI dataset. Limited achievement of
the genetics and genomics research in turn hin-
ders the development of sesame breeding and
improvement in production in the world. Before
the initiation of the Sesame Genome Project (the
SGP) in 2010, the molecular genetics and geno-
mics research in sesame was lagging. Similar to
other crops, detecting DNA markers with high
polymorphism for genetic map construction and
mapping of quantitative trait loci (QTLs) related
to various agronomic traits are the core points
during the early development of sesame molec-
ular genetics and breeding.
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8.2.1 Universal Molecular Markers
Before the development of the NGS technique,
scientists evaluated the genetic diversity of
sesame germplasm using phenotype and iso-
zymes. In 1990s, the isozymes of isocitrate
dehydrogenase (IDH) were successfully utilized
for sesame germplasm evaluation. Two alleles of
IDH were used in the assessment of the 68
accessions (Isshiki and Umezaki 1997). In the
early stage of the molecular genetics research in
sesame, the wuniversal molecular markers,
including the random amplified polymorphic
DNA (RAPD), sequence characterized amplified
region (SCAR), inter-simple sequence repeats
(ISSR), amplified fragment length polymorphism
(AFLP), and sequence-related amplified poly-
morphisms (SRAP) markers were gradually used
for the genetic diversity analysis of sesame
germplasm accessions (Bhat et al. 1999; Kim
et al. 2002; Ercan et al. 2004; Hernan and Petr
2006). Bhat et al. (1999) compared the 58 sesame
accessions using RAPD markers and found that
the extent of genetic diversity of the Indian vari-
eties was greater than that of the exotics. Kim
et al. (2002) used 40 ISSR primers to determine
the genetic relationship among 75 sesame acces-
sions. Only 33% primers exhibited polymor-
phism, and the population structure reflected the
low diversity and the narrow genetic basis of the
75 Korean accessions (Kim et al. 2002). Mean-
while, Zhang et al. (2010) evaluated a sesame
core collection containing 404 varieties using the
11 SRAP and three simple sequence repeat
(SSR) markers. The results indicated that 72%
fragments were polymorphic, and the 404 vari-
eties were grouped into seven groups. The Nei’s
gene diversity (h) varied from 0.1772 to 0.2613.
Considering the polymorphism of the universal
molecular markers in samples is unstable, some
scientists further dig the species-specific DNA
markers, such as simple sequence repeat
(SSR) markers, single nucleotide polymorphism
(SNP), and insertion/deletion (InDel) markers as
substitutes for genetics research in sesame by the
beginning of the twenty-first century.
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8.2.2 SSR Marker

Of the species-specific markers, SSRs and EST-
SSRs are the most powerful PCR-based DNA
markers in plant diversity analysis. SSRs are
short tandem repeats with 1-6 bp in length and
have high abundance, variability, and repro-
ducibility with the codominant nature in plant
genomes (Powell et al. 1996; Wei et al. 2008;
Zhang et al. 2012b). In sesame, the first report
about the development of genomic SSRs for
sesame was published by Dixit et al. (2005).
About 20% (10) SSR markers developed from a
sesame cDNA library showed polymorphic in the
16 accessions (Dixit et al. 2005). To dig more
polymorphic SSR markers for sesame, Wei et al.
(2008) analyzed all the 3,328 sesame EST
sequences in NCBI database and developed 50
EST-SSR markers. The PCR results showed that
only 27 (61.4%) EST-SSR markers were poly-
morphic in the 34 cultivated sesame accessions
and two wild accessions. In 2012, the transcrip-
tomes of 24 sesame samples were sequenced
using RNA-seq techniques on Ilumina sequenc-
ing platform (Zhang et al. 2012b). The 42,566
uni-transcript sequences covering 47,987 Kb size
in sesame genome were assembled and analyzed.
As a result, a total of 7324 (> 15 bp) and 4440
(> 18 bp) SSRs were presented in the uni-
transcripts (Zhang et al. 2012b). However, only
32 (11.59%) genic-SSR markers were polymor-
phic in 24 cultivars. The polymorphism level of
SSRs in sesame was similar to those of wheat
and peanut (Gupta et al. 2010; Liang et al. 2020).

In the initiating stage, in order to develop
more DNA markers with high polymorphism,
many scientists employed an enrichment strategy
to develop the microsatellite makers and SSR
primers (Spandana et al. 2012; Badri et al. 2014;
Surapaneni et al. 2014). Spandana et al. (2012)
used multi-enzymes digestion, microsatellite
oligo probes, and streptavidin magnetic beads to
enrich microsatellite isolation in sesame. More
than 200 SSR motifs (> 2 repeat units or 6 bp)
were detected. Surapaneni et al. (2014) con-
structed three sesame SSR-enriched libraries, i.e.,
(AG)n, (CT)n, and (AGC)n using the selective
hybridization method. About 75 clones contained
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the microsatellite repeats, and 62 clones were
found having unique flanking regions and
selected for primer design.

With the wide application of NGS technique
in sesame, more and more cDNA libraries were
sequenced. As a great amount of transcriptomes
and genome data of sesame have been deposited
in the public dataset, the development and
application of the specific molecular markers in
sesame diversity analysis are significantly
improved (Ke et al. 2011; Wei et al. 2011; Wang
et al. 2012; Zhang et al. 2012b; Yepuri et al.
2013; Wei et al. 2014a; Wu et al. 2014a; Uncu
et al. 2015). In particular, Ke et al. (2011)
obtained 32,421 uniESTs with the cDNA library
of immature sesame seeds and identified 1949
non-redundant (NR) SSRs in 1688 uniESTs, of
which 349 primer pairs were designed for genetic
diversity analysis in sesame (Wu et al. 2014a).
Results indicated that 11 (3.5%) of 349 primer
pairs were found polymorphic in 130 sesame
Meanwhile, Wei et al. (2011)
sequenced the transcriptomes of the mixture
samples including root, leaf, shoot tip, flower,
and the developing seed using Illumina paired-
end sequencing technology. A total of 7702
SSRs were identified from 86,222 consensus
sequences. Of the 50 primer pairs, 40
microsatellite loci showed allelic polymorphism.

Moreover, based on the genome information
(var. Zhongzhi no. 13, WGS raw reads deposited
no. SRA122008), 23,438 SSRs (>5 repeats)
were identified (Wang et al. 2014; Wei et al.
2014b). In sesame genome, excluded the
mononucleotide repeats and complex SSR types,
dinucleotide was the most common repeat motif
with the high frequency of 84.24%. Followed
was trinucleotide with the frequency of 13.53%.
The evaluation results showed that 218 (14.53%)
of the 1,500 designed SSR primer pairs were
polymorphic in the four accessions. Subse-
quently, Wang et al. (2017) updated the genome
data and re-analyzed the genomic SSR loci in
sesame genome. A total of 110,495 SSRs were
detected. Mononucleotide (39.1%) and dinu-
cleotide (34.3%) repeats were the most common
repeats. Meanwhile, Uncu et al. (2015)
sequenced the genome of ‘MMuganli 57’ using

accessions.
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Roche 454 GS-FLX and identified 19,816 SSRs
from the 65 Mb genome data. The mononu-
cleotide repeats were the most abundant, repre-
senting 48.5% of all SSRs. Of the designed 849
primer pairs, 228 (26.9%) were polymorphic
between S. indicum and S. mulayanum (Uncu
et al. 2015). To favor for the application of the
polymorphic SSRs, Dossa et al. (2017) estab-
lished an online database SisatBase (http:/www.
sesame-bioinfo.org/SisatBase/) with thousands of
polymorphic SSRs. All the above SSRs and
validated polymorphic SSRs provide useful
information for genetic diversity assessment and
molecular-assisted breeding (MAS) in sesame.

8.2.3 SNP and InDel Marker

SNP and InDel markers indicate the abundant
base variants in genomes and are being utilized
for genetics and genomics analyses in organisms
(Rafalski 2002; Riahi et al. 2013). Accomplish-
ment of the reference genome stimulated the
aggregation of the genomics data in sesame.
Based on the transcriptome and genome data, a
great amount of SNP and InDel markers were
dug and applied for genetic map construction and
the genetic analysis of key traits in sesame (Wei
et al. 2014a; Wu et al. 2014a; Zhang et al. 2016;
Du et al. 2019). Wei et al. (2014a) constructed a
reference transcriptome by the de novo assembly
technique using the published three RNA-Seq
datasets in sesame. About 10,950 SNPs in 4660
contigs and 590 InDels in 524 contigs presented
in the alignments between ‘Rongxian black
sesame’ (RXBS) and ‘Zhongzhi 11°. Meanwhile,
the 40 SNP primer sets were designed and
applied for PCR screening in sesame for the first
time. As a result, 24 (60.0%) SNP primer sets
appeared allelic in three accessions, while 17
(85%) InDel (InDel length > 3 bp) primer pairs
showed the evident polymorphism (Wei et al.
2014a).

For sesame, genome resequencing results
indicated that up to millions of SNPs existed
among the cultivated sesame varieties (Wei et al.
2015a, b; Zhang et al. 2016). The chromosome-
scaled genome map of sesame (var. Yuzhi 11)

H. Zhang et al.

and the genome resequencing data of sesame
accessions improved the SNP and InDel appli-
cation for gene cloning using the tested popula-
tion and genome evolution analysis in Sesamum
(Zhang et al. 2016; Zhang et al. 2018, 2019;
Miao et al. 2019).

8.3 Molecular Genetic Linkage
Maps in Sesame

Constructing a genetic linkage map is a prereq-
uisite for exploring the trait inheritance at a
genome-wide level (Sim et al. 2012; Verma et al.
2015). A molecular genetic map, especially a
high-density molecular genetic map, provides the
important genetic inheritance information in the
tested population (Zhang et al. 2013b). Fine
mapping QTLs or candidate genes related to the
quantitative traits through high-resolution genetic
maps are still an efficient method for genetic
inheritance analysis of key quantitative traits in
plants (Sim et al. 2012). Moreover, the applica-
tion of NGS technology improves molecular
marker digging and high-density SNP genetic
maps construction in crops (Ganal et al. 2011;
Sim et al. 2012; Wang et al. 2015; Zhao et al.
2015). For sesame, with the continuous devel-
opment of the DNA marker detection techniques,
more than ten molecular genetic maps have been
constructed using EST-SSR, AFLP, RSAMP,
SSR, or SNP markers till now.

8.3.1 SSR Genetic Maps

For sesame, the first molecular genetic linkage
map for sesame was constructed using an F,
population derived from the cross ‘COIl134’
‘RXBS’ in 2009 (Wei et al. 2009). A total of 8
EST-SSRs, 25 AFLP markers, and 187
RSAMPLs (random selective amplification of
microsatellite polymorphic loci) markers were
located in the 30 linkage groups (LGs). In 2012,
the genetic map was improved with 260 F,
individuals (Zhang et al. 2013b). A total of 653
markers including 30 EST-SSR, 50 AFLP, and
573 RSAMPL markers were located on 14 LGs
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with a total length of 1216.00 cM. Meanwhile,
four QTLs linked to the seed coat color were
mapped to three linkage groups (i.e., LG1, LG11,
and LG13) for the first time (Zhang et al. 2013b).
Subsequently, another SSR genetic map was
constructed using the sixth generations of a
recombinant inbred line (RIL) population
between ‘Zhongzhi no. 13’ and ‘Yiyangbai’ in
sesame (Zhang et al. 2014). Of these 70 poly-
morphic SSRs, SRAP markers and AFLP mark-
ers were distributed into the 15 LGs. Based on
the genetic map, six QTLs related to waterlog-
ging tolerance at flowering stage were located on
four LGs (LG 7, 9, 13, and 15). The phenotypic
variance explained of the six QTLs varied from
5.67 to 17.19%. Furthermore, Wang et al. (2017)
used thousands of the developed SSR markers
and constructed the third SSR genetic map using
548 RIL lines of a cross between ‘ZZM?2748’ and
‘Zhongzhi no. 13’. The results showed that only
6.77% SSRs were polymorphic between the two
parents and indicated the relatively low diversity
of sesame accessions. In the genetic map, 424
polymorphic SSR markers were located on the
13 LGs, with a total length of 1869.8 cM. In
addition, 14 QTLs associated with the resistance
to charcoal rot disease were detected, with the
contribution rate ranging from 3 to 14.16% in
four field environments (Wang et al. 2017).

8.3.2 High-Density SNP Genetic Maps

In the past a few years, the reduced representa-
tion genome sequencing (RRGS) flourished and
is being applied for SNP genetic map construc-
tion in sesame (Zhang et al. 2013b; Wu et al.
2014b; Uncu et al. 2016; Wang et al. 2016a; Mei
et al. 2017; Du et al. 2019). At present, seven
high-density SNP genetic linkage maps have
been constructed and reported for sesame using
the simplified genome sequencing techniques
(Table 8.1). The first SNP genetic map for
sesame was constructed in 2013 (Zhang et al.
2013b). A total of 107 progeny of an F, popu-
lation derived from the cross between ‘Zhongzhi
no. 13’ and ‘Shang dong Jiaxiang sesame’ were
sequenced using the specific length amplified
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fragment sequencing (SLAF-seq) platform
(hereinafter named ‘SLAF map’). A total of
1,079 SNPs were mapped onto 15 LGs, with a
total length of 1474.87 cm. At the same time,
another SNP map was constructed using restric-
tion site-associated DNA sequencing (RAD-seq)
platform (herein named ‘RAD map’) with 224
individuals of an RIL population derived from
the cross ‘Zhongzhi 14’ x ‘Miaoqianzhima’.
The RAD map contained 1,230 markers in 14
LGs with the length of 844.46 cm (Wu et al.
2014b). Based on the RAD map, 13 QTLs for the
seven yield-related traits were determined using
multiple interval mapping (MIM) and the mixed
linear composite interval mapping (MCIM)
methods, respectively. Of the 13 QTLs, three
major QTLs presented the high explanation rate
(R*> > 10.0% in MIM method and ha’® > 5.0% in
MCIM). Moreover, two co-localized QTL
groups were identified and partially explained the
correlation relationship among the five yield-
related traits (Wu et al. 2014b).

Subsequently, four more genetic maps are
constructed using RAD-seq, SLAF-seq, or GBS
(genotyping by sequencing) approaches (Uncu
et al. 2016; Wang et al. 2016a; Mei et al. 2017;
Du et al. 2019). Up to nine thousand SNP
markers were determined on 13 LGs of the SNP
genetic maps (Mei et al. 2017). Based on the
SNP genetic maps, QTL mappings of some key
agronomic traits such as yield and yield com-
ponents, seed quality, disease resistance, stress
tolerance, and other traits have been performed in
sesame (Table 8.1). However, all the above SNP
genetics maps are unsaturated with low marker
density.

8.3.3 Ultra-Dense SNP Genetic Map

In order to construct an ultra-dense SNP genetic
map, Zhang et al. (2016) resequenced the gen-
omes of “Yuzhi DS899° and ‘JS012’ and their
120 progeny of the F, population using Illumina
sequencing platform (Table 8.1). The draft gen-
ome map of var. Yuzhi 11 (PRINA315784,
version 2.0) was applied as the genome reference
for SNP genetic map construction. Genome
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Table 8.1 Overview of SNP genetic maps constructed for sesame

H. Zhang et al.

Population | Sample  Sequencing | Linkage @ Marker
size method group number
number
F, 107 SLAF-seq 15 1233
RIL 224 RAD-seq 14 1230
RIL 430 RAD-seq 13 1522
RIL 91 GBS 13 432
BC, 150 SLAF-seq 13 9378
F, 122 SLAF-seq 13 159
F, 120 Whole- 13 30,193
genome
sequencing

comparison indicated that a total of 192,744
variants (including SNPs and InDels) were
detected between ‘Yuzhi DS899° and reference
genome (var. Yuzhi 11), while 781,528 SNPs
and InDels were found between the other parent
‘JS012’ and var. Yuzhi 11 for the relative distant
relationship. As a result, the first ultra-dense SNP
map for sesame comprised 3,041 bins (30,193
SNPs) on the 13 LGs, with a total length of
2981.28 cm (Table 8.1) (Fig. 8.1). The average
marker density was 0.10 cm per SNP or 0.98 cm
per bin marker. The SNP genetic map has been
applied for genome assembly and integration
with the cytogenetic map in sesame (described in
the following chapters). Meanwhile, the ultra-
dense SNP has been used to locate a Sidt] gene
regulating the inflorescence determinacy in
sesame and exhibits the effective map-based gene
cloning method in sesame (Zhang et al. 2016).
Recently, Liang et al. (2020) published
another ultra-dense SNP map using the two
parents and 180 progeny of an RIL population

Total QTL-related trait References
length
(cm)
1474.87 / Zhang et al.
(2013b), Wang
et al. (2016)
844.46 | Seed yield and quality- Wu et al.
related traits (2014b, 2017)
1090.99 | Plant height, seed coat Wang et al.
color, and capsule size (2016), Yang
et al. (2017)
914 / Uncu et al.
(2016)
1974.23 | Flower number per axil Mei et al.
and branching habit (2017)
2128.51 | 17 traits related to seed Du et al.
coat color, seed size, and  (2019)
100 seed thousand
2981.28 Determinate growth habit = Zhang et al.
(2016)

through the whole-genome resequencing plat-
form. A total of 1354 bins covering 538,090
variants were located onto 13 chromosomes. The
density of bin markers was 0.98 cm/locus, cov-
ering an average physical length of 158.74 Kb
per bin. Meanwhile, the genetic map was applied
for locating the QTLs associated with PEG-
induced drought tolerance-related traits during
early seedling stage in sesame (Table 8.2).

8.4 QTL Mapping of Agronomic
Traits in Sesame

In order to explore the genetic inheritance of
agronomic traits in sesame, sesame scientists
initially applied the genetic mapping method to
determine the QTLs of the agronomic traits
(Table 8.2). Till now, a total of 138 QTLs with
the high phenotypic variance explanation
(R* > 5%) associated with the 44 agronomic
traits in sesame have been reported (Table 8.2).
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Fig. 8.1 Distribution of SNP markers in the 13 linkage
groups of the ultra-dense SNP map for sesame. Bars
indicate SNP markers. X-axis indicates the linkage group
(LG). Y-axis indicates the genetic distance in centi
Morgans (cm). A total of 30,193 SNP markers were
mapped to 13 LGs. The 13 LGs were randomly desig-
nated as LG1 ~ LG13. (Cited from Zhang et al. (2016))

8.4.1 QTLs Location of Yield-Related

Traits

As to the yield-related traits, Wu et al. (2014b)
investigated the seven yield components traits
including plant height (PH), height to the first
capsule (HFC), capsule axis length, capsule
number per plant (CNP), thousand seed weight
(TSW), seed number per capsule (SNC), and
capsule length under five environments during
2012-2013. Thirteen QTLs were detected on ten
LGs for the above yield-related traits using MIM
and MCIM methods. Of the 13 QTLs, three
major QTLs exhibited high phenotypic variance
with the high R*>10.0% in MIM and
R*>>5.0% in MCIM, respectively. Moreover,
two co-localized QTL groups were found for the
five yield-related traits (Wu et al. 2014b).
For PH, two QTLs (Qph-6, Qph-12) with R*
ranging from 5.6 to 9.1% using MIM were
located in LG 6 and LG 12. Meanwhile, Wang
et al. (2016) identified 41 QTLs for PH trait
under three environments based on the RAD map
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with the RIL sesame population. Of the nine
QTLs with the R? ranging from 5 to 24%, two
loci gPH-8.2 (in LG 8) and qPH-3.3 (in LG 3)
were the main QTLs and showed 23% and 18%
of the trait variation, respectively. Both results
reflected that the inheritance of the PH trait was
controlled by several major genes and multiple
minor effect genes with additive effects in
sesame.

Furthermore, using the RIL population of
‘Zhaongzhi no. 13’ and ‘ZZM2748’ and the SSR
genetic map, Wang et al. (2017) and Yang et al.
(2017) analyzed the inheritance of the three
capsule size-related traits for the central and lat-
eral capsules in plants, respectively, under three
environments. A total of 15 QTLs with high R?
values of more than 5% contributed to the six
group traits. A locus (namely qMCL9.1,
gFCL9.1 and qFCW9.1, and qFCT9.1 for the
corresponding traits) in interval SLG_bin 105-
bin 106 was linked to the length of central cap-
sules and the length, width, and thickness of
lateral capsules in all three environments (Yang
et al. 2017).

Interestingly, Mei et al. (2017) studied the
branching habit and flower number per leaf axil
using the constructed 150 BC; population. In the
high-resolution SNP genetic map through SLAF-
seq, two co-segregated SNP markers linked with
both traits were detected (Mei et al. 2017).

8.4.2 QTLs Location of Seed Quality
Trait

For sesame seed, the oil content, protein content,
and sesamin content are the attractive traits for
high-quality variety breeding. Wu et al. (2017)
detected eight QTLs for the above three seed
quality traits with heritability of additive effects
ranging from 0.41 to 14.55% using MCIM
method. In MIM method, 13 QTLs were mapped
on nine LGs. The explanation ratio varied from
5.2 to 18.6% of the total phenotypic variation
(Wu et al. 2017).

The seed coat color trait is another important
seed quality trait in sesame (Zhang et al. 2012a,
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Table 8.2 Information of QTL (gene) mapping of agronomic traits in sesame

Trait type  Trait QTL locus LG Marker interval (QTL Explanation | References
position | region, cm) (>5%) or P-
value
Yield- Thousand seed | Qtgw-11 LGI11 SBN1798-SBN1765 7.7-12.3 Wu et al.
related weight (17.9-21.2) (2014b)
traits qtsw4 LG04  MKI1268296- 15.09 Du et al.
MK1268983 (57.19— (2019)
57.69)
qtsw9 LG09 MK193210- MK167922 6.90
(120.45-120.86)
qtswi2 LGI12 MK1695007- 19.56
MK1754691 (124.45—
124.92)
Grain number Qgn-6 LG6 SBN1261-SBI043 (74.4—  80.-18.3 Wu et al.
per capsule 99.0) (2014b)
Plant height qPH-3.1 SLG3 SLG3_bin98-SLG3_bin99 6 Wang
(80.91) et al.
gPH-3.2 SLG3  SLG3_binl14- 15 (2016a)
SLG3_binl15 (92.41)
qPH-3.3 SLG3 SLG3_bin126- 18
SLG3_bin127 (98.01)
qPH-4.1 SLG4 SLG4_bin49-SLG4_bin50 8
(34.11)
qPH-4.2 SLG4 SLG4_bin56-SLG4_bin57 6
(42.61)
qPH-8.1 SLG8 SLG8_binl07- 9
SLG8_binl108 (65.61)
qPH-8.2 SLG8 SLG8_binl11- 23
SLG8_binl12 (70.51)
qPH-9.1 SLG9 SLG9_bin102- 9
SLG9_bin103 (78.81)
qPH-9.2 SLG9 SLG9_bin105- 10
SLG9_binl06 (84.71)
Capsule zone qCZL-3.1 SLG3 SLG3_bin126- 9
length SLG3_bin127 (99.00)
qCZL-4.1 SLG4 SLG4_bin48-SLG4_bind9 7
(34.00)
qCZL-8.1 SLG8 SLG8_binll1l- 24
SLG8_binl12 (71.50)
qCZL-9.1 SLG9 SLG9_bin103- 6
SLG9_bin104 (79.60)
qCZL-13.1 SLG13  SLG13_bin32- 7
SLG13_bin33 (24.40)
Height of the qHFC-3.1 SLG3 SLG3_binl12- 9
first capsule SLG3_binl13 (92.21)
node qHFC-3.2 SLG3  SLG3_bin126- 2

SLG3_binl27 (97.01)
(continued)
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Table 8.2 (continued)

Trait type  Trait

Internode
length

Node number

Tip length
without the
capsule

Capsule length

Length of the
central capsule

Width of the
central capsule

QTL locus

qHFC-4.1

qHFC-8.1

qHFC-8.2

qHFC-9.1

qHFC-9.2

qHFC-9.3

qlL-3.1

qlL-8.1

qIL-9.1

gNN-3.1

qNN-3.2

qNN-8.1

qNN-13.1

qTL-3.1

qTL-3.2

Qcl-12

q MCL9.1

gMCLI10.1

qMCL12.1

gMCL13.1

gMCW9.1

gMCW13.1

LG
position

SLG4

SLGS8

SLGS8

SLG9

SLG9

SLG9

SLG3

SLGS8

SLG9

SLG3

SLG3

SLG8

SLG13

SLG3

SLG3

LG12

SLG9

SLG10

SLG12

SLG13

SLG9

SLG13

Marker interval (QTL
region, cm)

SLG4._bin45-SLG4_bind6
(32.41)

SLG8_binl107-
SLG8_bin108 (65.71)

SLG8_binl11-
SLG8_binl12 (69.51)

SLGY_bin102-
SLG9_bin103 (78.81)

SLG9_bin105-
SLGY_binl106 (84.71)

SLGY9_binl12-
SLGY_binl13 (91.01)

SLG3_bin53-SLG3_bin54
(41.10)

SLG8_binl11-
SLG8_bin112 (71.50)

SLGY_bin105-
SLGY9_bin106 (83.70)

SLG3_binl11-
SLG3_binl12 (91.80)

SLG3_bin126-
SLG3_binl127 (100.10)

SLG8_bin110-
SLG8_binl11 (66.50)

SLG13_bin32-
SLG13_bin33 (24.40)

SLG3_binl124-
SLG3_binl25 (94.40)

SLG3_binl31-
SLG3_bin132 (103.60)

ZM1466-SBI005 (14.0—
18.0)

SLGY_bin105- bin106
(82.7)

SLG10_bin23- bin24
(19.3)

SLG12_bin74- bin75
(54.4)

SLG13_bin78- bin79 (50.
3)

SLG9_bin104- bin105
81.1)

SLG13_bin80- bin81
(50.8)

Explanation
(>5%) or P-
value

5

10

11

10

10

10

52.2-75.6

7.74

5.19

8.43

13.69

13.77

12.26
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Table 8.2 (continued)

Trait type

Seed
quality

Trait

Thickness of
the central
capsule

Length of the
lateral capsule

Width of the
lateral capsule

Thickness of
the lateral
capsule

Determinate
growth habit

Branching habit
Flower number

per leaf axil

Qil content

Protein content

QTL locus

q MCT9.1

q MCTI13.1

q FCL3.1

q FCLI1.1

q FCW3.1

q FCWO.1

q FCW13.1

q FCT9.1

q FCT10.1

SiDt

qBH-LG5

SiFA

Qoc-1

Qoc-2

Qoc-5

Qoc-9

Qoc-16

Qpe-1

Qpe-6

LG
position

SLG9

SLG13

SLG3

SLGI11

SLG3

SLG9

SLG13

SLG9

SLG10

LG8

LGS

LGI11

LG1

LG2

LG5

LG9

LG16

LGl

LG2

LG3
LG5

LG6

Marker interval (QTL
region, cm)

SLGY_binl12-bin113
(90.8)

SLG13_bin80- bin81
(50.8)

SLG3_bin103- bin104
(84.5)

SLG11_bin105- bin106
(69.6)

SLG3_bin110-bin111
(91.5)

SLGY_bin105-bin106
(83.7)

SLG13_bin78- bin79
(50.3)

SLGY_bin105- bin106
(83.7)

SLG10_bin22- bin23
(18.2)

GenBank accession no.
KU240042

Marker41538—
Marker31462 (1.75 - 2.75)

Marker34507 (co-
segregated)

SBN2389-SBN2485
(37.0-40.6)

SBN2776-SBN1045
(13.5-15.2)

SBN3585-SBN1490
(41.5-52.1)

SBN1388-SBN1459 (6.9—
9.7)

SBN1927-SBN3232
(22.6-26.6)

SBN741-SBN2389 (20.0—
28.7)

SBN2776-SBN2749
(13.5-15.2)

HS184-SBI013 (6.3-9.7)

SBI007-SBI0S7 (62.8—
68.4)

SBN3210-SBN636 (94.0—
102.4)

H. Zhang et al.

Explanation | References

(>5%) or P-
value

8.44

8.93

5.48

9.31

7.05

19.65

8.48

9.41

5.29

100 Zhang
et al.
(2016)

Mei et al.
(2017)

78.64
100
10.1 Wu et al.
(2017)

6.5

7.7

8.6

7.6

7.6

6.2

5.7
10.9

6.4

(continued)
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Table 8.2 (continued)

Trait type

Seed coat
color

Trait

Sesamin
content

RGB value

a* color value

b* color value

L* color value

a* color value

b* color value

QTL locus

Qsc-4

Qsc-5

Qsc-5

Qsc-5

Qsc-8

Qsc-8

QTLI-1

QTL11-1

QTL11-2

QTLI13-1

qSCa-4.1

qSCa-8.1

qSCa-8.2

qSCb-4.1

qSCb-8.1

qSCl-4.1

qSCI-8.1

qSCI-11.1

gscca*4

gscca*9

gsccb*4

LG
position

LG4

LG5

LG5

LG5

LG8

LG8

LGl

LGI11

LGI11

LG13

SLG4

SLGS8

SLG8

SLG4

SLG8

SLG4

SLGS8

SLGI11

LG04

LGO09

LG04

Marker interval (QTL
region, cm)

SBI050-SBN1100 (70.7-
73.7)

ZHYO01-SBN1548 (49.4—
56.2)

SBN3568-SBI007 (40.5—
62.9)

SBN3568-SBI007 (40.5—
62.9)

SBN1735-SBN2668
(35.4-44.6)

SBN1407-SBN1140
(37.0-38.2)

Y1991F/R - Hs1015F/E9
(139.6-141.9)

Hs1125R/El11 -
Y2017F/M11 (18.6-30.8)

Y2017F/M11 - Y640/ E16
(32.2-51.2)

Hs1097F/E1 - Y2632F/M7
(34.7-43.7)

SLG4_bin63-SLG4_bin64
(50.90)

SLGS8_binl 14-
SLGS_binl 15 (73.40)

SLG8_bin105-
SLG8_bin106 (62.60)

SLG4_bin63-SLG4_bin64
(50.90)

SLG8_binl14-
SLG8_binl15 (72.40)

SLG4_bin63-SLG4_bin64
(50.90)

SLG8_binl14-
SLG8_binl15 (73.40)

SLG11_bin1-SLG11_bin2
(0.00)

MK 1269895-
MK 1382037 (79.58-
79.99)

MK1792520- MK290567
(80.47-90.56)

MK 1281005-
MK 1338566 (78.19—
78.68)

Explanation
(>5%) or P-
value

54

11.1

18.6

14.1

8.9

52
23.32-39.95
9.72-20.61
9.6-31.86
12.8-30.56

13

25

39

21

21

46

14

19.09

20.02

23.10

169

References

Zhang
et al.
(2013b)

Wang
et al.
(2016a)

Du et al.
(2019)
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Table 8.2 (continued)

Trait type  Trait

L* color value

a color value

a color value

b color value

L color value

X color value

Y color value

Z color value

Seed area

Seed size

Seed circularity

Seed diameter

Seed length

QTL locus

gsccL*4

gscca4-1

gscca4-2

gsccb4

gsccL4

gsccL4

gsceX4

gsccY9

gsccY4

qsccZ9

qsccZ12

gsal

gsall

gscl

qsc2

qsd5

gsdll

gslll

LG
position

LG04

LG04

LG04

LG04

LG04

LG04

LG04

LGO09

LGO04

LGO09

LG12

LGO1

LGI11

LGO1

LGO02

LGOS

LGI11

LGI11

Marker interval (QTL
region, cm)

MK1281005-
MK1338566 (78.19—
78.68)

MK 1303398-
MK 1353258 (80.89—
81.38)

MK 1269895-
MK 1382037 (79.58—
79.99)

MK1303398-
MK1353258 (80.89—
81.38)

MK 1303398-
MK 1353258 (80.89—
81.38)

MK 1281005-
MK 1338566 (78.19—
78.68)

MK1303398-
MK1353258 (80.89—
81.38)

MK 183845- MK253698
(101.72-103.68)

MK1303398-
MK1353258 (80.89—
81.38)

MK1791984- MK253852
(90.56-90.97)

MK 1580955-
MK 1696180 (159.98—
161.95)

MK1149758-
MK1110290 (36.27—
41.19)

MK21445- MK39038
(165.41-166.23)

MK1130242-
MK1199094 (183.42—
183.92)

MK111106- MK635618
(16.77-17.26)

MK714015- MK804273
(22.27-22.27)

MK21445- MK39038
(165.41-166.23)

H. Zhang et al.

Explanation | References

(>5%) or P-
value

8.56

17.43

19.79

17.65

7.62

7.48

8.27

33.25

7.63

32.88

5.58

6.64 Du et al.

(2019)

13.86

12.16

12.11

6.43

14.70

15.12
(continued)
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Table 8.2 (continued)

Trait type

Disease
resistance

Stress
tolerance

Trait

Seed length-to-
width ratio

Seed perimeter

Seed width

Charcoal rot

Waterlogging
tolerance

QTL locus

gsll3

ql/wl

ql/w2

gspll

qswl

qsw5

qswll

qCRR3.2

qCRR3.3

qCRR3 .4

qCRRS.1

qCRRS8.2

qCRRS.3

qCRR9.1

gCRRI2.1

qCRR12.2

gCRRI13.2

qEZ09ZCLI13
qWHO9CHL15
qEZ10ZCLO7
qWHI10ZCL09
qEZ10CHLO7

LG
position

LG13

LGO1

LGO02

LGI11

LGO1

LGOS

LGI11

LG3

LG3

LG3

LG8

LG8

LG8

LG9

LGI12

LG12

LG13

LG13
LG15
LG7
LG9
LG7

Marker interval (QTL
region, cm)

MK21445- MK39038
(165.41-166.23)

MK 1860058-
MK 1843260 (66.41—
66.90)

MK 1394203-
MK1213353 (172.85-
173.34)

MK111106- MK635618
(16.77-17.26)

MK84783- MK21445
(164.51-165.41)

MK1149758-
MK1219420 (36.27—
39.71)

MK714015- MK804273
(22.27-22.27)

MK21445- MK39038
(165.41-166.23)

ZMM5636 ~ ZMM5775
(39.30)

ZMM2218 ~ ZMM4682
(52.30)

ZMMA4682 ~ ZMM5444
(58.40)

ZMMS060 ~ ZMM5061
(10.50)

1ID0041 ~ ZM638
(115.70)

ZM638 ~ ZMM1682
(123.70)

ZMM2323 ~ ZMMO0205
(104.70)

ID0046 ~ ID0133
(53.80)

ZMMO0913 ~ ZMM3752
(89.80)

ZMM2344 ~ ZMM2343
(73.50)

ZM22-ZM92 (0.0)
E16M19-314M14a (8.0)
E5M12a-ZM351 (4.5)
M20E10-ZM428 (7.0)
E5M12a-ZM351 (4.5)

Explanation
(>5%) or P-
value

7.45

11.76

11.43

13.97

6.73

8.97

12.39

12

10.20
7.55
8.14
5.67
6.69

171

References

Wang
et al.
(2017)

Wang
et al.
(2017)

(continued)
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Table 8.2 (continued)

Trait type  Trait QTL locus LG
position
Qwhl10CHL09 @ LG9
Drought  Fresh seedling | qSWP1 Chrl
tolerance = weight treated qSWP3 Chr3
by PEG
qSWP9 Chr9
Shoot length qSLP1 Chrl
treated by PEG qSLPS8 Chr8
qSLP9-1 Chr9
qSLP9-2 ¢ Chr9
Root length qRLP1 Chrl
treated by PEG qRLP6 Chr6
qRLP7 Chr7
qRLP12 Chrl2

Modified from Zhang et al. (2019)

2013a). Initially, Zhang et al. (2013a) evaluated
the RGB values in the F, and two F5 families and
identified four stable QTLs for seed coat color in
sesame. Of these QTLs, QTL 1-1 presented the
highest explanation of the phenotypic variation
(23.32-39.95%) followed by QTL 13-1 (12.8—
30.56%) with CIM method. In CIM method, the
explanation to the additive heritability of the four
loci (i.e., QTL 1-1, QTL 11-1, QTL 11-2, and
QTL 13-1) was 19.4-30.03%, 13.9-21.22%,
5.56-19%, and 9.13-21.02%, respectively. Sub-
sequently, Wang et al. (2016) measured the L,
a*, and b* values of a RIL population. Similar to
the results of Zhang et al. (2013a), four loci
linked with the L*, a*, and b* traits were
detected on three LGs. The highest contribution
rate of the loci was 46%.

8.4.3 QTL Location of Male Sterile
(MS) Trait

As to the novel GMS line (W1098A) controlled
by one dominant GMS gene (Ms), Liu et al.
(2015) screened 13 SSR markers linked to the ms
gene in near-isogenic lines W1098AB using
BSA (bulked segregant analysis) technique. The

H. Zhang et al.

Marker interval (QTL Explanation | References
region, cm) (>5%) or P-
value
M20E10-ZM428 (7.0) 17.19
c01b003- c01b010 8.20 Liang
c03b116- c03b119 6.61 et al.
(2020)
c09b031- c09b040 7.50
c01b032- c01b035 8.26
c08b055- c08b063 5.83-5.88
c09b015- c09b021 7.26
c09b031- c09b033 11.00
c01b062- c01b070 6.77-1.97
c06b054- c06b060 5.15
c07b030- c07b036 6.40-6.61
¢12b032- ¢12b036 11.85-14.46

target markers close to the flanking sides of Ms
were SBMygg and GBs, with the respective
genetic distance of 0.15 and 0.70 cm, respec-
tively, in the linkage map. The marker informa-
tion provides the genetics basis for male sterility
application and further gene location in sesame.

8.4.4 QTL Location of Charcoal Rot
Resistance Trait

Wang et al. (2017) investigated the charcoal rot
disease occurrence in 430 RIL lines of the cross
between ‘Zhaongzhi no. 13’ and ‘ZZM2748’ in
four environments under natural conditions. Ten
QTLs (R* > 5%) linked to charcoal rot resis-
tance were detected. The highest R? was 14% in
qCRR12.2. Of the ten QTLs, two loci of
qCRR8.2 (R* = 5%) and qCRR8.3 (R* = 5%)
presented in all four environments; two loci
(qCRRI.1 and qCRRI12.2) presented in three
environments and atmosphere conditions. The
results indicated that the genetic inheritance of
charcoal rot resistance in sesame was compli-
cated, as the DI phenotypes were easily affected
by the pathogen infection and pathogen—plant
interaction.
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8.4.5 QTLs Location of Waterlogging  target gene SiDr (GenBank accession no.
Tolerance Trait KU240042) was finally determined (Zhang et al.
2016). SiDt gene encodes a terminal flower
Zhang et al. (2014) detected a total of six QTLs (TFL) like protein. Interestingly, the alleles of
associated with waterlogging tolerance at flow- SiDr in the three genotypes with various
ering stage using 260 lines of an RIL population inflorescence growth habits showed the different
from ‘Zhaongzhi no. 13’ and ‘Yiyangbai’. The gene structures (Fig. 8.2).
six QTLs were located on LG 7, 9, 13, and 15 The SiDt gene is 1809 bp and comprised of
with the phenotypic variance ranging from 5.67 four exons and three introns (Fig. 8.2). In the
to 17.19%. Of which QTL qWHIOCHLO9 determinate parent (Yuzhi DS899, dtl), a base
explained the highest phenotype variance. change (G397A) happened in Sidtl gene.
Moreover, SSR marker ZM428 was detected and The SNP mutation finally resulted in change of
closely linked to qWH10CHLO09 with a genetic the apical meristem development from indeter-
distance of about 0.7 cM. minacy to determinacy during late flowering
stage (Fig. 8.2). As to dr2 type (described in the
Chap. 5) induced by gamma ray (5,000 gray), the
8.4.6 Gene Cloning Using SNP SiDt gene and the flanking regions of 24.5 kb are
Genetic Maps missing (Fig. 8.2). The loss of SiDt gene resulted
in the determinacy of the shoot apex during the
Besides guiding the genome assembly, the first early flowering stage (Melzer et al. 2008; Uzun
ultra-dense SNP genetic map has been applied and Cagirgan 2009; Zhang et al. 2016).
for cloning the SiDr gene regulating the
inflorescence determinacy trait in sesame (Zhang
et al. 2016). Association results indicated that the 8.5 Association Mapping of Key
locus was located in the inheritance interval of Traits in Sesame
16.7-22.2 cm in LG8. The R* value reached
70.2%. Meanwhile, QTL network results also Association mapping, as well as the linkage
determined a locus in the 18.0-19.2 cM inheri- analysis (QTL mapping) becomes the main
tance interval of LG8 with the P value of < 1E- analysis tool for dissecting complex phenotypic
6. The determination of the inheritance interval variation (Li et al. 2014). Differing from the
and the physical distance of the QDtl provided traditional linkage mapping, association mapping
the basis for SiDt gene cloning. With the aid of approach can be used to precisely determine the
screening population and gene alleles test, the molecular markers tightly associated with the

1bp 1809 bp
Exon1 Exon2 Exon3 Exond

SiDt —a w : o —

ATG TAG

397 bp
A

Sidl] —u -—‘ il i —
SIO2 e s 5 e e o o o o o o o o o o o E— F —

24.9 kb missing fragment

Fig. 8.2 Map-based cloning of SiDt and the alleles in  24.9 kb fragment including the Sidf2 sequence (in blue
sesame. SiDt (DS899s00170.023) gene is 1,809 bp and  broken line) in scaffold 00,170 is missing according to
comprised of four exons (in black block) and three 08TP092 genomic data (PRINA316751). ( Modified from
introns. For Sidtl, the G379A SNP site (in red) is located ~ Zhang et al. (2016))

in the second exon. For Sidr2 allele in df2 genotype, a


http://dx.doi.org/10.1007/978-3-319-98098-0_5
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target traits using both natural population and
mapping populations (Abdurakhmonov et al.
2009; Zhao et al. 2010; Miao et al. 2020). Till
now, the association mapping studies are
involved in seed quality, plant growth and
development, and other key agronomic traits in
sesame (Table 8.3).

Wei et al. (2012) initially performed the
association analysis of the oil content within the
216 Chinese sesame accessions using 79
molecular primer pairs (including SSRs, SRAPs,
and AFLPs) in 2008 and 2009. As a result, three
SRAP and five SSR markers were detected
associated with the oil content trait in two envi-
ronments, with the high phenotypic variance of
more than 5% (P < 0.01) (Wei et al. 2012). In
order to systematically explore the genetic
inheritance of oil content and protein content in
seeds, Li et al. (2014) investigated the oil content
and protein content traits in a total of 369
worldwide sesame germplasm accessions under
five environments. A total of 112 polymorphic
SSR markers were applied for the association
mapping in the natural population. Comparison
analysis results proved that the oil content is
negatively correlated with the protein content.
Similar to other crops, the oil and protein con-
tents are controlled by major genes in sesame.
Finally, 19 SSR markers were significantly
associated with the oil content trait, with R? value
ranging from 4 to 29%. Meanwhile, 24 markers
were determined and associated with the protein
content, with the R® ranging from 3 to 29%.

H. Zhang et al.

Based on the reference sesame genome sequen-
ces, 17 SSR markers were neighboring to the loci
of the plant lipid pathway genes, and the other
two SSRs were located just next to a fatty acid
elongation gene and a stearoyl-ACP desaturase
gene, respectively. In the study, 36 candidate
genes related to lipid pathway were screened for
further analysis (Li et al. 2014).

Based on the universal markers and SSR
markers, only small portion of the markers are
found linked with the target traits under various
environments (Zhang et al. 2012c; Liu et al.
2017). For instance, Zhang et al. (2012c) used
the same population and markers described by
Wei et al. (2012) to study the genetic inheritance
of charcoal rot resistance. Only five—six markers
were associated with charcoal rot disease index
(DI) in 2011 using GLM (Q) and MLM (Q + K)
model, respectively, with the high phenotypic
variance of more than 5% (Zhang et al. 2012c).
In addition, all the detected markers associated
with drought tolerance at germination stage
exhibited phenotypic variation ranging from
1.99% to 4.96% (Li et al. 2013). Liu et al.
(2017) performed association mapping using 33
SSR markers and 18 drought-resistance pheno-
types. A total of 120 loci and 63 loci were
detected using GLM and MLM models,
respectively. Only five markers significantly
associated with the drought tolerance traits were
detected by both the models, with the physical
variance ranging from 4.07 to 13.66% (Liu et al.
2017).

Table 8.3 Association mapping analysis of agronomic traits in sesame

Oil content; protein content; oleic acid
concentration; linoleic acid concentration;
charcoal rot resistance; drought tolerance

56 agronomic traits including yield, seed

Salinity and drought tolerances

References

Zhang et al. (2012c),
Wei et al. (2012, 2013),
Li et al. (2013)

Li et al. (2014)
Wei et al. (2015a)

Liu et al. (2017)
Li et al. (2018)

Population Marker Marker Traits
size type number
216 SSRs 79

SRAPs

AFLPs
369 SSR 112 Oil content; protein contents
705 SNP 1,800,000

quality, and resistance traits

33 SSR 18 Drought resistance
490 SNP 1,005,413
705 SNP 1,800,000

39 seed yield-related traits

Zhou et al. (2018)
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Thus, Wei et al. (2015) performed the
genome-wide association studies (GWAS) with
the aid of sesame genome data and the genome
resequencing techniques (Wang et al. 2014; Wei
et al. 2015a, b; Zhou et al. 2018). For example,
Wei et al. (2015a) detected a total of 549 asso-
ciated loci for the 56 agronomic traits in 705
sesame accessions using the comprehensive
GWAS method. Moreover, 46 candidate genes
related to oil content, fatty acid biosynthesis, and
yield traits were screened in sesame. Identifica-
tion of lots of candidate genes for the key agro-
nomic traits provides the important information
for gene function analysis in sesame in the future.

8.6 Molecular Breeding Prospects

Precise selection of desirable and elite traits is
very important for the plant breeders. However,
most of the agronomic traits belong to quantita-
tive traits and are controlled by polygenes with
complex non-allelic quantitative effects. With the
aid of NGS and the third-generation sequencing
technologies, the genetics and genomics research
in sesame has been improved in the recent a few
years (Ganal et al. 2011; Sim et al. 2012; Zhang
et al. 2013a, b; Miao 2014; Wang et al. 2014,
2015; Wei et al. 2015a, b; Zhao et al. 2015; Miao
and Zhang 2016). Dossa (2017) gathered 151
published genomic sequence resources and QTLs
and genes and compared the positions of the
functional markers, QTLs, the candidate genes,
and functional genes in 16 linkage groups in
sesame. Finally, 15 clusters were determined
(Dossa 2017). Especially, construction of the
ultra-density SNP genetic maps (Zhang et al.
2016) and the achievement of the Sesame Gen-
ome Project pave the ways for QTL mapping and
gene cloning of the key quantitative traits in
sesame (Zhang et al. 2019). We believe that
hundreds and thousands of genes and gene
markers related to the important agronomic traits
will be obtained and facilitated the molecular
breeding in sesame (Zhang et al. 2013b; Wei
et al. 2015a, b; Wang et al. 2016a; Zhang et al.
2016; Miao et al. 2020) in near future.
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Abstract

The chromosome morphology, chromosome
structure, karyotype, and the chromosome set
relationship in Sesamum are presented in this
chapter. Besides, the modified chromosome
preparation and application of BAC-FISH
techniques are briefly introduced at the same
time. The 13 chromosomes of S. indicum have
been identified and marked using 27 BACs.
A high-density cytogenetic map for sesame is
constructed with 210 BACs using successive
double-colored BAC-FISH. A tetraploid spe-
cies S. radiatum was initially determined
using the cytogenetic data. The main progress
in cytogenetical research in Sesamum species
provides the theoretical basis for further
genomic research in Sesmaum.

9.1 Introduction

Sesame is an ancient crop and occupied an
important position in the phylogenic system
among angiosperms. There are about 36 species
in Sesamum according to the index Kewensis
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(Joshi 1961). The chromosome research in
sesame dates back to 1920s. Morinaga et al.
(1929) reported that the chromosome number of
the cultivated sesame (S. indicum) is 2n = 26 for
the first time. Kumar and Abraham (1941) found
the secondary association in sesame. Meanwhile,
some scientists inferred that the basic chromo-
some number may be 8, based on the secondary
association and meiosis in sesame (Joshi 1961),
although this conclusion has not been proved.
In Sesamum, cytogenetical characters, such as
the chromosome number, satellite chromosome
number, chromosome structure, and karyotype of
the 36 species, are diverse, as well as the
botanical and morphological characteristics. To
date, the Sesamum species are divided into three
categories according to the somatic chromosome
number, i.e., 2n = 26 (e.g., S. indicum, S. ala-
tum), 2n = 32 (e.g., S. angolense, S. latifolium),
and 2n = 64 (e.g., S. radiatum, S. schinizianum),
even though the chromosome characters in some
species are still unknown (Nimmakayala et al.
2011; Bedigian 2015). By the 1980s, Giemsa
staining and other karyotype analysis techniques
were established and applied in sesame (Zhan
et al. 1987, 1988, 1990; He et al. 1994; Zhang
et al. 2012). These techniques improved the
analyses of chromosome structure and karyotype
in Sesamum. Of note, the establishment of the
fluorescence in situ hybridization (FISH) and
bacterial artificial chromosome (BAC) FISH
techniques in recent years has really improved
the cytological studies of sesame (Liu et al. 2013,
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2014; Zhao et al. 2018a). Based on the succes-
sive BAC-FISH hybridization system, the 13
chromosome pairs of S. indicum were differen-
tiated and numbered with specific BAC probes
for the first time (Zhao et al. 2018a). Construc-
tion of the high-density cytogenetic map of
sesame provides the chromosome structure
information for genome assembly and genomics
research in Sesamum.

9.2 Chromosome Characters of S.
Indicum and Wild Sesamum
Species

9.2.1 Chromosome Morphology

and Karyotype of S.

Indicum

The chromosomes of S. indicum (2n = 26) are of
small size. In the 1980s, the somatic chromo-
somes of the cultivated sesame were observed
using the traditional chromosome press tech-
nique. In sesame var. Beijing Bawangbian, the
chromosome absolute length varied from 1.6 to
3.4 um, while the ranges of the relative length
and arm ratios were 5.16—-10.97%, and 1.3-3.0,
respectively (Zhan et al. 1987) (Fig. 9.1a). The
karyotype formula reported was 2n =2x =5
m + 8sm (1 SAT). Here ‘m’ indicates metacen-
tric type (1.0 < AR < 1.7), and ‘sm’ indicates
sub-metacentric type (1.7 < AR < 3.0) with
various values of the relative length ratios of the
long arm to the short arm of the chromosome
(AR), according to preexisting criteria (Stebbins
1971; Chen and Li 1985; Paszko 2006). ‘SAT’
indicates the satellite chromosome. In the chro-
mosome set of var. Beijing Bawangbian, one pair
of satellite chromosome was found (Fig. 9.1b).
Considering that the somatic chromosomes
cannot be differentiated just based on the mor-
phological characters, Zhan et al. (1988) applied
the chromosome Giemsa banding technology,
especially the barium hydroxide, salt, and
Giemsa (BSG) method in sesame chromosome
research. The results reflected that the C-band
form of the cultivated sesame var. Beijing
Bawangbian was 2n =26 = CITOW type = 8

H. Miao et al.

C+8CL. +4CT, +2CLL. + 20+ 2 W in
which, ‘C’ indicates the belt located in cen-
tromere region; ‘I’ indicates the belt located
between centromere and chromosome terminal;
“T” indicates the belt in the terminal region; ‘N’
indicates the belt in nucleolar constriction region;
‘O’ means no belt; and ‘W’ indicates the belt on
the whole chromosome. The belts in long arms of
‘I’ and ‘T’ type chromosomes are signed with
‘+’. For the variety Beijing Bawangbian, the
2CI, in the chromosomes possessed the satellite
structure but no N belt. The authors believed that
the homologous chromosomes in sesame could
be identified, based on the relative length, cen-
tromere position, and C-banding types (i.e., C, I,
T, O, and W) (Zhan et al. 1988).

Subsequently, Zhan et al. (1990) analyzed
eight typical sesame cultivars with white or other
seed colors. The chromosome form was
2n =2x = 16 m (ISAT) + 10sm. The chromo-
some Giemsa C-belt type of white sesame was
2n = 26 = CITOW type = 8C + 10CL, + 4
CT, + 20 + 2 W. The formula of other varieties
with the various seed colors was 2n =26 =
CITOW type = 8C + 6CT, + 20 + 2W. Mean-
while, He et al. (1994) compared ten sesame
varieties and reported the same number and
similar karyotype to the previous reports. How-
ever, four satellite chromosomes of the 26
chromosomes in sesame were found. The for-
mula of sesame was 2n =26 = 12m + 12sm
(4SAT) + 2st. Of 26 chromosomes, two pre-
sented sub-telocentric type (st). From the above
results, we can find that the exact number of
satellite chromosomes in sesame has not been
determined using conventional cytogenetical
technology.

Many reports prove that the morphology of
chromosomes in sesame is affected significantly
by chromosomes specimen preparation technol-
ogy (He et al. 1994; Zhang et al. 2012; Liu et al.
2014; Zhao et al. 2018a, b). The satellite region
of the sesame chromosomes sometimes presents
indistinct or invisible mainly owing to unavoid-
able irregularities of pretreatment (Liu et al.
2014). Therefore, to decrease the effect of chro-
mosome specimen preparation, the Chinese sci-
entists established the modified chromosome
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Fig. 9.1 Chromosome a
morphology and karyotype of
the cultivated sesame.

a Chromosome morphology

of sesame. b Karyotype of
sesame (Cited from Zhan

et al. (1987))
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preparation and chromosome press techniques
(Zhang et al. 2014; Zhao et al. 2018a, b). Dif-
fering from the conventional pressing technique,
the press technique involves the modified chro-
mosome preparation, the wall degradation
hypotonic method, and the specimen press
method. The steps of applying cover plates and
removing cover plates are deleted. Using the new
preparation technique, the chromosomes spread
more naturally and tightly on the high-quality
slides and are suitable for morphological analysis
and further cytogenetical research (Tran et al.
2017; Zhao et al. 2018a, b). The disturbance on
the BAC hybridization signal from the cytoplasm
can significantly reduce.

From thousands of chromosome specimens of
sesame var. Yuzhi 11 using Giemsa staining, a
chromosome specimen with three pairs of satel-
lite chromosomes has been observed under
microscope (Fig. 9.2a). By the way, five satellite
chromosomes (indicated by arrows) are also
found in some other chromosome specimens
(Fig. 9.2b) (Unpublished data, Haiyang Zhang).

3
L

g5 4B 6 7. 9.9 #10.11:12 713

To date, FISH hybridization using 45S rDNA
proved that there are three pairs of satellite
chromosomes in sesame (Zhao et al. 2018a, b).

In order to systematically reflect the chromo-
some karyotype characters of S. indicum, Zhang
et al. (2012) compared the chromosome types
and karyotypes of eight diploid and four artificial
tetraploid materials of S. indicum, and two wild
species (S. radiatum Schum and Thonn and S.
schinzianum Asch) using the traditional chro-
mosome press technique (Fig. 9.3). The results
indicated that S. indicum centromere types
include m, sm, and st; the average arm ratio
(AAR) ranged from 2.11 to 2.25, asymmetric
karyotype coefficients (AKC) ranged from 66.05
to 66.99%, and the karyotypes belonged to 2B,
3A, and 3B, respectively (Fig. 9.3a, b). In con-
trast, S. radiatum and S. schinzianum exhibited
only M and m centromere types; the AAR was
1.09 and 1.08, respectively; AKC was 52.12 and
51.68%, respectively. The karyotypes of S.
radiatum and S. schinzianum were 1B and 1A,
respectively (Fig. 9.3c, d). The resemblance near
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Fig. 9.2 Chromosome morphology and karyotype of the
cultivated sesame Yuzhi 11. a Three pairs of satellite
chromosomes (indicated by arrows) are found in a
chromosome specimen in var. Yuzhi 11 using Giemsa
staining. b Five satellite chromosomes (indicated by
arrows) are found in another chromosome specimen of
var. Yuzhi 11. ¢ Karyotype of Yuzhi 11 chromosomes
with three pairs of satellite chromosomes (Photographs
provided by Ruihong Zhao)

coefficient of S. indicum and the wild species was
0.027-0.107, indicating the remote genetic
relationship.

The karyotype analyses in many reports con-
firm that most chromosomes in S. indicum are m
and sm, with average lengths of 1.177-
2.128 pm. Zhao et al. (2018a) analyzed the

karyotype of sesame (var. Yuzhi 11) using the
Metasystems Isis  software (MetaSystems,
Altlussheim, Germany) using the new chromo-
some preparation technique (Table 9.1). In this
chromosome set of var. Yuzhi 11, SiChr.11,
SiChr.12, and SiChr.13 are satellite chromo-
somes. For sesame, the chromosomes belong to
the 3A type. The length of 13 chromosomes
ranges from 1.32 to 2.13 um. The asymmetry
index is 63.1%. The karyotype formula is
2n =2x =26 = 12m + 14sm, consisting of 12
M1 (0.76 < LR.L. < 1.00) (I.R.L. = ratio of a
chromosome relative length to the average rela-
tive length of 13 chromosomes), 12 M2
(1.01 < LR.L. < 1.25), and 2S (ILR.L. < 0.76)
type chromosomes (Table 9.1). The relative
length of 13 chromosomes ranges from 5.73—
9.22%. The length ratio of the longest to the
shortest chromosome is 1.61.

9.2.2 Chromosome Morphology
and Karyotype of Wild
Sesamum Species

In Sesamum species, the somatic chromosome
number of most species has been determined
(Nimmakayala et al. 2011). Benson et al. (2014)
reported the somatic chromosome number of four
wild species, namely S. calycimum (2n = 32), S.
angolense  (2n = 32), Sesamum latifolium
(2n = 32), and Sesamum spp. (2n =32) in
Kenya. To reflect the chromosome evolution of
Sesamum, we perform the chromosome analysis
using the six wild species covering the three
chromosome categories of 26, 32, and 64. Yuzhi
11 is used as the representative of the cultivated
sesame, as the genome of Yuzhi 11 has been
sequenced (Unpublished data, Haiyang Zhang).

As shown in Fig. 94, S. alatum (2n = 26,
Fig. 9.4b) has the same chromosome number with
S. indicum (var. Yuzhi 11, Fig. 9.4a). S. latifolium,
S. angolense, S. calycinum, and S. angustifolium
possess 32 chromosomes (Fig. 9.4c—f), while S.
radiatum has 64 (Fig. 9.4g). Interestingly, the
number of satellite chromosomes (indicated by red
arrows) of the seven species varies.
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Fig. 9.3 Chromosome types and karyotype idiogramms
of the cultivated sesame and two wild species of
Sesamum. a Yuzhi 11 (2n = 2x = 26);

In the seven species, the maximum and the
minimum total somatic chromosome length are
85.507 um in S. radiatum, and 30.597 pm in S.
indicum (var. Yuzhi 11), respectively (Table 9.2)

it
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chromosome code

5 7 8 n

13 15 17 19 21 23 25 27 290 3

chromosome code

b TetraploidYuzhi 4 (2n =4x=152). ¢ S. radiatum
(2n = ?x = 64). d S. schinzianum (2n = ?x = 64). (Mod-
ified from Zhang et al. (2012))

(Unpublished data, Haiyang Zhang). Of the six
wild species, S. radiatum has the lowest average
length of chromosomes (1.336 pum), while S.
calycinum has the highest average value
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Table 9.1 Chromosome karyotype analysis of sesame variety Yuzhi 11*

Chromosome Absolute Relative Relative
no length length length of
(pm) short arm
SiChr.1 2.13 9.22 3.13
SiChr.2 2.13 9.22 3.26
SiChr.3 2.10 9.07 4.24
SiChr.4 2.08 9.00 4.01
SiChr.5 1.87 8.11 2.79
SiChr.6 1.87 8.10 3.09
SiChr.7 1.71 7.38 3.13
SiChr.8 1.53 6.61 2.56
SiChr.9 1.53 6.63 2.65
SiChr.10 1.32 5.73 1.45
SiChr.11 1.66 7.18 2.38
SiChr.12 1.61 6.98 2.07
SiChr.13 1.57 6.78 2.10

Modified from Zhao et al. (2018a)

(1.664 pum). Five chromosome parameters indi-
cate that the wild species are different with each
other. In S. radiatum, the value of LC-SC (vari-
ation between the largest and shortest chromo-
somes) ranges from 2.410 to 3.046, while
S. alatum has high LC-SC value of 4.747.
Differing from S. indicum, four wild species
including S. latifolium, S. angolense, S. calyci-
num, and S. angustifolium only contain types of
L, M2, and M1.

In sesamum, there exist three centromere
types, i.e., metacentric (m) (1.0 < AR < 1.7),
sub-metacentric (sm) (1.7 < AR < 3.0), and
sub-telocentric (st) (3.0 < AR < 7.0). However,
S. radiatum lacks sm and st centromeres, but
possesses the specific M centromere (AR = 1.0),
indicating that the chromosomes are relatively
even. Karyotype Al (asymmetry index) is an
indicator to reflect the symmetric character of a
chromosome set. Of the seven species, S.
radiatum has the lowest Al (51.43%), while S.
angolense has the highest (69.30%). Compared
with the other six species, S. radiatum chromo-
somes also exhibit the lowest SDcl (standard
deviation of chromosome relative length) (0.49)
and CVcl (variation coefficient of chromosome
length) (0.035) and highest ACI (average

Relative LR. Centromere Chromosome
length of L type length type
long arm

6.09 120 Sm M2

5.97 120 Sm M2

4.84 1.18 M M2

4.99 1.17 M M2

5.32 1.05 Sm M2

5.00 1.05 M M2

4.25 096 M Ml

4.05 0.86 M M1

3.97 0.86 M M1

4.28 0.75 st S

4.80 093 sm M1

491 0.91 sm M1

4.68 0.88  sm Ml

centromeric index) (0.48). The results suggest
that the S. radiatum has a conserved and distinct
karyotype (Unpublished data, Haiyang Zhang).

9.2.3 Distribution of 45S and 5S
rDNAs in Sesamum

Satellite chromosomes refer to the chromosomes
containing 45S (185-5.8S-25S) ribosomal DNA
(rDNA) repeat sequences. The production of
satellite chromosomes would result from the
fusion of two chromosomes (Wang et al. 2016).
Thus, the characteristics of satellite chromo-
somes can reflect the evolution of a species.
However, there are no reports about the charac-
ters analyses of satellite chromosomes in Sesa-
mum till now.

To reflect the distribution of satellite chromo-
in Sesamum, we performed FISH
hybridization using 45S (in green) and 5S (in red)
rDNA probes in the seven tested Sesamum species
(Fig. 9.5) (Unpublished data, Haiyang Zhang).
The red color signal released from the
Tetramethyl-Rhodamine-5-dUTP, while the green
color signal is released from fluoresce. Probes of
rDNA repeats (45S rDNA and 5S rDNA) were

Somes



9 Cytological Details of Sesame

Fig. 9.4 Morphological
comparison of the somatic
chromosomes of the
cultivated sesame and the six
Sesamum species. a S.
indicum (var. Yuzhi 11); b S.
alatum;, ¢ S. latifolium; d S.
angolense; e S. calycinum;

f S. angustifolium; g S.
radiatum. Bar = 5 pm. Red
arrow indicates the satellite
chromosome (Photographs
provided by Ruihong Zhao)
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synthesized according to the conservative
sequences of Arabidopsis thaliana reported by
Chen et al. (2013a, b). The idiograms of the 45S
and 55 rDNAs distribution pattern of 45S and 5S
in chromosome sets are drawn (Fig. 9.6).

Similar to S. indicum (Fig. 9.5a), S. latifolium
(Fig. 9.5¢), and S. angustifolium, (Fig. 9.5f) all
have three pairs of signals hybridized by 45S
rDNA probe. S. radiatum has the highest satellite
signal pairs (five) hybridized by 45S rDNA
(Fig. 9.5g), while S. alatum, S. angolense
(Fig. 9.5d), and S. calycinum (Fig. 9.5e) present
the lowest 45S rDNA pairs (two) (Fig. 9.5b).

Fig. 9.5 Florescence in situ
hybridization of metaphase
chromosomes of the seven
Sesamum species using 455
and 5S rDNA probes. a S.
indicum (var. Yuzhi 11); b S.
alatum; ¢ S. latifolium; d S.
angolense; e S. calycinum;

f S. angustifolium; g S.
radiatum. Bar = 5 nm. The
probes are labeled with
tetramethyl-rhodamine-5-
dUTP (red color signal) or
fluorescein-12-dUTP (green
color signal). Green signal is
hybridized by 45S rDNA
probe. Red signal is
hybridized by 5S rDNA probe
(Photographs provided by
Hongmei Miao)
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For 5S rDNA hybridization, the highest signal
pair also presents in S. radiatum (five), followed
by S. calycinum (three) and S. angustifolium
(three). Interestingly, two 5S rDNA loci are
specifically observed on both arms of an S. ala-
tum chromosome (Fig. 9.5b).

In comparison with the hybridization signals
of both probes, we detect that S. calycinum
(Fig. 9.5e) has more 5S rDNA loci (three) than
45S rDNA (two). In S. alatum, S. calycinum, and
S. radiatum, partial 45S and 5S rDNA are cou-
pled and co-localized in specific chromosome
pairs. Meanwhile, S. angolense (Fig. 9.5d) and
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Fig. 9.6 Idiograms of the distribution pattern of 45S and
5S rDNAs in chromosome sets of the seven Sesamum
species. a S. indicum (var. Yuzhi 11); b S. alatum; ¢ S.

S. angustifolium (Fig. 9.5f) exhibit stringent co-
localization of all 45S and 5S rDNAs.

In addition, of the seven Sesamum species,
most 45S and 5S rDNA loci are mapped in short
chromosome arms, except for S. radiatum and
S. alatum. Specifically, 45S rDNA fluorescence
signals are always detected at terminal short
arms, while 5S rDNA signals are terminally or
subterminally located on the short arm. The
results reflect that the rDNA distribution in
chromosome sets of Sesamum varies. Therefore,
the diverse cytogenetical characters of the

latifolium; d S. angolense; e S. calycinum; £ S. angusti-
folium; g S. radiatum (Provided by Hongmei Miao)

Sesamum species can be used as the references to
differentiate the unknown species in Sesamum.

9.3 Chromosome ldentification
of S. Indicum

9.3.1 Construction of BAC-FISH

System

The above studies of chromosome morphology
indicate that sesame chromosomes are too small,
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and most are similar with each other. Moreover,
the morphology and the size of chromosome set
are instable and susceptible to environmental
factors during specimen preparation. In order to
accurately differentiate the 13 chromosome pairs
in S. indicum, we initially established the BAC-
FISH system for sesame (Zhang et al. 2014;
Zhao et al. 2018a).

In the BAC-FISH system, the BAC library
(CopyConyrol™ pCCI1BAC™) of S. indicum
(var. Yuzhi 11) is applied (Zhang et al. 2013;
Miao 2014; Zhao et al. 2018a). The BAC library
contains 57,600 BAC clones with the average
insert size of 85 kb. Thousands of BAC clones
are chosen randomly from the library and applied
for hybridization (Fig. 9.7).

As shown in Fig. 9.7, one pair, two pairs,
three pairs, and even 13 pairs of BAC
hybridization signals are successfully hybridized
in sesame chromosomes using the single specific
BAC probes with the high-efficient BAC-FISH
system. The BACs generating more than one pair
of signals may indicate that there are different

Fig. 9.7 Fluorescence in situ
hybridization of different
BAC probes on sesame
chromosomes.

a Hybridization of probe 3R
with one signal pair.

b Hybridization of probe
144R with two signal pairs.
¢ Hybridization of probe 37R
with three signal pairs.

d Hybridization of probe
B409R with 13 signal pairs.
Bar = 5 pm. Red arrow
indicates the fluorescence
signal generated using
tetramethyl-rhodamine-5-
dUTP. ‘R’ in the probe names
refers to the red fluorescent
label (Modified from Zhao

et al. (2018a))

189

degrees of repetition DNA in their inserts. Fur-
ther statistics results indicate that 36 (9%) of the
400 BAC clones generate more than one pair of
stable hybridization signals, and 64 (16%) gen-
erate a single stable signal pair. Compared with
the hybridization ratios in Genlisea margaretae
(11%) (Tran et al. 2017) and sugar beet (9.84%)
(Paesold et al. 2012), the hybridization ratio in
sesame is higher. This hybridization technology
provides a useful method for chromosome iden-
tification and structural analysis in sesame.

In addition, we establish the successive
(double color) BAC hybridization technique for
sesame in order to increase hybridization effi-
ciency. For example, we perform the eight
rounds of hybridizations with 16 BACs locating
on the same chromosome set (Fig. 9.8). Through
eight successive hybridizations, the morphology
of the chromosomes is still clear, and the
hybridization signal is stable.

Subsequently, we integrated the eight images
together (Fig. 9.9). The result shows that the 16
BACs are distributed into ten pairs of
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Fig. 9.8 Eight rounds of successive hybridization in the
same chromosome set. a Hybridization of probe 48G and
40R; b Hybridization of probe 61G and 79R; ¢ Hybridiza-
tion of probe 65G and 58R; d Hybridization of probe
101G and 3R; e Hybridization of probe 121G and 32R;
f Hybridization of probe 125G and 137R; g Hybridization
of probe 138G and 24R; h Hybridization of probe 39G
and 28R; Bar = 5 pm. In probe names, ‘G’ refers to the
green fluorescent label, and ‘R’ refers to the red
fluorescent label (Provided by Hongmei Miao)

chromosomes. The specific positions and rela-
tionships of the 16 BACs in chromosome set
could be identified.

Fig. 9.9 Integration images from eight-round hybridiza-
tions on sesame chromosomes. Bar = 5 pm (Provided by
Hongmei Miao)

To date, the maximum round of successive
BAC-FISH hybridization is up to 12 in sesame
(data not shown). The successive hybridization
technology made it easier to group a great deal of
BAC probes into the 13 pairs of sesame chro-
mosome set. Thus, identifying the individual
chromosome in sesame using the specific BAC
markers is possible.

9.3.2 Identification of Sesame
Chromosomes Using

Special BAC Markers

Differentiating each chromosome is requisite to
impel the chromosomal and genomic analysis for
sesame. Considering high somatic chromosomes
in sesame, we determined the two-step BAC-
FISH strategy using the successive BAC-FISH
techniques to identify the 13 chromosome pairs
in sesame (Zhao et al. 2018a). As described in
the above sections, we screened hundreds of the
specific BACs with one pair of hybridization
signals from the BAC library using BAC-FISH
technique. In the first step, the 13 chromosome
pairs were divided into two groups using 45S
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rDNA probe (Fig. 9.10a).Then we successfully As a result, the ten chromosome pairs in group
performed a successive eight-round double-color I are differentiated (Fig. 9.11), while group II
FISH using 14 BACs with a single hybridization includes three chromosome pairs only with
signal pair (Fig. 9.10a-h). satellite DNA.

Fig. 9.10 Eight-round
successive fluorescence in situ
hybridization in sesame.

a Hybridization of 102R and
45S rDNA probes (green
fluorescent labeling).

b Hybridization of 87R and
53G probes. ¢ Hybridization
of 42R and 45G probes.

d Hybridization of 76R and
31G probes. e Hybridization
of 15R and 48G probes.

f Hybridization of 3R and
25G probes. g Hybridization
of 21R and 57G probes.

h Hybridization of probe 39G.
In probe names, ‘G’ and ‘R’
in probe names refer to the
green and red fluorescent
labeling, respectively.

Bar = 5 pm (Modified from
Zhao et al. (2018a))




192

Fig. 9.11 Identification of
the ten normal chromosomes
(without satellite DNAS) in
sesame. a Integration of
images from eight-round
hybridizations. b Karyotype
analysis of chromosomes
hybridized with the 14 BAC
probes and 45S rDNA probe.
‘G’ and ‘R’ in probe names
refer to the green and red
fluorescent labeling,
respectively. Bar = 5 pm
(Modified from Zhao et al.
(2018a))

H. Miao et al.
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In the second step, in order to differentiate
group II chromosome pairs, we performed a six-
round successive hybridization using 11 BAC
probes and 45S rDNA (Fig. 9.12). In the chro-
mosome set, the three chromosomes 11°, 12°,
and 13’ are marked by three BAC probes and the
45S rDNA probe (Fig. 9.13).

Subsequently, we integrated the BACs
hybridized in chromosome group I in Fig. 9.11
and group Il in Fig. 9.13. As shown in Fig. 9.14,
the 13 chromosome pairs of S. indicum are
specifically marked using the 17 specific BACs.
In particular, Chr. 11, Chr. 12, and Chr.
13 chromosome pairs locate with satellite DNAs.
The somatic chromosomes in sesame are suc-
cessfully identified for the first time. The results

supply the foundation for cytogenetic map con-
struction and genome assembly in sesame.

9.3.2.1 Construction of a High-Density
Cytogenetic Map

in Sesame

A cytological map reflects the exact physical
position of the chromosome fragments in chro-
mosome set. In order to explore the positions of
sesame DNA fragments in chromosomes and to
supply the molecular markers for genome assem-
bly, constructing a high-density cytogenetic map
is necessary for sesame. Before establishing the
cytogenetic map for sesame, a total of 210 BACs
with the single and stable hybridization signal pair
have been located in the 13 chromosomes using
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Fig. 9.12 Six-round
successive fluorescence in situ
hybridization in sesame.

a Hybridization of 102R and
45S rDNA probes (G).

b Hybridization of 64R and
4G probes. ¢ Hybridization of
61R and 18G probes.

d Hybridization of 51R and
2G probes. e Hybridization of
54R and 43G probes.

f Hybridization of 68R and
100G probes. ‘G’ and ‘R’ in
probe names refer to green
and red fluorescent labeling,
respectively. Bar = 5 pm
(Modified from Zhao et al.
(2018a))

the successive BAC-FISH hybridization technol-
ogy. With the aid of the 13 chromosomes
nomenclature and the 27 reference BAC markers
in sesame, all the 210 BACs are grouped into 13
chromosome groups (data not shown) (Unpub-
lished data, Haiyang Zhang). The relative position
of each BAC marker is recorded with more than
three replications, and the hybridization signal
position in chromosomes is calculated according
to the method of Fonséca et al (2010). The short
arm tip is record as 0.00, and the long arm tip is as
1.00. The position value of each BAC ranges
between 0.00 and 1.00. Meanwhile, the BAC size
is calculated based on positions of the BAC ends
sequences in sesame genome.
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According to the sesame chromosome
nomenclature of Zhao et al. (2018a), SiChr.6 and
SiChr.7 possess the 5S rDNA sites in their ends
of short arms. The three chromosomes, i.e.,
SiChr.11, SiChr.12, and SiChr.13 are satellite
chromosomes with 45S rDNA sites in the tip of
the short arms. In the cytogenetic map, the
number of BAC markers in each chromosome
varies from 7 to 40 with an average of 16. Fur-
ther genome location results indicate that the size
of the located BACs ranges from 10.7 to
354.6 Kb with an average of 86.0 kb. The reli-
able chromosome information gives the founda-
tion for sesame genome assembly (Unpublished
data, Haiyang Zhang).
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Fig. 9.13 Identification of
the three chromosomes with
satellite DNAs (Group II).

a Integration of images from
six-round successive
fluorescence in situ
hybridization. b Karyotype
analysis of chromosomes
hybridized with the 11 BAC
probes and 45S rDNA. ‘G’
and ‘R’ in probe names refer
to green and red fluorescent
labeling, respectively.

Bar = 5 pm (Modified from
Zhao et al. (2018a))

105R /1 51R

105R /1 51R

On the other hand, the super-density single
nucleotide polymorphism (SNP) genetic map
with the 30,193 SNP markers has been con-
structed for sesame in recent years (Zhang et al.
2016). To evaluate the quality of the cytogenetic
map and the SNP genetic map, we aligned the 210
BAC sequences in the cytogenetic map with the
30,193 SNP sites in 13 linkage groups. Results
showed that 232 SNPs in the 13 linkage groups

H. Miao et al.

¥ 4551 S4R

455 / S4R

are located in the 100 BACs (Unpublished data,
Haiyang Zhang). The 13 chromosomes and the 13
linkage groups coordinately accord with each
other. Therefore, the BAC-FISH cytogenetic map
is reliable and can be used for further genomic
analysis. We believe that the integration of cyto-
genetic map and the molecular genetic map in
sesame will display the great effect on the fine
assembling of genome and gap filling.
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Fig. 9.14 Schematic of the sesame chromosome set
marked with 17 BACs. The hollow columns represent the
chromosome. Red portions indicate satellite DNA (45S
rDNA). Black bars in the hollow columns indicate BAC
positions. Vertical coordinates on the left indicate relative

9.4 GISH and Phylogenetic Analysis
in Sesamum

9.4.1 GISH of S. Indicum and the Wild

Species

In the family Pedaliaceae, the basic chromosome
number of three genera has been reported, i.e.,
Pedalium (x = 8), Sesamum (x =8, 13), and
Ceratotheca (x = 8) in 1991 (Kobayashi (1991).
However, there exist no other direct proofs to
determine the exact basic chromosome number
of Sesamum except for the above somatic chro-
mosomes analyses (Figs. 9.4, 9.5, and 9.6;
Table 9.2). Of the six wild species, S. alatum has
the same chromosome number with S. indicum,
while S. latifolium has the same rDNA distribu-
tion pattern with S. indicum. Meanwhile, the four
partially cultivated species, i.e., S. angolense, S.
calycinum, S. angustifolium, and S. radiatum
present the species-specific characters in Sesa-
mum. In order to explore the cytogenetical evo-
lution and the relationship of the Sesamum
species, we performed the genome fluorescence
in situ hybridization (GISH) analysis within S.
indicum and the six wild species (Unpublished
data, Haiyang Zhang).

Initially, we performed the GISH hybridiza-
tion of the seven species using the genome of

chromosomal lengths, while vertical coordinates on the
right indicate the genome length of each chromosome,
calculated based on the S. indicum genome size (Zhang
et al. 2013) (Cited from Zhao et al. (2018a))

var. Yuzhi 11 as the hybridization probes
(Fig. 9.15) (Unpublished data, Haiyang Zhang).
The chromosomes of the six wild species are
hybridized by genome DNA of var. Yuzhi 11.
For the cultivated sesame, the hybridization
signal covers all arms of the somatic chromo-
somes (Fig. 9.15a). In S. alatum (var. 3651, F
Fig. 9.15b), S. angolense (var. K16, Fig. 9.15d),
and S. calycinum (var. Ken8, Fig. 9.15e), the
hybridization signals possibly present in the
repetitive regions such as satellite regions.

Meanwhile, in S. latifolium (var. Kenl,
Fig. 9.15¢), S. angustifolium (var. GOI,
Fig. 9.15f), and S. radiatum (var. GO2,

Fig. 9.15g), the signals probably locate in the
centromere regions of most chromosomes and
the satellite regions of chromosomes. The vari-
ous distribution styles of the hybridization sig-
nals reflect the different similarity of the genome
sequences.

9.4.2 GISH of the Wild Sesamum
Species

In recent a few years, we performed the GISH of
the wild Sesamum species using genomic DNA
of the six wild species as probes (Unpublished
data, Haiyang Zhang). The results should be
published in near future. Cytogenetical analyses
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Fig. 9.15 GISH of S.
indicum in the seven species.
a Hybridization of S. indicum
chromosomes (var. Yuzhi
11); b Hybridization of S.
alatum chromosomes (var.
3651); ¢ Hybridization of S.
latifolium chromosomes (var.
Kenl); d Hybridization of S.
angolense chromosomes (var.
K16); e Hybridization of S.
calycinum chromosomes (var.
Ken8); f Hybridization of S.
angustifolium chromosomes

S. radiatum chromosomes
(var. GO2). All the
chromosome species are
hybridized using S. indicum
(var. Yuzhi 11) probe with red
fluorescent labeling.

Bar = 5 pm (Provided by
Haiyang Zhang)

reflect that some species exhibited the different
relationship on chromosome karyotype (Unpub-
lished data, Haiyang Zhang) and supply the basis
for further analysis of genome evolution in
Sesamum.

(var. GO1); g Hybridization of .

H. Miao et al.

9.5 Conclusion

The chromosome morphology and the structure
of chromosome set in S. indicum are explored.
The 13 chromosomes in sesame are identified
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using 17 BACs for the first time. The cytogenetic
map of sesame is constructed based on the high-
efficient chromosome press technique and the
successive BAC-FISH techniques. To clarify the
chromosome evolution of Sesamum, the kary-
otype and chromosome characteristics of the six
representative wild Sesamum species are inves-
tigated. GISH results reflect the relationship and
the evolution characters of the chromosome cat-
egories (2n = 26, 32, and 64) in Sesamum. The
results supply the necessary basis for exploring
the genome evolution and chromosome evolution
in Sesamum.
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Abstract

With the development of sesame industry in
the world, the requirement for increasing the
breeding efficiency and realizing various
breeding objectives with the aid of modern
molecular breeding techniques has become
more and more urgent. In order to realize
molecular breeding and concisely aggregate
the elite genes into new varieties in sesame,
deciphering a great amount of genes or
molecular markers and elucidating the sesame
genome characters are the key issues. Based
on the above requisites, Henan Sesame
Research Center, Henan Academy of Agri-
cultural Sciences, China organized the Sesame
Genome Working Group (SGWG) in 2009
and initiated the Sesame Genome Project
(SGP) in 2010. The organizational back-
ground of SGWG and the targets of the SGP
are also introduced in this chapter.
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10.1 Introduction
Traditional breeding techniques including
hybridization, mutagenesis, interspecific

hybridization, and heterosis are the main methods
for sesame breeding in the past forty decades.
However, the genetic basis of variation in sesame
germplasm is relatively narrow. Screening more
elite breeding materials from the limited germ-
plasm accessions becomes too difficult. The vague
genetic backgrounds related to the seed yield, seed
quality, and the resistances to biotic and abiotic
stresses also hinder the development of sesame
breeding techniques. In order to elucidate and
improve the characters of the sesame species,
sequencing the sesame genome, as well as creating
more new breeding lines via modern biological
techniques, is essential (Zhang et al. 2013).

10.2 The Sesame Genome Working
Group

The Sesame Genome Working Group (SGWG)
was organized by the Henan Sesame Research
Center, Henan Academy of Agricultural Sci-
ences, China (HSRC-HAAS, China) in 2009.
The SGWG is composed of the six major sesame
research groups in China, which are involved in
sesame germplasm investigation and creation,
functional genomics and genetics research, biotic
and abiotic resistances research, breeding
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techniques, and/or improvement of processing
techniques, in addition to sesame genome
sequencing (Www.sesamum.org).

10.2.1 The Sesame Genome Working
Group of Henan Sesame
Research Center, Henan
Agricultural Sciences,

China (SGWG-HSRC,

HAAS, China)

The Henan Sesame Research Center (HSRC),
which was sponsored by the Henan Academy of
Agricultural Sciences (HAAS), was set up in
1986. HSRC is the leading organization in
sesame science research in China and includes
40% of sesame research staff in China. The main
scientific research in HSRC focuses on sesame
germplasm collection and evaluation, genetics
and genomics, breeding technology optimization
and selection of new varieties, disease resistance
and bio-control techniques, and cultivation
techniques research.

The genome research group of HSRC was set
up in 2008. The main progress in sesame tran-
scriptomics, molecular marker screening, and
genetic map construction was made before initi-
ating the SGP. In order to detect polymorphic
molecular markers, a total of 24 groups of
sesame transcriptomes were sequenced using
Illumina paired-end sequencing technology and a
40G dataset containing 42,566 unitranscript
sequences was obtained. More than 3000
expressed sequence tag-simple sequence repeat
(EST-SSR) primers were developed using the
dataset (Zhang et al. 2012). In order to explore
the specific genes involved in sesame growth and
development, SGWG-HSRC has constructed a
full-length cDNA library of S. indicum var.
Yuzhi 11 containing 300,000 clones in 2010.

During the SGP initiation, a bacterial artificial
chromosome (BAC) (CopyControl™
pCCIBAC™) library of 57,600 clones with an
insert size of 85 kb and a BIBAC (pCLD 04,541)
library of 80,000 clones with an insert size of
120 kb were constructed by SGWG- HSRC
using the cv. Yuzhi 11 for genome assembly and
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gene cloning (Zhang et al. 2013; Zhao et al.
2018). Fluorescence in situ hybridization (FISH)
and BAC- FISH techniques were set up for
sesame for the first time in 2013. Subsequently,
the successive BAC-FISH technique was devel-
oped and utilized for chromosome set differen-
tiation and cytogenetic map construction in
sesame. To support the implementation of the
Sesame Genome Project, two molecular genetic
maps were constructed (Zhang et al. 2012, 2016).
Especially, the first high-resolution single
nucleotide polymorphism (SNP) genetic map for
sesame comprised 13 linkage groups carrying
3010 bin markers and provided the necessary
information for super scaffolds assembly. The
above necessary platforms and data give the solid
foundation for the sesame genome assembly. In
addition, the sesame chloroplast genome was
published recently (Zhang et al. 2013). The
chloroplast genome of S. indicum cv. Yuzhi 11
has also been assembled using the raw genome
sequencing data, which supplies new proofs for
elucidating the phylogenic characters of sesame
(Zhang et al. 2012).

In order to accelerate the functional genome
research, the technology of sesame callus tissue
induction and plantlet regeneration and
Agrobacterium-mediated genetic transformation
were studied by SGWG-HSRC since 2011 (data
not shown, Haiyang Zhang). The first transgenic
plantlet for sesame was obtained in 2012. At
present, the function of some genes is being
tested via optimized transgenic methods. Based
on the sesame reference genome, SGWG-HSRC
established a highly efficient gene cloning
method using population mapping and genome
variant screening for sesame for the first time
(Zhang et al. 2016, 2018; Miao et al. 2019). With
the genome information, more than one hundred
genes and molecular markers related to seed
quality, growth and development, capsule size,
and resistance to Fusarium wilt disease have
been detected in sesame (partially published by
Zhang et al. 2016, 2017, 2019; Miao et al. 2019;
Wei et al. 2019).

The main goals and tasks of SGWG- HSRC
are: (1) to organize and implement the Sesame
Genome Project; (2) to construct the genetic
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linkage map and physical map of S. indicum;
(3) to construct transcriptome database; (3) to
analyze the genome and chromosome evolution
system; (4) to analyze the synthesis and regula-
tion network of sesame fatty acids; and (5) to
explore the regulation mechanisms of sesame
resistance and tolerance to diseases, waterlog-
ging, and other abiotic stresses.

10.2.2 The Sesame Genome Working
Group of Tianjin Biochip
Corporation
(TBC) and TEDA School
of Biological Sciences
and Biotechnology,

Nankai University
(SGWG-TBC, NU, China)

Tianjin Biochip Corporation (TBC) and TEDA
School of Biological Sciences and Biotechnol-
ogy (TSBSB), Nankai University allied and
performed the Sesame Genome Project in 2009.
The Lab focuses on research and development of
microbial detection biochips, genome and tran-
scriptome sequencing and analysis, biological
genomics and functional genomics research, and
laboratory services. TBC and TSBSB group is
one of the five national biochip research and
development platforms funded by the National
High Technology Research and Development
Program of China. The Sesame Genome Work-
ing Group of TEDA School of Biological Sci-
ences and Biotechnology (SGWG-TSBSB) was
set up in 2009. The chloroplast genome of
S. indicum cv. Yuzhi 11 was constructed in
TSBSB in 2011 (Zhang et al. 2012). During
implementation of the Sesame Genome Project,
high coverage Solexa sequencing and draft gen-
ome assembly platform have been performed in
2011. For sesame, five types of Solexa libraries,
including two paired-end libraries with insert
sizes of 300 and 500 bp, and three mate-pair
libraries with insert sizes of 2, 3, and 5 kb were
constructed. A total of 98 Gb of Solexa reads
were generated with a 276x coverage of the
estimated genome (Zhang et al. 2013). To ensure
the assembly quality, the 454 pyrosequencing
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and BAC end sequencing platforms were set up
and performed for sesame during the initiation of
the SGP.

The main goals and tasks of SGWG-TSBSB
are: (1) to perform the sesame genome
sequencing and assembly and (2) to fulfill the
sesame BAC library sequencing. During per-
forming the SGP, a complicated sequencing and
assembly  strategy including ABI3730xL,
Roche/454, Illumina/Solexa, PacBio SMRT,
BAC-FISH cytogenetic mapping, Bionano map-
ping, and HiC library platforms were developed
and utilized. More data were analyzed accord-
ingly (please see the Chaps. 11 and 12).

10.2.3 The Sesame Genome Working
Group of Bioengineering
Department, Henan
Technology University
(SGWG-BD, HTU, China)

The Department of Bioengineering, which is
sponsored by the Henan Technology University,
focuses on biological and pharmaceutical engi-
neering, biological technology, organism nutri-
ology, and plant pathology. The Sesame Genome
Working Group of Bioengineering Department
(SGWG-BD) was set up in 2011. The main goals
and tasks of SGWG-BD are: (1) to participate in
genome sequencing and assembly and (2) to
analyze the synthesis and regulation network of
sesame fatty acids, proteins, and lignans.

10.2.4 The Sesame Genome Working
Group of Plant
Protection Research
Institute, Henan
Academy of Agricultural
Sciences (SGWG-PPRI,
HAAS, China)

The Sesame Genome Working Group of Plant
Protection Research Institute (SGWG-PPRI) was
set up in 2009. The research goals are involved
screening the germplasm accessions resistant to
charcoal rot disease caused by Macrophomina
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phaseolina, disease resistance genetics and R
gene cloning, and functional genomics analysis,
and RGAP (resistance gene analog polymor-
phism) analysis. Four defense enzyme genes
(POD, CAT, SOD, and PPO) and eight full-
length nucleotide binding site-leucin rich repeat
(NBS-LRR) genes have been cloned in SGWG-
PPRI Lab before initiating the SGP. The
expression characters of some resistance genes
induced by Macrophomina phaseolina have been
analyzed. The main goals and tasks of SGWG-
PPRI are: (1) to participate in and perform gen-
ome sequencing and assembly and (2) to analyze
the regulation mechanism of the resistance and
tolerance to charcoal rot disease and waterlog-
ging stress.

10.2.5 The Sesame Genome Working
Group of Crop Research
Institute, Anhui
Academy of Agricultural
Sciences (SGWG-CRI,

AAAS, China)

The Sesame Genome Working Group of Crop
Research Institute, AAAS (SGWG-CRI) was set
up in 2009. The research goals involve molecular
marker screening and genetic mechanism analy-
sis of male sterility in sesame. The high efficient
restoration and maintenance systems about
recessive infertility lines have been created by
the group during the SGP. The main goals and
tasks of SGWG-CRI of AAAS are: (1) to par-
ticipate in genome sequencing and assembly and
(2) to analyze the regulation network of sesame
growth and development.

10.2.6 The Sesame Genome Working
Group of Crops Research
Institute, Jiangxi
Academy of Agricultural
Sciences (SGWG-CRI,

JAAS)

The Sesame Genome Working Group of Crops
Research Institute, JAAS (SGWG-CRI) engages
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in the genetics analysis of seed quality and
resistance and tolerance to biotic and abiotic
stresses, black sesame breeding, and seed multi-
plication in sesame. The group also performs
molecular markers and genes (or QTLs) detec-
tion related to the key agronomic traits, such as
inflorescence habit, seed yield, seed quality, and
stress tolerance. The main goals and tasks of
SGWG-CRI of JAAS are: (1) to participate in
genome sequencing and assembly and (2) ana-
lyze the regulation network of sesame resistance
and tolerance to bacterial diseases and drought
stress.

10.3 The Sesame Genome Project

The development of the next-generation high-
throughput sequencing techniques has highly
impacted the breeding techniques in crops.
Considering the status and key hurdles of sesame
breeding techniques, the Chinese sesame scien-
tist in chief, Dr. Haiyang Zhang, conceived of
sequencing the sesame genome in 2008. Subse-
quently, Dr. Haiyang Zhang called together the
main sesame research groups in China and
organized the Sesame Genome Working Group
(SGWG) in 2009. The blueprint for the Sesame
Genome Project (SGP) was then determined by
the SGWG in 2010 (Zhang et al. 2013).
According to the original design, the project
comprised three parts: (1) to sequence the sesame
genome and construct the frame and the fine
genome map, respectively; (2) to perform the
sesame genome informatics analysis; and (3) to
perform the sesame functional genomics research
and database construction. The total genome
goals of the sesame genome would be completed
by December 2013. At that time, the feasible
sequencing platform was the next-generation
sequencing (NGS) (such as Illumina sequenc-
ing) with de novo genome assembly technique
(Mitchelson 2007; Shulaev et al. 2011).
However, the unexpected fast development of
genome sequencing and assembly techniques
during 2010-2015 enriched the sesame genome
project. Especially, single-molecule real-time
(SMRT) sequencing (Rhoads and Au 2015),
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optimal mapping (such Bionano) (Shelton et al.
2015), and HiC sequencing (Servant et al. 2015)
were gradually applied in sesame genome
sequencing in the past five years and achieved
the assembly of the chromosome-scale fine
sesame genome. Correspondingly, the SGP
expanded with four new targets: (1) to construct
the chromosome-scaled genomes of sesame and
several wild Sesamum species and the Sesamum
genome databases; (2) to perform the compara-
tive genomics analysis of Sesamum species;
(3) to perform genome structure and evolution
analysis of Sesamum species; and (4) to perform
genome re-sequencing of sesame germpalsm
accessions and genome application in the
molecular genetics and breeding research in
sesame. Totally, the SGP went through 10 years,
as the SGWG hit the above research targets and
declared the fulfilling of the SGP on June, 8,
2020 (Unpublished data, H. Zhang). The main
research results of the SGP will be gradually
published in near future.

10.4 Timeline of the Sesame
Genome Project

According to the above original blueprint for the
SGP, all the goals would be completed in 2013.
Of these, the SGWG would finish the 454 paired-
ends reads sequencing by December 2012, and
finish the double-ended sequencing of the 40,000
BAC clones and full-length sequencing of the
1000 BAC clones by June, 2013. Independently,
a high efficient sequencing platform,
PacBio SMRT technique had been developed
and was being applied for genome sequencing
and assembly because of the long length of the
reads at that time. Thus, the SGWG optimized
the sequencing strategy of the SGP and applied
the PacBio SMRT in sesame genome sequencing
in 2013. Subsequently, the workflow of the
genome assembly using ABI3730 xL, Solexa,
Roche/454, and PacBio SMRT was rapidly
optimized for sesame. The SGWG completed the
analysis result and the de novo assembly of
sesame genome using Solexa/lllumina data in
2012 and expanded the goals of the SGP in 2013
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(Zhang et al. 2013, 2019). During the past dec-
ade, the genome assembly version of sesame has
been updated three times (Zhang et al. 2013,
2016; Miao et al. 2019), as more new sequencing
and assembly techniques, were gradually applied
in the SGP.

10.5 Biological Questions
and Planned Analyses
of Sesame

According to the initiation of SGP, the SGWG
planned to elucidate several key biological
questions including the phylogeny and the origin
of sesame, the biosynthesis and regulation of oil,
protein, and some secondary metabolites, the
resistance to Fusarium wilt, charcoal rot dis-
eases, and waterlogging stress (Zhang et al.
2013). With the expansion of the goals of SGP,
the genomes of several wild Sesamum species
were sequenced and assembled. Phylogenic and
genome evolution characters of the Sesamum
species have been systematically analyzed. The
genomic mechanism to the low resistance to
diseases and high oil content in sesame also has
been studied (Unpublished data, Haiyang
Zhang). With the aid of the reference genome
data and the genome analysis results, several
sesame genes related to the inflorescence deter-
minacy, internode length, capsule indehiscence,
capsule size, and other agronomic traits have
been cloned and published or being published in
a series of publications (Zhang et al. 2016, 2018,
2019; Miao et al. 2019).

10.6 Status of Current Genome
Assemblies

According to the estimation of the flow cytom-
etry data, the genome size of sesame is about
369 Mb (Zhang et al. 2013). The first draft
genome version sequenced by Solexa platform
for sesame cv. Yuzhi 11 is 293.7 Mb in length
(Zhang et al. 2013). A total of 23,713 gene
models were obtained and the average gene
length was 1.2 kb. During the second five years,
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the SGWG sequenced and assembled the six wild
Sesamum species covering all the three chromo-
some sets, i.e., 2n = 26 (S. alatum), 2n = 32 (S.
latifolium, S. angolense, S. calycinum, and S.
angustifolium), and 2n = 64 (S. radiatum). The
genome of S. indicum (version 3.0) has also been
reassembled using new sequencing and assembly
strategy. All the genomes of sesame and the six
wild species reach to chromosome-scale and
have been applied for genomics and comparative
genomics analysis. Some genomics analysis
results of the Sesamum species will be shown in
the following chapters.
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Abstract

In plants, chloroplast genomes are a group of
non-nuclear genomes and exhibit different
genome structure and evolutionary characters
from the nuclear genomes. In order to investi-
gate the species-specific evolutionary charac-
ters, the complete chloroplast (cp) genome
(GenBank no. JN637766) of S. indicum cv.
Ansanggae (black-seeded) and the cp genome
(GenBank no. KC569603) of S. indicum cv.
Yuzhi 11 (white seeded) have been sequenced.
Comparison of the cp genomes between sesame
and other plants and the application of the cp
genome information in genome evolution anal-
ysis are elucidated in this chapter.

11.1 Introduction

The chloroplast is a vital plastid existing in plants
and algae and takes the important functions in
plant photosynthesis and related biological pro-
cesses (Sugiura 2003). Chloroplast genome is an
independent and unnuclear genome in plant cell.
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As the chloroplast genome sequence of a species is
relative conservative, the chloroplast genome is
always used for species evolution analysis and
genetic modification and breeding in crops (Cor-
riveau and Coleman 1988; Sugiura 1989; Sill et al.
2003; Ruf et al. 2007; Saski et al. 2011; Young
et al. 2011). In plants, the circular cp genome size
is usually 120-160 kb with about 4 rRNAs, 30
tRNAs, and 80 genes encoding the photosynthesis
or gene expression regulation-related proteins
(Olmstead and Palmer 1994; Chumley et al. 2006).
To date, more than one hundred cp genomes have
been sequenced (Chloroplast Genome DB, http://
chloroplast.cbio.psu.edu).

Sesame belongs to the Pedaliaceae family
which is a small family. Thus, sesame is always
regarded as an orphan species for the remote
phylogenetic relationship with other common
crops (Ashri 1998). Previous genome phyloge-
netic position analysis of so many plants from
different families indicated that Sesamum is clo-
sely related to members of the Solanaceae and
Phrymaceae families, but distant to the other oil
crops such as soybean, castor, and rape (Zhang
et al. 2013b).With the aid of the chloroplast
(cp) genome sequence of S. indicum cv.
Ansanggae (a black-seeded cultivar), Yi and Kim
(2012) performed the phylogenetic position
analysis of sesame and suggested that Sesamum
is a sister genus to the Olea and Jasminum
(Oleaceae family) and belongs to the core lineage
of the Lamiales family. During sequencing the
genome of cv. Yuzhi 11 in the Sesame Genome
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Project (SGP), the chloroplast genome of S.
indicum was also assembled using Illumina and
454 sequencing data and applied for species
evolution analysis (Zhang et al. 2013a). As to the
mitochondria genome in sesame, Li et al. (2011)
studied the extraction technology of mitochon-
drial DNA in sesame. However, no mitochondria
genome information about sesame has been
reported till now. Thus, we introduce the
chloroplast genomes of cv. Yuzhi 11 and cv.
Ansanggae, respectively, and exhibit the main
analysis results of the cp genome comparison of
Sesamum species with other plants in this
section.

11.2 Sequencing of the Complete
Chloroplast Genome
in Sesame cv. Ansanggae

Yi and Kim (2012) performed sequencing and
assembly of the complete chloroplast genome for
sesame for the first time. Cp organelles of the
sesame cultivar cv. Ansanggae (a black-seeded
cultivar) plant were collected for Cp DNAs
extraction (Plant DNA Bank of Korea accession
number 1996-0001). The chloroplast DNA
sequences were sequenced using the GS-FLX
pyrosequencing method (Wyman et al. 2004)
and the Genome Sequencer FLX system (Roche,
Basal, Switzerland). A total of 133,533 reads of
Roche 454 data with an average read length of
236 bp were obtained for genome assembly. As a
result, the complete cp sequence of S. indicum
cv. Ansanggae is 153,324 bp in length (GenBank
accession no. JN637766). A total of 114 genes
including 80 protein-coding genes, 30 tRNA
genes, and 4 rRNA genes are detected in the cp
genome.

11.3 Sequencing of the Complete
Chloroplast Genome
in Sesame var. Yuzhi 11

The complete cp genome of S. indicum var.
Yuzhi 11 was assembled using Illumina and 454
sequencing data of sesame using de novo
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assembly strategy (Zhang et al. 2013a). For
sesame genome sequencing, paired-end (PE) and
mate-pair (MP) libraries with insert sizes of
500 bp and 3 Kb, respectively, were constructed
and sequenced on Illumina sequencing platform.
The Illumina data gave a coverage of 218x the
estimated cp genome. Meanwhile, 4.5 Gb of
Roche 454 data were obtained from GS FLX
sequencing system (Zhang et al. 2013a). In order
to assemble the chloroplast genome, all quality-
filtered paired reads were mapped against the cp
genomes of Ageratina adenophora (NCBI:
NC_015621.1) and Olea europaea (NCBI:
NC_015623) using BWA (v 0.5.8) for the cp
genome assembly for sesame (Zhang et al.
2013a). As a result, the assembled cp genome of
S. indicum var. Yuzhi 11 is 153,338 bp with 114
unique genes (GenBank accession no.
KC569603) (Fig. 11.1). The circular molecular
of the cp genome contains three scaffolds and is
comprised of the inverted repeat (IR, 25,142 bp),
large single-copy (LSC, 85,180 bp), and small
single-copy (SSC, 17,874 bp) regions.

11.4 Characters of Complete
Chloroplast Genome
in Sesame

Comparison of the cp genomes of var. Yuzhi 11
and cv. Ansanggae showed that only 14 differ-
ences existed within the nucleotide sequences of
homopolymers (Zhang et al. 2013a). The results
reflect the conservation of chloroplast genome in
sesame. Compared with the 18 species presenting
the available nuclear genome sequences, the cp
gene number in sesame is also same with those of
Nicotiana tabacum, Vitis vinifera, Platanus
occidentali. However, in some plants such as
Arabidopsis thaliana, Glycine max, Brassica
napus and Mangifera indica, one or two genes
were lost. Meanwhile, the order of some genes in
the sesame cp genome is different from that of G.
max, Helianthus annuus and Gossypium
hirsutum.

To further clarify the evolutionary position of
sesame in angiosperms, Zhang et al. (2013a)
performed the phylogenetic analysis of
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Fig. 11.1 Chloroplast genome map of sesame var. Yuzhi
11. The outer line indicates the chloroplast genome size.
The middle two circle lines represent the position of all
protein-coding genes, rRNAs, and rRNAs the IRa and IRb

chloroplast genomes of sesame and the other 18
plants. The results showed that the cp size of
sesame is moderate. Variation of the length of
LSC and IRs regions contributed to the change of
a cp genome size. Moreover, Zhang et al.
(2013a) compared the protein-coding sequences
of the 19 cp genomes for the first time. Of the 80

inverted repeat sequences, respectively, in clockwise
direction. The inner circle indicates distribution of SSR,
LSC, and IR regions (Cited from Zhang et al. (2013a))

protein-coding genes, the length of all 77 func-
tional cp genes was highly conserved. The ycf2
gene varied in some plants and even was missing
in some grass species. Interestingly, in sesame cp
genome, the ycf2 gene is 5721 bp in length with
a loss of a fragment of about 1179 bp. BLAST
results proved that nucleotides 1-585 in the
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query hit the sesame nuclear genome, which
might reflect the specific evolution relationship
between the nuclear and unnuclear genomes in
high plants.

11.5 Evolution Analysis
of Chloroplast Genome

Comparison results indicated that IR contraction/
expansion in the cp genome alters the evolution
rate of cp genome in plants. Meanwhile, the
chloroplast genes and repeats also displayed the
signature of convergent evolution in sesame and
other species (Zhang et al. 2013a). The Ka/Ks
ratio of the 77 protein-coding genes in sesame
and 13 other dicot species from the asterid and
rosid clades indicated that the evolutionary rates
of cp genes were different. In sesame cp genome,
nine genes, i.e., ndhB, ndhD, and ndhl genes
encoding the subunits of NADH dehydrogenase,
the rpl2, rpl22, rpl32, and rpi33 genes encoding
the large subunit of the ribosome, the rpsi2 gene
encoding the small subunit of the ribosome, and
the rbcL gene encoding the large subunit of
Rubisco, evolved rapidly probably because of the
specific function. Three genes, i.e., ndhK
encoding the subunit of NADH dehydrogenase,
atpl encoding the subunit of ATP synthase, and
cemA encoding the envelope membrane protein
evolved slowly with low evolutionary rates.

Recently, the Sesame Genome Working
Group (SGWG) also assembled the six chloro-
plast genomes of the six wild Sesamum species
using the abundant genome sequencing data. The
genome analysis is being performed. We believe
the new findings of the evolutionary characters of
Sesamum species and the higher plants would
improve the genome research of Sesamum in
near future.

C. Lietal
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Abstract

The invention of Sanger sequencing initiated
the genome era. The development and appli-
cation of next-generation sequencing (NGS)
technologies facilitated genome sequencing
in organisms. Here we introduce the main
technologies including Sanger sequencing,
Roche-454 massive parallel pyrosequencing,
Solexa/lllumina sequencing, ABI SOLID plat-
form, PacBio SMRT platform, HiC sequenc-
ing, Oxford nanopore sequencing, and Bionano
sequencing platform, as mostly are applied in
the Sesame Genome Project (SGP). The char-
acteristics of each technology are briefly
discussed. For the SGP, the hybrid sequencing
strategies involving the first generation, NGS,
and the third generation sequencing technolo-
gies are applied to assemble the fine genome
map with high accuracy and completeness.
Combined with the genome size estimation and
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genome characters of sesame, the efficient
sequencing strategies are elucidated in this
section.

12.1 Introduction

The invention of Sanger sequencing initiated the
genome era in the early of 1990s. The earliest
sequenced genomes using Sanger sequencing are
E. coli genome (Yura et al. 1992) and C. elegans
genome (Sulston et al. 1992). In plants, the genome
of the model plant Arabidopsis was sequenced
using BAC by BAC strategy in 2000, which is
regarded as a milestone for plant research (Bolger
et al. 2014). In 2006, the whole genome shortgun
sequencing strategy was applied for sequencing the
genome of poplar (Populus tirchocarpa) for the
first time. The genomic DNA was randomly broken
into small pieces for Sanger sequencing. As aresult,
approximately 7.6 million end-reads were
sequenced and assembled into 2447 major scaffolds
(Tuskan et al. 2006). Even though the whole gen-
ome shotgun sequencing strategy was being
applied in plant genome research, the genome
sequencing technologies were still time consuming
with high cost during the early 2000s.

The invention of the next-generation sequenc-
ing (NGS) technologies accelerated the genomics
research (Mitchelson 2007). Combined with the
Sanger sequencing, the next-generation Illu-
mina GA sequencing technologies were success-
fully applied for the cucumber (Cucumis sativus)
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genome in 2009. The genome coverage of
sequencing data reached to 72.2-fold (Huang et al.
2009). Due to the small genome size (240 Mb),
the woodland strawberry (Fragaria vesca)
becomes the first crop sequenced independently
using the NGS and the de nove assembly strategy
(Shulaev et al. 2011).

The NGS technologies offer advantages for
genome sequencing over Sanger sequencing.
However, the defect of the short read length
limits the application of NGS in the assembly of
large and complex genomes. Single-molecule
real-time (SMRT) sequencing developed by
Pacific BioSciences (PacBio) offers long read
length and overcomes the hurdles of the NGS
technologies in genome assembly (Rhoads and
Au 2015). The early assembled plant genomes
using SMRT sequencing data alone are Ara-
bidopsis (Berlin et al. 2015) and Oropetium
thomaeum (Vanburen et al. 2015). A total of
99% (244 Mb) of the Oropetium thomaeum
genome was assembled into the 625 contigs with
an N50 length of 2.4 Mb. The de novo assembly
using PacBio sequencing supplies a new and
feasible approach for genome sequencing and
assembly.  Subsequently, the  Nanopore
sequencing independently applied in bacterial
genome research also gives the example for
accurate genome construction (Loman et al.
2015). Throughout the history of the sequencing
technology development, each generation of the
sequencing technologies and platform reflects
the development of the sequencing technology
and the progress of genome research (Fig. 12.1).

Recently, the 10KP (10,000 Plants) Genome
Sequencing Project covering embryophytes,
green algae, and protists (excluding fungi) was
put forward and would be performed within the
next five years (Cheng et al. 2018). Corre-
spondingly, the optimized sequencing method-
ologies and strategies for specific species should
be reasonably designed, in order to improve the
sequencing quality and to decrease the expenses.
In this chapter, we discuss on the main
sequencing technologies including the first gen-
eration, NGS, and the third generation sequenc-
ing platforms. The combined sequencing strategy
for sesame genome is concisely described.

H. Miao et al.

12.2 Genome Sequencing
Technologies

12.2.1 Sanger Sequencing

The Sanger sequencing method is also named
‘first-generation’ sequencing technology, and is
a chain termination method. Sanger sequencing
was reported by Fred Sanger and his colleagues
in 1977 (Sanger et al. 1977). In Sanger
sequencing, 500-1000 base pairs (bp) of the
high-quality DNA sequences in length are rou-
tinely sequenced using Applied Biosystems.

Sanger sequencing involves a series of pro-
cesses, i.e., bacterial cloning or PCR (poly-
merase chain reaction) preparation, template
purification, DNA fragments labeling using the
chain termination method with dye-lablelled
dideoxynucleotides, capillary electrophoresis,
and fluorescence detection of four-color plots to
reveal the DNA sequence. Sanger sequencing
produces many copies of a target DNA region
through PCR. In the reaction, dideoxynu-
cleotides are similar to deoxynucleotides, except
for lacking a hydroxyl group on the 3’ carbon of
the sugar ring. The chain ends with the
dideoxynucleotide, which is marked with a par-
ticular color of dye depending on the base type
(A, T, C, or G). In the capillary gel elec-
trophoresis process, the DNA fragments in
reactions run through a long and thin tube con-
taining a gel matrix. As each fragment crosses
the ‘finish line’ at the end of the tube, the
products are illuminated by a laser, and dye
bases are detected. The smallest fragment (end-
ing just one nucleotide after the primer) crosses
the finish line first, followed by the longer
fragments (ending two and more nucleotides
gradually after the primer). Based on the detec-
ted dye colors one after another on the detector, a
series of peaks in fluorescence intensity are
recorded. Then the DNA sequence is read from
the peaks in the chromatogram.

The Sanger sequencing machines produce the
relatively long reads of slightly less than 1 kb. In
order to sequence longer fragments and mega-
genomes, researchers developed the shortgun
DNA sequencing strategy based on Sanger
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sequencing approach in 1970s (Anderson 1981).
The overlapped sub-fragments could be cloned
and sequenced separately and then assembled
into one long contiguous sequence (named
‘contig’) in silico (Heather and Chain 2016). In
the Human Genome Project (HGP), the modified
whole shortgun sequencing approach was
applied. Different plasmid libraries with 2 kb,
10 kb, and 50 kb insert sizes, respectively were
constructed. The small fragments (500-750 bp)
of human DNA were sequenced using Sanger
sequencing with ABI PRISM 3700 DNA Ana-
lyzer (Venter et al. 2001). The average trimmed
sequence length was 543 bp.

Sanger sequencing supplies high-quality
sequences for relatively long DNA fragments
(up to about 900 bp). Thus Sanger sequencing
and the modifications keep the dominate position
in DNA sequencing field for nearly 30 year.
However, Sanger sequencing is an expensive and
inefficient method, if applied for large-scale
genome projects. To date, the technology is
mainly and typically used for sequencing short
DNA sequences, such as bacterial plasmids or
PCR products.

12.2.2 Roche-454 Sequencing

Differing from the first generation sequencing,
the NGS sequencing technologies can generate
huge genome-wide data and deeply impact the
biological and genetic research (Metzker 2010;
Das and Tan 2013; Heather and Chain 2016).
The NGS sequencing technologies such as
Roche-454 massive parallel pyrosequencing
apply a combination of template preparation,
sequencing and imaging, and genome alignment
and assembly methods (Metzker 2010). Roche-
454 massive parallel pyrosequencing platform
sequencing or GS FLX sequencing system was
developed by 454 Life Sciences (later purchased
by Roche) in 2005 and became the first NGS
technology. In Roche 454 sequencing platform,
DNA fragments are isolated and amplified using
emulsion-based PCR method (Voelkerding et al.
2009). The pyrophosphate-based sequencing is
applied (Margulies et al. 2005).

As for DNA library construction in 454
sequencing system, the entire genomic DNA is
sheared into small fragments of 300-800 bp
using spray method. The fragments are ligated to



212

the specialized common adapters, separated into
single strands, and fixed to 28 pm beads. The
beads are captured within the droplets of a PCR-
reaction-mixture-in-oil emulsion.

The key feature of emulsion PCR (emPCR)
lies in the formation of a large number of inde-
pendent reaction spaces for DNA amplification.
PCR reaction occurs in each droplet. Ideally,
each small drop of liquid contains only one DNA
template and one bead. Each bead can carry ten
million copies of a unique DNA template. As the
emulsion is broken, the DNA strands are dena-
tured, and beads carrying single-stranded DNA
clones are deposited into wells of a fibre-optic
slide (Margulies et al. 2005). Each fibre-optic
core is 44 um in diameter and surrounded by 2—
3 um of cladding. The reaction well is about
55 pm in depth, and the well density is 1.6
million wells (or 480 wells per mm?) in a slide
(Leamon et al. 2003).

In the modified pyrosequencing, DNA
sequencing reaction is performed based on the
single stranded DNAs. If one dNTP matches with
the template DNA, the pyrophosphate group
will be released after synthesis. The released
pyrophosphate group reacts with ATP sulfurylase
enzyme and produces ATP. CO-oxidation of ATP
and luciferase produces light that is proportional to
the amount of pyrophosphate. The charged couple
device (CCD) sensor on the other side of the
PicoTiterPlate (PTP) board captures the emitted
photons of the fluorescent (Nyrén and Lundin
1985; Leamon et al. 2003). As each kind of ANTP
produces the unique fluorescence color in the
reaction, DNA sequence can be determined
according to the various fluorescence colors. After
amplification, ATP is degraded by diphosphatase
and leads to fluorescence quenching. Thus the
sequencing reaction goes into the next cycle. The
obvious advantage of 454 sequencing technology
is to get long sequencing read length up to
400 bp. The limitation of the Roche-454 technol-
ogy relates to the homopolymers. In particular,
during sequencing the homopolymers with
increasing length, the insertion and deletion errors
are often introduced into the sequencing results
(Huse et al. 2007).
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12.2.3 Illlumina Solexa Sequencing

For NGS sequencing technologies, the unique
combination of specific protocols supplies the
distinction between the technologies and plat-
forms (Metzker 2010). The Solexa sequencing
method (later acquired by Illumina) is the most
important NGS technology. Of all the available
NGS technologies, the Illumina data, especially
generated on the HiSeq, gives the highest quality
base calls. To date, the Illumina Solexa
sequencing platform still occupies a vast part of
the NGS market.

Solexa Genome Analyzer (Illumina, San
Diego, USA) was commercialized in 2006 is the
first short read sequencing technology (https:/
www.illumina.com). Illumina sequencing tech-
nology uses clonal amplification and sequencing
by synthesis (SBS) chemistry to perform the
rapid and accurate sequencing (https://www.
illumina.com). The Solexa/Illumina sequencing
consists of three processes, i.e., library prepara-
tion, cluster amplification, and post-sequencing
data processing (Fig. 12.2). A flow cell consist-
ing of an optically transparent slide with 8 indi-
vidual lanes is used.

During library preparation, the template DNA
is sheared into short fragments with several
hundred base pairs in length. After the ends of
the fragments are repaired, single adenine
(A) bases are added to the 3’ ends of the blunt
phosphorylated fragments. Then adapters are
ligated to the DNA fragments. Adapted-modified
DNA fragments are size screened and amplified
to improve the quality of templates. Before
sequencing, the single-stranded DNA fragments
are attached to a flow cell via hybridization. The
free 3> end of the adapters is then bonded to a
neighboring complementary oligonucleotide to
the flow-well anchors. A bridged structure forms.
Then the solid phase amplification is performed
in the flow cell by cluster PCR (dubbed ‘bridge
PCR’) through the addition of unlabeled
nucleotides and other necessary reagents (Shen-
dure and Ji 2008). In this platform, each cluster
consists of about 1000 clonal amplicons. Several
millions of clusters can be amplified in each eight
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Adapter-modified, single-stranded DNA is added to the
flow cell and immobilized by hybridization. Bridge
amplification generates clonally amplified clusters. Clus-
ters are denatured and cleaved; sequencing is initiated

lanes on a single flow-cell (Shendure and Ji
2008). The sequencing reactions occur within
each cluster, with the following steps including
the incorporation of fluorescent-labeled termina-
tor nucleotides (chemically blocked 3 hydroxyl
ends), excitation, and image acquisition. This
cycle is repeated for each nucleotide of the
sequence (Shendure and Ji 2008) (https://www.
illumina.com).

With the development of the techniques,
Illumina/Solexa platform comprises of multiple
instruments with various throughput data in dif-
ferent read length. The MiniSeq and MiSeq
instruments offer low to mid sample throughput.
The instrument is affordable with friendly
workflow and automation. Thus, the MiSeq
platform is suitable for the sequencing of small
genomes, such as bacteria genomes from 0.3 to
15 Gb using paired libraries. The read length is
up to 300 bp. Meanwhile, the NextSeq, HiSeq,
and NovaSeq instruments with considerable pri-
ces are applied for much higher throughput. Of

reversible dye terminators. Postincorporation fluorescence
is recorded. The flour and block are removed before the
next synthesis cycle (Cited from Voelkerding et al.
(2009))

which the HiSeq 2500 platform is the best option
for high-throughput sequencing, as the high
capacity of generating reaches more than 1 Tb
sequence with a read length of 250 bp using
paired libraries. In addition, other two versions,
HiSeq 3000 and 4000 exhibit an approximate
throughput of 125,750 Gb and 1,251,500 Gb,
respectively, with the same maximum read
length (150 bp) using paired libraries (Van Dijk
et al. 2014). In 2014, HiSeq X Ten was released
for population-scale whole genome sequencing
(WGS) (Reuter et al. 2015). The system consists
of new patterned flow cell technology and
increases the throughput.

The Illumina sequencing approach generates a
very large number of short sequence reads. For
all Illumina models, the overall error rates are
less than 1% (Reuter et al. 2015). However, in
order to generate a consensus and to ensure high
confidence in determination of the sequence
differences, deep sequencing with more than ten-
fold even coverage is required. Similar to the
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conventional methods, deep sampling allows the
use of weighted ‘majority voting’ and statistical
analysis to identify homozygotes and heterozy-
gotes and to distinguish sequencing errors.

12.2.4 AB SOLiD Sequencing
Platform

The SOLiD (Supported Oligonucleotide Ligation
and Detection) System 2.0 platform was devel-
oped in 2005. The Applied Biosystems SOLiD
(AB SOLID) sequencing technology was refined
by Applied Biosystems (now named Life Tech-
nologies), and the instrument was released in
2007 (Voelkerding et al. 2009). SOLiD sequenc-
ing is a massive parallel and ligation-mediated
sequencing method, based on the Polonator
technology (Shendure et al. 2005). Similar to the
454 technology, DNA fragments are ligated to
oligonucleotide adapters, attached to beads, and
amplified using the emPCR in AB SOLiD plat-
form (Shendure and Ji 2008; Voelkerding et al.
2009).

For template preparation, DNA molecules are
sheared into fragments ranging from 400-850 bp
in size. The ends of DNA fragments are repaired
and ligated with ‘P1’ and ‘P2’ DNA adapters
(Valouev et al. 2008). Emulsion PCR is per-
formed to immobilize the sequencing library
DNA. The amplicons are captured onto the ‘P1’
coated 1 pM paramagnetic beads. The immobi-
lizing the modified beads generate the high-
density and semi-ordered arrays to a glass flow-
cell surface. The glass slides can be segmented
up to eight chambers, in order to facilitate up the
scaling of the analyzed samples.

In the in vitro sequencing by synthesis, a DNA
ligase is applied. Each cycle applies partially
degenerated and fluorescently-labeled DNA
octamers with dinucleotide complement sequence
recognition core. These detection oligonu-
cleotides are hybridized to the template. Perfectly
annealing sequences are ligated to the primer.
After imaging, the labeled portions of the octa-
mers are cleaved, while the unextended strands
are captured (Valouev et al. 2008). A new cycle
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begins from the priming site (Shendure and Ji
2008).

The SOLiD system achieves a slightly better
performance in terms of sequencing accuracy,
due to the redundant sequencing of each base
twice by a dinucleotide detection core structure
of the octamer sequencing oligonucleotides. Tens
of millions of 25-50 nt reads are generated by a
single run. However, in the SOLID system, the
ligation-based method requires complex panel of
labeled oligonucleotides, and sequencing pro-
ceeds by off-set steps. The interpretation of the
raw data requires a complicated algorithm
(Valouev et al. 2008).

Besides the above technologies, other NGS
technologies, such as Ion Torrent PGM (acquired
by Life Technologies, later by Thermo Fisher
Scientific, USA), Polonator system (Dover/
Harvard, USA) and single-molecule sequencer
(Helicos BioSciences, USA) also have been
developed in the past ten years (Harris et al. 2008;
Quailet al. 2012). All the high-throughput DNA
sequencing technologies involve sequencing
library preparation, DNA immobilization onto a
solid support, cyclic sequencing using automated
fluidics devices, and detection of molecular
events by imaging.

12.2.5 SMRT Sequencing

As to the read length in genome sequencing,
most NGS technologies generate only a few
hundred bases for the gradual intermolecular
dephasing among DNA clones. Single-molecule
sequencing technologies, i.e., the 3rd generation
sequencing accomplish the long reads sequenc-
ing (Wang et al. 2015). Single-molecule real-
time sequencing (SMRT) technology is a pro-
prietary approach, which was commercialized by
Pacific Biosciences (Pacific Biosciences, USA).
Pacific Biosciences real-time sequencing (PacBio
PSII) machine was released in 2010. RSII
involves single-molecule real-time sequencing
technology using fluorescent dye labeled
nucleotides. Long DNA fragments of 20 kb and
longer can be obtained in a few hours. Thus, the
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SMRT platform is regarded as the most widely
used third-generation sequencing technology
(Heather and Chain 2016). Compared with the
NGS technologies, SMRT sequencing exhibits
many benefits on genome sequencing, such as
generating longer average read lengths, higher
consensus accuracy, uniform coverage, simulta-
neous epigenetic characterization, and single-
molecule resolution. The SMRT platform
involves preparing sequencing library, real-time
sequencing, and imaging the continuous incor-
poration of dye-labelled nucleotides (Korlach
et al. 2008; Travers et al. 2010).

In SMRT platform, the genomic DNA is
randomly fragmented and then end-repaired.
Single DNA oligonucleotide is used as adapter to
form an intramolecular hairpin loop on either end
of double-stranded DNA (dsDNA) region. The
prepared DNA template is named SMRTbell
template as sequencing libraries. The template
molecule can be sequenced multiple times using
a strand displacing polymerase. As a result, the
clonal amplification is avoided (Reuter et al.
2015).

For SMRT sequencing, each SMRT chip are
made of a 100 nm-thick metal film containing
thousands of zero-mode waveguide (ZMW) cavi-
ties of 10-50 nm in diameter (Korlach et al. 2008)
(Fig. 12.3). Within each ZMW detector, single
DNA polymerase molecule is attached to the

Fig. 12.3 PacBio genome
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bottom surface. As the sequencing reaction
begins, the tethered polymerase incorporates
nucleotides with individually phospholinked
fluorophores. Four fluorophores correspond to the
four specific bases of the growing DNA chain
(Korlach et al. 2008). When phospholinked
nucleotides are incorporated into the single-
stranded DNA molecule template, the single-
molecule DNA polymerase activity is visualized
using biotinylated fluorescent latex beads. As
PacBio sequencing takes place in real time, kinetic
variation interpreted from the light-pulse movie
can be applied for the detection of methylated
cytosines (Flusberg et al. 2010). Using the latest
chemistry, each SMRT cell generates about
50,000 reads and up to 1 Gb data (Reuter et al.
2015).

To date, PacBio platform is more suitable for
sequencing core facilities and to construct the
scaffold of genomes because of the low run
throughput, high sequencing cost per sample,
expensive instrument, and large footprint
(Table 12.1). PacBio SMRT has a higher inher-
ent error profile (11-15%) than the short-read
technologies. Even though the error rate can be
reduced by increasing the number of sub-reads
generated, the read length becomes shorter. In
recent years, Pacific Biosciences released a
higher throughput and more affordable version of
RSII called Sequel.
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Table 12.1 Comparison of the main sequencing technologies used for genome sequencing

Platform or Throughput range Read length

instrument (Gb)* (bp)
1. Sanger sequencing
ABI 3500/3730 0.0003 Upto1kb
2. lllumina
MiniSeq 1.7-7.5 1 x75

to x 150
MiSeq 0.3-15 1 x 36 to

2 x 300
NextSeq 10-120 1 x 75 to

2 x 150
HiSeq (2500) 10-1000 x 50

to x 250
NovaSeq 2000-6000 2 x 50
5000/6000 to x 150
3. lon Torrent
PGM 0.08-2 Up to 400
S5 0.6-15 Up to 400
Proton 10-15 Up to 200
4. Pacific biosciences
PacBio RSII 0.5-1%%* Up to 60 kb
Sequel 5—10%** Up to 60 kb
5. Oxford nanopore
MInION 0.1-1 Up to 100 kb

Strength Weakness

Read accuracy and
length

Cost and throughput

Low initial investment Run and read length

Read length, scalability Run length
Throughput Run and read length

Read accuracy,
throughput,

High initial
investment, run

Read accuracy,
throughput

High initial
investment, run

Read length, speed Throughput,

homopolymers

Read length, speed, Homopolymers

Speed, throughput Homopolymers

Read length, speed
(Average 10 kb,
N50 = 20 kb)

Read length, speed
(Average 10 kb,
N50 = 20 kb)

High error rate and
initial

High error rate

Read length, portability High error rate, run

length

*refers to the throughput ranges which are determined by available kits and run modes on a run base
**refers to throughput number per single-molecule real-time cell
***refers to the error rate (%) of reads which in turn results in false-positive variant calling

12.2.6 Oxford Nanopore Sequencing

Nanopore-based sequencing is another promising
sequencing technology using single-molecule
strategy. Nanopore analysis involves driving
single molecule through a nanoscale pore, mon-
itoring the ionic current through the nanopore
changes, and identifying the bases (Venkatesan
and Bashir 2011). The first nanopore sequencing
device MinlON was commercialized in 2014.
In nanopore platform, library preparation
consists of DNA fragmentation and adapter

ligation. DNA is sheared and end-repaired using
NEBNext End Repair Module (Ashton et al.
2015). Ideally, the template molecule carries a
motor enzyme, tether, hairpin, and hairpin motor
(Ashton et al. 2015). Similar to SMRT sequenc-
ing, library preparation for nanopore sequencing
can be performed without PCR amplification.

A sequencing flowcell comprises hundreds of
independent micro-wells, each containing a
synthetic bilayer perforated by biologic nano-
pores. Template strands are slowed down
through the nanopore by a motor enzyme, while
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the complement strands are slowed down by HP
motor (Quick et al. 2014). Thus, the sequencing
accuracy increases. A flowcell can obtain giga-
bases of sequence data (Table 12.1). Recently, a
wild tomato species (Solanum pennellii) was
sequenced using Nanopore sequencing. The
average length of the genome reads ranged from
6 to 15 kb (Schmidt et al. 2017). Even though the
ratio of the base insertion, deletion, and substi-
tution in reads are high, nanopore sequencing is
still believed as a promising sequencing tech-
nology for the huge data, long length, and high
sequencing speed (Jain et al. 2015; Reuter et al.
2015).

12.2.7 Hi-C Sequencing

Chromatin conformation capture techniques pro-
vide a new method to detect the genome structure.
Hi-C (high-throughput chromosome conforma-
tion capture) sequencing technology involves
sequencing pairs of interacting DNA fragments
and mapping the chromatin interactions of gen-
ome or genome regions (Servant et al. 2015).
Differing from other sequencing technologies, the
Hi-C technique could demonstrate the conserva-
tion of megabase-long domains and the probable
physical proximity between pairs of chromoso-
mal loci on a genome (Yaffe and Tanay 2011).
During constructing the Hi-C sequencing library,
chromatin is cross-linked with formaldehyde, and
the genomic DNA is digested and fragmented
using restriction enzymes. The interacting DNA
fragments are re-ligated and form chimeric DNAs
(Lieberman-Aiden et al. 2009; Belton et al. 2012).
A biotin-labeled nucleotide is designed to incor-
porate in the chimeric DNA for purification. After
are sequenced, the chimeric DNAs are mapped
back to the genome (Belton et al. 2012). At pre-
sent, Hi-C technique becomes a necessary process
for genome assembly to chromosome scale.
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12.2.8 Bionano Sequencing

The contiguity of the scaffolds affects the final
quality and the accuracy of the genome assem-
blies. To obtain long reads, the BioNano Irys®
System was innovated by BioNano Genomics
Company (BioNano, the USA) (Daset al. 2010;
Shelton et al. 2015). The updated Bionano
Saphyr™ gsystem was constructed in 2015. In
Bionano sequencing system, the long DNAs (up
to above 300 kb) are extracted and fluorescently
labeled for forming single molecular physical
maps. For a Bionano Saphyr chip, about 120,000
parallel nano channels array in silicon for
linearizing long DNA molecules in solution.
After sequenced, the obtained high throughput
physical maps exhibit the order and location of
long repeats, specific restriction enzyme sites,
and long DNA molecules and ensure the con-
cise assembly of the super scaffolds (Shelton
et al. 2015) (https://www.prnewswire.com/news-
releases/bionanos-irys-system-adopted-by-lead
ing-genomics-centers-for-comprehensive-detec
tion-of-human-genome-structural-variation-8392
45728.html). In order to create more contiguous
consensus genome maps using both sequencing
and BioNano map data, the Hybrid Scaffold tool
was developed by BioNano Genomics company
(Shelton et al. 2015). BioNano sequencing sup-
plies a high- efficient and low- cost method for
generating whole genome maps.

12.3 Hybrid Sequencing Strategy

Complicated sequencing approaches impel the
genomics research in organism (Topol 2012).
The large amount of sequence data output also
enhances the development of bioinformatics
(Voelkerding et al. 2009). As more and more
genomes are sequenced, the flexible sequencing
strategies become essential especially for large-
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genome-sized organisms. For plants and verte-
brates, the genome size corresponds to the repet-
itiveness of genomes (Fig. 12.4). Up to the date of
April, 30th, 2018, about 283 genomes of 273 plant
species (including algae) have been sequenced
and published (http://www.plabipd.de/timeline_
view.ep). However, the large genome assemblies,
such as maize (2300 Mb), barley (5100 Mb)
and wheat (hexaploid, 17,000 Mb) are highly
fragmented because of the inability of sequencing
technologies to span complex repeat regions.
Moreover, the ploidy, heterozygosity, and
sequence coverage also affect the quality of gen-
ome assemblies in plant. To overcome the
inherent errors of each data type and to increase
the completeness of the genome sequences,
hybrid sequencing strategy is recommended
(Brown et al. 2014; Utturkar et al. 2014; Zimin
et al. 2017).

According to the above introductions, each
sequencing technology has its own strengths and
weaknesses especially for large genome sequenc-
ing. For example, second-generation sequencing
technologies generate the accurate and inexpen-
sive short reads, but the assemblies are always
fragmented and incomplete. Recent advances in
single molecule real-time (SMRT) and nanopore
sequencing technologies enables high-quality

Genome assembly size

assemblies using long and inaccurate reads.
However, these approaches require high coverage
with high cost. Meanwhile, applying the 3rd-
generation sequencing alone leads to the intro-
duction of inherent errors in sequences for the
relatively low accuracy. Therefore, combining the
various sequencing technologies and making the
perfect sequencing strategies for a specific species
is crucial to facilitate the genomic research.

The hybrid sequencing approach involves
integrity of the short and accurate NGS sequencing
data with the long and inaccurate reads of the
3rd data. In order to resolve the complicated and
high-repeated DNA segments, Utturkar et al.
(2014) combined Illumina sequence data with
PacBio data using various hybrid assembly
strategies to assess the genome assembly quality of
4 bacterial species. The results proved that
ALLPATHS-LG algorithm is ideal, as the
assembled genome sizes and N50 values of the 4
bacteria was improved. On the other hand, the
genome sequencing strategies developed from
bacterial artificial chromosome (BAC) by BAC
sequencing, whole genome shotgun (WGS), to
chromosome sorting accompanied with BAC by
BAC sequencing or whole genome shotgun
sequencing also show the advantages of hybrid
sequencing approaches (Bogler et al. 2014).
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12.4 Sequencing Strategy of S.
Indicum Genome

Estimation of the Genome Size
of S. Indicum

12.4.1

The sequencing strategy of a genome is designed
according to genome size, repeat content,
heterozygous rate, and ploidy characters. Before
starting the SGP, accurate estimation of the
genome size and the chromosome set character-
istics has been performed (Zhang et al. 2012,
2013). We firstly assessed the genome size of S.
indicum using flow cytometry (BD FACSation
™ USA) (Dolezel et al. 1989) (Fig. 12.5 and
Table 12.2). The soybean variety William 82 was
applied as genome size reference (Schmutz et al.
2010). The nuclear DNA content of S. indicum
(var. Yuzhi 11) was calculated according to the
formula: sample 2C value = reference 2C
peak x sample 2C peak)/(reference 2C peak)
0.1 pg = approximately 965 Mb. The genome
size of var. William 82 is 950 Mb, and the 2C
DNA content is 0.98 pg.

The results showed that the average signal
peak value of var. Yuzhi 11 was 20.44, lower
than that of soybean var. Williams 82 (52.68).
The average 2C DNA content of var. Yuzhi 11
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Fig. 12.5 2C DNA content estimation of S. indicum, var.
Yuzhi 11 using flow cytometry. a 2C DNA peak signal of
S. indicum, var. Yuzhi 11. b 2C DNA peak signal of
soybean, cv. Williams 82. (Supplied by Haiyang Zhang)
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was 0.38 pg/2C DNA, and the estimated genome
size of S. indicum was 369 Mb (Zhang et al.
2013).

On the other hand, we accurately estimated
the genome size of S. indicum var. Yuzhi 11 by
the K-mer frequency using 16.77 Gb of trimmed
Ilumina PE (500 bp) reads (Zhang et al. 2013).
K-mer refers to the substring of length k. The
occurrence time of k-mers indicates the
sequencing coverage and reflects the genome
size (Margais and Kingsford 2011). In sesame,
the distribution of K-mer follows a Poisson’s
distribution (Fig. 12.6). The peak k-mer fre-
quency is 39, and the minimum point is 10.

In the study, the k-mer depth distribution
of Illumina reads was calculated using Jelly-
fish (vl1.1.4) (Margais and Kingsford 2011)
(Table 12.2). The results showed that the k-mer
size of S. indicum is 17, and the estimated gen-
ome size is 354 Mb. The above two groups of
estimation results using flow cytometry and k-
mer depth distribution, respectively are similar.
The genome size (354-369 Mb) of sesame is
relatively smaller than the genome (430 Mb) of
Oryza sativa L. and reflects the relative uncom-
plicated character.

12.4.2 Sequencing Strategy

Implement of the Sesame Genome Project spans
the specific blooming stage of genome sequenc-
ing technologies. As many new commercial
sequencing technologies are gradually developed
and applied, the sequencing strategy of S. indi-
cum is updated accordingly. At the initiation
stage of the SGP (in 2010-2011), the SGWG
referenced the published genomes of papaya
(Ming et al. 2008), cucumber (Huang et al.
2009), and Potato (Xun et al. 2011) and designed
the sequencing strategy, ‘ABI3730xL +Roche/
454 + Tllumina/Solexa’ (i.e., version 1). This
genome sequencing strategy for sesame involves
the contemporary advanced sequencing tech-
nologies of Solexa pair-end sequencing and
Roche-454 pyro sequencing platforms, as well as
conventional Sanger sequencing technologies at
that time (Zhang et al. 2013). There are four steps
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Table 12.2 Genome size estimation of S. indicum using flow cytometry

Sample no Sample 2C peak reference 2C peak
value® value®

1 21.72 53.60

2 20.63 51.31

3 19.72 52.28

4 19.86 51.83

5 20.53 54.61

6 20.17 52.44

Mean &= SD  20.44 £ 0.72 52.68 + 1.22

4Sesame cultivar Yuzhi 11

CV (%) 2C DNA content Genome size
P2 (Mb)
3.94 0.40 385
4.15 0.40 386
2.15 0.37 358
4.59 0.38 364
2.90 0.37 358
3.75 0.38 365
358 £ 09 038 £0.01 369 £+ 11.69

®Soybean var. William 82 as the reference. The genome size is 950 Mb and the 2C DNA content is 0.98 pg (Supplied

by Haiyang Zhang)
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Fig. 12.6 Kmer distribution of the genome of S. indicum
var. Yuzhi 11. The 16.77 Gb Illumina data with the
genome coverage of 98 x is used for analysis (Cited from
Zhang et al. (2013))

to perform the sesame genome, i.e., (1) applying
Solex and Roche 454 sequencing platforms to
generate short length reads; (2) sequencing both
ends of BAC library using ABI 3730 to increase
the genome coverage and to fill the gaps;
(3) performing the BAC pooling strategy using
NGS sequencing technologies to generate the
whole sequences of thousands of BAC clones in
gap regions and to form super scaffolds; and
(4) applying the whole genome walking with
BAC libraries using 3730 platform to increase
the genome coverage and to avoid of the possible
assembly errors of the homologous chromo-
somes. The main sequencing objectives are:

(1) the assembled genome covers 90% of the
whole genome; (2) the total number of scaffolds
is less than 500; (3) the N50 of the scaffolds is
more than 5 Mb. Moreover, the molecular
genetic map and optimal map would be applied
for sesame genome assembly.

In 2012, the first draft genome of sesame (var.
Yuzhi 11) was assembled using 98 Gb (276 %)
Solex data alone (Zhang et al. 2013). The gnome
assembly length was 293.7 Mb, occupying
82.9% of the estimated genome size. The N50 of
scaffolds was 22.6 kb. The N90 of scaffolds was
4.3 kb. More analysis using ‘ABI3730xL +
Roche/454 + Tllumina/Solexa’ sequencing data
reflected that the N50 of scaffold in sesame
reached 1.7 Mb, which was longer than 1.3 Mb
of the published potato genome in 2011 (un-
published data, Haiyang Zhang).

In order to increase the quality of the sesame
genome assembly, PacBio SMRT sequencing
technologies were introduced into the SGP.
Genome sequencing and assembly strategies of
SGP were updated accordingly. In the new
sequencing strategy (version 2), 96 SMRT cells
were sequenced on PacBio RSII platform to
generate long reads. Meanwhile, the sequencing
task of the BAC clones using NGS sequencing
technologies was terminated to decrease the
sequencing expense (partially shown in
Fig. 12.7). These 3rd-generation data are used
for scaffold assembly. Subsequent assembly
results proved that the new sequencing strategy
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Fig. 12.7 Updated genome sequencing strategy (version 2) of S. indicum (Provided by Haiyang Zhang)

was helpful to assemble a fine sesame genome
map with high completeness and accuracy (Miao
2014; Miao and Zhang 2016).

Furthermore, in order to assemble a
chromosome-scaled genome map for sesame,
optimal mapping and Hi-C sequencing were
tried. As a result, Hi-C sequencing was suc-
cessfully applied for the genome assembly
(please see in the Chap. 13). The assembly
results reflect the importance of the proper gen-
ome sequencing and assembly strategy.
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Abstract

Genome assembly strategy is a crucial step for
reconstructing high-quality genomes in any
genome project. With the continuous innova-
tion of new sequencing platforms, various
methods of genome assembly have been
developed and applied in genome assembly.
In order to construct a fine genome map for
sesame, the Sesame Genome Working Group
(SGWG) group analyzed and optimized the
assembly strategy for sesame according to the
various sequencing data and genome charac-
teristics. The comprehensive genome assem-
bly strategy for sesame comprised the next
generation sequencing (NGS), the third
assembly platforms, and Hi-C assembly strat-
egy with supplementation of high-dense single
nucleotide polymorphism (SNP) genetic map
and bacterial artificial chromosome—fluores-
cent in situ hybridization (BAC-FISH) cyto-
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genetic map. Comparison results of the
specific and high-efficient assembly tech-
niques in sesame were discussed in this
chapter. The final assembled genome of
sesame (cv. Yuzhi 11) comprises of 335
megabase (Mb) sequences with high com-
pleteness. About 313 Mb sequences are
assembled into the 13 chromosome molecules.
High accuracy and integrity of the assembled
genome indicates the suitable genome assem-
bly for sesame. The results provide an
extraordinary example of the application of
high-quality genome assembly techniques in
higher plants with large genomes.

13.1 Introduction

Genome assembly is the most important process
for reconstructing a genome and deciphering the
DNA sequence of a species using short sequencing
reads data. Since the next-generation sequencing
(NGS) technology has been innovated and applied
in genome sequencing in 2007, how to handle the
structure of high-throughput and short-read-length
data and to choose an appropriate assembly algo-
rithm become a challenge to bioinformatics
(Mitchelson 2007; Li et al. 2010a). Different
sequencing methods produce vast and different
reads in length and type. Different assembly
methods should be chosen for combining different
data based on the size and complexity of genomes
and the obtained reads data. For example, in de
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novo genome assembly, ABySS (Simpson et al.
2009) and SOAPdenovo (Li et al. 2010b) have
been believed as the two most popular assemblers
using De Bruijn graph (DBG) approach. Consid-
ering the various sequencing platforms and high
throughput genome sequencing data (see in the
Chap. 12) applied for the Sesame Genome Project,
four different assembly methods, i.e., SOAPden-
ovo (Li et al. 2010a), DBG2OLC (Ye et al. 2016),
Falcon  (https://github.com/PacificBiosciences/
FALCON/), and SmartDenovo (https://github.
com/ruanjue/smartdenovo) were compared and
applied for sesame genome assembly. The above
main assemblers and algorithm approaches
applied in large genome assembly are discussed in
this chapter.

13.2 De Novo Assembly Algorithm

The de novo genome assembly process refers to
combining reads via base pairing and indepen-
dently reconstructing the original genome from
other reference sequences using computer soft-
ware (Sohn and Nam 2018). The size, topologi-
cal complexity, and nonrandomness of genome
sequences individually cause challenges in de
novo assembly. Different assembly algorithms,
such as greedy algorithms, overlap layout con-
sensus (OLC), and DBG (such as Hamiltonian
and Eulerian) are developed to cope with the
complication of a genome and massive amounts
of data computation (Miller et al. 2010; Ekblom
and Wolf 2014; Wojcieszek et al. 2014; Sohn
and Nam 2018).

The greedy algorithm approach is the most
efficient method and has been applied in SSAKE,
SHARCGS, and VCAKE (Verified Consensus
Assembly by K-mer Extension) (Dohm et al.
2007; Jeck et al. 2007; Warren et al. 2007).

For short length reads assembly, the DBG
approach is the most popular approach and has
been largely applied in so many different
assemblers, such as ALLPATHS-LG, ABySS,
SOAPdenovo, and EulerSR (Imelfort and
Edwards 2009; Miller et al. 2010; Nagarajan and
Pop 2013; Sohn and Nam 2018). The approach
consists of the steps: chopping reads into k-mer
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size fragments representing read length; forming
a DBG using all the short k-mers; finding over-
laps of k-1-mers, and inferring the consensus
sequences on the DBG (Li et al. 2012).

Meanwhile, the OLC is also a common
approach and has been applied in Newbler, Mira,
and Edena (Chevreux et al. 2004; Hernandez
et al. 2008; Reinhardt et al. 2008). The OLC
consists of three steps, i.e., finding overlaps in a
set of reads; constructing a graph based on the
overlap information; and inferring consensus
sequences through an intuitionistic assembly
algorithm (Li et al. 2012). To combine reads data
produced by 454 Life Sciences (Roche) and
Ilumina sequencing platforms, Reinhardt et al.
(2008) developed Newbler and applied to
assemble the de novo genome for rice for the first
time.

13.3 Genome Assembly Software

13.3.1 SOAPdenovo

The SOAPdenovo program generates high-
quality genome sequences from billions of
Solexa reads of length 75 bp or less length.
SOAPdenovo2 (Luo et al. 2012) implements an
algorithm based on the sparse k-mer and reduces
the required memory by up to 35 Gb for assembly
of a whole genome for human. As a result, the
assembly quality is improved. For SOAP denovo
assembler, each step of de novo assembly from
error correction, assembly of contigs and scaf-
folds, to gap filling) can be separately performed
and simplified (Sohn and Nam 2018).

13.3.2 Newbler

Newbler is popular software using Overlap lay-
out consensus (OLC) approach and distributed
with the 454 sequencing machines by 454 Life
Sciences. The first released version targeted
unpaired reads in approximately 100 bp gener-
ated by the GS 20 machine. The Celera Assem-
bler is a Sanger-era OLC assembler revised for
454 data.
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13.3.3 Velvet

Velvet is one of the Eulerian de Bruijn graph
assembler (Zerbino and Birney 2008). The soft-
ware targets de novo assembly from short reads
with paired ends from the Solexa platform. An
extension allows it to assemble data sets com-
posed solely of SOLID reads (www.
solidsoftwaretools.com). Based on bidirectional
de Bruijn graph, the potential assembly errors
could be corrected by so-called ‘tour-bus’ algo-
rithms in assembly graph level.

13.3.4 DBG20LC

High error rate of long sequencing reads makes
the assembly of large genomes to be a challenge.
DBG2OLC is designed to assemble the third
generation sequencing (3GS) data (i.e., PacBio
SMRT sequencing data) with the NGS data
(Ye et al. 2016). Differing from the Hierarchical
Genome-Assembly Process (HGAP) 13 which
only use PacBio SMRT sequencing data,
DBG2OLC is a hybrid assembly approach and is
widely used to assemble mammalian-sized gen-
omes with low consuming cost. Till now,
DBG2OLC is still a popular assembler (Ye et al.
2016).

13.3.5 FALCON

In recent years, the implementation of the various
high throughput sequencing technologies has
impacted on basic genomic research. The similar
haplotypes is also a challenge to de novo genome
assembly. FALCON-Phase is designed to recon-
struct contig-length phase blocks using Hi-C
reads. The Falcon assembler shares many
features with PBcR, such as raw reads overlapping
for base error correction using DALIGNER
and overlap filtering. In the FALCON-Phase
pipeline, long scaffolds can be extended, and
chromosome-scaled blocks can be obtained
(Kronenberg et al. 2018) (https://github.com/
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phasegenomics/FALCON-Phase). Thus, Falcon
approach becomes popular for fine genome
assembly.

13.4 Hybrid Approach Strategy

A large amount of sequence data output enhance
the development of bioinformatics (Voelkerding
et al. 2009). Repetitive sequences and errors in the
sequencing data can result in incomplete or biased
coverage of the genome and misassemblies
(McGrath 2007). Next-generation sequencing
(Illumina) technology produces the inexpensive
and short reads and results in the accurate but short
contigs. Third-generation sequencing technolo-
gies such as single molecule real-time (SMRT)
and nanopore sequencing platforms produce long
but inaccurate reads, and result in long sequence
assembly with high error rate. In order to perform
a high genome assembly using nanopore data,
some assemblers using different algorithms and
error correction methods have been designed
(Table 13.1). Thus, to combine reads from various
technologies into a high-quality genome assem-
bly, multiple assembly approaches have been
applied to overcome the challenges.

One hybrid approach to genome assembly
involves short and accurate second-generation
sequencing data (such as from IonTorrent, Illu-
mina or Roche 454) with long and inaccurate third
generation sequencing data (such as from
PacBio RS and nanopore) to resolve complex
repeated DNA segments. For example, Koren
et al. (2012) developed the PacBio corrected
Reads (PBcR) approach and applied to correct the
errors in long reads from Bio RS instrument using
short reads. The long-read correction approach
achieved >99.9% base-call accuracy, and realized
the better assembly than non-hybrid strategies.
Goodwin et al. (2015) developed an open-source
error correction algorithm Nanocorr, which was
specifically applied for correcting the hybrid errors
(ranging from about 5 and 40% error) of Oxford
nanopore reads. The error correction method
realized a hybrid error correction of the nanopore
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Table 13.1 List of assemblers for Oxford Nanopore MinlON long reads

Assembler Algorithms Error Website

name correction

PBcR HGAP or BLASR and PBcR http://wgs-assembler.sourceforge.net/wiki/index.
Celera OLC php/PBcR

Canu MHAP and Celera OLC Canu https://github.com/marbl/canu

Falcon String graph and Celera Falcon https://github.com/PacificBiosciences/falcon
OLC

ALLPATHS- Porde Bruijn graph ALLPATHS- https://www.broadinstitute.org/software/allpaths-

LG LG lg/blog/?page_id=12

SPAdes De Bruijn graph SPAdes http://bioinf.spbau.ru/spades

reads using MiSeq data and formed the accu-
rate de novo assembly of Saccharomyces cere-
visiae. The contig N50 length was more than ten
times greater than an Illumina-only assembly with
>99.88% consensus identity.

In addition, the combination assembly
approach of using a physical map and bacterial
artificial chromosome (BAC) sequencing, as well
as with whole genome shortgun has also been
employed for Rat Genome Sequencing Project
(Borwn Norway rat) (Mullins and Mullins 2004)
and the domestic chicken genome assembly
(International Genome Sequencing Consorotium)
(Gill et al. 2004).

13.5 Assembly Technologies

for Sesame Genome
13.5.1 De Novo Assembly of lllumina
Data

In human genome project, two different assembly
approaches i.e., a whole-genome assembly and a
regional chromosome assembly, were applied
and assembled about 2.91 billion base pairs
consensus sequences representing the informa-
tion of the 23 pairs of chromosomes of the Homo
sapiens genome (Venter et al. 2001). In the
Sesame Genome Project, in order to assemble a
high-quality sesame genome (var. Yuzhi 11), the
Sesame genome Working Group (SGWG) group
initially performed the de novo assembly of
98 Gb Illumina data using SOAP de novo (Li

et al. 2010b), Velvet (Zerbino and Birney 2008),
and ABySS (Simpson et al. 2009), respectively,
based on the de Bruijn graph approach (Li et al.
2012). The k-mer was optimized accordingly. As
the K-mer was 67, the results proved SOAP de
novo is the best software for sesame genome
assembly (unpublished data, Haiyang Zhang).
The relationship of Illumina data amount and the
assembly size was analyzed. It was found that the
genome assembly quality was improved with the
increase of genome coverage (Zhang et al. 2013).

13.5.2 Mixed Assembly of lllumina
and Roche-454 Data

In order to establish the specific and efficient
genome assembly techniques for sesame, we
firstly perform the mixed assembly using Illumina
(98 Gb) and Roche-454 data (4.5 Gb) (unpub-
lished data, Haiyang Zhang). The DB graph
approach was applied to assemble the Illumina
data. Then the Illumina assembly fragments were
transferred into overlapped long sequences.
Finally, the Roche-454 sequences were assembled
with the overlapped long sequences for genome
assembly. The parameters of the workflow and
Newbler software were optimized during the
process. The results showed that the length of
contig N50 and scaffold N50 significantly
increased with the addition of Roche-454 data.
The assembled genome size increased from 231.5
to 262.4 Mb (Table 13.2) (unpublished data,
Haiyang Zhang).


http://wgs-assembler.sourceforge.net/wiki/index.php/PBcR
http://wgs-assembler.sourceforge.net/wiki/index.php/PBcR
https://github.com/marbl/canu
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https://www.broadinstitute.org/software/allpaths-lg/blog/%3Fpage_id%3D12
https://www.broadinstitute.org/software/allpaths-lg/blog/%3Fpage_id%3D12
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13.5.3 Assembly Guidance of PacBio
Data

As the PacBio sequencing technology was
applied in the SGP, the SGWG group performed
PacBio data assembly in 2014. However, the
supplied assembly and error correction software
such as PBcR and HGAP by the instrument
company was mainly applied in micro-organism
genome assembly. Considering the huge data
volume, the SGWG applied the supercomputer
‘Tianhe 1’ (TH-1) (Tianjin, China) and overcame
the incompatibility of software with the super-
computer in 2015. Meanwhile, the blasr script for
sesame genome data was developed and applied
in the blasr parallel analysis. Consequently,
comparison of PacBio and NGS assembly results
using blasr was performed. The PacBio data was
assembled and combined with the NGS assembly
results for sesame using the super-computer
calculation platform for the first time. Only
144 h is needed to fulfill the sesame genome
assembly guidance using the PacBio data.

During optimizing the assembly guidance of
PacBio data, the relationship of PacBio data
amount and the assembly size was also analyzed
in sesame (Table 13.2) (Unpublished data,
Haiyang Zhang). It was found that the genome
size and assembly quality could be improved, as
the depth of PacBio sequencing increased from
10x to 100x . The 32 Gb PacBio data with the
90x depth was appropriate for high-quality
sesame genome assembly.

During the genome assembly, with the aid of
PacBio assembly results, contigs of NGS were
extended according to the blasr. Moreover, the
two scaffolds with connection relationship were
linked and formed scaffolding. As shown in
Table 13.2, the assembled genome size reaches
to 317.5 Mb under the combination of PacBio
assembly with Illumina data (100x). The length
of contig N50 and scaffold N50 are equal and
reach to 163.1 Kb.

H. Miao et al.

13.6 Screening the De Novo
Genome Assembly Strategies

As described in the last chapter about sesame
genome sequencing technologies, the SGWG
constructed the complicated genome sequencing
strategy for sesame and finally obtained the first
generation data (BAC ends Sanger sequencing of
40,266 BAC clones), NGS data (i.e., 98 Gb
Ilumina and 4.5 Gb Roche 454 sequencing
data), the third generation data (32 Gb
PacBio SMRT data), and optical mapping data
(OpGen sequencing of 60 MapCard) via the
various sequencing technologies.

In the initial stage, in order to optimize the
genome assembly pipeline, the SGWG designed
four combination groups of genome assembly for
sesame: (1) Illumina and Roche 454; (2) Illumina
added with Roche 454 and BAC ends Sanger;
(3) Illumina added with Roche-454 and
OpgGendata; and (4) [llumina added with Roche
454, BAC ends sequencing data, and OpgGen-
data covering the first and the second generation
sequencing data and optical mapping data
(Table 13.3). The comparison results showed that
optical mapping data gave high function in
extending the length of the largest scaffold (up to
17.19 Mb in Combination 3) and decreasing the
N50 number (low to 14 in Combination 3).

As PacBio SMRT data was obtained for
sesame, the SGWG further designed three groups
of genome assembly workflows, based on the
optimized assembly technique and software.
A bacterial artificial chromosome-fluorescent
in situ hybridization (BAC-FISH) cytogenetic
map with 210 BAC clones (described in Chap. 8)
was constructed for sesame and applied in the
workflows at the same time (Figs. 13.1, 13.2 and
13.3).

For Workflow 1 (Fig. 13.1), the technique
problem of data parawise comparison of PacBio
data and NGS data was solved. Illumina and
Roche-454 data was hybrid assembled. BAC
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Table 13.3 Comparison of hybrid assembly strategies for sesame genome using the first and the second generation

sequencing data and optical mapping data

(3)
Illumina + Roche
454 + Optical

(4) Illumina + Roche
454 + BAC ends
Sanger + Optical mapping

mapping

17,185,203 18,145,754
3653 3284
270,134,534 272,299,749
14 11
7,395,225 9,273,033
64 54

417,437 409,132
35.19 35.05

Item Hybrid assembly groups for sesame genome
(1) 2)
Illumina + Roche Illumina + Roche
454 454 + BAC ends

Sanger

Length of the 8,353,280 10,657,165

largest

scaffold (bp)

Number of 4633 3352

large

scaffolds

Bases in large 261,976,889 265,235,955

scaffolds (bp)

Number of 45 27

N50 scaffold

Length of 1,709,299 2,341,520

N50 scaffold

(bp)

Number of 197 121

N90 scaffold

Length of 218,088 357,031

N90 scaffold

(bp)

GC content 35.18 35.05

(%)

ends and PacBio data were applied in scaffold-
ing, while optical mapping data was used to
construct super scaffolds. At the last step, the
BAC-FISH cytogenetic map was applied for
chromosome anchoring of super scaffolds.

For Workflow 2 (Fig. 13.2), the technique
problem of de novo assembly of PacBio data was
solved using super computer ‘TH- 1’. PacBio
reads were corrected and applied to construct
scaffolds using de novo assembly, while Illu-
mina, Roche 454, and BAC ends data were used
for scaffolding. Subsequently, the optical map-
ping data were added to construct super scaf-
folds, and the BAC-FISH cytogenetic map was
used to anchor scaffolds to the chromosome set.

For Workflow 3 (Fig. 13.3), the technique
problem of alignment of NGS assembly with
PacBio de novo assembly was solved. De novo
assembly of the PacBio sequencing reads was
carried out using continuous long reads (CLR)
following the Hierarchical Genome Assembly
Process (HGAP) workflow (PacBioDevNet,
Pacific Biosciences, the USA) for sesame. HGAP
consists of three steps: preassembly, de novo
assembly with Celera Assembler, and assembly
polishing with Quiver. Before assembly using
Celera assembler (CA) version 7.0 software, the
PacBio Rs_PreAssembler.l1 module was used to
correct the errors in the raw data generated from
PacBio RS platform, with default minimum
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Fig. 13.3 Designed assembly workflow 3

subread length of 500 bp, a minimum read qual-
ity of 0.80, and a minimum subread length of
7500 bp. The read sequences of Mi-seq were
mapped to polish assembly sequence from HGAP
by BWA, and the single nucleotide polymor-
phisms (SNPs) and small Insertions and Deletions
(InDels) were called and corrected by samtools
and in-house script. Finally, scaffolds were gen-
erated, gap-filling was performed with meta-pair
sequencing data (Illumina and Roche 454) using
SSPACE 3.0 with default parameter values. The
options and parameter values used in SSPACE
were—x 1-m 50-o0 10-z 200-p 1.

Subsequently, the SGWG compared the
assembly results of the hybrid assembly work-
flows with Illumina de novo assembly approach
(Table 13.4). Differing from the results of
SOAPdenovo for Illumina data assembly, other
assemblers such as DBG2OLC, Falcon, and

SmartDenovo using PacBio data or a hybrid of
PacBio and Illumina data could obtain similar
and satisfied assembly results. Comparison
results indicated that Workflow 2 was the best
strategy for sesame genome assembly. In
Workflow 2, the large scaffolds and contigs
reached to 319 Mb and 302 Mb, respectively.
The largest scaffold was 13.88 Mb in length and
presented the high-quality and long sequence
assembly. The results reflected high efficiency of
hybrid assembly approaches and the superiority
of PacBio super long reads for large genome
assembly. Especially, the genome assembly by
Falcon displayed higher continuity than the other
two methods.

Moreover, the SGWG also assembled the
genome under the guidance of optimal mapping
(OpgGen data), based on the new assembly of
Workflow 2. The new assembled scaffolds
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Table 13.4 Comparison of assembly results based on various assembly strategies

Assembly item Illumina de novo

Total scaffold number 2695
Length of the largest scaffold (bp) 11,559,046
Bases in large scaffolds (bp) 275,386,645
Bases in large contigs 266,067,480
Number of N50 scaffolds 26

Length of N50 scaffold (bp) 2,866,350
Number of N90 scaffolds 123

Length of N90 scaffold (bp) 239,419

GC content (%) 35.108

N rate (%) 3.37

reached 321 Mb. The N50 length was 6.4 Mb
and the NO90O length of scaffolds was 418 kb
(Unpublished data, Haiyang Zhang). Later, the
SGWG performed Hi-C sequencing and added
the Hi-C sequencing data into the sesame genome
assembly in 2017 (data not shown) (Fig. 13.4).
Considering the similar function of optimal
mapping to the super dense SNP genetic map
(Zhang et al. 2013) and BAC-FISH cytogenetic
map (unpublished data, Haiyang Zhang) and the
genome assembly results, the SGWG optimized
and determined the final genome assembly for
sesame: assembling ‘ABI3730xL + Roche/454
+ Illumina/Solexa + PacBio SMRT’ sequencing
data added with the ‘SNP genetic map + BAC-
FISH physical map + Hi-C library’ assisted
assembly in 2018 (Unpublished data, Haiyang
Zhang). As a result, the first chromosome-scaled
genome (version 3) for sesame (var. Yuzhi 11)
was assembled (Table 13.5).

H. Miao et al.
Workflow 1 Workflow 2 Workflow 3
2525 3024 3303
12,124,038 13,875,095 12,980,022
278,345,234 319,899,578 272,752,635
268,089,324 302,692,845 247,186,026
24 32 20
3,067,089 3,942,549 4,126,754
120 156 81
338,145 378,910 389,987
35 34.235 35
3.37 5.31 9.275

As to the final statistics for the sesame gen-
ome shown in Table 13.5, the assembled genome
size is 335.19 Mb (containing artificial addition
of N for gaps) with the largest scaffold of
29.5 Mb. The size above which 50% of the total
length of the sequence assembly can be found
(N50) of scaffolds is 7. The N50 length of scaf-
folds was 23.50 Mb (Unpublished data, Haiyang
Zhang). Evaluation of protein-coding sequences
and chromosome set comparison results showed
that the assembled 13 genome molecules accord
with the chromosome set of sesame (Zhao et al.
2018), reflecting the high quality and complete-
ness (Unpublished data, Haiyang Zhang). Com-
pared the de novo Illumina assembly (Zhang
et al. 2013; Wang et al. 2014), the chromosome-
scaled assembled genome supplies more precise
information for genome structure and genome
evaluation analysis and molecular genetics and
genomics research in sesame.
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Table 13.5 Information
of the final genome
assembly for sesame (var.

Genome information

Large scaffolds (>1000 bps)

H. Miao et al.

Sesame (var. Yuzhi 11)

Yuzhi 11) Length of the largest scaffold (bp) 29,511,934
Number of large scaffolds 2205
Bases in large scaffolds (bp) 335,188,638
Number of N50 scaffold 7
Length of N50 scaffold (bp) 23,500,156
Total scaffolds
Scaffold number 2,210
Total bases (bp) 335,184,649
Large contigs (>1000 bps)
Length of the largest contig (bp) 6,723,258
Number of large contigs 3927
Number of N50 contig 63
Length of N50 contig (bp) 1,320,381
Total Contigs
Contig number 3927
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Abstract

Repetitive DNA sequences are the homolo-
gous DNA fragments with multiple copies and
are the main components in higher plant
genomes. Reliable chromosome-scaled gen-
ome assembly provided abundant genome
information regarding genome  structure
research in sesame. In this chapter, we present
the genome structure character and distribu-
tion of interspersed repeat sequences and the
tandem repeats in the assembled genome of
sesame var. Yuzhi 11 (version 3.0). For S.
indicum, the content of interspersed repeat
sequences is 46.11%. Of the five groups of
interspersed repetitive sequences, i.e., SINEs,
LINEs, long terminal repeat (LTR) element,
DNA element, and unknown dispersed repeat
elements, LTR group is the biggest known
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repeat type and occupies 11.41% of the
assembled genome (335 Mb). Tyl-Copia is
the major superfamily in LTR-RTs. In sesame
genome, distribution of the tandem repeats,
such as rDNA, telomere, and centromere
repeats, reflects the character of species.
Cytogenetic analyses and genome structure
showed that the individual 26 chromosomes in
S. indicum have telomeric repeats at the
terminal position. The telomeres of sesame
are conserved, and the repeat sequences are
same with the common repeat unit of
TTTAGGG. A total of 1235 telomeric repeat
of (TTTAGGG); were found in the assembled
genome. Meanwhile, about three thousand
458 and 5S rDNA repeats are detected in the
assemble genome, which accord with the
rDNA content range in other plants. Distribu-
tion characters and copy number of telomeres
and rDNAs reflect the relative completeness
of the assembled sesame genome. In addition,
distribution of simple sequence repeats (SSRs)
in sesame genome also has been precisely
analyzed. A 153 bp centromeric repeat
sequence is identified in sesame genome for
the first time, which supplies more informa-
tion for exploring the genome evolution of
Sesamum.
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14.1 Introduction

Repetitive DNA sequences refer to the homolo-
gous DNA fragments with multiple copies in the
genome (Mehrotra and Goyal 2014). In higher
plants, repetitive sequences can occupy up to
90% of the nuclear genome (Mehrotra and Goyal
2014). Repetitive DNA sequences can be
grouped into two major categories according to
their genomic organization and chromosomal
localization (Kubis et al. 1998). One category
refers to the tandem repeating units, including
satellite DNAs, telomeric repeats, and ribosomal
DNA (rDNA). Copies of the repeated motifs are
arranged adjacently to each other and preferen-
tially locate at specific positions (such as chro-
mosomal centromere and termini) on
chromosomes. The other category refers to the
interspersed repeat sequences such as short
interspersed nuclear elements (SINEs), long
interspersed nuclear elements (LINEs), and
transposable elements (TEs). These repeat
sequences are commonly but unevenly dis-
tributed throughout the genome (Kubis et al.
1998; Pisupati et al. 2018).

In earlier stage, the repetitive sequences have
been regarded as the ‘selfish elements’ or ‘junk
DNA.’ Subsequent studies proved that the type
and content of the repetitive sequences vary in
different genomes and might play important roles
in genome evolution (Pisupati et al. 2018).
Meanwhile, repetitive sequences contribute to
genome size variation, mutations, chromosomal
rearrangements, and gene regulation alteration
(Gebre et al. 2016; Mascagni et al. 2018). Thus, to
reveal the organization and the characteristics of
sesame genome structure, the Sesame Genome
Working Group (SGWG) screened all the repeti-
tive sequences of the sesame genome and ana-
lyzed the content and location of major repetitive
DNA elements. Distribution of main types of long
terminal repeat retrotransposons (LTR-RTs)
is described in this section. Meanwhile, the
characters of telomeric repeats, 45S and 5S
rDNAs, centromere repeats, and the microsatellite
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repeats or simple sequence repeats (SSRs) are also
enumerated so as to elucidate the chromosomal
evolution of the Sesamum species.

14.2 Interspersed Repetitive
Sequences in Sesame Genome
14.2.1 Distribution

of the Interspersed
Repetitive Sequences

In angiosperm plants, the genome size (per hap-
loid genome) obviously varies from ~61 mega-
base (Mb) in Genlisea tuberosa (Fleischmann
et al. 2014; Tran et al. 2016) to 150 gigabase
(Gb) in Paris japonica (Pellicer et al. 2010). Aside
from polyploidy, the activity of transposable ele-
ments (TEs) is the main process contributing to
the genome size variation in plants (Mascagni
et al. 2018). TEs include two classes: class I and
class II. Class I refers to the retrotransposons
(mainly as LTRs), of which the retrotranscription
and the integrity into the genome processes are
dependent on the transcription of an RNA inter-
mediate; class II refers to the DNA transposons
(Magscagni et al. 2018). Insertion profile of the
LTRs reflects the evolutionary character of the
host genome in recent evolution history.

The SGWG initially analyzed the repetitive
sequence composition in the chromosome-scaled
genome assembly of sesame var. Yuzhi 11
(version 3.0) (Unpublished data, Haiyang
Zhang). The interspersed repetitive sequences are
screened using RepeatMasker (version 4.0.6) and
Repbase  database  (version 20,150,807)
(Table 14.1). There are five groups of inter-
spersed repetitive sequences, i.e., SINEs, LINEs,
long terminal repeat (LTR) element, DNA ele-
ment, and unknown dispersed repeat elements.
Results showed that the content of interspersed
repeat sequences is 46.11%. Of the five groups of
repetitive sequences, i.e., SINEs, LINEs, long
terminal repeat (LTR) element, DNA element,
and unknown dispersed repeat elements, LTR
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group is the biggest known repeat type with the
number of 42,529 and occupies 11.41% of the
assembled genome (335 Mb). The second group
is LINEs (6.67% of the assembled genome), in
which LINE1 occupies 6.49%.

In flowering plants, the genome size differs by
2500-fold mainly for the variation of the copy
number of TEs and other repetitive sequences
(Pisupati et al. 2018). The repetitive elements in
plant genomes vary from about 10% (in Ara-
bidopsis thaliana) (Initiative and Copenhaver
2000) to more than 83% (in barley) (The Inter-
national Barley Genome Sequencing Consortium
2012). Compared with several genomes close to
S. indicum in the phylogenetic tree of angios-
perm plants, such as potato (Solanum tuberosum)
(62.2% of the assembled 760 Mb genome) (Xun
et al. 2011), cacao (Theobroma cacao) (25.7% of
the assembled 326.9 Mb genome) (Argout et al.
2011), and grapevine (Vitis vinifera) (41.4% of
the assembled 487 Mb genome) (Jaillon et al.

Table 14.1 Distribution
of repetitive sequences in
sesame genome*

TE type

SINEs

ALUs

MIRs

Others

LINEs

LINE1

LINE2
L3/CR1
Others

LTR elements
Copia

Gypsy

Others

DNA elements
hAT-Charlie
TcMar-Tigger
Others
Unclassified

Total interspersed
repeats

“Provided by Haiyang Zhang
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2007), the content of the repetitive/transposable
elements (46.11%) of sesame genome is
moderate.

14.2.2 LTR Components and LTR
Insertion

In higher plants, the structure of full-length LTR-
RTs comprises 5° LTR, 3’ LTR, and the retro-
transposons. LTRs vary in size from 1 to 5 kb
(Wessler 1996). In Table 14.1, LTR elements are
the main known repeat type in sesame genome
and occupy 11.4% of the whole genome. Con-
sidering that the dynamics of the LTR-RTSs
reflect the architecture of the eukaryotic gen-
omes, the SGWG analyzed the distribution and
the characters of LTR-RTs in sesame genome
using LTR-FINDER software (version 1.06) (Xu
and Wang 2007). As a result, 8208 LTR-RTs are
detected in sesame (Table 14.2) (Unpublished

TE Size (bp) Percentage of genome
number (%)

697 536,672 0.16
0 0 0.00
0 0 0.00
697 536,672 0.16
19,020 22,373,497 6.67
16,520 21,764,990 6.49
0 0 0.00
1382 392,200 0.12
1118 216,307 0.06
42,529 38,242,140 11.41
24,985 18,056,639 5.39
16,366 15,009,404 4.48
1178 5,176,097 1.54
27,807 10,869,502 3.24
97 3976 0.00
0 0 0.00
27,710 10,865,526 3.24
261,846 82,543,222 24.63
351,899 154,565,033 46.11
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data, Haiyang Zhang). The results showed that
all the LTR-RTs are comprised of the specific
LTR-RT elements: terminal TG/CA inverted
repeats in the LTRs and the target site duplica-
tions (TSDs) of 4-6 bp (Cossu et al. 2012;
Nystedt et al. 2013), of which 1086 (13.23%) are
putative full-length LTR-RTs and 57,122
(86.77%) are LTR-RT remnants. In sesame
genome, the LTR-RT remnants present the high
ratio phenomenon similar to other plants (Ben-
netzen et al. 2004; Natali et al. 2015).

Further analysis indicated that all these 1086
LTR-RTs are 8.5 Mb in length with the average
length of 7785 bp and occupy 2.54% of the
genome size. In sesame genome, a total of 912
(11.11%) LTR-RTs dispersed all the 13 chro-
mosomes (Fig. 14.1). The average number of
LTR-RTs per chromosome varies from 50 (in
SiChr.13) to 98 (SiChr.1). For the 10 chromo-
somes from SiChr.1 to SiChr.10, the high density
of LTR-RTs is mainly present at the central or
near central position of chromosomes.

To explore the LTR amplification and the
genome DNA loss, we calculated the LTR
insertion time based on all the full-length LTR-
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Fig. 14.1 Distribution diagram of the putative full-length
LTR-RTs in sesame genome. A total of 912 of 1086
putative full-length LTR-RTs are localized on the 13
chromosomes in sesame. Horizontal line refers to the
genome sequence (Mb). The vertical black bar refers to
the LTR retrotransposon

RTs in sesame (data not shown). The nucleotide
distance of LTR-RTs was estimated using the
Kimura two-parameter (K2P) (transition—

Table 14.2 Distribution of LTR-RTs in S. indicum genome

Chromosome no. LTR-RT number

LTR-RT length (bp)

Percentage of genome (%)

SiChr.1 1148 2,097,220 0.63
SiChr.2 107 636,588 0.19
SiChr.3 166 759,557 0.23
SiChr.4 113 692,168 0.21
SiChr.5 163 826,052 0.25
SiChr.6 176 687,569 0.21
SiChr.7 135 762,432 0.23
SiChr.8 2852 939,621 0.28
SiChr.9 104 709,617 0.21
SiChr.10 135 638,352 0.19
SiChr.11 215 803,593 0.24
SiChr.12 184 795,612 0.24
SiChr.13 811 955,892 0.29
Other scaffolds 1899 5,451,109 1.63
Total 8208 16,755,382 5.03

Note Other scaffolds refer to the scaffolds unanchored onto the 13 chromosomes. All the data are provided by Haiyang

Zhang
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transversion ratio) criterion (Kimura 1980). The
insertion time (T) of LTR-RTs was calculated as
T = D/2p, with p as the rate of nucleotide sub-
stitution. Considering the genome size similarity
and the annual growth character, the mutation
rate (i) was set at 1.3 x 10™® substitutions per
synonymous site per generation or year as that of
Oryza glaberrima (Ma and Bennetzen 2004).
ClustalW analysis of 1,086 LTR-RTs showed
that there is no obvious insertion of LTR. Com-
pared to the mean insertion age of LTR-RTs in
maize (~1 Myr, with mutation rate of
1.3 x 10°® substitutions/site/year) (Brunner
et al. 2005), Arabidopsis thaliana (3.1 Myr, with
mutation rate of 7 x 10™°) (Hu et al. 2011),
Sorghum bicolor (average 0.8 Myr, with muta-
tion rate of 1.3 X 1078) (Paterson et al. 2009),
wheat (<3 Myr, with mutation rate of
1.3 x 10°%) (Charles et al. 2008), and sunflower
(0-1.4 Myr, 1.0 x 10_8) (Staton et al. 2012),
LTR-RTs of sesame are generally older than
those of the above annual species (Unpublished
data, Haiyang Zhang).

According to the insertion time of each 912
full-length LTR retrotransposons, the SGWG
explored and drew the LTR-RT distribution in
various  chromosome regions  (Fig. 14.2)
(Unpublished data, Haiyang Zhang). Each chro-
mosome showed the variation of insertion age
with various LTR-RTs. The LTR-RTs in the
regions above the mean insertion time line (1.5
Myr) should expand in earlier era.

Plant LTR-RTs are primarily divided into two
main superfamilies, i.e., Tyl-Copia and Ty3-
Gypsy, based on the order of POL protein
domains (protease, retrotranscriptase, integrase,
and RNAseH) and on sequence similarity
(Wicker et al. 2007; Natali et al. 2015). Previous
studies showed that LTR-RT families presented
the different amplification rates in various genera
or species (Magscagni et al. 2018). In different
genera, the ratio of copia and gypsy elements
varies from 5:1 (in papaya) (Ming et al. 2008) to
1:2 (in grapevine) (Jaillon et al. 2007). Therefore,
the SGWG group further screened the copia and
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gypsy elements in sesame (Table 14.3) (Unpub-
lished data, Haiyang Zhang). A total of 24,985
copia and 16,366 gypsy elements were found.
The ratio of copia and gypsy was 1.5:1; 94.24%
copia and 94.62% gypsy were distributed onto
the 13 chromosomes.

Subsequently, the SGWG differentiated the
full-length copia and gypsy elements in the 1086
full-length LTR retrotransposons in sesame
genome (Unpublished data, Haiyang Zhang).
Apart from the 2865 other or unknown elements,
the majority of retrotransposons are gypsy sub-
family (1108) (Table 14.4). The ratio of gypsy
and copia elements within the 1086 LTR retro-
transposons is 1.5:1. The results indicated that
the activities of gypsy and copia elements are
similar to each other (data not shown). Distri-
bution of the copia and gypsy elements in the
sesame genome reflects the characters of LTR-
RTs.

14.3 Simple Sequence Repeats

SSRs exhibit high mutation rates and are also
abundant within plant genomes. Therefore, the
SGWG screened the genome using the home-
made script and detected the SSRs in sesame
(Table 14.5) (Unpublished data, Haiyang Zhang).
A total of 153,488 perfect and compound SSRs
were detected in sesame genome. The total
length of the SSRs occupied 0.96% of the gen-
ome size (335 Mb), of which 119,557 (77.89%)
are the SSRs with more than 10 nucleotide
repeats. For the perfect SSRs (> 15 bp), six
types with the repeat motifs ranging from 1
(mono-) to 6 (hexa-) nucleotides are found in
sesame (Table 14.5). Di-motif type occupies
50.83% and is the first main SSR repeats in
sesame, followed by mono-motif repeat
(27.54%) and tri-motif repeat (19.03%). All the
SSRs distributed onto all parts of 13 chromo-
somes. SiChr.2 carries the highest number of
SSRs, while SiChr.7 has the high SSR density of
738 bp per SNP.
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Fig. 14.2 Mean insertion time of full-length LTR-RTs in
the assembled genome of S. indicum. X-axis indicates the
genome sequence with a scan window of 200 kb. Y-axis
indicates the insertion time (Myr). Red smoothed curve is

14.4 Telomeres and rDNA

14.4.1 Telomeres

Telomeres are the specific structure of the termini
of linear eukaryotic chromosomes (Richards and
Frederick 1988). Telomeres are composed of the
high conserved minisatellite DNA sequences
which can protect the completeness of the

obtained based on the average values of each three
neighboring LTR-RTs. Green dashed line is the mean
insertion time of sesame LTR-RTs (1.5 Myr). All the data
are supplied by Haiyang Zhang

chromosomes. In most plants, telomeric repeat is
(TTTAGGG)n, and the repeat copy number is
high to 20,000 repeats (Fuchs et al. 1995; Lee
et al. 2016). For example, in Arabidopsis, the
telomeres are composed of (CCCTAAA) repeats
with 2-3 kb in length (Richards and Ausubel
1988; Lee et al. 2016). In order to clarify the
telomere repeat sequence and distribution in
genome, the SGWG-HSRC firstly performed
fluorescence in situ hybridization (FISH) on
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Table 14.3 Distribution of main LTR retrotransposons in sesame genome

Chromosome no. Copia number Copia length (bp) Gypsy number Gypsy length (bp)
SiChr.1 1463 952,423 1030 927,797
SiChr.2 1199 874,006 1290 1,076,028
SiChr.3 1308 871,508 1124 1,012,831
SiChr.4 2164 1,550,941 1246 1,052,335
SiChr.5 1789 1,230,430 1634 1,445,483
SiChr.6 1820 1,402,784 1019 882,921
SiChr.7 1631 1,233,824 1426 1,178,380
SiChr.8 2079 1,464,938 1827 1,497,289
SiChr.9 2023 1,411,451 1630 1,346,769
SiChr.10 1273 987,420 1097 801,154
SiChr.11 2086 1,619,868 1432 1,252,471
SiChr.12 1464 1,032,792 1111 861,317
SiChr.13 2007 14,01,837 1297 1,115,230
Other scaffolds 1438 1,983,592 880 1,353,619
Total 24,985 18,056,639 16,366 15,009,404

Note Other scaffolds refer to the scaffolds unanchored onto the 13 chromosomes. Supplied by Haiyang Zhang

Table 14.4 Distribution

Chromosome Full-length LTR retrotransposon

of the full-length copia and -

gypsy elements in 1086 Copia Gypsy Other Total

full-length sesame LTR number number element LTR

retrotransposons SiChr.1 51 76 441 98
SiChr.2 60 71 98 73
SiChr.3 65 74 126 77
SiChr.4 90 83 137 82
SiChr.5 48 86 222 75
SiChr.6 60 77 129 66
SiChr.7 65 98 165 79
SiChr.8 64 57 128 61
SiChr.9 50 123 229 78
SiChr.10 53 86 92 57
SiChr.11 31 99 156 58
SiChr.12 58 55 142 58
SiChr.13 32 82 175 50
Other scaffolds 13 41 65 174
Total 740 1108 2865 1086

Note Other scaffolds refer to the scaffolds unanchored onto the 13 chromosomes

sesame metaphase chromosomes using the uni- with fluorescent group FAM (Fig. 14.4a—c) for
versal plant telomeric repeat probe (5’- the first time (Unpublished data, Haiyang
TTTAGGGTTTAGGGTTTAGGG-3’) labeled Zhang).
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Table 14.5 Number and
distribution of perfect SSR

Chromosome no.

repeats (SSR > 15 bp) in Mono-

sesame genome SiChr.1 884
SiChr.2 1046
SiChr.3 864
SiChr.4 951
SiChr.5 740
SiChr.6 703
SiChr.7 691
SiChr.8 652
SiChr.9 626
SiChr.10 554
SiChr.11 557
SiChr.12 643
SiChr.13 583
Other scaffolds 422
Total 9916

H. Miao et al.

SSR repeat number

Di- Tri- Tetra- | Penta- | Hexa- | Total
1571 588 63 11 10 3127
1869 594 70 11 17 3607
1754 640 62 7 19 3346
1636 599 58 14 11 3269
1517 501 63 8 10 2839
1411 461 46 9 16 2646
1296 435 45 5 11 2483
1158 369 48 1 9 2237
1340 503 50 18 8 2545
1205 392 39 6 7 2203
1035 414 36 11 9 2062
1056 421 50 5 2178
1152 425 35 9 12 2216
302 510 12 1 2 1249
18,302 6852 @ 677 114 146 36,007

Note Other scaffolds refer to all the scaffolds unanchored onto the 13 chromosomes. All
the data are supplied by Haiyang Zhang

As shown in Fig. 14.4a—c, green color signal
of the common telomeric repeat probe in plant
was observed at the ends of each sesame chro-
mosome. The results indicated that the specific
DNA regions at the termini of the 13 pairs of
chromosomes hybridized by the telomeric repeat
probe have telomere repeat sequences. For
sesame, the telomere repeats are conserved and
same with the common repeat unit sequence of
TTTAGGG. Thus, the SGWG-HSRC screened
the telomere repeats in the assembled genome
(Unpublished data, Haiyang Zhang).

14.4.2 Ribosomal DNA

Ribosomal DNA (rDNA) repeat sequences
comprise of 45S (18S-5.8S-25S) and 5S rDNA
sequences. Similar to telomere repeats, rDNA
repeats also locate at specific regions on chro-
mosomes. Ribosomal DNA sequences are usu-
ally specific in various species and reflect the
architecture of the chromosome sets and the
specific genomes. In order to determine the

physical position of the rDNA sequences in
sesame chromosome set, 45S and 5S rDNA
repeat sequences of Arabidopsis were initially
labeled and applied in FISH system of sesame
by Zhao et al. (2018). The 45S rDNA repeats
include 5’-GAA TTG CAG AAT CC-3’ (5.8S),
5’-CGC TGC GTT CTT CAT CG-3’ (5.8S), 5°-
GTA GTC ATA TGCTTGTCTC-3" (18S), 5’-
TGG CAC CAG ACT TGC CCT-3’ (18S), 5°-
TCG TAA CAA GGT TTC CGT AG-3’ (18S),
5’-CGA CCC CAG GTC AGG CG-3’ (26S), and
5’-GAG TCG GGT TGT TTG GGA-3* (26S),
while 5S rDNA repeat sequence includes 5°-
CTGATGGGATCCGGTGCTTT-3". During
hybridization, the probes are labeled with the
tetramethyl-rhodamine and the fluorescent group
FAM to generate red and green color signals,
respectively.

As shown in Fig. 14.3d-i, three pairs of
satellite chromosomes carrying 45 rDNA repeats
(green signal) and two pairs of chromosomes
with 5S rDNA (red signal) were observed in S.
indicum. According to the nomenclature of
sesame chromosome set described by Zhao et al.
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Fig. 14.3 Fluorescence in situ hybridization of sesame
metaphase chromosomes using telomeric repeat and
rDNA probes. a, d, g Chromosomes of var. Yuzhi 11
dyed by DAPL b, e, h Chromosomes hybridized using
telomeric repeat, 45S rDNA, and 5S rDNA probes,
respectively. ¢, f, i Image integrity of chromosomes

hybridized by telomeric repeat, 45S rDNA, and 5S rDNA
probes, respectively. The red and green signals are
released from the probes labeled with tetramethyl-
rhodamine and fluorescein, respectively. Bar =5 pm
(Supplied by Haiyang Zhang)
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(2018), 45S rDNA sequences are located on
SiChr.11, SiChr.12, and SiChr.13, respectively,
while 5S rDNA sequences are located on SiChr.6
and SiChr.7, respectively, in the chromosome set
of S. indicum (described in Chap. 9).

Compared with 45S rDNA, 5S rDNA
sequences are not always located at chromosome
terminal regions in sesame. These results suggest
that 45S and 5S rDNAs do not tend to integrate
in chromosomes. They might undergo different
evolutionary processes to yield distinct distribu-
tion patterns (Tagashira and Kondo 2001). Thus,
to illustrate the physical mapping of telomeres
and rDNAs, we performed further genomics
analysis in sesame genome.

14.4.3 Distribution of Telomeres
and rDNAs in Sesame
Genome

To explore the distribution character and the
genome structure of telomeres and rDNAs in
sesame, the SGWG-HSRC further analyzed the
copy and physical position of telomeres, 45S

SiChr.1 |
SiChr.2 |

SiChr.3 |

SiChr.4 |

SiChr.5 | |
SiChr.6 |

SiChr.7 |
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Fig. 14.4 Distribution diagram of the telomeric repeats
in sesame genome. Blue bar indicates telomeric repeats
(TTTAGGG), in sesame genome. Green segment indi-
cates the pseudochromsome molecule of sesame genome
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rDNAs, and 5S rDNAs, respectively, in the
assembled sesame genome (Table 14.6)
(Unpublished data, H. Zhang). The threshold of
the nucleotide identity for telomeres, 5S rDNA,
and 45S rDNA was set at 100%, 100%, and 90%,
respectively. As a result, a total of 1235 telomeric
repeat of (TTTAGGG); were found in the
assembled genome, of which 51.17% of telom-
eric repeat (TTTAGGG); was distributed onto
the 13 chromosomes. The other 48.83% repeats
were located in the 14 scaffolds which have not
been assembled onto the chromosome set for the
high repetitive ratio. The (TTTAGGG); repeat
copies of the 13 chromosomes varied from 2 (on
SiChr.6) to 142 (on SiChr.2).

Further genome screening analysis indicated
that there are 26 telomeric repeat blocks located
on the sequences of the 13 chromosomes
(Fig. 14.4), of which 16 repeat blocks are local-
ized at the chromosomal terminals. The copy
number of the assembled telomeric repeat
(TTTAGGG); per telomeric repeat block varies
from 1 (21 bp) to 113 (about 2.4 kb). For the 8
normal chromosomes which differ from the 3
satellite chromosomes and 2 specific chromo-
somes with 5S rDNA, 4 chromosomes (i.e.,
SiChr.2, 5, 8, and 9) are proved assembled to the
terminal position. For the 5 chromosomes
(SiChr.6, 7, 11, 12, and 13) carrying 45S or 5S
rDNA sequences, the telomeric repeats are only
present at single ends and some are opposed to
the rDNA ends. In a total, distribution of
telomeric repeats reflects the high completeness
of the genome assembly for sesame.

Moreover, the length of the 16 repeat blocks
of the telomeric repeats localized at the chro-
mosomal terminals has been calculated, based on
the assembled genome sequences (Unpublished
data, Haiyang Zhang). As a result, the largest
assembled telomere at the SiChr.9 chromosomal
terminals is 2373 bp, which is similar to the
average telomeric repeat length (about 2-3 kb) of
Arabidopsis (Initiative and Copenhaver 2000;
Richards and Frederick 1988). The largest
telomeric repeat spans 10 kb in sesame genome.

As to the 45S rDNA, a total of 2549 repeats
related to 5.8S, 18S, and 26S rDNAs have
been detected in the assembled sesame genome
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Table 14.6 Distribution
of telomeres and rDNA

Chromosome no.
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Repeat copy

sequences in sesame Telomere repeat 45S rDNA 5S rDNA

genome (n=3) repeat repeat
SiChr.1 16 0 0
SiChr.2 142 0 0
SiChr.3 19 5 1
SiChr.4 22 15 0
SiChr.5 118 9 0
SiChr.6 2 8 388
SiChr.7 17 12 0
SiChr.8 13 1
SiChr.9 115 0
SiChr.10 27 0
SiChr.11 109 33 0
SiChr.12 15 40 0
SiChr.13 17 71 0
Scaffold with 603 (14) 2356 (349) 331 (2)
repeats
Total 1235 2549 721

Note Data in brackets indicate the number of the scaffolds with telomeric and rDNA
repeats. Scaffold with repeats refers to the scaffold unanchored onto the 13 chromosomes.
All the data are supplied by Haiyang Zhang

(Table 14.6). About 193 (7.57%) repeats are
localized onto all the 8 chromosomes, while
2356 (92.43%) are distributed in the 349 scaf-
folds unassembled onto 13 chromosomes. Of the
193 45S rDNA repeats, 74.61% are localized
onto three chromosomes of SiChr.11 (17.10%),
SiChr.12 (20.72%), and SiChr.13 (36.79%). The
rest 25.4% are localized onto 7 chromosomes.
Interestingly, most 45S rDNA repeats of
SiChr.11, 12, and 13 are determined at or near
the end of chromosomes, even though the other
45S rDNA repeats (in Fig. 14.3d-f) are dispersed
on chromosomes. Distribution of the 45S rDNA
repeats assembled in SiChr.11, 12, and 13
sequences is consistent with the FISH results of
sesame chromosome set, which also proved the
high quality of the sesame genome assembly.
For 5S rDNA, 390 (54.09%) and 331
(45.91%) repeats are detected on 6 chromosomes
and 2 unassembled scaffolds, respectively.
Especially, 388 (99.49%) of the 390 rDNA
repeats are located on SiChr.6 which belongs to
the specific chromosomes carrying 5S rDNA in

the cytogenetic map of sesame (described in
Chap. 9). Further physical position in genome
proved that the 5S rDNA repeat blocks cover
0.24 Mb and are close to the terminal position of
SiChr.6  (Fig. 14.3g-i1) (Unpublished data,
Haiyang Zhang). However, the scaffolds with 5S
rDNA sequences are not successfully assembled
into the genome for the high repetition level and
might result in the deficiency of 5S rDNA repeats
on the pseudochromsome molecule of SiChr.7.
In general, plants have 500-40,000 rDNA
copies per diploid cell. For sesame, about three
thousand 45S and 5S rDNA repeats are detected
at the terminal and near-terminal regions of
chromosomes, based on the chromosome-scaled
genome assembly, which is in accordance with
the rDNA content characters in plants. We here
combine the analysis results of the telomeres,
45S rDNA, and 5S rDNA in sesame genome for
the first time and finally determine the copy and
distribution characters of telomeres and 45S and
5S rDNAs in sesame. The findings of the three
types of the repetitive repeats reflect the structure
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of sesame genome and supply more information
for genome and chromosome set evolution
analysis of Sesamum species in the future.

14.5 Centromeres
14.5.1 Centromeric Repeats
in Sesame

Centromere is the site of spindle fiber attachment
and is responsible for chromosome movement at
mitosis and meiosis (Henikoff et al. 2001). In
most eukaryotes, centromere is comprised of
highly repetitive centromeric retrotransposons
and satellite repeats. However, the length of the
centromeric repeats varies evidently in plants
(Melters et al. 2013). For example, the cen-
tromere repeat of soybean is about 92 bp (Tek
et al. 2010), while monkey flower has a 728 bp
centromere repeat (Fishman and Sauders 2008).
In addition, the centromeric DNA sequences are
divergent even among close related species
(Burrack and Berman 2012; Lermontova et al.
2015). Low conversation of the centromeric
DNA in species might be the epigenetic control
result, rather than the primary DNA sequence
(Ugarkovi¢ 2009), but increase the difficulty to
exploring the genome structure and evolution
characters of a species.

Previous studies proved that the centromeric
repeats originated from retrotransposon-related
sequences in G. raimondii (Han et al. 2016).
Therefore, in order to determine the centromeres
and the centromeric repeats or satellitte DNAs in
centromeres of sesame, the SGWG-HSRC firstly
screened the 27 specific bacterial artificial chro-
mosomes (BACs) from the sesame BAC library
(var. Yuzhi 11) constructed by Henan Sesame
Research Center, Henan Academy of Agricul-
tural Sciences (HSRC, HAAS), for centromeric
repeat screening (Fig. 14.5) (Unpublished data,
Haiyang Zhang). The specific BAC-FISH tech-
nology constructed by the SGWG-HSRC (Zhao
et al. 2018) was applied for the research. As the 3
BAC probes B428R, B429R, and B40OR were
successfully hybridized in centromeric and peri-
centromeric regions of the 13 chromosome pairs
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in sesame (Fig. 14.5c¢, f, i), the 3 BAC clones
would carry centromeric or other repetitive DNA
sequences. According to the image requirement,
only the BACs as FISH probes hybridized on the
same chromosomal region concentrated with
DAPI could be chosen for further analysis. As a
result, the SGWG-HSRC collected 27 BACs
with 13 pairs of the specific BAC-FISH signals
located at the centromeric and pericentromeric
regions of all the 13 chromosome pairs.

Subsequently, the group analyzed the
sequences of the 27 BACs using RepeatMasker
(version 4.0.6) (Table 14.7) to detect LTR
retrotransposons. Of the 27 BACs, 15 were
detected with LTR retrotransposons. Then, all
the LTR types in the 15 target BACs were
annotated using RepeatMasker (version 4.0.6) to
determine the species-specific repetitive sequen-
ces. Alignment of the 27 LTR sequences was
also performed using MAFFT V7.245 (data not
shown). As a result, a 153 bp repeat sequence
was determined from the specific BACs and
named ‘SiCenl’ as the candidate-specific cen-
tromere repeat in sesame. Further screening of
SiCenl repeat was performed with the following
threshold parameters: P < le—5, alignment
length > 120 bp, and identity ratio >90%. In
sesame genome, 1328 copies of the SiCenl
repeats are found which are concentrated at the
central region of 12 chromosomes except for
SiChr.4 (Unpublished data, Haiyang Zhang),
which indicates that the DNA sequences of most
of the 13 pseudochromsomes for sesame are
complete. The findings supply new information
for centromere repeat detection and the genome
evolution analysis in Sesamum genus.

14.5.2 Satellite DNA in Sesame

To reflect the distribution of satellite DNAs in
sesame, the SGWG-HSRC also screened the
satellite DNA repeats in the assembled genome
using RepeatMasker software (4.0.6). The results
showed that 1227 satellite DNA repeats exist in
sesame and occupied 0.07% of the assembled
genome sequences (Table 14.7). All the satellite
DNA repeats distribute all parts of the 13
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Fig. 14.5 Fluorescence in situ hybridization of BACs on
sesame metaphase chromosomes. a, d, g Chromosomes of
var. Yuzhi 11 dyed by DAPI. b, e, h Chromosomes
hybridized using BAC B428R, B429R, and B400R
probes, respectively. ¢, f, i Image integrity of chromo-
somes hybridized by B429R and B400R probes,

respectively. The red signals are generated from the
probes labeled with tetramethyl-rhodamine and fluores-
cein, respectively. The specific chromosome position
hybridized by the above BACs is the same with the region
concentrated with DAPI. Bar =5 pym (Provided by
Haiyang Zhang)

Table 14.7 Distribution of SiCenl repeat sequences in sesame genome

Chromosome no. SiCenl repeat copy Satellite DNA repeat copy Satellite DNA length (bp)
SiChr.1 618 114 23,759
SiChr.2 20 121 19,723
SiChr.3 51 104 18,390
SiChr.4 0 108 21,231
SiChr.5 93 84 15,785
SiChr.6 203 111 22,898
SiChr.7 66 102 25,170
SiChr.8 18 85 18,224
SiChr.9 100 87 19,690
SiChr.10 23 85 20,542
SiChr.11 6 67 15,365
SiChr.12 56 80 14,861
SiChr.13 74 68 14,805
Other scaffolds 0 11 2421
Total 1328 1227 252,864

Note Data in brackets indicate the number of the scaffolds with telomeric and rDNA repeats. Other scaffolds refer to the scaffolds unassembled

onto the 13 chromosomes (Provided by Haiyang Zhang)
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chromosomes, even though the distribution is not
even (data not shown). The average length of the
satellite DNA in sesame is 206 bp, relatively in
accordance with the range of 100-200 bp in
many plant species (Melters et al. 2013). The
number of satellite DNA repeats in individual
chromosomes varies from 67 (in SiChr.11) to
121 (in SiChr.2). Compared to the centromeric
repeats, the positions with high-density satellite
DNA repeats seem overlapped with the cen-
tromere regions and reflect the high identity
relationship between centromeric repeats and
satellite DNA repeats in sesame chromosome set
(data not shown). All the information supplies a
solid foundation for further genomic evolution
analysis of the Sesamum species. On the other
hand, the above results prove the high quality of
the genome assembly of S. indicum (var. Yuzhi
11). Chromosome  site-specific  repetitive
sequences generally show a high rate of
nucleotide substitution and are divergent between
even closely related species (Kaszas and Birchler
1998; Donget al. 1998). Therefore, the SGWG
applies the reliable genome assembly and the
abundant genome information in genome syn-
teny and chromosome set rearrangement in
Sesamum species (partially shown in the fol-
lowing chapters).
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Abstract

In genomes, genes are the most important
components because of the function in con-
trolling various biological traits and regulating
the complex biological processes in plants.
Reliable chromosome-scaled genome assem-
bly supplies the abundant and precise genome
information for gene and gene family research
in sesame. In this chapter, we deliberate on the
main techniques used for genome annotation
and gene prediction in sesame (var. Yuzhi 11).
Distribution of all genes and gene families in
sesame genome is described. Meanwhile, the
main research achievements in some key gene
families related to key biological processes,
such as fatty acid biosynthesis and metabolism
and responses to environmental conditions in
sesame, are discussed in the section.
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15.1 Introduction

The development of high-throughput sequencing
technologies facilitates the genome sequencing
and assembly and finally realizes the annotation
of all the genes in genomes. Besides repetitive
sequences, genes are the most important com-
ponents in higher plant genomes. Before ana-
lyzing the genome structure and gene families,
all the components including repetitive DNA
sequences, coding gene sequences, and non-
coding RNAs should be precisely annotated in
the sesame reference genome.

In general, genome annotation covers the
following processes: identification of repeat
sequences, prediction of non-coding RNAs,
identification and annotation of coding genes,
prediction of gene function, and annotation of
pseudogenes. Especially, gene function predic-
tion is to find out the association between
descriptions of the biological function with an
annotated gene. Since the whole genome
sequence produces huge amount of data, it is
difficult or impossible to test the function of all
the genes. Therefore, alignment of homologous
genes is usually used to predict gene function.
Some gene datasets, such as NCBI, KEGG,
Uniprot, GeneOntology, and EMBL, are com-
monly used to improve the gene prediction
quality.

In the last chapter, the major types and dis-
tribution characters of repetitive sequences have
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been discussed. Homolog-based and ab initio
methods were applied to identify the interspersed
repeats. RepeatMasker (Maja and Nansheng
2009) and RepeatModeler (Grundmann et al.
2009) (http://www .repeatmasker.org/
RepeatModeler.html) are mainly used for the
analysis. Tandem Repeats Finder (TRF) (Benson
1999) has been used to screen tandem repeats.
After repeat masked, the coding gene sequences
and non-coding RNAs in genomes could be
annotated. For sesame genome, three approaches,
i.e., the homolog-based prediction, de novo pre-
diction, and transcriptome-based prediction, have
been used to predict protein-coding genes. All
the approaches are described in this chapter.
Furthermore, considering sesame is an oilseed
crop, some key gene families related to important
biological processes are also described in this
chapter. Meanwhile, the characters of some key
gene families are also described to reflect the
species-specific evolution of the Sesamum
species.

15.2 Genome Annotation
Approaches and Gene
Prediction

15.2.1 Genome Annotation

Approaches

Genome-wide annotation of genes in a species
comprises two steps. The first is aligning
expressed sequence tags (ESTs), proteins, and
other DNA sequences to the genome and ab ini-
tio and/or obtaining the evidence-driven gene
predictions. The other is synthesizing the gene
prediction data into gene annotation dataset
(Yandell and Ence 2012). During genome
annotation, repeat sequences should be identified
at the same time. Thus, some tool and pipelines
such as Ensembl can perform the annotation of
protein-coding genes and also be used for
annotating non-coding RNAs (ncRNAs) (Cun-
ningham et al. 2015).

There are five basic categories of gene annota-
tion software, i.e., (1) Ab initio and evidence-
drivable gene predictors, such as Augustus (Stanke
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and Waack 2003; Stanke et al. 2006a, b) and SNAP
(Korf 2004); (2) aligners and assemblers for EST,
protein, and RNA-seq, such as BLAST (Altschul
et al. 1990, 1997; Korf et al. 2003) and Trinity
(Grabherr et al. 2011); (3) Choosers and combin-
ers, such as JIGWAW (Allen and Salzberg 2005)
and EVidenceModeler (Haas et al. 2008);
(4) Genome annotation pipelines, such as PASA
(Haas et al. 2003, 2011), NCBI (Kitts 2002), and
Ensembl (Curwen et al. 2004); and (5) Genome
browsers for curation, such as Artemis (Rutherford
et al. 2000) and JBROWSE (Skinner et al. 2009;
Yandell and Ence 2012). Of which homolog-
based, ab initio, and transcriptome-based predic-
tions are the most popular methods for gene
structure prediction (Cao et al. 2019).

Prediction data indicated that the results of
gene annotation are affected by genome assem-
bly completeness, annotation software, and
pipelines (Yandell and Ence 2012). Large
amounts of gene annotation information and
homologous genes enhanced the complication of
gene prediction. Thus, by the early 2020, the
three famous genome databases including DNA
Data Bank of Japan (DDBJ)/European Nucleo-
tide Archive (ENA)/National Center for
Biotechnology Information (GenBank) requested
that all the genomes should be annotated with the
same naming conventions and annotation stan-
dard before uploaded to the databases for reser-
vation and releasing (https://www.ncbi.nlm.nih.
gov/genbank/eukaryotic_genome_submission_
annotation.html#CDS).

15.2.2 Non-coding RNA Prediction

Non-coding RNAs (ncRNAs) are RNAs which
could not be translated into protein, including a
varied of types, such as tRNA, rRNA, snRNA,
and miRNA. ncRNAs are of great biological
functions from regulating gene expression and
vital cellular functions to affect genome structure
(Hiittenhofer et al. 2005). As the ncRNA type is
various with different characteristics, many
ncRNA prediction softwares are developed for
individual ncRNA types. For example,
tRNAScan-SE (Lowe and Eddy 1997) is
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designed for tRNA prediction, while snoScan
(Lowe and Eddy 1999) is used to find snoRNAs
carrying C/D box. Later, a database Rfam was
developed, together with the other ncRNA tools
(Gardner et al. 2015). The database contains
more than 1600 RNA families and could be
applied to accurately identify many ncRNA

types.

15.2.3 Coding Gene and Pseudogene

The structure of a gene consists of many ele-
ments such as enhancer, promoter, 5’UTR, open
reading frame, 3’UTR, terminator, and other
regulating elements (Pearson 2006). Performing
coding gene prediction is time consuming during
genome annotation. After ab initio, protein
homolog-based, and cDNA/transcriptome-based
predictions, all the information is harvested and
merged together to obtain a final set of gene
annotations (Brandi et al. 2008; Haas et al.
2008). In the gene annotation, some pseudogenes
could be found. Pseudogenes are segments of
DNA that are related to real genes. Compared
with the normal genes, pseudogenes have some
gene segments but lost all or some functionality,
due to the accumulation of multiple mutations or
gene copy variation (Vanin 1985). Thus, pseu-
dogenes possess some regulatory functions, but
are not the necessary genes required for the
survival of an organism.

15.3 Sesame Genome Annotation

In the Sesame Genome Project, the first reference
genome assembly (var. Yuzhi 11) was reported
293.7 Mb in length, with a GC content of
34.65%. The N50 and NOO sizes of the scaffolds
are 22.6 kb and 4.3 kb, respectively (Zhang et al.
2013). Gene prediction was performed using
InchWorm (Grabherr et al. 2011). About 3.5 Gb
of RNA-Seq reads (NCBI Accession:
SRX061117) were translated into 82,549 pep-
tides for gene prediction (E-value: 1le—5) against
the SWISS-PROT (Boeckmann et al. 2003).
The GMAP mapping results were applied for
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ab initio prediction using Augustus (Stanke et al.
2006a, b). As a result, a total of 23,713 gene
models were obtained with a total length of
28 Mb. Average gene length was 1.2 kb, and
average GC content was 45% (Zhang et al.
2013).

During the chromosome-scale genome anno-
tation (version 3.0), three approaches including
the homolog-based, ab initio, and transcriptome-
based predictions were used to predict protein-
coding genes in sesame genomes (data not
shown). For homolog-based prediction, before
annotating the sesame genome, the known gen-
omes of five plants (i.e., Arabidopsis thaliana,
Glycine max, Vitis vinifera, Ricinus communis,
and Solanum lycopersicum) and homologous
proteins were downloaded from JGI (Joint Gen-
ome Institute of the US Department of Energy
(DOE)) (https://jgi.doe.gov/) and applied for
alignment to the repeat-masked Sesamum gen-
omes using tblastn (version 2.2.26+) (Kent
2002). Based on the homology alignments of
proteins to the genome, the gene structure could
be generated using Genewise (version 2.2.0)
(Birney et al. 2004).

For ab initio gene prediction, the repeat-
masked genome sequences were applied as
inputs using Augustus (version 2.5.5) (Stanke
and Waack 2003), Genescan (version 1.0)
(Aggarwal and Ramaswamy 2002), Glim-
merHMM (version 3.0.1) (Majoros et al. 2004),
and SNAPI15 (Korf 2004). For RNA-seq-based
gene prediction, samples of sesame were col-
lected for RNA sequencing using Illumina
method. A total of 10.26 Gb RNA-seq data were
mapped to the genome using Tophat (version
2.0.8) (Kim et al. 2013. Cufflinks (version 2.1.1)
(http://cufflinks.cbcb.umd.edu/) was used to
identify spliced transcripts to the gene models.

Subsequently, all gene evidence predicted
from the above three approaches were combined
into a weighted and non-redundant consensus of
the gene structures using EVidenceModeler
(EVM) (Haas et al. 2008). Gene models gener-
ated by EVM were filtered according to the fol-
lowing criteria: coding region lengths
of <150 bp, supported only by ab initio meth-
ods and with FPKM <5, hit with uniref90
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database. Gene structure was analyzed using
Genewise (version 2.2.0) (Birney et al. 2004).

Meanwhile, BLASTp was used to align the
predicted protein-coding genes in sesame to
NCBI-nr (of non-redundant protein sequences)
(Benson et al. 2005), SwissProt databases (http://
www.gpmaw.com/html/swiss-prot.html), and
Pfam (Bateman 2004) database with an e-value
of le—5. The criteria of the identity > 0.25 and
the minimum alignment length of 100 bp were
set. InterProscan (Jones 2004) was introduced to
annotate motifs and domains in gene sequences
through comparisons with publicly available
databases. Putative gene pathways were derived
from genes matched in the KEGG database. The
Gene Ontology (GO) (Ashburner 2000) infor-
mation for each gene code was extracted from
InterProscan results. Putative gene pathways
were derived from genes matched in the Kyoto
Encyclopedia of Genes and Genomes (KEGG)
database (Kanehisa et al. 2004).

In the chromosome-scaled genome assembly
(version 3), a total of 31,462 genes were detected and
annotated. The average gene length was
2620 bp. The gene sequences occupied 24.6% of the
genome size (unpublished data, Haiyang Zhang).

15.4 Genome Completeness
Assessment

During assessing the quality of a genome
assembly, so many indicators such as the base
content, scaffold number and length (including
N50 and N90), short-inset read mapping rate,
short read coverage, single nucleotide polymor-
phisms (SNP) ratio are used to validate the
comparability, uniformity, reliability, and accu-
racy of the genome. As to assessing the com-
pleteness of the genome assembly, Core
Eukaryotic Genes Mapping Approach (CEGMA)
(http://korflab.ucdavis.edu/dataseda/cegma/) and
Benchmarking Universal Single-Copy Orthologs
(BUSCO) (http://busco.ezlab.org/) are often
used.

H. Miao et al.

For sesame, the Sesame Genome Working
Group performed gene annotation validation
using BUSCO (Waterhouse et al. 2017), and the
core genes were also assessed using CEGMA
(Parra et al. 2007) at the same time (Unpublished
data, Haiyang Zhang). 97.98% core orthologs
were completely detected in sesame reference
genome. Meanwhile, of the 248 conserved core
eukaryotic genes, more than 93.55% genes were
completely covered in reference genome.
Both BUSCO and CEGMA assessment indicated
that the reference genome was highly complete
in terms of protein-coding sequence.

15.5 Gene Distribution
and Function in Sesame
Genome

Gene Distribution in Sesame
Genome

15.5.1

In order to clarify the distribution of genes, the
SGWG calculated the gene density per chromo-
some and analyzed the distribution characters of
the sesame genes (Table 15.1) (Unpublished
data, Haiyang Zhang). Of the 31,462 genes in
sesame genome, SiChr.1 carries the highest gene
number (2922) with the high gene sequence
percentage (26.86%), while SiChr.8 carries 2911
genes with the highest gene sequence percentage
(40.74%). SiChr.12 contains 1693 genes with the
gene sequence percentage of 17.6%. The lowest
gene number might be related with the short
chromosome length.

Furthermore, the gene density was estimated
on the basis of the number of genes in non-
overlapping 200 kb windows (Fig. 15.1). The
gene density in sesame ranged from 0 to 45
genes per 200 kb. The uneven distribution
character of sesame genes on chromosomes
reflects the genome structure. Comparison results
showed that most of the low or zero gene density
regions overlapped with centromere positions
(data not shown). In order to explore the genome
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Table 15.1 Distribution of the predicted genes on 13 chromosomes of S. indicum

Chromosome no Gene number

Total gene length (bp)

Gene sequence percentage (%)

SiChr.1 2922 7,711,294 26.86
SiChr.2 1783 4,681,714 15.97
SiChr.3 1731 4,945,195 19.95
SiChr.4 2055 4,701,923 15.93
SiChr.5 2104 5,388,244 21.37
SiChr.6 2638 7,954,015 40.72
SiChr.7 2594 7,314,362 30.66
SiChr.8 2911 8,116,303 40.74
SiChr.9 2494 6,803,584 29.84
SiChr.10 1984 5,681,264 32.50
SiChr.11 2160 5,820,193 31.32
SiChr.12 1693 4,136,525 17.60
SiChr.13 2097 5,231,983 25.63
Other scaffolds 2296 3,938,669 12.48
Total 31,462 82,425,268 24.59

Note Other scaffolds refer to the scaffolds unanchored onto the 13 chromosomes. All the data are supplied by Haiyang

Zhang

structure and chromosome karyotype evolution
in sesame, genome synteny analysis should be
performed.

15.5.2 Gene Function in Sesame
Genome

Based on the GO database (Gene Ontology
Consortium, 2004) (http://www.geneontology.
org/), all the 31,462 genes were classified into
three main categories (i.e., ‘molecular function’,
‘biological process’, and ‘cellular component’
categories) (Fig. 15.2). A total of 28,415
(41.53%) genes were classified into the category
‘biological process’ of which 8396 (21.86%)
genes belonged to the ‘metabolic process’ group,
followed by the ‘cellular process’ (8261,
21.50%). In the second category of ‘molecular
function’, 21,761 (31.81%) genes were further
classified into the 15 groups. The top group was
‘binding” (10,484, 15.32%). Meanwhile, the
third category of ‘biological process’ contained
18,239 (26.66%) genes of which the ‘cell” group
ranked the first with 3523 (5.15%) genes.

To understand the species evolution character,
the SGWG screened the orthologous genes and
paralogous gene clustering between sesame and
the 15 crops from the gene annotation data and
performed the phylogenetic position analysis
based on the chromosome-scaled sesame
assembly of sesame (Unpublished data, Haiyang
Zhang). Some key results are introduced in the
following chapter.

15.6 Gene Family Analysis
of Sesame

15.6.1 Gene Family Comparison

of Sesame with Other

Plants

In the late stage of the Sesame Genome Project,
the SGWG applied the assembled genome (ver-
sion 3.0, unpublished data, Haiyang Zhang) in
genome comparison to learn the genome models
of sesame. Five genomes of plants, i.e., R.
communis, G. max, A. thaliana, V. vinfera, and S.
lycopersicum were downloaded in JGI (https://
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Fig. 15.1 Gene distribution of sesame genome. Green block indicates the gene density of each chromosome, which is
calculated according to the gene number per window size of 200 kb

jgi.doe.gov/). In order to perform proper align-
ment, poor-quality sequences models were fil-
tered with the following cutoff: shorter than 30
amino acids and possessing stop codon percent-
age above 20% (Table 15.2). The filtering result
was shown in Table 15.2.

Average identity matrix was generated using
all the homologous genes of the six species and
Get_Homologues (Vinuesa and Contreras-
Moreira 2015). The homologous genes relation-
ship analysis between sesame and the other five
species was performed using two methods, i.e.,
Get_Homologues named COGS (Kristensen

et al. 2010) and OMCL (Li et al. 2003). The
results showed that the genome similarity of S.
indicum and other species is similar. Two group
results showed that 90,393 and 98,867 clusters
were obtained though COGS and OMCL,
respectively (Fig. 15.3). The core gene families
(shared by all the six species) and unique clusters
in sesame were also identified (Table 15.3)
(Unpublished data, Haiyang Zhang).
Enrichment of the 5,665 unique clusters
shown in COGS and OMCL was performed in
terms of Pfam domains. The results indicated that
only three entries were significant enriched at the
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Fig. 15.2 GO classification of the sesame genes. The left vertical axis indicates the gene percentage. The right vertical
axis indicates gene number. The horizontal axis indicates gene group type and category (Provided by Haiyang Zhang)

Table 15.2 Statistics of Species Annotation version  Gene number | Filtered data
the filtered gene models for
genome comparison A. thaliana TAIR10 35,386 35,350
R. communis V0.1 31,221 31,221
G. max WmS§2.a2.v1l 88,647 88,646
V. vinifera 12X 26,346 26,129
S. lycopersicum iTAGv2.3 34,727 34,442
S. indicum (var. Yuzhi 11) Version 3.0 31,462 31,335

Fig. 15.3 Venn diagram of the homologous clusters between sesame and the three plants. Left figure is determined
using COGS method; right figure is determined by OMCL method. Only four species are listed and shown in the figure
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Table 15.3 Homologous gene clusters of sesame and the five species

Method Total clusters Core cluster Unique cluster in sesame
COGS 90,393 3985 7023
OMCL 98,867 4560 8659
Table 15.4 Enriched pfam in sesame unique genes
Pfam ID 5665 unique cluster Counts in p-value (FDR- description
count control adjusted)
PF01453 5 204 1.00E-01 D-mannose binding
lectin
PF00954 3 148 2.74E-01 S-locus glycoprotein
PF08276 |3 146 2.74E—01 PAN-like domain

level of 0.5 (FDR-adjusted p-value) (Table 15.4),
which suggested that the sesame unique genes
are from varied type of function.

Recently, based on the chromosome-scaled
genome assembly (version 3.0) and other 21
species, the SGWG constructed 38,382 gene
clusters (BlastP, P <E—5) (Unpublished data,
Haiyang Zhang). A total of 1172 gene families
expanded and 1549 families contracted in sesame
(data not shown). Main gene families were
involved in zeatin biosynthesis, second metabo-
lites biosynthesis, ribosome, phytosynthesis,
oxidative phosphorylation, signaling pathway,
plant—pathogen interaction, phynylpropanoid
biosynthesis, cysteine and methionine metabo-
lism, and other important pathways. Based on
KEGG enrichment analysis, the significantly
expanded and contracted gene families (P <0.05)
were collected using OmicShare Tools (https://
omictools.com/) for further key gene family
analysis. All the analysis results supply precise
information for further genomics and genetics
research in sesame.

15.6.2 FA Gene Families in Sesame

Compared with oilseed rape (Brassica napus),
soybean (Glycine max), peanut (Arachis hypo-
gaea), sunflower (Helianthus annuus), and other
oilseed crops, sesame seed contains high oil
content. To reveal the genetic characters of oil

biosynthesis, the WGSG screened all the genes
related with fatty acid synthesis and metabolism
(abbr. FA genes) and constructed FA gene
database of Sesamum species (data not shown).
During FA gene family analysis, the acyl lipid
metabolism reference dataset was downloaded
from ARALIP (http://aralip.plantbiology.msu.
edu/pathways/pathways) and applied for FA
gene family detection in Sesamum species.
BlastPprogram was used to align all candidate
FA genes in sesame to the ARALIP database
(p <e—5, protein identity >60%). Five oil seed
crops, i.e., H. annuus, G. max, G. raimondii, L.
usitatissimum, R. communis were applied for FA
gene homolog comparison. There are 677 FA
genes in sesame genome. The ratio of FA gene in
genomes is 2.15%, similar to those (1.92-2.82%)
of above oilseed crops (Unpublished data,
Haiyang Zhang).

Gene family comparison results indicated that
five FA gene families were significantly expan-
ded, and seven were significantly contracted in
Sesamum. However, Ka/Ks comparison results
showed that no FA gene families in sesame
received positive nature pressure (Ka/Ks >1).
The results suggested that the high oil content of
sesame seeds results from the variation of
genetics basis of individual species rather than
environment change (data not shown). According
to the timeline of the Sesame Genome Project,
the SGWG group will publish all the results
soon.
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15.6.3 R Gene Families in Sesame

Sesame has high tolerance to drought and high
temperatures, but the resistance to several key
diseases such as Fusarium wilt and charcoal rot
diseases 1is relatively low. Except the wild spe-
cies, no cultivars are immune to pathogens of
Fusarium wilt and charcoal rot diseases (Joshi
1961; Uzo 1985; Liu et al. 1993; Nimmakayala
et al. 2011; Qiu et al. 2014; Zhang et al. 2019).
Identification of R genes and their pathogen
effectors is essential for understanding host—
pathogen interactions and improving disease
resistance breeding in sesame. Based on the plant
resistance gene (PRG) database (PRGdb 3.0)
(Osuna-Cruz et al. 2017), the SGWG systemati-
cally screened the R gene homologs in the
sesame assembled genome constructed the dis-
ease resistance genes (R genes) data was con-
structed for sesame (Unpublished data, Haiyang
Zhang). There are 177,072 putative PRGs and
153 reference PRGs and 23 avirulence genes in
PRGdb. In sesame genome, 1198 R genes (p-
value <le—06) were detected and grouped into
13 R gene types of which KIN (Kinase), RLK
(Receptor like Kinase), RLP (Resistance to
powdery mildew), and NBS (nucleotide-binding
subdomain) type are the top R gene types
(Unpublished data, Haiyang Zhang). Expansion
and contraction analysis of gene families indi-
cated that five key R gene families were signifi-
cantly contracted in sesame which might result in
the low resistance to fungi pathogens (data not
shown). The results suggest that enhancing the
function of above key orthologous R genes
should increase the resistance to disease patho-
gens in sesame.

15.6.4 Other Key Gene Families
in Sesame

In recent a few years, based on sesame genome,
several transcription factor (TF) families, such as
Bzip transcription factor, MYB, and WRKY
families, related to important biological
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processes were analyzed (Wei et al. 2015; Dossa
et al. 2016a, b; Chowdhury et al. 2017; Li et al.
2017; Mmadi et al. 2017; Wang et al. 2018; Wei
et al. 2019). For example, Wei et al. (2015)
analyzed the transcription factor MADS-box
gene family in sesame for the first time. MADS
represents the four homologs in different organ-
isms, i.e., MCM1 (Mini Chromosome Mainte-
nance 1) of yeast (Saccharomyces cerevisiae),
AG (Agamous) of Arabidopsis thaliana, DEF
(Deficiens) of snapdragon (Antirrhinum majus
L.), and SRF (Serum Response Factor) of
humans (Wei et al. 2015). In the de novo sesame
genome assembly (containing 24,148 genes in 14
linkage groups) (Wang et al. 2014), 57 non-
redundant MADS-box proteins were identified
using both SRF (type I) and MEF2 (type II)
MADS-box domain sequences as queries. All the
57 MADS-box genes were grouped into four
groups according to the phylogenetic tree of
sesame and other three plants. Expression profile
indicated that MIKCC-type MADS-box genes
might play roles in sesame flower and seed
development.

As to the one of the largest transcription fac-
tors (TFs), MYB gene family, Li et al. (2017)
screened 287 MYB genes and found some
SIMYBs regulated the responses to drought and
waterlogging in sesame. Wei et al. (2019) ana-
lyzed the 45 homeodomain-leucine zipper (HD-
Zip) gene family in sesame and detected 75%
HD-Zip genes presented the responses to drought
and salinity treatment.

Till now, tens of gene families have been
analyzed in sesame genome (Wei et al. 2017,
You et al. 2018; Miao et al. 2019; Yu et al. 2019;
Zhang et al. 2019). The above research results
reflect the function of transcription factors in
sesame. Recently, in order to promote the func-
tional genomics research of sesame, Wei et al.
(2017) combined genetic and comprehensive
phenotypic information and constructed the
Web-based database Sesame FG. A large amount
of genome information and genome re-
sequencing data supply the solid foundation for
genomics and genetic analysis in sesame.



264

15.6.5 Gene Families in Pan Genomes
of Sesame

Aside from the Sesame Genome Project and the
chromosome-scaled genome assembly (var.
Yuzhi 11) (Zhang et al. 2013; partially unpub-
lished data, Haiyang Zhang), Wang et al. (2014)
constructed a draft genome with 16 linkage
groups (var. Zhongzhi no. 13) (Deposited no.
SRA122008) using Illumina sequencing platform
(Wang et al. 2014, 2016). The draft genome size
was 274 Mb containing 24,148 genes encoding
27,148 predicted proteins in 16 linkage groups.
Subsequently, Wei et al. (2015) performed draft
genome assemblies for two sesame landraces
(i.e., Baizhima and Mishuozhima). The National
Bureau of Plant Genetic Resources of India
assembled a genome draft (cv. Swetha) to
340 Mb (Kitts et al. 2016).

To realize gene discovery and improve the
genome information, Yu et al. (2019) constructed
a sesame pan-genome of 554.05 Mb with the
above five genome datasets using the reference-
assisted assembly approach. The pan-genome
contained 26,472 orthologous gene clusters and
15,409 (58.21%) core clusters (common in all
five sesame genomes). The variation of gene
families and gene numbers between the five
genomes reflected the geography difference of
materials, genome sequencing data, and the
genome variation. Genome evolution analysis
inferred that some genes involved in plant—
pathogen interaction and lipid metabolism bore
positive selection. The genomics studies supply
more information for sesame molecular breeding.
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To explore the genome evolution features of
sesame, the Sesame Genome Working Group
(SGWG) performed synteny block analysis
between sesame and the model plants. We
here present some key results of detection of
duplication and syntenic blocks in the sesame
genome. Distribution and function analysis of
homologous genes in sesame genome is
shown at the same time. In addition, the
phylogenetic position of sesame among the
flowering plants is depicted in this chapter.
The new findings reveal the conservative
regions in sesame after the early
whole-genome duplication event and elucidate
the genome evolution features in eudicots.
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16.1 Introduction

Flowering plants are the dominant land plants in
the world. Their genomes exhibit the diversifi-
cation of various genomes and the evolutionary
features involve in genome duplication,
diploidization, and chromosomal rearrangement
(Salse 2012; Murat et al. 2017). Recently, the
most recent common ancestor (MRCA) of
modern monocots and eudicots has been recon-
structed to decipher the conserved compartments
in the genomes of the modern engiosperm spe-
cies (Murat et al. 2017). For the eudicots, high-
lights of genome evolution focuses on variation
of the genome structure and chromosome kary-
otype from ancestral to modern species through
the gammar whole genome duplication event
(Jaillon et al. 2007). Comparison of the assem-
bled genome with model genomes always dis-
play the structural conservation and provides
insights into the organization, regulation, and
evolution of a genome in a genus or family (Salse
2012; Murat et al. 2017).

As described in the former chapters, the
orthologous genes (i.e., conserved genes) in
genomes are descended from the paleogenomes,
while paralogous genes (i.e., duplicated genes)
probably originate through diverse rounds of
genome or segmental duplication events (Raes
et al. 2003; Salse 2012; Jiao et al. 2014). In some
angiosperms with few rounds of whole-genome
duplication and diploidization, the synteny
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conservation regions always cover hundreds to
thousands of orthologous genes (Paterson et al.
2009). In order to clarify the genome evolution
of the cultivated sesame in Sesamum, the Sesame
Genome Working Group (SGWG) screened the
orthologous and paralogous genes in sesame
genome and compared the distribution character
of the paralogous genes in sesame with model
plants. We here introduce the main synteny
analysis results of sesame genome with model
plant grapevine and present the specific infor-
mation and genome evolution characters in
Sesamum.

16.2 Duplication Block Distribution
in Sesame Genome

In plant genomes, the conservative synteny
regions can be identified through clustering the
collinear matched gene pairs. The collinear genes
with the specific gene order show the genome
conservation (Myburg et al. 2014). In the Sesame
Genome Project (SGP), the Sesame Genome
Working Group (SGWG) constructed

Fig. 16.1 Genome landscape
of S. indicum. The colored
circle refers to the 13 genome
sequence molecules which
correspond to the 13
chromosomes in sesame. The
colored linkage curves
indicate the duplication
blocks in sesame genome.
(Provided by Haiyang Zhang)

chromosome-scaled genome assembly for
sesame through the complicated hybrid assembly
strategy, which provides the necessary and pre-
cise genome information for further genome
evolution analysis in sesame. With the aid fine
genome information (335 Mb), the SGWG ini-
tially screened the duplication blocks and paral-
ogous genes in sesame genome to explore the
genome duplication (E-value <le-20) (Fig. 16.1)
(Unpublished data, Haiyang Zhang).

Based on the high assembled genome infor-
mation, a total of 3007 genes were detected
duplicated in 55 duplication blocks which cov-
ered the 52.04% of the sesame genome
(Fig. 16.2) (Unpublished data, Haiyang Zhang).
In order to explore the paralogous genes in
sesame, the SGWG further performed the GO
function analysis of the 3007 duplicated genes
(Fig. 16.3) (Unpublished data, Haiyang Zhang).
The results indicated that 43% of the 3007

duplicated genes in sesame were classified into
the category ‘Biological process’ (Fig. 16.3). Of
the 46 groups, ‘Binding’ was the largest group
containing 1282 duplicated genes, followed were
1030 genes in ‘Catalytic activity’ group of
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category ‘Molecular function’, and 904 genes in
‘Metabolic process’ group of category ‘Cellular
component’ and the other groups.

16.3 Genome Synteny Between
Sesame and Grapevine

To determine the evolution character of sesame
genome, the SGWG compared all the 29,166
sesame genes on the 13 chromosomes
(335.19 Mb) with the 24,283 grapevine (Vitis
vinifera) genes on the 19 chromosomes
(427.19 Mb, GCF_000003745.3) (Jaillon et al.
2007) using MCSCANX software with the fol-
lowing standard parameters: MATCH_SCORE:
50; MATCH_SIZE: 20; GAP_PENALTY: —1;
OVERLAP_WINDOW: 5; E_VALUE: 1e-05;
and MAX GAPS: 25). As a result, a total of 163
synteny blocks containing 14,241 (25.84%) col-
linear genes of the total 53,449 genes were
identified between S. indicum and V. vinifera
(Table 16.1). Of the 14,877 collinear genes, 8123
are sesame genes covering 27.85% of the map-
ped genes in sesame. The results showed the high
conservation of ancestral chromosome fractions
in Sesamum species.

» SiChrl3

SiChrl

SiChrl

» SiChrl3

Fig. 16.2 Dotplot diagram of duplication blocks in
sesame genome. Horizontal and Vertical blocks indicate
the sesame chromosome sequences (SiChl1-SiChil3).
(Provided by Haiyang Zhang)
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For the 13 sesame chromosomes, the synteny
block number per chromosome varied from 5 (in
SiCh12) to 19 (in SiCh4) (Table 16.2). The
conserved synteny gene number per chromosome
ranged from 309 (in SiCh12) to 926 (in SiCh4).
Moreover, chromosome screening analysis indi-
cated that all the 8,123 synteny genes were
unevenly dispersed onto the 13 chromosomes
(Fig. 16.4).

The dotpot diagram showed the complete
observed syteny regions between sesame (13
chromosomes with 29,166 genes) and grapevine
(19  chromosomes  with 24,283  genes)
(Fig. 16.4). Compared with the grapevine gen-
ome, the sesame genome might undergo more
diverse evolution events (such as whole genome
duplication and gene loss) and resulted in the low
percentage of the ortholgous genes (Data not
shown). Meanwhile, the SGWG analyzed the
distribution of synteny genes and blocks between
sesame and tomato (Solanum lycopersicum)
genome (version GCF_000188115.3). The
results showed the high percentage of collinear
genes of sesame which accords with the close
phylogenic relationship between sesame and
tomato (Data not shown). Thus, to further clarify
the genome evolution of sesame, the SGWG
performed the phylogenetic analysis using the
precise genome assembly data.

16.4 Phylogenetic Position
of Sesame

Based on the Angiosperm Phylogeny Group
information, sesame has been located in the
asterids clade of the core eudicotyledons of
Angiosperm Phylogeny Group 2 (APG 2) (Bre-
mer et al. 2003). Chloroplast genomic data
indicated that Sesamum (Pedaliaceae) is a sister
genus to the Olea and Jasminum (Oleaceae
family) clade and represents the core lineage of
the Lamiales families (Yi and Kim 2011). To
further explore the evolutionary position of the
Sesamum sesame in angiosperm plants, the
SGWG performed the phylogenetic analysis of
chloroplast genomes between sesame (NCBI no.
KC569603) and other 13 dicot species in 2013
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Fig. 16.3 Function identification of the duplication
genes in sesame. GO function classification of the 3007
duplication genes in the 55 blocks. All the genes are

Biological Process

Molecular Function

classified into three categories, i.e., ‘Cellular component’,
‘Biological process’, and ‘Molecular function’. (Supplied
by Haiyang Zhang)

Table 16.1 Genome synteny comparisons of S. indicum with grapevine

Species Chromosome | Genome | Annotated
comparison | set size genes
(Mb)
Vitis 19 486.20 | 26,346
vinifera (24,283 in 19
chromosomes)
S. indicum 13 335.19 31,462
(29,166 genes
in 13
chromosomes)

Genome synteny block statistics

Genome accession

Synteny  Synteny Percentage
gene block number | of mapped
number genes (%)
6,754 163 27.81 GCF_000003745.3
(containing
16,102 genes
in blocks)
8,123 163 27.85 Unpublished
(containing version 3.0
14,242 genes
in blocks)

“Percentage of genome (%) refers to the ratio of the genes in duplicated blocks to the total genes in 13 chromosomes. (Provided

by Haiyang Zhang)

(Zhang et al. 2013a). The Ka, Ks, and Ka/Ks ratio
of 77 protein-coding genes in sesame and other
13 dicot species from the asterid and rosid clades
were compared. The results showed that the 9
genes evolved rapidly, while 3 genes evolved
slowly in the sesame chloroplast genome. The
conservation of the chloroplast genome suggests
a universal evolutionary selection pressure.
Subsequently, the SGWG performed the
phylogenic relationship analysis using the gen-
omes of sesame (var. Yuzhi 11, version 1.0) and

36 species from 19 families (Fig. 16.5). The
phylogenetic tree showed that Sesamum is clo-
sely related to the Solanaceae and Phrymaceae
families. The above syteny comparison results of
sesame and grapevine and tomato genomes prove
the phylogenetic position results and reflect the
close relationship between Sesamum and Sloa-
naceae species.

At present, the SGWG compared the genomes
of S. indicum (cv. Yuzhi 11) and other 15 crops
(i.e., Aquilegia coerulea, Arabidopsis thaliana,
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Table 16.2 Distribution
of the synteny blocks
between sesame and the
grapevine

Chromosome no.
SiChr.1
SiChr.2
SiChr.3
SiChr.4
SiChr.5
SiChr.6
SiChr.7
SiChr.8
SiChr.9
SiChr.10
SiChr.11
SiChr.12
SiChr.13
Total

SiChr] = —

Synteny block number

Synteny gene number

19 865
18 848
18 920
19 926
15 669
10 454
11 607
10 464
11 527
10 611
8 396
309
9 527
163 8,123
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Fig. 16.4 Dotplot diagram of synteny genes between
sesame and grapevine. Horizontal blocks indicate the
sesame chromosome sequences (SiChl-SiChil3). The
green segment indicates the sesame chromosome

Carica papaya, Citrus clementina, Cucumis
sativus, Eucalyptus grandis, Glycine max, Min-
ulus guttatus, Oryza sativa, Populustrichocarpa,
Prunus persica, Ricinus communis, Solanum
lycopersicum, Theobroma cacao, and Vitis
viniera). A total of 231 common single-copy
genes were identified in all species and applied to
detect the amino acid sequence differences under

sequence (Mb). Red vertical bar refers to synteny genes
between sesame and grapevine. (Provided by Haiyang
Zhang)

maximum likelihood through RAxML (Ran-
domized Axelerated Maximum Likelihood)
software (https://sco.h-its.org/exelixis/web/
software/raxml/index.html) (Stamatakis 2014).
As a result, more than twenty thousand amino
acid substitutions were found and used to con-
struct the phylogenetic tree (Unpublished data,
Haiyang Zhang). The three groups of the key
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Genome-sequenced

Species Family

Physcomitrella patens Funariaceae

Selaginella moellendorffii | Selaginellaceae
Zea mays

Sorghum bicolor

Panicum virgatum Poaceae

Setaria italica
Brachypodium distachyon
Oryza sativa

Aquilegia coerulea Ranunculaceae

Sesamum indicum « Pedaliaceae
I E Mimulus guttatus Phrymaceae
Solanum tuberosum )
Solanum Iycopersicum Solanaceae
Vitis vinifera Vitaceae
Medicago truncatuila
Phaseolus vulgaris Fabaceae
Glycine max
Cajanus cajan
Fragaria vesca
-E Prunus persica Rosaceae
. Malus x domestica
Linaceae

1 Linum usitatissimum
Ricinus communis Euphorbiaceae
Manihot esculenta )

|
|
|
|
|
|
Lotus japonicus ‘
|
|
|
|
|
|

Populus trichocarpa Salicaceae
— Cuctmis sativis Cucurbitaceae
Eucalvprus grandis Myrtaceae
— Eutrema halophilum
Brassica rapa
Capsella rubella Brassicaceae
L -E Arabidopsis lyrata
Arabidopsis thaliana
Carica papayva Caricaceae
Theobroma cacao Malvaceae
Citrus clementina
_E . . . Rutaceae
Citrus sinensis

Fig. 16.5 Phylogenetic position comparison of sesame
and the 36 plants using genome sequences. *refers to
sesame. (Modified from Zhang et al. (2013b))

branch evolution timescales between Arabidopsis
thaliana and Solanum lycopersicum (101.2—
123.9 Myr), Solanum lycopersicum and Minulus
guttatus (70-90 Myr), and Minulus guttatus and
Vitis ~ viniera  (110-140 Myr) from the
NODE TIME dataset (http://www.timetree.org)
were applied to determine the divergence time of
each species. Finally, the SGWG constructed the
phylogenetic tree for sesame and the 16 species
(Data not shown). The results showed that the
branch with the family Pedaliaceae was divergent
at about 121.0 Myr. The family Pedaliaceae
(including Sesamum and other genera) was

H. Miao et al.

divergent at about 47.4 Myr (Unpublished data,
Haiyang Zhang).

Moreover, in order to clarify the genome
evolution characters of Sesamum, the SGWG
initiated the genome sequencing and assembly of
the wild Sesamum species in 2014. Till now,
phylogenetic analysis of the various Sesamum
species in family Pedaliaceae has been performed
based on the fine genomes of the 7 Sesamum
species. The new findings exhibit that the family
Pedaliaceae and the genus Sesamum present the
important evolutionary position in eudicots
(Unpublished data, Haiyang Zhang). To reflect
the specific characters of genome evolution in
sesame, some information of the wild species is
presented in the following chapters. All the new
results will be published in near future.
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The Sesame Genome Working Group
sequenced the genomes of the six wild
Sesamum species, i.e., S. alatum (2n = 26,
var. 3651), S. latifollum (2n =32, var.
KEN1), S. angolense (2n = 32, var. K16), S.
calycinum (2n = 32, var. KENS), S. angusti-
folium (2n = 32, var. GO1), and S. radiatum
(2n = 64, var. G02), which cover all three
types of the basic chromosome number of the
genus Sesamum. We describe the complicated
sequencing and assembly strategies for the
wild species and the first interspecific single
nucleotide polymorphism (SNP) genetic map
for Sesamum. The chromosome-scaled gen-
ome assemblies of the six wild Sesamum
species are deliberated in this chapter.
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17.1 Introduction

In Sesamum, there are 36 species determined
according to the index Kewensis (Joshi 1961).
Based on chromosome karyotype characters, all
the Sesamum species are ascribed into three
groups, i.e., 2n = 26, 32, and 64 (Zhang et al.
2012; Zhao et al. 2018). Some wild species
occupy the high economic and academic position
in Sesamum. For example, S. angustifolium
(2n = 32) has high adaptation for drought resis-
tance, while S. radiatum (2n = 64) is immune to
Fusarium oxsporum f. sp. sesami and other main
diseases and could be used to dig elite disease
resistance gene resources (Miao et al. 2019;
Zhang et al. 2019). Therefore, the Sesame Gen-
ome Working Group intensified the Sesame
Genome Project and performed genome
sequencing of the six wild Sesamum species
since 2014 (Table 17.1) (Unpublished data,
Haiyang Zhang). We thus summarize the gen-
ome sequencing strategies for the wild Sesamum
species, and introduced the first interspecific
genetic maps for Sesamum. The basic informa-
tion of the chromosome-scaled genomes of the
six wild species was exhibited accordingly.
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Table 17.1 Information of the 6 wild Sesamum species for genome sequencing

Sample no. Species name Sample name Type

1 S. indicum L. Yuzhi 11 Cultivated sesame, 2n = 26
2 S. alatum Thonn 3651 Wild species, 2n = 26

3 S. latifollum Gillet KEN1 Wild species, 2n = 32

4 S. angolense Welw K16 Wild species, 2n = 32

5 S. calycinum Welw KENS Wild species, 2n = 32

6 S. angustifolium Oliver Engl GO1 Wild species, 2n = 32

7 S. radiatum Schumach. & Thonn. (S. occidentale) G02 Wild species, 2n = 64

17.2 Genome Sequencing Strategy

Based on the chromosome karyotype and cyto-
genetic analysis, some wild species were inferred
with high genome size due to polyploid character
(partial results shown in former chapters). Before
initiating the genome sequencing, accurately
estimating the genomic characteristics was per-
formed using flow cytometry (BD FACSation™,
USA) (Dolezel et al. 1989). The genome size of
the six wild species ranged from 378 to 723 Mb
(Unpublished data, Haiyang Zhang). The Sesame
Genome Working Group (WGSG) proposed a
complicated large-scale genome sequencing
strategies for the six wild species (Fig. 17.1). As
shown in Fig. 17.1, lllumina, PacBio, and Hi-C
map sequencing platforms were applied. Large
amounts of Illumina and PacBio data with more
than 30 x coverage sequencing data were gen-
erated for each species. In the complicated
sequencing and assembly platforms, the de novo
assembly of PacBio was combined with Illumina
and HiC data to form the high-quality genome
assembly using HiC-Pro.

For S. latifolium and S. radiatum, Bionano
mapping was performed to obtain long sequence
information. The single-stranded nicking
endonuclease Afl Il was used to prepare the high-
molecular-weight DNA. Based on the standard
BioNano protocols, the labeled HMW DNA was
imaged and scanned on the BioNanolrys system
platform for de novo assembly. Bionano Access
software was used to get rid of errors of the

physical maps. All the consensus information
was applied to reassemble the genome. For S.
calycinum and S. angustifolium, two interspecific
single nucleotide polymorphism (SNP) maps
were constructed and used to assess the final
genome assemblies.

17.3 Interspecific Genetic Map

Construction

Studies of closely related species can reveal the
genetic basis and maintenance of species diver-
gence (Brennan et al. 2014). In Sesamum,
incompatibility between the wild species is very
common (Joshi 1961; Subramanian 2003; Nim-
makayala et al. 2011; Zhang et al. 2013; Yang
et al. 2017). To improve the quality of the gen-
ome assembly, the SGWG cultured an F, inter-
specific hybrid population derived from of the
cross between S. calycinum (2n =32, var.
KENS) and S. angustifolium (2n = 32, var. GO1)
and randomly chosen the 126 F, individuals from
the population for genome re-sequencing on
INlumina sequencing platform. Based on the
Illumina data and the reference genomes of S.
calycinum and S. angustifolium, the two inter-
specific maps for the wild Sesamum species were
constructed for the first time. As a result, the SNP
map of S. calycinum contained 1410 SNP
markers located onto the 19 linkage groups
(LGs), while the SNP map of S. angustifolium
(var. GO1) contained 1762 SNP markers onto the
22 LGs (Unpublished data, Haiyang Zhang).
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Fig. 17.1 Complicated genome sequencing and assembly strategies for the wild species. (Provided by Haiyang Zhang)

17.4 Genome Assembly of the Wild
Sesamum Species

The chromosome-scaled genome sequences of
the 6 wild Sesamum species were constructed for
the first time. The assembled genomes ranged

Table 17.2 Size of the
genome assemblies of the
wild species and sesame

N O R W

S.
S.
S.
S.
S.
S.
S.

from 300.78 Mb (S. calycinum) to 625.03 Mb (8.
radiatum) (Unpublished data, H. Zhang)
(Table 17.2).

Considering the huge information, the gen-
ome analysis results of a representative species S.
radiatum was introduced in this section, due to

Sample no. Species name Genome size (Mb)

. indicum 335.19
. alatum 528.40
. latifollum 369.09

angolense 312.97
. calycinum 300.78
. angustifolium 300.72
. radiatum 625.03
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Table 17.3 Distribution
of interspersed repetitive
sequences in in S. radiatum
(var. GO2)

TE type

SINEs

ALUs

MIRs

Others

LINEs

LINE1

LINE2
L3/CR1

Others

LTR elements
DNA elements
hAT-Charlie
TcMar-Tigger
Others
Unclassified

Total interspersed
repeats

the high quality and the important phylogenetic
position in Sesamum.

17.4.1 Distribution
of the Interspersed

Repetitive Sequences

To reveal the genome complexity and the ratio of
the repetitive sequences in genome, the SGWG
initially analyzed the repetitive sequence com-
position in the genome sequences of S. radiatum
using RepeatMasker (version 4.0.6) (Maja and
Nansheng 2009) and RepBase database (version
20,150,807). There are five groups of inter-
spersed repetitive sequences including SINEs,
LINEs, long terminal repeat (LTR) element,
DNA element, and unknown dispersed repeat
elements (Table 17.3). The results showed that
the content of interspersed repeat sequences is
44.12%. Similar to the results of sesame, the
LTR group is the biggest known repeat type with
the number of 110,081, and occupies
76,418,588 bp (12.23%) of the assembled

H. Zhang et al.

TE Size (bp) Percentage of genome
number (%)

7046 1,035,879 0.17
0 0 0.00
0 0 0.00
7046 1,035,879 0.17
12,314 12,012,151 1.92
10,641 11,733,431 1.88
0 0 0.00
0 0 0.00
1673 278,720 0.04
110,081 76,418,588 12.23
88,627 27,844,605 445
1470 181,420 0.03
0 0 0.00
87,157 27,663,185 442
660,628 158,461,945 25.35
878,696 275,773,168 44.12

genome (625.03 Mb). Followed is the DNA
elements group occupying 4.45% of the assem-
bled genome. Compared with several genomes
close to Sesamum in the phylogenetic tree of
angiosperm plants, such as potato (Solanum
tuberosum) (62.2% of the assembled 760 Mb
genome) (The Potato Genome Sequencing Con-
sortium, 2011), cacao (Theobroma cacao)
(25.7% of the assembled 326.9 Mb genome)
(Argout et al. 2011), grapevine (Vitis vinifera)
(41.4% of the assembled 487 Mb genome)
(Jaillon et al. 2007), the content of the
repetitive/transposable elements (44.12%) of
S. radiatum genome is moderate. The results
infers that the genome of S. radiatum be
uncomplicated.

17.4.2 Cetromeric Repeats in S.
radiatum

Based on the SiCenl repeats of S. indicum, the
SGWG screened the repeated DNA sequences of
S. radiatum genome using RepeatMasker
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5 pm

Fig. 17.2 FISH of S. radiatum using ‘SraCenl’ and
‘SraCen2’ repeat probes. a Fluorescence hybridization
in situ using probe of ‘SraCenl’ repeat (red signal) with
about 16 chromosome pairs of S. radiatum. b Fluores-
cence hybridization in situ using probe of SraCen2 repeat
(green signal) with about 16 chromosome pairs of S.
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radiatum. ¢ Fluorescence hybridization in situ using two
probes, ‘SraCenl’ (red) and SraCen2 repeats (green).
SraCenl and SraCen2 repeats are labeled with
tetramethyl-rhodamine and fluoresce in, respectively.
Bar = 5 pm. (Provided by Haiyang Zhang)

Table 17.4 Distribution of SraCenl and SraCen2 repeat sequences in S. radiatum genome

Chromosome no. Total centromere repeat

length (bp)

Chr.1 4003
Chr.2 258
Chr.3 0

Chr.4 1716
Chr.5 11,089
Chr.6 14,183
Chr.7 1526
Chr.8 0

Chr.9 0

Chr.10 2833
Chr.11 288
Chr.12 0

Chr.13 14,335
Chr.14 3355
Chr.15 674
Chr.16 6079
Unanchored 1,666,487
scaffolds

Total 1,809,581

Chromosome Total centromere repeat
no. length (bp)
Chr.17 11,891
Chr.18 694
Chr.19 2633
Chr.20 910
Chr.21 11,987
Chr.22 271
Chr.23 7255
Chr.24 733
Chr.25 2380
Chr.26 4906
Chr.27 4349
Chr.28 18,396
Chr.29 10,341
Chr.30 0

Chr.31 0

Chr.32 6009

Note Unanchored scaffolds refer to the scaffolds unassembled onto the 32 chromosomes. (Provided by Haiyang Zhang)
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(version 4.0.6). The threshold was at with fol-
lowing parameters: P < le-5, alignment length
120 bp, an identity ratio > 90%. As a result,
two repeat sequences were found in S. radiatum.
We named these repeat sequences ‘SraCenl’
(152 bp) and “SraCen2’ (153 bp) as the candi-
date specific centromere repeats in S. radiatum.
Interestingly, the fluorescence hybridization
in situ (FIGH) (Zhao et al. 2018) of the two
repeats as probes indicated that the two cen-
tromere repeats independently hybridized onto
two equal groups of the 16 chromosome pairs of
S. radiatum (Fig. 17.2). The results accorded
with the cytological and genomehybridization
results (shown in Chap. 9) that S. radiatum
might be a polyploidy species.

Furthermore, the SGWG calculated the dis-
tribution of SraCenl and SraCen?2 repeats in the
assembled genome of S. radiatum (Table 17.4).

H. Zhang et al.

The total length of the SraCenl and SraCen2
repeats was 1,809,581 bp, and most chromo-
somes carried the centromere repeats. The
assembled centromere repeats in the genome
supply the reliable information for the following
chromosome group identification and genome
evolution analysis of S. radiatum.

17.4.3 Distribution of Genes in S.
radiatum Genome

Different from S. indicum, the wild species S.
radiatum (var. GO2) has 32 pairs of chromosome
in somatic cell. The assembled genome of S.
radiatum (var. GO2) contains 73,126 genes, and
68,339 (93.45%) are localized onto the 32
chromosomes (Table 17.5).

Table 17.5 Distribution of genes in chromosomes of S. radiatum

Chromosome no. Gene Gene
number length (bp)
SraChr.1 1662 3,858,358
SraChr.2 3279 7,527,304
SraChr.3 3417 7,449,515
SraChr.4 3168 7,105,475
SraChr.5 2809 6,918,489
SraChr.6 2602 5,215,618
SraChr.7 2220 4,559,885
SraChr.8 2327 4,981,269
SraChr.9 2382 5,240,068
SraChr.10 1748 4,045,310
SraChr.11 2165 4,982,624
SraChr.12 2500 5,794,374
SraChr.13 2133 4,410,779
SraChr.14 2262 4,591,349
SraChr.15 2109 4,380,012
SraChr.16 2043 3,990,539
Unanchored
scaffolds
Total

Chromosome Gene Gene
no. number length (bp)
SraChr.17 2127 4,345,713
SraChr.18 1764 3,841,659
SraChr.19 1942 3,892,704
SraChr.20 1935 4,731,676
SraChr.21 2265 5,631,480
SraChr.22 1590 3,485,100
SraChr.23 1712 3,561,510
SraChr.24 1917 3,596,086
SraChr.25 1635 3,759,476
SraChr.26 1930 3,825,200
SraChr.27 1906 4,269,671
SraChr.28 1979 3,983,214
SraChr.29 1738 3,758,563
SraChr.30 1586 3,239,686
SraChr.31 1588 3,534,002
SraChr.32 1899 4,156,844
4787 5,203,223
73,126 153,866,775

Note Unanchored scaffolds refer to the scaffolds unassembled onto the 32 chromosomes. (Supplied by Haiyang Zhang)
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Haiyang Zhang

Abstract

Implementation of the Sesame Genome Pro-
ject and the achievement of sesame genome
research provide abundant bioinformatics
information for the theoretical and applied
genetic analyses of the important agronomic
traits and biological processes in sesame. In
order to facilitate the application of the
genome information and bioinformatics, we
present the discovery of some key genes such
as SiDtl, Sidwfl, SiOPP, and Sicll and
describe the main methods of gene cloning
based on the sesame genome data. The
potential of gene digging using the
high-quality assembled genome is also dis-
cussed in this chapter.

18.1 Introduction

Sesame is cultivated widely in the tropical and
subtropical regions of Asia, Africa, and South
America (Zhang et al. 2019). Considering the
species characters and the cultivation environ-
ment conditions, the main objectives of sesame
breeding in the world are always involved in the
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yield potential and the resistance and tolerance to
biotic and abiotic stresses (Ashri 2006). In the
past decade, construction of several reference
genomes for S. indicum (Zhang et al. 2013;
Wang et al. 2014, 2016; Kitts et al. 2016) and the
wild Sesamum species (the Sesame Genome
Working Group, 2010-2020, H. Zhang)
improved the sesame genomics research and
finally stimulated sesame breeding ultimately.
For instance, based on the chromosome-scaled
reference genome, a SiDt gene regulating the
inflorescence meristem determinacy in sesame
has been cloned for the first time, which explains
the phenomena of eternal determinacy and low
capsule node number (less than five) in df2 type
germplasm (Zhang et al. 2016). Till now the dt/
gene marker has been applied in selection of
determinate varieties and evaluation of seed
purity (Data not shown). Moreover, with the aid
of the Illmunia de novo genome assembly
information, some candidate genes such as
SiACS controlling the flower number per axil and
SiPPO gene regulating the seed coat color were
determined using the genome-wide association
analysis (GWAS) of the 705 sesame accessions
(Wei et al. 2015). At present, dozens of genes
and gene markers have been determined and
some have been applied for variety breeding
(Zhang et al. 2019). Thus, we here summarize
the main methods and strategies of gene cloning
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using the reference genome to facilitate the
application of the genome information in large-
scaled gene digging in future.

18.2 Gene Discovery via Traditional
Homolog Gene Cloning
Methods

Before initiation of the Sesame Genome Project,
traditional homologous gene cloning was the
main method for sesame gene analysis. In 2003,
the first sesame transcriptome data, 3328
expressed sequence tags (ESTs) were obtained
from the developing seeds (Suh et al. 2003).
Subsequently, more transcriptome and ESTs data
were obtained and applied to determine the
transcriptional structure of genes (Wei et al.
2009, 2011). As a result, a few functional genes
regulating the formation and regulation of lipids,
storage proteins, and secondary metabolites and
the response to salt stress in sesame are firstly
cloned with the aid of homologs’information and
transcriptome data (Yukawa et al. 1995; Chen
et al. 1997; Jin et al. 2001; Chyan et al. 2005;
Lee et al. 2006; Hsiao et al. 2006; Kim et al.
2007, 2010; Hata et al. 2010).

Detection of SeCKI-SebHLH-
SeFAD2 Pathway Using
Homolog Amplification

18.2.1

As sesame is an oilseed crop with high oil con-
tent and quality, sesame scientists pay more
attention to the key genes regulating the lipid
synthesis and metabolism (Tzen 2012; Tzen et al.
1993, 2003). Desaturation catalyzed by -6 fatty
acid desaturases is a biochemical process to
desaturate oleic acid to linoleic acid. In plants,
the genes for ER- and plastid-derived w-6 fatty
acid desaturases are fad2 and fad6, respectively.
Based on the homolog sequence information and
a sesame cDNA library, the cDNA sequence of
-6 fatty acid desaturase in sesame was obtained

Y. Duan et al.

from developing seeds using RT-PCR (Jin et al.
2001). The cDNA sequence was named SeFAD?2
of 1466 bp. Further function analysis indicated
that SeFAD?2 transcripts could be regulated by
abscisic acid (ABA) in developing sesame seeds.
Moreover, two genes SebHLH and SeCKI regu-
lating SeFAD2 function were cloned based on
transcriptome information (Kim et al. 2007). The
results revealed that SeCKI enhanced the
SebHLH-mediated transactivation of the
SeFAD2 gene promoter and determined the
function of the SeCKI-SebHLH-SeFAD2 path-
way in lipid biosynthesis in sesame seeds.

18.2.2 CYP81Q1 Gene Discovery
via Homolog Function
Analysis

Sesame lignans are a group of antioxidants in
sesame seeds and leaves, and are responsible for
health benefit for human beings (Shittu et al.
2007). Sesamin and sesamolin are the main
components of lingans. Ono et al. (2006) found
that sesamin is synthesized from (+)-pinoresinol
which is finally mediated by two distinct cyto-
chrome P450 proteins (i.e., SiP450 and
CYP81Q1) in sesame. The CYP81Q1 gene was
expressed differentially in different sesame
genotypes and affected the final sesamin content
in leaves (Hata et al. 2010; Naoki et al. 2012). In
sesame accession CO-1, the transcript abundance
of CYP8IQI gene generated along with high
sesamin content, similar to the wild specie S.
malabaricum (Pathak et al. 2015).

18.2.3 SeMIPS1 Gene Isolation
from Transcriptome
via Homolog Analysis

Tolerance to abiotic stresses is an important
breeding objective in sesame. Considering myo-
inositol 1-phosphate synthase (MIPS) might play
a role in the response to salinity stress, Chun
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et al. (2003) isolated the SeMIPSI gene from
sesame seeds. MIPS protein catalyzes glucose-6-
phosphate to myo-inositol 1-phosphate, which is
the first product in the biosynthetic pathways of
myoinositol, phytic acid, and other essential
cellular components (Loewus et al. 1990; Yosh-
ida et al. 1999; Loewus and Murthy 2000).
Comparison results showed that SeMIPS1 pro-
tein was highly homologous with those from
other plant species (88-94%). In the sesame
genome, several copies of the SeMIPSI gene
have been detected (data not shown). Under the
increased saline conditions, transcription of
SeMIPS1 in germinating seeds was greatly
reduced, indicating the related response to salt
stress in sesame (Chun et al. 2003).

18.3 Gene Cloning via Fine Linkage
Mapping

With the rapid development of next-generation
sequencing (NGS) technologies, new strategies
of gene cloning are proposed and applied in
sesame (Zhang et al. 2019). Based on the high-
quality reference genome, the first high-dense

single nucleotide polymorphism (SNP) genetic
linkage map was constructed and used for SiDt
gene location in sesame in 2016 (Zhang et al.
2016). Linkage mapping analysis is widely used
for gene discovery and molecular marker
location.

By the early stage of the Sesame Genome
Project (SGP), the Sesame Genome Working
Group (SGWG) constructed an ultra-dense SNP
genetic linkage map using whole-genome re-
sequencing platform for guiding the reference
genome assembly (Zhang et al. 2013, 2016).
Later, the SNP genetic map was applied to clone
the SiDt gene because of the various determinacy
traits in the two parents. For Of the two parents
of the assayed F, population, JS012 (Dt, P,) is an
indeterminate variety with normal inflorescence
meristem (Fig. 18.1), while cv. Yuzhi DS899
(dtl, Py) is a determinate mutant induced from
ethylmethane sulfonate (EMS) mutagenesis. The
determinate parent could develop 8-20 capsule
nodes, and the number of capsule nodes varies
with the latitude change. Interestingly, the drl-
type presented in Yuzhi DS899 (dt!) is a differ-
ent allele from the dr2 type (08TP092) which was
induced by gammar induction (Ashri 2001) and

Fig. 18.1 Phenotypes of inflorescence meristem devel-
opment in sesame. al and a2: the indeterminate genotype
(P1, Dr) (the wild type). bl and b2: Yuzhi DS899,
determinate type 1 genotype (dtl) with a terminal flower
(or capsule) cluster at shoot apex. ¢l and c2: 08TP092,

determinate type 2 genotype (df2) with a terminal flower
(or capsule) cluster at apex of each shoot. Only 2-3
capsule nodes form on each branch. (Cited from Zhang
et al. (2016))
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the wild type (P;). Genetic background analysis
of all F;, BC,; and F, generations from direct
crosses and reciprocal crosses between Dt and dt
types validated that dr2 (08TP092) was allelic
with dtl (Yuzhi DS899) and controlled by the
single gene locus.

With aid of the genome re-sequencing data of
the 120 F, progeny and the parents, the SGWG
constructed an ultra-dense SNP genetic linkage
map using JoinMap software. A total of 3041 bin
markers containing 30,193 SNP markers were
mapped on 13 linkage groups. The ultra-dense
SNP map was 2981.28 cM in length. The aver-
age marker density was saturated with approxi-
mately 0.98 c¢cM per bin or 0.10 cM per SNP and
could be applied for genome assembly and gene
location. Based on the ultra-dense SNP map and
phenotypic segregation of the F, population,
gene locus mapping was carried out using
winQTLcart and QTLNetwork, respectively. The
QDtl locus for the determinacy trait in sesame
was determined in the 18.0-19.2 cM. In the
reference genome, the QDtl covered 292.35 kb
sequences which comprised of 27 predicted
genes in Scaffold 00,170. Further screening of
SNPs and InDels in the 292.35 kb fragment
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showed that only the SNP marker SiDt27-1
entirely co-segregated with the determinate trait.
The marker existed in the target gene
DS899s00170.023 named SiDt! (Fig. 18.2)
(shown in the Chap. 8).

Gene sequence comparison revealed that SiDr
gene is comprised of 4 exons and 3 introns with
531 amino acid residues (Fig. 18.2). A SNP of
G397A resulted in the difference of Sidt! from
SiDt genes and caused the change of the 79th
amino acid residue from S to N. SiDr gene in
sesame was high homology with the TFL gene of
A. thaliana, which controls the morphological
switch between shoot growth and the inflores-
cence development (Bradley et al. 1997).
According to  08TP092  genome  data
(PRINA316751), dr2 type lost the whole SiDt
gene sequence and presented the eternal deter-
minacy. The results reflect the important function
of SiDt in regulating the inflorescence meristem
development pathway in sesame. At present, the
SNP marker has been applied for screening of
new varieties with the determinate habit trait
(Zhang et al. Chinese patent no.
Z1.201510876016.3; USA Patent no. 10301687).
All the above research suggests that map based
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gene cloning with the high-quality reference
genome and linkage map is an effective to dig
genes with major effect on target traits.

18.4 Gene Digging via Genome
Wide Association Studies

Besides map-based gene cloning, GWAS analy-
sis is also an effective method to determine the
gene/quantitative trait locus (QTL) with major
effect on the target traits. Based on linkage dis-
equilibrium (LD) between molecular markers
and complex traits, association analysis could be
used to analyze the relationship between geno-
type variation and phenotype variation.

The development of sequencing technologies
and coupled computation methods significantly
accelerates construction of high-density haplo-
type maps, which comprehensively capture the
genomic variation and the pattern of common
haplotypes within the species (Atewll et al. 2010;
Huang et al. 2010, 2011). To our knowledge, the
genomes of more than 1500 cultivated sesame
accessions have been re-sequenced using the
Tlumina HiSeq2000 or HiSeq2500 system till
now. By exploiting the sequence variation in the
genomes of the nature populations, the (GWAS)
of 705 sesame germplasm accessions in sesame
could be performed for multiple agronomic traits
for the first time (Wei et al. 2015). The genomes
of 705 accessions were re-sequenced using the
Mlumina HiSeq2500 system, each with ~ 2.6-
fold genome coverage. The sesame -cultivar
‘Zhongzhi no. 13’ genome sequence was used as
the reference (Wang et al. 2014). A total of
5,407,981 SNPs were identified in the popula-
tion. As a result, a total 549 loci were identified
associated the phenotypic variation of the 56
agronomic traits (Fig. 18.2).

Based on the major variant loci, 46 candidate
genes were believed related to oil content, fatty
acid biosynthesis, yield, and other traits in
sesame. As to the GWAS analysis, the SiIACS
gene (SIN_1006338) controlling the
flower/capsule number per axil was determined
with the explanation ratio up to 60% to the
phenotypic variation. In the SiACS gene, a
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missense SNP within SiACS could lead to the
amino acid variation of F284S. SiACS is
homologous with AtACSS8 in Arabidopsis which
was reported involved in ethylene biosynthesis
(Tsuchisaka and Theologis 2004). Notably, as to
the complex traits, the candidate genes dig from
the GWAS analysis need more validation. To
ensure the effects of the candidate genes and the
variants on the associations underlying the
important traits, more functional genomics stud-
ies such as genetic transformation and genome-
editing technology using CRISPR/Cas system
should be performed. On the other hand, con-
struction of multiple biparental populations from
the well-designed crosses would determine the
target genes and identify the epistatic interactions
of multiple genes.

18.5 Gene Detection via Cross-
Population Association
Mapping and Genomic
Variants Screening

In recent years, integration of linkage mapping
and association mapping have been successfully
applied for detection of QTLs and candidate
genes linked to specific complex agricultural
traits in many crops (Cadic et al. 2013; Korir
et al. 2013; Zhao et al. 2014; Shi et al. 2015;
Deborah et al. 2017). In order to identify the
target gene regulating the curly leaf and close
capsule traits in sesame, the cross-population
association mapping and genomic variants
screening method was applied in sesame for the
first time (Zhang et al. 2018). A total of 130 F,
individuals derived from a cross between the
curly leaf mutant c// and the wild type parent
was sequenced using Illumina sequencing plat-
form. Genetics analysis of the mutagenesis
character in the population proved that the curly
leaf trait of sesame is controlled by single gene
pair.

For the 130 individuals of the F, population, a
total of 425,661 variants were plotted in the 13
chromosomes. Accurate association analysis of
the variants indicated that a ~ 400 kb region
with significantly high P value was located in
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LG8. Differing from the traditional linkage
mapping method, cross-population association
mapping analysis was performed using GLM
(general linear model) model in TASSELES.0.
The fine sesame genome (var. Yuzhi 11,
GCA_001692995.1) and the genome re-
sequencing variants data supplied the reliable
genomic information for gene detection (Zhang
et al. 2018). As a result, the SiCLI gene controls
leaf curling and capsule indehiscence in sesame
was cloned (Fig. 18.3). SiCLI gene encodes a
transcription repressor KANI1 protein. In cl/
mutant, the 20 nucleic acids (CAGGTAGC-
TATGTATATGCA) of SiCLInDell marker were
mutagenized into 6 nucleic acids (TCTTTG), and
caused a frameshift mutation and finally resulted
in the earlier translation termination of the CL
gene. The findings provided an example of high-
efficient gene cloning method in sesame (Zhang
et al. 2018).

18.6 Dene Discovery via MutMap
Analysis

Bulked segregant analysis (BSA) provides a
simple and effective alternative strategy for
identifying molecular markers linked to target
genes by genotyping only a pair of bulked DNA
samples from two sets of individuals with dis-
tinct or extremely opposite phenotypes (Michel-
more et al. 1991). With the applications of
whole-genome sequencing (WGS), BSA strate-
gies have been optimized and applied for iden-
tifying QTLs or candidate genes (Abe et al.

Fig. 18.3 Cloning of SiCL1
controlling the curly leaf and
indehiscent capsule. In the
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2012; Takagi et al. 2013). Abe et al. (2012)
introduced MutMap, a method based on whole-
genome re-sequencing of pooled DNA from a
segregating population of plants, and identified
the unique variant causing pale green leaves and
semi dwarfism trait. Takagi et al. (2013) identi-
fied the QTLs associated with the key agronomic
traits such as partial resistance to the fungal rice
blast disease and seedling vigor in rice by whole-
genome re-sequencing. Recently, the SGWG-
HSRC (the SGWG group member, Henan
Sesame Research Center, Henan Academy of
Agricultural Sciences, China) applied the Mut-
map method in the BSA analysis using 54 indi-
viduals of a F, population derived from a cross
between a susceptible mutant (S) to SFW and the
wild type (R) with high resistance to SFW (Data
not shown) (Unpublished data, Haiyang Zhang).
Finally, a RLK gene controlling the resistance to
Fusarium wilt disease was cloned and proved the
high efficiency of MutMap method using the
BSA strategy.

18.7 Dene Discovery
via Comparative Genomics
Analysis

Similar to detecting the homolog genes, com-
parative genomics analysis realizes the detection
of genes or gene family of unknown species,
based on the similarity of the arrangement or
structure of chromosomal or orthologous of gene
in many known species genome. As shown in the
former chapters about gene families annotation,
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some transcription factors families such as the
MADS-box gene family, AP2/ERF transcription
factor gene family, and Hsfs (Heat shock tran-
scription factors) gene family in sesame have
been analyzed, combined with genome compar-
ison of sesame with including Arabidopsis
thaliana, Vitis vinifera, Solanum lycopersicum,
Solanum tuberosum, and Utricularia gibba (Wei
et al. 2015; Dossa et al. 2016a, 2016b). However,
more functional genomics studies should be
performed to elucidate the functions of the
orthologous gene families in sesame. Notably, all
the above methods and strategies for gene dis-
covery should utilize the reference genome and
the genomes of the population as the basic
information. Thus the high quality of a reference
and abundant genome variants data and precise
phenotypes of the population are emphasized on
the success of gene discovery.
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Abstract

The achievement of the Sesame Genome
Project supplies the necessary information
for sesame genome assisted selection breed-
ing. The information of the structural geno-
mics and functional genomics research in
sesame provides the foundation of genome
architecture analysis. Cloning of many genes
and gene families makes the possibility of
aggregating a number of elite traits in new
varieties. In order to enhance the variety
improvement, the specific genome assisted
selection breeding technology for sesame is
designed and discussed in this chapter. The
potential of the genome assisted selection and
gene design breeding in sesame is forecasted
accordingly.
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19.1 Introduction

In 1984 at the FAO Viterbo, Italy meetings of
sesame and safflower experts, the experts pre-
dicted that if sesame were not mechanized in the
next 25-30 years, its world production would
decrease significantly. Without mechanization,
sesame would only persist in those niches where
no other suitable crop could be grown. Thirty-
three years after the prediction, the production of
sesame worldwide is still increasing. Although
sesame is completely mechanized in the United
States, the production is less than 1% of the
world production. There has been some increas-
ing mechanization in Paraguay using the Vene-
zuela technology. However, almost all the
sesame produced still is dependent on at least
some manual labor. The mantra has always been
that labor is cheap for sesame in the developing
countries. However, the challenges of low profit
and high planting cost still exist and affect the
development of the world sesame industry. On
the other hand, the hindrance of sesame variety
improvement also requires the sesame breeders
to develop new breeding techniques and breeding
materials to meet with the breeding objectives
and the industry development rhythm. As the
Sesame Genome Project (SGP) initiated in 2010,
the Sesame Genome Working Group (SGWG)
planned to elucidate the phylogenetic analysis of
the cultivated species in Sesamum and the regu-
lation of the key traits such as yield, seed quality,
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and resistance to the main diseases with the aid
of the genome sequence of S. indicum (var.
Yuzhi 11) (Zhang et al. 2013a). Comparative
genomics of the sesame genome with the gen-
omes of monocotyledonous and other dicotyle-
donous plants indicated that both the genome
architecture and the gene families take part in the
regulation of the important biological processes
in sesame. As shown in the former chapters, the
application of the precise genome sequences is
accelerating sesame genomics and genetic
research and should improve sesame breeding in
the future.

Ideal Sesame Varieties
and Breeding in the Future

19.2

As to the world sesame production, farmers need
to have the highest profit as long as their crop
rotations are sustainable. Thus, the ideal sesame
varieties should have high yield potential and
stable adaptability to the environmental condi-
tions. In the past decades, the main objectives of
sesame breeding focused on breeding new vari-
eties with high yield level and the high
resistance/tolerance to diseases, pests, waterlog-
ging, drought, and low temperature stresses
(Ashri 2006). However, the future of sesame is
unpredictable and affected by the industry
development. Although sesame yields have been
improved, the increases are not as high as the
other crops. Thus, sesame farmers are switching
to the more profitable crops. Meanwhile, breed-
ers are hesitant to convert sesame to a
genetically-modified (GM) crop because the
market wants sesame to stay non-GMO (non-
genetically-modified organism). If sesame culti-
vation is not mechanized, it will be limited to
areas that are not mechanized and have no other
crop options. The high demand for sesame in
China, Japan, South Korea, and India will pro-
vide higher prices, but higher prices may lead to
less consumption if the price is out of the range
of the common household. Regardless of mech-
anization, unless breeders and agronomists
improve yields, sesame will not compete with
other crops. However, sesame seeds contain

H. Zhang et al.

more than 50% oil and 25% protein with
antioxidants that can be eaten as is, toasted,
crushed for oil, made into tahini, and used
medicinally. The lore that has been passed down
for generations is ‘Eat sesame is for health’, and
science continues to show that in fact sesame
does improve heath. The future of sesame is in
the breeders’ and agronomists’ hands.

As to sesame breeding technology, genomics
is the key to reducing the breeding time from
conception to reality. Although sesame is lagging
behind the major crops in genomics and the new
gene technologies to improve crops, the ‘genome
time’ for sesame is coming. Whether it is 10, 20,
30, or 40 years away, the time will come that we
need to think about the ideal sesame. It will not
be necessary for each research institute to acquire
all the equipment and expertise. Entrepreneurs
will build companies that will move a trait or
multiple traits for a cost far below developing in-
house genomics. Scientists will have the ability
to assemble genomes, and breeders need to
define the genome to be assembled. Someone in
Turkey will find a cultivar that is tolerant to
phyllody; the responsible gene(s) will be identi-
fied; the gene(s) will be added to a cultivar in
Pakistan. Classical breeding is a long, long, long
process. The normal cycle from cross to variety
is 7-10 years. Most of the time multiple crosses
must be made to move one trait to an acceptable
genotype. The progenitor of all non-dehiscent
sesame was discovered in an F, against odds
over 1 in 1,000,000 plants. With the genomic
selection, sesame breeders could easily choose
the target plant with the ideal traits from the large
population in the future.

19.3 Potential of Genomics-
Assisted Breeding in Sesame

Genome-assisted breeding refers to the applica-
tion of molecular markers associated with
important traits and the genomic tools to predict
the phenotype and to assist breeding (Varshney
et al. 2013). Before the initiation of the SGP,
only a few genes related to lipid formation and
regulation, seed storage proteins, and regulation
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of secondary metabolites, and salt stress response
have been cloned (Yukawa et al. 1995; Chen
et al. 1996; Jin et al. 2001; Chyan et al. 2005;
Lee et al. 2006; Hsiao et al. 2006; Kim et al.
2007; Hata et al. 2010; Kim et al. 2010). With the
aid of high through-put next-generation
sequencing (NGS) and the third sequencing
technologies and the precise genome informa-
tion, the genetics and genomics research in
sesame was extremely improved in recent a few
years (Zhang et al. 2013a,b; Miao 2014; Wang
et al. 2014,2016; Wei et al. 2015; Miao and
Zhang 2016; Yu et al. 2019). Hundreds of can-
didate genes, quantitative trait loci (QTLs), and
molecular markers associated with dozens of
agronomic traits help the breeders to know the
genetics basis of the target traits and materials
(Wei et al. 2015; Dossa et al. 2016; Zhang et al.
2019).

In addition, genome re-sequencing data of the
natural population reflect the distribution of the
DNA fragment linkages in sesame genome
(Unpublished data, Haiyang Zhang) and give the
guidance for estimating the selection efficiency
of hybridization of a specific cross with target
traits sesame (Zhang et al. 2013b; Wei et al.
2015; Wang et al. 2016; Zhang et al. 2016).
Based on the ultra-density single nucleotide
polymorphism (SNP) genetic map (Zhang et al.
2016) and the updated genome sequence, 13 elite
gene clusters related to the 58 markers (P < 10’8)
and 52 QTLs (R* > 10%) associated with yield,
seed quality and Fusarium wilt disease resistance
traits were detected in eight chromosome pairs of
S. indicum (Miao and Zhang 2016) (partially
unpublished, Haiyang Zhang). In 2016, based on
the reference genome, the SGWG-HSRC cloned
the SiDt gene controlling the determinacy of the
inflorescence meristem development and the
SNP marker was applied in evaluating the purity
of the determinate variety seeds. The findings of
the genetic mapping and association mapping
related to the key agronomic traits will reinforce
the molecular breeding in sesame. We believe
that the molecular breeding system would be
constructed in near future.
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19.4 Genomics-Assisted Breeding
Routine for Sesame

In recent few years, molecular genetics and
genomics research in sesame was accelerated.
However, there are no reports about genomics-
assisted breeding in sesame. DNA-based molec-
ular markers have the genetic stability and the
advantages for selection in crop breeding (Gupta
et al. 2010; Kumpatla et al. 2012). Introducing
and applying molecular breeding methods to
improve the efficiency of breeding programs is
necessary.

In the genomics-assisted breeding system,
precisely selecting the desirable and elite traits is
very important for the plant breeders, even
though most of the agronomic traits are con-
trolled by polygenes with complex nonallelic
quantitative effects. In order to establish the
relationship between genotype and phenotype,
the genomics and genetics analyses of the target
traits are necessary. Differing from the conven-
tional breeding procedures, the molecular maker-
assisted breeding system with five major steps is
designed for sesame molecular breeding
(Fig. 19.1).

The five major steps are: (1) Create and screen
more elite breeding materials and screen more
parental lines with multiple elite traits especially
the key quantitative traits; (2) Determine the
breeding objectives and crosses from the core
germplasm group based on the inheritance of the
receptor and donor parents with the aid of com-
puter screening database. (3) Draw up the
breeding pipeline and selection strategy based on
breeding objectives and inheritance characters of
the population with the aid of molecular markers
(including QTLs, associated markers, and genes).
(4) Select elite progeny of the crosses using
molecular markers, precise trait evaluation tech-
niques, and the elite traits in field under various
environments. (5) Purify new varieties contain-
ing the target genotypes and phenotypes.

To excise the molecular breeding routine, the
SGWG analyzed the QTL distribution of seed
quality and disease resistance traits in sesame as
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Fig. 19.1 Scheme of the
molecular design breeding in
sesame
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an example. Recent genetic analysis indicated
that a QTL of the ‘thousand seed weight’ trait
was determined on the 63.5 cm of SiChr. 8 with
the R* of 0.12, while a QTL of ‘Fusarium wilt
disease resistance’ trait was on 80.4 cm of SiChr.
8 with the R* of 0.18 using the ultra-dense SNP
genetic map in sesame (Zhang et al. 2016) (un-
published data, Haiyang Zhang). The gene locus
of seed weight trait is detected linked with the
disease resistance alleles in sesame. Previous
studied showed that only 10% sesame germ-
plasm exhibit high resistance in Fusarium wilt
nursery (Wang et al. 1999; Qiu et al. 2014).
Thus, in order to break the linkage of both
traits and to breed a new variety with high seed
weight and disease resistance level, ‘Beijing
Bawangbian’ and ‘XincaiXuankang’ are chosen
from the elite sesame lines library to construct a
crossing population. ‘Beijing Bawangbian’ has
the high thousand seed weight (TSW) of 4.53 g,
but is highly susceptible to Fusarium wilt dis-
ease. ‘XincaiXuankang’ has high resistance to
FOS pathogen but low TSW of 2.16 g. Accord-
ing to the heredity and the locus position, 10%
possibility of the new lines with high TSW and
disease resistance is predicted with the computer

imitation, when screened using the molecular
markers from the 400 lines of F, population, or
280 lines of F; population, or more than 200
lines of Fg generations. Of course, to obtain the
stable new lines, all the materials should be
screened in the disease nursery field with various
environmental conditions for further production
application.

In a word, sesame Genome Project supplies
the necessary and key genome information for
molecular genetics research in sesame and will
impel the genomics-assisted breeding. Compre-
hensive analysis of genome, epigenome, tran-
scriptome, proteome and metabolome data of
sesame will facilitate sesame breeding program
in the future.

19.5 Conclusion

Genetics research develops rapidly in sesame in
recent a few years. The initiation of the Sesame
Genome Project impels the progresses of gene
cloning, QTLs location, and GWAS association
studies in sesame. The reference genome infor-
mation facilitates the genome evolution and
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phylogenetic analysis of the Sesamum species.
We believe the accomplishment of the Sesame
Genome Project will further improve the genetic
and genomic research and the marker-assisted
selection breeding in sesame. Correspondingly,
more outstanding sesame varieties aggregating
more elite traits would be bred through the effi-
cient molecular breeding technology and meet
with the industry development in near future.
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