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Preface

The last 120 years have witnessed a remarkable evolution in the science and art of
plant breeding culminating in quite a revolution in the second decade of the
twenty-first century! A number of novel concepts, strategies, techniques, and tools
have emerged from time to time over this period, and some of them deserve to be
termed as milestones. Traditional plant breeding, immediately following the redis-
covery of the laws of inheritance, has been playing a spectacular role in the devel-
opment of innumerable varieties in almost all crops during this entire period. Mention
must be made on the corn hybrids, rust-resistant wheat, and obviously the
high-yielding varieties in wheat and rice that ushered the so-called green revolution.
However, the methods of selection, hybridization, mutation, and polyploidy
employed in traditional breeding during this period relied solely on the perceivable
phenotypic characters. But most, if not all, of the economic characters in crops are
governed by polygenes which are highly influenced by environment fluctuations, and
hence, phenotype-based breeding for these traits has hardly been effective.

Historical discovery of DNA structure and replication in 1953 was followed by a
series of discoveries in the 1960s and 1970s that paved the way for recombinant
DNA technology in 1973 facilitating the detection of a number of DNA markers in
1980 onwards and their utilization in construction of genetic linkage maps and
mapping of genes governing the simply inherited traits and quantitative trait loci
controlling the polygenic characters in a series of crop plants starting with tomato,
maize, and rice. Thus, new crop improvement technique called as molecular
breeding started in later part of the twentieth century. On the other hand, genetic
engineering made modification of crops for target traits by transferring alien genes,
for example, the Bt gene from the bacteria Bacillus thuringiensis. A large number of
genetically modified crop varieties have thus been developed starting with the
commercialization of “flavr Savr” tomato in 1994.

Meantime, the manual DNA sequencing methodology of 1977 was being
improved with regard to speed, cost-effectiveness, and automation. The first-
generation sequencing technology led to the whole genome sequencing of
Arabidopsis in 2000 and followed by rice in 2002. The next-generation sequencing
technologies were available over time and used for sequencing of genomes of many
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other model and crop plants. Genomes, both nuclear and organellar, of more than
100 plants have already been sequenced by now, and the information thus gener-
ated are available in public database for most of them. It must be mentioned here
that bioinformatics played a remarkable role in handling the enormous data being
produced in each and every minute. It can be safely told that the “genomics” era
started in the beginning of the twenty-first century itself accompanying also pro-
teomics, metabolomics, transcriptomics, and several other “omics” technologies.

Structural genomics has thus facilitated annotation of genes, enumeration of
gene families and repetitive elements, and comparative genomics studies across
taxa. On the other hand, functional genomics paved the way for deciphering the
precise biochemistry of gene function through transcription and translation path-
ways. Today, genotyping-by-sequencing of primary, secondary, and even tertiary
gene pools; genome-wide association studies; and genomics-aided breeding are
almost routine techniques for crop improvement. Genomic selection in crops is
another reality today. Elucidation of the chemical nature of crop chromosomes has
now opened up a new frontier for genome editing that is expected to lead the crop
improvement approaches in near future.

At the same time, we will look forward to replacement of genetically modified
crops by cisgenic crops through transfer of useful plant genes and atomically
modified crops by employing nanotechnology that will hopefully be universally
accepted for commercialization owing to their human-friendly and environment-
friendly nature.

I wish to emphatically mention here that none of the technologies and tools of
plant breeding are too obsolete or too independent. They will always remain per-
tinent individually or as complementary to each other, and will be employed
depending on the evolutionary status of the crop genomes, the genetic resources and
genomics resources available, and above all the cost-benefit ratios for adopting one
or more technologies or tools. In brief, utilization of these crop improvement
techniques would vary over time, space, and economy scales! However, as we stand
today, we have all the concepts, strategies, techniques, and tools in our arsenal to
practice ‘genome designing’, as I would prefer to term it, of crop plants not just
genetic improvement to address simultaneously ‘food, nutrition, energy, and
environment security, briefly the FNEE security’, as I introduced the concept in
2013 and have been talking about for the last 5 years at different platforms.

Addressing FNEE security has become more relevant today in the changing
scenario of climate change and global warming. Climate change will lead to
greenhouse gas emissions and extreme temperatures leading to different abiotic
stresses including drought or waterlogging, on the one hand, and severe winter and
freezing, on the other hand. It will also severely affect uptake and bioavailability of
water and plant nutrients and will adversely cause damage to physical, chemical,
and biological properties of soil and water in cropping fields and around. It is also
highly likely that there will be emergence of new insects and their biotypes and of
new plant pathogens and their pathotypes. The most serious concerns are, however,
the unpredictable crop growth conditions and the unexpected complex interactions
among all the above stress factors leading to drastic reduction in crop yield and
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quality in an adverse ecosystem and environment. Climate change is predicted to
significantly reduce productivity in almost all crops. For example, in cereal crops,
the decline of yield is projected at 12—-15%. On the other hand, crop production has
to be increased at least by 70% to feed the alarmingly growing world population,
projected at over 9.0 billion by 2050 by even a moderate estimate.

Hence, the unpredictability of crop growing conditions and thereby the com-
plexity of biotic and abiotic stresses warrant completely different strategies of crop
production from those practiced over a century aiming mostly at one or the few
breeding objectives at a time such as yield, quality, resistance to biotic tresses due
to disease—pests, tolerance to abiotic stresses due to drought, heat, cold, flood,
salinity, acidity, improved water and nutrient use efficiency, etc. In the changing
scenario of climate change, for sustainable crop production, precise prediction
of the above limiting factors by long-term survey and timely sensing through biotic
agents and engineering devices and regular soil and water remediation will play a
big role in agriculture. We have been discussing on “mitigation” and “adaptation”
strategies for the last few years to reduce the chances of reduction of crop pro-
ductivity and improve the genome plasticity of crop plants that could thrive and
perform considerably well in a wide range of growing conditions over time and
space. This is the precise reason for adopting genomic designing of crop plants to
improve their adaptability by developing climate-smart or climate-resilient
genotypes.

Keeping all these in mind, I planned to present deliberations on the problems,
priorities, potentials, and prospects of genome designing for development of
climate-smart crops in about 50 chapters, each devoted to a major crop or a crop
group, allocated under five volumes on cereal, oilseed, pulse, fruit, and vegetable
crops. These chapters have been authored by more than 250 of eminent scientists
from over 30 countries including Argentina, Australia, Bangladesh, Belgium,
Brazil, Canada, China, Egypt, Ethiopia, France, Germany, Greece, India, Ireland,
Japan, Malaysia, Mexico, New Zealand, Kenya, Pakistan, Philippines, Portugal,
Puerto Rico, Serbia, Spain, Sri Lanka, Sweden, Taiwan, Tanzania, Tunisia,
Uganda, UK, USA, and Zimbabwe.

There are a huge number of books and reviews on traditional breeding,
molecular breeding, genetic engineering, nanotechnology, genomics-aided breed-
ing, and gene editing with crop-wise and trait-wise deliberations on crop genetic
improvement including over 100 books edited by me since 2006. However, I
believe the present five book volumes will hopefully provide a comprehensive
enumeration on the requirement, achievements, and future prospects of genome
designing for climate-smart crops and will be useful to students, teaching faculties,
and scientists in the academia and also to the related industries. Besides, public and
private funding agencies, policy-making bodies, and the social activists will also get
a clear idea on the road traveled so far and the future roadmap of crop improvement.
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I must confess that it has been quite a difficult task for me to study critically the
different concepts, strategies, techniques, and tools of plant breeding practiced over
the last 12 decades that also on a diverse crop plants to gain confidence to edit the
chapters authored by the scientists with expertise on the particular crops or crop
groups and present them in a lucid manner with more or less uniform outline of
contents and formats. However, my experience gained over the last 7 years in the
capacity of the Founding Principal Coordinator of the International Climate
Resilient Crop Genomics Consortium (ICRCGC) was highly useful while editing
these books. I have the opportunity to interact with a number of leading scientists
from all over the world almost on regular basis. Organizing and chairing the annual
workshops of ICRCGC since 2012 and representing ICRCGC in many other sci-
entific meetings on climate change agriculture offered me a scope to learn from a
large number of people from different backgrounds including academia, industries,
policy-making bodies, funding agencies, and social workers. I must acknowledge
here the assistance I received from all of them to keep me as a sincere student of
agriculture specifically plant breeding.

This volume entitled Genomic Designing of Climate-Smart Oilseed Crops
includes eight major crops including Soybean, Oilseed Rape, Groundnut, Sunflower,
Flax, Rape and Mustard, Sesame, and Castor Bean. These chapters have been
authored by 54 scientists from six countries including Australia, Canada, China,
India, Serbia, and USA. I place on record my thanks for these scientists for their
contributions and cooperation.

My own working experience on oilseed crops dates back to early 90s in the
laboratory of Prof. Thomas C. Osborn in the Department of Agronomy of the
University of Wisconsin-Madison. I must confess that this period of about 4 years
through working on the Brassicaceae system in his lab and other two labs of his
collaborating faculties including Prof. Paul H. Williams in the Department of Plant
Pathology and Prof. Jiwan P. Palta in the Department of Horticulture had tailored
my mind-set and enriched my expertise and helped me to grow as a science worker.
Hence, I have dedicated this book to Prof. Osborn as a token of my respect, thanks,
and gratitude.

New Delhi, India Chittaranjan Kole
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Approaches, Applicability, ki
and Challenges for Development

of Climate-Smart Soybean
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Lijuan Zhou, Mariola Klepadlo, Priyanka Dhakate,

Giriraj Kumawat, Gunvant Patil, Humira Sonah,

Milind Ratnaparkhe, Rupesh Deshmukh and Henry T. Nguyen

Abstract Soybean (Glycine max L.) is an economically important crop providing a
great source for vegetable oil and protein. Yield losses of soybean under current
climate change keep increasing, despite the progressive increase in yield through
breeding and management practices since the 1960s. Conventional breeding facil-
itated the development of high-quality soybeans with enhanced tolerance to severe
environmental fluctuations such as drought, flooding, heat, and salinity. However,
conventional approaches are laborious, time consuming, and looks inefficient to
fulfill the increasing demands of the growing world population. The advances in
marker-assisted and genomics-assisted breeding, sequencing technologies, and
bioinformatics tools have enabled the soybean improvement at a faster pace. The
rapidly accumulating genomic resources have enabled the development of molec-
ular markers associated with many important quantitative trait loci, provided a clear
picture of genomic variations in soybean germplasm, and identified key genes for
genetic engineering. This knowledge is being utilized to facilitate the development
of climate-smart soybeans. In this chapter, we discuss and summarize the advances
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in soybean improvement through conventional and genomics-assisted breeding,
genetic engineering approaches, and available bioinformatics tools for soybean.
This chapter also highlights soybean genetic resources, diversity analysis, associ-
ation mapping, as well as recent strategies such as gene editing and nanotechnology
application in soybean breeding programs. This information could facilitate the
incorporation of climatic-smart traits in breeding for more stable soybean produc-
tion with the changing climate.

Keywords Soybean - Climatic change - Genetic diversity - Marker-assisted
breeding - Genetics + Genomics - Stress resistance - Gene editing

1.1 Introduction

Soybean is a self-pollinated plant that belongs to the family Fabaceae and Glycine
genus. The Glycine genus is subsequently divided into subgenera, Glycine and
Soja. The subgenus Soja has two highly recognized species including the cultivated
soybean Glycine max and the wild soybean Glycine soja. Soybean is an econom-
ically important legume crop that is rich in seed protein (40%) and oil (20%), which
provides sources of starch, dietary fiber, protein, lipids, and essential minerals for
human as well as for livestock (Chaudhary et al. 2015). It is widely grown as a grain
legume and oilseed crop in the world including the countries United States, Brazil,
Argentina, China, and India. The US is the leading producer with 35% (119.5
Million Metric Tons) of the global production (340.9 Million Metric Tons) of
soybean (SoyStats 2018 www.soystats.com).

Soybean is in high demand not only for food and feed consumption, but also it
can potentially serve as a future fuel feedstock and biodegradable plastics (Candeia
et al. 2009; Song et al. 2011). Furthermore, soybean is also used in industrial and
pharmaceutical applications as well as in the production of biodiesel (Goldberg
2008). Due to diverse uses, soybean has become a highly desirable crop and its
demand is rapidly increasing. However, the increasing global population will need
doubled food production by the year 2050 and we can only achieve ~ 55% of the
required production at the current rate of yield improvement. It is expected to be
more difficult to produce sufficient yield with the changing climate (Ray et al. 2013;
Deshmukh et al. 2014). Climate change and extreme weather conditions have a
negative impact on crop yield, because solar radiation, temperature, and precipi-
tation are the main drivers of crop growth. Additionally, climate change influences
the plant diseases and pest infestations, as well as the supply of and demand for
irrigation water (Rosenzweig et al. 2001). Therefore, the emphasis must be given
toward the production of high-yielding soybeans with high nutritional value, which
are environmentally stable and resistant to extreme weather conditions.

Plant breeding has undoubtedly improved soybean yield and resistance to biotic
and abiotic stresses to achieve the current level of demand, but the main challenge
is to continue to increase the production under the current scenario of climate
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change. In general, breeding for a complex trait is challenging due to their control
by multiple genes and they are also greatly influenced by the environment. The
conventional breeding procedures such as backcrossing, single pod descent, pedi-
gree breeding, and bulk population breeding are used in order to develop improved
varieties of soybean (Poehlman et al. 1995). To facilitate breeding advances, it is
necessary to employ modern breeding techniques such as marker-assisted breeding,
recombinant DNA technology, genome editing and “omics” (genomics, transcrip-
tomics, proteomics, metabolomics, ionomics) to improve the soybean quality and
yield. In addition, the concerns about environmental stress due to climate change
and demand of ample supply have instilled a new urgency into accelerating the rates
of genetic gain in breeding programs. Therefore, regardless of the conventional
breeding efforts, it is essential to integrate the next-generation molecular and omics
approaches for the production of high-yielding soybeans with enhanced adaptation
to various environmental stresses.

1.2 Prioritizing Climate-Smart Traits

1.2.1 Flowering Time and Maturity

Plants can perceive various environmental signals, such as photoperiod, tempera-
ture, and stresses, to flower, and thus control seed production. In soybeans, flow-
ering time and maturity are important agronomic traits, which are useful for
developing soybean cultivars with a wider geographical adaptation. Soybean is a
short-day plant. Short days induce flowering while long-day conditions delay
flowering. Photoperiod and in-season temperature are the primary factors that
dictate the region where a soybean variety is adapted. Soybean can grow in a wide
range of latitudes, from 50°N to 35°S (Watanabe et al. 2012). The adaptability of
soybean in a wide latitude is caused by natural variations of many genes controlling
flowering time and maturity. The study on the flowering and maturity controlling
mechanism of soybean can provide a theoretical basis and genetic materials for
soybean breeding, especially under the climate change scenario. Understanding the
regulatory mechanisms of flowering time and maturity allows us to modify the
growth cycles of soybean to overcome or avoid different stresses by manipulation
of the two traits.

1.2.1.1 Overview of Flowering and Maturity Regulating Genes
in Soybean

Flowering time (days to R1) and maturity (days to R8) in soybean have been
reported to be highly correlated traits (Mansur et al. 1996). Photoperiod insensitivity,
flowering time, and maturity were found to be controlled by the same genes or by
tightly clustered genes in the same chromosomal region (Tasma et al. 2001).
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In 1927, a major gene locus was detected to control maturity (Owen 1927).
Subsequent research work found that the EI locus is largely responsible for the
variation in flowering time among cultivars (Bernard 1971; Abe et al. 2003). To
date, ten genes related to flowering and maturity have been reported including nine
E genes (EI-E9) and one J gene (Bernard 1971; Buzzell and Voldeng 1980;
Bonato and Vello 1999; Cober et al. 2010; Kong et al. 2014). Six E genes, El, E3,
E4, E7, ES, and E9, can specifically participate in photoperiod response (Cober
et al. 1996; Cober and Voldeng 2001; Cober et al. 2010), with EI, E3, E4, E7, and
ES as recessive loci (Watanabe et al. 2012; Kong et al. 2014). Introgression of these
early flowering alleles results in earlier flowering under long day and improved
adaptation to short summers at high latitudes. The J locus was identified in the
progeny of crosses between standard and late flowering cultivars with a
long-juvenile habit, whose recessive allele causes late flowering under short days
(Ray et al. 1995). In general, the trait of “delayed juvenile” is useful for adaptation
to low latitudes and spring sowings at the lower latitudes (Tomkins and
Shipe 1997).

1.2.1.2 Cloning Genes Underlying the Flowering and Maturity Traits

Efforts were made to clone the underlying genes of the loci to understand the
mechanisms of flowering and maturity in soybean. The EI gene was map-based
cloned to encode a B3-like protein, which is belonging to a family of plant-specific
transcription factors. EI from soybean shows high similarity to other legumes, such
as Medicago truncatula and Lotus corniculatus. However, the E1 gene does not
exist in the model plants Arabidopsis and rice. The E2 gene was identified as the
homolog of GIGANTEA (GI), the unique plant-specific nuclear clock-associated
protein, which contributes to the maintenance of circadian period length and
amplitude, and regulates flowering time and hypocotyl growth in response to day
length (Watanabe et al. 2011). E2 can enhance the photoperiod response of soy-
bean, and it is closely related to the early flowering phenotype of soybean and the
light adaptability. E3 and E4 encode the phytochrome (phy) family of photore-
ceptors PHYA3 and PHY A2, respectively (Liu et al. 2008; Tsubokura et al. 2013).
Soybean contains four PHYA genes that consist of two pairs of homologs. E3 and
E4 represent in different homolog pairs. The homolog of E4, PHYAI, is apparently
functional, whereas the homolog of E3 carries a deletion and is probably a pseu-
dogene (Watanabe et al. 2009). E9 was identified as FT2a, an ortholog of
Arabidopsis FLOWERING LOCUS T, through fine-mapping, sequencing, and
expression analysis. Recessive allele of E9 delays flowering because of lower
transcript abundance that is caused by allele-specific transcriptional repression.
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1.2.1.3 Application of Classification of Maturity Group
(MG) in Soybean

Understanding the mechanism of soybean flowering time and maturity diversity and
adaptation is very important for breeding for high productivity in diverse latitudes.
Many soybean cultivars were bred with different maturity to adapt various eco-
logical environments. For the convenience of breeding layout, 13 MGs from 000,
00, O, I, II, to X were classified based on photoperiod and yield trial in North
America (Zhang et al. 2007). Maturity group zones represent defined areas, where a
cultivar is best adapted. But the classification of maturity group is still not inter-
nationally unified. Based on the knowledge mentioned above, flowering and
maturity were highly controlled by major genes in soybean. Therefore, flowering
time and maturity can be adjusted by soybean genetic change through breeding
efforts and genetic engineering. Although photoperiod remains constant, climatic
conditions, management practices, and soybean genetics have changed during the
past decades. Maturity group adaptation zones need to be understood, applied and
adjusted for the breeding benefit (Mourtzinis and Conley 2017).

1.2.2 Seed Composition

Soybean is a major crop for oil and protein resources, accounts for 56% of total
oilseed production in the world (Wilson 2008). The seed quality is determined by
the seeds’ composition, including protein, oil, sugars, and minerals. Soybean seeds
contain 40% protein, 20% oil, 15% soluble carbohydrate, and 15% fiber on a dry
weight basis. Protein and oil are the most abundant and valuable compositions in
soybean.

1.2.21 Oil

Soybean seed contains about up to 230 g kg~ ' of oil on a dry weight basis and the
oil contents are constituted by 16% saturated, 23% monounsaturated, and 58%
polyunsaturated fatty acids (Bellaloui et al. 2015). The major unsaturated fatty acids
in soybean are the polyunsaturated alpha-linolenic acid (7-10%), linoleic acid
(51%), and the monounsaturated oleic acid (23%) (Poth 2000; Ivanov et al. 2010).
This makes soybean oil valuable in terms of human healthy diets. However, soy-
bean oil has approximately 24% monounsaturated fatty acids (C18:1), which are
significantly less than competing oils such as canola (61%) and olive (40%) (Terés
et al. 2008). Oleic Acid (C18:1), a monounsaturated omega-9 fatty acid typically
makes up 55-83% of total oil content in olive. Monounsaturated fats are resistant to
high heat, making extra virgin olive oil a healthy choice for cooking.
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Genetic Regulation of Seed Oil Production

The oil concentration in soybean seeds is a quantitative trait governed by a number
of genes mostly with small effects and under influence of the environment.
A negative relationship between seed oil and protein was well documented, which
makes it difficult for breeders to develop high-oil soybean genotypes while
retaining a high level of protein (Wilcox and Shibles 2001; Hyten et al. 2004b).
There are >130 quantitative trait loci (QTLs) reported to be associated with oil
content in soybean (Qi et al. 2011), since the first documented report to detect oil
QTL (Diers et al. 1992). Among these oil QTLs, only a few have been detected in
multiple genetic backgrounds or environments, and none have been widely used in
marker-assisted selection (MAS) for high oil in soybean breeding programs. This
could be due to several factors affecting the usefulness of QTL, including large
confidence intervals, QTL x environment, and QTL x genetic background inter-
actions, which all impede the use of QTL in breeding programs (Qi et al. 2011).

Except QTLs, some transcription factors have been reported to modify the seed
oil content in soybean, such as transcription factors, LECI, LEC2, ABI3,
and FUS3, which are master regulators of seed development, and thus regulate oil
content (Mendoza et al. 2005). Besides, overexpression of GmDOF4 and
GmDOF11 increased lipid content in seeds of transgenic Arabidopsis plants via
direct activation of lipid biosynthesis genes and the repression of storage protein
genes (Wang et al. 2007). Transcription factor GmbZIP123, also elevated lipid
contents in seeds of transgenic Arabidopsis plants by activating Suc-transporter
genes and cell-wall-invertase genes for sugar translocation and sugar breakdown,
respectively (Song et al. 2013).

Metabolic Engineering of Fatty Acid Composition

Most domesticated oilseed crops have been successfully modified through either
breeding or genetic engineering approaches to optimize the ratio of endogenous
fatty acids in the storage oil for specific end uses (Drexler et al. 2003). For example,
suppression of the oleate D12-desaturase gene in soybean, sunflower, cotton, and
canola has resulted in the production of oils with a high C18:1 fatty acids, which
have a greater oxidative stability and improved performance in high-temperature
cooking applications. Oils with a high C18:1 ratio are also desired by the chemical
industry, as C18:1 can be used in a variety of applications including detergents,
soaps, lubricants, cosmetics, and emulsifying agents, and as a source of C9
monomers for plastics (Metzger and Bornscheuer 2006). Buhr et al. (2002)
described the development of transgenic soybean events in which the expression of
FAD2-1 and FatB was simultaneously downregulated in a seed-specific fashion,
thereby generating soybean oil with a reduced content of C16:0 (<5%) and sig-
nificantly increased C18:1 content (>85%) (Buhr et al. 2002). Recently, naturally
occurred mutant alleles of FAD2-1A and FAD2-1B in soybean plant introduction
(PD) collections were identified (Pham et al. 2011). The traditionally bred soybean



