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This book is dedicated to our

beloved parents

Your Lord had decreed, that you worship
none save Him, and (that you show) kindness
to parents. If one of them or both attain old
age with you, say not “Fie” unto them nor
repulse them, but speak unto them a gracious
word. And lower unto them the wing of
submission through mercy and say: My Lord!
Have mercy on them both, as they did care

for me when I was young.
[Al-Qur’an 17:23-24]




Foreword

Plants are an important source of fats and oils which are essential for the human
diet. Genomics of o0il biosynthesis in plants has generated great interest in recent
years, especially in high oil-bearing plants such as soybean, olive, and oil palm.
Considering that, genome-sequencing projects of these plants have been undertaken
in recent years with the help of advanced genomics tools like next-generation
sequencing. As well, several genome-sequencing projects of oil crops are in prog-
ress and many others are on the way. In addition to genome information, advanced
genomics approaches such as transcriptomics, genomics-assisted breeding, genome-
wide association study (GWAS), genotyping by sequencing (GBS), and CRISPR
are improving our understanding of the oil biosynthesis mechanism and breeding
strategies for oil extraction and production. However, there is no edited book that
covers the genomes and genomics of oil crops, yet.

The book Oil Crops Genomics edited by Tombuloglu et al. (Springer) is an inter-
esting and comprehensive scientific work covering recent studies on the genetics
and genomics of selected oil crops. The book includes three parts: Part I: Genomes
of Oil-Bearing Crops; Part II: Oil Crops Genomics; and Part III: Oil Crop
Biotechnology. Part I (Chaps. 1, 2, 3, 4, 5, 6, 7 and 8) covers the genome sequence
of oil crops such as soybean, cotton, olive, melon, oil palm, argan tree, and linseed
(flax). The second part (Chaps. 9, 10, 11, 12, 13 and 14) concentrates on the genom-
ics of oil crops without genome-sequence information, such as coconut, safflower,
mustard, poppy, and Jatropha. Part III (Chaps. 15, 16, 17, 18, 19 and 20) represents
comprehensive information about the economics of oil crops and the most recent
biotechnological methods.
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viii Foreword

This book combines up-to-date knowledge on genomics and genetics of oil
crops. It is well prepared, organized, and represents a valuable source for graduate-
level students, instructors, and researchers. Throughout this book, the latest genom-
ics developments and discoveries as well as open problems and future challenges in
oil crop genomics are highlighted for future studies. Also, this volume collects the
most recent knowledge on oil crop genomics for researchers who study oil crop
genome, genomics, biotechnology, pharmacology, medicine nutrition, food indus-
try, or economy.

Ebtesam Abdullah

Al-Suhaimi, PhD

Institute for Research & Medical Consultations
Imam Abdulrahman bin Faisal University
Dammam, Saudi Arabia



Preface

Oil plants are indispensable food sources for human nutrition and health. Especially
in recent years, genome analyzes of plants with high oil content such as soybean,
olive and palm oil have been carried out intensively. With the determination of
genome sequences, it is aimed to better understand the mechanism of oil biosyn-
thesis in plants and to make plants with low oil yield more productive with biotech-
nological approaches.

The aforementioned developments in oil bearing crops and their novel and
advanced studies have not been combined in a single book. While oil production
alters depending on the season and years, it causes fluctuations in economical
income. Increasing the oil production capacity of wild plants by using genomics-
assisted breeding approaches is of great importance to combating this problem.
Hence, this volume will be helpful for researchers who study oil crops, their breed-
ing, and biotechnology.

The present book covers genome-sequenced oil crops as well as plants producing
important oil metabolites. Throughout this book, the latest genomics developments
and discoveries as well as open problems and future challenges in oil crop genomics
and their economy are highlighted. We are hopeful that this book shall introduce
readers to state-of-the-art developments and trends in oil crop genomic studies.

We are thankful to the contributors for readily accepting our invitation for not
only sharing their knowledge and research, but for venerably integrating their exper-
tise in dispersed information from diverse fields in composing the chapters and
enduring editorial suggestions to finally produce this venture. We also thank the
Springer-International team for their generous cooperation at every stage of the
book production.

Dammam, Saudi Arabia Huseyin Tombuloglu
Ankara, Turkey Turgay Unver
Dammam, Saudi Arabia Guzin Tombuloglu

Jeddah, Saudi Arabia Khalid Rehman Hakeem
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Sumayah Alsanie
Contents
INtrOdUCHION. ...ttt .3
1.2 Soybean Taxonomy and Morphology...........oouiiiiiiiiiiiiiii e 6
1.2.1  Soybean MorpholOgy. ... .co.uiiiiii i e 8
1.3 Soybean CytOZENELICS. . ... eenuutttntt ettt ettt ettt e e e 11
1.4 Soybean GeNOME. .......oouuiuiiiiiit it .13
1.4.1 Soybean Genome ASSEMDbIY........couuitiriiitii i 13
1.4.2  The Sequence of Soybean’s Chloroplast and Mitochondria Genome.............. 16
1,43 Website Links........ooooiiiiiiii 17
1.5 Soybean Genetic Resources (Germplasm)............ooiuiieiiiiiiiiiiiiiiieiieeiiieeannn.. 18
1.5.1 A List of Some Germplasm Resources for Soybeans............................. .24
1.6 Economic Importance of SOYDeaN. .........ovtiiuiiiiitii i 24
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1.1 Introduction

Glycine max (L.) Merr. (soybean) is a subtropical plant native to southeastern Asia.
It has been a part of the human diet in Asian countries for a very long period.
European countries and the USA were introduced to this dietary staple compara-
tively very recently, the 1700s and 1800s, respectively (Joy et al. 1998). It is the
widely grown crop in the world and the fourth most important harvested and pro-
duced crop (Schmutz et al. 2010).

According to the recent statistics, soybean constitutes 59% of oilseed production
globally in 2019 (Fig. 1.1), and the USA and Brazil are the top producers of the
soybean (Soystats 2020).

The soybean is native to East Asia. The widely cultivated soya bean Glycine max
belongs to subgenus Soja of the genus Glycine (which has at least 25 perennial spe-
cies). The other wild soybean, Glycine soja Sieb and Zucc, also belongs to the
subgenus Soja of the genus Glycine. Glycine soja and Glycine max both are annual
plants. The widely cultivated, modern soybean can no longer be traced to the

S. Alsanie (D<)
Biology Department, Imam Abdulrahman Bin Faisal University, Dammam, Saudi Arabia
e-mail: sualsanea@iau.edu.sa
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Fig. 1.1 Percentage of world oilseed production (2019). (Data from soystats2020.com, United
States Department of Agriculture (USDA), foreign agricultural service (FAS))

wild-growing species (Shekhar et al. 2016). When those two species are crossed
together, they produce fertile hybrids, which concludes that they have similar
genomes (Singh and Hymowitz 1988). While the 26 wild perennial species origi-
nate in Australia, they differ morphologically, cytologically, and genomically from
species that belong to subgenus Soja (Chung and Singh 2008).

Soybean is an economically important crop as one of the primary sources of oil
and protein. Soybean is solvent-extracted for oil, and the remaining part is “toasted.”
The soy meal thus produced contains 50% protein, which is then used as animal
feed (e.g., chicken, hog, turkey). Soybean is also an important part of the several
processed foods. It gained importance during World War II as an equivalent alterna-
tive for protein foods and as a source of edible oil (Shurtleff and Aoyagi 2009).

The soybean crop requires a climate with hot summers (temperatures range
20-30 °C). The temperature outside of this range results in stunted growth. Soybean
growth is optimum in moist soils with rich organic content but also grows in other
types of soil. Soybean roots have nodules for nitrogen-fixing bacterium like other
legumes that perform nitrogen fixation. The crop is favored for rotational cropping
for its nitrogen fixation.

The soybean crop is affected by the day length — longer day results in taller
plants, more nodes, and delayed flowering. Conversely, shorter days result in early
flowering. It requires 100-130 days to grow, and there is no vegetative growth dur-
ing the yield formation.

The soybean yield is highly dependent on water availability, fertilization, seed
variety, and row spacing. Improved varieties can yield as high as 2.5 and 3.5 ton/ha,
while under rain-fed conditions a soybean yield is around 1.5-2.5 ton/ha. Although
irrigation doesn’t affect the oil and protein content of the seed significantly, a slight
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increase in protein and a small decrease in oil content may occur (Food and
Agriculture Organization of the United Nations (FAO) 2020).

Soybean has high (38—45%) protein and high (approximately 20%) oil content.
After the oil extraction, the material remaining is called soybean meal, or soy meal,
which contains 50% soy protein. Soybean constitutes major part of the livestock
feed worldwide. About 97% of livestock feed is produced from soybean, which
serves as protein source (Kansas Soybean Commission, https://kansassoybeans.org/
about-the-checkoff/animal-ag/). Some of it is also used in some dog foods (Menniti
et al. 2014). In the European Union, 60% of the protein fed to livestock comes from
the soy meal (Heuzé et al. 2020).

Protein content in the soy flour is 49% and the fiber content is 18 gm. Soy flour
is gluten-free. Also, protein and other nutrient content in the soy flour are higher
compared to wheat flour (Nutrition data, https://nutritiondata.self.com/facts).

Apart from the livestock feed, soybean products have found a way in the human
diet and have gained an important part. Commonly used products include soybean
oil, soy sauce, soy milk, tofu, soy flour, tempeh, textured vegetable protein, and soy
lecithin. In Japan, edamame is a minimally processed dish of soybean. Soy flour is
used in sauces, baked food, and frying (to reduce oil absorption). The soy flour
imparts tenderness, moistness, and texture to baked food; hence it is used in baked
foods. Soybean has been part of food traditionally in the form of soy milk and tofu.

Soybeans can be processed into various forms to substitute for a variety of food
items having a comparable texture and appearance. Some of the examples of dairy
products that similar soybean products can substitute are milk, margarine, ice cream,
yogurt, and cheese. It can also be an alternative to meat as in veggie burgers. It can
also be a cost-effective replacement for meat and poultry products.

However, the digestible calcium content in soy milk is not significant. Hence,
many calcium-enriched products of soy milk are also manufactured. Though the
protein quality in the soy products is roughly equivalent to the natural products, the
products can be fortified with vitamin and mineral to enrich nutrient content to the
equivalent level. The soy-based meat substitute has been in use to replace the ground
beef cost-effectively and without compromising on the nutrition (Van Wyk 2005;
Rizzo and Baroni 2018; North Carolina soybean production association (ncsoy.
org)). Soy nut butter is another product that can substitute for peanut butter (Shurtleff
and Aoyagi 2012).

Soy-based infant formula is another usage of soybean. It is advantageous for
infants who need breastfeeding or wanted a vegan diet. It is a good substitute for
infants allergic to pasteurized cow milk proteins. Different powdered, ready-to-feed
forms are available in the market (American Academy of Pediatrics 1998; Rizzo
and Baroni 2018).

Considering the various uses of the soybean as food, demand for soybean is
increasingly high (Soystats 2020). However, viral and pests infections can reduce
production substantially.

On a global scale, approximately 191 million hectares of genetically engineered
crops were planted in 26 countries in 2017 (International Service for the Acquisition
of Agri-biotech Applications (ISAAA) 2018).
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Soybeans have been genetically modified in recent few years for better yield and
other advantages. Several products are made from the genetically modified soy-
beans. The genetic modification started in 1996 when Monsanto Company intro-
duced a genetically modified variety by substituting Agrobacterium sp. (strain CP4)
gene EPSP (5-enolpyruvyl-shikimic acid-3-phosphate) synthase (Padgette et al.
1995; Duke and Cerdeira 2010). It was a herbicide-tolerant variety. Also, studies
were conducted to develop CpMMV (Cowpea Mild Mottle Virus)-resistant variety.

In Brazil, the adaption of genetically modified soya bean increased from about
34% of soya bean acres in 2004 to 96% in 2019 (Soystats 2020). Though the cultiva-
tion of genetically modified soybean has increased exponentially, it has affected the
export of soya bean to the European Union as a considerable number of suppliers
and consumers are reluctant to use genetically modified products like food or ani-
mal feed. Hence they require extensive certification before export.

An extensive genetic diversity is observed in the soybean due to its predisposi-
tion to adapt to a variety of environmental conditions (Li et al. 2010; Zhou et al.
2015). Breeders choose the best varieties to improve soybean cultivation and ulti-
mately the soybean yield. Therefore, in order to advance the marker-assisted breed-
ing programs of soybean, knowledge of fundamental genetics of agronomical traits
is essential (Wang et al. 2009). In the future, plant breeding in combination with
recent advances in genomics will drive the expectations for soybean improvement
(Palmer and Hymowitz 2016).

1.2 Soybean Taxonomy and Morphology

The taxonomy of cultivated soybean is presented below:

Order Fabales

Family Fabaceae (Leguminosae)
Subfamily Papilionoideae (Faboideae)
Tribe Phaseoleae

Subtribe Glycininae

Genus Glycine Willd

Subgenus Soja (Moench) F. J. Herm.
Species G. max

Botanical name Glycine max (L.) Merr
Synonyms G. gracilis, G. Soja
Common name Soybean, soya bean

(Joy et al. 1998; Ratnaparkhe et al. 2011)

The Fabaceae or Leguminosae family is a large family of flowering plants which
includes around 20,000 species (Lewis et al. 2005). The three subfamilies of
Fabaceae are Caesalpinieae, Mimosoideae, and Papilionoideae. The subfamily
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Papilionoideae includes the species grown as crops such as soybean, pea, common
bean, mung bean, cowpea, etc. (Lewis et al. 2005; Bruneau et al. 2008).

Genus Glycine Willd has approximately 25 perennial species (Greek word
glykys = sweet). The term Glycine was coined by Linnaeus (Hymowitz and Newell
1981). The taxonomy tree was first arranged by Bentham (1864, 1865) (Table 1.1)
who divided the genus Glycine into three sections: Johnia, Soja, and Leptocyamus.
The cultivated soybean species was included in section Soja.

Table 1.1 Development of Glycine taxonomy according to different researchers

Newell And
Hermann Verdcourt (1966, Hymowttz
Bentham (1864, 1865) (1962) 1970) (1980) Current
Section Subgenus Subgenus Bracteata | — -
Johnia Glycine G.
G. javanica G. javanica | wightii = Neonotonia
- G. petitiana
Section Subgenus Subgenus Subgenus Subgenus
Soja Soja Soja Soja Soja
(Moench) (Moench)
F.J. Herm. F.J. Herm.
G. soja (cultivated) G. ussuriensis | G. soja (previously G. | G. soja Sieb. | G. soja Sieb.
USSUTIensis) and Zucc. and Zucc.
G. - - - -
hedysaroides = Ophrestia
G. - - - -
pentaphylla = Ophrestia
G. lyalli = Ophrestia - - - -
- G. max G. max G.max (L.) | G. max (L.)
(cultivated) Merr. Merr.
Section Leptocyamus Subgenus Subgenus Subgenus Subgenus
Leptocyamus | Glycine Glycine Glycine
G. falcata G. falcata G. falcate G. falcata G. falcata
Benth. Benth.
G. clandestina G. G. clandestina G. G.
clandestine clandestina | clandestina
Wendl. Wendl.
G. clandestina var. G. G. clandestina var. G. -
sericea clandestina sericea clandestina
var. sericea var. sericea
Benth.
G. latrobeana G. latrobeana | G. latrobeana G. latrobeana | G.
(Meissn.) latrobeana
Benth. (Meissn.)
Benth.
G. tabacina G. tabacina | G. tabacina G. tabacina | G. tabacina
(Labill.) (Labill.)
Benth. Benth

(continued)
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Table 1.1 (continued)
Newell And
Hermann Verdcourt (1966, Hymowttz
Bentham (1864, 1865) (1962) 1970) (1980) Current
G. tabacina var. latifolia |- - G. latifolia G. latifolia
(Benth.) (Benth.)
Newell and
Hymowitz
Hymowitz

G. tabacina var. uncinata

G. sericea

G. canescens

G. canescens

G. canescens
F. J. Herin

G. canescens
F. J. Herin

G. tomentosa

G. tomentella

G. tomentella

G. tomentella

G.

tomentella
Hayata

Hayata

G. argyrea
by Tindale
(1984)

+

18 species
(see

Table 1.8)

Classified genus Glycine into three subgenera:

Glycine — This included the species from Africa and southeastern Asia
Soja — This included the soybean and its annual wild progenitor
Leptocyamus — Composed of nine perennial Australian species (Hermann 1962)

In 1966, Verdcourt readjusted the nomenclature and renamed Glycine to
Bracteata, also subgenus Leptocyamus to Glycine (Verdcourt 1966; Hymowitz and
Newell 1981). But in 1977, Lackey removed Bracteata as the characteristics of
G. wightii were different from Glycine and hence transferred to a new genus (Lackey
1977a, b, c). Shortly after that, Newell and Hymowttz divide the genus into two
subgenera (Soja and Glycine) (Newell and Hymowttz 1980). Later, 19 species were
added to subgenus Glycine (Tables 1.1 and 1.9), while, subgenus Soja remains the
same (Sherman-Broyles et al. 2014). More information is available at the websites
of US Department of Agriculture and the Plant List:

The plant list: http://www.theplantlist.org/tpl1.1/search?q=glycine
US Department of Agriculture (USDA), Natural Resources Conservation Service:
https://plants.usda.gov/java/nameSearch

1.2.1 Soybean Morphology

The widely cultivated soybean, G. max, is a derivative of either G. ussuriensis (soja)
or some Asiatic ancestor. It differs from other wild species in terms of inflorescence,
seed pods, and stem structure. Unlike other species inflorescence has axillary
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clusters or greatly reduced racemes without a bract at the base, and seed pods are
broad, often curved, and contain two to four seeds. Additionally, G. max has a stout
primary stem and sparse branches and does not twine or climb like other species
(Hermann 1962). The characteristics of soybean are highly influenced by climatic
conditions, soil quality, and genetics (Ratnaparkhe et al. 2011).

1.2.1.1 The Plant

Soybean is an annual plant (Ratnaparkhe et al. 2011), a bushy herb that can grow up
to 2 m (Joy et al. 1998).

1.2.1.2 Roots

Soybean has a characteristic taproot system (see Fig. 1.2a). Initially, the root grows
as a taproot which later has secondary, tertiary, and higher-order roots. The root
nodules found in the soybean roots form a symbiotic relation with Bradyrhizobium
Jjaponicum (a nitrogen-fixing bacterium) and fix nitrogen in the soil (Carlson and
Lersten 1987; Miladinovi¢ and Pordevi¢ 2011), and this feature causes the legumes
to have an increase in protein content (Singh and Chung 2016).

Fig. 1.2 The soybean plant. (a) Figure shows the shoot and root systems of soybean plant; photo
by Adam Parker. (b) The color and shape differentiate between soybean seeds. (Photo by
J. Miladinovié¢ (Miladinovi¢ and Pordevi¢ 2011))
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1.2.1.3 Stem

The stem is erect, stout, green, and covered with thick, fine brown, or gray hairs. It
is mostly branched with the first node carrying the cotyledons (Fig. 1.2a) and the
second node holding unifoliolate leaves. Hereinafter nodes have alternated trifolio-
late leaves (Miladinovi¢ and Pordevi¢ 2011).

1.2.1.4 Leaves

Soybean has three types of leaves — cotyledons, unifoliolate leaflets, and trifolio-
lates (see Fig. 1.2a). The cotyledons leaves are parts of the embryo, green or yellow,
and round in shape. Unifoliolate leaves are the first pair of oval-shaped leaves. The
trifoliolate leaves have three to four oval or spear-shaped leaflets per leaf. It is usu-
ally light to dark green and alternately arranged. They fall before the seeds are
mature (Hermann 1962; Joy et al. 1998; Miladinovi¢ and Pordevi¢ 2011).

1.2.1.5 Flowers

Flowers of soybean are very small (4—6 mm) that grow as a cluster of three to five
flowers in the axil of a branch. The color varies from white to purple. Flowers are
self-fertilizing (Miladinovi¢ and Pordevi¢ 2011). It is a typical papilionaceous
flower, with characteristic corolla composed of a standard, two wings, and two
keel petals.

1.2.1.6 Fruit

The size and shape of the seed pods differ a lot with the varieties. Typically, the pods
(legumes) are oblong, slightly bent (Frank and Fehr 1981) at the end, hairy, and
yellowish-brown in color (Hermann 1962) and grow in clusters of 3-5 (Joy et al.
1998). Each legume contains usually one to three seeds, except that plant with na
allele has pods with four seeds (Ratnaparkhe et al. 2011).

1.2.1.7 Seeds

Soybean seeds have different shapes (ovoid, spherical, or irregular rhomboid) and
colors (Fig. 1.2b). Generally, seeds are 6—11 x 5-8 mm in diameter consisting of an
embryo and a seed coat (Hermann 1962; Joy et al. 1998). The embryo is the main
source of oil and protein (Wang et al. 2019a). The embryo consists of two large
cotyledons, plumules, leaf primordia, epicotyl, hypocotyl, and radical.
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Table 1.2 Examples of some phenotypes and their corresponding genes

Trait Locus Allele type Phenotype References

Nodulation Rj2 rj2(Rfgl) Causes limitation to some Xie et al.
strains of S. Fredii, but does | (2019)
not limit B. japonicum

Flower color Wi wl White flower
Seed coat color |/ it Colorless
Seed coat color |G g Green seed color changes
after maturation

Related to Gmll_ Glyma.11G142900 | Transcription factor MYB59 | Li et al.
soybean 10950924 related (2019)
flowering time
Flowering time | E/ EI/E] Late maturity Owen

(1927)
Stem growth Dtl dtl Condition the determinate Liu et al.
habit habit (2010)

The seed coat protects the embryo. It is smooth/wrinkle in texture, glossy/matte,
and water-resistant. It can be green, brown, black, or yellow. There is a scar marking
on the seed coat known as hilum which is the point of attachment of funicle. The
hilum is either linear or oval-shaped and can be black, brown, gray, yellow, green,
or the same color as the seed coat. Hilum has a small pore at the end; micropyle,
through which embryo absorbs water, exchanges gases and also serves as an outlet
for radical to come out (Dzikowski 1936; Joy et al. 1998; Miladinovi¢ and
Dordevié 2011).

Zhang et al. (2018) found a relationship between the shiny seed coat and the
yield of oil. The seed coat of several legumes is covered with powdery bloom to
protect it from predators. The seed coat bloom in wild soybean (G. soja) is con-
trolled by Bloom1 (B7). Furthermore, Zhang et al. added that during the domestica-
tion of soybean, a nucleotide mutation in the coding region of B/ leads to a shiny
seed coat and increased the seed oil content (Table 1.2).

1.3 Soybean Cytogenetics

The soybean (G. max) genome is the product of a diploid ancestor (n = 11), which
went through aneuploid loss (n = 10), followed by polyploidization (2n = 20) and
diploidization (n = 20). It is a partially diploidized tetraploid (Lackey 1980; Singh
and Hymowitz 1988). There is possibility of genome duplications or hybridization
(Shoemaker et al. 1996, 2002; Blanc and Wolfe 2004; Tian et al. 2004). It is difficult
to count the mitotic and meiotic chromosomes due to their smaller size. By using a
chromosome image analyzing system (CHIAS), Yanagisawa et al. (1991) were able
to separate 40 soybean chromosomes into 5 groups (A, B, C, D, E). Group A con-
sists of a pair of nucleolus organizer chromosomes, group B includes two



