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Dedicated to
(Late) Prof. Sukumar Dana
Formerly Professor in the Department of
Genetics and Plant Breeding of the Bidhan
Chandra Krishi Viswavidyalaya (Agricultural
University) who supervised my
Post-Graduate Thesis work on a leading
pulse crop, mungbean (green gram), and
during that period inculcated in my mind the
urge and habit of exploration, collection,
characterization and utilization of indigenous
varieties, local landraces and allied wild
species, and taught me the art and science of
‘talking’ to the plants.



Preface

The past 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
rediscovery of laws of inheritance, has been playing a spectacular role in the
development 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 environmental
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, a new crop improvement technique called as molecular
breeding started in the later part of the twentieth century. On the other hand, genetic
engineering led to the 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
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technologies were available over time and used for sequencing of genomes of many
othermodels and crop plants. Genomes, both nuclear and organellar, ofmore than 100
plants have already been sequenced by now and the information thus generated are
available in public database for most of them. It must be mentioned here that bioin-
formatics 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 at the
beginning of the twenty-first century itself accompanying also proteomics, metabo-
lomics, transcriptomics, and several other ‘omics’ technologies.

Structural genomics have 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 the replacement of transgenic 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 is too obsolete or too independent. They will always remain perti-
nent individually or as complimentary 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 envi-
ronment security, briefly the FNEE security, I have been talking about for the past
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 one hand and severe winter and
freezing on the other. 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
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among all the above stress factors leading to drastic reduction in crop yield and
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 about 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
improvement from those practiced over a century aiming mostly at one of 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 or 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 past 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 breeding 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, policymaking bodies and the social activists will also get a clear idea on the
road travelled so far and the future roadmap of crop improvement.

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 past 12 decades that also on diverse crop plants to gain confidence to edit the
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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 past 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,
policymaking, and 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 Pulse Crops includes
9 major crops including Common Bean, Pigeonpea, Chickpea, Lentil, Mungbean,
Pea, Fava Bean, Bambara Groundnut and Grass Pea. These chapters have been
authored by 80 scientists from 12 countries including Australia, Argentina, Brazil,
China, Egypt, India, Malaysia, Pakistan, Puerto Rico, Spain, UK and USA. I place
on record my thanks for these scientists for their contributions and cooperation.

My own working experience on pulse crops dates back to late 70s in the lab-
oratory of (Late) Prof. Sukumar Dana in the Department of Genetics and Plant
Breeding in the Bidhan Chandra Krishi Viswavidyalaya (Agricultural University),
West Bengal, India. While working as a postgraduate student with him on genetics
of mungbean also known as green gram, I learnt for the first time the importance of
collection, characterization and utilization of indigenous varieties, local landraces
and wild allied species in crop improvement. It is him who inculcated in me the
‘love’ for the plants and the art to ‘care’ them and ‘talk’ to them and guided me to
become a plant breeder one day. Hence, I have dedicated this book to (Late) Prof.
Dana as a token of my respect, thanks and gratitude.

New Delhi, India Chittaranjan Kole
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Chapter 1
Common Bean Genetics, Breeding,
and Genomics for Adaptation
to Changing to New Agri-environmental
Conditions

A. M. De Ron, V. (K.) Kalavacharla, S. Álvarez-García, P. A. Casquero,
G. Carro-Huelga, S. Gutiérrez, A. Lorenzana, S. Mayo-Prieto,
A. Rodríguez-González, V. Suárez-Villanueva, A. P. Rodiño, J. S. Beaver,
T. Porch, M. Z. Galván, M. C. Gonçalves Vidigal, M. Dworkin,
A. Bedmar Villanueva and L. De la Rosa

Abstract Common bean (Phaseolus vulgaris L.) has become, over the last 20 years,
a competitive crop in national, regional, and international markets. This situation
presents a dynamic environment for producers and researchers of this crop and
requires a rethinking of current strategies against research and production needs,
the opportunities and challenges of the future, and adaptation to changing agri-
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environmental conditions. Improvement of the common bean means possessing in-
depth knowledge of its genetic diversity, the genome and gene functions, to enable
the analysis of pathways and networks in response to fluctuating environmental con-
ditions. An important long-term challenge is the discovery of the gene(s) that control
important production traits such as pest and disease resistance, abiotic stress toler-
ance, and biological fixation of nitrogen. Thiswill need to be a cooperativeworldwide
effort that involves breeders, geneticists, and genomic and bioinformatics experts.
Currently, new technologies built around the recently released common bean genome
sequence are now being developed, and various genomic resources for common bean
are available and include physical maps, bacterial artificial chromosome libraries,
anchored physical and genetic maps, and expressed sequence tags. However, these
approaches require precise phenotypic data. Complex interactions between the com-
mon bean crop genotype, environmental factors in combinationwith plant population
dynamics and crop management greatly affect plant phenotypes in field experiments
and are the key for the expansion of the productivity of this crop in traditional and
nontraditional growing areas.

Keywords Abiotic stress tolerance · Agronomy · Diseases and pest resistance ·
Food legumes · Genetic resources · Genetic mapping · Molecular breeding ·
Phaseolus vulgaris L.
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1.1 Challenges, Priorities, and Prospects of Recent Plant
Breeding

1.1.1 Background

Understanding the effects of domestication on genetic diversity of common bean
(Phaseolus vulgaris L.) is of great importance, not only for crop evolution but also
for possible applications, such as the implementation of appropriate biodiversity
conservation strategies, and the use of genetic variability in breeding programs.
One of the most important and generalized features of plant domestication is the
reduction in genetic diversity, not only during the initial domestication process but
also during dispersion and adaptive radiation from the centers of domestication to
other areas. The reduction of genetic diversity is usually more drastic in autoga-
mous species such as common bean, which have restricted genetic recombination
and presents a higher population structure as compared with allogamous species
(Jarvis and Hodgkin 1999). This reduction is caused by both stochastic events (i.e.,
a bottleneck and genetic drift due to a reduction in the population size) and selection
(i.e., adaptation to a novel agrosystem) (Vigouroux et al. 2002).

A recent hypothesis for the origin of the common bean defended a Mesoamerican
origin (Bitocchi et al. 2012, 2013), based on the extensive diversity and population
structure within theMesoamerican gene pool, and the signature of pre-domestication
bottlenecks in the south of the Andes detected in five gene fragments across 102 wild
bean accessions. This novel structure of population not only evidences a Mesoamer-
ican origin but also excludes an Andean origin of common bean. Additionally, these
authors suggested that the wild common bean from northern Peru and Ecuador repre-
sents an old relict germplasm including a part of the genetic diversity of the ancestral
common bean populations, displaying a type I phaseolin that probably was extinct
in Mesoamerica. The resequencing of the genome of the common bean by Schmutz
et al. (2014) recently confirmed this hypothesis.

Domestication took place after the formation of the Mesoamerican and Andean
gene pools, and thus their structure is evident in both the wild and the domesticated
forms (Papa and Gepts 2003; Papa et al. 2005, 2007, Rossi et al. 2009). This clear
subdivision of the common bean germplasm is well documented, and it has been
defined through several studies (Papa et al. 2007; Angioi et al. 2009; Bitocchi et al.
2012, 2013). However, the number of domestication events within each pool is still
debated. Bitocchi et al. (2013) hypothesized a single domestication event within each
gene pool and indicated the Oaxaca valley in Mesoamerica and southern Bolivia and
northern Argentina as geographical areas of common bean domestication.

The exploration of TheAmericas by the Europeans, from the 15th century,marked
the arrival into the Old World of many plant species such as common bean (Phaseo-
lus vulgaris L.), peanuts (Arachis hypogaea L.), cocoa (Theobroma cacao L.), corn
(Zea mays L.), potato (Solanum tuberosum L.), tomato (Solanum lycopersicum L.),
etc. The introduction of these exotic species in a new agricultural area under differ-
ent environmental conditions raises relevant questions about adaptation, taking into
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account the requirements of tolerance to several stresses, as well as competitiveness
with other indigenous crops in production and economic value (De Ron et al. 2016).

No records of common bean earlier than 1543 have been found in European
herbariums; however, as reported by Zeven (1997), in 1669 it was widely grown in
many areas of Europe. The dispersion of the common bean to Europe probably started
from the Iberian Peninsula (Spain and Portugal), where the species was introduced
mainly from Central America around 1506 and from the southern Andes after 1532,
through sailors and traders who brought with them the nicely colored and easily
transportable seeds as a curiosity (Brücher and Brücher 1976; Debouck and Smartt
1995). The pathways of dissemination of the crop across Europe were very complex,
with several introductions from America combined with direct exchanges between
European and other Mediterranean countries (Papa et al. 2007). Over time, the dis-
semination across Europe surely occurred through seed exchanges among farmers
being facilitated by territorial contiguity and similarity of environments. The protein
marker phaseolin was used as a marker in describing the worldwide dissemination
of common bean (Gepts 1988). A higher frequency of Andean types (T, C, H, and
A) was recorded with respect to Mesoamerican ones (S, B, M) (Lioi 1989; Santalla
et al. 2002).

As mentioned before, the common bean originated and was domesticated in trop-
ical highlands. This means that abiotic and biotic conditions had an influence on the
development of European varieties (Rodiño et al. 2006, 2007). In some cases, bean
breeders have had to incorporate tolerances to abiotic stresses from sources outside
the primary gene pool of common bean. For example, tepary bean could also provide
tolerance to heat or drought, and runner bean, tolerance to low soil fertility (Miklas
et al. 2006a, b). In the case of rhizobia symbiotic system, it is possible that migration
of the species had not been parallel, so additional efforts are underway to achieve
efficient symbiotic genotypes of common bean and rhizobia (Rodiño et al. 2011). As
a result of plant-rhizobia coevolution, a spectrum of compatible specific rhizobia is
recognized for one or more legume species.

1.1.2 The Common Bean as a Food Resource

Grain legumes (pulses) are considered an essential source of nutrients and are also
recognized as poor man’s meat, showing their importance for people of developing
countries, where the consumption of animal protein is limited by nonavailability or
is self-imposed because of religious or cultural habits. Furthermore, legume seeds
contain many bioactive and/or antinutritional compounds, such as phytate, oligosac-
charides, phenolic compounds, nonprotein amino acids, lectins, enzyme inhibitors
that play metabolic roles in humans or animals that frequently assume these seeds.
These effects may be regarded as positive, negative, or both (Champ 2002).

From a nutritional point of view, the amino acid profile of legume storage proteins
reveals low amounts of the essential sulfur-containing amino acids (i.e., methionine
and cysteine) and tryptophan, while lysine, another essential amino acid, is quite
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abundant. Legume proteins complement very well those of cereals, which are nor-
mally rich in sulfur amino acids and poor in lysine and threonine. Besides the compo-
sition in essential amino acids, the nutritional quality of seed proteins is also largely
determined by their digestibility. In fact, amino acids composition only represents
the potential nutritional quality of a protein, being their bioavailability critical for
the supply of amino acids in the diet (Sparvoli et al. 2015).

The common bean is the third most important food legume crop worldwide,
surpassed only by soybean (Glycine max (L.) Merr.) and peanut (Arachis hypogea
L.), and it is the first one for direct human consumption. Beans are produced and
consumed mainly as a dry food legume, due to the high protein content of the grain,
but the use of the fresh pod (snap bean) is common in many countries. Common
bean is highly consumed in many areas of Africa and Latin America (as the most
important source of plant protein), as well as in traditional diets of the Middle East
and Europe (Broughton et al. 2003; Casquero et al. 2006). This legume is part of
the healthy diet of the European Mediterranean basin and gaining importance in the
USA where consumption has been increasing due to public interest in ethnic and
healthy foods (Blair and Izquierdo 2012).

Recently the role of bean in human diet is being focused not only in its protein con-
tent but in the functional properties also and some authors have reported that its con-
sumption could contribute to reduce the risk of obesity, diabetes, cardiovascular dis-
eases and colon, prostate, and breast cancer (Hangen and Bennink 2003; Thompson
et al. 2009). These health benefits could be due to the fiber content in the grain but also
to antioxidant compounds as the phenolic ones. All the molecules present in legumes
having anticancer properties are soluble in aqueous-alcohol extracts, while resistant
starches, present in high amount in legumes, together with non-starch polysaccha-
rides, are primarily insoluble residues from aqueous-alcohol extracts (Sparvoli et al.
2015). Colon carcinogenesis was induced by azoxymethane treatment in obese ob/ob
mice fed with a diet containing cooked navy beans (whole beans), the insoluble or
soluble fraction of aqueous-alcohol extracts, or a standard diet (Bobe et al. 2008).

1.2 Prioritizing Climate Smart (CS) Traits

1.2.1 Disease Resistance

1.2.1.1 Introduction

The abnormal functioning of diseased plants generally leads to a reduction in quan-
tity and quality of yield. Disease is the result of an interaction among the plant and
its environment and it is often affected by biotic and abiotic factors (e.g., microor-
ganisms, humidity, temperature, etc.) that are detected as signals for the activation
of plant response mechanisms (American Phytopathological Society 2005).
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When a plant is present in a stress situation (biotic or abiotic), it shows aminimum
resistance to this situation, which will slow down their vital functions, reducing their
development. This alarm phase is the one that will trigger all the mechanisms to
get over it. If this situation persists, the plant will die. However, if it triggers some
defense mechanisms, it will enter a resistance phase reaching a maximum level. If
the stress continues, the plant will enter a phase of exhaustion. This phase may cause
plant death if the stress does not disappear. Nevertheless, if the stress situation ends,
plant recovers its physiological functions, being able to regenerate and to reach a
new physiological state optimal for the present conditions, which corresponded to
the regeneration phase (Tadeo and Gómez-Cadenas 2008).

Crops are affected by a wide diversity of fungal pathogens, for example, Scle-
rotinia spp., Fusarium spp., Botrytis spp., Rhizoctonia spp., etc., causing important
economic losses (Mayo et al. 2017). A form of control to diseases is the application
of synthetic fungicides. Its application on the seed or directly to the soil can be effec-
tive against fungi that affect the crops during or shortly after germination (Beebe
and Corrales 1991) because they reduce its incidence and improve the emergence
of plants (Valenciano et al. 2004). However, applications with fungicides aimed at
avoiding damage caused by fungi that cause root rot or yellowing and wilting are
often ineffective and usually impracticable due to the large volume of soil to which
they should be directed. Actually, the number of authorized plant protection products
has been reduced in order to ensure food safety and its sustainable in the long term.
It is therefore proposed to prioritize nonchemical methods in integrated production,
organic farming, and others (Mayo et al. 2017).

As a strategy to control plant infectious diseases, mainly those caused by fungi,
the use of biocontrol agents can reduce the negative effects of plant pathogens and
they also can promote positive responses in the plant (Shoresh et al. 2010). Biocontrol
agents are perceived to have specific advantages over synthetic fungicides, includ-
ing fewer nontarget and environmental effects, efficacy against fungicide-resistant
pathogens, reduced probability of resistance development and use in organic farming
situations where synthetic fungicides are restricted (Brimner and Boland 2003).

Bacterial species belonging to genera such as Agrobacterium, Pseudomonas,
Streptomyces, and Bacillus, and fungal genera such as Gliocladium, Trichoderma,
Ampelomyces,Candida, andConiothyrium, are beneficial organisms that have shown
good efficiency as biocontrol agents against pathogenicmicroorganisms (Vinale et al.
2008a).

1.2.1.2 Trichoderma spp.

Trichoderma spp. (Teleomorph: Hypocrea) is a fungal genus that is found in the
soil, and it is a secondary fast growing opportunistic invasive (Mayo et al. 2016a,
b) producer of chitinases, glucanases and proteases, and metabolites with antimicro-
bial activity (Lorito et al. 2010). Many Trichoderma species are also well known as
biocontrol agents of important phytopathogenic fungi. The primary mechanisms of
biocontrol used by Trichoderma in direct confrontation with pathogenic fungi are
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mycoparasitism, antibiosis, and competition for nutrients with the pathogen (Har-
man et al. 2004). Trichoderma species colonize the root surface and cause substantial
changes in plant metabolism (Shoresh et al. 2010). The physical interaction between
Trichoderma and plants is limited to the first cell layer of the epidermis and the
root bark. In addition, Trichoderma biocontrol strains are able to induce the expres-
sion of genes involved in defense response and also to promote plant growth, root
development, and nutrient uptake (Hermosa et al. 2012).

Trichoderma spp. is recognized for their important benefits to agriculture such as
its ability to protect crops against diseases (Benítez et al. 2004) and increase crop
yield under field conditions (Harman et al. 2004). Most species of Trichoderma have
been linked to biocontrol and biotechnological applications (Monte 2001), and the
versatility of Trichoderma strains to suppress diseases caused by pathogens (Howell
2003). Since Trichoderma strains grow and proliferate best when there are abundant
healthy roots, they have evolved numerous mechanisms of action both to attack other
fungi and to enhance plant and root growth (Benítez et al. 2004).

In a symbiotic relationship with Trichoderma, the transport of sucrose from plants
with subsequent intracellular hydrolysis by T. virens has been shown (Fig. 1.1). This
source–sink communicationmay be central to themutualistic interaction, influencing
the development ofTrichoderma in the rhizosphere and root plant (Vargas et al. 2012).

Competition and Mycoparasitism

Competition between Trichoderma and pathogens (Fig. 1.1) would be established
with the purpose to getmore nutrients, oxygen, light, etc. (Paulitz 1990).Trichoderma
is an excellent competitor for space and nutritional resources. It appears in almost
all soils and in habitats that contain high amounts of organic matter. In those niches,
it would be an excellent decomposer of plant and fungal material. Moreover, some
species of the genus Trichoderma show great metabolomic versatility that allows
them to grow using a wide range of nitrogen and carbon sources. Furthermore,
Trichoderma has the ability to colonize the rhizosphere, and this skill might be
essential for being used as an excellent biological control agent (Howell 2003).

Mycoparasitism (Fig. 1.1) consists in the recognition of the fungus, attacking it,
and penetrating it with the purpose to cause its death. This process involves some
different phases. Firstly, Trichoderma locates the pathogen without previous contact,
beginning to enlarge toward the pathogen by tropism (Chet et al. 1981; Lu et al.
2004). During this process, Trichoderma secretes some enzymes that hydrolyze the
cell wall of the pathogen (Howell 2003; Woo et al. 2006). It has been studied that
Trichoderma releases an extracellular exochitinase (Brunner et al. 2003) that might
cause the liberation of some oligomers from the fungus, which could induce the
expression of toxic endochitinases that would diffuse and would start to attack to the
pathogen, even before the physical contact had happened. Some enzymes belonging
to these fungi have been purified and used for biocontrol. When they have been
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Fig. 1.1 Interactions between phytopathogen fungus, plant, and biocontrol agent Trichoderma.
The green lines and circles are compounds and actions produced/induced by Trichoderma. The
red lines are compounds and responses produced/caused by the phytopathogen fungus. The purple
lines and circles are the compounds and plant responses produced/induced by the fungi (Altomar
et al. 1999; Druzhinina et al. 2011; Howell 2003; Rubio et al. 2009; Vargas et al. 2011; Vinale et al.
2009; Vinale et al. 2008a, b) (6PP 6-pentyl-α-pyrone; AAC 1-aminocyclopropane-1-carboxylic
acid; IAA indoleacetic acid; ISR induced systemic resistance; MAMPs microorganism-associated
molecular patterns; PAMPs pathogen-associated molecular patterns; ROS reactive oxygen species;
SAR systemic acquired resistance)

assessed, they have shown antifungal activity and have controlled a large number
of pathogens, such as Fusarium, Rhizoctonia, Alternaria, Ustilago, Venturia, and
Colletotrichum (Lorito et al. 1993; Lorito et al. 1994).

A major part of the Trichoderma antifungal system consists of a num-
ber of genes encoding an astonishing variety of secreted lytic enzymes (Sanz
et al. 2004) including endochitinases, N-acetyl-β-glucosaminidases, chitin 1,4-β-
chitobiosidases, proteases, glucan β-1,3-glucosidases, glucan β-1,6-glucosidases,
glucan α-1,3-glucosidases, lipases, xylanases, mannanases, pectinases, pectin lyases,
amylases, phospholipases, RNAses, DNAses, etc. Some of these proteins have been
purified and their corresponding genes have been cloned and characterized by our
group: protease PRA1 (Suarez et al. 2004), chitinases CHIT36 and CHIT37 (Viterbo
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et al. 2002), α-glucanases AGN13.1 (Ait-Lahsen et al. 2001) and AGN13.2 (Sanz
et al. 2005), and β-1,6-glucanases BGN16.2 and BGN16.3 (Montero et al. 2005,
2007).

The direct confrontation assays were used to verify the ability of Trichoderma
spp. to overgrow the pathogen and its capacity of mycoparasitism. In a study, the per-
centage of overgrow oscillated between 72.77 and 14.63%, according to the species
of Trichoderma (Mayo et al. 2015).

Some Trichoderma spp. are selected because of their mycoparasitic mechanism
but the most efficient biocontrol strains display, simultaneous or sequentially, more
than one biocontrol strategy (Howell 2003). Trichoderma spp. can also exert marked
antimicrobial activity (Vizcaino et al. 2005) due to the production of blends of sec-
ondary metabolites (Cardoza et al. 2005; Reino et al. 2007). Currently, better knowl-
edge about Trichoderma has facilitated its use in biocontrol as whole microorgan-
isms, able to be monitored in natural environments (Hermosa et al. 2001; Rubio
et al. 2005), as enzyme formulations (Benítez et al. 2004) or as sources of genes for
transgenic plant development. Since the early description of the capacity of Tricho-
derma to increase plant biomass production (Chang et al. 1986), several new general
mechanisms for both biocontrol and plant growth increase have been demonstrated
and it is now clear that there must be hundreds of separate genes and gene products
involved in these processes.

There are compounds produced by Trichoderma that cause inhibitory effects on
plants. For example, trichosetin, a secondary metabolite isolated from dual cultures
of T. harzianum-Catharanthus roseus callus that is an antimicrobial compound with
activity against Staphylococcus aureus andBacillus subtilis (Marfori et al. 2002), but
also inhibited root and shoot growth in some plant species (Oryza sativa, Vigna radi-
ata,Medicago sativa, Capsicum frutescens, and Lycopersicon esculentum) (Marfori
et al. 2003). Additional compounds with negative effects on plant growth (as necrosis
in bean, tobacco, and corn) include trichocaranes (A, B, and C) (Macías et al. 2000),
konionginins (B, C, E, and G) (Cutler et al. 1989; Parker et al. 1995), cyclonerodiol,
and a laevorotatory form of harzianopyridone (Cutler and Jacyno 1991). T. virens
also synthesizes negative plant growth promoters such as viridiol, a potent herbicidal
compound, which is effective for weed control (Héraux et al. 2005).

Recently, they were identified other compounds with antimicrobial, antioxi-
dant, and cytotoxicity activity. However, they inhibited germination of cabbage
seeds as alternariol 1′-hydroxy-9-methyl ether, alternariol 9-methyl ether, alternar-
iol, altechromone A, altenuene, 4′-epialtenuene, α-acetylorcinol, and cerebroside C
(Zhang et al. 2017).

Promotion of Plant Growth

Trichoderma spp. has developed opportunistic mechanisms for their adaptation to
abiotic stresses as well as for nutrient uptake and solute transport. In the plant,
these processes are facilitated by the induction of cell wall extension and expansion,
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secondary root development, lateral root hair production and a higher photosynthetic
rate (Shoresh et al. 2010; Hermosa et al. 2013).

Trichoderma produces some organic acids such as citric or fumaric acids that
reduce soil pH and allow the solubilization of phosphates and other micronutrients
such as iron,manganese, andmagnesium (Fig. 1.1) (Benítez et al. 2004;Harman et al.
2004). On the other hand, there are some in vitro studies indicating that T. harzianum
and other Trichoderma isolates could solubilize iron (III) oxide, manganese (IV)
oxide, zinc, and phosphates, which are highly insoluble compounds or with low
solubility, owing to chelation processes and oxidation-reduction activity (Altomare
et al. 1999). The increment of all those nutrients, in particular, phosphorus, could
favor the plant growth. It has been shown that T. atroviride produces and degrades
indoleacetic acid (IAA), which in combination with ethylene by the microorganisms
present in the rhizosphere causes a promotion of plant growth (Fig. 1.1) (Gravel et al.
2007).

The volatile pyrone 6-pentyl-α-pyrone (6PP) is a common Trichoderma com-
pound that inhibits the growth of the pathogen such as Fusarium oxysporum. How-
ever, at low concentrations, 6PP significantly promotes the plant growth and it was
able to induce the expression of plant defense genes (Viterbo et al. 2007; Vinale et al.
2008a).

Cremenolide is another compound that inhibits the development of plant
pathogens. This compound significantly inhibited the growth ofF. oxysporum,Botry-
tis cinerea, and Rhizoctonia solani. Furthermore, in tomato seedlings assays it pro-
moted plant growth in terms of root length and fresh weight (Vinale et al. 2016).

Farnesol is produced by Trichoderma and is a signaling molecule that by accu-
mulating in the extracellular space generates a response across the local fungal pop-
ulation. In another study, its effect on the development of bean plant was evaluated.
This compound, which farnesol at concentrations of 10 and 100μM farnesol showed
a negative effect on growth of bean plants, which could be related to abscisic acid
synthesis. However, 2 mM of farnesol has the opposite effect. Thus, at this concen-
tration bean plants increased the development of aerial parts and root systems (Mayo
et al. 2016a, b).

Defense Response

The relationships established between plants and microorganisms are very diverse.
Plant’s defense against pathogens is regulated through a complex network of signal-
ing pathways involving several molecules such as reactive oxygen species (ROS),
salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) (Kunkel and Brooks 2002;
Vitti et al. 2015) and some secondary metabolites with antimicrobial activity that can
act also as signaling molecules (i.e., phytoanticipins and phytoalexins) (Mhlongo
et al. 2016) (Fig. 1.1). When a plant is exposed to a pathogenic microorganism,
the production of molecules associated with SA is increased, which is related to a
systemic acquired resistance (SAR) response. The response of plants against non-
pathogenic microorganisms is different, resulting in activation of signaling cascades
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that are dependent on JAandET, such as hydroperoxide lyase, peroxidase, and pheny-
lalanine ammonia-lyase, all related to an induced systemic resistance (ISR) response
(Druzhinina et al. 2011). Other responses result in rapid cell death in infected tissues.
Then, plants activate the hypersensitive response that involves the accumulation of
salicylic acid, ROS, and an increased the influx of Ca2+ (Guerrero-González et al.
2011).

Hypersensitive Defense and Phytoalexins

Another response exhibited by plants is the necrotic defense or hypersensitive defense
(Fig. 1.1) that induces the selective death of some cells to block the progress of
phytopathogens through the plant tissues (Tadeo and Gómez-Cadenas 2008). These
changes in hypersensitive reactions include loss of cell membranes permeability and
increase in respiration and production of phytoalexins. Phytoalexins are not present
in healthy plants but are synthesized in response to biotic stress as part of the plant
defense response and are restricted to the tissue colonized by the fungus and the cells
surrounding the infection site (Morrissey and Osbourn 1999). The result is death and
collapse of the infected cells. The necrotic tissues isolate the phytopathogen causing
its death because the pathogen depends entirely on the plant to survive. It is likely
that the faster the host cells die after they have been infected, the more resistant
they become to infection (Agrios 2002). For example, alfalfa (Medicago sativa) or
barrel medic (Medicago truncatula) produce medicarpin, which is an isoflavone, in
response to the pathogensColletotrichum trifolii orPhomamedicaginis, respectively
(Saunders and O’neill 2004; Jasiński et al. 2009). Other example is peanut (Arachis
hypogaea) that produces resveratrol in response to Aspergillus spp., Botryodiplodia
theobromae, Ganoderma lucidum, or Rhizopus oligosporus (Sobolev et al. 2009;
Condori et al. 2010; Yang et al. 2010; Wu et al. 2011). Soybean (Glycine max)
produces glyceollin, another phytoalexin, in response to the attack of Macrophom-
ina phaseolina, Sclerotinia sclerotiorum, Phytophthora sojae, Fusarium solani, or
Aspergillus spp. (Lozovaya et al. 2004; Feng et al. 2007; Simons et al. 2011a; Simons
et al. 2011b; Eromosele et al. 2013).

In the tripartite interaction of plants with a pathogen and a biocontrol Trichoderma
species, several changes are produced in the plant, such as the increase in phenolic
acid and lignin, accumulation of phytoalexins, and down- or upregulation of defense-
related genes expression (Guerrero-González et al. 2011; Mayo et al. 2015).

Different categories of defense-related genes whose expression is modulated by
biotic stresses have been described in bean plants interacting with pathogenic and
nonpathogenic microorganisms (Mayo et al. 2015).

SAR and ISR Responses

The perception of an external stimulus can active the response genes. There are some
components that regulate many processes in response to stimuli (Fig. 1.1).

Acomponent involved in the regulationof plant defense gene expression isWRKY
transcription factors (TFs) (Rushton and Somssich 1998; Singh et al. 2002). They
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can function up- and downstream of hormones that are involved in the antagonist
functions of SAand JA/ET.They also contribute to the development control processes
via auxins, cytokinins, and brassinosteroids (Chen et al. 2010; Agarwal et al. 2011;
Rushton et al. 2012; Bakshi and Oelmüller 2014). Several ROS-dependent responses
are controlled by WRKY TFs, and they also regulate major changes in the plant
transcriptome during early phases of root colonization with arbuscular mycorrhizal
fungi (Gallou et al. 2012).

Thus, WRKY33 has a role in biotic stress defense, where it regulates the balance
between necrotrophic and biotrophic pathogen responses (Lippok et al. 2007; Pandey
and Somssich 2009; Birkenbihl et al. 2012). A rapid pathogen-induced WRKY33
expression did not require salicylic acid signaling but downregulation of this gene
involved a direct activation of jasmonic acid (Bakshi and Oelmüller 2014). Other
reports established that WRKY33 is essential for defense against the necrotrophic
fungus B. cinerea (Birkenbihl et al. 2012). Loss of WRKY33 function results in
inappropriate activation of the SA-related host response and elevated SA levels post-
infection, and in the downregulation of JA-associated responses at later stages. This
downregulation appears to involve direct activation of several JA ZIM-domain genes,
encoding repressors of the JA response pathway, by loss of WRKY33 function and
by additional SA-dependent WRKY factors. Moreover, genes involved in redox
homeostasis, SA signaling, ET-JA-mediated cross-communication, and camalexin
biosynthesis were identified as direct targets of WRKY33. Although SA-mediated
repression of the JA pathway may contribute to the susceptibility of wrky33 plants
to B. cinerea, it is insufficient for WRKY33-mediated resistance. Thus, WRKY33
apparently directly targets other still unidentified components that are also critical
for establishing full resistance toward this necrotroph (Birkenbihl et al. 2012).

In the work of Mayo et al. (2016a), when bean plants (Phaseolus vulgaris) were
in contact with T. velutinum T028 without pathogen, the WRKY33 gene expression
was significantly upregulated while the PR genes expression (PR2, PR3, and PR4)
was significantly downregulated, compared to expression levels in plants without
Trichoderma treatment. However, in the same work, when the pathogen R. solani
was added to the substrate, expression ofWRKY33was significantly downregulated in
plants with Trichoderma inoculation, whilePR2,PR3, andPR4were downregulated.
In the study by Mayo et al. (2015), the expression of PR1, PR2, PR3, and PR4
was downregulated when beans (P. vulgaris) were inoculated with R. solani. An
overexpression of PR2 and PR5 has also been observed in Arabidopsis thaliana
inoculated by the necrotrophic bacteria Erwinia carotovora subsp. carotovora (Li
et al. 2004). WRKY family members have been shown to be responsible for the
regulation of expression of PR2 and PR5 in grapevine (Marchive et al. 2013) and A.
thaliana (Li et al. 2004). PR1, together with PR2, PR3, PR4, and PR5, is considered
marker for SAR.

WRKY33 is also involved in the regulation of expression of genes modulated
by components of the ethylene signaling pathway. Expression of ERF1 and ERF5
reached similar significant values eitherwith orwithoutTrichoderma and/orR. solani
in the substrate. WRKY33 would act as a repressor of ERF1 and ERF5 expression.
Thus, when the expression of WRKY33 is increased, the expression of ERF1 and
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ERF5 is downregulated (Mayo et al. 2016b). In Arabidopsis, ERF5 may contribute
to plant innate immunity against biotrophic pathogens, by regulating SA signaling,
while also affected plant resistance to necrotrophic pathogens by regulating JA sig-
naling (Son et al. 2012).

The CH5b gene encodes an endochitinase precursor and it is related with the
ethylene signaling pathway. In previous works, it has been shown that when this
gene was over-expressed the R. solani symptoms were reduced in crops like N.
tabacum and Brassica napus (Broglie et al. 1991). However, when P. vulgaris plants
were in contact with R. solani, the expression of this gene was downregulated but not
significantly, while treatment of these infected plants with T. velutinum resulted in its
significant upregulation. These results are in agreement with previous data, showing
that the pathogen represses its expression, and the presence of Trichoderma induced
it (Mayo et al. 2015). Furthermore, expression of a chitinase encoding gene from T.
harzianum in transgenic tobacco and potato plants and observed an increase in the
resistance to Alternaria alternata, R. solani, and B. cinerea, a much wider protection
spectrum than the one obtained when using plant chitinases (Lorito et al. 1998).

Osmotins have also plant protective effects against pathogen infection
(Narasimhan et al. 2009). When T. velutinum or R. solani were present in the soil,
the expression of OSM34 was not significantly upregulated with respect to control
plants, but when both fungi were in the soil at the same time, OSM34 was slightly
but significantly downregulated (Mayo et al. 2016b).

PAL (phenylalanine ammonia-lyase) plays an important role in plant defense; it
is involved in the biosynthesis of salicylic acid, which is related to plant systemic
resistance (Mauch-Mani and Slusarenko 1996; Nugroho et al. 2002; Chaman et al.
2003). PAL gene expression is also regulated in response to pathogen infection. The
presence of T. velutinum and R. solani in the soil resulted in a significant downreg-
ulation of this gene compared with control plants (Mayo et al. 2016b). Similarly,
potatoes inoculated with T. harzianum and/or R. solani, showed an upregulation PR1
at 168 h post inoculation (hpi) and a slight upregulation of PAL at 96 hpi, in plants
inoculated with T. harzianum alone (Gallou et al. 2009). This was in apparent con-
tradiction with other studies in which a marked induction after a short time (24 hpi
or 48 hpi) of PAL, hydroxyperoxide lyase (HPL), and Lox, PAL, ethylene receptor 1
(ERF1), ethylene-inducible CTR1-like protein kinase-encoding genes was observed
(Yedidia et al. 2003; Shoresh et al. 2005). Such differences might be attributed to the
absence of root cell penetration and colonization by the Trichoderma strain.

HPL (hydroperoxide lyase) is involved in the production of antimicrobial and
defense signaling oxylipins (Noordermeer et al. 2001; Huang et al. 2010). The pres-
ence ofT. velutinum andR. solani resulted in a downregulation of this gene expression
when compared versus control plants. Thus, after 45 days of growth in contact with
T. velutinum and/or R. solani, its expression was downregulated, indicating that the
plant identifies Trichoderma and Rhizoctonia as two invader organisms. Some of the
mechanisms activated against the presence of both are similar, independently of the
final response that will be specifically activated in the plant by each one (Mayo et al.
2016b).
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The expression of dependent genes of JA was studied in common bean plants
inoculated by T. harzianum ALL-42. They also presented differential expression
pattern for defense response such as BCH1 (chitinase), Glu1 (β-1-3-glucanase), Lox
(lipoxygenase encoding gene), and POD3 (peroxidase) in comparison to control
plants, and with plants infected with F. solani or R. solani. This response is in
agreementwith previousworkswhich showed that this is a typical host plant response
to its colonization by a symbiotic or pathogenic microorganism (Harman et al. 2004;
Shoresh et al. 2005; Shoresh et al. 2010). Plants challenged by T. harzianum ALL-
42 showed upregulation of Glu1, Lox, and POD3 compared with plants challenged
by phytopathogenic fungi. T. harzianum ALL-42 also seems to potentiate common
bean (P. vulgaris) response to the presence of the phytopathogenic fungus R. solani,
as shown by the increase in the levels of Glu1 and POD3 for the double treatment
(Trichoderma + pathogen) in comparison to that obtained for plants in the presence
of R. solani alone (Pereira et al. 2014).

The CNGC genes can be related to early plant defense responses due to changes
in ion flux, including H+ and Ca2+ influx and K+ and Cl− efflux (Atkinson et al.
1996). The upregulation of CNGC2 confirms the importance of ion channels for the
plant resistance response (Borges et al. 2012). CNGC2 was downregulated in plants
treated with T. velutinum (Mayo et al. 2016b).

GSTa (2,4-D inducible glutathione S-transferase) expression also responds to
pathogen attack (Mauch and Dudler 1993) and can be induced by molecules such as
salicylic acid, methyl jasmonate, abscisic acid, and H2O2 (Dixon et al. 2002; Moons
2005). In Gossypium arboretum, GST provides resistance to fungal pathogens and
oxidative stress (Barthelson et al. 2010). GST expression was upregulated during
fungal infection in barley, Arabidopsis, and cotton (Dowd et al. 2004; Durrant and
Dong 2004; Lu et al. 2005). However, in banana GST was downregulated following
F. oxysporum f specialis (f. sp.) cubense infection (Wang et al. 2013), which is in
agreement with the downregulation ofGSTawhen T. velutinum and/or R. solaniwere
present in the soil (Mayo et al. 2016b).

hGS encodes a homoglutathione synthetase that is involved in response to oxida-
tive stress. There is not much information about the behavior of this gene in the plant.
In the study of Mayo et al. (2016b), when bean plants (P. vulgaris) were in contact
with T. velutinum and/or R. solani, expression of this gene was significantly upregu-
lated compared to control plants. In other studies, treatment ofMedicago truncatula
plants with compounds that release nitric oxide, a key signaling molecule, induced
expression of GST but not hGS in roots (Innocenti et al. 2007). Similarly, common
bean plants treated with H2O2 showed upregulation of hGS in nodules, whereas
treatments with cadmium, sodium chloride, or jasmonic acid had no effect (Loscos
et al. 2008).

Production of Secondary Metabolites: Changes in Plant Metabolism
as Defense Response

When a plant is induced by exposure to a microorganism, it starts to produce diverse
metabolites and enzymes. The physiological changes activated in the plant lead to the
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activation of various metabolic pathways, which will be different depending on the
type and origin of these signaling natural products. Different secondary metabolites
are synthesized after perception and recognition of the signals originating from plant
or pathogenicmicroorganism elicitors produced during the first steps of plant defense
reactions (Grotewold 2005; Boller and Felix 2009; Veitch 2009). Plant responds after
the invasion of a phytopathogen or a biocontrol agent by activating disease-resistance
responses (i.e., upregulation of defense-related genes) against the invasion (Mayo
et al. 2016b). Also, plant produces some antimicrobial secondary metabolites such
as phytoalexins (phenols, isoflavones, terpenes), and some substances that can block
pathogen invasion and spread, such as lignin and callose (Chen et al. 2015). Some
plants do not produce phytoalexins when are in contact with pathogens but release
toxins that are normally stored as less toxic glycosides (Grayer and Kokubun 2001).

Trichoderma spp. are also considered as efficient producers of extracellular
enzymes, and some of these enzymes have been involved in the biological con-
trol of plant diseases (Monte 2001; Harman et al. 2004). Trichoderma species also
produce plant hormones and solubilize minerals in the soil, which help to promote
plant growth and suppress the disease (Kim et al. 2006).

During the Trichoderma–plant interaction, various classes of metabolites could
induce resistance such as proteins with enzymatic activity, low molecular weight
compounds related to the fungal or the plant cell wall, which can be originated by
the enzymatic activity of Trichoderma (Woo et al. 2006; Woo and Lorito 2007),
and other secondary metabolites. These elements trigger plant defense responses
against the pathogen (Hermosa et al. 2012; Malmierca et al. 2014), by inducing the
expression of genes encoding for pathogenesis-related (PR) proteins, which further
contribute to reduce the disease symptoms.

During the plant–Trichoderma interactions, the fungus participates actively in
protecting and improving its ecological niche. Leucine-rich repeat (LRR)-containing
proteins are signal receptors regulating plant development and defense (Afzal et al.
2008). Marra et al. (2006) observed that LRR proteins increased in bean leaves (P.
vulgaris) interacting with T. atroviride, and that hydrophobins and ABC transporters
were accumulated in the proteome of the fungus. Hydrophobins (Rosado et al. 2007)
and ABC transporters (Ruocco et al. 2007) support the biocontrol activity of Tricho-
derma and its ability to colonize the roots. In a similar way, a Trichoderma-secreted
swollenin (an expansin-like 5 protein) remarkably increased fungus plant root col-
onization efficiency. Due to a cellulose-binding domain was able to trigger defense
responses in the plant and afforded pathogen protection, indicating that this domain
might, therefore, be recognized by the plant as a microbe-associated molecular pat-
tern (MAMP) in the Trichoderma–plant interaction (Brotman et al. 2008). At least
four classes of substances that elicit plant defense responses have been identified in
Trichoderma: polysaccharide oligomers, enzymes, low molecular weight proteins,
and peptaibols. Some cell wall oligomers may act as elicitor molecules released
by plants following pathogen attack (Woo et al. 2006). The overexpression of Tri-
choderma chitinase genes in tobacco plants generates innate defense responses and
enhanced stress tolerance (Dana et al. 2006). Also, it was detected hydrophobin-like
cysteine-rich low molecular weight secreted proteins Sm1 from T. virens and Epl1
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from T. atroviride (Djonović et al. 2006; Seidl et al. 2006) that can trigger ISR but,
with the exception of peptaibols as elicitors of plant defense responses (Viterbo et al.
2007), the role of secondary metabolites in this task remains unexplored. In fact,
the peptaibol alamethicin produced by T. viride sprayed on Phaseolus lunatus plants
activates ISR, resulting in the production of defense compounds against herbivores
(Engelberth et al. 2000). A plausible explanation is that the peptaibols produced by
Trichoderma spp. can affect its own plasma membrane functions, and that the lack
of production of these metabolites by the mutant potentiates growth, leading to the
production of more aerial mycelium (Velázquez-Robledo et al. 2011).

Trichothecenes are important mycotoxins, which in general have potent phyto-
toxicity, but they are also toxic for animals and humans. Some Trichoderma species
can produce trichothecenes (Nielsen et al. 2005). Thus, T. brevicompactum pro-
duces trichodermin, a phytotoxic compound that enables this species to be used as
a biocontrol agent (Tijerino et al. 2011). T. arundinaceum produces harzianum A, a
trichothecene lacking phytotoxic activity when assayed in vivo, but with antifungal
activity against B. cinerea and R. solani (Malmierca et al. 2013). Harzianum A also
elicits systemic defense and priming responses in tomato plants (Malmierca et al.
2012). In the antagonistic interaction of T. arundinaceum and B. cinerea, the former
produces harzianum A while the latter inhibits the expression of genes in the tri-
chothecene biosynthetic cluster. B. cinerea on tomato activates a typical JA response
in the plant; T. arundinaceum on tomato activates the expression of SA and JA sig-
naling genes by the plant. In the interaction between T. arundinaceum, B. cinerea,
and tomato, there is a dramatic increase in the expression of tomato plant defense-
related genes belonging to the SA and JA pathways, compared to a background of B.
cinerea–tomato and T. arundinaceum–tomato conditions (Malmierca et al. 2012).

In the work of Velázquez-Robledo and et al. (2011) suggest that hydrolytic
enzymes and mycoparasitism are more relevant than antibiotics in the control of
R. solani during seed protection. A similar observation was made in the case of a T.
virens mutant that did not produce gliotoxin but remained efficient in the protection
of plants against infection by R. solani (Howell and Stipanovic 1995).

1.2.1.3 Conclusions

Crops are affected by a wide diversity of fungal pathogens and a method of control
is the application of synthetic fungicides. However, it is a priority to develop non-
chemical methods in integrated production, organic farming, and others such as the
use of biocontrol agents. Trichoderma is a fungal genus including a huge number of
species and strains. A high percentage of these species have the abilities to protect
crops against diseases and to increase crop yield under field conditions. Plant can
response to attack of pathogen as a hypersensitive defense that induces the selective
death of some cells, including loss of permeability of cell membranes, an increase
in respiration, and production of phytoalexins. Trichoderma and/or a phytopathogen
can cause an upregulation or a downregulated response that will depend on the func-
tion gene, plant age, tissue, etc.
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1.2.2 Cold Tolerance

Low temperature is a collective term, incorporating two distinct but related stresses,
chilling, and freezing. Chilling temperatures fall in the range of 0–15 °C, while
freezing temperatures are below 0 °C.While there is some commonality between the
metabolic impact of chilling and freezing, their physiological impacts differ. How-
ever, both chilling and freezing can have extremely harmful effects on plant functions
(Thomashow 1999). The sensitivities of plants to low temperatures are broadly corre-
lated with their agro-environmental distribution. Several visual symptoms of chilling
injury are exhibited by sensitive plant species. The most noticeable of these is the
wilting of aerial organs, resulting from reduced water retention capacity. Moreover,
prolonged chilling exposure can cause accelerated aging that is characterized by a
loss of leaf coloration (Lukatkin et al. 2012). However, the processes underpinning
the initiation and regulation of programmed cell death are not yet fully understood
(Van Durme and Nowack 2016).

Despite the proven benefits of legume utilization, yield increases have not kept
pace with those of cereal crops. Global increases in legume production are a result
of increased land usage, rather than a direct increase in crop productivity (Foyer
et al. 2016). Pulse crops are members of a diverse family of plants, the ecological
and nutritional characteristics of which are well matched to the varied challenges
of climate change, calorific provision, and nutritional demand. However, in order to
sufficiently address these challenges a greater level of research must be conducted
into legume biology, with a specific focus on the enhancement of legume survival
and productivity under stress conditions (Foyer et al. 2016). Low temperatures in
particular place a significant constraint on global legume yields and those legumes
of significant dietary importance must be studied further.

While the general mechanisms of low-temperature tolerance have been character-
ized in the plant kingdom, extensive research has not been conducted on the factors
underpinning low-temperature tolerance in legumes. Recent evidence has emerged
showing that cold tolerancemay be enhanced through favorable interactions between
plants and the soil microbiome (Subramanian et al. 2016). This finding is particularly
interesting when considered in the context of legumes, which are characterized by
their intimate links with the soil microbiome.

Low temperature is a phenomenon that impacts agricultural productivity on every
continent. In the United States, an estimated 25% of the reduction in crop produc-
tivity was attributed to low temperatures (Boyer 1982). Exposure to cold is also a
limiting factor in the agricultural distribution of legume crops in Australia (Maq-
bool et al. 2010) and Africa. Moreover, in Europe severe cold weather events limit
overwintering legumes such as faba bean (Vicia faba) and chickpea (Cicer ariet-
inum) (Link et al. 2010). As such, the development of low-temperature tolerant
legume crops is of critical importance for the protection of food security (Link et al.
2010). Yield reduction is the dominant consequence of stress exposure. Plants are
vulnerable to cold stress at all stages of development, with susceptibility being par-
ticularly high during seedling establishment and seed formation. However, plants
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employ numerous strategies for the survival of low-temperature stress. While the
genetic and biochemical factors underpinning low-temperature tolerance have been
extensively characterized in cereals (Winfield et al. 2010), limited research has been
conducted on the mechanisms of low-temperature tolerance in legumes.

Biotechnology has provided some insight into the genetic factors contributing to
stress tolerance; however, the focus has been placed on abiotic stresses. Moreover,
the resolution of causative genetic factors tends only to extend to the level of genomic
loci. As such, progress needs to be made in the elucidation of single gene location
and function (Dita et al. 2006). However, some understanding of the mechanisms
through which plants protect against abiotic stress exposure has been gained through
transgenic studies. In legumes, the most susceptible stages are flowering, early pod
formation, and seed-filling stages (Siddique et al. 1999). The cold stress can also
lead to other problems, including increased vulnerability to pathogen entry, such
as to bacterial blight, which requires a wound to infect the field pea plant. Genetic
assessment for frost tolerance in pulses either under natural or controlled frost con-
ditions is a relatively new area of research, with the majority of studies carried out on
reproductive frost tolerance in barley (Reinheimer et al. 2004) and cold tolerance in
chickpea (Clarke et al. 2004). The timing of the exposure to low temperature or frost
is a key factor that determines the disruption of fertilization of flowers in legumes
(Stoddard et al. 2006). However, international efforts to breed for frost tolerance,
cold tolerance, freezing tolerance, and winter hardiness vary depending on the spe-
cific local climatic conditions, whereas the most severe damage may be caused at
the seedling stage, the vegetative stage or the reproductive stage.

The genetic improvement strategies could include developing new screening and
selection methodologies, including methods for marker-assisted backcrossing and
genetic engineering (Stoddard et al. 2006). Only a limited number of studies have
been carried out on tolerance in pulse crops (Margesin et al. 2007).

1.2.3 Drought Tolerance

Legumes rank among humanity’s most important agricultural food crops. They are
grown in almost every climatic region and on a wide range of soil types. Drought is
one of the most common abiotic stresses reducing the yield of many crops including
legumes. The yield of food legumes grown in arid to semiarid environments or
drylands such as the Mediterranean (e.g., faba beans, chickpea, and lentil) is usually
variable or low due to terminal droughts that characterize these areas (Mafakheri
et al. 2010; Karou and Oweis 2012). Improving the tolerance of crops under water-
limited environments is prerequisite if agricultural production is to keep pacewith the
expected demographic increase.Beyondproductivity, the resilience of crops towater-
limited environments, i.e., the capacity to yield even under very harsh conditions,
will be increasingly important. The economically viable approaches to support crop
production under drought are still limited. More importantly, it remains unclear how
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the impact of drought on legume production varies with legume species, regions,
agroecosystems, soil texture, and drought timing.

Besides soil degradation and heat stress (Abate et al. 2012), drought is the abiotic
factor that most adversely affects legume production. It turns out, however, that
the largest producers of pulses (70% of global production) (Gowda et al. 2009) are
located in regions that experience water shortage (Rockstrom et al. 2009) and their
production are highly vulnerable to drought.

1.2.3.1 Differences in Species Response to Drought

There are significant differences among legume species with regard to their adapt-
ability to drought as measured by their ability to maintain high yield following a
period of water stress. Lentil and groundnut were the legumes that exhibited the
lowest yield reduction (21.7% and 28.6% respectively) while faba bean had the
highest yield reduction (40%) under the highest observed water reduction (>65%).
Under slightly lower water reduction (60–65%), pigeon pea exhibited the lowest
yield reduction (21.8%) followed by soybean (28.0%), chickpeas (40.4%), cowpeas
(44.3%), and common beans (60.8%). There are some legume crops (soybeans and
common beans) that havemigrated successfully from their center of origin while oth-
ers remain largely confined to their areas of origin. During the evolutionary history
of domesticated species, the wild types generally adapt themselves to their environ-
ment of origin, ensuring their own survival and that of their progeny. At the same
time, genetic variability may exist within a legume species, from extremely drought-
sensitive to drought-resistant types. This origin, however, does not always correspond
to the adaptability of a legume species to drought. This indicates that most legumes
may have the potential to be modified into more drought-resistant species.

1.2.3.2 Differences in Drought Responses Under Different Plant
Phenological Stages

Plant phenological stage affected the percentage of yield reduction observed in
legume crops, with drought during the vegetative phase resulting in lowest yield
reduction (15.5%) compared to drought that occurred during the early and late repro-
ductive stages under the same amount of water reduction. Although drought during
the very early vegetative stage may impair germination, most studies that exam-
ined the effect of drought usually allowed sufficient water to support good and uni-
form plant establishment. Therefore, drought that happens during the later vegetative
periods was relatively more tolerable to plants even though they might experience
retarded cell elongation, division, and differentiation (Farooq et al. 2009). They are
still able to maintain their growth functions under stress because early drought may
lead to immediate survival or acclimation where the plants modify their metabolic
and structural capabilities mediated by altered gene expression (Chaves et al. 2002).
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A number of drought-resistant cultivars/lines of different crops have been devel-
oped solely using conventional breeding approach. These drought-tolerant lines of
different crops provide a sound testament that conventional plant breeding played a
considerable role during the last century not only for improving the quality and yield
of crops but also for improving abiotic stress tolerance including drought tolerance.
While transferring desired genes from one plant to other through the conventional
plant breeding, a number of undesired genes are also transferred. Furthermore, to
achieve the desired gain through traditional breeding, a number of selection and
breeding cycles may be required. The limited success in improving crop drought
tolerance could be due to the reason that the drought tolerance trait is controlled by
multiple genes having an additive effect (Thi Lang and Chi Buu 2008) and a strong
interaction exists between the genes for drought tolerance and those involved in yield
potential. Thus, there is a need to seek more efficient approaches for genetically tai-
loring crops for enhanced drought tolerance.

The role of polygenes in controlling a trait has been widely assessed by traditional
means, but the use of DNA markers and quantitative trait locus (QTL) mapping has
made it convenient to dissect the complex traits (Humphreys and Humphreys, 2005).
Due to the intricacy of abiotic stress tolerance and the problems encountered in
phenotypic-based selection, the QTL mapping has been considered as imperative to
the use of DNA markers for improving stress tolerance (Ashraf et al. 2008). QTL
mapping for the drought tolerance trait has been done in different crops, the most
notable being maize, wheat, barley, cotton, sorghum, and rice (Bernier et al. 2008).
Molecular mapping and a number of QTL associated with drought tolerance iden-
tified in different crops can be effectively used in appropriate breeding programs
meant for improving crop drought tolerance. Marker-assisted breeding approach is a
prospective alternative to traditional breeding, because of being less time-consuming
and labor- and cost-effective. Molecular mapping and analysis of QTL have been
carried out for a number of qualitative and quantitative traits including stress toler-
ance, which has undoubtedly resulted in a great magnitude of knowledge and better
understanding of the causal genetic phenomena that regulate these traits.

1.2.4 Insect Resistance

1.2.4.1 Biological Control Agents Against Insect Pests

Nowadays, the priority in pest management is to select compounds with different
modes of action, with greater selectivity and less persistence. Thus, to minimize side
effects on auxiliary fauna, the environment, and public health, there is an increasing
interest on the use of entomopathogenic fungi to control invertebrate pests, weeds,
and plant diseases, as shown by the increasing number of commercial products avail-
able or under development (Rodríguez-González et al. 2017a). Entomopathogenic
fungi have great potential as control agents, constituting a group with more than 750
species, disseminated in the environment and causing fungal infections to arthropods
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populations (Pucheta-Díaz et al. 2006). López-Llorca and Hans-Börje (2001) cite the
following genera as the most important for arthropod control:Metarhizium, Beauve-
ria, Paecilomyces, Verticillium, and Trichoderma. The field of biological control is
an industry focused on the development of less harmful pest management strategies
(Abdul-Wahid and Elbanna 2012). In recent years, this industry has started to use
fungi to control populations of insect pests, specifically agricultural pests (Hajek
2004). The ability of entomopathogenic fungi to actively invade live insects through
their cuticle and proliferate inside them,make these fungi unique and highly effective
tools for the management of insect pests (Rodríguez-González et al. 2016).

Meyling and Eilenberg (2007) pointed out that in order to use entomopathogenic
fungi as BCAs it is essential to use agricultural practices which enhance their estab-
lishment and development. For this reason, knowledge about the ecology of these
fungi is of utmost importance. Different parameters which influence the ecology
of these fungi are humidity, temperature, pathogenicity, virulence, and hosts range,
among others. These pathogenic fungi have been searched and isolated in plants
and crops affected by pests and/or diseases. Different Trichoderma species have
been isolated and identified in bean seeds (Phaseolus vulgaris) (Campelo 2010).
Rodriguez-Gonzalez and Carro-Huerga (unpublished data) have also been able to
isolate and identify different Trichoderma species on vineyard soils and vine wood
(Vitis vinifera) affected byXylotrechus arvicolaOlivier (Coleoptera: Cerambycidae).

Rumbos and Athanassiou (2017) described that most studies using ento-
mopathogenic fungi to control post-harvest insects have been conductedwith isolates
ofBeauveria bassiana and, to a lesser extent,Metarhizium anisopliae (Metschnikoff)
Sorokin (Ascomycota: Hypocreales). These fungal pathogens have a wide host range
and have been tested against most of the major storage pests under various conditions
and crops.

Some studies have been conducted against Sitophilus zeamais (Motschulsky)
(Barra et al. 2013), A. obtectus (Dal Bello et al. 2006), and Callosobruchus mac-
ulatus (F.) (Cherry et al. 2005) with B. bassiana, while M. anisopliae has been
tested to control Rhyzopertha dominica (F.) (Athanassiou et al. 2008), and Sitophilus
oryzae (L.) (Batta 2004). B. bassiana has shown high effectiveness on the control of
other Coleoptera families, as for example Enaphalodes rufulus (Coleoptera: Ceram-
bycidae) (Meyers et al. 2013), Monochamus alternus (Coleoptera: Cerambycidae)
(Maehara andKanzaki 2013) andX. arvicola (Coleoptera: Cerambycidae) under lab-
oratory conditions (Rodríguez-González et al. 2016) or simulating field conditions
in laboratory (Rodríguez-González et al. 2017b).

As described for B. bassiana, Trichoderma has shown good results in the control
of different development stages of several insect pests within the orders Lepidoptera
and Coleoptera. Examples of these results are shown in Alahmadi et al. (2012) with
Lucanus cervus (Coleoptera: Lucanidae), Ghosh and Pal (2016) with Leucinodes
orbonalis (Lepidoptera: Crambidae) and Rodríguez-González et al. (2017a, b) with
X. arvicola (Coleoptera: Cerambycidae). For all this, the use of Trichoderma spp.
as BCA against A. obtectus (Coleoptera: Chrisomelidae: Bruchinae) may be an eco-
nomical, simple, and ecologically sustainable alternative.
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1.2.4.2 Trichoderma spp.

Harman and Kubicek (2002) described Trichoderma spp. (Teleomorph: Hypocrea)
as a genus of filamentous ascomycetes that is among the most commonly found
saprophytic fungi in nature. These fungi frequently appear on the ground and grow
on wood, bark, other fungi, and many other substrates, having high opportunistic
potential and great adaptability to diverse ecological conditions. Trichoderma spp.
produces chitinases, glucanases, and proteases, as well as other metabolites with
antimicrobial activity (Lorito et al. 2010). Many Trichoderma species are also well
known as biocontrol agents of important phytopathogenic fungi. Its twomainmecha-
nisms of biocontrol against these pathogens aremycoparasitism antibiosis (Papavizas
1985) and competition for nutrients with the pathogen (Harman and Kubicek 1998).
Trichoderma species colonize plant root surface and cause substantial changes in
plant metabolism (Harman et al. 2004).

There are several authors (Benítez et al. 2004)whohave recognizedTrichoderma’s
important benefits to agriculture, such as its ability to protect crops against diseases
and increase crop yield under field conditions (Harman et al. 2004). Benitez et al.
(2004) described that once Trichoderma strains have grown and proliferated around
abundant healthy roots, the fungus develops numerous mechanisms of action both
to attack other fungi and to enhance plant and root growth.

1.2.4.3 The Bean Weevil, Acanthoscelides Obtectus

The bean weevil is an insect pest of neotropical origin (Fig. 1.2a) that feeds on wild
and cultivated common bean (Paul et al. 2009; Thakur 2012; Vilca-Mallqui et al.
2013). Their larvae feed exclusively on the seeds and, cause considerable damage
to them (Fig. 1.2b). The galleries they produce in the seed destroy the cotyledons,
causing a significant reduction in its weight and germination rate (Gallo et al. 2002;
Quintela 2002). Moreover, the commercial depreciation of the damaged beans is
also due to the presence of insect excrements and death individuals. These remains
favor the development of fungi and other pathogens inside the beans making them
unsuitable for human consumption (Ramírez and Suris 2015).

The bean weevil is both a field and a storage pest, although major losses are
caused when beans are in storage (Baier and Webster 1992). The bean weevil is a
polyphagous species that affects around 35 species of legumes (Romero-Nápoles and
Johnson 2004). Adults are straw colored, have an ovoid shape and, measure 2–4 mm
in length. They are good flyers and can easily infect new beans, both in the field and
in storage (Gallo et al. 2002). Gołebiowski et al. (2008) described that these insect
populations grow exponentially when left untreated and can destroy stored crops
within a fewmonths. Themanagement of the beanweevil in storage facilities is either
nonexistent (by small farmers) or relies on the application of synthetic insecticides
(in big storage facilities), such as phosphine, pyrethroids, and organophosphates
(Daglish et al. 1993; Oliveira et al. 2013). The application of these compounds
causes the development of pest resistance, environmental contamination and also
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Fig. 1.2 A. obtectus adults (left: female; right: male) (a). Damage caused in beans by A. obtectus
larvae (b) (images from da Silva 2017)

threats human health (Subramanyam and Hagstrum 1995; Daglish 2008). Therefore,
the use of synthetic insecticides has been recently questioned by a society that seeks
sustainable alternatives for pest control (Regnault-Roger et al. 2012).

1.2.4.4 Trichoderma spp. Against the Bean Weevil

Four Trichoderma species were evaluated against bean weevil eggs showing high
biocontrol activity. T. harzianum had an almost total ovicidal control (96.7% of eggs
infected) (Fig. 1.3a). T. atroviride and T. citrinoviride also inhibitedmost of the tested
eggs (Fig. 1.3b, c), whereas T. longibrachiatum was only able to infect half of the
eggs (Fig. 1.3d).

T. harzianum has been described in previous reports as a control agent against
insect immature stages (Alahmadi et al. 2012) using Trichodex® (Makhteshim Ltd.,
Makhteshim-Agan of North America, Inc., New York). Trichodex® is a commercial
compound made from T. harzinanum that controlled Lucanus cervus (Coleoptera:
Lucanidae) larvae. T. citrinoviride also showed a biocontrol effect on A. obtectus
eggs. There are no previous studies where T. citrinoviride was applied to control
immature stages of insect pests. Until now, this Trichoderma species has been used
exclusively against plant diseases, so it may be interesting to test their insecticidal
activity on other insect species. Even the lower effect shown by T. atroviride could be
used to significantly reduce egg density and subsequently diminish the emergence of
neonatal larvae in storage conditions. This inhibitory activity shown by T. atroviride
has also been described by Razinger et al. (2014) treatingDelia radicum L. (Diptera:
Insecta) larvae. To date, no use of T. citrinoviride has been described to control
insect pests, being its use limited to species of the Plantae kingdom (Mayo et al.
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Fig. 1.3 Infection and sporulation of T. harzianum (a), T. atroviride (b), T. citrinoviride (c), and
T. longibrachiatum (d) on bean weevil eggs (images from Rodríguez-González et al. 2017a)

Fig. 1.4 Bean weevil eggs infected by Trichoderma species during 15 days after treatment. Upper
and lower error bars are represented (image from Rodríguez-González et al. 2017a)

2015). Likewise, T. longibrachiatum, T. citrinoviride, and T. longibrachiatum have
been used mainly on plants and have not been described as a biological control
agents against insect pests, but for the control of Leucinodes orbonalis (Lepidoptera:
Crambidae) larvae (Ghosh and Pal 2016).

The Fig. 1.4 shows the percentage of bean weevil eggs hatching during 15 days
after they have been treated by the different Trichoderma species evaluated.
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When these Trichoderma species were applied on bean weevil adults, the results
showed that T. citrinoviride was able to control all adults evaluated. Furthermore,
T. longibrachiatum, T. harzianum, and T. atroviride also showed a high perfor-
mance, being able to control 98.3, 95.0, and 93.3% of adults evaluated, respectively
(Da Silva 2017). T. longibrachiatum has also been used to control adult stages of
insect pests such as Bemisia tabaci (Homoptera: Aleyrodidae) (Anwar et al. 2017)
and Leucinodes orbonalis (Lepidoptera: Crambidae) (Ghosh and Pal 2016). As for
T. citrinoviride, it has biological activity against the aphid Rhopalosiphum padi
(Homoptera: Aphididae), an important pest of cereal crops (Ganassi et al. 2016).
T. atroviride, on the other hand, proved to be useful against the cabbage root fly,
Delia radicum (L.) (Diptera: Anthomyiidae) (Razinger et al. 2017). The cited species
obtained high control rates in all cases.

Great attention is focused on developing these entomopathogenic fungal species
as inundative biopesticides against insect and other arthropod pests (de Faria and
Wraight 2007). Many authors highlight the multiple roles played by fungal ento-
mopathogens as a promising potential for their indirect, multifaceted, and cost-
effective use in sustainable agriculture (Jaber and Ownley 2018). For instance,
they can be used as biofertilizers (Kabaluk and Ericsson 2007; Sasan and Bidochka
2012; Jaber and Enkerli 2016, 2017), as a vertically transmitted fungal endophytes
(Quesada-Moraga et al. 2014; Lefort et al. 2016), and dual microbial control agents
of plant diseases and arthropod pests (Vega et al. 2009; Ownley et al. 2010; Lacey
et al. 2015). Several studies have shown that by inoculating Trichoderma on plants,
insect behavioral changes occur due to plant emitted volatiles and, plant defensive
responses are activated. Previous studies have shown changes on insect development
and behavior by treating their plant hosts seeds with fungi. Akello and Sikora (2012)
reported that inoculation of fungal isolates in bean seeds reduced the population of
Acyrthosiphon pisum Harris (Homoptera: Aphididae) 33 fold compared to popu-
lation growth observed in untreated samples. Menjivar-Barahona (2010) described
the reduction of whitefly population in tomatoes inoculated with T. atroviride. More
recently, Rodríguez-González et al. (2018), demonstrated that the application of dif-
ferent Trichoderma species (volatile producers and nonproducers) on beans changed
the behavior of A. obtectus adults. Accordingly, a new line of research is opened
for the control of insects by treating beans with Trichoderma. To date, the treatment
of bean seeds with different Trichoderma spp. has been focused on the control of
phytopathogenic fungi. This technique is easy, fast, and saves time and resources
(Martínez et al. 2013).

In conclusion, these results show that the Trichoderma species evaluated against
the beanweevil may be suitable for the control of this insect pest. T. harzianum shows
good control activity against different A. obtectus stages. Meanwhile, T. atroviride,
T. citrinoviride, and T. longibrachiatum exhibit high biological control activity only
on adults. These fungi can be considered a highly effective tool for the control of
this insect species.



26 A. M. De Ron et al.

1.2.5 Other Crop-Specific Traits: Biological (Symbiotic) N
Fixation

Approximately 80% of Earth’s atmosphere is nitrogen gas (N2). Unfortunately, N2

is unusable by most living organisms. All organisms use the ammonia (NH3) form
of nitrogen to manufacture amino acids, proteins, nucleic acids, and other nitrogen-
containing components necessary for life. Biological nitrogen fixation is the process
that changes inert N2 into biologically useful NH3. This process is mediated in nature
only byN-fixing rhizobia bacteria (Sørensen andSessitsch 2007).Other plants benefit
fromN-fixing bacteria when the bacteria die and release nitrogen to the environment.
In legumes and a few other plants, the bacteria live in small growths on the roots
called nodules. Within these nodules, nitrogen fixation is done by the bacteria, and
the NH3 they produce is absorbed by the plant.

The legumes provide a range of nutritional and agroecosystems services to the
societies: as important sources of protein-rich food and feed, oil, fiber, minerals,
and vitamins, improve soil fertility by contributing nitrogen through atmospheric N2

fixation in symbiosis with rhizobia; improve soil structure and increase soil organic
carbon status; reduce the incidence of pest and diseases in cropping systems; and
increase the overall productivity and economic benefits of the production systems
(Lupwayi et al. 2011). Legumes also contribute to mitigating the climate change
effects by reducing fossil fuel use, ammonia fertilizer production or by providing
feedstock for the emerging bio-based economies where fossil fuel sources of energy
and industrial rawmaterials are replaced in part by sustainable and renewable biomass
resources.

Thus, the legumes are key components of sustainable agriculture and their use
in crop rotation leads to a reduction in agricultural CO2 emissions and a decrease
in nitrogen fertilizer application (Barton et al. 2014) for their capacity for nitrogen
fixation. Interestingly, the nitrogen-fixing capacity of legumes is not a ubiquitous
trait, with approximately 88% of described legumes showing this ability (Graham
and Vance, 2003). The N2 fixed by the legume crops represents a renewable source
of nitrogen for agricultural soils. Globally, legumes in symbiosis with soil rhizobia
are reported to fix 20–22 million tons of nitrogen each year in agricultural produc-
tion systems (Herridge et al. 2008). Nitrogen fixation is achieved through symbiotic
interactions with organisms in the soil microbiome, consisting of bacterial species,
rhizobia, and arbuscular mycorrhizal fungi. The legumes are able to access atmo-
spheric nitrogen fixed in the forms of ammonia (NH3), nitrate (NO3−) or ureides
(Atkins 1987). This process of symbiotic nitrogen fixation is resulted from the com-
plex interaction between the host plant and rhizobia. This mutualistic relationship is
beneficial for both symbiotic partners; the host plant provides the rhizobia with car-
bon and source of energy for growth and functions while the rhizobia fix atmospheric
N2 and provide the plant with a source of reduced nitrogen in the form of ammonium.
Thus, the process offers an economically attractive and ecologically sound mean of
reducing external inputs and improving internal resources (VanHameren et al. 2013).
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Legume nodules are very complex organs, containing several interacting pro-
cesses that operate at distinct levels, including, at least, nodule formation, carbon
metabolism, oxygen supply, cellular redox, and transmembrane transport (Udvardi
and Poole 2013). Nodule metabolism and regulation have been a topic of intensive
research for quite a long time. Despite the enormous progress in this field, more
research will still be required to provide a greater understanding of this fantastic pro-
cess (Oldroyd andDixon 2014). Pink or red nodules should predominate on a legume
in the middle of the growing season. If white, gray, or green nodules predominate,
little nitrogen fixation is occurring as a result of an inefficient rhizobia strain, poor
plant nutrition, pod filling, or other plant stress. Factors like temperature and water
availability may not be under the farmer’s control, but nutrition stress (especially
phosphorus, potassium, zinc, iron, molybdenum, and cobalt) can be corrected with
fertilizers. An increase in soil concentration of nitrate can inhibit N2 fixation quite
severely. When nutritional stress is corrected, the legume responds directly to the
nutrient and indirectly to the increased nitrogen nutrition resulting from enhanced
nitrogen fixation. Poor nitrogen fixation in the field can be easily corrected by inoc-
ulation, fertilization, irrigation, or other management practices.

Plant breeding research in the 1980s and 1990s focused at combining high sym-
biotic nitrogen efficiency into improved genetic backgrounds in legumes, with some
germplasm and breeding lines with high N2 fixation being released. This becomes
more important in the view of advances made in genomics of rhizobium and several
model symbiotic nitrogen-fixing (SNF) legumes. Research on SNF suggests that sev-
eral plant traits are associated with nitrogen fixation in grain legume crops, including
nodule number and nodule weight, root and shoot weight, total biomass, and percent
and total atmospheric N2 fixed. An accurate estimation of the total atmospheric N2

fixed and phenotyping of traits associated with nitrogen fixation is a prerequisite to
detect genetic variation associated with nitrogen fixation in crop germplasm. Digital
image analysis allows rapid and nondestructive phenotyping of various parameters
after segmentation of an image and extraction of quantitative features from the seg-
mented objects of interest (Hatem and Tan 2003). Gray et al. (2013) developed a
minirhizotron imaging system as a novel in situ method for assessing the number,
size, and distribution of nodules in field-grown soybean exposed to elevated atmo-
spheric CO2 and reduced precipitation. The performance of the symbiosis depends
on the rhizobial attributes of competitiveness, infectiveness, and effectiveness. In
the future, the success of SNF will depend on improving host plant, rhizobia, and
environment system of the crop. Therefore, plant breeders should consider nitrogen
fixation in the breeding programs as mandatory and a prerequisite for the future
success of symbiosis.

The discovery of PCR-based DNA markers led to the construction of genetic
linkage maps of varying intensity that has revolutionized the use of genomic-led
approaches in applied crop breeding. Genetic research in the preceding paragraph
clearly indicates that SNF is a complex trait and is possibly governed by various
genes with varying effects, and dissecting its genetic basis may provide crop breed-
ers more opportunities to harness marker (QTL)-trait association in crop improve-
ment (Collard and Mackill 2008). A large number of specific genes influencing the
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legume–rhizobia interactions have been cloned or analyzed with forward and reverse
genetics. Likewise, the sequence variations among rhizobium genomes may provide
insights into the genetic basis of SNF. Several data are now available, through clas-
sical genetic experiments (screening of mutants, etc.) and whole genome sequences.
However, no ultimate markers for the identification of the “best” strains can be
defined, since the overall picture of gene interactions during the symbiotic pro-
cesses is not fully understood, especially for those genes present in the dispensable
genome fraction of rhizobial species. Consequently, more effort is needed toward the
molecular characterization of gene functions and the modeling of genome–pheno-
type relationships. A large number of mutants with altered nodulation pattern (nod−,
no nodulation; nod+/−, few nodules; fix−, ineffective nodulation; nod++, hypern-
odulation; nod++nts, hypernodulation even in the presence of otherwise inhibitory
nitrate levels) have been reported in several grain legume crops (Bhatia et al. 2001).

Research showed that use of nodulation mutants has indeed contributed to the
understanding of the genetic regulation of host–symbiotic interactions, and nodule
development and nitrogen fixation (Sidorova et al. 2011). The use of DNA markers
may, therefore, facilitate the identification of QTL associated with high SNF and
their introgression into improved germplasm (Collard and Mackill 2008). Candidate
genes associated with high nitrogen fixation have been identified in the genomes of
common bean (Ramaekers et al. 2013), soybean (Schmutz et al. 2010), and model
legumeM. truncatula (Stanton-Geddes et al. 2013). Sequence variation of plant genes
that determine the stability and effectiveness of symbiosismay be used for developing
DNA markers that will facilitate breeding of legume cultivars with high symbiotic
efficiency (Zhukov et al. 2010). The future of rhizobial biology is then directed
toward the screening and collection of strains with interesting phenotypes and to
link, under a systems biology view, such new or already known phenotypes with
genomic information, providing genetic tools to screen and improve plant growth
promoting performances of rhizobial strains.

1.3 Genetic Resources of CS Genes

1.3.1 Primary Gene Pool

Daryanto et al. (2015) reported that, among different grain legumes, common beans
have among the greatest seed yield reductions in response to drought, with an esti-
mated 70% of bean production areas affected by drought worldwide (Beebe et al.
2012).MiddleAmerican races, specificallyDurango race bean lines, originating from
higher altitude semiarid climatic zones and have the highest levels of drought toler-
ance (Singh 2001). Hybridization of Mesoamerican and Durango races has resulted
in improvements in drought tolerance (Terán and Singh 2002; Frahm et al. 2004).

Limited sources of heat tolerance have been found in common bean, while most
current production areas in Africa and Latin America are predicted to be unsuitable
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for bean production by 2100 (Ramirez-Cabral et al. 2016). The small-seededMiddle
American race Mesoamerica has the highest levels of heat tolerance. Beebe et al.
(2013) note that larger seeded Andean beans with determinate growth habits have
little heat tolerance. There are a few exceptions such as G122 (collected in India),
Sacramento (developed in California), and CELRK (developed in California) that
have been selected under high-temperature production environments resulting in
higher levels of heat tolerance. “Indeterminate Jamaica Red” (Román-Aviles and
Beaver 2003), also originating from the same region as G122 in India, has among
the highest levels of heat tolerance yet identified in Andean germplasm and has
been used for introgression of this trait into different Andean seed classes, including
indeterminate types, e.g., PR9920-171, and determinate types, TARS-HT1 and HT2.
The indeterminate growth habit is a common type among Andean bean landraces
collected in the Caribbean (Durán et al. 2005), while indeterminacy has been shown
to be a source of yield stability under abiotic stress. Beebe et al. (2013) also noted
that mid-season bean lines with indeterminate, prostrate habits tend to have better
adaptation to intermittent drought. In addition, improved germplasm for drought
often combines deep rooting and improved seed fill under stress. Although precise
ideotypes for heat or drought have not been suggested, certain characteristics of the
shoot and root architecture have been identified and associated with stress tolerance.

Seed size may be associated with abiotic stress tolerance in common bean with
smaller seeded types associated with greater heat and drought tolerance. This associ-
ation could be due to a number of causes including the Middle American geographic
origin with inherent abiotic stress selection, reduced diversity in the domestication
process (Beebe et al. 2001), shorter seed-filling period less exposed to intermittent
stress, or indeterminate plant habit, among others. Beebe et al. (2013) noted that
small-seeded beans in the tropics are often produced at lower altitudes where tol-
erance to both heat and drought are needed. More progress has been made in the
development and release of small-seeded (small red, black, and white beans) with
enhanced levels of heat and drought tolerance, while less effort has been dedicated
to larger seeded Andean beans. Larger seeded beans generally have a lower relative
growth rate (RGR), as compared to smaller seeded beans, which has been associated
with lower biomass and yield. In Lima bean (Phaseolus lunatusL.) a similar relation-
ship has been found in California production environments with Middle American
sieva seed types having higher heat tolerance as compared to large-seeded Andean
types (Long et al. 2014). As global temperatures rise, producers and consumers of
Andean beans at higher altitudes may switch to smaller seeded beans to maintain
productivity.

There may be limits for the genetic improvement of common bean for tolerance to
drought and high temperature. It may be necessary to introgress genes for tolerance
to abiotic stress from related species such as the tepary (Phaseolus acutifolius L.)
or to consider shorter-season common beans, or altering planting dates to avoid
peak periods of heat or drought. As the physiological and genetic basis of drought
and heat tolerance is better understood, genome editing techniques may provide
opportunities to enhance abiotic stress tolerance. For example, Baltes et al. (2017)
inserted a promoter into maize (Zea mays L.) to increase the expression ARGOS
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genes (negative regulators of the ethylene response to drought and heat stress) that
resulted in increased drought tolerance.

There may be greater use of irrigation to meet global demand for grain legumes;
however, freshwater reserves are critically low in certain production zones and rainfall
patterns are changing in others. Under these conditions, water use efficiencymay gain
importance as a criterion for selection by bean breeding programs. Beebe et al. (2013)
noted that drought tolerance would be beneficial for irrigated production by reducing
the amount of water required to produce the crop. In the tropics, bean production
may move to higher altitudes where the risks of erosion and soil degradation are
greater. Breeding for infertile soils or Al toxicity may need to be added to the list of
breeding objectives since these conditions are more prevalent at higher altitudes.

1.3.2 Secondary Gene Pool

The scarlet runner bean (Phaseolus coccineus L.) is from the secondary gene pool
and originates from high altitudes of Middle America. There are no reports of intro-
gression of drought or heat tolerance from scarlet runner bean although it has been
used extensively as a source of disease resistance (reviewed in Porch et al. 2013b)
and recently to introgress tolerance to aluminum toxicity into common bean (Butare
et al. 2011).

1.3.3 Tertiary Gene Pool

The tepary bean is recognized as having greater heat and drought tolerance than
common beans (Federici et al. 1990; Teran and Singh 2002; Acosta-Gallegos et al.
2007). Rao et al. (2013) suggested that the tepary bean could be used as a model
to improve drought tolerance of common beans. Beebe et al. (2009) reported that
the tepary bean invests in early root growth, limited vegetative growth and efficient
partitioning of photosynthates to the seed. Traub et al. (2017) noted that tepary beans
have a slower increase in stomatal conductance in response to rainfall after a drought.
They suggested that this would be advantageous to conserve water during periods
of terminal drought. Souter et al. (2017) identified interspecific (P. vulgaris × P.
acutifolius) lines that had superior performance in trials for drought and tolerance to
low temperature.

Beebe et al. (2013) noted that Lima beans are very tolerant to heat and soil con-
straints. At present, it is not possible to introgress genes for traits such as heat toler-
ance from lima to common bean. Beebe et al. (2009) reported that crosses between
common (P. vulgaris) and lima bean (P. lunatus) genotypes do not produce fertile
hybrids.Abetter understanding of the physiological and genetic basis of abiotic stress
tolerance in lima bean may lead to the identification of traits or breeding strategies
that could be used to improve the abiotic stress tolerance of common bean.
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In regions where high temperatures or drought stress are expected to become too
extreme for common bean production, the commercial production of tepary or lima
beans may become a viable alternative. Systematic plant breeding efforts to improve
the tepary bean in the lowland tropics (Porch et al. 2013a) and heat tolerance of
lima bean in temperate zones (Ernest et al. 2017) have been limited. However, lima
bean and tepary bean may have appeal and potential for broader expansion in the
Americas, the Caribbean, andAfrica (Porch et al. 2013b) as production environments
become increasingly marginal.

1.4 Glimpses on Classical Genetics and Traditional
Breeding for CS Traits

1.4.1 Breeding Objectives

Rao et al. (2013) and Beebe et al. (2009) reported that globally almost 2/3 of the
production areas planted in beans are vulnerable to drought. Singh (1995) noted that
the degree and length of intermittent and terminal drought stress are associated with
the reduction in common bean yield. Singh (2001) reported that daytime tempera-
tures >30 °C and or nighttime temperatures >20 °C can limit bean production. In
temperate bean production regions, a temporary heat wave during a critical period
of reproductive development can reduce pod set and yield, especially for Andean
beans such as snap beans with a determinate growth habit. Significantly greater yield
reduction or complete crop failure would be expected with the occurrence of both
heat and drought. Future climatic conditions in most bean production regions are
expected to be warmer, drier, and more variable (Williams et al. 2007; McClean
et al. 2011). Daryanto et al. (2015) concluded that the common bean could be the
grain legume in greatest need of improved drought tolerance given its importance in
world production and human nutrition.

As bean production expands in Central America into the tropical lowlands, heat
tolerance has gained importance as a trait. Some bean diseases also become more
important in higher-temperature environments. For example, bean cultivars lacking
the dominant I and either the bc-3 or bc-12 recessive genes are susceptible to Bean
common mosaic necrosis virus (BCMNV) at higher ambient temperatures (>30 °C)
(Singh and Schwartz 2010). Resistance to BCMNVmust be added to breeding objec-
tives to lowland tropical bean breeding programs where this seed-borne virus is
endemic or has the potential to emerge.

Plant breeders need to identify the most appropriate combination of traits needed
for adaptation to specific geographic regions and/or cropping systems. It may be nec-
essary to evaluate the performance of bean lines in dryer and or hotter environments,
or a combination of both, than current production zones in order to successfully
select for future environmental conditions. The USDA/ARS bean research program
in Puerto Rico screens beans for drought on the southern coast of the island where
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conditions are much dryer than the regions where most beans are currently produced.
In Honduras, the bean breeding program at Zamorano University screens beans for
heat tolerance at a low altitude site near the Pacific coast that is considered too warm
for bean production, but has resulted in the successful selection of improved cultivars
for lowland production in Central America (Rosas et al. 2000). The USDA/ARS and
University of Nebraska bean breeding programs have screened beans for drought in
alternate generations in Puerto Rico and Nebraska. By conducting two field screen-
ings each year, the development of improved bean breeding lines is accelerated. The
screening of bean lines in contrasting environments may lead to more robust drought
tolerance in breeding lines.

In some regions, beans are exposed to intermittent periods of drought whereas,
in other regions, beans are more likely to suffer from terminal drought toward the
end of the growing season (Omae et al. 2012). Breeding for these different types of
drought will require the selection of distinct sets of traits. The sensitivity of bean to
abiotic stress during reproductive development makes intermittent heat or drought
during this period, or terminal drought, critically important. Beebe et al. (2009) noted
that breeding for abiotic traits such as tolerance to drought and higher temperatures
is challenging due to low genetic variability for these traits and the importance of
genotype × environment interaction.

Plant breeders recognize that there may be trade-offs when focusing on the selec-
tion of specific traits related to greater drought or heat tolerance. Purcell (2009)
noted that biomass accumulation in plants is directly linked with water loss due to
transpiration. Traits such as deep rooting that increase the amount of water available
for transpiration generally benefit crop growth and yield under drought conditions.
Although deep and healthy root systems are considered desirable for all types of
drought, it has been reported that shallow roots are more efficient in the absorption
of nutrients such as P from the soil (Ho et al. 2005). Beebe et al. (2009) reported that
deeper and more dense roots do not insure higher yields under drought conditions. In
fact, toomuch investment in root growthmay lead to lower seed yield potential. Blum
(2009) argued that effective water use, involving improved harvesting of soil water
by the plant and efficient use of that water in transpiration and biomass production
would ensure continued yield gain, while selection for WUE and TUE (transpiration
use efficiency) tends to result in drought resistance, but yield loss. Beebe et al. (2009)
suggested that more efficient root systems that require less biomass accumulation
may contribute to greater seed yield potential under drought stress.

Traub et al. (2017) suggested the use of lower stomatal conductance as a criterion
for selection for drought tolerance. Greater stomatal conductance and lower leaf tem-
peratures were associated with deeper rooting in beans under drought although no
yield advantage was reported (Beebe et al. 2009). Taub et al. (2017) reported that the
common bean line SER 16 and the tepary bean line TB1 had lower stomatal conduc-
tance under both drought and well-watered conditions. A trade-off of slightly lower
net photosynthesis under nonstress conditions allowed for better performance under
drought conditions and led to greater water use efficiency. Beebe (2012) noted that a
more rapid stomatal recovery may be advantageous under conditions of intermittent
drought, while Ramirez Builes et al. (2011) found stomatal response associated with
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yield under drought in the greenhouse and field. Pimentel et al. (1999) proposed
the integration of a calculated photosynthetic rate based on the stomatal conductance
through the use of intrinsic water use efficiency (WUE) that would allow for selection
of efficient genotypes during key developmental stages. Instantaneousmeasurements
of leaf temperatures using high-throughput phenotyping platforms have been used
to estimate stomatal response to drought (Andrade-Sanchez et al. 2014), and instan-
taneous normalized difference vegetation index (NDVI) measurements have been
correlated with yield in bean (Sankaran et al. 2018), and could potentially be used
for selection of stress-responsive lines. Carbon isotope discrimination (CID), on the
other hand, provides a cumulative assessment of WUE over the whole season and
can be readily evaluated on the harvested seed. Due to its inverse relationship with
WUE, selection for low CID has been recommended (Easlon et al. 2014).

Omae et al. (2012) reported that higher leaf water content was associated with
greater drought and heat tolerance. Traub et al. (2017), however, noted that plants
must balance the influxofCO2 and the loss ofwater.Hoyos-Villegas et al. (2017) indi-
cated that water conservation may limit photosynthesis and the growth and develop-
ment of plants. In response to severe drought stress, bean plants may produce smaller
or fewer leaves that can result in suboptimal leaf area and reduced net photosynthe-
sis. Schneider et al. (1997) suggested selection for increased biomass under drought
stress to avoid the reduction in photosynthetic capacity. This practice, however, may
result in indirect selection for later maturity.

Daryanto et al. (2015) noted that osmotic regulation through increased solute con-
centration is less energy demanding than stomatal conductance and allows the roots
to extract water at lower soil water potentials. A plant breeding challenge is the selec-
tion of an appropriate balance between water conservation and net photosynthesis
for a specific cropping system? True tolerance is the ability of plants to withstand
drought conditions by having low internal water potential. This trait, however, has
limited utility since drought tolerance is more important for survival and is often
associated with slow rates of growth and low productivity (Passioura 2012).

Beebe et al. (2013) noted that mechanisms to escape drought include early matu-
rity, phenotypic plasticity, and rapid partitioning of photosynthate to seed. Selection
for earlier maturity may help to avoid terminal drought but earliness may reduce
seed yield potential during more favorable growing seasons. An early, defined, and
un-reversible shift to reproductive development and a shorter period of pod filling
could reduce the exposure during the sensitive reproductive period of development
and shorten the growing season, thus increasing the chances of escape. In the high-
lands ofMexico, some bean genotypes use phenotypic plasticity adapt to intermittent
periods of drought by delaying flowering untilmore humid conditions return (Acosta-
Gallegos et al. 1989; Acosta-Gallegos and White 1995). Indeterminacy is often key
for plasticity, providing for reproductive organ abscission as a result of abiotic stress
and reflowering at new flower nodes, thus allowing for a degree of avoidance of
short-term dry or hot conditions. However, split-sets in snap beans and late maturity
in dry beans can result.

Selection for a greater harvest index has been a successful strategy to increase the
yield potential ofmany crops (Unkovich et al. 2010). Foster et al. (1995) reported that
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greater partitioning or higher harvest index contributed to terminal drought tolerance.
Cuellar-Ortíz et al. (2008) reported that carbohydrate partitioning toward seed fill
is a useful drought tolerance strategy. Beebe et al. (2013) noted that accelerated
partitioning of photosynthates toward reproductive development contributed to better
adaptation and seed yield under both terminal and intermittent drought. Beebe et al.
(2009) reported that pod harvest index (grain as percent of total pod biomass) to
be consistently associated with seed yield under drought stress. Blum (2005) noted
that selection for greater yield potential can contribute to better performance in
environments with moderate levels of drought stress. Recent research has shown
variability for pod harvest index, or the extent of dry matter translocation from the
pod wall to the seed, and its effectiveness as a trait for breeding (Polania et al.
2016). Some tepary bean germplasm has shown efficiency for pod harvest index,
short reproductive period and high harvest index, likely key abiotic stress tolerance
mechanisms in the tepary bean ideotype that include a thick taproot, prostrate habit,
small phototropic leaves, high pod number, and small seed size.

Screening for heat tolerance in the tropics is more predictable than selection
for drought tolerance. Evaluations can be conducted at lower altitudes to ensure
higher temperatures. On the other hand, screening may need to be conducted under
controlled conditions for response to heatwaves during critical stages of development
that can occur in temperate regions. Porch (2006) noted that temperatures of >30 °C
during the day or >20° at night result in the reduction of seed yields of most common
beans. In the evaluation of response of common bean to high temperatures, Porch
(2006) found that geometric mean (GM) and the stress tolerance index (STI), as
described by (Fernández 1992), to be effective in the identification of lines with
superior yields in stress and nonstress trials.

1.4.2 Classical Breeding Achievements

Terán and Singh (2002) noted that considerable progress has been made in breed-
ing beans with greater adaptation to both intermittent and terminal drought. Most
progress has been made in the selection of drought tolerance of bean races Durango
andMesoamerica.Crosses betweenDurango andMesoamerican races have produced
progenies with superior performance under drought, for example, SEA 5 (Terán and
Singh 2002) andL88-63 (Frahm et al. 2004).Much less research and genetic progress
have beenmade improving the drought tolerance of other bean races, especially beans
of Andean origin. Limited gains in breeding for Andean abiotic stress tolerance may
be a result of reduced efforts and to more limited genetic diversity in this gene pool
(McClean et al. 2011). Bean germplasm or cultivars reported to have drought or heat
tolerance are listed in Table 1.1.

Polania et al. (2016) measured seed yield, canopy biomass, stomatal conductance,
and carbon isotope discrimination to evaluate the response of common bean lines to
drought. The authors identified lines such as SER 16, ALB 60, ALB 6, BFS 10, BFS
29 that conserve water through lower rates of transpiration, moderate rates of growth,
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Table 1.1 Release of bean germplasm and cultivars reported to have heat or drought tolerance

Identity Seed type Location (year
of release)

Type of
tolerance

Citations

Bella White Puerto Rico
(2017)

Heat Beaver et al.
(2018). J. Plant
Reg.
12:190–193

Verdín Black Mexico (2016) Terminal
drought

Tosquy Valle
(2016). Rev.
Mex. Cien.
Agríc.
7:1775–1780.

DAB-53 Large-seeded
red

CIAT
germplasm

Andean bean
with terminal
drought
tolerance

Mayor-Duran
et al. (2016).
Acta Agron.
65:431–437

CENTA EAC Small red El Salvador
(2015)

Heat Parada Cardona
et al. (2015).
CENTA 7 p.

SER 16 Small red CIAT
germplasm

Terminal
drought
tolerance

TARS-LFR1 Small red Puerto Rico
(2014)

Heat Porch et al.
(2013a). J. Plant
Reg. 8:177–182

INTA Sequía
Precoz

Small red Nicaragua
(2013)

Terminal
drought

TARS-MST1 Black Puerto Rico
(2012)

Heat and
drought

Porch et al.
(2012). J. Plant
Reg. 6:75–80

CENTA Pipil Small red El Salvador
(2013)

Heat

PR0401-259 Pink Puerto Rico
(2012)

Heat Beaver et al.
(2012). J. Plant
Reg. 6:81–84.

TARS-HT1 and
TARS-HT2

Dark and light
red kidney

Puerto Rico
(2010)

Andean beans
with heat
tolerance

Porch et al.
(2010). HortSci.
45:1278–1280

Verano White Puerto Rico
(2008)

Heat Beaver et al.
(2008). J. Plant
Reg. 2:187–189.

(continued)
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Table 1.1 (continued)

Identity Seed type Location (year
of release)

Type of
tolerance

Citations

Cornell 503 Snap bean New York
(2005)

Heat Rainey and
Griffiths (2005).
J. Am. Soc.
Hort. Sci.
130:700–706.

Amadeus 77 Small red Honduras
(2004)

Heat Rosas et al.
(2004). Crop
Sci.
44:1867–1868

Indeterminate
Jamaica Red

Striped pink
kidney

Germplasm
Landrace

Andean bean
with heat
tolerance

Román-Aviles
and J. Beaver
(2003). J. Agric.
Univ. P. R. 87,
113–121.

UI-239 Small red Idaho (1997) Terminal
drought

Singh (2007).
Agron. J.
99:1219–1225

Pinto Villa Pinto Mexico (1995) Phenotypic
plasticity to
intermittent
drought

Acosta-Gallegos
et al. (1995).
Crop Sci.
35:1211

and more efficient partitioning of photosynthates. Other groups of bean lines such
as NCB 280, NCB 226, SEN 56, SCR 2, SCR 16, SMC 141, RCB 593, and BFS 67
were able to avoid drought by having deep roots and more efficient use of available
water by combining early maturity and greater harvest indices. Polania et al. (2016)
noted that the former group would be most useful in environments that are prone to
severe drought. The latter group would be more suited for intermittent drought and
soils that have a greater water-holding capacity.

1.4.3 Limitations of Traditional Breeding and Rationale
for Molecular Breeding

Heat and drought tolerance are quantitative traits that require the evaluation of large
numbers of later-generation breeding lines. These evaluations should be conducted
in several environments using replicated trials to obtain reliable estimates of the per-
formance of the lines. Singh (2001) reported that seed yield remains the most reliable
trait to evaluate the performance of common bean under drought stress. Beebe et al.
(2013) recommended that sites for screening for drought tolerance should have uni-
form soil and management practices that are representative of the target production
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zone. In general,more replications are needed if the lines are to be screenedunder high
levels of drought stress. Instead of screening bean lines at sites with multiple biotic
and abiotic constraints, Beebe et al. (2013) recommended the sequential screening
of bean lines for individual traits such as drought. The evaluation of advanced gener-
ation lines allows the simultaneous evaluation of several traits at different locations.
Regional performance trials can be used to evaluate the performance over a wide
range of environments.

Screening for drought tolerance is often conducted by comparing the performance
of bean lines in drought and nonstress trials. Selection criteria include geometric
mean of the seed yields from drought and nonstress trials, percent reduction in seed
yield in relation to the nonstress environment, and drought susceptibility indices
(Terán and Singh 2002). Schneider et al. (1997) noted that geometric means allows
the identification of lines that perform well under drought and nonstress conditions.
This should be followed in a breeding program by evaluating the seed yield under
drought to confirm the performance of the selections under stress. These conventional
plant breeding practices are costly and time-consuming.

Beebe et al. (2013) noted that yield loss depends on the timing, duration, and
severity of the drought. The authors also noted that bean root growth and develop-
ment is sensitive to soil compaction and low soil fertility. A better understanding of
interactions among edaphic conditions, soil management practices, and the physi-
ology of traits associated with drought tolerance should lead to the development of
robust molecular markers.

Briñez et al. (2017) noted that the response of beans to drought tolerance is a
complex quantitative trait controlled by many minor QTLs. Due to the importance
of genotype × environmental interaction, Briñez et al. (2017) noted that the stability
of QTL for drought tolerance needs to be confirmed across populations and a wide
range of environments in which the type and severity of drought may occur. Due to
the variable nature of rainfall patterns across years and locations and the importance
of genotype × environment interaction, Beebe et al. (2013) pointed out the need to
validate in the field the drought tolerance of bean lines selected usingmarker-assisted
selection.

Purcell (2009) noted that a major limitation for the improvement of quantitative
traits such as drought is the difficulty in phenotyping plants. At present, rapid and
simple methods of evaluating phenotypes for quantitative traits such as drought and
BNF are not available. Meta-analyses using data from different trials have been used
to compare the response of beans to drought (Daryanto et al. 2005). The use of
drones (Sankaran et al. 2015, 2018) or proximal sensing carts (White and Conley
2012) allow for the collection of field data from a large number of lines in a short
period of time for traits such as leaf canopy temperature, NDVI, and normalized
difference red edge (NDRE) index. Rapid, high-throughput phenotyping allows for
a more representative comparison of bean lines for traits at a particular time and thus
stress condition or at different times of the day (Andrade-Sanchez et al. 2014).

Purcell (2009) noted that formost legumes BNF ismore sensitive to drought stress
than photosynthesis, although both decrease with stress. Castellanos et al. (1996)
reported that drought stress significantly decreased biological nitrogen fixation of
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common bean. High temperature also inhibits BNF (Hungria and Kaschuk 2014) in
common bean. This represents a significant challenge to breeding for environments
with multiple climatic and edaphic constraints. However, high-temperature tolerant
BNF capacity is another trait that could be introduced from tepary bean, where a
range of nitrogen fixation capacity has been identified (Vargas 2016).

In the tropics, charcoal rot caused by Macrophomina phaseoli tends to be more
severe in drought conditions, but occurs frequently under high-temperature humid
conditions. In more temperate climates, root rots caused by Fusarium spp. are more
common during periods of low rainfall. Beebe et al. (2013) note that resistance to root
rots is an important trait for beans produced in areas where drought stress is common.
It is also important in high-temperature environments where there are higher rates
of transpiration.

Dry and warm climatic conditions favor some pests such as leafhoppers
(Empoasca spp), aphids (Aphis spp.) and whiteflies (Bemisia spp.). Resistance to
leafhoppers is an especially important trait for beans cultivars growing under these
conditions. Likewise, resistance to viral diseases vectored by one these pests, such
as BGYMV, BCMNV, BCMV, and CTMV, may need to be included as breeding
objectives.

Screening for local adaptation, seed size, and commercial seed type and other
highly heritable traits can be conducted in earlier generations. There are numerous
molecular markers available for major genes for resistance to specific diseases, and
some pests, that could be used for marker-assisted selection in earlier generations
(Miklas et al. 2006a, b).

In recognition of the difficulty to improve drought and heat tolerance of Andean
beans, CIAT bean breeders have developed Durango race bean breeding lines that
have seed types that mirror Andean seed types. This approach would allow breeders
to take advantage of superior levels of drought tolerance found in the Durango race,
while introducing biotic stress tolerance to regions where mostly Andean races of
pathogens currently exist, e.g., sub-Saharan Africa.

Several studies have been conducted to identify QTLs associated with drought
tolerance. Briñez et al. (2017) evaluated a RIL population from the cross “SEA
5 × AND 277” and reported that the drought-tolerant line SEA 5 had lower leaf
temperature under drought conditions than AND 277. These results suggested that
SEA 5 had a greater rate of transpiration than AND 277 in the presence of drought
stress. All of the QTLs associated with drought were from SEA 5 including a QTL
for seed weight under normal and drought conditions. The authors noted that greater
seed weight may suggest better seed fill under drought. Hoyos-Villegas et al. (2017)
identified significant QTL associated with drought tolerance that may be useful for
MAS for this trait.

Marker-assisted selection of major QTLs associated with heat and drought tol-
erance in earlier generations would help reduce the number of breeding lines that
would need to be screened in later generations. Gamete selection suggested by Singh
(1994) may be useful to accumulate alleles for drought tolerance when robust molec-
ular markers for this trait have been identified. Lines harboring key QTL for abiotic
stress tolerance could be selected in the F1 from double crosses, thus accelerating
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the pyramiding of key regions of interest. Large F1 populations would be required
necessitating many crosses, but critical QTL often affected by G × E could be com-
bined. Beebe et al. (2013) and Hinkossa et al. (2013) noted that recurrent selection is
an appropriate breeding approach for quantitative traits such as tolerance to drought
and heat. Recurrent selection also provides for a gradual accumulation or pyramiding
of key regions for quantitative traits through successive recombination of superior
breeding lines.

A gene-based crop model has been developed that predicts vegetative and repro-
ductive development based on genotype and weather data (Hwang et al. 2017). The
development of more sophisticated models may facilitate the study of the interac-
tion of traits related to drought tolerance with varying weather patterns and crop
management practices.

1.5 Diversity Analysis

Occasional outcrossing, adaptation to particular environments (in terms of temper-
ature, moisture, photoperiod, soil fertility, diseases, and insects), different cropping
systems and strong selection for consumer preferences addressed to particular seed
types, might have played a significant role in the evolution of new genetic variation
in common bean. As a consequence, each country selected its own set of landraces
able to respond to the needs and preferences of local populations. The common bean
populations were involved in new evolutionary pathways that were not possible in
the American center of origin, due to the spatial isolation between these two gene
pools. Thus, new germplasm could have arisen from recombination events between
Mesoamerican and Andean gene pools, better adapted to the conditions of the new
agrosystems out of The Americas. Evidence of this phenomenon has been detected
using phaseolins, allozymes, and morphological data (Santalla et al. 2002; Rodiño
et al. 2006), and inter-simple sequence repeats (ISSRs) and simple sequence repeats
(SSRs) from both the chloroplast and nuclear genomes (Sicard et al. 2005; Angioi
et al. 2009). Gene flow between both gene pools appears to be relatively common
in the Andean (Debouck et al. 1989; Beebe et al. 1997; Chacón et al. 2005) and
European zones (Santalla et al. 2002; Sicard et al. 2005; Piergiovanni et al. 2006;
Rodiño et al. 2006; Sánchez et al. 2008).

To date, considerable efforts have been made toward DNA polymorphisms dis-
covery in common bean. Several thousand single-nucleotide polymorphisms (SNPs)
and insertions–deletions (InDels) have been discovered through expressed sequence
tags data mining and partial resequencing of several genotypes (Hyten et al. 2010;
Souza et al. 2012; Felicetti et al. 2012; Blair et al. 2013; Goretti et al. 2014; Zou
et al. 2014). At the transcriptional level, expressed sequence tags (ESTs), sequencing
has been used to discover and identify genes differentially expressed under different
conditions. Whole genome transcriptome analysis is also an effective way to exploit
key factors for common bean responses to biotic and abiotic stress that are involved
in transcriptional andmetabolic activities. The data obtained from these technologies
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will serve as an invaluable genomic reference to further our knowledge about the
common bean at the molecular level and can be applied to molecular breeding for
plants with enhanced biotic and abiotic tolerance.

The genome of an Andean common bean genotype (G19833) was sequenced and
recently released (Schmutz et al. 2014). A combination of Sanger, 454, and Illumina
HiSeq 2000 reads and a genetic map based on 7015 SNP markers were used to
assemble the common bean reference genome sequence (Schmutz et al. 2014), with
a total genome size of 521 Mb that represents 89% of the 587 Mb bean genome.
Also, a first draft of the entire common bean genome sequence of a Mesoamerican
genotype (BAT93) was also developed by Vlasoba et al. (2016).

1.6 Molecular Mapping of CS Genes and QTLs

1.6.1 A Brief History of Mapping Efforts

Linkage maps are important genetic tools for common bean improvement and other
biological approaches. Thesemaps have been used in several types of studies, includ-
ing cloning of agronomically important genes, marker-assisted selection (MAS),
comparative mapping, and analysis of germplasm diversity (Gepts 1999). Accord-
ingly, several linkage maps have been developed in common bean (Table 1.2), and
they differ in several characteristics, such as the types of parents and segregating pop-
ulation used, the type of markers and traits segregating in each population, the total
map length and the degree of genome saturation. However, a common feature among
the first maps is that they were generated based on low-throughput markers, resulting
in low-density maps. Therefore, to increase the precision of bean maps, researchers
have exerted much effort in generating new genomic-based tools that are supported
by bioinformatics. Different projects, such as the Phaseomics international consor-
tium and the BeanCAP project (USDA Common Bean Coordinated Agricultural
Project), were developed to establish the necessary framework of knowledge and
materials for the advancement of bean genomics, transcriptomics, and proteomics
(reviewed by Gepts et al. 2008; Hyten et al. 2010). As a result, genome sequencing
and high-throughput genotyping approaches are enabling the development of high-
density functional maps that assist in accelerating bean genetic improvement through
MAS.

1.6.2 Evolution on Marker Types

Common bean genetic maps have evolved in parallel with the development of molec-
ular marker technologies. Linkage maps were once based on phenotypic markers
(Lamprecht 1961), though molecular markers greatly increase the number of poly-
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Table 1.2 Molecular linkage maps in common bean

Parents Map size (cM) Markers/traits mappeda References

XR235-1-1/Calima
(BC1)

960 224 RFLPs, 9 seed
proteins, 9 isozymes, P

Vallejos et al. (1992)

BAT 93/Jalo EEP558
(F2)

1226 194 RFLP, 24 RAPDs,
15 SSR/ ALS, ANT,
CBB, V, C, rhizobium

Nodari et al. (1993),
Gepts (1999), Yu et al.
(2000a, b)

Corel/Ms8EO2 (BC1) 567.5 51 RFLP, 100 RAPD, 2
SCAR/ANT

Adam-Blondon et al.
(1994)

Midas/G 12873 (RIL) 1,111 77 RFLPs, 5
isozymes/domestication
traits

Koinange et al. (1996)

DOR364/XAN176
(RIL)

930 147 RAPDs, 2 SCARs,
1 ISSR/ ASB, BGYMV,
CBB, R, V, Asp, rust

Miklas et al. (1996,
1998, 2000)

BAC6/HT7719 (RIL) 545 75 RAPDs/CBB, WB,
rust

Jung et al. (1996)

PC50/XAN159 (RIL) 426 168 RAPDs/ CBB, C,
V, rust, WM

Jung et al. (1997), Park
et al. (2001)

BAT 93/Jalo EEP558
(RIL)

1226 120 RFLP, 430 RAPD,
5 isozymes/ BCMV

Freyre et al. (1998)

BelNeb-RR-1/A55
(RIL)

755 172 RAPDs, 2
SCARs/BBS, HB,
BCMV

Ariyarathne et al.
(1999), Fourie et al.
(2004)

Eagle/Puebla152 (RIL) 825 361 RAPDs/ RR Vallejos et al. (2001)

Jamapa/Calima (RIL) 950 155 RAPDs, 88
RFLPs/RGA

Vallejos et al. (2001)

OACSeaforth/OAC
95-4 (RIL)

1,717 49 AFLPs, 43 RFLPs,
11 SSRs, 9 RAPDs, 1
SCAR/ CBB,
agronomic traits

Tar’an et al. (2001,
2002)

CDRK/Yolano (RIL) 862 196 AFLPs, 8
RFLP/SY, C

Johnson and Gepts
(2002)

DOR364/G19833
(RIL)

1,720 78 SSR, 48 RFLPs, 102
RAPDs, 18 AFLPs

Blair et al. (2003)

ICA Cerinza/G24404
(RIL)

869,5 80 SSRs, 1 SCAR/ C,
fin, st, agronomic traits

Blair et al. (2006a, b)

G14519/G4825 (RIL) 915.4 46 RAPDs, 68
SSRs/seed Fe and Zn
concentrations and
contents

Blair et al. (2010)

BAT 93/Jalo EEP558
(RIL)

1,545 199 gene-based, 59
core and 17 other
markers

Hanai et al. (2010),
McConnell et al. (2010)

(continued)
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Table 1.2 (continued)

Parents Map size (cM) Markers/traits mappeda References

DOR364/BAT477
(RIL)

2,041 1,060 (SSR, EST-SSR,
BES-SSR, gene-based
markers)/SW, Y, DF,
DM

Blair et al. (2012),
Galeano et al. (2011,
2012)

IAC-UNA/CAL143
(RIL)

1,865.9 198 SSRs, 8
STS-DArT, 3
SCAR/ALS

Oblessuc et al. (2012,
2013)

SEA5/CAL96 (RIL) 1,351 2,122 SNPs/SW, Y Mukeshimana et al.
(2014)

Stampede/Red Hawk
(RIL)

7,276 SSRs and SNPs Schmutz et al. (2014)

aALS angular leaf spot, BCMV bean common mosaic virus, CBB common bacterial blight,HB halo
blight, RR root rot, WM white mold, SW seed weight, SY seed yield, DF days to flowering, DM
days to maturity, Y yield, fin determinacy, Ppd gene for photoperiod sensitivity, V flower color, C
seed color

morphic loci in mapping populations. Thus, the first maps were developed based
on restriction fragment length polymorphism (RFLP) markers, a technique that
involves DNA hybridization. Later, new markers based on polymerase chain reac-
tion (PCR) were used for genetic mapping, including random amplified polymorphic
DNA (RAPD) (Williams et al. 1990), simple sequence repeats (SSRs) (Tautz 1989),
amplified fragment length polymorphisms (AFLPs) (Vos et al. 1995) and inter-simple
sequence repeats (ISSRs) (Zietkiewicz et al. 1994).

Due to their great robustness and repeatability, RFLP markers have allowed the
development of the first DNA-based genetic maps in common bean (Vallejos et al.
1992; Nodari et al. 1993); thesemarkers have also been used to compare and integrate
different geneticmaps (Adam-Blondon et al. 1994; Koinange et al. 1996; Freyre et al.
1998; Gepts 1999; Yu et al. 2000a, b). In addition, PCR-based molecular markers
have been employed for saturating RFLP maps and for generating new ones using
additional mapping populations (Freyre et al. 1998; Ariyarathne et al. 1999; Yu
et al. 2000a, b; Blair et al. 2003, 2010; Fourie et al. 2004). For example, the first
RFLP-based genetic map was constructed with 224 RFLP marker loci; the seed
and flower color marker P, nine seed proteins, and nine isozyme markers were also
included (Vallejos et al. 1992). Thesemarkerswere distributed into 11 linkage groups
(LGs) spanning 960 cM of the common bean genome. A second RFLP-based genetic
map was developed by Nodari et al. (1993). This map included 108 RFLPs, seven
RAPDs, seven isozymes and 18 loci corresponding to 15 known genes, the I gene
for bean common mosaic virus (BCMV) resistance, a flower color gene, and a seed
color pattern gene; these loci are spread among 15 LGs covering 827 cM of the bean
genome,with an average interval of 6.5 cMbetweenmarkers.A thirdmap constructed
by Adam-Blondon et al. (1994) included 157 markers: 51 RFLPs, 100 RAPDs, 2
SCARs (sequence characterized amplified regions), and four morphological markers
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that covered 567.5 cM of the bean genome. Moreover, Adam-Blondon et al. (1994)
established a preliminary correspondence with the map developed by Vallejos et al.
(1992) because 19 RFLP markers were shared between these maps.

The first core linkage map of common bean was constructed by Freyre et al.
(1998) on the basis of the shared RFLP markers among these previous maps (Valle-
jos et al. 1992; Nodari et al. 1993; Adam-Blondon et al. 1994). The Freyre et al.
map involved 563 markers, including 120 RFLPs and 430 RAPDs, in addition to a
few isozymes and phenotypic marker loci; the markers were grouped into 11 LGs
spanning 1226 cM. In successive years, RFLP markers were replaced by SSR mark-
ers, which are highly polymorphic PCR-based markers, for anchoring of different
genetic maps. Yu et al. (2000a, b) published the first successful assignment of 15
SSRs to a framework map based on RAPD and RFLP markers. Moreover, with the
availability of common bean EST (expressed sequence tag) sequencing programs,
several functional markers, which are specifically developed from coding genomic
regions, were identified and incorporated into bean linkage maps. The linkage map
produced by Blair et al. (2003) was the first to incorporate SSR markers developed
from EST databases, integrating these markers into a base map comprising 246 loci
(78 SSR, 48 RFLP, 102 RAPD, and 18 AFLP markers) spanning 1720 cM. Indeed,
EST libraries have become an important source of gene-based markers, such as EST-
SSRs, single-nucleotide polymorphisms (SNPs) and insertions/deletions (InDels),
which are valuable markers because they represent transcribed sequences that can be
associated with phenotypic characteristics (Hanai et al. 2010; Galeano et al. 2012;
Oblessuc et al. 2012). Furthermore, because EST-based markers are highly con-
served between species, they allow for synteny comparisons between the common
bean genome and those of other species (McConnell et al. 2010).

Additionally, with the advent of next-generation sequencing (NGS) technology,
the sequencing of complete plant genomes has become increasingly more accessible
and routine. Thewhole genomeof commonbeanhas recently been sequenced, and the
complete genomes of the Mesoamerican and Andean beans BAT93 and G19833 are
also available (Schmutz et al. 2014; Vlasova et al. 2016). In general, whole genome
sequence availability accelerates the development of markers for high-throughput
genotyping in plant breeding and genetic studies promoting the identification of
markers tightly linked to agronomically important traits (Moghaddam et al. 2014;
Mukeshimana et al. 2014; Meziadi et al. 2016; Valentini et al. 2017).

1.6.3 Mapping Populations Used

As shown in Table 1.2, several segregating populations are employed for mapping in
common bean. Considering that many different economic traits of interest have been
considered in bean breeding programs, divergent parents were chosen in each case to
maximize phenotypic variation and genetic polymorphism. Moreover, in most cases,
the parents chosen belonged to different gene pools, as experiments have shown that
polymorphism among genotypes markedly increases in that situation (Nodari et al.
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1993; Haley et al. 1994). For example, the mapping population used by Vallejos
et al. (1992) to develop the first linkage map consisted of backcross progeny (BC1)
between the Mesoamerican line XR-235-1-1 and the Andean cultivar Calima (XC).
Adam-Blondon et al. (1994) also utilized aBC1 population derived froman inter-gene
pool cross between two European bean genotypes: Ms8EO2 and Corel (MsCo). In
contrast, Nodari et al. (1993) applied an F2 population derived from a cross between
the Mesoamerican line BAT 93 and the Andean cultivar Jalo EEP558 (BJ).

In addition, recombinant inbred line (RIL) populations, which are derived from
single-seed descent from F2 individuals, have been widely used in bean mapping
because of their advantages (Table 1.2). For example, the BJ F2 mapping population
was advanced to an RIL for the generation of the first core linkage map of common
bean (Freyre et al. 1998), which was later improved (McConnell et al. 2010; Hanai
et al. 2010). Furthermore, the base map developed by Blair et al. (2003) using SSR
markers was produced using an RIL from the cross between the Mesoamerican
variety DOR364 and the Andean landrace G19833 (DG). Similarly, numerous RIL
populations were developed during the following years and used for bean genetic
mapping studies and QTL identification (Blair et al. 2006b, 2010; Hanai et al. 2010;
Oblessuc et al. 2012;Mukeshimana et al. 2014). Overall, the RIL populations derived
from BJ and DG inter-gene pool crosses have been widely employed for genetic
mapping studies because they are considered core mapping populations (Freyre et al.
1998; Blair et al. 2003, 2006a; Galeano et al. 2009, 2011, 2012; McConnell et al.
2010; Hanai et al. 2010).

1.6.4 Enumeration of Simply Inherited CS Trait and CS QTL
Mapping

1.6.4.1 Disease Resistance

Fungal Diseases

Resistance to anthracnose (ANT), caused by Colletotrichum lindemuthianum (Sacc.
andMagnus) Briosi andCavara, is conferred by single, independent genes named and
mapped to date (Table 1.3). Most of these genes are identified with the Co symbol:
Co-1 with four alleles; Co-2 and Co-3 with four alleles; Co-4 with two alleles; Co-
5 with one allele; Co-6, Co-11, Co-12, Co-13, Co-14, Co-15, Co-16, and Co-17;
and a new genes provisionally named Co-Pa and Co-AC (Kelly and Vallejo 2004;
Gonçalves-Vidigal et al. 2006, 2007, 2009, 2011, 2012, 2013, 2016; Alzate-Marin
2007; Rodrigues-Suarez et al. 2008; Campa et al. 2011; Sousa et al. 2014; Lacanallo
and Gonçalves-Vidigal 2015; Trabanco et al. 2015; Lima Castro et al. 2017; Gilio
et al. 2017). An additional allele ofCo-1, provisionally namedCo-1HY , was published
in 2017 (Chen et al. 2017). Other genes with the Co symbol include Co-x, Co-w,
Co-y, Co-z, Co-u, CoPv02, Co-v (Co-6), and CoPv09c as well as a QTL named
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PMBO225 (Geffroy 1997; Geffroy et al. 2008; Richards et al. 2014; Campa et al.
2014). However, some previously known single, independent genes were renamed
based on new allelism tests:Co-7 asCo-35,Co-9 asCo-33,Co-10 asCo-34, andCo-6
as Co-v (Geffroy 1997; Geffroy et al. 2008; Sousa et al. 2014; Gonçalves-Vidigal
et al. 2006; 2013; Richards et al. 2014). Eleven genes (Co-1, Co-12, Co-13, Co-14,
Co-15,Co-Pa,Co-AC,Co-x,Co-w,Co-y, andCo-z) belong to the Andean gene pool;
the other 15 genes belong to the Mesoamerican gene pool. Chromosomes containing
clusters of ANT resistance genes (shown in parenthesis) include Pv-01, (Co-14, Co-
Pa, Co-x, Co-AC, and Co-w), Pv-02 (Co-u and CoPv02), Pv-03 (Co-13 and Co-17),
Pv-04 (Co-3, Co-15, Co-16, Co-y, and Co-z), and Pv-07 (Co-5, Co-6, and Co-v). All
ANT resistance genes on chromosome Pv-01 (Co-1 and five alleles includingCo-1hy,
Co-14, Co-x, and Co-w) and other genes for resistance to rust and angular leaf spot
are present in cultivars belonging to the Andean gene pool (Gonçalves-Vidigal et al.
2011; 2013; Richards et al. 2014; Chen et al. 2017). Additionally, recent studies
conducted by Azevedo et al. (2018) have revealed that COK-4, a putative kinase
encoded in the ANT resistance locus Co-4 that is transcriptionally regulated during
the immune response, is highly similar to the kinase domain of FERONIA (FER) in
Arabidopsis thaliana, a factor that has a role in balancing distinct signals to regulate
growth and defense.

Several sources of resistance to angular leaf spot (ALS), which is caused by the
fungus Pseudocercospora griseola, (Sacc.) Crous and Braun, have been identified
in common bean. Furthermore, single, dominant resistance loci as well as QTLs
conferring resistance to ALS have been reported (Miklas et al. 2006a, b; Mahuku
et al. 2009, 2011; Gonçalves-Vidigal et al. 2011, 2013; Oblessuc et al. 2013; Keller
et al. 2015). The genes conferring resistance to ALS formally accepted by the Bean
Improvement Cooperative (BIC)Genetic Committee are presented in Table 1.3.Phg-
1 on chromosome Pv01 is tightly linked (0.0 cM) to the ANT locus Co-14 in cultivar
AND 277, which led to the designation of the locus as Phg-1/Co1 4(Gonçalves-
Vidigal et al. 2011). The Phg-1 locus was discovered using F2 plants from crosses of
AND 277 × Rudá and AND 277 × Ouro Negro inoculated with P. griseola race 63-
23. A previous study conducted byCarvalho et al. (1998) used the namePhg-1 before
describing a resistance locus in AND 277 crossed with Rudá. The molecular markers
CV542014450 and TGA1.1570 have been found to be linked with the Co-14/Phg-1
loci at 0.7 and 1.3 cM, respectively (Gonçalves-Vidigal et al. 2011).

The ALS resistance gene Phg-2 in Mesoamerican cultivar Mexico 54 was dis-
covered by Sartorato et al. (1999) using a cross between Mexico 54 × Rudá and P.
griseola race 63-19. The authors identified RAPD markers OPN02890, OPAC142400,
and OPE04650 as being linked to Phg-2 at 5.9, 6.6 and 11.8 cM, respectively, on
chromosome Pv08. Similarly, the RAPD marker OPE04 was found in all resistant
individuals but was absent in those scored as susceptible based on virulence data
(Namayanja et al. 2006). Additionally, an allelism test between Mexico 54 and BAT
332 inoculated with P. griseola race 63-39 showed that a single, dominant gene
controls ALS resistance, suggesting that the resistance to ALS in Mexico 54 and
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Table 1.3 Enumeration of mapping of simply inherited CS traits and CS QTLs associated with
biotic stress resistance in common bean

Disease Gene symbol LG Resistant parent Reference

Angular Leaf
spot (ALS)

Phg-1 1 AND277 Gonçalves-
Vidigal et al.
(2011)

Phg-2 8 Mexico 54 Namayanja et al.
(2006)

Phg-22 BAT332 Mahuku et al.
(2011)

Phg-3 4 Ouro Negro Gonçalves-
Vidigal et al.
(2013)

Phg-4 4 CAL143 Mahuku et al.
(2009), Oblessuc
et al. (2012)

Phg-5 10 G5686 Keller et al.
(2015)

Anthracnose
(ANT)

Co-1 1 Michigan Dark
Red Kidney

McRostie (1919)

Co-12 Kaboon Melotto and
Kelly (2000)

Co-13 Perry Marrow Melotto and
Kelly (2000)

Co-14 AND277 Vallejo and
Kelly (2002)

Co-15 Widusa Gonçalves-
Vidigal and
Kelly (2006)

Co-AC Amendoim
Cavalo

Gonçalves-
Vidigal et al.
(2011)

Co-14 Pitanga Gonçalves-
Vidigal et al.
(2012); (2016),
de Lima Castro
et al. (2017)
Gilio et al.
(2017)

Co-Pa Paloma

(continued)



1 Common Bean Genetics, Breeding, and Genomics for Adaptation … 47

Table 1.3 (continued)

Disease Gene symbol LG Resistant parent Reference

Co-2 11 Cornell 49-242 Adam-Blondon
et al. (1994)

Co-3 4 Mexico 222 Geffroy et al.
(1999);
Mendéz-Vigo
et al. 2005;
Rodríguez-
Suárez et al.
(2008) Sousa
et al. (2014)
Coimbra-
Gonçalves et al.
(2016)

Co-15 Corinthiano

Co-16 Crioulo 159

Co-43/Co-33 8, 4 PI207262 Alzate-Marin
et al. (2007)

Co-4 8 TO Fouilloux (1979)
Young et al.
(1998)
Awale and Kelly
(2001)

Co-42 SEL1308

Co-5 7 TU Gonçalves-
Vidigal (1994),
Young and Kelly
(1996), Kelly
and Young
(1996), Young
et al. (1998),
Vallejo and
Kelly (2009),
Sousa et al.
(2014)

Co-52 MSU 7-1

Co-6 AB136

Co-42/Co-
52/Co-35

8, 7, 4 G2333 Young et al.
(1998)

Co-12 – Jalo Vermelho Gonçalves-
Vidigal et al.
(2008)

Co-11 Michelite Gonçalves-
Vidigal et al.
(2007)

Co-13 3 Jalo Listras
Pretas SEL1308

Trabanco et al.
(2014)

Co-17 Lacanallo and
Gonçalves-
Vidigal
(2015)

(continued)
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Table 1.3 (continued)

Disease Gene symbol LG Resistant parent Reference

Rust Ur-3, Ur-6,
Ur-7, Ur-11,
Ur-Dorado53,
Ur-BAC6

11 P94207 P94232
Beltsville
DOR 364 BAC6
BelNeb-RR-1

Stavely (1998),
Miklas et al.
(2002)

Ur-5, Ur-14,
Ur-Dorado108

4 DOR 364
Ouro Negro
Mexico309

Miklas et al.
(2000), Souza
et al. (2011)

Ur-4 6 BAT93 Miklas et al.
(2002)

Ur-9 1 PC50 Miklas et al.
(2002)

Ur-12 7 PC50 Jung et al.
(1998)

Ur-13 8 Kranskop Mienie et al.
(2005)

White mold
(WM)

WM1.1, WM7.1 1, 7 G122 Miklas et al.
(2001)

WM2.1, WM4.1,
WM5.1, WM8.1

2, 4, 5, 8 PC-50 Park et al. (2001)

WM2.2, WM7.2 2, 7 Bunsi Kolkman and
Kelly (2003)

WM2.3, WM5.2,
WM7.2, WM8.4

2, 5, 7, 8 Bunsi Ender and Kelly
(2005)

WM1.2, WM2.4,
WM8.2, WM8.3,
WM9.1

1, 2,
8, 9

G122 Maxwell et al.
(2007)

WM2.2, WM5.4,
WM6.1
WM7.5

2, 5, 6, 7 I9365-31 VA19 Soule et al.
(2011)
Vasconcellos
et al. (2017)

WM3.3, WM7.5,
WM9.2, WM11.1

3, 7, 9, 11 Tacana
PI 318695
PI 313850

Mkwaila et al.
(2011)

WM1.3, WM3.1,
WM6.2, WM7.1,
WM7.4

1, 3, 6, 7 Xana Pérez-Vega et al.
(2012),
Vasconcellos
et al. (2017)

(continued)
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Table 1.3 (continued)

Disease Gene symbol LG Resistant parent Reference

Common
bacterial blight
(CBB)

D2, D5, D7, D9 2, 5, 7, 9 BAT93 Nodari et al.
(1993)

CBB-2LL,
CBB-2S,
CBB-2P,
CBB-2FL,
CBB-1LL,

1, 2, 3, 4, 5, 6 BAC 6 Jung et al.
(1996)

CBLEAF,
CBPOD

1, 2, 9, 10 BelNeb-RR-1 Ariyarathne
et al. (1999)

Bng40, Bng139 7, 8 XR-235-1-1 Yu et al. (1998)

CBB-GH-leaf,
CBB-GH-pod,
CBB-GH-field

7, 10 DOR 364 Miklas et al.
(2000)

SU91, SAP6,
Xa11.4OV1,OV3

8, 10, 11 Vax1, Vax3 Viteri et al.
(2015)

Xa3.3SO 3 BOAC 09-3. Xie et al. (2017)

Halo blight (HB) Rpsar-1,
Rpsar-2

8, 11 BAT93 Fourie et al.
(2004)

Pse-1, Pse-2,
Pse-3, Pse-4,
pse-5, Pse-6

2, 4, 10 UI-3
ZAA12
BelNeb-RR-1

Fourie et al.
(2004), Miklas
et al. (2009,
2011, 2014)

HB4.1, HB6.1 4, 6 Cornell 49-242 Trabanco et al.
(2014)

HB83, HB16 2, 3, 4, 5, 9, 10 BelNeb-RR-1 Ariyarathne
et al. (1999)

SDC7 -6,
SAUDPC3-2,
PLAUDPC3-2,
PDC3-2,
PDC4-2,
PDC5-2,
PAUDPC3-2,
PAUDPC4-2

2, 6 P1037
PHA1037

González et al.
(2016)

HB4.2, HB5.1 4, 5 PI 150414
Rojo
CAL 143

Tock et al.
(2017)

(continued)
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Table 1.3 (continued)

Disease Gene symbol LG Resistant parent Reference

BCMV/BCMNV I 2 BelNeb-RR-1 Ariyarathne
et al. (1999)

bc-12, bc-u 3 Olathe Sierra Strausbaugh
et al. (1999)

bc-3 6 BAT93 Johnson et al.
(1997)

ClYVV cyv, desc 3 Black Knight Hart and
Griffiths (2013)

BAT 332 is conditioned by the same resistance locus (Namayanja et al. 2006). The
Phg-22 allele of BAT 332 is the only allele officially accepted by the BIC Genetics
Committee.

Phg-3 was originally published as Phg-ON, as first described by Corrêa et al.
(2001) in cultivar Ouro Negro. This cultivar is an important source of resistance
for ALS and other diseases in common bean, such as ANT and rust. Inheritance
studies in an F2 population derived from the Ouro Negro × US Pinto 111 cross
revealed one dominant resistance gene conferring resistance to race 63-39 (Corrêa
et al. 2001). To investigate associations betweenCo-34 (previously namedCo-10) and
the Phg-3 genes, Gonçalves-Vidigal et al. (2013) conducted co-segregation analysis
of resistance to C. lindemuthianum races 7 and 73 and P. griseola race 63-39 in Ouro
Negro using an F2 population from the Rudá × Ouro Negro cross and F2:3 families
from the AND 277 × Ouro Negro cross. This co-segregation analysis showed that
Co-34 and Phg-3 are inherited together. Additionally, the genes Phg-3 and Co-34

were found to be tightly linked to marker g2303 at a distance of 0.0 cM (Gonçalves-
Vidigal et al. 2013) on chromosome Pv04 (Fig. 1.5).

Furthermore, seven QTLs on five LGs have been reported by Oblessuc et al.
(2012). Among these, the major QTL ALS4.1GS,UD on Pv04 and ALS10.1DG,UC and
ALS10.1DG,UC, GS on Pv10, identified in G5686 and CAL143 (Mahuku et al. 2009;
Oblessuc et al. 2012; Keller et al. 2015), have been recently named asPhg-4 andPhg-
5 (Souza et al. 2016). The Phg-4 locus was first discovered by evaluating the G5686
× Sprite F2 population with race 31-0 and was published as PhgG5686A (Mahuku
et al. 2009). This QTL was later fine mapped to a 418-kb region on chromosome
Pv04 and named ALS4.1GS,UC (Keller et al. 2015). As this major locus had consistent
and significant effects across different environments and populations (Mahuku et al.
2009; Oblessuc et al. 2012, 2013; Keller et al. 2015), the BIC genetics committee
accepted the name QTL ALS4.1GS,UC for Phg-4 in G5686 (Souza et al. 2016). The
resistance Phg-5 locus on chromosome Pv10 was discovered using the CAL 143
× IAC-UNA RIL population. The RILs were evaluated under natural infection in
the field and in the greenhouse inoculated with race 0-39, whereby QTL ALS10.1
exhibited a strong effect in all environments (Oblessuc et al. 2012).Keller et al. (2015)
confirmed the QTL ALS10.1 in G5686. Because of its strong effect on resistance to
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Fig. 1.5 Genetic distances
and locations of the Co-34

gene for resistance to
common bean ANT, the
Phg-3 gene for resistance to
ALS, and the molecular
markers g2303 on linkage
group Pv04 of Phaseolus
vulgaris L. The map was
drawn with MapChart
(Voorrips 2002)

ALS in different environments, the BIC Genetics Committee proposed officially
named Phg-5 ALS10.1 in both G5686 and CAL143 (Souza et al. 2016).

Correspondingly, several genes conferring race-specific resistance to the rust
pathogen Uromyces appendiculatus (Pers.) Unger have been identified, named, and
mapped in different LGs in the common bean genome (Table 1.3). Indeed, three large
clusters harboring a number of resistance genes located at the ends of chromosomes
have been identified on Pv04, Pv10 and Pv11 of the Phaseolus vulgaris genome
(Schmutz et al. 2014). Among these, one of the most complex disease-resistance
clusters containing a large number of genes that confer resistance to various com-
mon bean pathogens has been identified at the end of the short arm of chromosome
Pv04 (Geffroy et al. 2009; Richards et al. 2014). Moreover, 10 major rust resis-
tance genes have been named and mapped in six different LGs of the common bean
genome (Pv01, Pv04, Pv06, Pv07, Pv08, and Pv11) (Kelly et al. 1994, Miklas et al.
2002, Kelly and Vallejo 2004; Miklas et al. 2006a, b; Rodríguez-Suárez et al. 2008;
Hurtado-Gonzales et al. 2017a, b). Mesoamerican rust resistance genes include Ur-
3, Ur-5, Ur-7, Ur-11 and Ur-14 (Augustin et al. 1972; Ballantyne 1978; Stavely
1984; Stavely 1990; Souza et al. 2011). Andean rust resistance genes include Ur-4,
Ur-6, Ur-9, Ur-12 and Ur-13 (Ballantyne 1978, Finke et al. 1986; Jung et al. 1998;
Liebenberg and Pretorius 1997).

In addition, several genes conferring resistance to various commonbeanpathogens
are arranged in clusters of tightly linked genes, often located at the end of the chro-
mosomes. For example, Ur-9 (Pv01),Ur-5 (Pv04) andUr-3 (Pv11) co-localize with
ANT resistance genes Co-1 (Pv01), Co3 (Pv04) and Co-2 (Pv11), respectively (Gef-
froy et al. 1999, 2000; Kelly et al. 2003). Similarly, Ur-13 maps close to the Phg-2
gene for ALS resistance on Pv08 (Garzon and Blair 2014). Recently, co-segregation
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analysis inoculating F2:3 families from theRudá×OuroNegro crosswith ofC. linde-
muthianum (ANT) and U. appendiculatus (Rust) races reported the genetic linkage
between Ur-14 and Co-34 genes (Valentini et al. 2017). In this study, the authors did
not evaluate the P. griseola in the F2:3 families from the Rudá × Ouro Negro cross.
Hurtado-Gonzales et al. (2017a, b) evaluated an F2 population of Pinto 114 (suscep-
tible)×Aurora (resistantUr-3) for its reaction to four different races ofU. appendic-
ulatus, and bulked segregant analysis using the SNP chip BARCBEAN6K_3 placed
Ur-3 on the lower arm of chromosomePv11. Specific SSR and SNPmarkers and hap-
lotype analysis of 18 sequenced bean varieties positionedUr-3 in a 46.5-kb genomic
region from 46.96 to 47.01 Mb on Pv11. The authors identified in this region the
SS68 KASP marker that is tightly linked to Ur-3, and validation of SS68 using a
panel of 130 diverse common bean cultivars containing all known rust resistance
genes showed SS68 to be highly accurate.

Genetic resistance to white mold (WM), caused by the fungus Sclerotinia scle-
rotiorum, is quantitatively inherited, and several QTLs have been identified thus far
(Schwartz and Singh 2013). A comparative map composed of 27 QTLs for WM
resistance and 36 QTLs for disease-avoidance traits was developed by Miklas et al.
(2013). Recently, Vasconcellos (2017) identified 37 QTLs condensed into 17 named
loci (12 previously named and five new), nine of which were defined as meta-QTLs
WM1.1, WM2.2, WM3.1, WM5.4, WM6.2, WM7.1, WM7.4, WM7.5, andWM8.3;
these are robust consensus QTLs representing effects across different environments,
genetic backgrounds, and related traits.

Bacterial Diseases

Xanthomonas axonopodis pv. phaseoli (Xap) and X. fuscans subsp. fuscans cause
common bacterial blight (CBB), a damaging disease of common bean worldwide.
CBB resistance has been reported to be quantitatively inherited, often involvingQTLs
with major and minor effects (Singh andMiklas 2015). More than 20 different QTLs
responsible for CBB resistance have been reported across all 11 LGs of common bean
(Singh and Miklas 2015; Viteri et al. 2015). Recently, Viteri et al. (2015) identified
the major QTL Xa11.4OV1,OV3, which explained up 51% of the phenotypic variance
for CBB resistance in leaves. Moreover, a new isolate-specific QTL underlying CBB
resistance and showing an additive effect with SU91 QTL was recently found on
Pv03 (Xie et al. 2017).

Both qualitative and quantitative resistance genes have been reported for resis-
tance to halo blight (HB), which is caused by Pseudomonas syringae pv. phaseoli-
cola (Burkn.) Downs (Ariyarathne et al. 1999; Fourie et al. 2004; Miklas et al. 2014;
Trabanco et al. 2014; González et al. 2016; Tock et al. 2017). Five dominant (Pse-1,
Pse-2, Pse-3, Pse-4 and Pse-6); one recessive (pse-5) gene has also been identified
(Miklas et al. 2009, 2011, 2014). Furthermore, 76 main-effect QTLs were found to
explain up to 41% of the phenotypic variation in HB resistance, and 101 epistatic
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QTLswere identified byGonzález et al. (2016).Moreover, Tock et al. (2017) recently
found a major QTL of race-specific resistance (HB5.1) in cv. Rojo and a major QTL
of race-nonspecific resistance (HB4.2) in PI 150414.

Viral Diseases

Recessive resistance to Bean common mosaic virus (BCMV) and Bean common
mosaic necrosis virus (BCMNV) in common bean is controlled by four genes that
include one strain-nonspecific helper gene, bc-u, and three strain-specific genes, bc-
1, bc-2, and bc-3. (Drijfhout 1978). Moreover, there are two alleles each for bc-1
(bc-1 and bc-12) and bc-2 (bc-2 and bc-22). The bc-u and bc-1 genes mapped at the
end of Pv03; bc-3 is located on Pv06 and belongs to the eIF4E gene family (Miklas
et al. 2000; Naderpour et al. 2010; Meziadi et al. 2016). In addition, the dominant
I gene mapping to Pv2 imparts resistance to all strains of BCMV (Drijfhout 1978).
With regard to resistance to another potyvirus, Clover yellow vein virus (ClYVV),
two recessive genes located on Pv06, cyv and desc, are reported to be allelic forms
of bc-3, encoding eIF4E factors (Hart and Griffiths 2013; Meziadi et al. 2016).

Drought Resistance

Drought stress is the major limitation of common bean grown in subsistence farming
systems worldwide. Several traits associated with drought tolerance have been iden-
tified, and different QTL studies have been conducted. Schneider et al. (Schneider
et al. 1997) identified RAPD markers associated with yield under stress and non-
stress conditions in Sierra × AC1028 and Sierra × Lef2RB populations across a
broad range of environments. Additionally, Beebe et al. (2007) identified QTLs for
yield under drought using an RIL population from the SEA 5 × MD 23-24 cross;
this QTL also influenced yield in well-watered environments, suggesting that yield
under both conditions may be influenced by the same factors. Later, Blair et al.
(2012) utilized a Mesoamerican intra-gene pool RIL population derived from the
cross of drought-tolerant BAT477 and drought-susceptible DOR364 to identify five
QTLs associated with yield under irrigated conditions, with mapping to LGs Pv03
and Pv07 and explaining 11 and 19% of the phenotypic variance. When the same
population was evaluated using mixed model analysis under eight environments dif-
fering in drought stress across Africa and South America, nine QTLs were detected
for 10 drought stress tolerance mechanism traits and mapped to six of the 11 LGs
(Asfaw et al. 2012a, b).

A total of 14 QTLs for performance under drought were consistently identified
in different environments by Mukeshimana et al. (2014). In that study, an inter-
gene pool RIL population from a cross of drought-tolerant lines SEA5 and CAL96
was evaluated for several years in Rwanda and Colombia under drought stress and
nonstress. QTLs associated with phenology and seed weight traits were identified
and mapped near previously reported QTL (Mukeshimana et al. 2014).
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Two major QTLs, named SY1.1BR and SY2.1BR, that conditioned yield in an RIL
population with consistent expression across multiple drought-stress environments
were identified on Pv01 and Pv02 by Trapp et al. (2015). In this study, 140 RILs from
the Buster × Roza cross were tested for yield under multiple stresses (intermittent
drought, compaction, and low fertility) across numerous locations and years. The
SY1.1BR QTL explained up to 37% of the phenotypic variance for seed yield under
multiple stresses and was defined by the marker SNP50809 (47.7 Mb). Moreover,
when compared toQTLs identified for yield in previous studies, SY1.1BR and SY2.1BR

displayed a larger effect (Asfaw et al. 2012a, b; Blair et al. 2012; Mukeshimana et al.
2014).

Recently, by analyzing 160 RILs derived from the cross between IAPAR 81
(drought-tolerant) and LP97-28 (susceptible to drought) under conditions of drought
stress and nonstress for two years in Maringá PR, Brazil (Elias 2018), 16 QTLs were
identified on five chromosomes (Pv01, Pv02, Pv07, Pv08 and Pv11) (Fig. 1.6). The
author used 773 SNP markers to construct an LG covering 815.9 cM of the bean
genome, with a distance of 1.34 cM between markers. The QTL SY9IL associated
with grain yield was identified on chromosome Pv09, three QTLs for grain yield per
day were mapped to Pv07, Pv08, and Pv09, and QTLs linked to seed weight were
found on chromosomes Pv07 and Pv08 (Elias 2018).

Another study of genotyping-by-sequencing analysis and 19 climatic character-
istics obtained through the WorldClim site was carried out by Elias (2018), in which
a set of 110 accessions of common bean previously genotyped using a sequencing
genotyping methodology was evaluated, producing 28,823 SNPs. Through associa-
tive mapping, it was possible to detect loci of quantitative characteristics, for a total
of 135 associations between characteristics vs. markers (Bonferroni test <0.5%). Of
the 19 bioclimatic traits, eight exhibited significant associations, and associations for
seasonality of temperature and precipitation in the driest quarter were found, both
on Pv09, with R2 = 36.26 and 36.46%, respectively. Associations between markers
and climatic variables were distributed throughout common bean LGs, except for
Pv08. The results show a correlation between markers and climatic characteristics
on a national scale, helping to identify candidate genes for regional adaptation. These
considerations are of great relevance for the conservation and exploration of genetic
diversity between and within common bean accessions in Brazil (Elias 2018).

1.7 Marker-Assisted Breeding for CS Traits

1.7.1 Marker-Assisted Gene Introgression

Molecular mapping and tagging of important genes have contributed to significant
advances inMAS of crop breeding. Sincemolecularmarkers are related to nucleotide
sequence variations,many tags have been developed for different types of plant crops.
They also have several advantages over the traditional phenotypic markers (Mohan
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�Fig. 1.6 Geneticmapping for theRILpopulation Iapar 81×LP97-28 cross using 773SNPsmarkers
assigned to the 11 common bean linkage groups. QTL locations are mapped in the Iapar81/LP97-28
population, using the composite interval method (CIM) of the Win cartógrapher software and the
LOD thresholds calculated based on 1000 permutations. A total of 16 QTLs were associated with
the yield per day, weight of 100 grains, number of pods per plant, height of plant, number of days
for flowering, and number of days for maturation under water stress condition

et al. 1997). In general, this method is faster, cheaper, and more accurate than tra-
ditional phenotypic assays. Consequently, it may provide higher effectiveness and
efficiency in terms of time, resources, and efforts. Besides that, MAS is not affected
by the environment, which allows the selection to be conducted under any envi-
ronmental conditions. In traditional phenotypic selection, an individual gene or loci
might be masked by the effect of others. In contrast, MAS can simultaneously iden-
tify and select single genes/QTLs in the same individuals, when traits are controlled
by multiple genes/QTLs. For that reason, it is particularly feasible for gene pyramid-
ing. The usage of MAS enables introgression of resistance genes into a cultivar and
decrease of population size and time required to develop a new variety.

Methods to characterize disease-resistance genes have changed over time. Initial
work with RFLP, AFLP, and RAPDmarkers was followed by a series of SSR, SCAR,
and SNP marker systems, providing suitable markers for breeding purposes. These
markers linked to single-gene traits have been successfully used in MAS (Singh and
Schwartz 2010). Thus, gene introgression using MAS allowed the development of
numerous common bean lines with resistance to angular leaf spot (de Oliveira et al.
2005), anthracnose (Alzate-Marin et al. 1999;Miklas et al. 2003), rust (Stavely 2000),
common bacterial blight (Miklas et al. 2006b) and, bean gold yellow mosaic virus
(Miklas et al. 2002). In addition, two major white mold resistance QTLs have been
successfully introgressed using MAS with positive asset in the target traits (Ender
et al. 2008). The use of MAS in breeding for resistance to biotic and abiotic stress
in common bean has been widely reviewed by Miklas et al. (2006a, b). The latest
publication about common bean reference genome (Schmutz et al. 2014) allowed
mapping and comparison of several SSR, SCAR, and SNPmarkers’ positions. Some
of them were mapped in different chromosomes than the ones originally reported.
In the last few years, GBS, GWAS, and WGS techniques improved plant breeding
by making it quick and efficient through the use of MAS.

1.7.1.1 Common Bean Whole Genome Sequencing (WGS)

Over the past decade whole genome (re)sequencing (WGS) approach has become
feasible due to its continuous cost reduction. Therefore, we currently gained a deep
insight into the structure of nearly complete genomes across populations (Lobaton
et al. 2018a, b). The history of common bean domestication at genomic level led
to introgression of gene pools during the domestication of two independent lines
(Andean and Mesoamerican) within a single species (Schmutz et al. 2014). More
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recently, a large number of inter-gene pool introgressions were identified, and inter-
specific introgressions for disease resistance in breeding lines were also mapped
(Lobaton et al. 2018a, b).

In 2014 the Joint Genome Institute, Department of Energy released the first chro-
mosome scale version of Phaseolus vulgaris (v1.0) (http://www.phytozome.net/)
(Schmutz et al. 2014). Interestingly, studies reported that databases like Phaseo-
lusGenes (http://phaseolusgenes.bioinformatics.ucdavis.edu) are actually important
tools to accelerate marker identification (Gonçalves-Vidigal et al. 2011; Lobaton
et al. 2018a, b).

Another strategy to develop DNA markers is a combination of bulked segregant
analysis (BSA) and high-throughput genotyping method. This mapping technique
is able to screen many bulks with markers spread throughout the genome in a short
period of time (Hyten et al. 2009). Many researchers have used the same procedures
to determine the abundance of SSRs in the common bean genome and, developed
candidate SSR database for common bean. The Infinium® assay is a newly developed
high-throughput SNP genotyping method with higher level of capacity. Recently, the
Illumina Infinium® beadchip was designed for soybean (Song et al. 2013) and, also
for common bean. Illumina Infinium® beadchip (BARCBEAN 6k_3) was firstly
designed for soybean and, was able to screen 5,399 SNPs (USDA-ARS, Maryland,
USA). Hyten et al. (2010) developed the Illumina Golden Gate beadchip containing
1,536 SNPs. As a result, the use of Golden Gate assay successfully mapped a few
SSRs linked with slow darkening trait onto bean linkage group 7 (Felicetti et al.
2012). Later, Song et al. (2015) generated a highly dense map of the common bean
containing 7,040 SNP markers with BARCBean6K_1 and BARCBean6K_2 Bead-
Chips. At the moment, common bean SNP cheap BARCBEAN6K_3 containing
5,398 SNPs (Song et al. 2015) is extensively used to develop specific molecular
markers linked to resistance genes (Hurtado-Gonzales et al. 2017a, b).

The use of specific markers for population breeding through next-generation
sequencing (NGS) became a common practice in plant breeding, since the develop-
ment of reference genome sequences allows efficient identification of a large number
of physically mapped new and/or different markers (Miller et al. 2018). Reference
genomes of common bean have been recently released (Schmutz et al. 2014; Vlasova
et al. 2016; http://www.beangenomics.ca/). The mentioned genomes were based on
sequences of G19833 (Andean landrace), BAT93 (Mesoamerican breeding line), and
OAC-Rex (Mesoamerican cultivar, introgressed with P. acutifolius).

The aforementioned databases provide the development of newmarkers for MAS
use and map-based gene isolation. In addition, short genomic sequences for each
breeding parent can be mapped on a reference genome and, new polymorphisms
such as SSR, SNP and/or INDEL can be detected.

http://www.phytozome.net/
http://phaseolusgenes.bioinformatics.ucdavis.edu
http://www.beangenomics.ca/
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1.7.2 Gene Tagging and Marker-Assisted Selection for Bean
Diseases

Conventional breeding methods used depend on visual to screening of genotypes to
select for traits of economic importance. Nevertheless, successful using this method
depends on its reproducibility and heritability of the characteristic. MAS is an excel-
lent methodology for common bean breeders who also work to improve disease
resistance. On behalf of MAS to be highly effective, a high association and tight
linkage must exist between the genes for resistance to diseases and molecular mark-
ers and easy to evaluate (Yu et al. 2004). As mentioned in the previous section,
associations between resistance genes and molecular markers are widely used for
mapping genes to specific linkage groups. Since the last century, several studies
have used molecular markers to select qualitative resistance to anthracnose (ANT),
angular leaf spot (ALS), common bean mosaic virus (BCMV) and, rust diseases.

1.7.2.1 Anthracnose

Garzón et al. (2007) were the first to evaluate the efficiency ofMAS to detect anthrac-
nose resistance. For that purpose, a series of backcross plants, using PCR-based
markers SAB3 and SAS13 linked to Co-5 and Co-42 genes were used. The authors
concluded that Co-5 is associated with SAB3, whereas Co-42 is linked to SAS13.

Likewise, Vidigal Filho et al. (2008) evaluated backcross F2BC3 lines using
SAS13950 marker and observed that it was linked to Co-42 allele. Two hundred
and thirty-three BC3F2 near-isogenic lines containing Co-42 resistance allele in var-
ious combinations were developed through marker-assisted selection (MAS) for the
resistance genes and phenotypic selection for the anthracnose. The BC3F2 NILs
having Co-42 resistance allele showed a wider resistance spectrum and manifested
increased levels of resistance to race 2047 of C. lindemuthianum. Out of the 233
BC3F2 lines analyzed by molecular markers, 80 of them revealed the presence of
SAS13950 linked to Co-42 allele. Moreover, two Brazilian cultivars, both resistant
to anthracnose, were obtained by five backcrossing with SAS13950 marker through
MAS (Gonçalves-Vidigal, unpublished data). These cultivars were released on the
market in 2018.

1.7.2.2 Rust

On the subject of rust, the first resistance gene tagged in common beanwasUr-4 gene
(Miklas et al. 1993), using the molecular marker OA141100. This marker was used to
perform assisted selection of plants containingUr-4 (Kelly et al. 1993). However, its
usage is restricted to Mesoamerican cultivars, since progenies from a cross between
Early Gallatin and Andean cultivar do not segregate for OA141100marker (Miklas
et al. 1993). Previous studies reported limitations of molecular markers linked toUr-
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3 gene (Haley et al. 1994; Nemchinova and Stavely 1998; Stavely 2000). However,
Valentini et al. (2017) developed several SSRmarkers linked toUr-3,Ur-4,Ur-5,Ur-
11,Ur-14, andUr-PI310762 genes. For that, accurate phenotyping for the inheritance
of resistance studies, bulk segregant analysis (BSA) combined with high-throughput
genotyping using the SNP chip BARCBEAN6K_3, were used. Following the same
line of experiments, further SSR and SNP markers closely linked to Ur-3 were
developed based on BSA, SNP assay, and whole genome sequencing methodologies
(Hurtado-Gonzales et al. 2017a, b). Interestingly, KASP SNP marker SS68 reliably
distinguished cultivars containing Ur-3 alone or in combination with other genes
(Hurtado-Gonzales et al. 2017a, b). Recently, co-segregation analysis inoculating
F2:3 families from the Rudá × Ouro Negro cross with of C. lindemuthianum (ANT)
and U. appendiculatus (Rust) races reported the genetic linkage between Ur-14 and
Co-34 genes (Valentini et al. 2017). In this study, the authors did not evaluate the P.
griseola in the F2:3 families from the Rudá×Ouro Negro cross. A different approach
was to investigate rust resistance in locus Ur-14, which is tightly linked to gene Co-
34 (Valentini et al. 2017b). The results allowed the construction of a genetic map
linkage based on SNP, SSR and, KASP markers linked to Ur-14.

1.7.2.3 White Mold

QTLs for white mold on linkage groups Pv02 and Pv07 from an ICA Bunsi ×
Newport Middle American dry bean population were identified by Kolkman and
Kelly (2003). In ICA Bunsi × Raven Middle American dry bean populations, QTLs
were also detected and, mapped on linkage groups Pv02, Pv05, Pv07, and Pv08
(Ender and Kelly 2005). Later, Miklas et al. (2007) found two QTLs in a Pinto
3 navy bean (Aztec/ND88–106–04), which were mapped on linkage groups Pv02
and Pv03. Interestingly, the QTL described on Pv02 was identified previously in
populations of ICA Bunsi 3 navy and ICA Bunsi 3 black bean RIL.

Further, a comparative study revealed the presence of QTLs in two separate pop-
ulations, “Benton”/VA19 (BV) and “Raven”/I9365-31 (R31) crosses (Soule et al.
2011). For the first one, WM2.2 and WM8.3 were described for greenhouse straw
test and field resistance. In contrast, WM2.2, WM4.2, WM5.3, WM5.4, WM6.1,
WM7.3 were found in the Raven/I9365-31 (R31) for greenhouse straw test and field
resistance.

In addition, two QTLs were characterized in “Tacana” × PI 318695 (linkage
groups Pv04 and Pv07) and Tacana × PI 313850 (linkage groups Pv02 and Pv09)
inbred backcross lines, using the greenhouse straw test (Mkwaila et al. 2011).
Recently, an evaluation ofRIL population fromAN-37×P02630 cross demonstrated
the presence of 13 QTLs for agronomic and disease-related traits (Hoyos-Villegas
et al. 2015).
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1.7.2.4 Fusarium Root Rot

Resistance to FRR is quantitatively inherited and is strongly affected by environmen-
tal factors. QTLs associatedwith this disease varied between studies and populations.
Due to limited genomic coverage of the availablemarkers, a comparison of the physi-
cal positions of those QTLs was not suitable (Schneider et al. 2001; Chowdhury et al.
2002; Román-Avilés andKelly 2005). In 2005, (Román-Avilés andKelly 2005) iden-
tified nine QTLs in crosses “Negro San Luis” × “Red Hawk” and “Negro San Luis”
× C97407. Later, five regions on linkage groups Pv03, Pv06, and Pv07 associated
with QTL for FRR in an Eagle/Puebla 152 population were identified (Navarro et al.
2004). Most recently, two QTLs associated with FRR for greenhouse straw test and
field resistance were mapped on Pv02 (Wang et al. 2018).

1.7.2.5 Common Bacterial Blight

In early 2000s, important historical research steps towardMASwere taken. PI 319443
resistance was introgressed into the common bean breeding line XAN 159. By doing
that, two major QTLs for common bacterial blight resistance were defined: SCAR
marker SU91 (Pedraza et al. 1997) found in Pv08, and BC420 marker detected in
linkage group Pv06 (Yu et al. 2000a, b). Yu et al. (2000a, b) evaluated co-segregation
of two polymorphic markers. Only BC420900 revealed a significant association with
a major QTL, which conferred resistance in HR67 to CBB. Following that, another
major resistance QTL in OAC-Rex was mapped on Pv05 (Bai et al. 1997; Tar’an
et al. 2001; Michaels et al. 2006). Recently was reported the full genome sequence of
the common bean OAC-Rex with introgression from the tepary bean, P. acutifolius
(Perry et al. 2013).

However, a negative association of seed yield with the SU9 marker linked with
CBB resistance QTL derived from tepary bean was reported (O’Boyle et al. 2007).
Furthermore, Miklas et al. (2009) addressed the presence of SH11.800, SR13.1150,
and ST8.1350 markers linked to Pse-1 and, mapped on Pv10.

1.7.2.6 Bean Common Mosaic Virus

Since BCMV resistance genes are independent in common bean, it contributes to the
use of gene pyramiding as an approach for durable resistance (Tryphone et al. 2013).
In 1994, Raven was released as the first common bean cultivar resistant to BCMV.
The aforementioned cultivar carries two genes: one dominant hypersensitive I and
one recessive bc-3, both confirmed by RAPD markers. This combination has been
recognized for its durability over single-gene resistance to both BCMV and BCMNV
(Kelly 1997). SCARmarkers based onOC11350/420 (ROC11) andOC20460RAPD
markers linked to bc-3 gene were also developed (Johnson et al. 1997). However,
the use of these markers in MAS have been limited in common bean because of a
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lack of polymorphism and, reproducibility across different genetic backgrounds and
gene pools (Kelly et al. 2003).

Pedigree selection through the F7 generation based on superior agronic features
(early maturity, erect plant architecture, and good pod set) and commercial seed
type,Bella cultivarwas created.Derived fromcross “Verano”//PR0003-124/“Raven,”
Bella combines resistance to BCMV, BCMNV, BGYMV, and web blight (Beaver
et al. 2018).

1.7.3 Gene Pyramiding

The conventional breeding methods involve complex selection of several genotypes
harboring different resistance genes, which can affect the accuracy and efficiency
of the process. However, pyramiding gene is a good strategy for durable resistance,
and it can also facilitate MAS approach. This technique is a combination of multiple
desirable genes from multiple parents into a single genotype for specific trait. Thus,
this methodology enhances genetic resistance into bean cultivars.

Pyramiding of different genes was developed from a single cross between lines
obtained in the introgression step, using either pedigree or backcross method. Cur-
rently, several resistant common bean cultivars were developed to improve resistance
level to anthracnose, angular leaf spot, rust and, BCMV (Ragagnin et al. 2009).

A marker-assisted gene pyramiding approach was used to develop carioca bean
elite lines harboring three different rust resistance genes (Souza et al. 2014). That
was only possible because Rudá recurrent parent has a high-yield performance. On
the subject of anthracnose and Pythium root rot resistance, genes were pyramided in
four susceptible market class varieties using SCAR markers (Kiryowa et al. 2015).
It was also shown that higher numbers of selected pyramided genes may indirectly
affect yield by reducing the number of seeds per plant.

ThroughMAS, resistant pyramided lines to rust, anthracnose and, angular leaf spot
were developed (Ragagnin et al. 2009). They showed resistance spectra equivalent
to those of their respective donor parents. Besides that, yield tests showed that these
lines were as productive as the best carioca-type common bean cultivar.

1.7.4 Limitations and Prospects of MAS and Marker-Assisted
Backcrossing Breeding (MABCB)

MAS is an important tool to support plant breeders in crop improvement. It consid-
erably increases the efficiency of breeding, when markers tightly linked to genes of
interest are used.Despite its advantages,MASmight not be as successful as expected,
when introgression of QTL is necessary (Fazio et al. 2003).
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MAS is not always better or more cost-effective than direct disease resistance
(DDS), especially for quantitatively inherited resistance to diseases. An efficiency
comparison of these two techniques, regarding pyramiding and transfer of CBB resis-
tance into dark red kidney bean, showed that DDS was significantly more effective
than MAS (Duncan et al. 2012). Under greenhouse conditions of high disease pres-
sure, DDS produced more resistant breeding lines with greater levels of resistance
than MAS.

MAS is considered as smart breeding for different reasons. First of all, it is a non-
transgenic biotechnological approach for plant improvement and is not subjected to
rules/regulations that restrict its use. Second, disease-resistance selection without the
use of pathogen is feasible, and off-season screening is possible. Finally, it is suitable
to combine multiple sources of disease resistance for distinct pathogens.

1.8 Potential for the Role of Molecular Genetics,
Transcriptomics, Epigenomics, and Bioinformatics
as Tools to Address Climate Resiliency/CS Traits

1.8.1 Status of Common Bean Genomics

More than 100,000 years after the divergence of Mesoamerican and Andean gene
pools a minimum of two separate domestications occurred ~8,200–8,500 years ago
(Vlasova et al. 2016). The common bean (Phaseolus vulgaris) genome was origi-
nally released in 2014 (Schmutz et al. 2014). The Andean inbred landrace G19833
was used for this sequence. The second version of this genome is currently avail-
able (Phaseolus vulgaris v2.1, DOE-JGI, and USDA-NIFA, http://phytozome.jgi.
doe.gov/). Approximately 537.2 Mb of the genome is arranged in 478 scaffolds.
An estimated 99.1% of the genome is contained within 87 scaffolds of >50 kb in
size. There are 27,433 coding sequence loci and 36,995 protein-coding transcripts;
thus, there are 9,562 alternatively spliced variants. A second sequence was released
two years after the G198333 genome was released for the Mesoamerican breed-
ing line BAT93 (Vlasova et al. 2016). The Mesoamerican genome was found to be
approximately 549.6 Mb, of which 81% is anchored within eleven linkage groups.
The BAT93 genome was found to have 30,491 coding sequence loci, with 66,634
protein-coding transcripts that encode for 53,904 unique proteins (Vlasova et al.
2016).

The Mesoamerican genotype BAT93 has been identified to be more resistant to
some diseases, including anthracnose, angular leaf spot, and bean common mosaic
virus, and rust (Vlasova et al. 2016). Despite its decreased susceptibility, BAT93
was found to have fewer cytoplasmic NBS-LRR class resistance genes (234), than
G19833 (376) (Vlasova et al. 2016). Functional enrichment analysis showed that
BAT93 has undergone the largest gene expansion in genes related to cellular receptors

http://phytozome.jgi.doe.gov/
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with extracellular domains. Genes related to seed development and the ubiquitin
pathway were also enriched in BAT93, compared to G19833 (Vlasova et al. 2016).

In the BAT93 genome, 35% was found to be composed of transposable elements
(Vlasova et al. 2016). The G19833 genome is approximately 41% of transposable
elements (Phaseolus vulgaris v2.1, DOE-JGI, and USDA-NIFA, http://phytozome.
jgi.doe.gov/). Long noncoding RNAs (lncRNAs) were highly conserved between
the two genotypes, with 94% of Mesoamerican lncRNAs also contained within the
Andean genome (Vlasova et al. 2016). lncRNAs appear not to be highly conserved
within legumes, as only a third were found to be conserved past soybean (Glycine
max) (Vlasova et al. 2016).

Since the sequencing of the commonbean genomes, numerous resequencing, tran-
scriptomic, epigenomic, proteomic, and metabolomic projects have been conducted.
A recent resequencing project identified introgression within the Mesoamerican and
Andean common bean gene pools (Lobaton et al. 2018a, b). This project under-
took sequencing of 35 common bean, 22 Mesoamerican and 13 Andean, accessions
and one genotype each of the closely related species P. acutifolius and P. coccineus
(Lobaton et al. 2018a, b). These lines were selected based on agriculturally sig-
nificant traits, including resistance to a variety of biotic and abiotic stresses. The
other Phaseolus spp. were selected as they have introgressed into some common
bean cultivars (Lobaton et al. 2018a, b). A total of 203 possible introgression events
were detected (Lobaton et al. 2018a, b). Surprisingly, it was determined that the
Andean reference genome, G19833, contained a large Mesoamerican introgression
on chromosome Pv08, which spans 24 Mbp. Additionally, there were three other
Andean-derived genotypes that contained this same introgression. Other introgres-
sions of over 1 Mbp were identified in other chromosomes (Lobaton et al. 2018a, b).
Due to self-fertilization, heterozygosity rates were low, averaging 0.17% in Andean
and 0.46% in Mesoamerican genotypes.

1.8.2 Gene, Genome, and Comparative Genome Databases
(Phytozome, NCBI, LIS, EBI, CoGe, DAVID)

Phaseolus spphas been proposed to serve as amodel for understanding crop evolution
due to the multiple domestication events in Mesoamerica and South America and
other characteristics (Bitocchi et al. 2017; Rendón-Anaya et al. 2017).

1.8.2.1 Databases

Vast information on common bean genes, genomes, and comparative genomics are
widely publicly available. Phytozome is the “Plant Comparative Genomics portal of
the Department of Energy’s Joint Genome Institute” (Goodstein et al. 2012). Cur-
rently, thePhaseolus vulgaris version 2.1 genome is themost recent release. Previous

http://phytozome.jgi.doe.gov/
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versions of released genomes can be found at the “Download” section of Phytozome’s
dropdownmenus.Genomev2.1 combined an 83.2x sequence coverage PacBio-based
assembly that is annotated with their proprietary Gene Model Improvement (GMI)
pipeline. Genes can be searched for via running a BLAST search or keyword search.
The output yields genes and ontologies with a direct link to PANTHER. The gene
section reveals the functional annotation, view in a genome browser (JBrowse),
genomic, transcript, and coding sequences, protein homologs, gene ancestry, and
gene expression and co-expression in various tissue types. PhytoMine allows users
to search for information of genomics, transcripts, proteins, comparative species,
and expression based on a variety of input identifiers; which includes gene IDs, GO
terms, and panther terms.

TheNationalCenter forBiotechnology Information (NCBI) is a repository for sev-
eral different data types. NCBI hosts categories of information classified as Literature
(books, journal articles, and reports), Genes (ESTs, genes, homologs, phylogenet-
ics, unigenes, functional genomics), Genetics (clinical, genotype/phenotype, human-
related), Proteins (conserved domains, sequences, clusters, structure), Genomes
(genome assembly, biosamples/projects, SRA, nucleotide sequences, proves, taxon-
omy, and Chemicals (molecular pathways, screening, deposited information). The
current genome data was supplied by the Joint Genome Institute. NCBI’s Sequence
Read Archive hosts user-supplied next-generation sequencing data for public avail-
ability (“National Center for Biotechnology Information” n.d.).

The Legume Federation also serves as an information and tool repository to “facil-
itate collaborative development of software, methods, and standards…to help build
a healthy research ecosystem.” Tools that are offered or linked to include Legume
Mines, Data Store at CyVerse, Transcript annotation, Genomic Context Viewer, Data
Store at Legumeinfo, and upcoming CMap-js (“Legume Federation” n.d.). Legume
Mines-BeanMine is a common bean database that provides gene expression, QTL,
gene ontology (GO) terms, and QTLmarker resources. Annotation data are available
to download at the National Science Foundation-funded CyVerse (“CyVerse” n.d.)
database and at the Legume Information System (LIS) (“Legume Information Sys-
tem” n.d.). CMap-js is a comparative genome software in alpha testing, which upon
release will allow users to compare biological maps, which includes genetic, phys-
ical, cytogenetic, genomic, linkage groups, chromosomes, and scaffolds (“Legume
Federation” n.d.).

The Legume Information Systems (LIS) is a legume-specific database with the
intention of building on traits for crop improvement. LIS hosts unique tools forQTLs,
germplasm resources, genetic maps, physical maps, and molecular markers. Some
of these tools are accessible through the Legume Federation website. The Transcript
Annotation tool allows the user to upload nucleotide or protein sequences and run the
sequences. TheGenomicContextViewer is a comparative genome viewer that allows
the user to input a variety of gene identifiers and the output includes “Macro-Synteny”
and “Micro-Synteny” tracks to visualize chromosomal patterns or conserved gene
function-specific functions (Cleary and Farmer 2018). Phylotree is a gene family
search tool allowing users to search gene family IDs, gene descriptions, or by count,
the results for each of the legumes are displayed. A “list” of genes can be built for
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users to save for future analysis; which serves as a convenient organizational tool for
complicated data analysis.

TheEuropeanBioinformatics Institute (EBI) and theWellcomeTrust Sanger Insti-
tute jointly host plant-specific information and tools including pHMMER, BLAST,
comparative genomics, variant effect predictor (VEP), assembly converter, and ID
history converter. The user can search the database for genomes and metagenomes,
nucleotide and protein sequences, macromolecular structures, bioactive molecules,
gene and protein expression, molecular interactions, reactions and pathways, pro-
tein families, enzymes, literature, and samples and ontologies, which totals over 1.3
million results.

CoGe is a comparative genomics platform, containing over 47,000 genomes from
over 18,000 organisms. Genomes can be viewed in a browser with GC content,
coding sequence (CDS), gene annotations, rRNA, and tRNA. Features unique to
CoGe, which are not included in JBrowse include: filter track list by name, data
type, manage experiments, export track data, search features by name, search tracks,
combine tracks by dragging and dropping, convert search results into marker tracks,
and save search results as new experiments in CoGe. CoGeBlast allows the user to
perform aBLAST search against selected genomes.Multiple common bean genomes
are available to search in this database. SynMap is a tool that allows the user to find
homologs among two or more species.

1.8.2.2 Diversity Panels and Seed Banks

Common bean diversity panels are assemblies of germplasm for breeding and crop
improvement purposes (Cichy et al. 2015a, b). DomesticatedAndean bean genotypes
have less genetic diversity than domesticated Mesoamerican genotypes due to a
bottleneck event that occurred before domestication events (Cichy et al. 2015a, b).
Because of the lack of diversity in Andean genotypes, breeding among this gene pool
is limited in comparison to progress made in Mesoamerican genotypes (Cichy et al.
2015a, b).

An Andean diversity panel (ADP) was developed in 2015, consisting of 396
accessions; 349 Andean, 21 Mesoamerican, and 26 admixed accessions collected
globally. Information can be accessed about this diversity panel at http://arsftfbean.
uprm.edu/bean/ (accessed 15 May 2015). Diversity panels have been used in many
types of studies, including those screening for flooding tolerance (Soltani et al. 2018),
drought tolerance (Asfaw et al. 2017), resistance to root rot (Binagwa et al. 2016),
population structure in Uganda (Okii et al. 2014), cooking time (Cichy et al. 2015a,
b), gene-based microsatellites (Blair et al. 2009), SNPs between common bean and
tepary bean (Gujaria-Verma et al. 2016), and agronomic traits (Moghaddam et al.
2016). A Middle American diversity panel was developed to include 280 Middle
American cultivars from the BeanCAP diversity panel (Moghaddam et al. 2016).

The Consultative Group on International Agricultural Research (CGIAR) hosts
an international database, Genebank Platform, which allows researchers to request
750,000 accessions of various plant species (“Genebank Platform” n.d.). CGIAR

http://arsftfbean.uprm.edu/bean/
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partners with AfricaRice, Bioversity International, International Center for Tropi-
cal Agriculture (CIAT), International Maize and Wheat Improvement Center CIM-
MYT, International Potato Center, Crop Trust, International Center for Agricultural
Research in the Dry Areas (ICARDA), International Crops Research Institute for the
Semi-Arid Tropics (ICRISAT), International Institute of Tropical Agriculture (IITA),
International Livestock Research Institute (ILRI), International Rice Research Insti-
tute (IRRI), and the World Agroforestry Center. CIAT’s missions are to develop
crops for food security and improved nutrition, profits for small-scale farmers and
food accessibility, and developing resilient crops. CIAT currently contains nearly
38,000 Phaseolus spp. accessions, 32,375 of which are common bean genotypes.
Accessions can be searched by species, location and collection features, character-
ization features (growth habit, seed color, shape, brightness, and weight, days to
flowering, first and last harvest, and use), reactions to biotic and abiotic stresses,
and/or nutritional and technological traits. CIAT scientists and collaborations have
led to the development and release of more than 550 bean varieties, beans that are
tolerant to ≥3 °C higher average temperatures, 3× higher yielding climbing beans,
and beans that accumulate higher iron.

The IITA’s research programs are based in four areas, mainly impacting natural
resources in Africa: 1. biotechnology and genetic improvement, 2. natural resource
management, 3. Social science and agribusiness, and4. Plant production, plant health,
nutrition, and food technology (“International Institute of TropicalAgriculture” n.d.).
The Genesys Plant Genetic Resources (PGR) database was created by Bioversity
International and is the largest plant genetic resource repository, containing more
than 2.8 million accessions, more than 54,000 are common bean accessions. Biover-
sity International’s goal is to establish community seed banks to benefit small-scale
farmers (“Genesys Plant Genetic Resources” n.d.).

Crop Trust was also developed by Bioversity International on behalf of CGIAR
and the UN Food and Agriculture Organization (FAO). The goal of this initiative
is to conserve diverse crop genetic material for food security (“Crop Trust” n.d.).
The Svalbard Global Seed Vault contains nearly 1 million seed samples, from almost
6,000 species (“SvalbardGlobal SeedVault” n.d.).National PlantGermplasmSystem
(NPGS) is a collaborative initiative of the United States Department of Agriculture
Agricultural Research Service (USDA-ARS) to protect genetic diversity (“National
Plant Germplasm System” n.d.).

The National Agricultural Research Organisation (NARO) organizes agricultural
research in Uganda, which includes the National Agricultural Research System
(NARS) (“National Agricultural Research Organisation” n.d.). The National Bureau
of Plant Genetic Resources (NBPGR) is headquartered in New Delhi, India, where
researchers work toward conserving germplasm and to provide tools for breeders
(“National Bureau of PlantGeneticResources” n.d.). Someweb application tools that
are provided by the NBPGR include the PGR portal for information on germplasm,
PGR searchable map, an herbarium, intellectual property, Cryo database, crop wild
relatives portal, genebank, climate smart management, and genetic resources.

The European Cooperative Programme for Plant Genetic Resources (ECPGR)
which aims to conserve germplasm for breeding purposes and functions under
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Bioversity International (“European Cooperative Programme for Plant Genetic
Resources” n.d.). The germplasm repository, the European Search Catalogue for
Plant Genetic Resources (EURISCO), contains more than 52,000 accessions in the
Phaseolus genus, more than 46,000 accessions are common bean. ECPGR provides
a platform to acquire accessions by allowing requests to be directed to institutions
that are associated with the accession.

The Genetic Resources Center, National Agriculture and Food Research Orga-
nization (NARO) Genebank Project is a conservation effort coordinated in Japan
(“NARO Genebank Project” n.d.). This database contains 915 germplasm acces-
sions (accessed July 25, 2018) which can be searched/filtered by many physical
characteristics. There are other international crop resources including the Australian
Temperate and Field Crops Collection, the Chinese Crop Germplasm Information
System (CGRIS), Leibniz Institute of Plant Genetics and Crop Plant Research, the
National Institute of Agrobiological Sciences Genebank, and the Asian Vegetable
Research and Development Center.

1.8.3 Gene Expression Databases

Manydatabases thatwere describedpreviously, inSect. 13.2.1 are usedby researchers
who perform high-throughput RNA sequencing methodologies. Some of these
databases allow users to upload their generated data, among the most frequently
used is NCBI’s Short Read Archive (SRA) hosts many user-supplied gene expres-
sion data, which can be openly downloaded by other users. The SRAToolkit includes
many free programs that can be used for analyzing sequencing data. Similarly, to
NCBI, EBI allows users to submit high-throughput sequencing data to the database
as well as searching existing projects and downloading previously submitted data.

Phytozome released the common bean genome, which also contains gene expres-
sion data on many tissue types, reported as fragments per kilobase of transcript
per million mapped reads (FPKM). Phytozome also contains gene ancestry and co-
expression. This information is useful in determining whether selected genes are
expressed in target tissues, which can serve as a confirmation for RNA sequencing
data. The Phaseolus vulgarisGene Expression Atlas (PvGEA) database hosts down-
loadable data for common bean tissues harvested at several developmental stages.
Expression data for roots, nodules, leaves, stems, flowers, seeds, and pods are avail-
able. The user can download normalized and/or raw data or view gene expression
data by performing a keyword or sequence search (“PvGEA” n.d.).
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1.8.4 Protein and Metabolome Databases (NCBI, EBI,
UniProt, PvTFDB, KEGG)

1.8.4.1 Protein

The integration of proteomic andgenomic approaches, termed “proteogenomics,” has
been developing into a powerful tool to better understand the molecular mechanisms
that are activated in plants during stress (Zargar et al. 2017). However, proteome
studies in common bean are lacking and underrepresented among other legumes
(Zargar et al. 2017). These types of studies are important for determining genes as
related to stress tolerance, and growth and development of plants and seed (Zargar
et al. 2017). To date, most studies on legume proteomics have involved gel-based
approaches, which are considered to be low-throughput (Zargar et al. 2017).

Posttranslational modifications are yet another factor in proteomics, for example,
phosphorylation of a dehydrin in responding to and recovering from osmotic stress
(Zargar et al. 2015). Changes in phosphorylation of phaseolin proteins were found
to be implicated in seed dormancy transition to germination (Zargar et al. 2015).
Developing a “proteome atlas” to detect rare proteins may prove to be a powerful
identification tool to target pathways involved in response to specific stresses (Zargar
et al. 2015).

Biotic and abiotic stresses can cause changes in plant protein expression (Zargar
et al. 2017)

Databases like NCBI and EBI contain information and tools to search protein
sequences, but there are some databases that providemore insight into common bean-
specific protein structure and function; including UniProt and PvTFDB. UniProt is a
protein database, which contains more than 32,000 protein entries for common bean,
159 of which have been manually annotated and reviewed (accessed July 17, 2018).
UniProt provides information on function (catalytic activity, cofactors, enzyme reg-
ulation, binding and active sites, gene ontology (GO) molecular functions, and links
to other enzyme databases), taxonomy/aliases, subcellular location, pathology, post-
translational modifications/processing, interactions, and structure (“UniProt” n.d.).

PvTFDB is a database that houses information on 2,370 putative transcription
factors (TFs) in common bean (“Phaseolus Vulgaris Transcription Factor Database”
n.d.). The authors of this database suggested that transcription factors are the most
important target in terms of developing stress-tolerant crops (Bhawna et al. 2016).
PvTFDB also provides other useful data on these TFs including tissue-specific gene
expression, cis-regulatory elements, phylogeny, gene ontology, and functional anno-
tations (Bhawna et al. 2016). This database has downloadable information for each
transcription factor family, which includes the DNA sequence, coding sequence
(CDS), primary transcript, amino acid sequence, and the 2 kb region upstream from
the transcription start site (Bhawna et al. 2016).
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1.8.4.2 Metabolome

Anestimated 100,000 to 1millionmetabolites are present in all plants, ofwhich 5,000
or more are unique to each species (Alseekh et al. 2018). The most widely used tools
to study metabolomics are nuclear magnetic resonance (NMR), gas chromatography
mass spectrometry (GC-MS), and liquid chromatography mass spectrometry (LC-
MS) (Alseekh et al. 2018). Eachmethodology comeswith positives andpitfalls.NMR
is limited by its ability to only detect abundant metabolites, or those extracted from
copious amounts of tissue. LC-MS requires samples to be treated prior to testing.
GC-MS analytes are largely unannotated (Alseekh et al. 2018).

The Kyoto Encyclopedia of Genes and Genomes (KEGG) database models sig-
naling pathways in biological systems. For common bean, KEGG currently has 134
pathways available (accessed June 25, 2018),which aremostly related tometabolism,
but other pathways are represented as well (“Kyoto Encyclopedia of Genes and
Genomes” n.d.). It is established that symbiotic relationships with microbes can
change the physiology of the host common bean plant (Figueiredo et al. 2008;
Mwenda et al. 2018; Sánchez et al. 2014).

Nitrogen fixation is a metabolic process that is characteristic of legumes (Rama-
lingam et al. 2015). Common bean was crossed with Phaseolus acutifolius yielded a
common bacterial blight resistant genotype; this consequently led to decreased abil-
ity to form symbiotic relationships with bacteria (Farid et al. 2017). Rhizobia are the
microbes responsible for establishing the symbiosis of fixing nitrogen in the soil. Due
to pleiotropic effects, tracking many phenotypes and physical characteristics will be
an important component of breeding studies moving forward as crop improvement
projects continue.

Another important group of compounds is phytochemicals, which have positive
health benefits for humans (Thompson et al. 2017). A study conducted in rats with
cancer showed that triacylglycerol (TAG) precursors were reduced in the mammary
glands of the bean-fed rats compared to the control group (Mensack et al. 2012). The
results of this study suggest that lipid metabolism is a target of bioactive chemicals
in dry beans (Mensack et al. 2012). However, the lack of plant metabolome coverage
continues to be a challenge in this area of study, as well as annotation of metabolites
(Alseekh et al. 2018).

1.8.4.3 Role of Microbial Interactions

In addition to resources specifically involving common bean, genomes and resources
of symbionts may prove to be useful as well. There are distinct differences in the
interaction between allowing symbiotic relationships with some microbes versus
defensemechanisms against potentially pathogenicmicrobes. A recent study showed
that increased disease resistance in common bean showed a decreased ability to form
symbiotic relationships (Farid et al. 2017).

Rhizobium spp. are gram-negative bacteria that form symbiotic relationships with
legumes (Carrasco-Castilla et al. 2018). Common bean is a promiscuous host, mean-
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ing it can form nodules with multiple species of rhizobia. Currently, it is known
that common bean can be nodulated by at least 27 rhizobia species (Mwenda et al.
2018). Plant growth-promoting rhizobacteria (PGPR) are thought to play a role on
plant growth by different mechanisms, including alteration of hormones within the
plant, increasing solubilization of nutrients and nitrogen uptake, iron chelation, and
negative effects on plant pathogens (Figueiredo et al. 2008; Sánchez et al. 2014).
The third mechanism may prove to be a promising disease management practice
to increase yield (Figueiredo et al. 2008). Beans co-inoculated with nonpathogenic
Rhizobium tropici (CIAT 899) and Paenibacillus polymyxa (DSM36) were found
to form more efficient symbiotic associations (Figueiredo et al. 2008). This study
examined co-inoculation of CIAT 899 with other PGPRs and the results showed
significant differences in phytohormone activity and cytokinin content in the host.

Another recent study described the relationship between rhizobial infection, nodu-
lation, and bean expression of annexin (Carrasco-Castilla et al. 2018). Rhizobia
secrete lipo-chitooligosaccharides, or nod factors, which are detected by bean root
hairs to induce the formation of the infection thread. This thread is a channel that
allows the rhizobia to cross the root hair cell to ultimately lead to nodulation and
nitrogen fixation (Carrasco-Castilla et al. 2018). Bean annexins have been shown
to play wide-ranging roles, including abiotic stress, biotic stress, growth and devel-
opment, immunity, and symbiotic microbial relationships (Carrasco-Castilla et al.
2018).

Complete genome sequences of eight Rhizobium symbionts associated with com-
mon bean (Santamaría et al. 2017). Interestingly, the Rhizobium etli and Rhizo-
bium phaseoli isolates were found to be rather different in their genomic lineages,
despite all being associated with common bean nodules and nitrogen fixation. Ben-
eficial microbes are able to establish symbiotic relationships by secretion of effector
molecules that interact with the host, which can lead to downregulation of plant
immunity genes (Seidl and Thomma 2017).

Coevolution with pathogens has been noted in several studies including the fun-
gal pathogens Colletotrichum lindemuthianum (Geffroy et al. 1999; Luana et al.
2017), Colletotrichum lindemuthianum (Padder et al. 2017) Uromyces appendicula-
tus (Cooper and Campbell 2017; Odogwu et al. 2016), Pseudocercospora griseola
(Ddamulira et al. 2014; Chilagane et al. 2016), and bacterial pathogen Pseudomonas
syringae (O’Leary et al. 2016), (Vlasova et al. 2016). Transposable elements (TEs)
are one of themajor contributing factors to coevolution of plants and pathogens (Seidl
and Thomma 2017). TEs provide opportunities to substantially impact the structure
of the host’s genome and this is discussed in more detail in other section.

1.8.5 History of Epigenetics/Epigenomics

The idea of epigenetics is considered to have started in the 1930s, by Wadding-
ton, who was interested in embryology. He wanted to determine what happens dur-
ing development to allow an adult to form from an embryo (Nicoglou and Merlin
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2017). In the 1940s and 1950s, McClintock observed “coordinated transposition” in
maize and chromatin organization effects on gene expression. “Cellular memory”
was introduced by Nanney in the 1950s, which was described as mitotically stable
phenomenon; meaning that the same genotype can display different phenotypes. In
1961, the operon model of gene expression was introduced by Jacob and Monod.
This model describes the induction of enzymes when a substrate is present. Britten
and Davidson introduced the gene-batter model in 1969, which stated that noncod-
ing sequences regulate gene expression. In the 1970s, Riggs and Holliday indepen-
dently hypothesized about DNAmethylation affecting gene expression. DNA exper-
iments in methylation and histone modifications and their effect on gene expression
started to appear in the 1990s (Nicoglou and Merlin 2017). Presently, it is widely
known that there are several epigenetic mechanisms that contribute to control of gene
expression, which include DNA methylation, histone modifications, and noncoding
RNAs. Plants, including common bean, have the relatively unique capability to have
widespread, extensive DNA methylation in three different motifs, CG, CHG, and
CHH (Crampton et al. 2016; Kim et al. 2015).

The link between evolution and the development of organisms is abbreviated as
“evo-devo.” This was essentially the 1990 s-2000 s version of the “epigenetics”
concept, particularly in explaining differences in phenotypic variation and maps
(Abouheif et al. 2014; Nicoglou and Merlin 2017). “Eco-evo-devo” incorporates
ecological/environmental impact on an organism’s genes anddevelopment (Abouheif
et al. 2014).

Plants are unique as they comprise the highest number of polyploid/alloploid
species found in nature. Polyploidy events can cause gene silencing, loss of redundant
genes, chromosomal recombination, and TE bursts (Wendel et al. 2018). Genome
fractionation and chromosomal restructuring can occur following a polyploidy/whole
genome duplication event. Ancient genome duplications and fractionation have led
to the current status of the common bean genome (Schmutz et al. 2014). Gene and
genome duplications are a major driver of species evolution. Whole genome dupli-
cation events can cause other downstream functions to occur that further the evo-
lution of genes and genomes (Wendel et al. 2018). Genome duplications can cause
transposable element (TE) bursts, which is the unpredictable mobilization of TEs
(Galindo-González et al. 2017; Wendel et al. 2018). This event can cause major
mutagenesis leading to chromosome rearrangements (Wendel et al. 2018). Mecha-
nisms that control chromosome conformation and gene expression are affected by
genome duplication, specifically, these are small RNAs and DNA and histone mod-
ifications (Wendel et al. 2018).

Transposable elements used to be thought of as almost exclusively parasitic DNA
in genomes (Galindo-González et al. 2017). TEs are present in significant proportions
in plant genomes, from 14% in Arabidopsis thaliana, 41% in Phaseolus vulgaris, to
80% in Zea mays (DOE-JGI 2018; Galindo-González et al. 2017). TEs are classified
as type/class 1 (retrotransposons), which spread via “copy-and-paste” and type/class
2 (DNA transposons), which move via “cut-and-paste” (Paszkowski 2015; Gao et al.
2016). Within type/class 1 TEs there are long terminal repeats (LTRs) and non-LTRs
(Paszkowski 2015). LTRs are further categorized as Ty1-copia and Ty3-gypsy (Gao
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et al. 2014). Non-LTR retrotransposons are categorized as either short interspersed
nuclear elements (SINEs) or long interspersed elements (LINES) (Gao et al. 2014).
The most prevalent TEs in common bean genome are retrotransposons, which com-
prise 35% of the total genome (DOE-JGI 2018). DNA transposons comprise about
5.3% of the genome, with 0.7% as “unclassified transposons” (DOE-JGI 2018).

1.8.6 Integration of “Omic” Datasets

Because gene and protein expression are complicated processes, the integration of
multiple “omic” analyses has proven to be a powerful tool. There are many recent
studies that involve the integration of multiple “omic” datasets; such as histone mod-
ifications (Ayyappan et al. 2015), proteomics, metabolomics, genome resequencing
(Vlasova et al. 2016), DNA methylation, and small RNA sequencing, which are
combined with mRNA sequencing.

Before the release of the reference genome, amulti-omics studywas conducted on
navy bean and white kidney genotypes from both centers of domestication (Mensack
et al. 2010). The combination of transcriptomics, proteomics, and metabolomics
allowed the authors to classify the cultivars to the correct center of domestication,
which also suggests inherent differences in gene expression, protein expression, and
metabolism (Mensack et al. 2010).

Omics approaches have also been useful in biotic stress when looking at the
host and pathogen. The microbial–host interaction is complex, as common bean
plants must make a differentiation between friend and foe. Since there is coevolu-
tion between pathogens and common bean, integrated omics studies are even more
appealing.

1.9 Social, Political, and Regulatory Issues

This section of the chapter addresses social, political, and regulatory issues related
to common bean genetic resources and associated traditional knowledge.

The importance of plant genetic resources for food and agriculture (PGRFA) for
achieving food security worldwide and for sustainable development of agriculture in
the context of poverty alleviation and climate change is widely recognized. PGRFA
are maintained in situ, on farm, and ex situ.

PGRFA have been used and exchanged since the beginnings of agriculture, some
10,000 years ago. Consequently, nowadays all countries depend to some extent on
genetic diversity that originated elsewhere. There is a continued need for exchange
of PGRFA for research, breeding and conservation for ensuring continued ability
to adapt to climatic changes, pest and disease resistance, reduced soil fertility, and
ultimately, food security. In fact, while studies suggest that the average degree of
genetic interdependence among countries for their most important crops is around
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70% (Palacios 1998), in the light of climate change, it is expected that this interde-
pendency will increase considerably. Awareness about the importance of continuous
access to PGRFA led to the creation during the last few decades of different interna-
tional instruments, agreements, and institutions to ensure its management, especially
in those aspects related to PGRFAshared use (Chiarolla et al. 2012; Esquinas-Alcázar
et al. 2012; Halewood 2014). Some examples of these include the Convention on
Biological Diversity (CBD), its Nagoya Protocol on Access to Genetic Resources
and the Fair and Equitable Sharing of Benefits Arising from the Utilization (here-
inafter referred to as the Nagoya Protocol), the International Treaty on Plant Genetic
Resources for Food and Agriculture (ITPGRFA) and different forms of intellectual
property rights.

The CBD, adopted in 1992, is the first legally binding international instrument
that recognized the sovereignty of the States over their genetic resources regarding
their conservation and sustainable use, the traditional knowledge of the indigenous
and local communities and the distribution of benefits derived from their use with
these communities. TheNagoya Protocol, adopted in 2010, established a legal frame-
work for the implementation of the third objective of the CBD: the fair and equitable
sharing of benefits arising out of the utilization of genetic resources and associated
traditional knowledge, including by appropriate access to them. Implementing this
third objective should contribute to the conservation of biological diversity and the
sustainable use of its components, the other two objectives of the CBD. The ITP-
GRFA, adopted in 2001, established an international legal framework, in harmony
with the CBD, for the conservation and sustainable use of plant genetic resources for
food and agriculture and the fair and equitable sharing of the benefits arising from
their use. Both international agreements aremeant to be implemented in complemen-
tarity. That is, the Nagoya Protocol does not apply for the Parties to the ITPGRFA
in respect of the PGRFA covered by and for the purpose of the Treaty. The Nagoya
Protocol and the ITPGRFA are, however, based on two differentmodels of access and
benefit sharing systems. On the one hand, the Nagoya Protocol establishes that, in
accordance with national legislation, access to genetic resources and to its associated
traditional knowledge for their utilization is subject to obtaining the prior informed
consent (PIC) from the provider and to the establishment of mutually agreed terms
(MAT), which are to be agreed between the user and the provider. The ITPRFA, on
the other hand, creates a “multilateral system of access and benefit sharing” whereby
countries agree to virtually pool and grant facilitated access to “all PGRFA listed in
Annex I of the Treaty that are under the management and control of the Contracting
Parties and in the public domain.” TheTreaty’sAnnex I includes 64 crops and forages
that were selected according to criteria of food security and interdependence. This
facilitated access under the ITPGRFA is provided under the terms and conditions
of the Standard Material Transfer Agreement (SMTA) when the intended use of the
genetic resource is its conservation and sustainable use for research, breeding, and
training for food and agriculture. Common bean is part of the crops listed in Annex I
of the ITPGRFA. Therefore, access to common bean genetic resources by any legal
or private person from any Contracting Party to the ITPGRFA should be facilitated
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under the conditions established in the SMTAwhen the intended uses are those cover
by the ITPGRFA.

Indigenous and local communities, farmers, researchers, and breeders worldwide
have all contributed throughout history to the range of crop diversity that is currently
the base of the world’s production systems. The development of new varieties is in
general a costly and time-consuming process. As a result, intellectual property rights
were created as a mean to promote investments in knowledge creation and business
innovation by granting exclusive rights to right-holders to prevent others from using
newly developed technologies, goods, and services without their permission.

TheAgreement onTradeRelatedAspects of Intellectual PropertyRights (TRIPS),
binding on all the members of the World Trade Organization, is a multilateral agree-
ment on intellectual property. TRIPS establishes that plant varieties must be provided
with some form of intellectual property system, either patents or an effective sui
generis system (a system especially designed for its purposes). As a result, countries
worldwide are progressively adopting a plant variety protection law in line with the
regulations established by the International Convention for the Protection of New
Varieties of Plants (hereinafter referred to as the UPOV Convention). The UPOV
Convention is a sui generis system designed specifically to protect the rights of plant
breeders over new plant varieties. Its first Act was drafted in 1961 and was later
revised in 1972, 1978 and 1991. As of July 2018, 73 countries (plus the African
Intellectual Property Organization and the European Union) were members of this
organization (www.upov.int). The UPOVConvention offers protection to the breeder
of a plant variety (according to the definition established by the UPOV Convention),
in the form of a “breeder’s right,” if his plant variety satisfies the conditions set out
in the UPOV Convention (i.e., novelty, distinctness, uniformity, and stability).

The breeder’s right is granted for a period of not less than 20 years from the date
of grant or, in the case of trees and vines, for not less than 25 years. An authorization
of the breeder is therefore needed for the use of the reproduction or multiplication
material. The breeder’s right under the UPOV Convention, however, does not extend
to acts done privately and for noncommercial purposes, acts done for experimental
purposes and acts done for the purpose of breeding other varieties and, for the purpose
of exploiting these new varieties provided the new variety is not a variety essentially
derived from another protected variety (UPOV 1991).

Common bean is a self-pollinated crop or, in other words, it is easily copied.
Therefore, there are no great incentives for farmers to buy seeds from the breeder
(or the producer under contract). Nonetheless, common bean was among the 13
botanical genera included in the first list to which the UPOV procedures were to be
applied. As of August 2018, 11.492 varieties of genus Phaseolus had been included
in the UPOV PLUTO database, including information provided by 61 countries, the
African Intellectual Property Organization and the European Union (last accessed in
July 2018—available at http://www.upov.int/pluto/en/).

Under the formal seed sector, breeding programs are usually focused on pro-
ducing plant varieties for high-input commercial agriculture that perform well in
uniform environments. As a consequence, these varieties are usually not suitable for
the nonuniform conditions typical of marginal areas or for those farmers who can-

http://www.upov.int
http://www.upov.int/pluto/en/
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not afford to purchase additional inputs (Ceccarelli and Grando 2007; Assefa et al.
2005). In many developing countries, common bean constitutes the staple food and
it is mainly produced by smallholder farmers who grow the crop in small areas. In
fact, in many of these countries, both the production and the market for certified seed
under the responsibility of the formal sector is still limited. Depending on the crop
and country, between 60 and 90% of the seed sown comes from the informal system
(Almekinders and Louwaars 2002). Studies show that technologies developed for
smallholder farmers without their own participation or without taking into account
their own knowledge are rarely adopted (Trutmann et al. 1996). As a result, there
is an increasing number of initiatives aiming at creating linkages between the for-
mal and informal seed systems through collective initiatives such as participatory
plant breeding and participatory variety selection. These approaches join farmers
and professional breeders, local and formal conditions, and the rural communities’
experience and traditional knowledge to identify varieties that perform well in spe-
cific agroecological systems and that are attractive to farmers. Some examples of
participatory breeding in common bean have been carried out in Rwanda (Waldman
et al. 2014; Isaacs et al. 2016), Kenya (Ojwang et al. 2009), Central Africa (Trut-
mann et al. 1996) and in Ethiopia (Asfaw et al. 2012a, b; Balcha and Tigabu 2015).
The involvement of farmers can take place during the definition of breeding objec-
tives and priorities. These include hosting trials on their land, contributing during
the selection of lines for further crossing or in the planning for the following year’s
activities, etc.

In the same lines, the potential of community seed banks for both contributing
to link in situ and ex situ conservation and to the interaction and integration of
the informal and formal seed systems is increasingly being recognized. Defined as
“locally governed and managed, mostly informal, institutions whose core function is
to maintain seeds for local use” (Sthapit 2013), community seed banks play different
functions in the community. Examples of these are preserving seeds, providing seed
access for members of the community, and generating a degree of food security
and food sovereignty (Vernooy et al. 2015), contributing at the same time to the
implementation of farmers’ rights through the recognition of farmers’ knowledge
of local biodiversity, their participation in decision-making for its conservation and
benefit sharing (Sthapit 2013).

The importance of involving farmers in conservation and breeding activities also
relies on the internationally recognized contribution made by local and indigenous
communities and farmers to the conservation,management, and development of plant
genetic resources for food and agriculture. This international recognition has led to
the relatively recent appearance of different tools aiming at supporting the imple-
mentation at the local level of the international agreements on access and benefit
sharing of genetic resources and its associated traditional knowledge. An example
of these instruments are the so-called biocultural community protocols, which are
formally recognized by the Nagoya Protocol, whereby Parties committed to take into
account community protocols and other community rules and procedures where tra-
ditional knowledge associated with genetic resources is concerned. When driven and
designed by the communities, the development of these documents has the potential
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to strengthen community cohesion and the capacity to make visible their connection
with the agrobiodiversity of their surroundings. Moreover, these protocols have the
potential to simultaneously advance the communities’ interests in both obtaining an
equitable share of benefits when their genetic resources are accessed and used, and
gaining access to, and being able to use genetic diversity from elsewhere (by taking,
for example, advantage of the multilateral system of the ITPGRFA when PGRFA
are concerned) for use in their own agricultural production systems.

In addition, there is an increasing number of efforts and initiatives worldwide
aiming at compiling traditional knowledge related to genetic resources. In Spain,
for example, where the traditional agricultural practices have almost completely
disappeared, a national inventory of traditional knowledge related to biodiversity
has been currently developed (Pardo de Santayana et al. 2014) focused on wild
diversity of plant, animal, and fungus.

1.10 Future Perspectives

Common bean has become, over the last 20 years, in a competitive crop in national,
regional, and international markets. This situation presents a dynamic environment
for producers and researchers of this crop and requires a rethinking of current strate-
gies against research and production needs, the opportunities, and challenges of the
future.

The secondary diversification of the common bean and the existence of new
recombinant types between the Andean and Mesoamerican genetic pools open the
door for new opportunities for the genetic improvement of the species. Breeders can
cross betweenMesoamerican and Andean gene pools, as well among races, although
it is well known that there are constraints to the crosses between Mesoamerican and
Andean germplasm due to genetic barriers [blocked cotyledon lethal (BCL), crinkle
leaf dwarf (CLD) and dwarf lethal (DL)] (Singh and Gutierrez 1984; Hannah et al.
2007). González et al. (2009) reported successful interracial and interpool crosses for
the development of new common bean varieties in Europe. Since the Mesoamerican
germplasm usually display resistance to pathogens and some Andean varieties have
high seed quality, the use of the European recombinant germplasm as bridge parents
in interpool crosses to overcome the interpool genetic barriers provides an interesting
opportunity for introgression of relevant genes in the commonbeanvarieties currently
grown in Europe. Breeding can also involve gene introgression from additional genes
pools, such as the secondary and tertiary gene pools, covering a range of environments
from cool moist highlands to hot semiarid regions, and from drought periods to more
wet conditions.

An important long-term challenge is the discovery of the gene(s) that control
important production traits. This will need to be a cooperative worldwide effort that
involves breeders, geneticists, and genomic and bioinformatics experts. Breeders
provide the essential skills of phenotyping and the identification and development
of genetic populations. Connecting phenotyping with the functional gene requires
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the skills of pathologists, physiologists, and those with a deep knowledge of plant
anatomy. Those skilled with genomics and bioinformatics provide the expertise to
link the phenotypic and genotypic data with candidate genes. Once a candidate gene
is defined and the causative mutation is discovered, breeders will then have access
to best possible marker, one that is in the gene controlling the important phenotype.

Currently, new technologies built around the recently released common bean
genome sequence (Schmutz et al. 2014;Vlasova et al. 2016) are nowbeing developed.
Regarding the new breeding technologies, genetic transformation causes some public
concern in many countries, but novel breeding material obtained by mutagens are
more acceptable to consumers, breeders, and governments. In this context, Targeting
Induced Local Lesions in Genome (TILLING) technology has been developed as
a new powerful breeding methodology (De Ron et al. 2015). TILLING is a non-
transgenic method that uses gene-specific primers for the identification of mutants
of a gene of interest from a large mutagenesis population (McCallum et al. 2000).
TILLING has gained popularity as a reverse genetic approach because it can produce
a series of mutants, including knockouts, and it does not rely on the transformation
method for gene discovery and verification. Significant advances have been made
in the development of a TILLING platform in common bean, but the protocol for
this crop has yet to be optimized. Induced mutation breeding is an effective method
to increase the common bean genetic variability available to the plant breeders.
Additionally, renewed interest is being generated in induced mutations since the
sequence of the common bean genome is already available and it will bring new
opportunities for functional genomics research. Therefore, induced mutagenesis will
probably become a powerful tool for the isolation and functional characterization of
interesting genes, which can be used in common bean genetic improvement.

Improvement of the common bean means possessing in-depth knowledge of its
genetic diversity, the genome and gene functions, to enable the analysis of pathways
and networks in response to fluctuating environmental conditions. Various genomic
resources for common bean are available and include physical maps, bacterial artifi-
cial chromosome libraries, anchored physical and genetic maps, expressed sequence
tags, and the recently published complete genome sequence (Schmutz et al. 2014;
Vlasova et al. 2016). However, these approaches require precise phenotypic data.
Complex interactions between the crop genotype, environmental factors in combi-
nationwith plant population dynamics and cropmanagement greatly affect plant phe-
notypes in field experiments. Hence, novel techniques should be kept cost-effective
and robust under varying field conditions and should allow for the monitoring of
various and complex traits.
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Chapter 2
Genomic Interventions to Improve
Resilience of Pigeonpea in Changing
Climate
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Abstract Pigeonpea is an important food legume crop for rainfed agriculture in
developing countries, particularly in India. Productivity gains in pigeonpea have
remained static, and the challenge of improving pigeonpea yield is further aggra-
vated by increasingly uncertain climatic conditions. Improved pigeonpea cultivars
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with favourable traits, allowing them to cope with climatic adversities, are urgently
required. Modern genomic technologies have the potential to rapidly improve breed-
ing traits that confer resistance to biotic and abiotic stresses. Recent advances in
pigeonpea genomics have led to the development of large-scale genomic tools to
accelerate breeding programs. Availability of high-density genotyping assays and
high-throughput phenotyping platforms motivate researchers to adopt new breed-
ing techniques like genomic selection (GS) for improving complex traits. Accurate
GS predictions inferred from multilocation and multiyear data sets also open new
avenues for ‘remote breeding’ which is very much required to achieve genotype
selection for future climates. Speed breeding pigeonpea with deployment of rapid
generation advancement (RGA) technologies will improve our capacity to breed
cultivars endowed with resilient traits. Once such climate-resilient cultivars are in
place, their rapid dissemination to farmer’s fields will be required to witness the real
impact. Equally important will be the acceleration of varietal turnover to keep pace
with the unpredictably changing climatic conditions so that cultivars are constantly
optimized for the climatic conditions at any given time.

Keywords Pigeonpea · Resilience · Gene · Hybrid · Sequencing · QTL

2.1 Background

Current trends in global crop production display a mere 28% increase from 1985 to
2005 (Ray et al. 2012) and highlight the magnitude of the challenge of feeding the
world by 2050. Ensuring food security for nine billion people will require agricul-
tural crop production to be doubled by 2050. Efforts to increase global agricultural
production have been hindered by growing limitations imposed by the changing
climate. Climate change has resulted in increased sea levels, increasing CO2 concen-
trations, drought, floods, storms, extreme temperatures, melting of glaciers, reduced
availability of drinkingwater, etc. These factors limit agricultural production through
shifts in growing seasons, reduced crop yields, crop damage, a decrease in arable
land area and increase in soil salinity and basicity which result in price instability. A
large-scale study by Ray et al. (2015) attributed up to 38% of crop yield variability
(maize, rice, wheat, soybean) to variation in climatic conditions, most notably tem-
perature and precipitation and the interaction of the two. Some regions experienced
more than 60% variation in crop yield due to climate variability.

Smallholding farmers in developing countries are likely to be hit the hardest by
climate change (Haussmann et al. 2012; Atlin et al. 2017). Food security and poverty
are interconnected, especially in countries such as India where agriculture is the
backbone of the economy (Kumar and Sharma 2013). From 1969 to 2005, tempera-
ture rise following the rainy season exceeded the averagemonthly temperature rise in
India. This adversely affected cereal and pulse yields, especially those of pigeonpea,
chickpea, wheat and rice (Birthal et al. 2014). A steady reduction was reported in
kharif (July–October) crops in 2009 following a decline in rainfall. Climate change
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poses a high risk to the cultivation of soy, a medium risk to sesame and a low risk
to pigeonpea production in various geographical regions of Mozambique (USAID
2017).

Changes in micro- and global climate have dramatically affected plant–pathogen
interactions from the genetic to the environmental level (Garrett et al. 2006; Pande
and Sharma 2011). Elevation in atmospheric CO2 concentration has resulted in physi-
ological and anatomical changes in plants including increased leaf area and number,
and dense plant growth, providing an optimal environment for pathogen growth
and survival (Pritchard et al. 1999). Geographical distributions of insect pests have
changed in response to changing climate conditions, and increased attacks have ham-
pered crop production by up to 40% (Sharma 2016).

Although climate change is adversely affecting agricultural production, pigeon-
pea has the potential to play it smart and can largely mitigate the adverse effects
of the changing climate. Cultivation of pigeonpea in semiarid or arid regions and
marginalized environment enables it to sustain itself under harsh environmental con-
ditions. Like other grain legumes, the nitrogen-fixing ability of pigeonpea allows
improvement in soil health, particularly for non-leguminous crops during crop rota-
tion (Yadav 2017). Pigeonpea has also been demonstrated to respond positively to
elevated CO2 levels (Vanaja et al. 2010; Sreeharsha et al. 2015).

Improved knowledge of the resilience or adaptation mechanisms of pigeonpea in
changing climates is key to meeting the challenge of improving yield gains. Modern
genomic technologies and improved breeding systems could contribute greatly to the
development of climate-smart pigeonpea. Further, the deployment of new cultivars
and their timely replacement by a steady stream of climate-resilient cultivars will be
critical to the delivery of a climate change adapted crop production system based
on pigeonpea. In this chapter, we highlight the increasing relevance of crops such
as pigeonpea to growing climatic adversities. We focus on the role of genomic tech-
nologies in improving resilience traits in pigeonpea crops. Finally, we highlight the
challenges that lie ahead, with a brief discussion of varietal turnover of pigeonpea
as a key driver for delivering climate change adaptation.

2.2 Changing Climates and Food Security

Globally 85% of agriculture is rainfed, and India ranks highest among the rainfed
agricultural countries most prone to climate change (Asha latha et al. 2012). The
detrimental effects of climate change pose a serious threat to agricultural production
and in turn global food security. Climate change also adversely affects the livelihood
of farmers and revenue generated through agriculture. However, efficient crop, soil
and water management; development and cultivation of stress-tolerant crops includ-
ing legumes (especially in rainfed areas); and the usemodern breeding techniques can
help to overcome the deleterious effects of climate change (Dar and Gowda 2013).
Pigeonpea is an excellent source of dietary proteins and can help to strengthen food
security, especially is Asia and Africa. Pigeonpea also serves as protein-rich fodder
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for ruminants, resulting from an increase of 30% crude protein in fresh forage to
6-month-old hay (Onim et al. 1985). Rao et al. (2002) evaluated the nutritional value
of three ecotypes of pigeonpea, ICP8151, ICPX910007 and PBNA, as forage and
found that the ecotype ICPX910007 accumulated highest dry matter (16 Mg ha−1)
while mean N concentration (28.6 g kg−1) and digestible dry matter (614 g kg−1)
were found to be highest in PBNA. The yield of dry leaf matter for all three eco-
types ranged from 2360 to 2600 kg ha−1. Therefore, pigeonpea could be a primary
or supplementary forage stock when the productivity of other forages is low.

Pigeonpea has proven to be a food boon in the Malawi regions where farmers are
experiencing the most significant detrimental effects of drought. In 2014, FAOSTAT
reported that the production of cereals declined in Malawi due to drought followed
by floods which resulted in heavy losses to the food supply and economic security
of the people in the region. Conversely, pigeonpea and other legumes remained less
affected by the changes in climate.

In recent years, pigeonpea hybrids have been developed to meet growing food
demand and to provide enhanced food and nutritional security (Bohra et al. 2017a).
The early maturing varieties of pigeonpea such as ICPL 88039 have been reported
to support the agricultural industry by ensuring higher yields despite drought-like
conditions. Early maturing pigeonpea varieties have been reported to be very useful
for farmers and were found to have high yields with low input (Saxena et al. 2019).
The photo- and thermo-insensitivity of the super early genotypes of pigeonpea such
as ICPL 11255, ICPL 20340 and ICPL 20338 renders them highly suitable for cul-
tivation in various agroclimatic conditions. Availability of short-duration pigeonpea
provides sufficient time for land preparation, and their shorter life cycle helps them
to escape terminal drought, insect and pest attacks and waterlogging.

2.3 Pigeonpea as a Climate-Resilient Crop

Pigeonpea is a climate-resilient crop. It is an important drought-tolerant semiarid
grain legume (Valenzuela and Smith 2002) that can survive without additional soil
moisture after it has passed the seedling stage. It can extract moisture and nutrients
with its deep root system which helps it to survive during severe droughts (Flower
and Ludlow 1986). It has some grain yield even during drought conditions while
other legumes experience wilting and drying (Okiror 1986). Its leaves show osmotic
adjustments (Subbarao et al. 2000) and maintain better photosynthesis than cowpea
(Lopez et al. 1987). It recycles nutrients efficiently, stores moisture and fixes more
nitrogen per unit than other legumes. The crop, therefore, requires very little inorganic
fertilization (Emefiene et al. 2013). Some varieties of pigeonpea were found to be
Fusarium wilt (FW) resistant resulting from their ability to secrete four fungitoxic
isoflavonoid phytoalexins namely, hydroxygenistein, genistein, cajanin and cajanol,
(cajanol being themain antifungal phytoalexin) (Marley andHillocks 1993). Piscidic
acid present in pigeonpea roots has also been found to increase solubilisation and
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uptake of phosphorus. It is harvested two or more times in a season and is, therefore,
a good option for food and environmental balance (Gwata 2012).

Some pigeonpea varieties have also shownwaterlogging tolerance.Waterlogging-
tolerant genotypes of pigeonpea form lenticels, aerenchyma cells and adventitious
roots, which are not present in sensitive genotypes (Hingane et al. 2015). CO2 is
the most common greenhouse gas and has a positive effect on pigeonpea. Pigeon-
pea plants exposed to elevated CO2 levels exhibited higher growth, 52.3% higher
radiation use efficiency due to higher carbon fertilization and 12% increased seed
yield (Saha et al. 2012). Elevated CO2 levels in pigeonpea plants resulted in a 58%
increase in root nodule and biomass but delayed flowering due to lack of photo-
synthetic acclimatization and increased carbohydrate-nitrogen reserves (Sreeharsha
et al. 2015). Despite low infection rates by vesicular-arbuscular mycorrhizae (VAM)
the effect ofVAMwas highest in pigeonpeawhen compared to cowpea and groundnut
(Ahiabor and Hirata 1994) and was found to increase P and Zn nutrition in pigeonpea
(Wellings et al. 1991). Pigeonpea is also capable of utilizing Fe-bound Phosphorus.
It has been reported that only a few crops have this ability. Pigeonpea root exudates
contain piscidic acid, and its p-O-methyl derivative, which by chelating Fe+3 helps
in the release of P from Fe-bound P. As such, pigeonpea could be a better option for
use in cropping systems with low P content in the soil (Ae et al. 1990; Subbarao et al.
1997). Pigeonpea also responds well to acidic soil conditions (Ogata et al. 1988).
Pigeonpea varieties ICP 24 and ICP 99 were found to be moderately resistant to root
knot nematodeMeloidogyne javanica (Sharma et al. 1994). Based on a multilocation
study conducted in Tanzania, the pigeonpea genotypes with medium duration (ICP
7035, ICPL 90094, Kat 50 and QP37) were found to be the best adapted to diverse
climatic conditions with rainfall and stress index varying from 322 to 1297 mm and
57–89, respectively (Mligo and Craufurd 2005).

Intercropping of pigeonpeawithmaize helped to recirculate theN and P in soil and
contributed to the maintenance of soil fertility, which facilitated better maize yields
in Africa, where it is a staple crop (Myaka et al. 2006). Pigeonpea has been found
to be the best-suited crop for alley cropping, crop rotation, no-till cropping systems,
as a cover crop, e.g. in maize and coffee plantations and for intercropping (Lal et al.
1978; Sakala et al. 2000; Sogbedji et al. 2006; Venzon et al. 2006). Pigeonpea is also
used in rotation with soil containing Stringa, a major problem in African agriculture,
as it helps to control and decrease Stringa infestation in the soil (Oswald and Ransom
2001).

2.4 Effects of Climate Change on the Pigeonpea Crop

Results of climate change viz., rise and fall in temperature, drought, flood, heat,
salinity and UV-radiation have been reported to affect growth and yield of pigeonpea
in several ways. Although pigeonpea is more resilient than other crops, production
is still affected to some extent. Increases in pests and insects are an indirect result of
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climate change, exerting considerable impact on pigeonpea yield. The studies that
have experimentally proved the effect of climate change on this crop are detailed
below.

2.4.1 Temperature Extremities

Temperature extremities, as low as 15 °C and as high as 40 °C, are reported to
negatively affect the germination of pigeonpea genotypes (Shibairo et al. 1995).
Decreases in temperature from 20 to 12.5 °C significantly increased the time required
for seed germination and seedling emergence while seedling vigour and the number
of plants produced from mature green pods reduced, except in the PR 2 variety
which showed early flowering at 40 °N latitude (Velez-Colon and Garrison 1989).
Research reported byHetherington et al. (1989) demonstrated pigeonpea to be one of
the most intolerant crops to chilling treatment (0 °C, dark and high relative humidity
for several hours). Pigeonpea also showed the lowest ratio of chilling tolerance to
photo-inhibition at 7 °C. Marsh et al. (2006) reported that for the lowest temperature
regimes (20 °C day/10 °C night temperature) the height of pigeonpea plants was
stunted and biological N2 fixation stopped completely. At 30 °C day/20 °C night
temperature the symbiotic association of the pigeonpea plant and Bradyrhizobium
worked well. Temperature and rainfall were found to significantly influence the
fluxes of CO2 and N2O generated by crops produced in rainfed semi-arid regions
like pigeonpea and sorghum (Prasad et al. 2015).

2.4.2 Drought and Heat Stress

Daryanto et al. (2015) reported a direct correlation between drought intensity and
yield reduction based on the meta-analysis of the data on drought stress in food
legumes reported from 1980 to 2014. However, the authors observed that the extent
of damage depended on the legume species and the growth statewith the reproductive
stagewitnessing the highest yield reduction during drought. Importantly, yield reduc-
tion in pigeonpea along with other legumes like lentils, and groundnut was found
to be lower than that of cowpea and green gram. In extra-short-duration pigeonpea,
the impact of drought stress is evident at the vegetative, flowering and pod-filling
stages (Nam et al. 2001). Also, the germination and seedling growth, dry and fresh
mass of seedlings, seedling vigour are also adversely affected by drought stress in
pigeonpea. Hypocotyl length is affected more than the radical length (Kumar et al.
2011). Tolerance to drought in pigeonpea, particularly of short-duration pigeonpea,
can be ascribed to the crop’s ability to maintain total dry matter, a small pod size,
few seeds in the pod, high seed mass and low flowering synchronization (Lopez et al.
1996).
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2.4.3 Salinity and Metal Toxicity

Wild relatives of pigeonpea (Atylosia, Rynchosia and Dunbaria) show greater toler-
ance to salt stress than cultivated ones (ICPL 227 and HY 3C) (Subbarao et al. 1991).
Among Cajanus species, Cajanus platycarpus, C. scaraboides and C. sericea were
found to be tolerant to salinity stress whereas C. acutifolius, C. cajanifolius and C.
lineata showed susceptible reaction to salinity stress (Srivastava et al. 2006). Lesser
accumulation of Na+ ions in the stem could be attributed to salt tolerance in pigeon-
pea. A more recent study examining the impact of pre-sowing gamma irradiation
on pigeonpea associated a range of factors including favourable carbon partitioning
between source to sink, lower partitioning ofNa+ and abundance ofK+ with enhanced
salt tolerance of irradiated plants (Kumar et al. 2017). Irradiated pigeonpea showed
greater tolerance than unirradiated plants. Heavy metal (Cadmium and Chromium)
toxicity and water stress induced the formation of antioxidant enzymes in roots and
shoots of pigeonpea (Battana and Gopal 2014). Aluminium toxicity induces lipid
peroxidation and therefore inhibits pigeonpea plant growth and seed yield. Appli-
cation of 24-epibrassinolide removes this toxicity and restores normal plant growth
and yield by inducing the activity of antioxidant enzymes (Sri et al. 2016).

2.4.4 Growing Prevalence of Pests and Diseases

Global warming and climate change have caused a change in the geographical dis-
tribution of insect pests across the world. An increase of 0.74 °C in average global
temperature in the last 100 years has posed a serious threat to agricultural production
worldwide. According to Gautam et al. (2013), rising temperature has enhanced the
risk of attacks by pathogens, pests and insects on food and staple crops, thus lead-
ing to a noticeable reduction in crop yields. Mathukumalli et al. (2016) suggested
a possible rise in the incidence of Helicoverpa armigera on pigeonpea resulting
from increased temperatures in future climates viz. 2020, 2050 and 2080. Outbreaks
of Helicoverpa armigera,Maruca vitrata and Ceroplastodes cajani are increasingly
recorded in India and have caused serious losses in grain legume crops (Sharma et al.
2015). Besides influencing pest incidence, temperature rise has a dramatic impact
on the natural populations of predators and parasitoids feeding on pests and insects
that attack plants. Examples include a decline in the population of Hymenopteran
parasitoids (Prasad and Bambawale 2010). This reduced abundance of natural ene-
mies may eventually lead to an outbreak of pests and insects which will threaten
agricultural production. The population of insects infesting vegetative and flowering
stages of pigeonpea such as leaf webber and flower thrips has been affected both
positively and negatively by a range of minimum and maximum temperatures and
relative humidity. Temperature, relative humidity, wind velocity and rainfall were
found to have a negative effect on the population of jassid and bud weevil, whereas
sunshine and water evaporation showed a positive effect, although the effects were
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nonsignificant in nature. In contrast, positive effects of relative humidity, wind veloc-
ity and rainfall were recorded on blister beetle populations (Kumar and Nath 2005).
A recent study demonstrated the impact of climatic factors on insect pest incidence
and subsequent crop damage (Pathania et al. 2014). Concerning planting dates, the
pigeonpea crop sown during August suffered maximum loss due to infestation by
insects (particularlyHelicoverpa armigera) followed by that sown in July. In contrast,
a greater incidence of plume moth (Exelastis atomosa), pod sucking bugs (Clavi-
gralla spp.) and thrips was recorded in the late (September) sown crop. Late-planted
pigeonpea plants showed significantly reduced damage fromMaruca vitrata.

Although pigeonpea cultivation is severely affected by the attack of pod fly
(Melanagromyza obtusa Malloch) and pod wasp (Tanaostigmodes cajaninae La
Salle) in Asia and Africa, Sharma et al. (2003) reported that the wild accessions
of pigeonpea belonging to C. scarabaeoides, C. sericeus, Rhynchosia bracteata,
C. acutifolius, C. lineatus and C. albicans showed resistance to pod fly, while C.
scarabaeoides, C. albicans, Flemingia stricta and R. bracteata tolerated damage by
pod wasp. Wild accessions that showed resistance to both pod fly and pod wasp
damage were ICPW 14, ICPW 27, ICPW 141, ICPW 202, ICPW 214 and ICPW
280.

In addition to the growing incidence of insect- pests, the rise in the disease inci-
dence of Phytophthora blight, Alternaria blight and Macrophomina blight in pigeon-
pea has also been witnessed in response to the changing climate. High rainfall for
short durations and elevated CO2 level predispose pigeonpea to Phytophthora blight
and sterility mosaic disease (Sharma 2016).

2.4.5 Elevated Atmospheric CO2 Levels

The atmospheric concentration of CO2 is rising and is projected to reach 1000 ppm
by 2100 (IPCC 2007). Higher CO2 levels support plants’ growth by increasing pho-
tosynthetic rates and reducing water loss per unit leaf area through reduced stomata
conductance, especially in the case of C3 plants. C4 plants tend to remain unrespon-
sive to enhanced CO2 levels owing to higher CO2 levels within the bundle sheath
cells (Taub 2010). These observations are supported by the recently developed large-
scale test technique ‘free air CO2 enrichment (FACE)’ that allows plant’s responses
to elevated CO2 levels to be recorded in a more natural setting, thus overcoming the
potential limitations associated with studies conducted in enclosures (Ainsworth and
Long 2005). Legumes are more responsive to elevated CO2 because of their ability to
establish mutual relationships with N2-fixing bacteria. This ability enables legumes
to maximize the benefits associated with elevated CO2 concentrations by ‘matching
increased carbon supply with additional N2 fixation’ (see Rogers et al. 2009 and
references therein). Rogers et al. (2009) highlighted that growth potential is greatly
constrained by nutrient deficiency, low temperature and drought. Elevated CO2 con-
centration (700 μmol/mol) was reported to exert a significantly enhanced positive
impact on the growth of pigeonpea, with increased grain yield and harvest index
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(Vanaja et al. 2010). Under N-limiting conditions, the absence of photosynthetic
acclimation to elevated CO2 levels (550 μmol mol−1) was demonstrated in pigeon-
pea through greater photosynthetic carboxylation capacity (Vcmax) and ribulose-1,
5 bis P regeneration rates (Jmax) (Sreeharsha et al. 2015). In response to elevated
CO2, pigeonpea displayed an increase of 58% in the nodule mass ratio (NMR) over
the ambient plants. Authors reported that higher growth of pigeonpea in the presence
of greater CO2 levels led to delayed flowering. This is similar to the response of
other nodulating leguminous species to elevated CO2 under N-deficiency, the excess
carbon was shunted to the roots and subsequently to root nodules in pigeonpea, thus
reflecting a greater sink capacity of the crop (Sreeharsha and Reddy 2015). This
data highlights the capacity of pigeonpea, like other nodulating legumes, to capital-
ize on the benefits of increasing CO2 environments through increased growth and
yield. In contrast, Saha et al. (2012) suggested the possibility of limited yield gains
under higher CO2 concentrations due to a decline in harvest index. Nevertheless, the
authors reported higher biomass production and radiation use efficiency (RUE) in
pigeonpea exposed to elevated CO2 levels (580 ppm) over ambient CO2 (380 ppm).

2.4.6 Ultraviolet (UV) Irradiation

Environmental stress is reported to generate reactive oxygen species (ROS) in plants.
‘Oxidative stress’ in plants arises from a failure to establish a balance between ROS
generation and scavenging. Antioxidant defense systems in plants involve diverse
secondary metabolites such as flavonoids and enzymes such as superoxide dismutase
(SOD). Wei et al. (2013) while evaluating the effect of irradiation on post-harvest
pigeonpea leaves found that phenolic and antioxidant activities aremore significantly
increased in leaves treatedwith UV-B and -C than leaves treatedwith UV-A. This had
a long-lasting effect on phenolic levels and antioxidant activity when irradiated with
UV-B. The UV-absorbing tendency of phenolics suggests their potential as protec-
tants against UV irradiation in changing climates, and UV irradiation of pigeonpea
leaves could be harnessed to enhance antioxidant activities.

2.4.7 Waterlogging

Transient or permanent waterlogging is frequently encountered by plants under nat-
ural conditions (Parent et al. 2008). Intense and irregular rainfall in an increasingly
variable climate is leading to the more frequent occurrence of waterlogging which
adversely affects agricultural production. Cultivation of pigeonpea in deep vertisols
and in areas encountering annual rainfall from 600 to 1500 mm coupled with sow-
ing in monsoon season (June–September) renders the crop vulnerable to waterlog-
ging. Followingwaterlogging, rapid changes occur in soil environment including soil
physio-chemical properties such as a decline in soil redox potential (Eh), an increase
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in soil pH towards neutrality, etc. (Parent et al. 2008) and a concurrent increase in
the concentrations of other gases and toxic substances like CO2, ethylene, methane
and hydrogen sulphide (Setter and Belford 1990).

As with other pulse crops like green gram and black gram, plants are most signifi-
cantly damaged when waterlogging coincides with their early stages of development
including seed germination and seedling establishment (Singh et al. 1986). Prolonged
waterlogging has been reported to cause considerable damage in pigeonpea roots,
thus increasing resistance to water flow and stomatal conductance and reducing tran-
spiration rates and net photosynthesis. It has also been reported to cause chlorosis,
senescence and abscission of lower leaves (Takele and McDavid 1995).

Attempts have been made to illustrate the morphological, physiological and bio-
chemical basis of waterlogging tolerance in pigeonpea. Upon exposure to flooded
conditions, the tolerant pigeonpea genotypes are reported to develop aerenchyma
cells, hypertrophied lenticels and adventitious roots (Hingane et al. 2015). As high-
lighted by Parent et al. (2005), hypertrophied lenticels might play a key role in shoot
water homeostasis in addition to being facilitators of O2 in plant roots. Chlorosis
of younger terminal leaves has been reported as the first visible symptom of water
logging in susceptible genotypes. In addition, Setter and Belford (1990) reported
reduced growth, premature senescence and leaf drop as other visible symptoms of
damage in waterlogged plants. Leaf nitrogen balance index (NBI) and root capaci-
tance declined more significantly in the sensitive genotype (ICPL 7035) than in the
tolerant genotype (IPAC 79). The authors suggest leaf pigments and root capacitance
could be promising indicators of waterlogging tolerance in pigeonpea (Datta et al.
2017).

Concerning the metabolic responses of pigeonpea in flooded conditions, greater
enzymatic activity and gene expression were recorded for alcohol dehydrogenase
(ADH) and sucrose synthase (SuSy) inwaterlogging-tolerant genotypes (ICPL 84023
and ICP 301) than susceptible genotypes (ICP 7035 and Pusa 207) (Kumutha et al.
2008). Susceptible genotypes showed amutation in theCAATbox region of theADH
promoter. This suggested that waterlogging tolerance of pigeonpea is attributable to
SuSy activity which provides reducing sugars during glycolysis and ADH enabling
reduction of nicotinamide adenine dinucleotide (NADH), thus ascertaining more
efficient glycolysis to maintain sufficient energy and sugar reserves under oxygen-
limiting conditions.

Also, activation of antioxidant enzymes (SOD, ascorbate peroxidase, glutathione
reductase and catalase) in tolerant ICP 301 compared to Pusa 207 under waterlogged
conditions could help establish an appropriate response to waterlogging in pigeon-
pea (Kumutha et al. 2009). Waterlogging triggered antioxidant enzymes, NADH
oxidase and expression of Cu/Zn-SOD and APX in tolerant plants more than sus-
ceptible plants (Sairam et al. 2009). Krishnamurthy et al. (2012) reported that the
varieties ranged from waterlogging-tolerant to moderate and susceptible. Out of the
seven elemental deficiencies studied (N, Mg, Cu, Ca, Fe, Mn and Al), pigeonpea
was found to be deficient for N, Mg and Mn under waterlogged conditions. No Al
toxicity was observed due to waterlogging (Srivastava et al. 2010). A study con-
ducted by Bansal and Srivastava (2015) on the effect of waterlogging on resistant
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(ICPL 84023) and susceptible (MAL 18) genotypes of pigeonpea revealed that both
genotypes demonstrated a decline in CO2 exchange rates, stomatal conductance,
transpiration rates and intracellular CO2 concentrations. Whereas high efficiency of
carboxylation, increased chlorophyll content, starch availability, ADH activity and
membrane stability helped ICPL 84023 to survive under waterlogged conditions.
Duhan et al. (2017) reported that the combined effects of waterlogging and salinity
are more harmful to pigeonpea than any of the individual stresses alone and that
the roots were more sensitive to waterlogging stress than the leaves. Authors also
observed an increase in the activities of SuSy andADH and formation of aerenchyma
in roots under waterlogged conditions and combined treatments.

As described above, the formation of aerenchyma cells, hypertrophied lenticels
and adventitious roots are important anatomical and morphological changes that
occur in plants exposed to waterlogged conditions. The enzymes such as ADH and
pyruvate decarboxylase (PDC) are among the important anaerobic proteins (AINs)
that are induced during waterlogging stress. The abundance and subsequent utiliza-
tion of carbohydrate reserves also constitute an important factor influencing plant
tolerance to waterlogged conditions (Setter and Belford 1990; Setter et al. 1997).

2.5 Genetic and Genomic Resources to Improve Adaptive
Plasticity

A range of genetic and genomic tools have been developed in pigeonpea to sup-
port breeding programs that target improvement of climate-resilient traits and crop
yield to meet the growing demand for pigeonpea in the face of the changing climate
(Varshney et al. 2013, 2018b; Bohra et al. 2014; Bohra and Singh 2015; Bohra et al.
2017b). Concerning genetic resources, ICRISAT, one of the largest repositories of
pigeonpea germplasm, is reported to hold more than 13,000 active pigeonpea col-
lections, and core and mini-core collections comprising 1,290 and 146 accessions
respectively (Upadhyaya et al. 2008; Bohra et al. 2010). A comprehensive collection
of pigeonpea comprising of nearly 1,000 accessions has been developed. As a man-
ageable resource of global genetic diversity, the collection offers access to sources
of resistance and tolerance to various biotic and abiotic stress and important breed-
ing traits such as photoperiod response, early flowering and maturity, growth habit
etc. (Upadhyaya et al. 2011). A genome-wide catalogue of genetic variants (56 K
SNP array) developed recently in pigeonpea will greatly help to harness the gains
associated with vast genetic diversity available in these diverse germplasm resources
(Saxena et al. 2018).

Advances in genomics have led to the establishment of cost-efficient and large-
scale marker technologies in pigeonpea to elucidate the genetic makeup of traits that
hold relevance to climate change adaptation. For genotyping applications, the first
set of large-scale DNA markers in pigeonpea was developed by Bohra et al. (2011).
The authors developed more than 3,000 SSR markers from BAC end sequences
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(BESs),whichwereused for genetic linkagemapping andQTLanalysis in pigeonpea.
Later, high-throughput genotyping assays were developed following identification
of genome-wide SNP markers by applying next-generation sequencing (NGS). For
instance, 752 and1616SNPswere used for designGoldenGate andKASPgenotyping
assay, respectively (Kassa et al. 2012; Saxena et al. 2012). Identification of such
genome-wide DNA markers led to the development of high-density linkage map in
pigeonpea with 875 SNPs spanning a length of 996.21 cM (Saxena et al. 2012).

Analysis of expressed sequence tags (ESTs) from FW- and sterility mosaic dis-
ease (SMD)—responsive pigeonpea revealed differentially expressed genes (DEGs)
for these two important diseases, i.e. FW (19) and SMD (20) (Raju et al. 2010).
Various transcriptome assemblies have been reported in pigeonpea in recent years
(Dubey et al. 2011; Dutta et al. 2011; Kudapa et al. 2012). Priyanka et al. (2010a,
b) reported a set of 75 high-quality ESTs in pigeonpea, 20 of which were found to
be stress inducible. Further, functional validation of abiotic stress responsive genes
namely,Cajanus cajan hybrid-proline-rich protein (CcHyPRP),C. cajan cyclophilin
(CcCYP) and C. cajan cold and drought regulatory (CcCDR) were demonstrated by
expressing them in Arabidopsis thaliana. A total of 105 high-quality ESTs were
generated from root tissues of pigeonpea by Kumar et al. (2014), out of which four
genes namely, S-adenosylmethionine synthetase, phosphoglycerate kinase, serine
carboxypeptidase and methionine aminopeptidase were further validated.

Application of NGS allowed authors to assemble 72.7% (605.78 Mb) of the
pigeonpea genome (833.07 Mb). The pigeonpea genome shows the presence of a
total of 48,680 genes, of which 111 genes were suggested to be drought-responsive
(Varshney et al. 2012). In a similar attempt, another group identified 1,213 and 152
genes responding to disease and abiotic stress, respectively in the genome through
analyzing a 510-MB genome assembly (Singh et al. 2012). Resequencing of 20
pigeonpea genotypes (18 cultivated and two wild accessions) was performed follow-
ing establishment of the reference genome sequence. The accessions represent par-
ents of recombinant inbred line (RIL), introgression line (IL), multiparent advanced
generation intercross (MAGIC) and nested associationmapping (NAM) populations.
Alignment of the resequencing data to the reference genome facilitated development
of the first generation HapMap of Cajanus species, offering information on 5.5 mil-
lion genome-wide polymorphic sites including large structural variations, i.e. copy
number variations (CNVs) and presence and absence variations (PAVs). Importantly,
a set of accession-specific variants (SNPs and InDels) was also identified in the study
(Kumar et al. 2016). More recently, whole genome resequencing (WGRS) of 292
pigeonpea accessions including wild relatives, landraces and breeding lines followed
byGWASanalysis revealed presence of specific genomic regions on pseudomolecule
CcLG09 that were affected during the process of domestication and modern breed-
ing. The study also suggested a less intense genetic bottlenecking from landraces to
breeding lines, which might be an outcome of ‘limited intensive breeding history’
(Varshney et al. 2017).

In recent years, application of NGS protocols in mapping populations have led to
the development of high-density genetic maps in pigeonpea for both intra-specific
(Arora et al. 2017; Saxena et al. 2017a, b) and interspecific crosses (Saxena et al.
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2012). Availability of such genome maps coupled with extensive phenotyping data
has been instrumental to elucidate the genetic architecture of several important traits.
For example, four non-synonymous (ns) single nucleotide polymorphisms (SNPs)
each for FW (four candidate genes) and SMD (three candidate genes) were identi-
fied using NGS-based quantitative trailt locus (QTL) Seq of susceptible and resistant
extremes of a recombinant inbred population (ICPL20096× ICPL332) coupledwith
the whole genome resequencing data. Furthermore, the candidate genes imparting
resistance against these two important diseases were further validated using qRT-
PCR assay, i.e. ‘C. cajan _03203’ for FW and ‘C. cajan _01839’ for SMD (Singh
et al. 2016b). More recently, Saxena et al. (2017a) identified a set of ten QTLs
controlling SMD resistance through analyzing three mapping populations, and the
phenotypic variations accounted to these QTL varied between 3.6 and 34.3%. Ear-
lier, QTLs associated with SMD resistance were reported in pigeonpea by Gnanesh
et al. (2012). Similarly, eight QTLs with the PV in the range of 6.55 (qFW1.1) to
14.67% (qFW3.1) were detected for FW resistance from three mapping populations
(Saxena et al. 2017b). A combination of association mapping and bi-parental link-
age analysis showed an association of three simple sequence repeat (SSR) markers
with resistance to FW (Patil et al. 2017a, b). More recently, the authors demon-
strated the utility of DNA markers in pigeonpea improvement through validating a
set of SSRs having association with important traits like plant ideotype, earliness
and growth habit (Patil et al. 2018). Table 2.1 details DNA markers/QTL that have
been identified in pigeonpea for trait improvement.

Ten housekeeping genes (EF1α, UBQ10, GAPDH, 18SrRNA, 25SrRNA, TUB6,
ACT1, IF4α, UBC and HSP90) were selected and validated as reference genes for
expression studies in response to drought, heat and salt stress in pigeonpea (Sinha
et al. 2015b, c, 2016). These reports provided sets of highly stable reference genes
in pigeonpea for analyzing three important abiotic constraints [IF4α and HSP90 for
drought, UBC, HSP90, GAPDH for heat and GAPDH UBC, HSP90 for salt stress].

Genome-wide characterization of Hsp100 family genes—ClpB was achieved
during a study of drought and thermal tolerance in pigeonpea (Danekar et al.
2014). Maibam et al. (2015) reported heat shock factor (Hsf) genes viz., CcHsfA-
1d and CcHsfA-2 as highly upregulated in pigeonpea during heat stress. Enhanced
expression of genes for heat shock protein 90 (HSP 90) and dehydration responsive
element binding (DREB) was also exhibited by pigeonpea in response to FW and
SMD (Agarwal et al. 2016).

2.6 Transgenic Approaches for Trait Improvement

A transgene approach has been used in pigeonpea for improving tolerance to stresses,
most notably insect tolerance (Table 2.2). Similarly, various genes for abiotic stress
resistance from pigeonpea have been successfully transferred and expressed in other
systems. Using a subtracted cDNA library of drought-stressed pigeonpea plants
Priyanka et al. (2010a, b), Sekhar et al. (2010) and Tamirisa et al. (2014) isolated and
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Table 2.2 Transgenic system to improve trait imparting stress tolerance in pigeonpea

Trait Source of
gene

Gene Explant used Method Reference

Helicoverpa
armigera

Bacillus
thuringiensis

cry1Ac and
cry2Aa

Embryonic
axis

Agrobac-
terium
tumefaciens-
mediated

Ghosh et al.
(2017)

Insect pests Bacillus
thuringiensis

cry1Ab gene Adventitious
shoot buds

Agrobac-
terium
tumefaciens-
mediated

Sharma et al.
(2006)

Helicoverpa
armigera

cry1AcF – – Ramu et al.
(2012)

Salinity stress Vigna
aconitifolia

P5CSF129A Embryonic
structures

Agrobac-
terium
tumefaciens-
mediated

Surekha
et al. (2014)

Helicoverpa
armigera

Bacillus
thuringiensis

cry1Ac Embryo axes Agrobacterium-
mediated

Kaur et al.
(2016)

Insect pests
and disease

Pigeon pea – Shoot apices
and
cotyledonary
node

Agrobacterium
tumefaciens-
mediated

Geetha et al.
(1999)

Helicoverpa
armigera

Bacillus
thuringiensis

cry1Ac Embryonic
axes

Agrobacterium-
mediated

Krishna et al.
(2011)

Insect pest Cowpea pCPI Embryonic
axes

Agrobacterium-
mediated

Lawrence
and Koundal,
(2001)

characterized a hybrid-proline-rich protein-encoding gene (CcHyPRP), cyclophilin
(CcCYP) and cold and drought regulatory gene (CcCDR) and expressed them individ-
ually in Arabidopsis where they conferred multiple abiotic stress tolerances. Trans-
genic rice produced by Mellacheruvu et al. (2016) conferred resistance to the fungus
Magnaporthe grisea and tolerance to drought, salinity and heat by expressing gene
CcHyPRP from pigeonpea.

Transgenic approaches have been particularly useful in incorporating insect and
pest resistance to susceptible pigeonpea. Transgenic pigeonpea lines were developed
which expressed the synthetic BT cry1Ab gene, synthetic cry1AcF and chimeric Bt
Cry1Aabc genes and conferred resistance to pod borer (Helicoverpa armigera. Hub-
ner) (Sharmaet al. 2006;Ramuet al. 2012;Das et al. 2016). Successful transformation
of embryonal segments of pigeonpea was completed to express the synthetic cry I
E-C in transgenic plants, which conferred protection against the larvae of the insect
Spodoptera litura (Surekha et al. 2005). To protect against fungal attack, Kumar et al.
(2004) genetically transformed pigeonpea using the rice chitinase gene.
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2.7 Genomic Tool for Accelerating Productivity Gains
in Pigeonpea Hybrid Breeding

With regard to adaptability, the heterozygosity of genotypes offers the opportunity to
capitalize on ‘individual buffering’ capacity (Haussmann et al. 2012). Cytoplasmic
male sterility (CMS) technology in pigeonpea is a cost-efficient means to harness
hybrid vigour. Heterosis levels extending up to 40% have been reported in pigeonpea
using CMS technology (Saxena et al. 2013, 2015). In addition to offering a consider-
able yield advantage over the traditional varieties, hybrids have been reported to bear
traits that confer tolerance or resistance to abiotic and biotic stresses. For instance,
hybrids (ICPH 2431, ICPH 2740, ICPH 2671, ICPH 4187) have shownwaterlogging
tolerance and resistance to FW and SMD (Sultana et al. 2012; Saxena et al. 2013;
Hingane et al. 2015). Increasing the cultivation area of these high-yielding pigeonpea
hybrids will be crucial for achieving yield stability in unpredictably variable envi-
ronments. Hybrids also offer an advantage with respect to rapid seed replacement in
farmers’ fields, a key factor for delivering climate change adaptation to agricultural
systems.

The CMS technology is based on three lines viz male sterile (A)-, maintainer
(B)- and restorer (R)-lines. Robust restoration system (R line) is key to success-
ful CMS hybrid breeding (Bohra et al. 2016; Saxena et al. 2015). Development or
identification of restorers is a cumbersome procedure relying on extensive field test-
ing (Bohra et al. 2017a). Identification of molecular markers tightly associated with
CMS restoration trait can facilitate fast track and precise introgression of the genomic
segments that restore fertility to the F1 hybrids. In pigeonpea, Bohra et al. (2012)
identified four QTL for A4-CMS restoration through QTL analysis of the pollen
fertility data and genotyping data recorded in three F2 mapping populations (ICPA
2039× ICPR 2447, ICPA 2043× ICPR 2671, ICPA 2043× ICPR 3467). The phe-
notypic variation accounted to these four QTL, QTL-RF-1, 2, 3 and 4 were 14.85,
15.84, 20.89 and 24.17%, respectively. More recently, genotyping-by-sequencing
(GBS) assay was performed in an F2 population (ICPA 2039 × ICPL 87119) that
segregated for pollen fertility (Saxena et al. 2018). A total of 306 SNPs were mapped
following linkage analysis, and the genetic linkage map spanned a total length of
981.9 cM. Further, QTL analysis led authors to discover one major QTL (flanked
by S8_7664779 and S8_6474381) on CcLG08 controlling up to 28.5% phenotypic
variance (PV) for restoration trait. Based on the comparison of the genomic positions
of QTL detected in the two studies, the authors found one common region on CcLG8
that harboured major QTL for A4-CMS restoration. In addition, DNA markers have
also been identified in pigeonpea to carry out genetic purity tests in order to assist
conventional grow out test (Bohra et al. 2011, 2015, 2017c).
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2.8 Need for Accelerated Breeding Cycles and Rapid
Varietal Replacement Systems

A recent commentary by Atlin and colleagues (2017) emphasized the need for rapid
varietal replacement systems to deliver climate change adaptation to crops. The
authors opined climate change adaptation as an ‘unintended benefit’ of an accelerated
variety replacement system. Increasing development and deployment of new resilient
crop cultivars accompanied by their dissemination and further replacement consti-
tutes a key step towards attaining cultivars that achieve higher yields in changing
climates. Breeding systems that enable efficient synthesis of new cultivars by reduc-
ing the length of crop breeding cycles and optimizing allelic combinations according
to the current climate facilitate higher crop yields.Modern genomic technologies and
rapid generation advancement tools remain central to this goal. However, delivery of
true climate adaptation would require rapid dissemination of these newly developed
resilient cultivars to farmers’ fields in conjunction with the withdrawal of the old and
obsolete varieties.

Concerning the national seed system of pigeonpea in India, 69.8% of indented
breeder seed is shared by the seven popular cultivars BSMR 736, Maruti (ICP 8863),
Bahar, Narendra Arhar 1 (NA 1), Asha (ICPL 87119), TJT 501, Malviya Chamatkar.
Most of these varieties are 20-30 years old (Singh et al. 2016a). Importantly, the
three leading cultivars BSMR 736 (released in 1996), TJT 501 (released in 2008)
and Maruti (released in 1985) contribute 12%, 10% and 11%, respectively towards
the indented breeder seed (Chauhan et al. 2016). The seed replacement rate (SRR)
of pigeonpea in 2014-15 was reported to be nearly 41% that is less than the recom-
mended level of SRR (50%). The SRR recommends the use of certified and quality
crop seed by the stakeholders.

The scenario presented above details a preference for older varieties, and there-
fore, efforts are needed to speed up the varietal turnover in pigeonpea to sustain
crop yields in future climates. To improve the accessibility of quality seed for farm-
ers, the Department of Agriculture, Cooperation and Farmer Welfare, Ministry of
Agriculture, Government of India has taken initiatives to create nearly 150 seed
hubs targeting production of quality seed and pulse varieties released during the last
10 years. In addition, seed subsidies in India are only provided for varieties released
during the last 10 years (Chauhan et al. 2016), this remains in line with suggestions
proposed by Atlins et al. for accelerating varietal turnover worldwide.

2.9 Future Trends and Challenges Ahead

Agriculture has a great impact on the social and economic life of people, especially in
developing countries like India. A projected rise in temperature of 3.5 °C by 2050will
adversely affect crop production systems. Temperature and water stress will affect
the vegetative and reproductive growth of crops. Also, warmer temperatures resulting
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from global warming are likely to promote the growth of fertilizer-resistant crops.
Quality of crops including food crops will also be compromised. Soil fertility will
be challenged due to reduced organic matter in the soil and the risk of pest and insect
attacks will also increase (Devendra 2012). A shift in agriculture from sorghum,
millets and legumes to vegetables, which have greater profitability, has also reduced
fodder production and has led to the depletion of soil nitrogen content and mineral
nutrition (Zade et al. 2013). Substantial variabilitywitnessed in cropyieldsworldwide
resulting from climate change demonstrates the need for climate-smart cultivars that
can support food demands and provide food security to the growing population.Given
the increasing risks associated with sole cropping, cultivation of climate-smart crops
like pigeonpea should be promoted in addition to mixed cropping, crop rotation,
alley cropping, etc. to increase food production and contribute to the restoration of
soil fertility and increased economic output. Improved arrangements for rainwater
harvesting should also be implemented so that this water can be utilized in times of
reduced rainfall.

Cultivation of climate-smart crop genotypes along with the implementation of
effective measures to reduce global warming is necessary to support the food secu-
rity and economic health of agriculture-based countries. Modern omics technologies
could contribute significantly towards mitigating the negative impacts of climate
change on agriculture and food security. Applications of next-generation sequencing
techniques in conjunction with precise phenotyping assays have rendered a wide
range of functional DNA markers accessible to pigeonpea breeders that can signif-
icantly improve our ability to develop new cultivars endowed with climate change
adaptation traits (Varshney et al. 2018a). The availability of rapid generation advance-
ment (RGA) and genomic selection (GS) also broaden the applications of breed-
ing programs. The potential of RGA techniques has been recently demonstrated in
pigeonpea using immature seeds and the single seed descent (SSD) method (Sax-
ena et al. 2017a, b, c). As illustrated in Fig. 2.1, breeding programs should allow
assimilation of growing ‘omics’ information together with harnessing benefits of
RGA technologies and accurate phenotyping systems to fast-track development of
resilient cultivars. Accurate genome-wide predictions stemming from multilocation
and multiyear data sets open new avenues for ‘remote breeding’ which is essentially
required to accomplish selections across countries facing climate change (Manick-
avelu et al. 2017). Once such climate-resilient pigeonpea cultivars are in place, their
dissemination to farmer’s fields will be required to witness the real impact. Equally
important will be the acceleration of varietal turnover to keep pace with the unpre-
dictably changing climatic conditions.
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Fig. 2.1 Development of climate-resilient pigeonpea through integrating omics and phenotyping
technologies with speed breeding tools
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Chapter 3
Breeding and Genomics Approaches
for Improving Productivity Gains
in Chickpea Under Changing Climate

Uday C. Jha, Abhishek Bohra, Harsh Nayyar, Anju Rani, Poonam Devi,
Parasappa Rajappa Saabale and Swarup Kumar Parida

Abstract Chickpea is awell-recognized global grain legume that plays an important
role for providing plant-based protein security to global human population. Given
the rising uncertainties in global climate coupled with growing occurrence of various
pests and diseases and a range of abiotic stresses, global chickpea production is seri-
ously challenged. Therefore, conventional breeding approaches are not adequate to
meet the rising demand for chickpea. Evolving genomic technologies have yielded
considerable success in accelerating molecular breeding program in various crops.
To this end, unprecedented advances in genome sequencing technologies facilitated
largely by next-generation sequencing (NGS) technologies have allowed decoding
of whole genome sequences of both cultivated and wild species of chickpea. These
developments have opened up great opportunity to improve the efficiency of chick-
pea breeding programs through deployment of large-scale genomic tools. Efforts are
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underway to re-sequencemultiple genomes for identifying newhaplotypes of traits of
breeding importance in the crop fromwider germplasm resources such as the core col-
lection and reference sets. Taken together, thesemassive genomic resources including
the high-density genotyping assays have allowed chickpea breeders to embracemod-
ern breeding techniques like genomic selection (GS) for enhancing genetic gain. This
chapter focuses on the genomics-assisted improvement of chickpea, with an empha-
sis on the traits that impart resilience to changing climate. In addition to genomics,
we highlight progress and possibilities of transgenic research for improving tolerance
against biotic and abiotic stress resistance in chickpea. Moreover, the introduction
of novel breeding schemes such as “speed breeding”, CRISPR/Cas9-based genome
editing holds great promise for accelerating the genetic gains projected to meet the
ever-increasing demand for plant-based proteins.

Keywords Chickpea · Climate resilience · Genomics · QTL · NGS · Functional
genomics

3.1 Introduction

Chickpea, the secondmost important grain legume in terms of global production next
to dry beans grown worldwide, provides protein security to the vegetarian people
especially in developing countries across the globe (Bohra et al. 2015; FAO 2016).
As an important member of the legume family it is capable of fixing atmospheric
nitrogen in association with rhizobia, thus enriching soil nitrogen content (Graham
and Vance 2003; Bohra et al. 2014). In parallel, it also serves as an integral com-
ponent of cereal-legume cropping ecosystem. Grown predominantly in the arid and
semi-arid regions of the world, the crop sustains largely under residual soil moisture
condition (Gaur et al. 2012). Among all chickpea-producing counties, India occu-
pies the top position in terms of both area and production reported annually (FAO
2016). However, the current productivity of chickpea remains insufficient to meet
the demand of plant-based dietary protein to the increasing human population across
the globe. In the past, rigorous efforts using conventional breeding were devoted to
developing high-yielding chickpea cultivars. All these efforts have met with limited
success. Given the current uncertainties of global climate change, chickpea yield
is increasingly challenged by growing incidences of various pests and diseases as
well as various abiotic stresses (Bohra et al. 2013; Jha et al. 2014a; Gaur et al.
2014). Importantly, a significant change has been seen over four decades in terms
of chickpea growing area shifting from cold-season environment to warm-season
environment (Gaur et al. 2012). The shift in growing conditions coupled with the
global climate change seeks an urgent response from researchers working on chick-
pea improvement (Gaur et al. 2014). To capture greater genetic diversity, germplasm
resources in global gene bank should be explored properly and needs to be incor-
porated in the main breeding program through pre-breeding activities. In parallel,
attention should be placed for incorporation of crop wild relatives and landraces
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for broadening the genetic base of cultivated chickpea. Unprecedented advances
witnessed over the last decade in genome sequencing technologies have allowed
the completion of draft genome sequences of chickpea (Jain et al. 2013; Varshney
et al. 2013a). The availability of reference genome sequences has provided great
opportunity to understand crop evolution and domestication, together with offering
high-density and cost-efficient marker genotyping platforms that enable genomics-
assisted selection. Recent efforts of genome re-sequencing have also given a new
dimension to the discovery of the structural variations that could uncover genomic
regions of breeding relevance. Afterward completion of reference chickpea genome
sequence, important functional genomics milestones have been achieved in the con-
text of various biotic, abiotic and several plant architecture and development related
traits of breeding importance. Thus, increasing facilities of the genotyping platform
have tremendously improved the genomic repertoire of chickpea that allows map-
ping of complex trait quantitative trait loci (QTL) viz., drought with high resolution
(Jaganathan et al. 2015; Kale et al. 2015). Transgenics approaches have also been
employed for the development for improved chickpea that shows a high level of resis-
tance/tolerance to biotic as well as abiotic stresses. In parallel, the latest addition to
the breeder’s toolbox includes speed breeding (Li et al. 2018a), and genome editing
like CRISPR/Cas9 system (Doudna and Charpentier 2014).

3.2 Biotic Stress

Among themajor biotic stresses, Fusariumwilt (FW) caused byFusarium oxysporum
f. sp. ciceris and Ascochyta blight (AB) caused byAscochyta rabiei, are the twomost
important diseases that cause yield loss up to 90% in chickpea (Sabbavarapu et al.
2013). Both dry and humid conditions are congenial for FW infection and the disease
is estimated to cause 10–90% annual yield loss worldwide (Jimenez-Diaz et al.
1989). In India, FW causes 10–15% annual yield losses (Singh and Dahiya 1973),
however complete crop failures have also been witnessed under favorable conditions
(Halila and Strange 1996). Likewise, humid condition promotes AB infection (Pande
et al. 2005). AB mainly prevails in northwestern parts of India including Punjab,
Jammu, northernRajasthan, andwesternUttar Pradesh, causing huge loss to chickpea
production. Additionally, dry root rot (caused by Rhizoctonia bataticola), collar rot
(caused by Sclerotium rolfsi) and botrytis gray mold caused by Botrytis cineria
Pres. are the other important emerging diseases that raise economic concerns among
chickpea growers.

Efforts to elucidate the genetic makeup of the disease resistance traits have shed
light on the genetic control of various races (eight races 0, 1A, 1B/C, 2, 3, 4, 5,
and 6) of FW and AB diseases (Upadhyaya et al. 1983a, b; Singh et al. 1987; del
Mar Jiménez-Gasco and Jiménez-Diaz 2003; Brinda and Ravikumar 2005). This
understanding of FW (for various races) resistance gene(s)/QTLs was furthered with
increasing use ofmolecular markers and their subsequent placement on to the genetic
linkage maps (Sharma et al. 2004, 2005; Cobos et al. 2005, 2009; Gowda et al. 2009;
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Sabbavarapu et al. 2013; Patil et al. 2014; Jingade and Ravikumar 2015). Examples
include recent detection ofQTLs/genes controllingAB resistance using variousmap-
ping populations (Flandez-Galvez et al. 2003; Millan et al. 2003; Udupa and Baum
2003; Iruela et al. 2006, 2007; Tar’an et al. 2007; Anbessa et al. 2009; Kottapalli et al.
2009;Aryamanesh et al. 2010; Bhardwaj et al. 2010;Madrid et al. 2013; Sabbavarapu
et al. 2013). Following the development of high-density linkage maps and genome
sequencing, FW and AB resistance gene/QTLs have been precisely delineated and
cloned to allow gene pyramiding into the background of elite chickpea. Thus, the
increasing repertoire of chickpea genomic resources is of immense importance when
viewed from the point of accelerated breeding cycles.

3.3 Abiotic Stresses

Global climate change has also enhanced the impacts of abiotic stresses including
drought, heat stress (HS), salinity, and cold stress that in turn pose a serious challenge
to chickpea production worldwide.

3.3.1 Drought Stress

Chickpea is predominantly grown in arid and semi-arid regions prevailing in Asia,
Africa, and Australia under rain-fed condition making it face water stress during
its lifecycle. Drought remains the most important stress among the various abiotic
stresses faced by chickpea and is reported to cause up to 50% yield loss annually in
chickpea (Sabaghpour et al. 2006).

3.3.1.1 Breeding Efforts for Combating Drought Stress

Conventional breeding methods have been applied for identifying drought
stress tolerant chickpea based on various morpho-physiological and traits of
breeding importance. Promising chickpea genotypes implicating drought escape
mechanism were screened out, which include ICC 96029 (Kumar and Rao 1996),
ICCV 2 (Kumar and Abbo 2001), ACC 316, and ACC 317 (Canci and Toker 2009).
Likewise, genotypes ICC 4958 and ICC 8261 (Gaur et al. 2008; Kashiwagi et al.
2008) have been incorporated as donor parents for introducing root related traits in
chickpea breeding programs for increasing drought tolerance. However, the progress
of developing drought-tolerant chickpea is limited owing to the complex genetics of
drought and lack of accurate and automated phenotyping methods.
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3.3.1.2 Genomics Resources for Drought Stress Tolerance

In the past, several efforts of conventional breeding approaches were intensely
devoted to work out the genetic basis of drought tolerance in chickpea. However,
success for breeding drought tolerance has not met with anticipated success as it
is controlled by several gene(s)/QTLs and highly influenced by genotype × envi-
ronment interaction (Fleury et al. 2010). Recent advancements in molecular marker
technology have revealed various minor and major QTLs underlying drought tol-
erance in chickpea. A range of QTLs related to various traits that are directly or
indirectly associated to drought stress have been elucidated in legume crops includ-
ing chickpea (Singh et al. 2015). Considering the importance of phenological traits,
several QTLs have been reported for days to flowering and days to maturity under
drought stress (Rehman et al. 2011; Hamwieh et al. 2013; Varshney et al. 2014a;
Jaganathan et al. 2015; Kale et al. 2015). In view of the significant role of root
related traits such as higher root length density, root volume, maximum root depth
(RDp), and higher root biomass in drought tolerance, several QTLs controlling these
traits have been analyzed (Gaur et al. 2008; Varshney et al. 2013b, 2014a, b; Kale
et al. 2015). Likewise, QTLs associated with relevant physiological traits viz., stom-
atal conductance (Rehman et al. 2011), canopy conductance (Sivasakthi et al. 2018),
carbon isotope ratio (Kale et al. 2015), and plant vigor trait (Sivasakthi et al. 2018)
have been detected that influence crop yield under drought stress. Most importantly,
QTLs related to harvest index (Rehman et al. 2011; Varshney et al. 2014a; Jaganathan
et al. 2015; Kale et al. 2015; Srivastava et al. 2016) has been reported under water
stress condition.

Given the unprecedented advancements in linkage analysis in chickpea over the
past decade, several genomic regions that influence traits of agro-economic impor-
tance such as drought tolerance have been uncovered in chickpea (Varshney et al.
2014a; Jaganathan et al. 2015; Kale et al. 2015). In this context, Varshney et al.
(2014a) have reported a genomic segment in chickpea that harbors 13 main-effect
QTLs controlling a wide range of drought-related traits, and explaining up to 58%
phenotypic variance (PV). Interestingly, the samegenomic regiononCaLG4, referred
to as “QTL-hotspot”, was detected in twomapping populations. Application of high-
density genotyping assays in chickpea narrowed down this QTL-containing seg-
ment to ~14 cM (Jaganathan et al. 2015) and more recently to ~300 Kb (Kale et al.
2015), finally leading to the partitioning of this genomic region into “QTL-hotspot_a”
and “QTL-hotspot_b”. Recently, Sivasakthi et al. (2018) uncovered QTLs related to
canopy conductance and plant vigor within this “QTL-hotspot” region.

To circumvent the limitations of QTL mapping and to investigate novel alleles
related to traits of importance available across the various crop germplasms, associ-
ation genetics or genome-wide association study (GWAS) is a promising genomic
scale approach (Bohra 2013). Following association analysis of 300 global chickpea
collections, several important marker-trait associations (MTAs) related to physio-
logical and agronomic traits were detected under drought stress (Thudi et al. 2014).
Likewise, Li et al. (2018b) elucidated 38 significant MTAs related to various yield-
related traits covering seed number to grain yield by conducting GWAS on 132
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chickpea genotypes under drought stress. Authors reported a set of important candi-
date genes encoding “auxin efflux carrier protein (PIN3), p-glycoprotein, and nodulin
MtN21/EamA-like transporter” that underlie the given genomic regions.

3.3.2 Temperature Extremities

Current uncertainties of global climate change render plants to experience abnormal
temperature or temperature extremities that are either beyond or below the ambient
temperature, causing serious impacts on proper plant growth and development (Jha
et al. 2017). With the increasing evidence, HS is appearing as one of the important
abiotic stresses which causes harmful effects and limits yield in crops including
chickpea (Hasanuzzaman et al. 2013; Kaushal et al. 2013; Devasirvatham et al. 2012;
Jha et al. 2014b).Various researchers have documented the reproductive stage asmost
sensitive to HS that leads to decreased fertilization resulting in flower abortion and
reduced grain set (Wahid et al. 2007;Devasirvathamet al. 2012;Bhandari et al. 2016).
The development of female (stigma-style, ovary) and male (pollen, anthers) parts are
the most sensitive organs to abiotic stress in reproductive biology (Nayyar et al.
2005). Traditional approaches of plant breeding have been directed for developing
heat-tolerant chickpea in order to sustain its yield under HS. Significant progress
has been achieved in this regard through surveying genetic resources, and promising
chickpea genotypeswere identified forHS tolerance, such as ICCV92944, ICC4958,
ICC 1205 (Devasirvatham et al. 2010, 2013; Krishnamurthy et al. 2011; Upadhyaya
et al. 2011; Jha and Shil 2015; Jha et al. 2015, 2018a; Paul et al. 2018a).

Responses of different floral parts are different towards low-temperature stress,
all effects of cold stress are impairing, resulting in the reduction in productivity
(Staggenborg and Vanderlip 1996; Verheul et al. 1996). In chickpea, low tempera-
ture (below 15 °C) induced flower abscission and reduction in pod set in northern
India and Australia (Srinivasan et al. 1999; Berger et al. 2004, 2006; Clarke and
Siddique 2004; Nayyar et al. 2005). Considering low-temperature stress, several
sources of low-temperature-tolerant chickpea genotypes have been suggested. A
range of low temperature-tolerant chickpea genotypes have been identified based on
different parameters such as ICCV 96029, ICCV 96030 based on escape mechanism
(Sandhu et al. 2002; Kumar and Rao 1996), Sonali and Rupali for higher pollen
fertility (Clarke et al. 2004), and ICCV 88502, ICCV 88503 for higher efficiency of
pod setting at low temperature (Srinivasan et al. 1998, 1999). Likewise, Arslan et al.
(2018) reported İnci chickpea genotype to show freezing tolerance considering var-
ious physiological and biochemical traits. These tolerant chickpea genotypes could
be of great importance for developing improved cultivars having greater resilience
to extreme temperatures.
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3.3.2.1 Genomic Resources for Temperature Extremities

Significant genomic tools have been developed that are relevant to temperature
extremities, especially for heat tolerance in chickpea (Thudi et al. 2014; Jha
et al. 2018b, c; Jha 2018). Different molecular markers have been identified for
QTLs/genes associated with a large number of traits (Gaur et al. 2014; Thudi et al.
2014) which can facilitate marker-assisted breeding for heat tolerance in chickpea.
Availability of novel single nucleotide polymorphisms (SNPs) (Hiremath et al. 2011),
high-density diversity array technology (Thudi et al. 2011), high-density genetic
maps (Thudi et al. 2011) and transcriptome assemblies (Kudapa et al. 2014) could
further accelerate molecular breeding for desired traits including HS tolerance in
chickpea (Varshney et al. 2009; Mallikarjuna et al. 2017). Recombinant inbred lines
(RILs), (292, F8:9) developed by crossing ICC 4567 (heat sensitive) and ICC 15614
(tolerant) and these were later assessed for thermo-tolerance and used to identify
molecular markers linked to QTLs related to heat tolerance traits (Devasirvatham
et al. 2013; Paul et al. 2018a, b).

QTLs associated with chickpea heat tolerance at the reproductive stage are
good indicators of high grain yield under HS heat and can be used in indirect
selection for developing heat-tolerant cultivars. Genotyping by sequencing (GBS)
based SNP markers have been used to identify key genomic regions (Paul et al.
2018b). Two potential genomic regions have been identified, which have four major
QTLs each on CaLG05 and CaLG06 for several heat-responsive traits that are
directly responsible for heat tolerance in chickpea. Digenic epistatic QTLs (19
nos.) were found to be associated with the six traits: biomass (BM), visual scor-
ing (VS), number of filled pods per plot (Fpod), total number of seeds per plot
(TS), grain yield per plot (GY) and % pod set for heat tolerance (Paul et al.
2018a). The epistatic QTLs loci were observed maximum for TS (nine), fol-
lowed by % pod set (four) and some other loci such as eqpodset2_1/eqts2_1,
eqts2_1/eqpodset2_1,neqfpod4_5/neqts9_5,neqts9_5/neqfpod4_5 were collectively
controlling more than one trait that shows the pleiotropy nature of the traits. QTLs
for traits such as Fpod, TS, and GY were not expressed under non-stress condition
confirming the fact that these QTLs were only expressed under high-temperature
condition and were therefore efficient to be used as potential candidates for heat
tolerance through marker-assisted breeding.

ThreemajorQTLs,Qefl1-2, Qefl3-3, andQefl4-1, corresponding to flowering time
genes efl-1 from ICCV 96029, efl-3 from BGD 132, and efl-4 from ICC 16641 were
mapped on CaLG04, CaLG08, and CaLG06, respectively (Mallikarjuna et al. 2017).
In chickpea four early flowering (efl) nonallelic genes have been reported that are efl-1
from ICCV 2 and ICCV 96029 (Hegde 2010; Gaur et al. 2015; Kumar and van Rhee-
nen 2000), ppd or efl-2 from ICC 5810 (Hegde 2010; Or et al. 1999), efl-3 from BGD
132 and efl-4 from ICC 16641 and ICC 16644 (Gaur et al. 2015). Recently four major
QTLs, Qefl2-1, Qefl2-2, Qefl2-3, and Qefl2-4, for flowering time were identified in
the cross ICC 5810× ”CDC Frontier” on CaLG01, CaLG03, CaLG04, and CaLG08,
respectively, in chickpea (Gaur et al. 2018). Accuracy of phenotyping would play an
important role in the identification of molecular markers linked to QTLs associated
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with (HS) tolerance traits. QTLs detected in unique positions in the non-stress envi-
ronment are stronger evidence that there is no correspondence between QTLs found
in non-stress with the QTLs found in the heat stress environment. Effective breeding
strategies by choosing efl gene or a combination of such genes based on the desired
background and linkage relationships of the flowering time genes with other traits
will be helpful in the development of better heat-tolerant chickpea varieties (Gaur
et al. 2015). Several heat-tolerant progenies have been developed from multi-parent
advanced generation inter-cross (MAGIC) populations at ICRISAT by rearranging
of alleles. The development of breeding approach like the use of MAGIC popula-
tions/lines, are promising to combine favorable genes for genetic recombination with
enhanced tolerance to HS and to bring about greater genetic diversity (Bandillo et al.
2013; Huang et al. 2015; Gaur et al. 2018). Therefore, by genetic improvement, heat
tolerance in chickpea can be introduced/improved.

3.3.3 Salinity Stress

Increasing indiscriminate practices of irrigationwater at various farmlandshas caused
a serious problemof salinity across theworld. Significant yield loss has been recorded
due to salinity in chickpea grown across the subtropical and semi-arid regions of the
world (Ali et al. 2002; Kaashyap et al. 2017). Soil salinity stress above 3dSm−1 is
reported to limit chickpea growth, reproductive development, and yield (Rao et al.
2002; Katerji et al. 2005; Vadez et al. 2012a; Turner et al. 2013; Pushpavalli et al.
2016).

Identification of salinity tolerant chickpea genotypes has been carried out through
screening of a set of germplasm under salt-stressed environments leading to the
identification of CSG 88101, CSG 8927, CSG 8962, and ICCV 96836, JG 62 (Dua
and Sharma 1995; Vadez et al. 2007; for details see Jha et al. 2014a; Jha et al. 2019).
However, the progress of developing salinity tolerant chickpea is hampered due to
the genetically complex inheritance of salinity tolerance trait.

To elucidate the underlying salinity tolerance gene(s), some important genomic
resources have been developed in chickpea (Kaashyap et al. 2017). To date, a limited
number of QTLs conferring salinity tolerance have been recorded in chickpea (Vadez
et al. 2012b; Pushpavalli et al. 2015). Onemajor QTL related to seed yield explaining
19% PV on linkage group (LG) 03 was uncovered under salinity stress (Vadez et al.
2012b). Likewise, two major QTLs conferring salinity tolerance have been reported
on LGs 5 and 7 from ICCV 2 × JG 11 mapping population (Pushpavalli et al. 2015)
see in Table 3.1.
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3.4 Other Stresses

Elevated levels of atmospheric carbon dioxide impair seed germination, seed emer-
gence, and seedling vigor (Saha et al. 2015a) apart from exerting a negative influence
on grain quality of chickpea by reducing protein content (Saha et al. 2015b). Like-
wise, increasing concentration of ozone gas is appearing as another global threat
to crop production, causing inhibition in photosynthesis, and affecting yield and
quality parameters (Ainsworth et al. 2012; Ainsworth 2017). Evidence of reduction
in plant height and dry weight have been recorded in chickpea under ozone stress
(Welfare et al. 2002). Given this, breeding efforts aimed to deliver chickpea cultivars
that suit modern agriculture should place greater attention to these newly escalating
production constraints.

3.5 Genetic and Genomic Resources for Improving Quality
Traits in Chickpea

Chickpea serves as an important source of “plant-based protein” and essential dietary
minerals ranging from iron, zinc, to vitaminA (Jukanti et al. 2012). Several important
genotypes possessing high iron containing lines viz., CA 0469C025C, and Dwelley
lines (Vandemark et al. 2018), higher zinc containing lines such as CA0790B0053C
lines, Arerti, FLIP 07-27C, and FLIP 08-60C, Wolayita local landrace (Hidoto et al.
2017; Vandemark et al. 2018) and possessing high carotene content genotypes CDC
Cory, CDC Jade, and CDC Verano (Rezaei et al. 2016) have been recorded. Con-
comitantly, given the unprecedented advancements in chickpea genomics, efforts
are underway to elucidate the micronutrient content controlling genomic segments
through employing chickpea genomics resources. Several (MTAs) controlling zinc
and iron content have been uncovered on LG 1, 4, 6, and 7 via GWAS in a set of 94
chickpea genotypes (Diapari et al. 2014). Subsequently, Upadhyaya et al. (2016a)
deciphered several genomic regions controlling these traits via Illumina GoldenGate
assay in 92 chickpea germplasm. Moreover, to increase seed protein content (SPC)
in chickpea, Jadhav et al. (2015) reported a total of 9 significant MTAs via GWAS.
Likewise, a total of seven potential candidate gene controlling SPC was recovered
from a large panel of 336 chickpea germplasm by recruiting 16,376 SNP mark-
ers (Upadhyaya et al. 2016b). With the availability of chickpea genome carotenoid
biosynthesis governing genomic region has been elucidated (Rezaei et al. 2016).
A total of 19 genes involved in carotenoid biosynthesis were also examined at the
expression level in five different chickpea cultivars. Thus, collectively these chick-
pea genetic and genomic resources could help in designing biofortified chickpea
genotype to overcome the increasing challenges of micronutrient deficiency related
problems prevalent in the human population residing in the developing countries
especially sub-Saharan Africa and Southeast Asia.



3 Climate-Resilient Chickpea 147

3.6 Crop Wild Relatives (CWRs) as a Rich Reservoir
of Climate-Resilient Traits

Genetic bottlenecks occurred during the process of domestication accompanied by
human-led artificial selection have considerably reduced the genetic diversity of
present-day chickpea (Abbo et al. 2003a, b). CWRs maintain sufficient genetic vari-
ability, whichmay be largely credited to the limited attention that these have received
during human-driven selections. Consequently, CWRs could serve as an important
natural reservoir of the novel and rare alleles for various traits of breeding impor-
tance. To broaden the genetic base of chickpea, CWRs should be efficiently incorpo-
rated into breeding programs via enhanced pre-breeding activities. Eight annual wild
species have been reported in chickpea, however, onlyC. reticulatum belonging to the
primary gene pool, is crossable with cultivated chickpea. The other species remains
non-crossable and need special techniques like embryo rescue for avoiding crossing
incompatibility problems. Two important lines, ILC 10765 and ILC 10766, pos-
sessing cyst nematode resistance exemplify judicious exploitation of C. reticulatum
accession, ILWC119 in chickpea breeding program (Malhotra et al. 2002). Likewise,
incorporation of C. reticulatum and C. echinospermum wild species into chickpea
breeding program resulted in the development of chickpea lines resistant to multiple
biotic stresses including Fusarium wilt, root rot, and Botrytis gray mold (Singh et al.
2005; Ramgopal et al. 2012). Toker et al. (2007) have reported the presence of high
drought tolerance level among perennial wild Cicer species, viz. C. anatolicum, C.
microphyllum,C. montbretti,C. oxydon andC. songaricum, and accessions of annual
wild species viz., C. reticulatum, C. bijugum, and C. pinnatifidum (Singh et al. 1995;
Toker 2005). Breeding strategies that allow effective entry of CWRs into chickpea
breeding program hold great opportunity to improve resilience against biotic and
abiotic stresses.

3.7 Whole Genome Assemblies for Tapping the Novel
Genetic Variants

Current advancements in genome sequencing technologies have enabled construction
of de novo genome assemblies and reference genome sequencing in various legume
species (Bohra and Singh 2015).

Apart from uncovering a plethora of genetic variants, whole genome assemblies
shed new light into genome dynamics, domestication and evolutionary processes
in chickpea (Jha 2018). The first reference genome sequence of cultivated Kab-
uli chickpea, measuring 738.09 Mb with 25,365 genes was released in the year
2013 (Varshney et al. 2013a). In 2013, another research group reported a 740.52-Mb
genome assembly of desi type harboring 27,571 protein-coding genes (Jain et al.
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2013). Most recently, Gupta et al. (2017) assembled the draft genome sequence of
Cicer reticulatum L. into 327.07 Mb. These latest additions to genomic resource
repertoire could greatly assist to accelerate the progress of the breeding program in
chickpea.

3.8 Whole Genome Re-sequencing (WGRS) for Capturing
Unknown Genomics Variants

With the availability of reference genome sequence in chickpea, attempts to re-
sequence multiple genomes have elucidated novel genomic regions/structural varia-
tions related to various traits of economic significance through establishing a com-
parison between WGRS with the available reference genome. Thus this could lead
to unveiling the genetic basis of phenotypic traits of agronomic importance in var-
ious cultivars at the genomic level. Several structural variations and the underlying
candidate genes related to yield traits (Thudi et al. 2016a, b), Ascochyta blight resis-
tance (Deokar et al. 2018; Kumar et al. 2018), pod-related traits (Das et al. 2016),
and seed-related traits (Das et al. 2015) have been captured by applying WGRS (see
Table 3.2). Furthermore, establishment of genome sequence assembly of CWRs of
chickpea could help in unveiling novel genomic regions controlling traits of breeding
importance.

Table 3.2 List of candidate genes identified from re-sequencing of chickpea genotypes

Trait QTL/candidate gene References

Seed weight CaqSW1.1 Das et al. (2015)

Hundred seed weight Ca_04364 (on CaLG01) and
Ca_04607

Total dry root weight to total plant
dry weight
ratio (RTR)

Ca_04586 (on CaLG04) for RTR Singh et al. (2016)

Number of pods per plant CaqaPN4.1 and CaqaPN4.2 Das et al. (2016)

Thirteen yield-related traits under
drought stress

Auxin efflux carrier protein
(PIN3), p-glycoprotein (PGP),
nodulin MtN21/EamA-like
transporter

Li et al. (2018b)

Disease resistance, flowering time,
and drought tolerance

Thudi et al. (2016b)

Both biotic and abiotic stress Thudi et al. (2016a)

Ascochyta blight qABR4.1 and qABR4.2
qABR4.3

Kumar et al. (2018)

Ascochyta blight Six candidate genes Deokar et al. (2018)

Ascochyta blight Twelve candidate genes Li et al. (2017)
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3.9 GS and Hope for Increasing Genetic Gain in Chickpea

The recent development of genomic tools has strengthened the foundation for molec-
ular breeding in chickpea. Modern molecular breeding techniques like marker-
assisted backcrossing (MABC) andmarker-assisted recurrent selection (MARS)have
been deployed for transferring single and multiple QTLs, respectively, to elite culti-
vars in chickpea (Gaur et al. 2014). Notable instances of marker-assisted breeding in
chickpea include the transfer of a major QTL with 30% phenotypic variation to elite
chickpea cultivars (JG 11, KAK 2, and Chefe) (Gaur et al. 2014). Likewise, com-
bined resistance to wilt race 1 and Ascochyta blight was achieved in the background
of C 214 via MABC, and similarly, MARS enabled transferring of root traits and
other drought-related traits to elite chickpea varieties (Varshney et al. 2013b). How-
ever, these approaches are effective for transferring singleQTLwith large phenotypic
effects or accumulating a limitednumber of superior alleles. Improving complex traits
such as yield, drought, and other traits governed by a large number of small effect
QTLs demands new approaches like GS. Availability of high-density genotyping
platform and draft genome sequences has provided great accessibility for harnessing
high throughput SNP markers for performing GS in chickpea. This approach helps
in selecting individuals from “target population” by estimating genomic estimated
breeding value genomic estimated breeding value (GEBV) relying on the prediction
model developed from “training population” with known genotyping and phenotyp-
ing information (Meuwissen et al. 2001; Meuwissen and Goddard 2007; Jannink
et al. 2010; Bohra 2013).

This approach has been currently employed for estimating the “prediction accu-
racy” of two important yield-related traits including seed yield and 100-seed weight,
and two phenological traits including days to 50% flowering and days to maturity
(Roorkiwal et al. 2016, 2018). Likewise, Li et al. (2018a) computed GEBVs for
predicting yield and yield-related traits under drought stress. Roorkiwal et al. (2018)
applied GS models that integrate G × E interactions, which facilitated the selection
of superior chickpea lines across different environments.

3.10 Advances in Functional Genomics

Accessibility to chickpea genome sequences have provided great opportunity to
annotate gene function of various traits relevant to biotic and abiotic stresses, plant
architecture and developmental traits related to both basic and applied chickpea
research for accelerating development of improved cultivars (Jha 2018).

Initial efforts to generate functional genomics resources in chickpea mostly
focused on abiotic stresses viz., drought, cold, and salinity, which revealed sets
of differentially expressed genes or stress-responsive candidate genes. The studies
include generation of expressed sequence tags (ESTs), and analyses like suppres-
sion subtractive hybridization (SSH), serial analysis of gene expression (SAGE),



150 U. C. Jha et al.

and microarray (Jayashree et al. 2005; Mantri et al. 2007; Molina et al. 2008, 2011;
Varshney et al. 2009; Jain and Chattopadhyay 2010; Deokar et al. 2011). Mantri et al.
(2007) reported several differentially expressed genes (DEGs) related to drought
stress by using the microarray technique. Likewise, Varshney et al. (2009) leveraged
functional genomics resources by developing 5,982 and 5,922 drought responsive
ESTs from ICC 4958 and ICC 1882, respectively. To impart a global view of gene
expression in response to drought stress, the massive scale of transcriptome data
were developed from ICC 4958 and ICC 1882 by employing Roche/454 and Illu-
mina/Solexa NGS technologies under drought stress (Hiremath et al. 2011). Along
with the huge number of tentative unique sequences (TUSs), a total of 44,639 differ-
entially expressed TUSs were recovered from the above mentioned two genotypes
under drought stress. Given the transcriptome analysis of contrasting Fusarium wilt
tolerance parents, the association of several important SNP/insertion/deletion (InDel)
markers with Fusarium wilt tolerance were elucidated (Jain et al. 2015). Addition-
ally, expression profiling of Fusarium tolerant contrasting parents suggested the role
of various genes associated with G-protein signaling, plant defense signaling, and
R gene-mediated defense against Fusarium wilt (Upasani et al. 2017). While, con-
sidering biotic stress, probable role of nucleotide binding site–leucine-rich repeat
(NBS-LRR) gene contributing in Ascochyta blight resistances was demonstrated
through various differential expression profiling (Leo et al. 2016; Li et al. 2017; Sagi
et al. 2017).

Subsequently, unprecedented advancements in transcriptome profiling due to
arrival of NGS based RNA-seq technology have further strengthen the current under-
standing of various stress-responsive regulatory gene(s) and their complex networks
associated to various stresses with greater precision (Jain et al. 2014, 2015; Kudapa
et al. 2014;Garg et al. 2015; Srivastava et al. 2016). Considering drought stress, RNA-
seq analysis illuminated on the understanding regarding the global gene expression
under drought in chickpea (Garg et al. 2016; Badhan et al. 2018; Kudapa et al. 2018;
Mahdavi Mashaki et al. 2018). Following the development of gene expression atlas
in chickpea, important candidate genes such as Ca_04561, Ca_04564, Ca_04566,
Ca_04567 were identifiedwithinQTLhot spot region (Kudapa et al. 2018). Likewise,
important heat shock protein candidate genes Ca_25811, Ca_23016, Ca_09743,
Ca_17680, and Ca_25602 were elucidated from HS-treated vegetative and repro-
ductive tissues (Agarwal et al. 2016). More importantly, availability of transcriptome
atlas “Cicer arietinum Gene Expression Atlas (CaGEA)” can improve the knowl-
edge about the gene expression pattern across a range of developmental phases in
chickpea (Kudapa et al. 2018).

Emerging evidence of various non-coding RNAs and their participatory role have
received significant attention in chickpea for drought (Khandal et al. 2017), salinity
(Kohli et al. 2014; Singh et al. 2017) and other developmental traits (Khemka et al.
2016). Thus, the next grand challengeof chickpea functional genomics is to determine
the biological functions of every gene for further chickpea genetic improvement.
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3.11 Developing Web-Based Community Resources
to Support Chickpea Improvement

In recent years, several web-based resources have been developed in chickpea such
as (http://www.icrisat.org/gt1/cpest/home.asp.) (Jayashree et al. 2005) for ESTs,
CicArMiSatDBmarkers (http://cicarmisatdb.icrisat.org) (Doddamani et al. 2014) for
simple sequence repeats (SSRs), CicArVarDB (http://cicarvardb.icrisat.org/) (Dod-
damani et al. 2015) for genome-wide SNPs and InDels, Chickpea Transcriptome
Database (CTDB) (http://www.nipgr.res.in/ctdb.html) (Verma et al. 2015b) for tran-
scriptome related information, and CicerTransDB 1.0, (http://www.cicertransdb.esy.
es) for transcription factor (TF) related information (Gayali et al. 2016), for compar-
ative genomics http://www.nipgr.res.in/CGWR/home.php (Misra et al. 2014). Thus
these web-based resources could enable chickpea research community to identify
the various key regulatory gene(s) controlling various traits of importance.

3.12 Transgenic Systems in Chickpea for Developing
Climate-Resilient Chickpea

Given the bottlenecks of traditional breeding to cope with current global climate
change, transgenic approach stands to be among the most potent strategies that over-
come sexual reproduction barriers to improve traits/gene(s) into any genetic back-
ground of choice. Considering major insect pests, Helicoverpa armigera remains the
most devastating insect pest causing serious yield loss in chickpea. Several manage-
ment practices including integrated pest management practices have been recruited
to control this insect pest attack (Acharjee and Sarmah 2013). Though surveying
natural germplasm resources encompassing diverse gene pools for stress resistance
remains the most sustainable approach, lack of pod borer resistant germplasm has
greatly restricted conventional breeding for developing Helicoverpa resistant chick-
pea cultivar. Thus, intervention of transgenics approaches could play a crucial role in
the development of Helicoverpa resistant lines in chickpea. To date, deployment of
Bacillus thuringiensis (Bt) insecticidal crystal protein genes through genetic trans-
formation remains the most preferred transgenic technology for designing pod borer
resistant chickpea (Sanyal et al. 2005; Lawo et al. 2008; Acharjee et al. 2010). In
the context, several efforts were devoted previously and are underway for the devel-
opment of pod borer resistant chickpea to sustain its yield. Initially, Sanyal et al.
(2005) established the toxicity of cry1Ac gene isolated from Bacillus thuringien-
sis (BT ) against Helicoverpa armigera. Subsequently, Acharjee et al. (2010) showed
the effectiveness of BT cry2Aa gene against pod borer infection in chickpea. Like-
wise, Ganguly et al. (2014) introduced the cry1Ab/Ac insecticidal gene into the DCP
92-3 genotype under the control of pod-specific soybean msg promoter and rice
actin1 promoter through Agrobacterium-mediated transformation (see Table 3.3).
The transformed lines possessing the abovementioned gene showed high lethality to

http://www.icrisat.org/gt1/cpest/home.asp
http://cicarmisatdb.icrisat.org
http://cicarvardb.icrisat.org/
http://www.nipgr.res.in/ctdb.html
http://www.cicertransdb.esy.es
http://www.nipgr.res.in/CGWR/home.php
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Table 3.3 Updates on transgenics development in chickpea

Trait Source of
gene

Gene Explant used Method Reference

Helicoverpa
armigera

Bacillus
thuringiensis

cry1Ac Cotyledonary
nodes

Agrobacterium
tumefaciens
mediated

Sanyal et al.
(2005)

Helicoverpa
armigera

Bacillus
thuringiensis

cry1Ab/Ac – Agrobacterium
tumefaciens
mediated

Ganguly
et al. (2014)

Helicoverpa
armigera

Bacillus
thuringiensis

CryIA(c)
delta-

Epicotyl Particle gun
bombard-
ment
mediated

Indurker
et al. (2007)

Helicoverpa
armigera

Bacillus
thuringiensis

cry2Aa – Agrobacterium
tumefaciens
mediated

Acharjee
et al. (2010)

Helicoverpa
armigera

Bacillus
thuringiensis

Cry2A – – Lawo et al.
(2008)

Callosobruchus
maculatus
and C.
chinensis

– bean αAI1
gene

– Agrobacterium-
mediated

Sarmah et al.
(2004)

Salinity P5CS gene – Agrobacterium
tumefaciens
mediated

Kiran Kumar
Ghanti et al.
(2011)

Iron content Soybean CaNAS2 and
GmFER

– Agrobacterium
tumefaciens
mediated

Tan et al.
(2018)

Stress
tolerance

Chickpea CaFer1 – Agrobacterium
tumefaciens
mediated

Parveen et al.
(2016)

Drought – P5CSF129A Axillary
meristem

Agrobacterium
tumefaciens
mediated

Bhatnagar-
Mathur et al.
(2009)

Drought Arabidopsis DREB1A
gene

– Agrobacterium-
mediated

Anbazhagan
et al. (2015)

the pod borer larvae. Likewise, the intervention of transgenics approach necessitates
for drought tolerance (Bhatnagar-Mathur et al. 2009; Anbazhagan et al. 2015) and
salinity tolerance (Kiran Kumar Ghanti et al. 2011) in chickpea for avoiding the
complexities raised in conventional breeding techniques for transferring complex
drought tolerant QTLs.
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3.13 Advanced Breeding Techniques to Accelerate
Chickpea Improvement

Innovative breeding techniques such as MAGIC (Gaur et al. 2014), nested associa-
tion mapping (NAM), TILLING (Gaur et al. 2014) have been introduced in chickpea
for trait mapping, complex QTL(s) discovery, for creating novel genetic variation.
Latest interventions like speed breeding (Li et al. 2018a) that enable rapid genera-
tion to turn over are crucial to speed up the genetic gain. These techniques could
help in introducing desired complex trait QTL(s) like drought and yield and yield-
related genomic region into elite cultivars precisely. Likewise, emerging genome
editing tools especially CRISPR/Cas9 (Pennisi 2013) has shown great promise for
manipulating specific genome sequence and creating “targeted allele diversity” for
improvement of various traits in crop plant including grain legume (Shen et al. 2017;
Shi et al. 2017; Wang et al. 2017; Lemmon et al. 2018). Thus, a holistic approach
encompassing various “omics” approaches and advanced breeding techniques (see
Fig. 3.1) could help us to develop climate-resilient chickpea for safeguarding global
food security.

Fig. 3.1 Role of conventional breeding and ‘omics’ resources for development of climate resilient
chickpea cultivar
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3.14 Conclusion

Burgeoning human populationworldwide alongwith global climate change has jeop-
ardized achieving the goal of global food security. Conventional breeding approaches
have enabled the development of several important chickpea cultivars over the
decades. Latest developments in chickpea genomics facilitated increasing access
to key genomic regions that influence various biotic and abiotic stress tolerance and
grain yield. Toward this end, availability of chickpea reference genome sequence
could be of great importance for addressing the domestication and evolution-related
queries and functional dissection of traits of breeding relevance. Falling cost of
genome sequence has provided great opportunity to perform re-sequencing of global
chickpea core collection to capture the important haplotypes related to various biotic
and abiotic stress tolerance along with yield contributing genomic regions. Translat-
ingmodern “omics” knowledge into cultivar developmentwith support fromevolving
technologies/methodologies such as genome editing and speed breeding will greatly
reinforce breeding techniques for developing climate-resilient and nutrient-efficient
chickpea.
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Chapter 4
Toward Climate-Resilient Lentils:
Challenges and Opportunities

Dorin Gupta, Rama Harinath Reddy Dadu, Prabhakaran Sambasivam,
Ido Bar, Mohar Singh, Navya beera and Sajitha Biju

Abstract Lentil among legumes has a significant place in crop production and rota-
tion, and the nutritional security of growinghumanpopulation.Current lentil cultivars
have a narrow genetic base and are challenged with many biotic and abiotic stresses.
The pressures from changing climate necessitate more efforts to find durable resis-
tance sources for biotic and abiotic stresses. Distant landraces and wild lentil species
which are less explored are known to possess such genes to develop resilient culti-
vars, one of the best adaptation strategies for climate change. The research efforts are
currently focusing on enhancing lentil grain yield and resilience to climate change
through introgression of desired genes from other gene pools. The current lentil-
breeding efforts have concentrated upon conventional plant breeding techniques for
the inclusion of the cultivated lentil gene pool only. Unlike other crops, genomics-
assisted breeding remains one of the areas to be further explored to speed-up the
climate-smart high-yielding cultivars development process, which is reliant on the
extensive genomic resources. Several lentil linkage maps have been developed and
quantitative trait loci for tolerance to biotic and abiotic stresses have been identified.
However, advances in molecular markers, next-generation sequencing, genomewide
sequencing, and bioinformatics will further help to precisely identify genes of inter-
est that can be best utilized to breed climate-resilient cultivars for higher production
and quality through genetic engineering and plant breeding.
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4.1 Introduction

Lentil (Lens culinaris Medikus) like other food legumes offers a range of bene-
fits from soil to human health and has become an integral part of current farming
system as a valuable cash crop. However, lentil is still one of the neglected crops
especially in developing countries, which has potential to be grown in more drier
areas being fairly drought tolerant and highly nutritious. Legumes are accepted in
farming system around the world but not to the extent as cereal crops. However,
legumes including lentil which can fix atmospheric nitrogen and can minimize the
nitrogen input requirements, provide pest breaks and weed control for subsequent
cereal crop when used in crop rotations. Lentil offers many health benefits due to its
low fat, high prebiotic carbohydrates, high fiber, and low glycemic index (Srivastava
and Vasishtha 2012; Thavarajah 2017). Lentil grain provides 22–25% dietary protein
(one-quarter of total caloric value), carbohydrates, vitamins, and a good balance of
minerals (K, Mg, Fe, Zn), along with high contents of essential amino acids such as
lysine and tryptophan (Erskine et al. 1990; Johnson et al. 2013; Faris et al. 2013; Ray
et al. 2014). Staple cereals are high in sulfur-based amino acids which are lacking in
lentils, therefore, when eaten together, cereal-lentil based diet can provide complete
profile of the essential amino acids. Due to its high protein content, this grain is
also regarded as cost-effective alternative to animal-based protein, especially in the
Indian subcontinent where plant-based diet predominates due to religious believes,
and less affordability of fresh meat. Lentil ranks sixth among important annual grain
legumes with 5.4 million hectare worldwide area under cultivation leading to an
annual production of 6.3 million tons (FAO 2016). It is grown in Canada, Australia,
Southern Europe, Eastern, and Northern Africa, the drier regions of the Middle East
and the Indian subcontinent during cooler season of the year. Lentil productivity
has not seen tremendous rise over the past years and even has not crossed the mark
of one ton per hectare globally (FAO 2016). Climate change will have a significant
impact on global food production and food security of growing human population
as clearly highlighted by Intergovernmental Panel on Climate Change (IPCC), if we
look deeper, major implications will be through reduced soil fertility, reflection of
reduced microbial activity and diversity, and carbon sequestration leading to less
than optimal plant growth and yields (Dhankher and Foyer 2018). The future pro-
jections of drastic climatic events such as frequent droughts and floods, higher or
lower temperatures, salt, and heavy metal stresses leading to higher incidences of
pest infestations will significantly affect crop yields. Adaptation through diversified
new crops and cultivars could be one of the strategies to combat climate change
and sustain food production. Further, to be climate resilient, crop production system
requires tailored solutions through inclusion of past and current knowledge about
crops, beneficial crop rotations, their unique genetic make-up, and specific traits to
be targeted for their inclusion in modern cultivars to cope and produce enough under
various stresses. Lentil being one of the hardy crops can potentially yield higher, to
meet the demands of quality food for growing human population. However, since
past many years, crop is being grown on marginal lands especially in the developing
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countries due to preferential cereal-based cropping, which led to the loss of genes of
higher productivity (Bejiga and Degago 2000). Along with cultivation on marginal
lands which generally have low soil fertility, the crop is mostly grown as rainfed and
is subjected to mainly terminal drought and heat stress (abiotic) and various fungal
and bacterial diseases––Ascochyta blight, rust Stemphylium blight, collar rot, root
rot, white mold, Fusarium wilt, and anthracnose (Kumar et al. 2013; Sharpe et al.
2013a). At parallel, current improved cultivars are bred to yield higher but not primar-
ily to cope with various stresses, if resistant to one or the disease exists, it is not very
durable and traits responsible for tolerance to various abiotic stresses are not intro-
gressed as priory traits. These cultivars have narrow genetic base owing to handful
desired cultivated germplasm parentage (Singh et al. 2014) whereas, not much has
been explored in wild lentil relatives which are more diverse (Ford et al. 1997; Duran
et al. 2004; Gupta and Sharma 2007; Singh et al. 2014). Therefore, these cultivars
cannot yield higher due to their vulnerability tomajor biotic and abiotic stresses under
climatic uncertainties and narrow genetic base. Farmers adopt new crop cultivars and
change their practices to cope with changing environments. However, the pace of
environmental change will be difficult to match along with the expected expansion of
crops to new environments and lands suggesting strong need for research efforts to
develop climate-resilient crops (Dhankher and Foyer 2018). In lentil, the identifica-
tion and inclusion of climate resilient useful and diverse traits/genes to broaden the
genetic base of the existing lentil cultivars from closely or distant relatives should be
prioritized. Therefore, this chapter aims at understanding lentil’s untapped sources of
genetic variation, traits of importance, role of conventional, genomics, and modern
molecular technologies for better use of such identified traits and their inclusion in
breeding programs to breed and develop climate-resilient lentil cultivars.

4.2 Prioritizing Climate-Smart (CS) Traits

To sustain crop yields under uncertain environments, higher yielding climate-smart
crop cultivars should possess multiple resistance and/or tolerance to stresses (biotic
and abiotic). One of the major differences between two types of major stress cate-
gories is that the mechanisms controlling abiotic stresses are governed by multiple
genes, therefore targeting germplasm in breeding programs which shows the poten-
tial for common defense mechanisms can address multiple stress tolerance in plants.
The adaptation to climate change can be sought through the development of new
cultivars with multiple tolerance to abiotic stresses such as heat, cold, frost, drought
and salinity, and resistance to various diseases and pests. At parallel lentil, cultivars
should possess adapted phenology (maturation times and responses) and different
agro-morphological traits whichwill offset the new challenges of changes in growing
season (shorten/longer than usual).
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4.2.1 Flowering Time

The transition from vegetative to reproductive growth is an important trait and a
major component of crop adaptation, particularly in rainfed environments (Subbarao
et al. 1995; Gao et al. 2014). The timing of flowering is dependent upon the genotype,
the seasonal temperature profile, photoperiod, light, nutrient levels, and vernalization
responses of the plant. If flowering occurs prematurely under stressful environments,
seed set and grain filling may be compromised. If flowering is delayed, the plant
risks succumbing to terminal drought stress before producing any seed. A complex
network of genetic pathways allows the plants to detect and integrate external or
internal signals to initiate the floral transition (Bluemel et al. 2015). In indeterminate
species like lentil, early flowering may enable the plants to prolong the reproductive
phase, especially when the flowering duration is delimited by terminal drought stress
that terminates seed set. The transition to flowering stage in lentil is proposed to be a
function of both photoperiod and temperature, longer days and warmer temperatures
accelerate flowering (Summerfield et al. 1985;Roberts et al. 1986;Barghi et al. 2013).
Yuan et al. (2017) showed that the overall days to flowering of lentil genotypes were
mainly influencedby the red/far-red (R/FR)-induced light quality change.Whilemost
of the wild lentil genotypes had reduced responses and flowering time, the cultivated
lentil showed consistent, accelerated flowering in response to the low R/FR light
environment together with three wild lentil genotypes (L. orientalis IG 72611, L.
tomentosus IG 72830, and L. ervoides IG 72815). These genotypes would represent
key genetic resources for developing lentil cultivars with better adaptation to variable
light environments.

The role and importance of vernalization in floral induction for lentils, however,
remains largely undefined. Summerfield et al. (1985) in his analysis of six lentil geno-
types reported a variation in vernalization response with respect to flowering time,
vernalized plants flowered earlier in all instances compared to nonvernalized plants.
Roberts et al. (1986) in contrast proposed that the effect of vernalization on floral
induction was negligible. It has also been suggested that for sensitive genotypes, ver-
nalization exposure reduced the critical or nominal base photoperiod, required for
floral induction (Summerfield et al. 1985; Roberts et al. 1986). Photoperiod-sensitive
and insensitive phases can be identified through experiments in which individual
plants can reciprocally be transferred in a time series from long to short days and
vice versa in growth chambers. This will help to develop cultivars with shorter pre-
inductive photoperiod-insensitive and sensitive phases to fit short growing seasonal
regions. Exploitation of genetic variability for flowering time can assist in the devel-
opment of high yielding early maturing cultivars that are able to adapt to changing
environmental conditions. Exotic and indigenous lentil germplasm were screened to
identify early flowering genotypes (Erskine et al. 1998; Asghar et al. 2010; Kumar
and Solanki 2014; Kumar et al. 2014b; Singh et al. 2014). Sarker et al. (1999a, b)
identified single recessive gene (sn) control for early flowering in lentil. The variants
of early flowering at this locus could be useful for the development of early flowering
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cultivars for water-limited environments and can help to diversify the lentil genetic
base.

4.2.2 Root Characters

Root characters are one of the important agronomic traits, which play vital roles
in crop adaptation and productivity under stressed environments. Developing crops
with better root systems is a promising strategy to ensure productivity in both opti-
mum and stressed environments. A deep and proliferative root system extracts suffi-
cient water and nutrients under stressed conditions. Well-developed root systems are
linked to drought tolerance as an avoidance mechanism guaranteeing productivity
of lentil under water-limited environments (Idrissi et al. 2015a, 2016; Sarker et al.
2005; Verslues et al. 2006; Gaur et al. 2008; Vadez et al. 2008). Drought-tolerant
genotypes tend to elongate their rooting depth significantly more than sensitive ones
under drought stress in lentil (Sarker et al. 2005). Specific rooting patterns can be
associated with drought avoidance mechanisms that can be used in lentil breeding
programs. Modifications in the root architecture allow the plants to increase their
water extraction capacity and drought tolerance.

Gorim and Vandenberg (2017a) found significant differences for root traits and
fine root distribution between and within selected wild lentil species and cultivated
lentil. The authors also observed variability in nodule number and nodule shape
within and between genotypes. Some genotypes used water more efficiently for
either biomass or seed production. The allocation of resources to seed production
also varied between genotypes. These findings could have an impact on the design of
future lentil breeding CS traits in the context of strategies for managing changes in
rainfall amount and distribution for lentil growing regions. The distribution pattern
of root traits and nodulation at different soil depths in both wild and cultivated lentil
genotypes were also analyzed by Gorim and Vandenberg (2017b). Their findings
suggest that wild lentil genotypes from a particular gene pool might have similar-
ity for root traits and nodule distribution in the soil. Furthermore, wild genotypes
with deep root systems allocated their resources mostly toward biomass production
implying that when interspecific hybridization and introgression become part of a
long-term breeding strategy for lentil, it will be necessary to develop appropriate
selection strategies for simultaneous selection of yield and root traits under stressed
environments.

4.2.3 Heat Tolerance

Lentil is similar to other cool-season legumes in its susceptibility to rising temper-
atures (Summerfield et al. 1985; Ahmed et al. 1992; Porch and Jahn 2001; Croser
et al. 2003; Choudhury et al. 2012; Bhandari et al. 2016; Sehgal et al. 2017). It
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requires cooler temperatures during the vegetative growth and warmer temperatures
at maturity; the optimum temperature for lentil growth is 18–30 °C (Choudhury et al.
2012). Susceptibility of vegetative and reproductive stage in lentil crop to heat stress
has been described by (Delahunty et al. 2015; Bhandari et al. 2016; Kumar et al.
2016a, b and Sita et al. 2017). Temperatures greater than 24.4 °C reduced the ger-
mination rate in lentil (Covell et al. 1986). Temperatures above 32/20 °C (max/min)
during flowering and pod filling in lentil drastically reduced seed yield and resulted
in 20–70% yield reductions, equating to $1000/ha loss, through flower drop and pod
abortion (Delahunty et al. 2015; Kumar et al. 2016a, b). Heat stress in lentil causes
a reduction in germination percentage, abnormal seedling growth, nodules degen-
eration, early flowering, reduction in plant biomass, loss in cell membrane stability
and photosynthetic efficiency, and increase in lipid peroxidation, (Ellis and Barret
1994; Muehlbauer et al. 2006; Chakraborty and Pradhan 2010; Sehgal et al. 2017).
Higher expression of ascorbate peroxidase (APX) has been linked with heat toler-
ance in lentil (Chakraborty and Pradhan 2010). Heat tolerance in lentil is attributed to
superior pollen function and higher expression of leaf antioxidants (Sita et al. 2017).
Heat stress especially when combined with drought stress, even for a few days during
flowering and pod filling drastically reduces seed yield in lentil because of accel-
erated development, forced maturity, shortened reproductive period, and damage to
reproductive organs leading to flower drop, pollen sterility, pod abortion, and reduced
seed set (Siddique 1999; Boote et al. 2005; Choudhury et al. 2012; Gaur et al. 2015;
Bhandari et al. 2016).

Even though only limited studies were conducted to screen lentil germplasm for
heat tolerance in both laboratory and field conditions, genetic variations for heat
tolerance have been identified in lentil and are listed in Table 4.1.

4.2.4 Cold/Frost Tolerance

Lentil is prone to radiant frost when compared with other legumes and are less prone
to frost than peas but more susceptible than chickpeas (Murray et al. 1988). Frost
tolerance for lentil at flowering is –2 to –3 °C. Lentil is least tolerant to frost injury
at flowering due to the exposed nature of the flowers and the small size of pods.
Frost injury symptoms in lentil include flower and pod abortion, damage to seed,
and injuries to vegetative tissues. During the pod filling stage, frost can damage the
seed coat and the developing seed. In severe frost events, leaves are damaged and
stem wilts. Plant at the early vegetative stage can quickly recover from underground
axillary buds, however, at the vegetative maturity stage or beyond, the plants will
most likely die because axillary bud initiationwill most likely not occur as the plant is
moving into reproductive stage. Frost damage can also result in an increased vulner-
ability to entry of pathogen causing diseases like anthracnose and botrytis gray mold.
Yield losses from frost damage can be severe for a high-value crop like lentil. Since
1980, considerable research efforts have been put into breeding and characterizing
the genetics of frost tolerance of lentil (Erskine et al. 1981; Summerfield et al. 1985;
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Table 4.1 Genetic variation for tolerance to heat, frost, and waterlogging in lentil

Type of stress Accession Selection criteria References

Heat IPL81, IPL406 Heat tolerance index
(TI) and antioxidant
activities

Chakraborty and
Pradhan (2010)

Ranjan, IC201710, IC208329,
14-4-1

Cell membrane
thermostability

Choudhury et al.
(2012)

Qazvin Cell membrane
thermostability

Barghi et al. (2013)

72578, 70548, 71457, 73838 Seed yield Delahunty et al.
(2015)

ILL2181, ILL82, ILL5151,
ILL5416 ILL4587, ILL956
ILL 598, FLIP2009-55L,
ILL2507, LL4248

Pollen viability,
grain yield

Gaur et al. (2015)

FLIP2009-55L, IG2507,
IG4258

Pollen viability Kumar et al. (2016a,
b)

IG3745, IG4258, IG5146 Number of filled
pods at higher
temperature

Kumar et al. (2016a,
b)

LL931 Seed weight Bhandari et al.
(2016)

GP2961, PL234, LKH2 Biological yield,
grain yield, number
of pods per plant,
pod yield, and
number of seeds per
pod

Kumar et al. (2019)

IG2507, IG3263, IG3297,
IG3312, IG3327, IG3546,
IG3330, IG3745, IG4258,
FLIP2009

Pollen germination,
pollen viability,
ovular viability, pod
number, nodulation,
antioxidants, sucrose

Sita et al. (2017)

Frost/cold LC9978057, LC9977006
LC9977116, LC9978013
ILL759, ILL1878, ILL4400
ILL7155, ILL8146, ILL8611,
ILL9832, Kafcas, Cifei, Ubek

Winter survival
rates, visual rate,
damage percentage
of survival

Hamdi et al. (1996)

ILL5865, Balochistan local Controlled freezing
test

Ali et al. (1999)

(continued)
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Table 4.1 (continued)

Type of stress Accession Selection criteria References

LL1878, ILL662, ILL857,
ILL975, ILL1878

Winter hardiness Sarker et al. (2002)

Morton, WA8649041,
WA8649090

Winter survival rates Kahraman et al.
(2004a)

ILL662, ILL857, ILL975 Rapid ground cover
Early vigor

Sarker et al. (2002)

Waterlogging/
flooding/
submergence

ILL6439, ILL6778, ILL6793 Stomatal
conductance and
biomass

Ashraf and Christi
(1993)

Murray et al. 1988; Spaeth and Muehlbauer 1991; Kusmenoglu and Aydin 1995; Ali
et al. 1999). More recently, several research studies have also been carried out in the
aspects of winter hardiness and frost injury in lentil (Kahraman et al. 2004b; Barrios
et al. 2007, 2010, 2016). Identified genetic variation for tolerance to frost is listed in
Table 4.1.

4.2.5 Drought Tolerance

Lentil is considered as moderately tolerant to drought when compared to other
legumes (Reda 2015). Even though lentil is a hardy crop requiring less water for
its growth compared to other legumes, the plant productivity can decrease from 6
to 70% under drought conditions and can even lead to total crop failure (Saxena
1993; Johansen et al. 1994; Babayeva et al. 2014). Drought stress at reproductive
stage led to 24% grain yield reduction and was 70% when drought occurred at pod
development stage (Shrestha et al. 2006; Allahmoradi et al. 2013). Drought stress
occurring at flowering or podding stage affects vegetative and reproductive growth
leading to reduced leaf area (48–55%), total dry matter (32–50%), flower produc-
tion (22–55%), and number of pods and seeds (27–66%), with significantly higher
flower drop and aborted pods (Table 4.2) (Shrestha et al. 2006). Drought stress can
also lead to fluctuation in concentration of photosynthetic pigments, osmoregulation,
and antioxidant metabolism in lentil (Aksoy 2008; Öktem et al. 2008; Gokcay 2012;
Muscolo et al. 2014;Mishra et al. 2016; Biju et al. 2017). The variable annual rainfall
patterns threaten the sustainability of lentil production by increasing the frequency
of drought periods during the cropping season (Dai 2011). Ninety percent of the
world’s lentil is produced in areas relying upon conserved, receding soil moisture
and therefore, crop productivity is largely dependent on the efficient utilization of
available soil moisture (Kumar and Van Rheenen 2000).

Lentil withstands drought stress through drought tolerance and drought avoid-
ance mechanisms. Drought tolerance mechanisms in lentil include dense pubescence
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Table 4.2 Identified sources of resistance to drought stress in lentil from literature

Accession Selection criteria References

ILL6439, ILL6451 Osmotic adjustment Ashraf et al. (1992)

ILL1983, ILL2501, ILL2526 Seed yield Hamdi et al. (1992)

MI30B, MI52, MI563 Leaf water traits Salam and Islam (1994)

ILL1861, ILL784 Seed yield Hamdi and Erskine (1996)

ILL590, ILL7200 Short duration, rapid
biomass, leaf area
development, high
photosynthetically active
radiation

Clements et al. (1997)

HUL35 Osmotic adjustment Singh (2001)

ILL6002 Stem length, taproot length,
number of lateral roots

Sarker et al. (2005)

TN1768 High yield Salehi et al. (2008)

Naeen, Shiraz7 Stress tolerance index (STI),
geometric mean productivity
(GMP)

Rad et al. (2010)

TN1084, KC210034 GMP, harmonic mean (HM),
STI, stress susceptibility
index (SSI)

Siahsar et al. (2010)

Seyran Antioxidant enzyme
activities (APX, CAT, GR,
and SOD), protein profiles

Gokcay (2012)

Cabralia inta Shoot length, germination
stress index (GSI)

Salehi (2012)

Land race RWC, Fv/Fm, proline,
stomatal resistance

Allahmoradi et al. (2013)

ILL10700, ILL10823,
FLIP96-51

Seedling survivability,
drought tolerance score, root
and shoot length, fresh and
dry weight of roots and
shoots

Singh et al. (2013a)

Eston, Castelluccio Seed germination, water
content, root length

Muscolo et al. (2014)

ILL123613, ILL123466,
ILL123613, ILL123466,
ILL134466, ILL123684,
ILL123679, ILL123648,
ILL123629

Drought tolerance index
(DTI)

Babayeva et al. (2014)

Eston, Castelluccio Seed germination, RWC, root
length, proline content, total
soluble sugars

Muscolo et al. (2014)

(continued)
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Table 4.2 (continued)

Accession Selection criteria References

PDL1, PDL2 Seed yield Singh et al. (2016a, b)

Ranjan Length of shoot and root,
fresh weight of shoot and
root and dry weight of shoot
and root

Dash et al. (2017)

HUL57 Nodulation, yield traits, DSI,
STI, mean productivity (MP)

Mishra et al. (2014, 2016,
2018)

Digger, Cumra, Indianhead,
ILL5588, ILL6002, ILL5582

Crop water stress index
(CWSI), canopy temperature
depression (CTD), Root
Shoot ratio, RWC, harvest
index, and drought tolerance
efficiency

Biju et al. (2018)

Binamasur10 Seed yield www.icarda.org

of leaf, regulated stomatal closure, osmotic adjustment, increased antioxidant
responses, and enhancement in yield components. Drought-avoidance strategy is
shown by short duration genotypes of lentil such as BARIM4, BARIM5, BARIM6,
Precoz, Idlib 3, and Bakaria at the reproductive stage as an adaptation to drought
stress through early flowering, rapid root growth, and early growth vigor with high
yield potential (Erskine and Saxena 1993; Silim et al. 1993a, b; Erskine et al. 1994;
Shrestha et al. 2005). Shoot traits such as canopy structure, stem length, leaf surface,
stomatal characteristics, and leaf movements also have significant roles in drought
avoidance as reported in the lentil mutant line MI-30 (Salam and Islam 1994). Spe-
cific rooting patterns such as root-shoot ratio (RS ratio), can also be associated with
drought avoidance mechanisms that can be used in lentil breeding programs (Idrissi
et al. 2016; Biju et al. 2017). Drought escape was believed to be relatively insignifi-
cant in wild lentil genotypes when compared to cultivated ones (Hamdi and Erskine
1996). Contrary to this finding, recently, Gorim and Vandenberg 2017a) has iden-
tified the different drought mechanisms in wild lentil genotypes across species by
assessing both above ground plant characteristics and their root systems. They found
that wild lentil genotypes employed diverse strategies such as delayed flowering,
reduced transpiration rates, reduced plant height, and deep root systems to either
escape, evade, or tolerate drought conditions, based on the environmental condi-
tions at their centers of origin. Interestingly, in some cases, more than one drought
strategies were observed within the same genotype. The success of increasing lentil
production in drier areas prone to terminal drought mainly depends upon the devel-
opment of short-season cultivars that enable the crop to escape adverse soil–water
scarcity (Siddique et al. 2001). Early sowing of lentil in Southwestern Australia and
Northern Syria develops a large green canopy and rapid ground cover which absorbs
a significant proportion of photosynthetically active radiation (PAR) early in season
when vapour pressure deficits (VPD) or atmospheric demand for water are low and

http://www.icarda.org
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uses more water in post flowering phase thus producing good yield and biomass (Sid-
dique et al. 1998; Chen et al. 2006). Hence, the selection for early flowering lines
with pliability for the maturity that provides a massive yield under high moisture
availability, is therefore required for severely drought-prone areas. The International
Centre for Agricultural Research in Dry Areas (ICARDA) developed early matur-
ing lentil genotypes with good yield and is deposited with ‘International Drought
Tolerant Nursery’ to be shared with the national and international programs.

Changes in several morphological, physiological, and biochemical traits such as
seedling survivability, seedling vigor, plant height, total root length, taproot length
and number of lateral roots, total root weight, early flowering, maturity, pod number
per plant, seed number per pod, grain yield, harvest index, relative water content,
water use efficiency, stomatal conductance, and antioxidant activity have been used in
screening genotypes for drought tolerance in lentil (Sarker et al. 2005; Shrestha et al.
2006; Chakherchaman et al. 2009; Kumar et al. 2012, 2013; Singh et al. 2017a; Biju
et al. 2018). Well-developed vigorous shoot and root system at early seedling stage
are important for drought tolerance (Mia et al. 1996; Aswaf and Blair 2012; Kumar
et al. 2012; Idrissi et al. 2013, 2015a). Deep and well-developed roots will increase
the uptake of water and nutrients in a lowmoisture soil under drought conditions (Wu
and Cheng 2014). Thus, the selection of deep rooting is recommended to increase
the yield of legumes including lentil under drought conditions (Buddenhagen and
Richards 1988).

The extent of membrane damage and the enzymatic antioxidant activity appears
to be a useful method for evaluating the level of plant drought stress. Simple screen-
ing tests like electrolyte leakage measurements after stress can be used for drought
tolerance in cool-season food legumes. Cell leakage studies were performed in dif-
ferent lentil genotypes and found that drought-tolerant lentil genotypes exhibit lower
cell membrane injury along with higher seedling growth, water use efficiency, and
osmotic regulation (Stoddard et al. 2006). Similarly, germination stress index (GSI)
and cell membrane stability (CMS) index can also be used as a good criterion prior
to conducting a field screening for drought tolerance in lentil at a large scale (Salehi
et al. 2008). Polyethylene glycol (PEG) based in vitro screening for drought toler-
ance at seedling stage has been proven to be another suitable method to effectively
screen large sets of germplasm with good accuracy by analyzing the traits like ger-
mination percentage, germination rate, germination index, seedling length, root and
shoot length of seedlings, seedling dry weight, relative water content, proline, and
total soluble sugars (Salehi 2012; Muscolo et al. 2014; Keshtiban et al. 2015; Dash
et al. 2017; Biju et al. 2017). A new phenotyping technique for drought tolerance
assessment in lentil using hydroponics has been developed to screen many geno-
types at seedling stage (Singh et al. 2013a). However, most of these methods are
slow, laborious, time consuming, expensive, and influenced by environmental con-
ditions. Most recently, it has been reported that canopy temperature (Tc) and crop
water stress index (CWSI), both assessed using infrared thermal images, along with
root-shoot (RS) ratio, relative water content (RWC), harvest index (HI), and other
drought tolerance indices are useful in defining the drought stress tolerance variabil-
ity within lentil genotypes (Biju et al. 2018). The water conservation traits, such as
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early partial stomatal closure under soil drying, and limited transpiration under high
atmospheric vapor-pressure deficit have recently been proven to be useful in other
legumes under drought stress (Devi et al. 2010; Zaman-Allah et al. 2011; Belko et al.
2012; Seversike et al. 2013; Ghanem et al. 2017) and these traits can be used in lentil
for defining drought stress along with physiological screenings and mechanistic crop
simulation modeling. Table 4.2 shows the identified sources of resistance to drought
stress in lentil.

Early on partially closed stomata under moisture stress and high VPD will enable
less transpiration loss and could be traits of importance for drought stress tolerance
in lentil.

4.2.6 Flooding and Submergence Tolerance

Flooding and submergence are adverse environmental conditions, which severely
constrain the growth and yield of legume crops growing in the fine-textured and
duplex soils (Solaiman et al. 2007; El-Enany et al. 2013; Kang et al. 2017). Lentil
is the most sensitive of all legumes to waterlogging (Solaiman et al. 2007; Singh
et al. 2013a) and transient waterlogging is an important hindrance for lentil produc-
tion, especially during the early developmental stages (Materne and Siddique 2009).
Waterlogging in lentil affects yield at any growth stage during the growing season
causing most damage (Materne and Siddique 2009). Waterlogging during germi-
nation can cause unsuccessful germination, late emergence, and suppression of root
growth (Jayasundara et al. 1997). Flooding at vegetative stage can induce root system
damage and led extensive leaf senescence and desiccation (Nessa et al. 2007). Lentil
is most susceptible to waterlogging at flowering period causing flowers and pods
to abort. The response of lentil to waterlogging is like its response to low light and
low temperatures, all result in stunted growth and leaf senescence (turning yellowish
to red), wither and eventually die. Lentil germplasm with waterlogging tolerance
associated with their geographic origin was studied by Wiraguna et al. (2017) and
reported that genotypes from Bangladesh are adapted to waterlogged soil at ger-
mination. Waterlogging-tolerant genotypes were characterized by its low biomass,
higher stomatal conductance, early flowering and maturity, and high root porosity
(Ashraf andChishti 1993;Malik et al. 2015; Erskine et al. 2016). Formation of lysige-
nous cavities and aerenchyma are waterlogging responses found in lentil (Hamdi,
1987). Some management practices used to reduce the effects of waterlogging in
lentil involve sowing time, paddock selection, seeding rate, and drainage (Toker
and Mutlu 2011). Studies revealing the biochemical and physiological responses for
waterlogging tolerance and possible measures to combat this abiotic stress in lentil
still deserves more attention.
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4.2.7 Salinity Tolerance

Salinity is amajor abiotic stress for lentil production, especially under drought condi-
tions in shallow subsoils of alkaline soils especially in the arid and semiarid regions of
Australia, Canada, NorthAfrica, and SouthAsia (Muehlbauer et al. 2006; Nuttall and
Armstrong 2010). Lentil is considered as an extremely sensitive species to salinity
than other legumes such as faba bean and soybean (Ashraf and Waheed 1990, 1993;
Katerji et al. 2001, 2003; Sidari et al. 2008), whereas it has greater salinity tolerance
than chickpea and field pea (Siddique 1999). Yield reduction due to salinity stress
has been reported in lentil to be as high as 20% at an electrical conductivity (EC) of 2
dS/m and 90–100%at anECof 3 dS/mby negatively affecting yield attributes (Ayoub
1977; Van Hoorn et al. 2001; Golezani and Yengabad 2012). In lentil, responses to
salinity stress vary with both growth stage, salinity level, and environmental fac-
tors such as soil–water status, temperature relative humidity, and available nutrients
(Lachaâl et al. 2002). Like all other legumes, lentil is more susceptible to salinity
stress during seedling establishment and later growth stages (Ayoub 1977; Rahimi
et al. 2009; Farooq et al. 2017). Lentil roots are highly sensitive to saline soils with
limited root growth, root depth, and moisture extraction capabilities which, in turn,
can badly affect the nodulation and nitrogen fixation probably by limiting the root
hair growth and rhizobium infection (Rai and Singh 1999; Van Hoorn et al. 2001).
Delays in seed germination, reduced seed germination percentage, reduced seed via-
bility, and decreased seedling growth also occurs with increasing levels of salinity
in lentil (AL-Quraan et al. 2014). Salinity intensifies anthocyanin pigmentation in
leaves and stems in lentil resulting in necrosis of the outer margins and yellowing
of the older leaves which ultimately leads to the death and withering of leaves due
to excess accumulation of ions. Salinity also reduces flower production and pod
setting in lentil (Van Hoorn et al. 2001). Increasing level of exchangeable sodium
percentage (10–25%) under salinity stress decreased plant height, leaf area, leaf dry
weight, total biomass production, chlorophyll a and b content, nitrate and nitrite
reductase enzymes activities, DNA and RNA content and finally, the grain yield of
lentil (Tewari and Singh 1991; Singh et al. 1993). Salinity stress also restricts lentil
growth and morphology by adversely affecting various physiological and biochem-
ical attributes such as photosynthesis (AL-Quraan et al. 2014), membrane damage
(Hossain et al. 2017), ion homeostasis (Turan et al. 2007; Hossain et al. 2017),
oxidative damage (Al-Quraan and Al-Omari 2017; Hossain et al. 2017), antioxi-
dant responses (Bandeoglu et al. 2004), γ-aminobutyric acid (GABA) accumulation
(Al-Quraan and Al-Omari 2017), osmolyte accumulation, and proline metabolism
(Turan et al. 2007; Hossain et al. 2017) (Table 4.3). Recently, it has been reported
that the excessive accumulation of betaine and choline in lentil plants might play a
pivotal role in salt tolerance inducing osmotic adjustment or osmoregulation which
causes a fall in water potential (Varshney and Singh 2017).
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Table 4.3 Identified sources of resistance to salinity stress in lentil

Accession Selection criteria References

DL443, PantL406 Nitrogen fixation, grain yield Rai et al. (1985)

ILL5845, ILL6451,
ILL6788, ILL6793,
ILL6796

Seed germination, biomass Ashraf and Waheed (1990)

NEL2704 Seed germination, plant
growth, grain yield

Mamo et al. (1996)

ILL6976 Biomass, soluble sugars,
efficiency of potassium
utilization

Asraf and Zafar (1997)

LC53, DLg103,
Sehore74-3, LC50

Nodulation, seed germination,
seed yield, plant height, root
length, plant growth

Rai and Singh (1999)

ILL8006 Water use efficiency Hamdi et al. (2000)

Masoor93, Mansehra89 Na/K ratio Yasin et al. (2002)

LG128, ILL3534 Grain yield Maher et al. (2003)

ILL5582 Proline, superoxide dismutase
activity

Cicerali (2004)

DL443, Pant L406,
ILL3534 LG 128, ILL6796

Grain yield and biomass Materne and Reddy (2007)

Ustica, Pantelleria Proline, sugar, amylase Sidari et al. (2007)

Çağıl, Altın Toprak Germination percentage, shoot
and root length, shoot and root
dry weight, and salt tolerance
percentage

Kokten et al. (2010)

Nipper, PBA Flash,
ILL2024

Biomass and grain yield Siddique et al. (2013)

Siliana, Local oueslatia
Nefza

Seed germination and seedling
growth

Ouji et al. (2015)

Flash (CIPAL0411),
Bounty CIPAL0415),
Nipper (CIPAL0203)

Plant growth and yield traits GRDC (2013)

Jordan 1 Seed germination,
accumulation of reactive
oxygen species,
γ-aminobutyric acid (GABA)
level

Al-Quraan and Al-Omari
(2017)

(continued)
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Table 4.3 (continued)

Accession Selection criteria References

Sapna, RLG258, RLG234 Dry matter yield, stress indices
(TOL, SSI, STI, MP, GMP, YI,
SSPI, and MSTI)

Kumawat et al. (2017)

Masoor2002, NL20-3-3,
LN0188, M93, NL9775

Root and shoot length, root and
shoot weight, total proteins
contents, α-amylase, total
soluble sugars, sodium ions
(Na+), potassium ions (K+),
sodium-to-potassium ratio
(Na+/K+)

Aslam et al. (2017)

PDL1, PSL9, ILWL95 Seed germination, seedling
growth, biomass accumulation,
seedling survivability, salinity
scores, root and shoot anatomy,
sodium ion (Na+), chloride ion
(Cl−), potassium ion (K+)
concentrations, proline,
antioxidant activities

Singh et al. (2017a)

4.2.8 Disease Resistance

It is anticipated that climate change is likely to exert a substantial effect on vari-
ous insect pest management programs including host-plant resistance, natural plant
products, bio-pesticides, natural enemies, and efficacy of synthetic chemicals. Lentil
crop is often affected by several diseases and economically important diseases
includeAscochyta blight (Ascochyta lentis), botrytis graymold (Botrytis cinereal and
Botrytis fabae), rust (Uromyces viciae-fabae), anthracnose (Colletotrichum lentis),
Stemphylium blight (Stemphylium botryosum), powdery mildew (Erysiphe pisi and
Erysiphe polygoni), and Fusarium wilt (Fusarium oxysporum). In general, foliar
diseases including ascochyta blight, rust, anthracnose, botrytis gray mold, Stem-
phylium blight, and powdery mildew cause premature leaf drop, stem girdling, and
produce shriveled seeds that are unmarketable. While major losses by soil-borne dis-
ease Fusarium wilt are due to leaf curling, reduced root development, discoloration
of vascular tissue and stunted growth. Moderate to heavy yield losses have been
reported for major diseases while some diseases have less economic impact based
on the conducive environment for disease infection and spread and its duration during
the cropping season (Chen et al. 2009). Ascochyta blight in Australia alone has been
reported to cause an estimated loss of $16.2 million AUD in the conducive years
(Murray 2012). Hence, proper management of diseases is suggested to ensure the
sustainable productivity of lentil. Climatic change will have huge implications on our
food production system and impact will also be seen on aggressiveness of pathogen
through its development and survival rates (optimal conditions for infection), simul-
taneously on host reaction to pathogen attack (host specificity and mechanisms of
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plant infection), which will significantly affect the impact of various diseases on crop
growth and production (Elad and Pertot 2014). Among many, host-plant resistance
is the most acceptable, environment–friendly, and economical control strategy to
avert yield losses (Rubiales and Fondevilla 2012). In future also, to develop climate-
resilient cultivars, reliance on durable, diverse, and novel host resistance will be the
key to sustain crop production under various climatic pressures. Accordingly, partial
to complete resistance sources have been identified within the cultivated species of
lentil to various diseases and cultivars with improved resistance have been released.

Resistance sources to Ascochyta blight within the cultivated germplasm have
been reported from several countries including India (Gurdip et al. 1982; Sugha
et al. 1991), New Zealand (Cromey et al. 1987), Pakistan (Iqbal et al. 1990, 2010),
Lebanon (Abi-Antoun et al. 1990), Syria (Erskine et al. 1996), Canada (Andrahen-
nadi 1994), Australia (Nasir and Bretag 1998), and Ethiopia (Ahmed and Beniwal
1991). Several of these prominent sources are still being employed in the current
breeding programs as a source of resistance to Ascochyta blight. Indianhead is still
the major source of resistance in Australian and Canadian breeding programs (Tullu
et al. 2010). Resistance for anthracnose disease was screened with 1771 accessions
of which only 4 accessions from United States collection and 12 accessions from
the German collection had resistance to race Ct1 (Buchwaldt et al. 2004). However,
none of the accessions had resistant against most aggressive race Ct0 (Buchwaldt
et al. 2004). Later, Shaikh et al. (2012) reported 23 genotypes were resistant to
anthracnose in Canada. Of which, 15 genotypes were identified with Ct1 resistance,
while 7 genotypes expressed Ct0 resistance and 1 genotype VIR 2633 from Georgia
was found symptomless to both races. Significant yield losses associated with lentil
rust disease led to evaluation of cultivated lentil germplasm for rust resistance and
release of rust-resistant cultivars in countries where rust is prevalent including India
(Singh et al. 1994), Bangladesh (Sarker et al. 1999a, b), Ethiopia (Negussie et al.
1998; Fikru et al. 2007), Morocco (Sakr et al. 2004), Chile (Peñaloza et al. 2007)
and Pakistan (Sadiq et al. 2008). Likewise, several genotypes resistant to fusarium
wilt have been identified across lentil growing countries such as India, Iraq, Ethiopia,
Lebanon, Iran, Pakistan, Turkey, Syria, and Nepal as reviewed by Choudhary et al.
(2013). Evaluation of lentil germplasm against botrytis gray mold resulted in moder-
ate to high-resistant sources across botrytis gray mold predominant countries (Karki
et al. 1993; Bretag and Materne 1999; Kuchuran et al. 2003; Lindbeck et al. 2008).
Consequently, several cultivars were released with resistance to botrytis gray mold,
such as Nipper, a selection from a cross between Indianhead (resistant) and North-
field (susceptible) was released in 2006 for cultivation in Australia by Pulse Breed-
ing Australia (PBA) (Lindbeck et al. 2008). Efforts have been made by ICARDA
in association with Bangladesh Agricultural Research Institute (BARI) to develop
Stemphylium blight-resistant cultivars to boost the disease resistance and subsequent
yields (Sarker et al. 1999a, b; Sarker et al. 2004). Recently, Kant et al. (2017) screened
Australian lentil germplasm and found significant variation for Stemphylium blight
resistance.

Nonetheless, several of the released lentil cultivars have been reported to have
changed their respective reaction within a short period of commercial release. This
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may be explained by the possible selective adaptation of the pathogen population and
hence selection of highly aggressive isolates that can overcome the resistance with
changing climate. Loss of resistance in Australian cultivars Northfield and Nipper
to A. lentis has been speculated as a case of selective adaptation of pathogen since
several aggressive isolates of the pathogen have been recovered within these culti-
vars (Davidson et al. 2016). Additionally, the narrow pedigree of these cultivars with
paralleled pathogen evolution, threaten the sustainability of several cultivars. Subse-
quently, accessions from exotic germplasm particularly wild species have been tested
to various diseases for resistance. This revealed some great variations for resistance
within the wild species that may be transferred to the cultigen as reviewed by Singh
et al. (2018). A novel primary gene pool accession ILWL 180 has been found highly
resistant to recently recovered highly aggressive A. lentis isolates from Australia
(Dadu et al. 2017). Successful introgression of resistance to anthracnose from wild
lentil to the cultivar has been reported from Canada (Fiala et al. 2009; Vail et al.
2012).

Viruses are known to affect lentils and at least 30 different species of the virus have
been reported to naturally infect lentil. Among them, the most important viruses that
can cause significant yield losses includes bean leafroll virus, bean yellow mosaic
virus, beet western yellow virus, cucumber mosaic virus, faba bean necrotic yellow
virus, pea enation mosaic virus-1, pea seed-borne mosaic virus, and pea streak virus
(Kumari et al. 2009). They cause none or a minimum of 3% to a maximum of 61%
yield losses in lentil depending on the conditions available during the cropping season
(Kumari et al. 2009). Several sources of resistance and cultivars with resistance to
different viruses have been identified and released (Makkouk and Kumari 1990;
Kumari and Makkouk 1995; Makkouk et al. 2001; Latham and Jones 2001; Rana
et al. 2016).

4.2.9 Insect Resistance

Effects of climate change on insect pests is of greater importance as the insects are
involved in many biotic interactions such as plants, natural enemies, pollinators, and
other organisms, which are the key players of the ecological functions (Boullis et al.
2015). Environmental effect will trigger diversified insect populations, changed geo-
graphical distribution, insect–plant interactions, activities and abundance of natural
enemies, emergence of new biotypes, and crop losses associated with insect pests.
Changes in geographical distribution, diversity, and abundance of insect pests will
also be influenced by changes in the cropping pattern influenced by climate change.
Major insect pests may move to temperate regions, leading to greater damage in
crops. Geographical distribution of many tropical and subtropical insect pests will
extend, along with shifts in production areas of their host plants (Gonzalez and Bell
2013; Sharma 2014). Among nearly 36 insect pests infecting lentil crop, aphids
(Aphis craccivora and Acyrthosiphon pisum), leaf weevils (Sitona spp.), lygus bugs,
(Lyguss spp.) and cutworm (Agrotis ipsilon) are of economic significance, some
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minor field pests such as thrips (Thrips, Kakothrips, and Frankiniella), bud weevils
(Apionarrogans), pea moth, (Cydia nigricana), pod borers (Helicoverpa armigera
and Heliothis spp.), lima bean pod borer (Etiella zinckenella), root aphids (Smyn-
thurodes betae), and leaf miners (Liriomyza spp. and Phytomyza spp.) infest the crop
(Stevenson et al. 2007). These minor pests may become a significance in future with
changing climatic conditions. Stevenson et al. (2007) have summarized locations
and regions around the world which specify the status of various insect pests, such
as aphids and lima bean pod borer are major lentil pests in India, lima bean pod
borer and leaf weevils in Turkey, whereas aphids, thrips, and leaf weevils are most
prevalent in central Spain.

Aphids cause significant loss to the lentil as they feed directly on crop and act as a
vector in transmitting plant viruses. Hossain et al. (2017) reported relative abundance
of lentil aphids at different sowing dates during the winter season and its effect on
lentil yield. Aphid population and infestation increased with the delayed sowing. The
crop sown in November received less aphid infestation and consequently produced
higher yield than the December-sown crop. Spotted aphid, and cowpea aphid popula-
tion had negative impact of higher temperature. Sharma et al. (1995) also suggested
that aphid population was sensitive to changing temperature and relative humidity.
High humidity, moderate temperature, and low rainfall are conducive for growth and
multiplication of aphids. In long run with changing patterns of weather and host–pest
interactions, host resistance and effective biological control could be the best strat-
egy instead of heavy reliance on chemical control. Few tolerant genotypes (2 and 23)
have been reported based on 2 and 3 years of screening work, respectively, and were
grouped as five distinctive groups for tolerance based on pedigree analysis (Kumari
et al. 2007).

Leaf weevils could be another major threat with changing climate and can cause
huge economic losses when abiotic stresses affect seedling growth along with weevil
attack. As larvae feed on root nodules which leads to failure of atmospheric nitrogen
fixation. However, climate change adaptation strategies like early sowing would be
beneficial to escape terminal drought stress, studies have shown that nodule dam-
age by larvae in early sown crops was higher than late sown lentil crop (Weigand
et al. 1992; Stevenson et al. 2007). Future lentil cultivars with chemical defenses
against adult weevil could be one of the important trait s to consider. So far, no
genotypes have been found to be resistant to weevil infection in lentil germplasm
(Erskine et al. 1994). Genetic engineering might help to transfer genes found in red
clover which leads to expression of formononetin and related metabolites offering
chemical defense against adult weevil. Pod borer is another serious pest on many
crops, however, not a major threat to lentil. Pod borer incidence had significantly
negative correlation with low temperature and rainfall. Though rising temperature
might change the population dynamics, host resistance, and plant traits which act
as physical barriers and transgenics for expression of defense chemicals are direct
measures, and in general, resilient lentil cultivars for other biotic and abiotic stresses
will indirectly equip lentil crop to sustain yields through adaption to changing insect
pest infestations.
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4.2.10 Nutrient and Water Use Efficiency (NUE and WUE)

World agricultural soils are deficient in one or more of the essential nutrients to
support healthy and productive plant growth. Overall nutrient use efficiency in the
plant is a function of capacity of the soil to supply adequate levels of nutrients, and
the ability of the plant to acquire, transport in roots and shoot and to remobilize to
other parts of the plant. Inter and intraspecific variation for plant growth and mineral
nutrient use efficiency are known to be under genetic and physiological control and
are modified by plant interactions with environmental variables. Identification of
plant traits for nutrient absorption, transport, utilization, and mobilization in plant
cultivars should greatly enhance nutrient use efficiency. Overall nutrient usage in the
plants is governed by the flux of ions from the soil to the root surface and by the
influx of ions into roots followed by their transport to the shoots and remobilization
to plant organs. The root morphological traits such as length, thickness, surface area,
and volume have profound effect on the plant’s ability to acquire and absorb nutrients
from the soil (Barber, 1995). Plant environment interaction (solar radiation, rainfall,
and temperature) and their response to diseases, insects, and root microbes have a
great influence on nutrient use efficiency of plants and their subsequent yields (Arkin
and Taylor 1981; Fageria 1992; Barber 1995;Marschner 1995; Baligar 1997; Fageria
and Baligar 1997).

Winter legumes require a neutral to alkaline soil pH for their optimum growth
and yield. Root growth of legumes is particularly severely restricted in acid soils.
Lentil is most sensitive to acidic pH followed by chickpea and field pea. Minor
variations in soil pH drastically affect the availability of nutrients for crop growth
and productivity. Sutaria et al. (2010) found that the extensive root system with
balanced fertilization and organic matter in adequate amount assisted in the efficient
absorption and utilization of other nutrients thereby optimizing nutrient use efficiency
in lentil. Organic nutrients enhance macro and micronutrients availability in the root
zone which improved nutrient use efficiency by creating microenvironment for root
growth and number of nodules (Singh et al. 2001).

Water use efficiency (WUE) measures the water quality used by the crop during
its growth period to produce a unit quantity of the crop yield. Therefore, the lower
the water requirement per unit of crop yield, the higher the WUE. With climate
change temperatures will rise and an increase in extremes of rainfall or drought will
be evident in many areas where lentil is grown. Water availability and day length
influence vital physiological processes and determine the input use efficiency of
plants. Light and temperature affecting transpiration and dry matter production will
further have implications on WUE according to weather changes. In short-season
Mediterranean environments, species with early flowering, podding, and seed set
have higher yields and WUE than those with later flowering, podding, and seed
set (Siddique et al. 2001). When the yields and water use of chickpea and lentil
were compared over 12 growing seasons at Tel Hadya in Syria, the WUE for grain
yield varied from 1.9 to 5.5 (kg/ha/mm in chickpea and from 2.1 to 5.2 kg/ha/mm,
respectively, depending on growing season.
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Another important trait that increases WUE is partial stomatal closure, which
generally reduces water loss more than it reduces CO2 uptake, thus increasing dry
matter accumulation per unit of water transpired. However, the factors that alter
transpiration will have a direct impact on mass flow of water to the root surface, and
with it, alter the mechanism of ion transport and possibly nutrient uptake also.

Farmers in Iran usually sow lentil in early spring (March) and harvest around July.
Under these circumstances, the crop encounters low winter rainfall, low WUE, and
often temperature stress and terminal drought during reproductive stages (Azimzadeh
2010). Recently, some farmers tried a dormant seeding management (DS) in lentil.
In this management system, it is assumed that germination would take place once
the initial soil moisture in the top-soil layer filled to the volumetric transpirable soil
water.While the temperature of top-soil layer is above the base of 2 °C. Furthermore,
the crop germination is stopped due to lower temperatures than base temperature of
lentil. This method might increase grain yield, WUE, and duration of lentil growing
season. The change in the management practice could be effective for saving water
for the lentil and better exploiting from precipitations over growing season. The
change in the sowing date management of lentil would be even more effective for
higher grain yield and WUE when early maturing cultivar is selected.

4.3 Genetic Resources of CS Genes

Lentil is a self-pollinating true diploid (2n = 2x = 14) annual plant which belongs
to tribe Vicieae, the genus Lens of family Fabaceae (Leguminosae) and has 4 Gbp
genome size (Arumuganathan and Earle 1991). Based on seed size, lentil encom-
passes two groups—microsperma (small seeded of 2–6 mm size range) and macros-
perma (large seeded of 6–9 mm size range). Cultivated lentil has been presumed to
be originated from close wild species L. orientalis (Zohary 1972), cultivated and
L. orientalis genotypes show high cross compatibility and fertile hybrids. Lentil is
believed to be originated in the Near East around the Fertile Crescent which was fur-
ther domesticated in Southern Turkey following Nile, Europe, Greece, and further
Asia (Renfrew 1969; Ladizinsky 1979; Cubero 1984). Recent classification of genus
Lens has classified it into four gene pools (primary, secondary, tertiary and quater-
nary) and have changed sub-species status of orientalis, odomensis, and tomentosus
from earlier classification (Ferguson et al. 2000) to species level. Primary gene pool
has one cultivated species (L. culinaris) and remaining six wild species belong to
four genes pool such as L. orientalis and L. tomentosus (primary); secondary gene
pool has L. lamotte and L. odemensis; tertiary gene pool comprises L. ervoides and
quaternary gene pool has L. nigricans (Wong et al. 2015). Wild species from primary
and secondary gene pools are easily crossable with cultivated lentil, unlike with the
wild species from the remaining two gene pools (Gupta and Sharma 2007; Singh
et al. 2013b).

For climate-resilient lentil cultivars combined resistance to major biotic stresses
and/or abiotic stresses will help to sustain lentil yield in variable climate. Without
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any doubt, wild crop relatives offer an opportunity to be utilized for untapped rich
source of desirable genes such as resistance to biotic and abiotic stresses Table 4.4.
Improved root traits for better tolerance of stresses especially water and availability
of nutrient for healthy crop growth will be key traits to target and wild lentils could
be most appropriate ones to be explored for such traits. The research so far has
shown that wild lentil species possess huge variation for various agro-morphological
traits along with biotic and abiotic stresses, which is quite understandable as these
untapped sources are preserved in nature and have not lost these genes during the
process of domestication which emphasized more on selection for few important
genes for high yields. Traditional and molecular approaches for gene pyramiding
might be able to bring such traits in common genetic backgrounds to have climate-
resilient lentil cultivars with a broad genetic base. Among few attempts to evaluate
wild lentil accessions for useful climate-smart agro-morphological traits,L. orientalis
accessions has somedesirable traits such as early flowering andmaturity (Hamdi et al.
1991; Gupta and Sharma 2007), higher leaves/plant, peduncles/plant, pods/plant,
seeds/plant and leaf area (Ferguson and Robertson 1999) when cultivated and few
more wild species were evaluated for various morphological, phenological and yield
related characters. Another study revealed useful traits after evaluation of 405 wild
lentil accessions from 4 gene pools which were collected from ICARDA gene bank
(Singh et al. 2014). Among various abiotic stresses, cold stress could be detrimental
and can limit lentil production due to injury to vegetative tissues with further damage
to floral parts leading to flower and pod abortion (Eujayl et al. 1999 and Singh
et al. 2018). L. orientalis accessions originating from high elevation areas revealed
greater tolerance to cold stress than in the cultivated lentil (Hamdi et al. 1996).
Finding diseases resistance sources is one of the key to develop disease-resistant
cultivars which will be able to withstand new disease pressures, as these sources
of resistance could be new and can provide long-term resistance to lentil cultivars.
Amongmany diseases, fusariumwild is quite devastating and few researchers (Bayaa
et al. 1995; Nasir 1998), found seeding and/or adult stage vascular wilt resistance
from L. orientalis, L. nigricans, and L. ervoides accessions. ICARDA researchers
found a good level of resistance from L. orientalis and L. ervoides (year 2000–2007)
for Fusariumwilt and further evaluated them for agronomic traits at various locations
to improve breeding strategies to develop better and well-adapted breeding lines.
The first report of Ascochyta blight-resistant accessions from wild sources was from
Bayaa et al. (1994) who found a fairly large number of accessions to be resistant
from L. orientalis, L. odemensis, L. nigricans and L. ervoides. Ahmad et al. (1997a)
identified sources of resistance to the major diseases of lentil, viz., rust, vascular wilt
and Ascochyta blight in the wild relatives of lentil.

Hybridization efforts to transfer these useful CS traits from wilds to cultivated
background to generate a wide spectrum of variability has not seen groundbreak-
ing efforts. Among few attempts of crossing cultivated x wild lentil species from
primary and secondary gene pools have most successful reports which include to
greater extent L. orientalis accessions followed by L. odomensis to be readily cross-
able with cultivated lentil (Ladizinsky 1979; Ladizinsky et al. 1984; Muehlbauer
et al. 1989; Vandenberg and Slinkard 1989; Ladizinsky and Abbo 1993; Hamdi and
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Table 4.4 Useful wild germplasm for introgression of CS traits in cultivated lentil

Trait Wild resource References

Anthracnose resistance L. ervoides, L. lamottei, L.
nigricans

Tullu et al. (2006)

Ascochyta blight resistance L. ervoides, L. orientalis, L.
odemensis
L. nigricans, L. montbretii

Bayaa et al. (1994)
Tullu et al. (2006, 2010)
Dadu et al. (2016, 2017)

Fusarium wilt resistance L. orientalis, L. ervoides Bayaa et al. (1995), Gupta and
Sharma (2007)

Powdery mildew resistance L. orientalis, L. nigricans Gupta and Sharma (2007)

Rust resistance L. orientalis, L. ervoides, L.
nigricans, L. odemensis

Gupta and Sharma (2007)

Drought tolerance L. odemensis, L. ervoides, L.
nigricans

Hamdi and Erskine (1996),
Gupta and Sharma (2007)

Cold tolerance L. orientalis Hamdi et al. (1996)

Yield attributes L. orientalis Gupta and Sharma (2007)

Resistance to orobanche L. ervoides, L. odemensis, L.
orientalis

Ferna’ Ndez-Aparicio et al.
(2009)

Resistance to sitona weevils L. odemensis, L. ervoides, L.
nigricans, L. orientalis

El-Bouhssini et al. (2008)

Erskine 1994; Fratini et al. 2004; Gupta and Sharma 2007; Kumari et al. 2018).Wide
hybridization between cultivated and wild lentils does not always lead to successful
crosses due to species, and genotypic level differences within species. Genetically
distant remaining species from secondary, tertiary, and quaternary gene pools are not
easily crossable with cultivated lentil and harbor genes for many climate-resilient
traits. The fertilization barriers exist due to asynchronous flowering and mainly due
to hybrid embryo abortion (Abbo and Ladizinsky 1991, 1994; Ahmad et al. 1995;
Gulati et al. 2001; Gupta and Sharma 2005; Fratini and Ruiz 2006; Fiala 2006). Even
some species of primary/secondary gene pool such as L. tomentosis (Ladizinsky
1999) has shown crossability barriers due to embryo abortion and hybrid fertility.
To break these barriers, few remediations are researched and have had successful
results for the inclusion of genotypes of these wild species into cultivated lentil gene
base. Some examples include application of GA3 growth hormone and embryo/ovule
rescue techniques and understanding similarity of species for pollen and pistil mor-
phology to overcome postfertilization barrier (Cohen et al. 1984; Ladizinsky et al.
1988; Ladizinsky 1993; Ahmad et al. 1995; Gupta and Sharma 2005; Fratini et al.
2006). Dadu et al. (2016) reported the success of approximately 100 crosses with
100 ppm GA3 application immediately after pollination from a cross between AB
resistant accession from L. orientalis and cultivated lentil.

The crossability potential and techniques to overcome some existing pre–postfer-
tilization barriers suggest that these wild accessions with CS traits can be exploited
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for breeding climate-resilient cultivars to sustain lentil production under climatic
variability.

Successful introgression through conventional or modified techniques does not
reflect much for breeding programs unless filial generations are advanced and evalu-
ated at field level. There are a handful of reports which evaluated fixed interspecific
lines for various CS traits.

Among few attempts of interspecific hybridization, Gupta and Sharma (2007)
developed interspecifichybrids and segregatinggenerations (F2,BC1) fromcultivated
and L. orientalis and L. odemensis crosses and observed greater genetic variability
with numerous transgressive segregants for various agro-morphological traits. Field
evaluation of 76 advanced breeding lines (Gupta and Sharma 2007) and 20 intraspe-
cific fixed lines for various agro-morphological traits revealed superiority of few
lines for grain yield and related traits (Kumari et al. 2018). Anthracnose resistance
genes identified from L. ervoides (Tullu et al. 2006) were introgressed into cultivated
lentils using embryo rescue technique (Fiala et al. 2009). F7:8 recombinant inbred
lines exhibited resistance and validated successful introgression of anthracnose resis-
tance genes from L. ervoides (Fiala et al. 2009).

Singh et al. (2013b) successfully crossed cultivated lentils with accessions from
various gene pools (L. orientalis, odemensis, lamottei, and ervoides) and studied
F2 generations for yield and related traits indicating transgressive segregants with a
potential for their inclusion inCS breeding program. Some progress has beenmade in
introgression of alien genes for resistance to Ascochyta blight, anthracnose and cold
in cultivated lentil (Hamdi et al. 1996; Ye et al. 2002; Fiala 2006; Dadu et al. 2017,
2018). In Canada, anthracnose resistance was transferred between different gene
pools from L. ervoides to cultivated lentil and 150 recombinant inbred lines were
developed. The same technique can be used to develop hybrids between cultivated
lentil and L. lamottei (Fiala 2006). Gorim and Vandenberg (2017a) studies root
and shoot traits of wild and cultivated lentils for drought tolerance and revealed their
genetic diversity for drought tolerance. Segregation generations (F3, F4, and F5) from
two cultivated lentil and L. orientalis and L. ervoides crosses revealed substantial
variation for most of the agronomic traits, whereas, F5 recombinant inbred lines of
one cross had resistance to wilt (Singh et al. 2017b).

4.4 Classical Mapping and Traditional Breeding for CS
Traits

For the association of markers with different traits of interest, we need to
develop biparental or multiparental mapping populations for classical mapping. The
biparental mapping populations may be F2, backcross, double haploid (DH), and
recombinant inbred lines (RIL). In lentil, some efforts have been made by various
labs around (USA, Australia, India, and Morocco) in the development of biparental
mapping populations for desired traits and are used inmarker trait association studies
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Table 4.5 Recombinant inbred lines mapping populations developed for different traits

Trait Cross Population size Organization

Drought ILL7946 × ILL7979 174 ICARDA

Cold ILL4605 × ILL10657 153 ICARDA

Earliness ILL7115 × ILL8009 150 ICARDA

Rust ILL5888 × ILL6002 152 ICARDA

Fusarium wilt ILL213 × ILL5883,
Precoz × Idlib 2

150 ICARDA

Zinc Content ILL5722 × ILL9888 177 ICARDA

ILL9888 × ILL5480 149 ICARDA

Iron content ILL9932 × ILL9951 193 ICARDA

Early growth vigor DPL15 × ILL7663 160 IIPR, India

Root traits IPL98/193 × EC208362 160 IIPR, India

Earliness Precoz × L4603 160 IIPR, India

Earliness ILL10829 × ILWL30 180 NBPGR, India

Pod number and earliness ILL8006 × ILWL62 185 NBPGR, India

Source Adapted from Kumar et al. (2015); ICARDA International Center for Agricultural Research
in the Dry Areas, Morocco; NBPGRNational Bureau of Plant Genetic Resources, New Delhi, India

(Table 4.5). RIL populations were developed from the crosses developed between
contrasting parents through single seed descent (SSD) method. The Indian Institute
of Pulses Research (IIPR) has recently developed a RIL population from a cross
between ILL6002 and ILL7663 to identify and map early growth vigor genes. Fur-
ther, the identification of markers linked to the genes or quantitative trait loci (QTLs)
governing these traits will help in the development of genotype having high biomass
at an early stage. Furthermore, the National Bureau of Plant Genetic Resources has
also developed wide cross populations against pod number and earliness and val-
idated these traits under multilocation testing under varied ecological conditions
(Singh et al. 2017b). The first genetic map in lentil (linkage analysis) began during
1984 (Zamir and Ladizinsky 1984), the first map comprising DNA based markers
was developed by Havey and Muehlbauer (1989). Subsequent maps were developed
by several other workers in lentils (Table 4.6).

The classical manipulations refer to the transfer of genes through conventional
hybridization. Most of the cultivars developed worldwide are only through intraspe-
cific hybridization followed by pure line selection (Kumar et al. 2004b). The genetic
manipulation of lentil is primarily based on the exploitation of two broad categories
of cultivated lentils, i.e., macrosperma and microsperma through hybridization of
desirable genes from one another (Chahota et al. 1996, 1997; Lal et al. 2000). The
hybridization criteria are to introgress elite traits from macrosperma (erect growth
habit and tolerance against prevailing biotic and abiotic stresses) and from micros-
perma (higher number of branches/plant, higher number of seeds/plant and higher
seed yield/plant), which are considered important CS traits to address one or the
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Table 4.6 List of various maps developed in lentil populations

Cross Type and size (in
parenthesis) of
population

Type of marker
mapped

Mapped length
(cM) and no. of loci
(in parenthesis)

References

L. culinaris × L.
orientalis

RIL (14–180) Isozyme and four
morphological
markers

– (20) Tahir and
Muehlbauer (1994)

L. culinaris × L.
orientalis

F2 Isozymes – (10) Zamir and
Ladizinsky (1984)

L. culinaris × L.
ervoides

F3 (107)
F3 (22–56)

Isozymes
258(18)

258 (18) Tadmor et al. (1987)

L. culinaris × L.
orientalis

F2 (113) RAPD, ISSR,
AFLP, SSR, CAPS,
SRAPS, and
morphological
markers

2234 (200) Duran et al. (2004),
Fratini et al. (2004),
de la Puente et al.
(2013)

ILL5588 ×
L692-16-1 (s)

RIL (86) SSR, AFLP 751 (283) Hamwieh et al.
(2005)

ILL5588 × ILL7537 F2 (150) RAPD, ISSR, and
RGA

784 (114) Rubeena et al.
(2003a)

Eston × PI320937 RIL (94) AFLP, RAPD, and
SSR

1868 (207) Tullu et al. (2008)

Precoz ×
WA8649041

RIL (94) AFLP, ISSR,
RAPD, and
morphological
markers

1396 (166) Tanyolac et al.
(2010)

ILL6002 × ILL5888 RIL (206) SSR, RAPD, SRAP,
and morphological
markers

1565 (139) Saha et al. (2013)

ILL5722 × ILL5588 RIL (94) RAPD, ISSR, ITAP,
and SSR

1392 (211) Gupta et al. (2012a)

L830 × ILWL77 F2 (114) SSR, ISSR, and
RAPD

3843 (199) Gupta et al. (2012b)

CDC Robin ×
964a-46

RIL (139) SNP, SSR, and seed
color genes

697 (561) Sharpe et al.
(2013a), Fedoruk
et al. (2013)

Cassab × ILL2024 RIL (126) SSR and SNP 1178 (318) Kaur et al. (2014)

PI320937 × Eston RIL (96) AFLP, SSR, and
SNP

840 (194) Sever et al. (2014)

Precoz ×
WA8649041

RIL (101) SNP 540 (519) Temel et al. (2014)

ILL8006 × CDC
Milestone

– AFLP, SSR, and
SNP

497 (149) Aldemir et al.
(2014)

(continued)
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Table 4.6 (continued)

Cross Type and size (in
parenthesis) of
population

Type of marker
mapped

Mapped length
(cM) and no. of loci
(in parenthesis)

References

Precoz × L830 RIL (126) SSR 1184 (219) Verma et al. (2015)

Indianhead ×
Northfield;
Indianhead ×
Digger; Northfield ×
Digger

RILs (117, 112,
114)

SNP 2429.6 (689) Sudheesh et al.
(2016)

L01-827A (L.
ervoides) × IG
72815 (L. ervoides)

RIL (94) SNP 740.9 (543) Bhadauria et al.
(2017)

ILL8006 × CDC
Milestone

RIL (118) SNP 497.1 (4177) Aldemir et al.
(2017)

Source Adapted from Kumar et al. (2015); Markers: AFLP Amplified fragment length polymorphism, RAPD Random
amplified polymorphic DNA, ISSR Inter simple sequence repeat, SSR Simple sequence repeat, CAPS Cleaved amplified
polymorphic sequences, SRAPS Sequence-related amplified polymorphism, RGA Resistance gene analog, ITAP Intron
targeted amplified polymorphism, SNP Single nucleotide polymorphism

other stress. In lentil genetic improvement program, much has been reported about
the creation of large amount of variation following hybridization of the microsperma
and macrosperma lentils primarily for higher yields. Chahota et al. (2007) reported
transgressive segregants for seed yield and other important agro-morphological traits
from 77% of microsperma × macrosperma crosses. The prime advantage of such
hybridization is that two classes are easily crossable, but this hybridization provides
limited variability for further improvement (Muench et al. 1991; Ferguson 2000;
Duran et al. 2004). In many crops, the wild relatives still possess useful variation and
source of the desirable trait that no longer exist in these cultivated counterparts.

4.5 Diversity Analysis

Since the middle of twentieth century, breeders have been successful in improving
the performance of the germplasm with the higher yield potential, adaptation to
mechanization, and new agricultural practices (Perez-de-Castro et al. 2012). How-
ever, breeding cultivars for higher yield potential gradually prompted replacement
of traits useful to future climates in the cultivated crop community (Grassini et al.
2013). Hence, continuous development of new CS cultivars that can withstand and
perform against the environmental changes without compromising on the genetic
gain is needed. However, the genetic gain within a progeny is always dependent on
the amount of variation existing between the parents that are selected for hybridiza-
tion (Roy et al. 2013). Therefore, an estimate of genetic diversity for a given trait is
sought to allow selection of better parents from the existing plant genetic resources.
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4.5.1 Phenotype-Based Diversity Analysis

Visually accessible morphological traits are used to estimate the phenotypic frequen-
cies within and between the populations of lentil (Singh et al. 2014). Traits that were
routinely phenotyped may be classified into three major categories such as qualita-
tive, phenological, and yield related. Qualitative traits included growth habit, leaf
pubescence, leaflet size, stem pigmentation, flower petal color, tendrils, pod inde-
hiscence, cotyledon color, seed coat color, seed coat pattern, and seed shape. Traits
such as time to emergence, days to flowering, days to 50% flowering, and days to
maturity were recorded to understand the variation for phenology within the lentil
germplasm.While yield-related traits such as plant height, number of branches/plant,
number of flowers/peduncle, number of nodes/plant, number of pods/plant, number
of seeds/plant, 100 seed weight, biomass/plant, and yield/plant were used to esti-
mate the genetic divergence for yield potential of the lentil germplasm. The first
noted assessment of genetic variability for lentil was made by Barulina (1930),
who reported variations between accessions for various morphological characters.
Since then, several authors made useful contributions to unravel the genetic diversity
through agro-morphological traits (Hoffman et al. 1988; Lázaro et al. 2001; Roy et al.
2013; Choudhary et al. 2017). Variations are evident for almost all the morphological
traits within the species and among different species of lentil and thus allow for an
effective selection. Diversity assessments of 405 accessions collected from 7 lentil
species revealed remarkable variations for traits such as leaf pubescence, leaflet size,
tendril length, and seed coat pattern both within and between the species (Singh et al.
2014).

Lentil germplasm also exhibited quite a variation for various phenological traits.
Considerable variation was demonstrated within a global collection of 1370 acces-
sions for days toflower andmaturity (Erskine et al. 1989). Itwas also observed that the
accessions varied with the changes in temperature and photoperiod for the time taken
to flower (Erskine et al. 1990; Erskine et al. 1994; Bicer and Sakar 2008). Under-
standably, maximum number of studies were undertaken to decipher the genetic
divergence for yield and yield contributing traits (Erskine and Choudhary 1986;
Tullu et al. 2001; Zaccardelli et al. 2012; GAAD et al. 2018). Significant variation
has been reported for seed yield and traits such as number of pods/plant, number
of seeds/plant, and biomass/plant that are said to have a positive relationship with
yield. Alternatively, significant and positive correlations between seed yield and traits
including biological yield/plant, plant height, number of pods/plant, and number of
seeds/pod have been reported (Bicer and Sakar, 2008; Zaccardelli et al. 2012). This
implies that a greater potential still exists within lentil germplasm to mine and select
for yield and yield contributing traits.

Lentil is confounded with several production constraints including biotic and abi-
otic stresses. Diseases that cause substantial yield lose. Interestingly, several sources
of resistance to each disease have been detected within the cultivated, landraces, and
wild species of lentil as reviewed by Chen et al. (2009). Similarly, significant differ-
ences within the germplasm were reported for boron toxicity, a problem in arid areas
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of West Asia (Yau and Erskine 2000; Hobson et al. 2006). In addition, the evidence
of ample genetic diversity within the germplasm for various minerals, mainly, iron
(Fe) and Zinc (Zn) concentrations demonstrated a likely strategy to address the prob-
lem of micronutrient deficiencies usually associated with cultivars of lentil (Karaköy
et al. 2012; Kumar et al. 2014a, 2018c; Shrestha et al. 2018).

4.5.2 Genotype-Based Diversity Analysis, Molecular Markers
Applied

Although morphological characterization made useful contributions to the genetic
diversity of lentil, these traits are often influenced by environment and display phe-
notypic plasticity (Bicer and Sakar 2008; Mondini et al. 2009; Govindaraj et al.
2015). Alternatively, biochemical andmolecular markers offer numerous advantages
over traditional morphological traits (Govindaraj et al. 2015). Biochemical markers
involve analysis of seed storage proteins and isozymes (allele variants of an enzyme),
and provide genotypic frequencies within and among the populations at functional
gene level. Polymorphisms within number and molecular weight of polypeptides
revealed through SDS-PAGE of seed storage proteins showed evidence for a greater
genetic variation within the lentil germplasm (de la Rosa and Jouve 1992; Echeverri-
garay et al. 1998; Piergiovanni and Taranto 2005; Zaccardelli et al. 2012). Addition-
ally, proteomic technology using two-dimensional electrophoresis aided to analyze
substantially higher number of proteins and demonstrated useful variations within
lentil landraces of Italy (Scippa et al. 2008, 2010; Ialicicco et al. 2012). Isozyme
and allozyme markers highlighted the differences within the functions of an enzyme
between individuals and are routinely used to detect the differences within the lentil
germplasm prior to the introduction of molecular markers (Zamir and Ladizinsky
1984; Hoffman et al. 1986; Erskine and Muehlbauer 1991; Ferguson et al. 1998b;
Sultana and Ghafoor 2008).

The introduction and gradual evolution of molecular markers along with the
shortcomings associated with morphological and biochemical markers observed
the integration of various molecular markers to analyze and characterize the
lentil germplasm. Molecular markers differentiate individuals by highlight-
ing the differences within the genome caused due to either by an inser-
tion/deletion/translocation/duplication/point mutation, etc. In addition, they are
highly stable and detectable in all the plant tissues regardless of growth and devel-
opment. Significant amount of variation has been reported within lentil germplasm
by using various types of molecular markers such as restriction-hybridization-based
restriction fragment length polymorphisms (RFLPs) (Havey and Muehlbauer 1989;
Muench et al. 1991) PCR-based random amplified polymorphic DNAs (RAPDs)
(Abo-Elwafa et al. 1995; Ford et al. 1997; Ferguson et al. 1998a; Sonnante and
Pignone 2001; Sultana and Ghafoor 2008), and amplified fragment polymorphisms
(AFLPs) (Sharma et al. 1996; Alghamdi et al. 2013; Idrissi et al. 2015b), microsatel-
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lite variable number tandem repeats (VNTRs) (Závodná et al. 2000) and inter-simple
sequence repeats (ISSRs) (Sonnante and Pignone 2001; de la Vega and Durán 2004;
Sonnante and Pignone 2007; Scippa et al. 2008; Fikiru et al. 2007; Toklu et al. 2009;
El-Nahas et al. 2011; Seyedimoradi and Talebi 2014; Datta et al. 2016), genomic
SSRs (Jin et al. 2008; Hamwieh et al. 2009; Babayeva et al. 2009; Zaccardelli et al.
2012; Kumar et al. 2014b; Verma et al. 2014; Idrissi et al. 2015a; Roy et al. 2015;
Koul et al. 2017) and expressed sequence tag (EST)-derived simple sequence repeats
(SSRs) (Dikshit et al. 2015a; Kumar et al. 2018a). Utilizing comparative genomics,
cross-genera SSR markers derived from ESTs sequences of Medicago truncatula,
Pisum sativum andTrioliumpratense have been used to characterize lentil germplasm
(Reddy et al. 2010; Alo et al. 2011). More recently, the highly abundant genome-
wide and gene-based single-nucleotide polymorphisms (SNPs) have been used to
assess the genetic diversity of lentil (Lombardi et al. 2014; Basheer-Salimia et al.
2015). Additionally, an exome capture array targeting the protein-coding genes was
developed and applied in lentil to evaluate the variation within and among the lentil
species (Ogutcen et al. 2018).

4.5.3 Relationship with Wild Relatives

An understanding of the intra- and interspecies relationships in the genus and multi-
plicity of the taxa is needed for the improvement and climate-resilient lentil cultivars.
This may be because all taxa are morphologically similar and differ only for a few
(Galasso 2003). Thereafter, several studies attempted to revise the classification and
thereby relationships among the species by using biochemical and molecular meth-
ods. These included isozymes (Hoffman et al. 1986; de la Rosa and Jouve 1992; Fer-
guson and Robertson 1996), SDS-PAGE (Ahmad and McNeil 1996; Ahmad et al.
1997b; Zimniak-Przybylska et al. 2001), chloroplast DNA (Muench et al. 1991;
Mayer and Soltis 1994), RFLP (Havey and Muehlbauer 1989), RAPD (Abo-Elwafa
et al. 1995; Sharma et al. 1995; Ahmad and McNeil 1996; de la Vega and Durán
2004), AFLP (Sharma et al. 1996), FISH karyotype (Galasso, 2003), ISSR (de la
Vega and Durán 2004) and ITS (Mayer and Bagga 2002; Sonnante et al. 2003) and
genomic and EST-SSRs (Alo et al. 2011; Dikshit et al. 2015b) and genome-wide
SNPs (Wong et al. 2015). While the outcomes of all the studies did not agree with
each other, the most agreed facts of all these studies has been that (i) L. orientalis
is the progenitor of the cultivated lentil; (ii) L. nigricans is the distant relative as
supported by the crossability experiments (Ladizinsky et al. 1984; Fiala et al. 2009);
(iii) the relationships among the remaining taxa need reassessment. Recently, clas-
sification and four gene pool categories (Wong et al. 2015) were validated through
an exome capture array method, which represents the coding fraction of the genome
(Ogutcen et al. 2018). The results also supported that Lens nigricans as a distant
relative to the cultivated species as it showed only a 70% alignment similarity with
the exome of the cultivated species.
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4.5.4 Relationship with Geographical Distribution

Lentil is one of the oldest domesticated crops (Ladizinsky 1979). The oldest remains
of lentil found in Greece and Syria dated back to 11,000 BC and 8500–7500 BC,
respectively (Erskine 1997). Ferguson et al. (1998a) mapped the highest genetic
diversity for wild progenitor L orientalis within southeast Turkey and northwest
Syria using the PCR-based markers such as RAPDs. Similarly, southern Syria,
coastal border region between Syria and Turkey and west Turkey are suggested to
be the centers for maximum variation and unique diversity for taxa Lens odemensis,
L ervoides, and L nigricans, respectively.

Interestingly, lentil adapted well to the conditions in South Asia region and
subsequently emerged as a major contributor to world’s lentil production (Erskine
et al. 1998). While lentil cultivation in countries like Canada and Australia has been
relatively new but took over Indian subcontinent as major producers of lentil with
the help of high-yielding cultivars supplemented by mechanization and advanced
agricultural management practices. Genetic distinctness between the South Asian
landraces and other region landraces were made evident through morphological,
phenological, biochemical, and molecular markers. Based on the morphological
variation, lentil landrace collectionwas divided into threemajor regional groups such
as levantine group (Egypt, Jordon, Lebanon, and Syria), northern group (Greece,
Iran, Turkey, and USSR), and Indian group, which included Indian subcontinent and
Ethiopian collections (Erskine et al. 1989). However, there was a clear differentiation
between Indian and Ethiopian collections at gene level as diagnosed by RAPD
marker analysis (Ferguson et al. 1998b). Additionally, accessions from Afghanistan
were clustered along with South Asian group and thus conclude that lentil was
introduced into Indian subcontinent fromWest Asia through Afghanistan. A similar
observation of germplasm relatedness between Afghanistan and South Asian was
also made by Khazaei et al. (2016) at gene level using SNP markers. Nevertheless,
the diversity within the South Asian group was predicted as low and is affected by
limited introductions (Erskine et al. 1998; Lombardi et al. 2014).

While the landraces collected from the Mediterranean region, especially from
countries Turkey and Greece demonstrated higher diversity and suggest the presence
of substantial level of genetic variation within the germplasm (Lombardi et al. 2014).
Several other authors also reported higher genetic diversity nature of Mediterranean
region compared to Asia and USA (Erskine et al. 1989; Piergiovanni and Taranto
2003; Toklu et al. 2009). Alternatively, similarities were found among the collections
from Mediterranean, North Africa, and Chile (Ferguson et al. 1998b; Lombardi
et al. 2014; Khazaei et al. 2016). Northern temperate group was recently proposed
based on the differences in agro-ecological regions around the world where lentil
is grown (Khazaei et al. 2016). Assessment of the variation within the northern
temperate region, especially of Canada, currently top producer of lentil, showed a
narrow genetic variability among the breeding lines (Khazaei et al. 2016). A similar
trend was observed within the Australian lentil germplasm and is attributable to
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the limited introductions and also selection pressure for higher yield and specific
adaptations such as disease resistance (Ford et al. 1997; Lombardi et al. 2014).

4.5.5 Extent of Genetic Diversity

In the process of domestication, lentil has been understood to have lost approximately
40% of genetic diversity (Alo et al. 2011). Evidently, breeding programs around the
world possess a limited diversity within the cultivated lentil (Ferguson et al. 1998b;
Lombardi et al. 2014; Khazaei et al. 2016). Especially, the diversity of South Asian,
Canadian, and Australian germplasm is low as estimated by several authors using
different methods. An assessment of a historic collection of Indian lentil accessions
including cultivars released since 1975, advanced breeding lines, ready for release
and a collection of germplasm lines using 260 SSR markers could reveal a mean
polymorphic information content of 0.30 (Kumar et al. 2018b). This again resulted
in 48–74% of genetic similarity between the genotypes and thus indicated a nar-
row genetic base. Contrary to this, the germplasm within the Mediterranean region
demonstrated higher genetic diversity. The landraces from Turkey and Greece within
theMediterranean region showed greater divergence to that of other region landraces
including America, Africa, Northern Europe, and Middle-East at gene level (Lom-
bardi et al. 2014). Similarly, two ancient landraces (Capracotta and Conca casale)
collected from South Central Italy showed greater variation between themselves and
commercial cultivars at morphological, protein and DNA level (Scippa et al. 2008).
While genetic variation within the wild species of lentil was found to be high com-
pared to that of cultivated species at morphological, quantitative, protein, and DNA
level (Havey and Muehlbauer 1989; de la Rosa and Jouve 1992; Singh et al. 2014).
These evidence suggest the presence of substantial variation within the cultivated
and wild species that could be mined for widening the genetic base, particularly of
South Asia, Australia, and Canada regions (Dikshit et al. 2015a).

Estimation of the extent of genetic diversity also depends on the method used
for analyzing the diversity as significant differences were claimed between different
methods for their ability to detect the polymorphism. Assessment of lentil diversity
observed an evolution of type of method used from morphological characters to
SNP markers and with each upgradation, the polymorphism detectability power
increased.Morphological evaluation of 405wild accessions revealed only a variation
of 18.97% but 98.26% of genetic dissimilarity was estimated using quantitative
traits (Singh et al. 2014). A comparison of SDS-PAGE and ISSR marker techniques
revealed greater differences between the two methods as seed proteins showed only
a low level of genetic diversity as compared to that of ISSR markers (El-Nahas
et al. 2011). Likewise, ISSR markers revealed a higher degree of variation within a
collection of Italian landraces compared to RAPDs (Sonnante and Pignone, 2001).
Interestingly, genome-derived SSRs revealed a higher average number of alleles and
genetic diversity compared to EST derived SSRs within a collection of accessions
from three species of lentil (Dikshit et al. 2015b). Sequence-based, and genome-wide
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SNPmarkers have become preferred alternatives to the othermarkers because of their
abundance throughout the genome, highly polymorphic status, and suitability for use
in high-throughput genotyping and automated analysis (Rafalski 2002).

4.6 Molecular Mapping of CS Genes and QTLs

During the past several years, tremendous progress has been made for the devel-
opment of molecular markers in lentil. These markers associated and tightly linked
to gene/QTL controlling a trait of interest can be used to introgress that gene/QTL
in the background of improved lines through marker-assisted selection (MAS) and
breeding. Genetic linkage map construction has become a necessary tool for molec-
ular genetics and plant breeding programs (Tanyolac et al. 2010). The availability
of large numbers of molecular markers and large mapping populations is the first
step for the construction of genetic linkage maps. These maps have served many
purposes in basic and applied research. They have become a key tool for physical
mapping of genomes and high-density linkage maps are directly used in breeding
researches (Tanksley et al. 1989; Hamwieh et al. 2005). In lentil, most genome maps
have been created with anonymous and dominant RAPD, AFLP, and ISSR markers.
Eujayl et al. (1998b) first identified markers suitable for the selection of a simply
inherited resistance trait loci for Fusarium wilt resistance (Fw). Subsequently, Ford
et al. (1999) identified RAPD markers that were close and flanking the major dom-
inant locus for Ascochyta blight resistance in the ILL5588 accession (Ral1/AbR1).
Chowdhury et al. (2001) also developed RAPD markers that flanked the recessive
Ascochyta blight resistance locus in the cultivar Indianhead (ral2). Rubeena et al.
(2006) identified markers that flank the codominant Ascochyta blight resistance loci
in ILL7537. Tullu et al. (2003) identified markers linked to the anthracnose resis-
tance locus in accession PI320937 (LCt-2) (Eujayl et al. 1997, 1998a; Rubeena et al.
2003b). Nevertheless, these first-generation maps served as foundations upon which
more detailedmaps have been andwill be generated. Tomaximize polymorphism for
map construction in lentil, interspecific hybrid populations have been used (Paterson
et al. 1991; Eujayl et al. 1997; Durán et al. 2004). Such populations have also been
used to map quantitative traits related to plant structure, growth habit, and yield in
lentil (Fratini et al. 2007). Though the use of F2 populations in the identification of
QTLs has been done widely in lentil, their use in marker-trait analysis has led to
identification of only major QTLs. Thus, several minor QTLs were overlooked in
such populations and identification of environmental responsive QTLs was difficult.
Because quantitative traits are influenced by both genetic and environmental effects,
RILs or near-isogenic lines (NILs) aremore suitable populations to accurately dissect
their components.

In lentil, although molecular markers linked to desirable genes/QTLs have been
reported, only those with tight association (<1.0 cM) and positive effect can be used
inMAS. Among CS traits, other than biotic and abiotic stresses, agro-morphological
traits also play an important role being directly or indirectly related to complex
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trait like yield. Duran et al. (2004) detected five QTLs each for the height of the first
ramification and flowering time, three for plant height, seven for pod dehiscence, and
one each for shoot number and seed diameter. Other studies identified several QTLs
using biparental mapping populations that control flowering time in lentil (Tahir et al.
1994; Fratini et al. 2007; Tullu et al. 2008; Kahraman et al. 2015). One QTL each
for the seed weight (qSW ) and seed size (qSS) traits explaining 48.4% and 27.5% of
phenotypic variance, respectively, were identified. These QTLs were located on an
average at 5.48 cM frommarkers indicating close marker-trait association and hence
can be useful in marker-assisted breeding for improving the seed size and weight
(Verma et al. 2015). Morphological markers, viz., cotyledon (Yc), anthocyanin in
stem (Gs), pod indehiscence (Pi), seed coat pattern (Scp), flower color (W), radiation
frost tolerance locus (Rf), early flowering (Sn), and ground color of the seed (Gc)
weremapped as qualitativemarkers (Eujayl et al. 1998a; Duran et al. 2004; Hamwieh
et al. 2005; Tullu et al. 2008).

QTLs for biotic and abiotic stress tolerances will play a key role for tagging genes
of interest to develop CS cultivars which can harbor more than one key traits. For
Ascochyta blight disease, three QTLs each were detected for resistance at seedling
andmaturity stages (Gupta et al. 2012a). These accounted for 34 and 61% of the total
assessed phenotypic variation and demonstrated that resistance at different stages is
potentially conditioned by different genomic regions. The flanking markers iden-
tified may be useful for MAS and pyramiding of potentially resistance genes into
elite genetic backgrounds that are resistant throughout the cropping period. Tullu
et al. (2003) mapped for anthracnose disease resistance (Lct-2). Whereas, Taran
et al. (2003) identified lines with combined resistance to Ascochyta blight resistance
(AbR1 and ral1) and Anthracnose (OPO61250) using gene pyramiding approach for
developing cultivars resistance to both Ascochyta blight and anthracnose in lentil.
Recently, QTLs conferring resistance to Stemphylium blight and rust using RIL
populations were identified (Saha et al. 2010a, b).

Among abiotic stresses, Kahraman et al. (2004b) identified the QTLs for winter
survival and winter injury, using a RIL population of 106 lines and showed that
tolerance to low temperature is a multigenic trait. QTLs related to frost response
were also related to yield under winter-sown conditions as reported by Barrios et al.
(2007). In continuation with this finding, Barrios et al. (2017) also found that QTLs
with a major effect for winter hardiness and yield seem to be closely located within a
single linkage group, and they are tracked by using some molecular markers. Super-
SAGE (serial analysis of gene expression) genomic analysis was used to analyze
the allele-specific differential expression of transcripts potentially involved in frost
tolerance by bulk segregant analysis among 90 F9 RILs derived from the Precoz ×
WA8649041 lentil cross (Barrios et al. 2010). QTLs (qHt ss and qHt_ps, with 12.1
and 9.23% phenotypic variance) and its molecular mapping for heat tolerance in
lentil based on seedling survival and pod set per plant under hydroponic assay were
reported by Singh et al. (2017c). These QTLs would provide further opportunities to
dissect the candidate genes and the development of molecular markers for improving
lentil with heat tolerance. Kaur et al. (2014) identified QTLs for boron tolerance
in Cassab × ILL2024 mapping population. The flanking markers identified may



198 D. Gupta et al.

be useful for MAS and pyramiding of potentially different resistance genes into
elite backgrounds that are resistant throughout the cropping season. Recently, some
considerable progress has beenmade in identifyingQTLs related to drought tolerance
in lentil. Genetic control and linkage of SSR markers for drought tolerance in lentil
were first reported by Singh et al. (2016a, b). They identified a molecular marker
associated with Sdt locus controlling seedling survival drought tolerance in lentil.
These linkedmarkers could be used inmolecular breeding programs for introgression
of seedling survival drought tolerance gene in high-yielding genotypes. A linkage
map, fortified with 291 SSR markers and 75 QTLs for drought tolerance and yield-
related traits were established in lentil using intraspecific RIL mapping population
(L830 × Precoz) (Rana et al. 2016).

Subsequently, 18 QTLs for root and shoot traits (dry root biomass, number of
lateral roots, RS ratio, and specific root length) associated with drought tolerance
in a lentil recombinant inbred line population (RIL), ILL 6002 × ILL 5888, was
identified by Idrissi et al. (2016) as a promising step toward a MAS approach. The
authors also confirmed the stability of detected QTLs by performing the analysis on
two consecutive seasons. They also identified a QTL-hotspot genomic region related
to a number of root and shoot characteristics associated with drought tolerance such
as dry root biomass, root surface area, lateral root number, dry shoot biomass, and
shoot length was identified. Results from various studies could be used for marker-
assisted selection in lentil breeding programs targeting CS traits for further genetic
enhancement of this crop species (Tables 4.5 and 4.6). Further, the application of
the next-generation sequencing (NGS) and genotyping by sequencing (GBS) tech-
nologies have facilitated speeding up the lentil genome or transcriptome sequencing
projects and large discovery of genome-wide SNP markers for genetic and associa-
tion mapping.

4.7 Marker-Assisted Breeding for CS Traits

The use of cost-effective DNAmarkers derived from the fine mapped position of the
genes for important agronomic traits, biotic and abiotic stress tolerance regions, and
MAS strategies will provide opportunities for breeders to develop high-yielding,
climate smart, and better-quality genotypes. Marker-assisted backcross breeding
(MABCB) will be more effective to integrate major genes or QTLs with large effect
into widely grown genotypes.
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4.7.1 Germplasm Characterization and Distinctiveness,
Uniformity, and Stability (DUS) Test

Characterization of germplasm plays a vital role in identifying desirable genotypes
to enhance yield and crop improvement. A Distinctiveness, Uniformity, and Stability
(DUD) test is a descriptive assessment that establishes the identity of the new cul-
tivar, by using morphological traits, as well as its uniformity and stability. The new
cultivar is compared with the existing cultivars to establish its distinctness (Kwon
et al. 2005). Remarkable variations among the traits for use in breeding and selec-
tion programs have been reported (Ramgiry et al. 1989; Tullu et al. 2001). Barulina
(1930) first reported the detailed morphological descriptions of lentil landraces and
species from Asia. Morphological markers like color of stem, flower and foliage
color, plant habit, cotyledon and testa color, and testa pattern are important for test-
ing hybridity and keeping genetic purity to be used in MAS. Different lentil cultivars
were found to be distinct, uniform and stable for different seed, seedling, and flow-
ering traits (Dixit et al. 2009; ul Hussan et al. 2018). Conventionally, morphological
descriptors are routinely used for establishing the identity of cultivars. But these
morphological descriptors have many drawbacks, such as influence of environment
on trait expression, epistatic interactions, pleiotropic effects, etc. Recently, molec-
ular marker techniques are used for varietal identification, differentiation between
species, and in resolving many breeding problems in lentil (Lombardi et al. 2014).
The most commonly used methods for DNA profiling and genotype characterization
by determining their distance and uniformity are the RFLP, PCR-based techniques
(RAPD,AFLP, andSSR).They are used selectively dependingon the crop species and
genetic constitution of the genotype. Several types of molecular markers including
RAPD, RFLP, STS, SCAR, SNP, CAPS, AFLP, ISSR, and resistance gene analogue
(RGA)markers have been identified and effectively used in lentil genotyping (Eujayl
et al. 1998a; Rubeena et al. 2003a; Hamwieh et al. 2005; Saha et al. 2010a; Sharpe
et al. 2013a). The transcriptome sequencing approach has generated EST databases,
delivering large numbers of EST-derived SSR and SNP markers (Kaur et al. 2011;
Sharpe et al. 2013b). Diverse promising interspecific and intraspecific lentil geno-
types have also been studied for useful genetic variability and genetic diversity using
morphological and molecular markers (Kumari et al. 2018; Tsanakas et al. 2018).
Genetic linkage maps are essential tools for genomic and genetic studies, especially
in mapping phenotypic traits. Several genetic linkage maps of lentil have been con-
structed using a range ofmolecular marker systems andmapping populations (Eujayl
et al. 1998a; Gupta et al. 2012b; Rubeena et al. 2003a), including SSR (Hamwieh
et al. 2005; Phan et al. 2007) and SNPmarkers (Fedoruk et al. 2013; Kaur et al. 2014;
Sharpe et al. 2013b; Rodda et al. 2017).
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4.7.2 Scope of Marker-Assisted Breeding (MAB)
and Marker-Assisted Backcrossing (MABC)

As conventional breeding system requires more number of breeding cycles to com-
bine many target traits in a genotype. Molecular-assisted breeding programs have
reported twice the rate of genetic gain over phenotypic selection for various traits
such as yield, biotic and abiotic stress resistance and quality attributes (Oliveira
et al. 2008). A high correlation must exist between the desirable gene and molecu-
lar markers for practicability and success of MAS and the markers must be stable,
reproducible and easy to assay (Yu et al. 2004). MAS has been effectively used for
detecting, tracking, retaining, combining, and pyramiding different desirable genes
for biotic and abiotic stresses (O’Boyle et al. 2007). However, MAS has not been
employed successfully in lentil breeding program due to the absence of tightly linked
markers. Inspite of huge potential as described earlier in the chapter, various CS traits
have been mapped and tagged on linkage map which potentially through fine map-
ping can be used in MAS for breeding climate-resilient cultivars. Expression QTL
(eQTL) can be identified for desirable traits by using suitable genetic materials and
global genome expression profiling. The markers linked to this eQTLs will have
huge potential in MAS compared to the markers identified by traditional QTL anal-
ysis since eQTL affect the expression of the genes for the desirable traits (Ford et al.
2018).

Simultaneous expression of more than one genes in a cultivar to develop durable
resistance against biotic and abiotic stresses in crops will require stacking of multi-
ple genes from multiple parents also known as gene pyramiding (Shi et al. 2009). In
this technique, genetic markers are employed to identify and select specific genes or
combine multiple resistance genes (Brahm and Friedt 2000; Richardson et al. 2006).
The concept of gene pyramiding was proposed by Nelson (1978) to develop crop
cultivars with few to several different oligo genes for durable disease resistance.
This technique has been named as multitrait introgression, since genes governing
two or more traits are often introgressed into a single recurrent parent (Rana et al.
2019). Gene pyramiding involves different methods such as multiple parent cross-
ing, backcrossing, and recurrent section (Ribaut et al. 2010). Gene pyramiding using
molecular markers depends upon several factors such as the number of genes/QTLs,
the number of parents containing the target genes/QTLs, the heritability of target
genes/QTLs, marker-target gene associations, duration needed to complete the gene
assembly, and relative cost. It is a realistic approach that can be exploited in lentil
breeding programs for the development of genetic stocks and precise development
of CS traits. The possible breeding schemes that can be used for gene pyramid-
ing involving MAS and the required population size in each segregating population
have been discussed in lentil (Gupta et al. 2010). Pyramiding genes for resistance to
Ascochyta blight and anthracnose in lentil were done by Taran et al. (2003) and Sari
et al. (2018). Marker-assisted gene pyramiding has been used in other cereals and
legumes for combining multiple genes/QTLs controlling both qualitative and quan-
titative stress resistance (Concibido et al. 2004; Richardson et al. 2006; Shi et al.
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2009; Li et al. 2010; Wang et al. 2007; Luo et al. 2016). To date, no information is
available on pyramiding genes for resistance to abiotic stresses in lentil crops. There
is a great opportunity to take advantage of gene pyramiding in lentil, to develop elite
lines, combining traits from multiple parents, particularly for resistance to biotic
and abiotic stresses. MABC using trait-linked markers may also be used to develop
superior lines once a major gene or QTL is identified and validated in the donor, as it
will facilitate retaining the whole genome of the recurrent parent. MABC is a good
choice when phenotyping of a trait of interest is expensive or difficult, the heritability
of desirable trait is low, the expression of trait is in late stages of plant development,
or traits controlled by a recessive gene or multiple genes need to combine for one
or more traits. In chickpea, root traits, drought tolerance score, canopy temperature
differential, and seed size in chickpea are governed by many QTLs (Varshney et al.
2013). The same QTLs hold for yield and yield-contributing characters such as seed
number and seed weight. These traits will get more attention in the final selection of
genotypes for abiotic stress tolerance. Under such situations, Marker-assisted recur-
rent selection (MARS), which involves intercrossing among selected individuals in
each cycle of selection, may be used to avoid the limitations of MABC. The initial
cost of using markers in MABCwould be more expensive compared to conventional
breeding in the short term, however, time savings could lead to an accelerated cultivar
release which could translate into much profits in the long term.

4.8 Map-Based Cloning of CS Genes

Ideally, the genes controlling a trait of interest are the perfect marker for MAS. How-
ever, this is often made difficult because cloning of a gene is labor intensive and time
consuming. Alternatively, marker(s) that are tightly linked to and flanking a gene
locus that conditions a sizable genetic variation for the trait may be selected for with
the premise that the associated chromosomal region contains the functional gene(s).
Often, genetically linked markers to traits of interest are identified by coarse map-
ping and these have limited use in MAS because of the distance and hence chance
of recombination between the marker and actual gene locus. Therefore, genomic
regions where the trait is mapped should be fine mapped at high resolution and be
validated across genetic backgrounds to determine their utility in MAS. Also, physi-
cal characterization of genomic regions of interest will facilitate cloning of the gene
to develop direct markers (candidate genes) and/or physically closer markers to the
gene, increasing the reliability for MAS. The most useful marker system for MAS
should be locus specific, highly reproducible and easy to discern. These include
sequence tagged site (STS), sequence characterized amplified region (SCAR) or
allele specific amplified primer (ASAP), specific polymorphic locus amplification
test (SPLAT), and PCR-based RFLP markers. When locus-specific markers are not
polymorphic among the parental lines used in the breeding programs, sequence dis-
criminative methods are required. These include SNP, cleaved amplified polymor-
phic site (CAPS), and derived CAPS (dCAPS) markers. More recently, a cleaved
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amplified polymorphic sequences marker was developed to facilitate breeding and
establishes a basis for map-based cloning of Ruv2 and breeding for rust resistance
in cowpea and other legume crops (Wu et al. 2018).

In the last decade, few transcriptome sequencing works (Kaur et al. 2011; Verma
et al. 2013) aid in the marker discovery and SNP-based linkage maps (Sharpe et al.
2013b, Temel et al. 2014). However, a comprehensive genome-wide physical map,
and its integration with genetic maps possessing QTLs for important targeted traits
and draft genome of lentil, is the need of the hour for facilitating cloning of can-
didate genes and enhancing molecular breeding programs. Most recently, a high-
density consensus map was constructed using three different RIL populations based
on DArT markers (Ates et al. 2018). The consensus map could provide insight into
the lentil genome, also help to construct a physical map using a Bacterial Artificial
Chromosome library and map-based cloning studies. To identify the genes responsi-
ble for the target QTL, fine mapping and map-based cloning strategies are necessary
(Salvi and Tuberosa 2005).

4.9 Genome Libraries

Large-insert genomic DNA libraries are essential genomic resources for physical
mapping, positional cloning, and genome sequencing of higher eukaryotes (Tanksley
et al. 1995; Zhang et al. 1996). The BAC cloning system has become an invaluable
tool in genomic studies because of its ability to stably maintain large DNA fragments
and its ease of manipulation (Wang et al. 1995; Zhang et al. 1996). BAC libraries are
an important resource for the development of molecular markers that can be used for
MAS for desirable agronomic traits. The development of SSR markers from BAC-
end sequences is very cost-effective (Temnykh et al. 2001) and offers genome-wide
coverage as all repeat types are systematically sampled in the randomly selected
BACs (Cho et al. 2004). Since the development of the BAC vector (O’Connor et al.
1989), many BAC libraries have been developed for the major crop species, such as
wheat, rice, corn, and soybean. In recent years, however, BAC libraries have also been
developed for several pulse crops including mungbean (Vigna radiata L.), cowpea
(V. unguiculata L.), lupin (Lupinus angustifolius L.), chickpea (Cicer arietinum L.),
pigeonpea (Cajanus cajan L.), field pea (Pisum sativum L.), lima bean (Phaseolus
lunatus L.), and common bean (P. vulgaris L.).

Integrated physical, genetic and genome map should provide a foundation for
cloning and isolation of QTLs/genes for molecular dissection of traits as well as
markers for molecular breeding for lentil improvement. A physical map of chickpea
was developed for the reference chickpea genotype (ICC 4958) using BAC libraries
targeting 71,094 clones (~12 × coverage). Comprehensive analysis of markers in
abiotic andbiotic stress toleranceQTL regions led to identification of 654, 306, and23
genes in drought tolerance ‘QTL-hotspot’ region, Ascochyta blight resistance QTL
region and Fusarium wilt resistance QTL region, respectively (Varshney et al. 2017).
In addition, several large-insert BAC and binary bacterial artificial chromosome
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(BIBAC) based libraries were also constructed earlier for chickpea (Lichtenzveig
et al. 2005; Zhang et al. 2010).

Most of the BAC applications in pulse crops to date are of structural genomics
nature; however, the application of BACs in functional genomics analysis of pulses
also has great potential. Since large-insert clones in BAC vectors are more likely
to contain the necessary promoter, enhancer, and silencer combination, mimicking
the natural expression of the gene of interest, the advantages of the BAC transgenic
approach are significant compared to the conventional transgenic approach (Yang and
Gong 2005). However, this has not been applied yet on lentil due to non-availability
of BAC or YAC libraries. The need of the hour is to develop BAC/BIBAC or YAC
libraries to facilitate map-based cloning of genes in lentil. Alternatively, the genome
libraries developed in the closely related model legumes chickpeas and Medicago,
will help lentil breeders to speedup the understanding of lentil genomes and assist
map-based cloning of genes.

4.10 Genetic Transformations

Transgenic approach uses functional genes which are not available within the cross-
able gene pool. Thus, cloned genes are important genomic resources for making
genetic manipulation through transformation. Commonly, the particle bombardment
and the Agrobacterium tumefaciens infection methods have been used to introduce
genes with novel functions. With the explosion of sequence information available
in the databases, transformation systems have also become useful tools to study
gene function via RNA interference ‘knockout,’ T-DNA insertion or transforming a
genotype lacking a particular gene. Thus, a robust, reproducible, and efficient trans-
formation system combined with a protocol to regenerate complete fertile plants
from transformed cells is essential to fully study the plant gene functions. To date,
the transformation of lentil has been reported through A. tumefaciens-mediated gene
transfer (Lurquin et al. 1998) and biolistic transformation including electroporation
(Chowrira et al. 1996) and particle bombardment (Gulati et al. 2002; Mahmoudian
et al. 2002). Warkentin and McHughen (1992) reported the susceptibility of lentil to
A. tumefaciens. All explants showed transient b-glucuronidase (GUS) expression at
the wound sites except cotyledonary nodes, which were subsequently transformed
by Sarker et al. (2003). Oktem et al. (1999) reported the first transient and stable
chimeric transgene expression on cotyledonary lentil nodes using particle bombard-
ment. Gulati et al. (2002) reported regeneration of the first fertile transgenic lentil
plants on MS medium with 4.4 μM benzyladenine (BA), 5.2 μM gibberellic acid
(GA3), and chlorsulfuron (5 nM for 28 days and 2.5 nM for the rest of the culture
period), followed by micrografting and transplantation in soil. The first success-
ful work was reported by Barton et al. (1997), using pCGP1258 plasmid construct
on four lentil genotypes. Khatib et al. (2007) have developed herbicide-resistant
lentil through A. tumefaciens mediated transformation. This was achieved with the
same plasmid construct pCGP1258, harboring the gene conferring resistance to the
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herbicide glufosinate ammonium that was transformed using A. tumefaciens strain
AgL0. Akcay et al. (2009) reported the production of transgenic lentil plants via
Agrobacterium-mediated transformation and the stable transmission of the nptII and
gusA genes in the subsequent generations. However, these studies were mostly con-
fined to establish transformation techniques rather than the introduction of genes into
improved cultivars. Khatib et al. (2011) reported for the first time the introduction of
theDREB1A gene into lentil for enhancing drought and salinity tolerance. The results
showed that mRNA was accumulated and thus, the DREB1A gene was expressed in
the transgenic plants.

Advanced molecular technology has enabled plant modifications at the genomic
level. Several horizontal gene transfer approaches have addressed the issues related
to challenges and limitations of genome boundary in transferring the alien gene of
interest through vertical gene transfer methods. Techniques such as genetic transfor-
mation (Agrobacterium-mediated transformation and direct gene delivery system)
have opened new pathways to transfer functional genes precisely from any organism
into plant genome.

Trans-mitochondrial gene expression can be studied using reverse genetics when
transformation strategy targets mitochondria instead of nucleus (Havey et al. 2002),
which can target mitochondrial genes for transgenic crops. Kemble et al. (1988)
put an effort to transform Brassica napus hybrid mitochondria through polyethylene
glycol (PEG) or electroporation mediated protoplast fusion using recombinant vec-
tors. Among other organelles, plastids with small genome size are used to construct
suitable vectors by targeting their specific sequences for genetic transformation.
Boynton et al. (1988) were the first to report the transformation of Chlamydomonas
chloroplast. Since then there are many reports of transformation of new genes from
chloroplast genomes via organogenesis in several plant species (Skarjinskaia, et al.
2003; Khan and Maliga 1999; Hou et al. 2003; Kumar et al. 2004a).

Plastid genetic engineering has seen success in crops of economic importance.
Complete legume genome sequences will be essential for comparing intergenic
spacer regions to develop transformation vectors for plastid genetic engineering as
plastid genome information is not fully understood (Sabir et al. 2014). Fabaceae
(legumes) in Papilionoids have certain level of variation for cell structural features
and inverted repeat lacking clade (IRLC) offers opportunity to enhance understanding
of genomic evolution mechanisms and its feasibility for genetic improvement (Sabir
et al. 2014), which is mainly due to comprehensive knowledge of the genomes for
vector construct followed by stable intergenic integration site selection in transplas-
tomic crop legume species (Dufourmantel et al. 2004, 2006;Wei et al. 2011). Six new
IRLC plastomes have complete sequences and lentil is among few which has most
repetitive sequences, these findings highlight plastome evolution, transfer of func-
tional genes over time, losses of introns indicative of new genomic rearrangements
(Sabir et al. 2014).

To fast track gene discoveries plant metabolomics offers huge potential to iden-
tify novel genes relate to biosynthetic pathway mechanisms of plant-based natural
products.Metabolomics aidedwith transcriptomics has paved theway to identify var-
ious genes functions and their characterization (Saito and Matsuda 2010). Among
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legumes, most of the studies have concentrated in model legumes only. The traits
described below are important for climate-resilient crops and shows the potential of
this technology to be implemented in lentil crop. A decrease in oxylipins inMedicago
was due to the effect of rhizobial node factor (Nod) (Zhang et al. 2012). Survival of
salt-tolerant Lotus species involved successive changes for metabolic adjustments
of shoot components (Sanchez et al. 2011), whereas, large number of mitochondria
associated metabolites were identified for flooding stress in soybean which suggests
requirement of higher levels of metabolites (amino acids, NAD, and NADH along
with depleted free ATPs) for respiration and glycolysis (Komatsu et al. 2011). Spe-
cific metabolite markers (threonate, asparagine/ornithine and alanine/homoserine)
for stresses like drought and salinity were developed through metabolite phenotyp-
ing of fourMediterranean lentil genotypes under drought and salinity stress (Muscolo
et al. 2015). Metabolomics has huge potential though various challenges including
metabolite identification at a large scale, limits its application.

Gene silencing which limits the mRNA availability for translation and eventually
reduces the protein amount is another powerful technology for desired trait devel-
opment. Different RNA silencing strategies as tools are available for selectively
knocking down of specific genes/functions. MicroRNAs (miRNAs) are involved in
the plant development process as well as in various stress responses, affecting the
gene expression at the posttranscriptional level (Zhang et al. 2006). Therefore, under
stress, increased gene expression of tolerant genotypes can be correlated to changes
in miRNAs, which makes them good candidates for enhancing crop stress tolerance
through transgenic breeding. Drought tolerance related miRNAs are discovered for
various crops, 11 of them are identified in cowpea (Barrera-Figueroa et al. 2011)
and heat stress response related eight miRNAs are being identified in common bean
(Jyothi et al. 2015). RNA silencing has evolved as a natural defense to protect plants
against viruses. Virus-induced gene silencing (VIGS) is promising to suppress plant
gene expression using virus vectors with host gene’s target region (Baulcombe 2004;
Britt andMay, 2003), though not used extensively in legumes. Vertical and horizontal
approaches including RNAi and VIGS can be explored to understand the molecular
mechanisms of host resistance in lentil. Cisgenesis offers the opportunity to modify
genetic constitution of host plant via gene present naturally in a crossable and sexually
compatible donor plant.Many genes from cropwild relatives and distant landraces of
various crops have been identified which code for abiotic and biotic stress tolerance
and resistance, various agronomical and quality traits, and been introgressed into the
desired genotypes of crops. Such genes are known as cisgenes to separate them from
the transgenes (Sprink et al. 2016) and cisgenesis take care of undesirable issues of
linkage drag (Podevin et al. 2012), and introgression of desired genes into the host
genotypes without affecting their other desirable traits. Abiotic stress tolerance is
controlled by many genes and is complex, therefore, one gene or QTL introgression
will not be enough for the introduction of stress tolerant (Hartung and Schiemann,
2014). Cisgenesis still need to emerge and can off-set concerns of genetically mod-
ified crops and technology at least for those traits which are still present in distant
relatives of the crops.
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4.11 Role of Bioinformatics

4.11.1 Gene and Genome Databases

With the advent ofmolecular approaches for plant breeding, based on geneticmarkers
and genes, a need emerged for comprehensive sequence databases that will enable
the annotation of these genomic features into functional proteins or transcription
regulators such as transcription factors, methylation sites, or ncRNAs. This need
was particularly crucial for non-model crops such as lentil, which lack the genomic
resources available for well-studiedmodel organisms. One of the first publicly acces-
sible sequence databases, emerged in the early 1990s with the development of the
internet, is the American National Center for Biotechnology Information (NCBI)
GenBank collection. Three decades after its development it is still considered the
most comprehensive and updated database, thanks to the International Nucleotide
Sequence Database Collaboration, along with the DNA DataBank of Japan and the
European Nucleotide Archive of The European Bioinformatics Institute in the Euro-
pean Molecular Biology Laboratory (EMBL-EBI). The NCBI databases now hold
hundreds of trillions of existing cDNA, RNA, DNA, and protein sequences from col-
lections spanning all available phyla groups (Cochrane et al. 2016). Since its foun-
dation, the GenBank collection offered web-based platform equipped with a suite
of bioinformatics tools for querying of genes of interest and performing homology-
based searches, most notably the BLAST suite of tools, to find and retrieve the closest
available sequences and provide certain functional and taxonomic annotation of the
results (Camacho et al. 2009). The era of next-generation-sequencing (NGS), which
introduced massively parallel high-throughput sequencing in 2005 and led to an
explosion of sequencing projects that were submitted toNCBI’s databases, also intro-
duced reduced accuracy in the annotation of the submitted sequences, which were
mostly annotated using high-throughput computational methods (Bidartondo 2008;
Schnoes et al. 2009). Despite its reduced annotation accuracy, NCBI’s databases are
still widely used for annotation of sequences from non-model species, thanks to their
unmatched coverage of sequences and taxonomy groups.

In the early 2000s, as sequencing technologies evolved and became more acces-
sible and affordable, a new type of databases was developed and deployed, ones that
were dedicated to specific species or narrow taxonomic groups and covered the entire
(or close to) gene repertoire. These databases, however, were initially developed for
just a handful of model plant species, which benefitted from fully sequenced, anno-
tated, and curated genomes, such as Arabidopsis, rice, poplar, corn and in the legume
family, the wild Lotus japonicus and cultivated alfalfa and soy (Yon Rhee et al. 2003;
Retzel et al. 2007; Yamazaki et al. 2008; Sjödin et al. 2009; Grant et al. 2010; Andorf
et al. 2016; Mun et al. 2016). As it was for GenBank, utilizing these databases for
nonmodel crop researchwas still useful, bymeans of comparative genomics, or using
homology-based searches to annotate an unknown gene and infer its function based
on its closest annotated relatives.
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4.11.2 Comparative Genome Databases

The shortcoming of using species-specific databases for comparative genomics is
that it relies on prior knowledge of the evolutionary relationship between the crop
and model species to select the most suitable database. In addition, this approach
requires multiple comparisons against different databases, each using a potentially
different interface and producing results in a different format, making the entire
procedure extremely complicated, cumbersome and labor intensive. To overcome
this, ‘themed’ databases were developed, combining information from multiple
genomes, often focusing on a taxonomic group of interest. These databases pro-
vide advanced bioinformatic tools for comparing gene sequences and functions
between species, as well as genome browsers, genetic maps and known genetic
variants, markers, and even QTLs. This allows for a more targeted approach for
annotating and comparing unknown genes and markers across crop plants. Notable
comparative genome databases include the Phytozome Plant Comparative Genomics
portal (https://phytozome.jgi.doe.gov/pz/portal.html, USA Department of Energy’s
Joint Genome Institute), which currently encompasses genomes of 64 plant species
(including 8 legume species) (Goodstein et al. 2012). Another example of plant-
specific database is Plaza (https://bioinformatics.psb.ugent.be/plaza, Ghent Univer-
sity), which covers 55 species of dicots (including 7 legume species) and 29monocots
(Van Bel et al. 2017). The Gramene database (http://www.gramene.org/, Gramene
project), a resource for plant and crop comparative genomics, is based on Ensembl
technology with collaboration with EMBL-EBI and offers access to curated genomic
data both via its web portal and through data mining and programmatic access tools
(Tello-Ruiz et al. 2018). More relevant to lentil are the Cool-Season Food Legume
Crop Database (https://www.coolseasonfoodlegume.org/, Washington State Univer-
sity), which provides comparative genomics and genetics tools for chickpea, pea,
lentil, and faba bean, though it only includes the full genome of chickpea; and
KnowPulse (http://knowpulse.usask.ca/portal/, University of Saskatchewan Pulse
Crop Research Group) which currently hosts the only publicly available annotated
draft genome of lentil (Sanderson et al. 2011).

4.11.3 Protein and Pathway Databases

Relying on nucleotide sequences alone for homology-based functional annotation of
unknown genes is limited to well-conserved genes which were previously identified
and characterized in closely related species. When these requirements are not met, a
more general approach is needed, based on the conservation of the protein amino acid
sequence, which generally diverges in a slower pace than the nucleotide sequence,
due to selection pressure to preserve the protein’s function.

In addition to its nucleotide collections, NCBI hosts a broad protein database,
named RefSeq, with over 121 million annotated proteins from 84,276 species

https://phytozome.jgi.doe.gov/pz/portal.html
https://bioinformatics.psb.ugent.be/plaza
http://www.gramene.org/
https://www.coolseasonfoodlegume.org/
http://knowpulse.usask.ca/portal/
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(Release 90, September 17, 2018), which can be searched against a query sequence.
The European-based Universal Protein Resource (https://www.uniprot.org/), a col-
laboration between EMBL-EBI, the Swiss Institute of Bioinformatics and the Protein
Information Resource, offers a similar computationally-annotated protein database
(TrEMBL), but in addition, a smaller manually curated and reviewed protein collec-
tion (Swiss-Prot), which can be used with high confidence for functional annotations
(TheUniProt Consortium2008). A plant-specific protein annotation project in under-
way at UniProt, to identify protein families unique to plants, which so far includes
39,669 entries from 1,998 species of Viridiplantae.

When a whole-protein approach is still unable to identify a candidate homologous
gene, it is possible to perform homology searches against databases of protein sub-
domains to identify at least some elements of the gene that can be annotated and
associated with a known function. Such search is performed using a profile hidden
Markov model (profile HMM) algorithm and the available databases include the
Protein Family database (http://pfam.xfam.org/) and the all-inclusive InterPro (http://
www.ebi.ac.uk/interpro/, EMBL-EBI) database, which integrates protein families,
domains and functional sites from a diverse range of source databases.

Once a protein or its domains are annotated, its functional role in molecular path-
ways can be depicted from pathway databases such as the Gene Ontologies (http://
www.geneontology.org/), EggNOG (http://eggnogdb.embl.de), the Kyoto Encyclo-
pedia of Genes and Genomes (https://www.genome.jp/kegg/) and Reactome (https://
reactome.org/) databases (GOConsortium 2013; Huerta-Cepas et al. 2016; Kanehisa
et al. 2016; Fabregat et al. 2018). The Plant Reactome (http://plantreactome.gramene.
org/, Gramene project) enables a focused pathway search within the plants kingdom
(Naithani et al. 2017), however, given the generalized nature of the protein-based
approach, and the relatively modest computational resources required compared to
nucleotide-based homology searches, it might be useful not to restrict the search to
a particular phyla.

4.11.4 Gene Expression Databases

The actual function of genes of interest cannot always be inferred based on their
nucleotide and protein sequences and domains, especially if they share little
similarity to known annotated genes. In these cases, it is helpful to observe the
gene’s expression profiles under different environmental and biotic conditions and
relate it to well-described molecular pathways by clustering with other genes who
share similar expression patterns and their role had been previously established.
For this purpose, gene expression databases were developed to collate and com-
bine expression information from multiple species, under multiple experimental
design. As it is for genomic data, the NCBI’s Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/gds) is leading in terms of sheer breadth
of stored data, originating from high-throughput microarray and RNA-Sequencing
experiments (Clough and Barrett 2016). Following closely behind is the Expression

https://www.uniprot.org/
http://pfam.xfam.org/
http://www.ebi.ac.uk/interpro/
http://www.geneontology.org/
http://eggnogdb.embl.de
https://www.genome.jp/kegg/
https://reactome.org/
http://plantreactome.gramene.org/
https://www.ncbi.nlm.nih.gov/gds
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Atlas (https://www.ebi.ac.uk/gxa/plant/experiments, EMBL-EBI), which allows
focusing on plant species and offers expression sets of ‘baseline’ and ‘differential’
experiments (Papatheodorou et al. 2018). Additional plant-only gene expression
databases include Plexdb (http://www.plexdb.org), which in addition to plant
species includes expression profiles of common plant pathogens, but unfortunately
it was last updated in 2011 and is now outdated (Dash et al. 2012); and PLANEX
(http://planex.plantbioinformatics.org/), a server offering analysis of co-expressed
genes across plant species, based on the GEO database (Yim et al. 2013). Other
useful resources for species-specific gene expression are the aforementioned model
species genomic portals such as the Arabidopsis Information Resource (https://
www.arabidopsis.org/), the Maize Genetics and Genomics Database (https://www.
maizegdb.org/), SoyBase (https://soybase.org/soyseq/), and others.

As is the case for genomic resources, the vast majority of expression datasets in
all of these databases focus on several model species, while only a single experiment,
containing just 10 lentil samples, was found in NCBI’s GEO (accession GSE11374,
Mustafa et al. 2009). The same challenges exist therefore, when attempting to use
gene expression databases for annotation of lentil genes and they require reliance on
less than ideal datasets of closely related model species such as alfalfa and soybean.

4.11.5 Integration of Different Data

The genomic databases detailed in the previous sections offer different data types and
strategies to query it, but their overarching aim is similar: to annotate and character-
ize genomic features. The abundance of distributed databases which often compete,
however, complicates the annotation efforts. Several web portals were developed to
streamline this process, by bringing together multiple databases and using a com-
mon system to query them, identify genes and smoothly transition results from one
analysis to another.

The Gramene project (http://www.gramene.org/) brings together genome
sequences, gene expression data and pathway databases for a range of crop and
model plant species. In addition to a suite of data accessing and querying tools, the
portal provides a tool to predict the functional consequences of known and unknown
variants uploaded by the user (Tello-Ruiz et al. 2018).

Another web portal, the Legume Information System (LIS; https://legumeinfo.
org/, National Center for Genome Resources), integrates legume genomes, gene
families, protein domains, gene expression data, QTL, and genetic maps; and pheno-
typing data as a one-stop shop for legume researchers. LIS advocates use of common
data templates, formats, schemas, and interfaces to facilitate data acquisition and
analysis across all users and data types (Dash et al. 2016). A continued collaboration
effort toward building genomic resources and capacity for crop legumes, as being
done by KnowPulse, LIS and to a lesser extent the Cool-Season Food Legume Crop
Database, is vital to fill in the gap and equip legume and lentil researchers with tools
for molecular-based breeding methods.

https://www.ebi.ac.uk/gxa/plant/experiments
http://www.plexdb.org
http://planex.plantbioinformatics.org/
https://www.arabidopsis.org/
https://www.maizegdb.org/
https://soybase.org/soyseq/
http://www.gramene.org/
https://legumeinfo.org/
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4.12 Conclusion

Lentil gene pools consist of many wild relatives offering resistance to abiotic and
biotic stresses as well as other important agronomic traits. Further, continuous efforts
have been made in the past in cultivated x wild lentil genotype hybridization and
few successful examples are there in which promising efforts were made to transfer
CS targeted traits into cultivated lentils. However, so far, conventional breeding
approaches have helped to utilize the available genetic variability of target traits
within cultivated genepool, resulting in the development of several cultivars of lentil
with tolerance or resistance to biotic and abiotic stresses. Recently, the linkage maps
have provided the basis for development and increase the availability of genetic
markers for genome studies such as the construction of physical mapping and map-
based gene cloning. Limited population size, low heritability, lack of lentil-specific
candidate genes, and nonavailability of genome libraries (BAC/YAC) are the main
limiting factors in lentil genomics and thus reducing the pace of the genome-aided
cultivar development. The access to high-throughput phenotyping and genotyp-
ing, construction of high-density maps with desirable markers and sequencing
technologies are expected to speedup cultivar development with improved CS traits.
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Abstract Mungbean is a quantitative short-day plant and grown across environ-
ments, locations, and seasons. It has inherent intrinsic tolerancemechanisms tomany
of the environmental stresses. However, being grown so widely, suffers from high
temperatures, terminal moisture stress, soil salinity, and photo-thermo period sensi-
tivity. Significant advancements have been made in the past 3–4 decades towards the
development of input responsive, high yielding, disease-resistant, and short-duration
varieties in mungbean. However, breeding for abiotic stress resistance has largely
remained untouched and consequently, these pose serious constraints to mungbean
production. Abiotic stresses such as heat, drought, salinity, etc. have deleterious
effects on themorphology, physiology, and reproductive ability of the plants and ulti-
mately reduce their plasticity and adaptation to changing climates, thereby affecting
the quality and quantity of the produce significantly. Ample genetic and genomic
resources are now available in mungbean and related Vigna crops, which can be
exploited for the development of climate smart mungbean cultivars. Through vari-
ous breeding approaches, climate smart traits can be incorporated inmungbeanwhich
will lead them to adapt to changing climate and perform well across environments.
This chapter focuses on the development of climate smart mungbean and highlights
gaps which need to be filled to this effect.

Keywords Vigna radiata · Climate resilience · Genomic resources · Genetic
transformation · Biotic stresses · Abiotic stresses

5.1 Introduction

More than a dozen pulse crops are grown globally which form an integral part of
cropping systems in many countries and offer great significance in sustainability of
cereal-based agriculture. Besides, these ensure food and nutritional security in pre-
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dominantly vegetarian countries like India. Among all pulses, mungbean or green
gram (Vigna radiata (L.) Wilczek) has a unique position due to its shorter life cycle,
high per day productivity and its use in numerous food preparations (Singh et al.
2017). It has a wider adaptability being cultivated in spring, summer and rainy sea-
sons and low input requirements having an inherent ability to fix the atmospheric
nitrogen in symbiotic association with Rhizobium bacteria. While mungbean is cul-
tivated since ancient times in India, it is also widely grown in Southeast Asia and
also in Africa, South America and Australia. In Australia, mungbean cultivation
started in 1930s primarily for forage use and as a green manure crop to improve
soil fertility in cereal-based farming systems (Chauhan andWilliams 2018). In India
alone, >4.0 million ha area is currently under cultivation of this crop and a phenom-
enal increase has been observed in area, production as well as productivity in the
last five decades. The total area under this crop increased from 1.84 million ha in
1965–1966 to 4.50 million ha in 2016–2017 while the production increased from
0.55 to 2.83 million tons during the same period (Project Coordinator, MULLaRP
Report 2018). With increased irrigation facilities through new irrigation projects,
remunerative prices and availability of short-duration cultivars, this crop now occu-
pies considerable area during spring and summer seasons in several parts of India
(Gupta and Pratap 2016). Simultaneously, development of new cultivars with shorter
maturity duration (60–65 days), high yield (1.0–1.5 t/ha), photo-thermo period insen-
sitivity, synchronous maturity, and resistance to Mungbean Yellow Mosaic disease
during the last two decades has promoted mungbean cultivation in summer season
(Gupta and Pratap 2016). Summer mungbean can ideally be grown in irrigated tracts
of northern and eastern India as catch-cum-cash crop diversifying rice-wheat system,
canal command areas of Gujarat and Madhya Pradesh as a bonus crop and new delta
areas of Cauvery basin of Tamil Nadu sandwiched between two rice crops. Success in
summer cultivation has not only increased the mungbean production but also helped
in defeatingmalnutrition, crop diversification, sustaining agricultural production and
increasing household income of poor farmers of India.

Nevertheless, with an expansion in mungbean area in different climates, chal-
lenges have also increased manifolds towards the development of widely adaptable
climate smart varieties which can perform well across seasons and environments.
Despite an average yield potential of >1.2 t/ha for most of the released mungbean
varieties, the average productivity is still <0.7 t/ha in India and <1.0 t/ha in several
other mungbean growing countries. The yield gap is not likely due to subsistence
farming but due to several biotic and abiotic factors including insect pests, diseases,
and postharvest losses as well as heat, drought, salinity and photoperiod sensitivity.
Mungbean Yellow Mosaic Virus and leaf crinkle during Kharif season in northern
part of India and powdery mildew in southern coastal part of India during winter
season cause considerable losses. Among the insect-pests, defoliators such as hairy
caterpillars, semilooper and sucking pests such as thrips and aphids are common.
Activity of thrips starts at the bud stage and poses serious problem when the crop
is in flowering stage, resulting in considerable flower drop. Thrips also transmit
Groundnut Bud Necrosis Virus (GBNV). To make mungbean a remunerative crop,
such varieties are required to be developed which can perform reasonably well even
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in unfavorable climates. Designing new plant types which are resilient to changes in
climate and can perform uniformly well across a series of environments will solve
the problems of food and nutritional security.

5.2 Climate Change and Mungbean

The present trend of climate change indicates drought or drought-like situations
occurring more frequently and rainfed agriculture is expected to suffer most as a
result of water crisis due to delayed monsoon, uneven distribution and above all,
complete failure of rains as a result of climate change (Singh et al. 2013). Reduction
in yields is predicted to be more pronounced when drought and high temperature
will interact together, and the damaging effects of both the stresses will be far more
severe than their individual effects. Among pulses, mungbean being a warm season
crop and grown under irrigated conditions is likely to be affected less by climate
change due to its relatively higher tolerance towards high temperature and assured
the availability of water duringmost of the cultivation period. However, the impact of
climate change on mungbean may be serious when its reproductive phase coincides
with terminal heat and drought stresses, especially during spring/summer seasons.
In Vigna crops, the thermal regimes do not change drastically from vegetative to
reproductive phase as the total crop duration is very short. In contrast, the cool
season pulses (rabi crops) witness a clear-cut phase transition from one thermal
regime to another when these crops shift from cool temperature vegetative phase
(November–January) to reproductive stage at high temperature (February–March).
Therefore, winter pulses such as chickpea, lentil, and field pea are more sensitive
to abrupt changes in the temperature coinciding with podding stage as compared
to crops like mungbean. Various abiotic stresses, such as temperature, drought, and
salinity affect the growth of legumes at different developmental stages (Suzuki et al.
2014).Abiotic stresses result in a series ofmorphological, physiological, biochemical
andmolecular alterations, which negatively influence plant growth, productivity, and
yield (Bita and Gerats 2013).

5.3 Sources of Climate Smart Traits in Mungbean

Germplasm resources are valuable repositories of useful geneswhich canbe exploited
for the development of improved cultivars in crop plants. While germplasm collec-
tion of pulse crops in India was initiated at the beginning of twentieth century by
Botanical Section of the Imperial Agricultural Research Institute at Pusa (Bihar),
the systematic efforts were made after the establishment of the All India Coordi-
nated Pulses Improvement Project (AICPIP) in 1966–1967. Later, exploration and
germplasm collection was continued by National Bureau of Plant Genetic Resources
(NBPGR), New Delhi, India and the state agricultural universities of India. Simul-
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Table 5.1 Current status of
germplasm resources (wild
and related species) at global
and national level

Crop Global
holdings

National holdings at NBPGR

Indigenous Exotic Total

Mungbean 24,918 3567 537 4104

Black gram 3767 3127 + (13) 6 3146

Rice bean – 1883 179 2062

Wild Vigna – 490 – 490

Adopted from Singh et al. (2017)

taneously, germplasm collections were also made by United States Department of
Agriculture (USDA) and several other international research institutes. Globally, the
mungbean germplasm collections are maintained at different places including Indian
Council of Agricultural Research (ICAR)-NBPGR; theUniversity of the Philippines;
The World Vegetable Center (erstwhile Asian Vegetable Research and Development
Center, AVRDC), Taiwan; the Institute of CropGermplasmResources of the Chinese
Academy of Agricultural Sciences; and the Plant Genetic Resources Conservation
Unit of the University of Georgia, USA (Ebert 2013). The University of Philippines
and the Rural Development Administration (RDA), Korea also hold duplicates of
the mungbean germplasm collection of AVRDC-The World Vegetable Center. The
current status of germplasm resources available at national and global level in Vigna
species are given in Table 5.1.Many of these germplasm accessions are being utilized
in national crossing programme for introgression of traits like resistance to diseases
and insect pests, wider adaptability, earliness, high yield, large seed, long pod, heat
tolerance, etc. (Table 5.2).

Information on gene pools helps the plant breeders in effective utilization of differ-
ent species for introgression of desirable traits in cultivates species from even distant
backgrounds (Pratap et al. 2015a, b). Wild relatives of Vigna can offer sources for
imparting resistance to several biotic and abiotic stresses besides improving yield
and quality traits (Pratap et al. 2012a) (Table 5.3). Realizing the importance of wild
relatives, extensive exploration-cum-collection trips have been organized and collec-
tions of wild Vigna accessions have been maintained at ICAR-NBPGR, New Delhi
and ICAR-Indian Institute of Pulses Research (IIPR), Kanpur. All these collections
have also been evaluated for various plant traits. In a collection of 206 accessions
of 14 wild Vigna, species-wide genetic diversity was observed for 45 morphological
characters (Bisht et al. 2005). The sub-gene pool of wild types in accession PLN 5
of V. radiata var. Sublobata (Singh and Ahuja 1977) and IW 3390 of V. mungo var.
sylvestris (Reddy and Singh 1993) has been identified as potential sources ofMYMV
resistance, and TC 1966 of V. radiata var. sublobata was identified to carry bruchid
tolerance gene (Tomooka et al. 1992). In cowpea, resistance to post-flowering insect
pests including legume pod borers and pod-sucking bugs was reported in V. vexillata
(Fatokun 1991). Similarly, variation for yield components and Mungbean Yellow
Mosaic Virus (MYMV) resistance was reported in V. mungo var. sylvestris and a
few accessions of the wild progenitor V. radiata var. sublobata (Singh 1990). A wild
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Table 5.2 Promising trait-specific germplasm of mungbean

Trait(s) Accession(s) Country of origin

Wide adaptability, earliness, and
resistance to Tungro Mosaic Virus

EC 118889, EC 118894, EC
118895, EC 162584, EC 158782,
EC 159734

Taiwan

Resistance to charcoal rot, Leaf
Crinkle, tolerance to drought, flood,
photoperiod insensitivity

EC 318985-319057 Taiwan

High yielding EC 391170-75 Indonesia

Large seeded, long podded with
shiny green seed coat

EC 393407-10 Bangladesh

Heat tolerant, short and long
duration

EC 397138, EC 396394-396423 Thailand

High yielding EC 390990-93 Taiwan

High yielding EC 428862 Nepal

Resistance to MYMV EC 564801-818, EC 565626-633 Taiwan

Early maturity EC 512780-793 USA

Resistance to powdery mildew EC 605445 Australia

Table 5.3 Potential sources of alien variation in Vigna spp

Character Species References

Low trypsin inhibitor activity V. tenuicaulis Konarev et al. (2002)

Chymotrypsin absence V. grandiflora Konarev et al. (2002)

High methionine content V. radiata var. sublobata AVRDC (1987), Babu et al.
(1988)

High photosynthetic efficiency
and drought tolerance

V. radiata var. sublobata Ignacimuthu and Babu (1987)

Drought tolerance V. aconitifolia Jain and Mehra (1980)

Heat tolerance V. aconitifolia Tomooka et al. (2001)

V. riukinensis Egawa et al. (1999)

Insect resistance V. unguiculata ssp.
dekindtiana var. pubescens

Ehlers and Hall (1997)

YMV resistance V. radiata var. sublobata Singh and Ahuja (1977)

High tolerance to saline and
alkaline soils

V. radiata var. sublobata Lawn et al. (1988)

High no. of seeds/plant and
pods/plant

V. radiata var. sublobata Reddy and Singh (1990)

Resistance to Yellow Mosaic
Virus

V. radiata var. sublobata Reddy and Singh (1990), Pal
et al. (2000)

V. trilobata Nagaraj et al. (1981)

V. umbellata, V. trilobata, V.
mungo

Pandiyan et al. (2008)

Photo-thermoinsensitivity V. umbellata, V. glabrescens Pratap et al. (2014)
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accession of V. radiata var. sublobata, PLN 15, was found to be the potential donor
for pods per plant and seeds per pod (Reddy and Singh 1990). Resistance to MYMV
has also been reported inV. umbellata, V. trilobata and V. mungo (Nagaraj et al. 1981;
Singh et al. 2003). Vigna mungo var. silvestris has been reported to be immune to
bruchids (Fujii et al. 1989; Dongre et al. 1996). Rice bean (V. umbellata) was iden-
tified as highly useful being a cultivated species and also because many of its acces-
sions show complete resistance or immunity to the bruchids; therefore, gene transfer
from rice bean into mungbean and urdbean may be comparatively easy. IC251442 of
rice bean and IC 251372 of V. glabrescens were reported to be photo-thermo period
insensitive (Pratap et al. 2014) and may be utilized for the development of widely
adaptable varieties. Hybridization between the cultivated Vignas and their wild rel-
atives in secondary and tertiary gene pools is constrained by crossability barriers
and therefore, their successful utilization in crop improvement programmes requires
special efforts such as deploying embryo rescue, colchicine treatment, reciprocal
crossing, hormonal manipulations, and use of bridge species (Pratap et al. 2015a, b).

5.4 Physiological Characteristics and Crop Phenology

Mungbean, despite being a warm season crop, is grown in diverse climates. There-
fore, several physiological and phenological factors influence its yield and stability.
Mungbean has epigeal germination and the cotyledons come out of the soil to sup-
port the growing plant. Therefore, soils with deficient moisture and hard texture may
limit the initial growth of the plant restricting its overall growth and development.
Likewise, high initial growth vigor is advocated to be one of the criteria for good
summer crop as the crop may suffer from terminal moisture and high temperature
stress, especially at the time of flowering and pod formation (Pratap et al. 2013a)
and high initial vegetative growth may support the plant at such times. Nevertheless,
this has been reported to have no direct relationship with final yield in mungbean
(Tekrony and Egli 1991). Variable germination of seeds also has a direct relation with
optimum plant stand as a plant stand of about 30–35 plants/m2 is the optimum to
obtainmaximumyield inmungbean. Poor plant stand, due to poor germination as one
of the factors, is expected to affect the final yield of mungbean negatively, especially
in marginal environments (Harris et al. 2005). After successful establishment, the
yielding ability of a plant depends upon the ability of the crop to produce and partition
dry matter into grain yield which is directly dependent upon several developmental
stages in a plant which are further dependent upon its response to photoperiod and
temperature (Chauhan and Williams 2018). Plant canopy, leaf area index, biomass
accumulation, light interception, conversion of absorbed radiation into assimilates,
and partitioning of the assimilates into roots, leaves, pods, and seeds are the major
physiological determinants of grain yield in mungbean. A manipulation in the effi-
ciencies of these processes is ultimately dictated by the response of plants to varying
photoperiods, available moisture, and changing temperature regimes.
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Fig. 5.1 Popular mungbean cultivars a Samrat and b Virat. Both these cultivars have narrower
leaves and vertical arrangement

The time taken by a mungbean cultivar from sowing to maturity and also harvest
is the prime determinant of the quantity and quality of the produce and it also deter-
mines the cropping system in which this crop can fit (Chauhan and Williams 2018).
Temperature and photoperiod as well as growing conditions affect the crop duration
and also its other phenological processes and therefore, the cropmay behave variably
in different seasons.Mungbean is a quantitative short-day plant and has broad, trifoli-
ate leaveswhich generally have an overlapping and horizontal orientation. Therefore,
narrower mungbean leaflets are expected to allow better light interception. The most
popular Indian cultivars of mungbean, viz., “Samrat” and “Virat” (Fig. 5.1) have
narrower leaves and vertical orientation allowing better light interception and this
may be the reason why these despite being short-duration cultivars (55–60 days)
yield high. Lee et al. (2004) reported a mungbean cultivar with narrower leaves and
higher light interception to have a higher yield potential as compared to mungbean
with broader leaves. Rachaputi et al. (2015) observed that sowing of mungbean at
narrow rows of 0.5 m can accelerate closer canopy development and achieve better
light interception as compared to wider rows of 1 m. Kuo et al. (1977) reported
inadequate leaf area development as one of the limiting factors to yield increase in
mungbean. Drought is also reported to affect leaf expansion and appearance rates
(Lawn 1982).

5.4.1 Salinity

Legumes are highly salt-sensitive crops and high concentrations of Na and Cl ions
around the root zone in water-scarce areas limit the geographical range of legumes in
arid and semiarid climates where evapo-transpiration exceeds precipitation (Hanu-
manthaRao et al. 2016). Salinity affects the crop growth and yield in three ways:
(a) osmotic stress, (b) ion toxicity, and (c) reduced nodulation and therefore reduced
nitrogen-fixing ability. Salinity stress has been reported to cause a significant reduc-
tion in mungbean yield (Abd-Alla et al. 1998; Saha et al. 2010). This can occur
through reduction in seed germination, root and shoot growth and seedling vigor and
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the yield reduction level may vary in different genotypes (Promila and Kumar 2000;
Misra and Dwivedi 2004). Other pronounced symptoms, viz., enhanced chlorosis,
necrosis, and decreased content of chlorophyll and carotenoids are also noticed in
mungbean (Gulati and Jaiwal 1993; Wahid and Ejaz 2004). NaCl stress has been
reported to have more deleterious effect on roots than shoots, with a sudden dip in
root growth associated traits (Friedman et al. 2006; Saha et al. 2010).

During germination under saline conditions, high osmotic pressure of saline water
is created due to capillary rise leading to more salt density at seed depth than at lower
soil profile, which reduces time and rate of germination (Mudgal et al. 2010). In
mungbean seedlings, high salt concentration causes increased H2O2 content in both
roots and leaves, hence salts should be removed to ensure proper growth and develop-
ment (Saha et al. 2010). Chakrabarti andMukherji (2002) reported a decrease in total
leaf area and stomatal opening due to high salinity. Likewise, Arulbalachandran et al.
(2009) reported a reduction in total chlorophyll content, sugar, starch, and peroxidise
enzyme activity in roots and shoots of three different species of Vigna (V. radiata, V.
mungo and V. unguuiculata). Germination percentage, seedling growth rate as well
as photosynthesis were observed to decrease with increasing levels of NaCl in all the
species while the growth decrease was higher in mungbean as compared to the other
two species.

Increased salinity was also observed to have a profound effect on nodulation
and nitrogen metabolism in mungbean. Salt stress significantly affected initiation,
weight, and nitrogen-fixing ability of the root nodules and also lead to inhibition
of root colonization by Rhizobium (Mudgal et al. 2010). The ill effect on nitrogen
metabolismwasmore prominent on above ground parts as compared to roots (Munns
and Tester 2008).

Maas (1986) observed that soil salinity also delays and reduces flowering and
yield of crop plants. Mungbean shows decreased plant growth, photosynthesis as
well as yield at higher levels of salinity which leads to delayed pod ripening during
the spring season (Sehrawat et al. 2013a, b, c, d). Excessive salt may lead to injury to
leaves by entering into the transpiration stream and subsequentlymay lead to reduced
photosynthesis (Hossain and Fujita 2010). Misra and Dwivedi (1995) reported that
a salt tolerant mungbean cultivar was characterized by higher levels of total soluble
carbohydrates than a salt-sensitive cultivar irrespective of salinity level. While less
intense salinity level in the field affects the mungbean crop a little, moderate and
uniform salinity leads to restricted vegetative and reproductive growth. Nevertheless,
intense form of salinity leads to drastic reduction in plant growth and vigor, flower
initiation, and yield.

5.4.2 Temperature

Temperature is an important factor affecting seed yield and quality in legumes.
For subtropical and tropical crops, heat stress occurs when the temperatures cross
32–35 °C (Bita and Gerats 2013). For cool season legumes, a daily maximum tem-
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perature above 25 °C is considered as the upper threshold for heat stress (Wahid
et al. 2007). High temperatures can adversely affect growth, reduce yield, and trun-
cate crop cycles (Araujo et al. 2015). Photosynthesis may be adversely affected by
heat stress (Crafts-Brandner and Salvucci 2002) and carbon assimilation associated
chloroplast functions coupled with impaired vigor, cellular respiration, N fixation,
and metabolism may be affected (Buxton 1996). Mungbean grows well at a mean
temperature of 28–30 °C (Carberry 2007; Chauhan et al. 2010). High temperature
stress is reported to affect reproductive development in mungbean (Tzudir et al.
2014; HanumanthaRao et al. 2016) and it negatively affects flower initiation, pollen
viability, stigma receptivity, ovule viability, ovule size, fertilization, fruit set, seed
composition, grain filling as well as seed quality (Barnábas et al. 2008). The sudden
rise in the temperature beyond 35 °C causes an increase in the respiration rates and
unusually high degradation of stored starch as major chloroplasts carbon source was
observed. As a result, failure to set pods, reduced or incomplete grain development
at high temperature could be partly due to the inadequate supply of carbon and nitro-
gen from leaves or by a decrease in the activity of sucrose synthase, the key enzyme
playing a crucial role in grain development. Poor partitioning of carbon and nitrogen
at high temperature leads to low harvest index and low productivity in mungbean.

Abscission of reproductive organs was ascribed as the primary determinant of
yield reduction in heat stress in many grain legumes by Rainey and Griffiths (2005).
While terminal high temperature stress is a serious problem in spring/summer grown
mungbean, early stage heat stress is observed to occur in kharif season crop. These
lead to a drastic reduction in crop yield due to pollen sterility, lack of fertiliza-
tion, flower drop, and embryo/endosperm degeneration leading to the development
of undersized seeds. On contrary, low temperature stress, especially at the time of
sowing and early growth stage of spring crop, may lead to delayed and reduced
germination and slow plant growth. Low temperature stress at early growth stage
and sudden rise in temperature during reproductive phase which usually occurs in
spring grown crop in northern India has a deleterious effect on mungbean and seri-
ously hampers its growth and development. During flower development, male and
female organs are sensitive to high temperature, especially at temperatures beyond
30 °C (Sita et al. 2017). Heat stress severely affects flower bud initiation, and this
sensitivity may prevail for 10–15 days (Hedhly et al. 2009; Bita and Gerats 2013).
Heat stress influences the reproductive stage by decreasing the number and size of
flowers, deforming floral organs, resulting in loss of flowers and young pods, and
hence reduction in seed yield (Morrison and Stewart 2002) as reported in mungbean
(Tickoo et al. 1996).

Reduced fertilization is a common problem associated with heat stress in many
food legumes due to disruption of meiosis and fertilization (Kaushal et al. 2013;
Jagadish et al. 2014). High temperature may arrest fertilization by inhibiting the
development of male (Jain et al. 2007) and female gametophytes (Snider et al. 2009).
Reduced fertilization efficiency due to heat stress has been attributed to increas-
ing oxidative stress, reduced carbohydrates, ATP concentration in gynoecium, and
decreased leaf photosynthesis in mungbean (Suzuki et al. 2001). Temperature fluc-
tuations during seed filling have been reported to drastically reduce yield (Kaur et al.
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2015a, b). High temperature stress causes yield loss in legumes (Canci and Toker
2009; Kumar et al. 2016) and other crops due to poor seed development (Hall 2004).

Male sterility has also been observed in many heat-stressed food legumes, includ-
ing mungbean (Kaur et al. 2015a, b) and impaired pollen development has been
a vital reason linked to yield losses due to heat stress (Wassmann et al. 2009).
Anthers developing under high temperature showed cell proliferation arrest, dis-
tended vacuoles, altered chloroplast development, and mitochondrial abnormalities
(Sakata et al. 2010). Heat stress decreases the accumulation of carbohydrates in
pollen grains and stigmatic tissue by changing the partitioning of the assimilates
and the proportion between symplastic and apoplastic loading of the phloem (Taiz
and Zeiger 2006), which affects pollen viability (Kaushal et al. 2013). Heat stress
decreases the activity of sucrose synthase and many cell wall and vacuolar invertases
in developing pollen grains; as a result, the turnover of sucrose and starch turnover
are impaired to reduce the accumulation of soluble carbohydrates inmungbean (Kaur
et al. 2015a, b).

Temperature exceeding beyond 42 °C during summer, causes hardening of mung-
bean seeds due to incomplete sink development. Based on multilocation evaluation
at Vamban (Tamilnadu) and Durgapura (Rajasthan) in India, 12 promising genotypes
(IPM 02-16, IPM 9901-10, IPM 409-4, IPM 02-3, PDM 139, IPM 02-1, IPM 2-14,
IPM 9-43-K, PDM 288, EC 470096, IPM 2K14-9, IPM 2K14-5) were identified
which have been confirmed to be tolerant to heat and drought. Based upon sucrose
synthase activity and protein profiling as biochemical markers, a few promising
mungbean varieties were identified as heat tolerant which have been validated by
repeated field trial across diverse agroclimatic zones prone to be affected by recur-
rent high temperature stress. These genotypes are PDM 139 (Samrat), IPM 02-1,
PDM 288, IPM 05-3-21, ML-1257.

5.4.3 High Temperature and CO2

High CO2 induces closure of stomata and inhibits photosynthesis in mungbean. High
temperature x CO2 interaction studies revealed negative impact on mungbean plants.
Results indicated formation of leaf starch at high CO2 leading to poor assimilate
export from source to sink and grain filling was adversely affected. The high level
of carbon dioxide is however beneficial after setting of strong sinks, i.e., developing
grains with high sucrose synthase activity.

The rate of light-saturated photosynthesis Pmax (PFD1000μmol photonsm−2 s−1

at 20 °C) at elevated carbon dioxide (500 ppm) increased both at vegetative as well as
grain filling stage (Table 5.4). At the podding stage, when sink demand is high, both
photosynthesis and transpiration tremendously increased under elevated CO2 and
without any water-limiting conditions. However, high CO2 level during vegetative
stage contributed towards increased water use efficiency as compared to ambient
CO2 (300 ppm). High photosynthesis accompanied by increased transpiration and
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Table 5.4 Relative changes in photosynthetic rates, stomal conductance and transpiration inmung-
bean at vegetative and podding stage

Crop stage CO2 condition
(ppm)

Photosynthetic
rate
(mmol m−2

s−1)

Stomatal
con-
duc-
tance

Transpiration
rate

Ahs/Cs Pn/Gs

Vegetative Ambient 380 6.45 0.027 0.85 0.006 310.53

Vegetative Elevated 500 8.96 0.030 1.33 0.009 738.71

Podding Ambient 380 6.54 0.012 0.40 0.007 750.20

Podding Elevated 500 13.84 0.235 3.86 0.023 227.20

stomatal conductance under elevated CO2 supported high sink demand during grain
filling.

If the duration of mungbean crop is reduced by 8–10 days without significant
yield penalty, the losses caused by these stresses can be avoided in its major pro-
duction base. Keeping this in view, two extra early maturing mungbean genotypes
were developed by the ICAR-IIPR, Kanpur which matured in 50–55 days during
Summer as well as rainy seasons (Pratap et al. 2013b). The variety IPM 205-7, pop-
ularly known as Virat was developed from the cross IPM 2-1 X EC 398889 and the
genotype IPM 409-4 was developed from the cross PDM 288 X IPM 3-1. Both these
genotypes also showed high resistance to yellow mosaic disease and were regis-
tered with ICAR-NBPGR as unique germplasm (Pratap et al. 2012b). Virat has been
developed using identified heat-tolerant germplasm line EC 398889 and an early
maturing and high yielding variety “Samrat”. Samrat has synchronous podding and
rapid grain filling. Physiological and molecular characterization of the heat-tolerant
line EC 398889 differed significantly in respect to heat sensitive line LGG 460 when
tested with the marker CEDG147 and pollen germination tested at 43 °C. One of the
simplest approach to develop combined tolerance to drought and heat is to shorten
the crop duration which may help escape terminal heat stress during summer season,
induce synchronous podding, helping in single harvest and faster grain filling and
integrating traits like osmotic adjustment or deep root system to avoid intermittent
drought at early stages and terminal heat >40 °C during pod filling. A number of
green gram accessions have been evaluated for heat tolerance and an exotic line
EC 398889 has been identified having high levels of heat tolerance as compared to
LGG 460. Molecular characterization of both of these accessions revealed signifi-
cant differences for a specific marker that confirmed with high rate of in vivo pollen
germination when pollen exposed to temperature above 44 °C for 2 h (Pratap et al.
2015a, b).
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5.4.4 Drought

Mungbean can tolerate moderate temperature and soil moisture deficits and therefore
has a definite role to play in drought-prone areas. A fairly regular supply of moisture
is desirable for mungbean during growing period while complete dry conditions are
required at harvest. Severe drought reduces vegetative growth, flower initiation, and
pod set (Morton et al. 1982). It has the ability to extend its roots deeper in the soil in
response to drought. The moderate soil moisture is needed for early growth till the
onset of flowering and podding. Intermittent drought situations are very critical for
this crop, particularly under dry conditions where air water deficit is higher and soil
moisture loss is faster due to high evaporation demand. Soil water holding and the
crop’s water retention capacity both determine the ability of a mungbean cultivar to
escape the drought stress before the reproductive stage. Themungbean has lowwater
retention capacity by virtue of having low or inability for osmotically adjusted when
subjected to drought, relatively higher lethal leaf water potential (less negative) in
response to drought, as a result, the cropquickly loses turgor and stress symptomsmay
appear recurrently during early growth stages. Plant encounters recurrent transient
drought stress when leaf water potential falls below−1.5MPa but recovers thereafter
when load of solar radiation and temperature are diminished. It may not be possible
to revive the crop once it reaches lethal leaf water potential nearly to −2.5 MPa.

Some cultivars are more drought tolerant than others which could be due to
enhanced ability to close the stomata in the leaves and reduce the rate of growth
and leaf expansion during period of severe water stress. There is a variation in the
root system in the cultivars of mungbean which can be exploited in breeding pro-
gramme to develop varieties with delayed dehydration. Drought tolerance rating or
sensitivity of pulses are as follows.

Lathyrus > Horsegram > Cowpea > Pigeonpea > Chickpea > Lentil >Mungbean>
blackgram > Fieldpea > Rajmash

The lethal water potential is defined as the water status of leaf at the point where
plant cannot survive any longer. Comparative studies showed that turgor loss in pulses
occurs at much lower leaf water potential than wheat and potato indicating the high
tolerance of pulses to drought (Table 5.5). However, as compared to pigeonpea,
mungbean has four times less dehydration tolerance which needs to be improved
further.

The degree of osmotic adjustment (OA) has also been shown to be correlated
with yield under dryland conditions in pulses. From Table 5.6, it is clear that among
pulses chickpea, pigeonpea and peanut are more tolerant to drought as compared to
mungbean. Genetic diversity of OA can be exploited to inherit drought tolerance trait
in mungbean as water demand is proportionately less if OA increases. Moreover, OA
increases only when drought is intensified.



5 Climate Smart Mungbean 247

Table 5.5 Lethal leaf water potential for a range of grain legumes

Species Crop Lethal water potential (MPa) Dehydration tolerance

Pigeonpea Legume −7.0 to −8.2 Very high

Groundnut Legume −3.4 to −8.2 Very high

Soybean Legume −5.0 High

Mungbean Legume −1.9 Moderate

Cowpea Legume −1.8 MPa Moderate

Sorghum Cereal −3.0 MPa High

Wheat Cereal 0 to −2.0 MPa Moderate

Table 5.6 Range of osmotic adjustment in grain legumes as compared to cereals and vegetables

Species
(pulses)

Range of
osmotic
adjustment
(MPa) in
leaves

Degree of
dehydration
postpone-
ment

Species
(cere-
als/vegetables)

Range in
osmotic
adjustment
(MPa)

Degree of
dehydration
postpone-
ment

Groundnut 0.2 to 1.6 Very high Sorghum 0.8 to 1.7 Very high

Pigeonpea 0.1 to 1.3 High Wheat 0.2 to 1.5 High

Soybean 0.3 to 1.0 High Barley 0.2 to 0.5 Moderate

Chickpea 0.0 to 1.3 High Maize 0.1 to 0.4 Moderate

Lentil 0.0 to 0.6 Moderate Potato 0.0 to 0.25 Low/sensitive

Mungbean 0.3 to 0.4 Moderate Lupin 0.1 to 0.5 Moderate

Blackgram to 0.5 Moderate Fieldpea 0.0 to 0.4 Moderate

Cowpea 0.0 to 0.4 Moderate Faba bean 0.0 to 0.2 Low/sensitive

Lathyrus 0.0 to 0.1 Low/sensitive

5.5 Classical Genetic Studies

Several attempts have beenmade to understand the genetics of quantitative and quali-
tative traits related to climate resilience inmungbean besides studying the inheritance
of resistance to biotic and abiotic stresses (Table 5.7). Since the first genetic studies
on inheritance of color of ripe pods and seed coat surface by Bose (1939), numerous
attemptsweremade to study the inheritance ofmorpho-physiological traits. Seed coat
color is a highly variable trait inmungbean. Khattak et al. (1999) reportedmonogenic
inheritance of this trait and black, black-spotted and dull-green seed coat colors were
reported to be dominant over green, nonspotted and shiny green color, respectively.
The inheritance of black and green seed colors was found controlled by a single
gene (B), black being dominant over green (Chen and Liu 2001). For twining habit,
a single dominant gene (T ) was reported to be responsible (Khattak et al. 1999).
However, Pathak and Singh (1963) reported a single recessive gene for this trait.
Semi-spreading habit was reported to be dominant over erect habit and governed by
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Table 5.7 Inheritance and gene action of economically important traits in mungbean

Trait Inheritance Reference

Plant type and growth habit Single dominant/recessive
gene, Semi-spreading is
dominant over erect habit

Pathak and Singh (1963),
Khattak et al. (1999)

Pubescence Single dominant gene Murty and Patel (1973)

Nodulation Additive and non–additive
gene action

Singh et al. (1985)

Leaf traits Single dominant gene, large
leaflet is dominant over small
leaflet; lobbed is dominant
over entire type

Singh and Singh (1995),
Talukdar and Talukdar (2003)

Flower color Single dominant gene Bose (1939)

Pod color Single dominant gene Sen and Ghosh (1959), Murty
and Patel (1973)

Pod shattering Single dominant gene Verma and Krishi (1969)

Seed coat color One or few genes; mottling
governed by single gene

Khattak et al. (1999), Chen
and Liu (2001), Lambrides
et al. (2004)

Seed coat surface Two complementary genes Sen and Ghosh (1959), Murty
and Patel (1973)

Hard seededness One or few dominant genes
involved

Lambrides (1996), Humphry
et al. (2005)

Preharvest sprouting Additive and non–additive
gene action; high G × E
interaction

Durga and Kumar (1997)

a single dominant gene (Pathak and Singh 1963). For indeterminate growth habit, a
single dominant gene which inherited independently from leaf shape was reported to
be responsible (Talukdar and Talukdar 2003). Anthocyanin pigmentation is reported
to be associated with drought resistance and heat tolerance in mungbean. On con-
trary, purple pigmentation on stem, petiole, and veins of the leaves was reported to
be controlled by a single dominant gene “Ppp1” with pleiotropic effect. There are
variable reports for inheritance of yield components in mungbean and it has been
reported to be controlled by additive as well as nonadditive gene action in different
studies (Dasgupta et al. 1998; Khattak et al. 2002). For seed weight, small seed has
been reported dominant over large size (Sen and Murty 1960; Fatokun et al. 1992;
Humphry et al. 2005) For leaf traits, narrow lanceolate leaf has been reported to be
controlled by two recessive genes, “nl1” and “nl2”. Several reports suggest that the
trifoliate leaf is dominant over the entire leaf and this trait is governed by a single
dominant gene (Chhabra 1990; Talukdar and Talukdar 2003). However, monogenic
controlwas reported for pentafoliate leaf (Chhabra 1990). There are also a few reports
of two dominant genes, “Tlb1” and “Tlb2” with duplicate gene action for trilobed
leaves (Sareen 1985).
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Pubescence has been ascribed to impart resistance to insect pests in many crop
species. Pubescence of pods was reported to be dominant over nonpubescence and
governed by independent duplicate genes (Khadilkar 1963). Seed hardiness is mostly
observed in summer grown crops where the temperatures during pod formation and
seed filling stage may go beyond 40 °C. Humphry et al. (2005) reported four loci to
be responsible for hard seededness through quantitative trait locus (QTL) analysis
among which two QTLs of hard seededness were found co-localized with the loci
conditioning seed weight. For inflorescence type, the simple types were reported to
be controlled by two dominant genes and compound types are double recessive and
number of clusters controlled by single gene (Sen and Ghosh 1959; Singh and Singh
1970)

Among biotic stresses, resistance to MYMV in Vigna species is reported to be
governed by two recessive genes, however, in few cases, resistance has also been
reported due to a single dominant/recessive gene. The bacterial pustule in mungbean
is due to a dominant gene. The discordance in the nature of inheritance could be
ascribed to racial differences in these studies. The allelic relationships have been
studied in the case of MYMV only. Resistant lines of mungbean, Tarai local, L-80,
LM-214, and LM-294-1 had nonallelic genes for resistance to MYMV (Shukla and
Pandya 1985). Resistance to bruchids in mungbean is dominant and is governed
by few major genes (probably two) with some modifiers (Sarkar and Bhattacharya
2014).

5.6 Traditional Breeding Strategies

While breeding for developing climate smart mungbean, the inherent physiological
attributes should be taken into consideration. The first step is to ensure why the crop
is sensitive to a particular stress and what are the associated traits that are lacking or
have a reduced expression. The second step is to explore available genetic variation
for important traits associated with drought, heat and other climate variable traits
and their intregression in the desired genetic background for improving the tolerance
level. As suggested in Table 5.3, there is ample scope to improve OA, water use
efficiency (WUE), biomass, and photosynthetic rates in mungbean as these features
are inherently low in this crop.While numerous improved varieties have been bred in
mungbean till date, most of these were developed for improvement of yield traits and
resistance to major diseases. Limited attention was paid towards the development
of climate smart mungbean. The early phase of systematic varietal development
programme in mungbean targeted improving locally adapted but genetically variable
populations, mainly by the methods of pure line and mass selections (Singh et al.
2017). This led to the development of several pure line varieties which became highly
popular. The emphasis was gradually shifted towards hybridization and selection,
later followed by distant hybridization and consequently, >150 mungbean varieties
have been bred inmungbean till date in India. The first variety ofmungbean, “Type 1”
was developed in the year 1936 from a local selection of Muzaffarpur, Bihar and has
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been extensively utilized in hybridization programme to develop mungbean varieties
T 2, K 851 and T 44 and Sunaina. Being a short-duration variety and possessing good
seed quality, “T 44” became very popular in Spring/Summer season. Pusa Baisakhi
was used later to develop PIMS 4 and Jyoti. Two varieties of mungbean ML 1 and
ML 5 were developed from PAU, Ludhiana during the early 1970s and these were
further used to developML131,ML 267,ML 337 andML23. Large-seeded varieties
of mungbean viz., Pusa Vishal, Pant moong 5 and SML 668 were developed from the
selection of AVRDC material. Another landmark early duration variety, “Samrat”
was also developed as a selection from local material and this variety became highly
popular among the farmers.

The recent period has seen the development of largely the photo- and thermo
period tolerant varieties in mungbean. Lately, the focus of breeders shifted towards
development of short-duration, photo- and thermo period-insensitive varieties of
mungbean coupled with resistance to major biotic stresses, viz, yellow mosaic dis-
ease and powdery mildew, which contributed significantly to the national mungbean
production. For example, KM 2241, HUM 16, MH 2-15, and TMB 37 were other
varieties developed through intraspecific hybridization and these became very pop-
ular among the farmers in short time (Singh et al. 2017). The variety PKV AKM 4
developed from a cross between BM4 X PS 16 has also been recommended for two
zones, viz., Central Zone and South Zone of the country. IPM 02-3 was developed
using IPM 99-125 and Pusa Bold 2 and recommended for both spring and Kharif
seasons. IPM 410-3 (Shikha) has been recommended for Summer season in North
West Plain Zone as well as Central zone while this has been performing very well
in Kharif season also in North Hill Zone. Later other varieties for high yield, YMV
resistance were released which were the products of intraspecific hybridization. IPM
2-14 is one such highly promising variety which has been released for spring cul-
tivation in South Zone of the country and gained tremendous popularity. Another
variety DGGV-2 developed from the cross Chinamung x TM-98-50 and Pusa 0672
developed from 11/395 × ML 267 were released for South Zone and North Hill
Zone, respectively. Distant hybridization has also led to the development of three
mungbean cultivars viz., HUM 1, Pant Moong 4 and IPM 99-125 in India. These
cultivars have improved plant types in addition to high yellow mosaic resistance and
synchronous maturity.

5.7 Genomic Resources

The availability of high-throughput and cost-effective next-generation sequencing
(NGS) platforms as well as high-throughput genotyping technologies have facili-
tated the generation of massive genomic data for model as well as crop legumes.
These platforms have been vital in producing the genome sequence assemblies for
the mungbean (Kang et al. 2014). Whole genome-resequencing data are also becom-
ing readily available for mining superior alleles. Genomic resources of mungbean,
viz., whole genome/transcriptome sequences (Kang et al. 2014), chloroplast genome
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(Tangphatsornruang et al. 2010) andmitochondrial genome sequence (Alverson et al.
2011) and available which are invaluable resource for mungbean research com-
munity. These resources may be tremendously useful in designing climate smart
mungbean cultivars. A number of quantitative trait loci (QTL) have been reported in
mungbean which can be of tremendous use in incorporating various yield and related
traits for genetic improvement (Table 5.8).

5.7.1 Nuclear Genome

The development ofmolecularmarkers is critical for crop improvement programmes.
Moreover, molecular markers are important for integrating useful alleles of wild
genetic resources, such as MYMV and bruchid resistance, into domesticated mung-
bean (Chen et al. 2013). Although molecular marker resources are limited for mung-
bean, there have been several efforts to identify the genomic regions related to
domestication-related traits, including seed size and seed germination (Isemura et al.
2012). Similarly, transcriptomics/gene expression studies, using a range of plat-
forms, have been valuable for identifying candidate genes associated with toler-
ance/resistance to different stresses as well as several agronomic traits (Campbell
et al. 2014; Brasileiro et al. 2015).

Sequencing of Vigna radiata genomic DNA was carried out using 454 Life Sci-
ences technology on the Genome Sequencer (GS) FLX System (Tangphatsornruang
et al. 2009). A total of 470,024 quality filtered sequence reads was generated with
the average read length of 216 bases covering 100.5 Mb. Assembly of the obtained
nucleotide sequence reads was performed using the Newbler, de novo sequence
assembly software (Margulies et al. 2005; Kang et al. 2014) sequenced domesticated
V. radiata var. radiata, its polyploid relative V. reflexo-pilosa var. glabra and its wild
relative V. radiata var. sublobata. For V. radiata var. radiata, the pure line VC1973A
was chosen for genome sequencing and a high-quality draft genome sequence of the
diploid V. radiata var. radiata VC1973A with an estimated genome size of 579 Mb
(1.2 pg per 2C) was constructed. A total of 22,427 genes were identified in the
genome including 160 Vigna gene clusters and 1850 genes encoding transcription
factors (TFs). Another 2310 noncoding genes were predicted, including 629 transfer
RNAs, 280 ribosomal RNAs, 537microRNAs, 717 small nucleolar RNAs, 110 small
nuclear RNAs, and 37 regulatory RNAs. In contrast, the allotetraploid V1160 has a
total of 41,844 genes, almost twice the number of mungbean genes. The estimated
genome size of polyploid Vigna genome (968 Mb) is almost twice that of mungbean
genome (579 Mb). The availability of this genome sequence can serve as a model to
understand mungbean domestication.
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5.7.2 Chloroplast Genome

Chloroplast genome of Fabaceae family is known to have undergonemore rearrange-
ments than other angiosperms. Based on 454 pyro-sequencing technology, gene con-
tent and structural organization of mungbean chloroplast (cp) genome were reported
to be similar to common bean, Phaseolus vulgaris (Tangphatsornruang et al. 2010).
With an average AT content of 64.82%, they reported mungbean chloroplast genome
to be 151.27 kb in length including pair of IRs of 26.474 kb separated by small single
copy region of 17.427 kb and large single copy region of 80.896 kb. The genome
contains 108 unique genes and 19 of these genes are duplicated in the IR. Of these,
75 are predicted protein-coding genes, 4 ribosomal RNA genes, and 29 tRNA genes.

5.7.3 Mitochondrial Genome

Mitochondria are rod-shaped organelles considered to be the power generator (ATP)
of the cells and generally harbor circular double-strandedDNAmolecules of variable
sizes, structure, and sequence complexity. Based on shotgun Sanger sequencing,
mungbean mitochondrial genome was reported to be protein-gene-poor 401.262 kb
in length with that lacks large, recombinationally active repeats and promiscuous
sequences from chloroplast and nuclear genomes (Liu et al. 2016). The contents of
A, T, C, and G in the NM92mitogenome were found to be 27.48%, 27.41%, 22.63%,
and 22.48%, respectively. The NM92mitogenome encoded 3 rRNAs, 16 tRNAs, and
33 proteins. Eight protein-coding genes (nad1, nad2, nad4, nad5, nad7, rps3, and
rps10) certain introns. Among them, three (nad1, nad2, and nad5) are trans-spliced
genes. A phylogenetic tree was reconstructed using the 21 protein-coding genes of
16 crops.

5.7.4 Marker-Assisted Backcrossing (MABC)

Success of a breeding programme greatly relies upon the selection efficiency. Select-
ing desirable plants from segregating and subsequent-segregating progenies that
contain appropriate and desirable combinations of genes is a critical component
of plant breeding (Ribaut and Betran 1999). Plant breeders typically work with hun-
dreds or even thousands of populations which often contains large numbers (Ribaut
and Betran 1999; Witcombe and Virk 2001). Marker-assisted selection may greatly
increase the efficiency and effectiveness in plant breeding compared to conventional
breeding methods. Once markers that are tightly linked to genes of interest have
been identified, prior to field evaluation of large number of plants, breeders may use
specific DNAmarker alleles as a diagnostic tool to identify the plants carrying genes.
Molecular marker-assisted backcross breeding (MABC) deploys foreground selec-
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tion (FGS) and background selection (BGS) using genome-wide SSR markers for
recovery of recurrent parent genome. This is an environment independent, precise,
and quick approach for the development of cultivars of the trait of interest (Varsh-
ney et al. 2010). Therefore, a plant breeder would prefer to exercise marker-assisted
backcrossing (MABC) for development of superior cultivar with desired traits.While
considerable success has been reported in deploying MABC in legumes like chick-
pea (Pratap et al. 2017), this technology is yet to be successfully deployed in crops
like mungbean. Nevertheless, success in chickpea has encouraged taking molecu-
lar marker-assisted breeding as a routine tool in crop improvement programme in
mungbean also.

5.8 Genetic Transformation

Development of highly reproducible regeneration protocol is a prerequisite for
widespread application of in vitro tissue culture techniques in legume improvement
programmes (Pratap et al. 2018). Success of this technique also depends upon well
characterized and cloned genes for target traits. Advancements in genetic engineer-
ing of crop plants have ensured recovery of improved plants with genes introgressed
in them from across the species barrier (Pratap et al. 2018). Nevertheless, as legume
species are largely recalcitrant to in vitro techniques, routine transformation protocols
are limited inmost of these species. Though efficient protocols for shoot regeneration
have been worked on and established for mungbean since long (Gulati and Jaiwal
1992, 1994; Chandra and Pal 1995; Amutha et al. 2003; Khatun et al. 2008; Yadav
et al. 2010a, b; Mookkan and Andy 2014), they vary based on genotype and age and
type of explant(s). Different explants respond in a variable manner to phytohormones
with change in genotype. Variables like explant type (hypocotyl, apical meristem,
cotyledonary nodes, excised embryo, etc.), age of explant, basal media (MSwithMS
salts, B5 with B5 salts, MS with B5 salts), phytohormones (IAA, BA, zeatin, TDZ)-
alone and in combination, presence of supplements (AgNo3) decide the success and
efficiency of standardized protocol. Literature reveals reports on both direct organo-
genesis as well as indirect organogenesis for regeneration. In Vigna, regeneration
through callus has rarely been reported indicating that genetic factors affect regen-
eration ability. Literature on in vitro regeneration in mungbean is abundant, but its
further utilization for genetic transformation and related studies is relatively less.

The first successful recovery of mungbean transgenic plants was reported from
cotyledonary node explants in themungbean cv. K-851 usingAgrobacterium tumefa-
ciens strain LBA4404 harboring pTOK233 vector carrying β-glucouronidase (gusA)
and neomycin phosphotransferase II (nptII) marker gene at an overall efficiency of
0.9% (Jaiwal et al. 2001). However, transmission of transgenes (GUS and nptII)
to the progeny was not confirmed. In another report, mungbean transgenic plants
were regenerated via direct organogenesis from primary leaf explants of 10-day-old
seedlings cv.K-851, cocultivatedwith disarmedA. tumefaciens strainC-58 harboring
a pCAMBIA–1301 plasmid comprising β-glucouronidase (GUS) and hygromycin
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phosphotransferase (hpt) genes (Mahalakshmi et al. 2006). Hygromycin-selected
shoots were rooted and transferred to glasshouse to produce seeds. Presence and
stable inheritance of gus gene were confirmed by PCR and Southern hybridization
and histochemicalGUS assay confirmed the stable gene expression. However, lower
regeneration efficiency of primary leaf explants and lot of escapes on hygromycin-
containing medium may limit the use of these explants for routine introduction
of desirable genes to mungbean. Tazeen and Mirza (2004) worked on varieties
from Islamabad and regenerated shoots via callus. 2,4-D in B5 media was used to
induce callus in explants. Sahoo et al. (2016) developed transgenic mungbean hav-
ing AtNHX1 for salinity tolerance using cotyledonary node as explant with MSB5
media having BAP as sole phytohormone. TDZ was initially used in preculturing.
An average transformation efficiency of 2.07% was documented. Reports of use
of embryonic axis attached to cotyledon are also reported for transformation work.
Mahalakshmi et al. (2006) reported an efficient genotype independent transforma-
tion protocol giving an efficiency of 65–75% based on GUS assays. They had used
primary leaves cut at node as choice explant, from both 4- and 10-day-old seedlings,
and regenerated them post-transformation on B5 media having only BAP as the
phytohormone.

Sonia et al. (2007) reported an improved protocol of genetic transformation of
mungbean (cv. Pusa 105) using phosphinothricin as selective agent and Phaseolus
vulgaris α-amylase inhibitor-1 (αAI-1) gene for resistance to bruchids. Vijayan and
Kirti (2012) generated transgenic mungbean (cv. ML-267) plants from cotyledonary
node explants using kanamycin selection for enhancing resistance against seedling
rot pathogen, Rhizoctonia solani. Yadav et al. (2012) reported standardization of dif-
ferent parameters for efficient Agrobacterium-mediated transformation in mungbean
cv. ML267 using double cotyledonary node as explant of choice. A transformation
efficiency of 4.2%was reported. They regeneratedmungbean onMSB5media having
BAP as the lone phytohormone. Sahoo et al. (2016) employed Arabidopsis thaliana
tonoplast Na+/H+ anti-porter (AtNHX1) gene in transgenic mungbean (cv. K-851) for
incorporating enhanced salt tolerance based on kanamycin monosulphate selection.
These transgenic lines exhibited enhanced tolerance to salt as confirmed by physio-
logical and biochemical studies. Baloda et al. (2017) developed plants with salinity
and drought tolerance plants by introducing a gene for an osmoprotectant glycine
betaine.

5.9 Agronomic Manipulations

In most of the mungbean producing countries, consistent yields are obtained mainly
by multiple harvesting of pods from multiple flushes. However, this kind of produc-
tion is unsuitable for intensive and mechanized production systems where the row-
to-row spacing is much higher than the manually harvested crops. Experimentation
has proven that mungbean sown at narrow row spacing yield better. Even in mechan-
ically harvested fields, the mungbeans planted at a row spacing of 50 cm produced
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better yields in 95% of the seasons in different locations in Australia (Rachaputi et al.
2015). Narrow row spacing reduces evaporative soil losses, especially during sum-
mer season and increases overall water use through transpiration and therefore water
use efficiency (Chauhan and Williams 2018). Therefore, narrow row spacing may
be especially beneficial during summer cultivation of mungbean. This has been well
demonstrated by reducing row spacing in mungbean cultivar Virat which yielded
better at a spacing of 15 × 7 cm as compared to 30 × 10 cm spacing. Increasing
plant population may be anther avenues which may substantially increase its yield
although the response to changes in plant density depends to a great extent on the
specific characteristics of a variety (Muchow and Charles-Edwards 1982; Pookpakdi
and Pataradilok 1993). In such a situation, while branching may be an important trait
for maximizing grain yield and crop plasticity, limiting the number of branches may
be necessary to maximize yield under closer planting (Chauhan andWilliams 2018).

Growing mungbean in a season which has consistent day length and minimal day
andnight temperaturesfluctuations is also oneof the strategies to increasedmungbean
yield. Spring season provides such an opportunity, especially in northern and central
parts of India where vast amounts of land are vacant after the harvest of wheat,
potato, chickpea, and rapeseed mustard and temperatures during this season are not
too high.Nevertheless, terminal temperature andmoisture stressmay adversely affect
mungbean during its reproductive phase, leading to flower drop, less number of pods,
shriveled, and hard seeds. Spring mungbean is becoming common in India and there
has been tremendous increase in area and productivity in Spring/Summer mungbean
in India during the last decade (Gupta and Pratap 2016) and in other parts of Asia
(Ali and Kumar 2004).

5.10 Perspectives

Mungbean is a quantitative short-day and warm season plant. However, it is grown
across several environments and climatic conditions and accordingly, the breeding
efforts have been directed towards the development of varieties suitable to specific
niches. In the past two decades, several achievements have been made towards the
development of input responsive, high yielding, biotic and abiotic stress resistant,
and short-duration varieties in mungbean. The biggest achievement has been made
towards reducing the crop duration from 100–120 to 55–65 days which has made it
possible to cultivate mungbean in several niches including rice fallows. The reduced
duration has made mungbean a suitable candidate to grow as a catch crop during
spring/summer season and also as a noncompeting intercrop in cash crops like sug-
arcane. Development of photo-thermo period-insensitive varieties like Shikha and
IPM 2-3 ensured that a few promising varieties could be cultivated over large area
without a need to change the varieties in different seasons. Likewise, synchronous
maturity in modern-day varieties such as Samrat, Virat, IPM 2-3, HUM 1, HUM
12, MH 421, Pant Mung 5, Pusa Vishal, etc. made it possible to harvest the crop in
a single go, thereby saving time and money involved in multiple pickings and also
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reduce the drudgery involved. The impact of such varieties has also been realized
well in production as well as productivity of mungbean which showed a significant
increase despite a reduction in its area. Simultaneously remarkable progress was also
made in collection, evaluation, characterization, and documentation of germplasm
Wild Vigna accessions were also collected and evaluated to great extent. There have
also been remarkable success stories in transferring alleles from wild Vigna relatives
to cultivated mungbean backgrounds and a few cultivars have been developed.

However, there are still a few gray areas which need attention, especially while
developing a widely adaptable mungbean cultivar which may also suite to changing
climates. Terminal heat stress is the major problem in spring/summer mungbean.
While shortening crop duration is one of the strategies adopted to escape terminal
heat stress, the crop length cannot be further shortened as it will lead to yield penalty.
Therefore, developing heat-tolerant genotypes will help in mitigating the effects of
high temperature. Breeding short-duration (52–55 days) varieties for spring/summer
season with minimum yield penalty, longer duration genotypes (65–75 days) for
Kharif season, and varietieswith high initial growth vigor for rice fallowwill promote
this crop in new areas (Singh et al. 2017). Waterlogging at the early growth stage and
preharvest sprouting at the time of maturity are the major limitations in Kharif grown
mungbean. Soil salinity poses a significant threat in northern and western parts of
India. The problem of storage pest, buchid, still remains largely untouched. A major
thrust is required on incorporation of preharvest sprouting and bruchid resistance,
pyramiding of genes for resistance to major insect pests (thrips, jassids and pod
borer) and diseases (MYMV, powdery mildew and Cercospora leaf spot) for which
resistance levels are not very high in cultivated germplasm. A number of cultivars
have been developed which are resistant to yellow mosaic disease in recent past.
However, its vector, whitefly (Bemisia tabaci) is considerably affected by prevailing
environmental conditions. Natural transmission of YMD happens through whitefly,
however, it can also be transmitted in the plants through Agrobacterium-mediated
infectious clones. Temporal and spatial variations in reactions of mungbean cultivars
to YMD are of common knowledge. This type of behavior of the cultivars may be
attributed to one or more factors including mixed infection of the viruses, changing
virus population, influence of weather, mixing of seeds of two or more cultivars, etc.
Most of the resistant genotypes available so far have not been screened specifically
against identified viruses and hence they may react differently against each or in
combination of viruses.Meager information is available on gene/s expression pattern
in YMD susceptible/resistant mungbean cultivars. Keeping in view the gap in the
existing knowledge, there is a strong need to map yellow mosaic disease causing
viruses in mungbean production hot spots, identify the host factors suppressing the
virusmultiplication, and ultimately silence the viruses causing yellowmosaic disease
through genome editing.

The application of molecular marker technology for exploitation of favorable
alleles in the wild Vigna relatives will provide an excellent opportunity for advances
in mungbean improvement. Cost-effective, polymorphic, and reproducible mark-
ers such as SSRs, SNPs, etc., are available in plenty in mungbean now and can be
deployed towards the development of improved cultivars employing marker-assisted
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breeding approaches. Establishing marker-trait association will enable the scientists
to manipulate abiotic and biotic stresses constraining crop productivity. Simultane-
ously, high-throughput sequencing will accelerate the development of new genomic
resources. These will together be useful in developing climate smart cultivars of
mungbean.
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Abstract Pea (Pisum sativum L.), a diploid (2n = 2x = 14) annual cool-season
legume crop adapted to a wide range of climates and altitudes, plays a very impor-
tant role for sustainable agriculture as rotation and cash crops for food, vegetable,
fodder, manure, etc. The genome size of a pea is estimated at 4.45 Gb comprising
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large amount of repetitive sequences with high complexity, so that the complete
reference genome sequence of pea has not been published yet, which hindered the
development of genome-assisted breeding in pea. This chapter discussed the chal-
lenges, priorities, and prospects of pea as climate-smart (CS) crop, in food, nutrition,
energy, and environment security, effects on global warming and climate change to
the industry and breeding of pea. For details, studies on CS agronomic traits of peas
like flowering time, root characters, nutrient-use efficiency, water use efficiency, car-
bon and nitrogen sequestration, greenhouse gas emission, genome plasticity, as well
as specific traits for vegetable purposes,were reviewed;CS stress tolerance/resistance
traits studies of peas, like cold tolerance, drought tolerance, salinity tolerance, dis-
ease resistance, insect resistance were also reviewed. Pea-hosted biological nitrogen
fixation (BNF) and soil resources, rhizobium for nodulation, characterization for
rhizobium, interaction between pea and its anchored rhizobium, interaction between
rhizobium and soil, optimized operation for rhizobium fertilization were illustrated.
Utilizations of primary gene pool, secondary gene pool, tertiary gene pool, artificially
induced/incorporated traits/genes in CS pea genetic development were reviewed. Of
CS pea studies, classical mapping efforts, classical breeding achievements (yield,
quality, stress resistance, etc.), limitations of traditional breeding and rationale for
molecular breeding, genetic diversity analysis of Pisum genus using various means,
such as associationmapping studies between important traits andmarkers, molecular
mapping of CS genes and QTLs, marker-assisted breeding for CS traits, genomic-
aided breeding for CS traits, were all reviewed. Social, political, and regulatory
issues concerning CS peas, for concerns and compliances, patent and IPR issues,
disclosure of sources of GRs, access and benefit sharing, famers’ rights, traditional
knowledge, treaties and conventions, participatory breeding, in China and elsewhere
were discussed. Peas, especially green pea production dramatically expanded and
became increasingly important from the beginning of this century. Achievements on
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pea studies will lead to genomics, phenomics, and genome editing exploration to
assist CS pea breeding purpose in the future.

Keywords Pea (Pisum sativum L.) · Genetic resources · Agronomic traits ·
Tolerance/resistance · Biological nitrogen fixation (BNF) · Genomics · Breeding

6.1 Introduction

Pea (Pisum sativum L.) is a diploid (2n = 2x = 14) annual cool-season food legume
crop with an estimated genome size of about 4.45 Gb (Doležel et al. 1998; Doležel
and Greilhuber 2010; Smýkal et al. 2012; Praça-Fontes et al. 2014). In addition, the
genome of pea is comprised of a large amount of repetitive sequences ranging from
50 to 97% (Flavell et al. 1974; Murray et al. 1981; Macas et al. 2007; Novák et al.
2010; Smýkal et al. 2012). Due to the complexity of the pea genome mentioned
above, the complete reference genome sequence of pea has not been published yet,
which hindered the development of genome-assisted breeding in pea.

Adapted to a wide range of climates and altitudes, accessions of pea have been
collected and maintained within several major well-characterized collections world-
wide. These include but are not limited to collections held at National Genebank of
CAAS (NGC), China; John Innes Centre (JIC), UK;Nordic Gene Bank (NGB), Swe-
den; United States Department of Agriculture (USDA), USA; International Center
for Agricultural Research in the Dry Areas (ICARDA), Syria; and Vavilov Institute,
Russia (Zong et al. 2009a, b). Archaeological evidence shows that pea appeared in
the near east and Middle East about 10,000 years ago, and was domesticated by
farmers in Neolithic era and is one of the earliest domesticated crops (Zohary and
Hopf 1973; Smýkal et al. 2011, 2015). Pea is rich in various nutrients, and is as an
important cash crop for food, vegetable and forage, which are cultivated worldwide
(Smýkal et al. 2012; Tayeh et al. 2015a).

Due to the climate change and extreme climatic events as well as the evergrowing
world population, crop adaptation to variable environments in production must be
enhanced in combination with crop productivity increasing at a much greater rate
(Godfray et al. 2010; Lobell et al. 2011; Bevan et al. 2017). To ensure and support
the sustainability and food security, genetic improvements in crop performance and
climate-smart (CS) traits are crucial for increasing crop productivity via marker-
assisted breeding (Collard and Mackill 2008; Tilman et al. 2011; Lipper et al. 2014;
Bevan et al. 2017).

According to FAO statistical database (FAOSTAT 2018), in 2016, the yield of
both dry peas and fresh peas ranked second only to that of common beans. As
we all know, pulses are important crops to support food and nutritional security
worldwide, which play an important role not only in crop diversification but also
in soil improvement by means of symbiotic nitrogen fixation (Cutforth et al. 2007;
Pathak et al. 2017). Owing to its association with nitrogen-fixing bacteria, pea is a
valuable component for low-input cropping systems. The biological nitrogen fixation
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capacity of pea ensures the sustainable development in ecological and cropping
systems, and can effectively improve soil fertility and structure, at the same time,
pea can also reduce diseases and pests through rotations with other nonlegume crops
(Macwilliam et al. 2014; Tayeh et al. 2015a). In addition to the important economic
value and ecological advantage, pea also has important theoretical research value.
Since Mendel’s discovery of the laws of heredity, pea has been widely used by
geneticists as a model plant for hybridization experiments (Ellis et al. 2011; Reid
and Ross 2011).

6.2 Challenges, Priorities and Prospects of Pea Industry
and Breeding

As a cool-season legume crop, pea (Pisum sativum L.) has successfully colonized
many areas of the planet due to its adaptability to grow in a wide range of condi-
tions from spring growing areas to winter growing areas. The ancient humans have
exploited in domestication of this species probably due to its successful symbiotic
relationship with soil-borne Rhizobium bacteria that allow the plants to produce their
own nitrogen nutrition, thereby extending the range of its growing habitats to soils of
infertility. The dry and fresh seeds of pea contain high level of proteins with high food
value, although this was not understood by the early cultivators of this species. The
most significant historical hybridization efforts on pea was carried out by Mendel
(1866), and his work was overlooked by researches for long period of time until it
was rediscovered by several scientists (Bateson 1901; Druery and Bateson 1901),
and this could be through the initiative of pea breeding in the world. Since then,
the priorities of traditional pea breeding were earliness, standing ability at harvest,
resistance to downy mildew, hundred-seed weight, protein content, which mainly
aimed at high yield potential of varieties for white peas, large blue peas, maple peas,
and marrowfat peas (Anthony 2017).

6.2.1 Food, Nutrition, Energy, and Environment Security

Pea has comprehensive and balanced nutrition (Table 6.1). Pea seeds are composed
of seed coat, cotyledon, and embryo. Among them, protein, fat, carbohydrate, and
mineral nutrients contained in cotyledon of dry pea accounted for 96%, 90%, 77%
and 89% of the total amount of these nutrients in seeds, respectively (Zong 2002).
Although the embryo is rich in protein and mineral elements, the seed coat contains
most of the undigestible carbohydrates of the seeds, including high levels of calcium
and phosphorus (Zong 2002).

Albumin, globulin, and gluten accounted for 21%, 66%, and 2%, respectively, in
dry pea seeds (Zong2002). In the amino acid composition of pea protein, sulfur amino
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Table 6.1 Nutritional
composition of pea (per
100 g)

Items Dry pea Fresh
seeds

Snap and snow
peas (green
pods)

Water (g) 8.0–14.4 55.0–78.3 83.3

Protein (g) 20.0–24.0 4.4–11.6 3.4

Lipid (g) 1.6–2.7 0.1–0.7 0.2

Carbohydrate
(g)

55.5–60.6 12.0–29.8 12.0

Crude fiber (g) 4.5–8.4 1.3–3.5 1.2

Ash (g) 2.0–3.2 0.8–1.3 1.1

Quantity of
heat (kcal)

322–347 80–161 53.0

acid is the first limiting amino acid (Table 6.2), although it is more abundant than
that in other food legumes. Pea protein contains more sulfur amino acids, including
tryptophan, lysine, threonine, and methionine. However, its arginine, leucine, and
phenylalanine were less abundant than globulin (Zong 2002).

It is reported that biological value (BV) of pea protein is 48–64%, and the efficacy
ratio (PER) is 0.6–1.2, higher than that of soybean but lower than that of corn,
rice, wheat, and peanut (Table 6.3). The reason why the nutritional value of pea
protein cannot be fully exerted is its poor digestibility, the deficiency of sulfur-
containing amino acids and the anti-nutritive substances (Zong 2002). The lack of
sulfur-containing amino acids is the main reason for the low price of pea protein
(Zong 2002). The addition of methionine to pea food can significantly increase the
biological value of protein. Experiments have shown that albumin in pea protein is
the most nutrient-rich relative to globulin and gluten because of the relatively high

Table 6.2 Essential amino acid content in pea protein (g/16 gN)

Amino acid
composition

Results of analysis WHO/FAO standard Success rate (%)

1 2 3 Mean

Lysine 7.0 8.9 7.2 7.7 5.5 140.0

Threonine 3.8 4.2 3.7 3.9 4.0 97.0

Valine 4.8 6.5 4.8 5.4 5.0 108.0

Leucine 6.9 9.5 7.2 7.9 7.0 112.8

Isoleucine 4.5 7.4 4.0 5.3 4.0 132.5

Tryptophan 1.0 0.7 1.0 0.9 1.0 90.0

Methionine plus
Cystine

0.8 1.3 2.0 1.4 3.5 40.0

Phenylalanine plus
Tyrosine

4.5 4.6 7.6 5.6 6.0 93.3
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Table 6.3 Nutritional quality
of protein in pea and other
common grains

Crops Total
protein/food
caloric

Protein net
utilization (%)

Available
protein content
(%)

Corn 0.110 43 4.7

Rice 0.090 54 4.9

Wheat 0.134 44 5.9

Peanut 0.163 39 6.4

Soybean 0.390 22 8.6

Pea 0.230 34 8.6

Table 6.4 Carbohydrates in
pea seeds (%)

Composition Round (smooth) peas Wrinkled peas

Total sugar 5.3–8.7 10.2–15.1

Sucrose 2.3–2.4 2.3–4.2

Cottonseed sugar 0.3–0.9 10.2–1.6

Stachyose 2.2–2.9 2.9–5.5

Verbascose 1.7–3.2 2.2–4.2

Starch 36.9–48.6 24.0–36.6

Cellulose 0.9–4.9 1.2–4.2

Hemicellulose 1.0–5.1 0.9–6.6

Lignin 0.5–0.9 0.3–1.0

Total
carbohydrate

44.6–68.2 36.6–63.5

level of sulfur-containing amino acids. Pea protein contains more lysine and is a
good raw material for lysine extraction (Zong 2002).

Dry pea seeds contain about 60% carbohydrate, which includes starch, sugar, and
coarse fiber. It also contains about 2% fat (Zong 2002). The sucrose content in round
dry pea seeds was about 2.4%, accounting for 22–25% of the total sugar content
(Zong 2002). The sugar content of crumpled peas was higher than that of round peas
(with smooth seed coat) (Table 6.4). Dry pea seeds contain about 24–49% starch.
Wrinkled peas have a relatively low starch content, while round peas have a relatively
high starch content (Zong 2002). Generally speaking, amylose is the main starch in
corrugated peas, while amylopectin is the main starch in rounded peas (Zong 2002).
Pea starch diameter is generally about 40 microns (Zong 2002).

Crumpled peas had more hemicellulose and rounded peas had less (Zong 2002).
The crude fiber of pea was mainly concentrated in seed coat, which accounted for
8.22% of seed weight, and contained 55.2% cellulose and 23.1% hemicellulose in
the whole seed (Table 6.4). Crude fiber cannot be digested by human intestines and
stomach, it is considered to be the least important component in dietary composition
consequently, cellulose among them is digested hardest and the use that still can
affect other nutrition especially protein (Zong 2002). However, in the diet of western
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Table 6.5 Vitamins and
minerals in dry pea seeds,
green pea seeds and
pod-eating pea pods
(mg/100 g)

Nutrients Dry pea Fresh
seeds

Snap and snow peas
(green pods)

Vitamin
B1

0.68–1.27 0.11–0.54 0.31

Vitamin
B2

0.19–0.36 0.04–0.31 0.15

Nick acid 2.0–4.0 0.17–3.1 2.5

Folic acid 7.5

Choline 235.0

Vitamin C 4.0–9.0 9–38 25

Carotene 3.2–37.4 0.15–0.33 0.3

Vitamin PP 0.04–0.55

Calcium 68–118 13–63 20

Phosphorus 307–471 71–127 80

Iron 4.4–8.3 0.8–1.9 1.5

developed countries, the importance of dietary fiber has been recognized in recent
years because it can stimulate gastrointestinal motility (Zong 2002).

According to the analysis, the fat content in pea seeds is 1.1–2.8%, most of which
exists in the state of oil. The fat content in seed coat was very little, and the fat
content in cotyledons accounted for about 90% of the whole seed fat content (Zong
2002). The fat content in embryo is very high, but it is limited because of its small
amount. Higher fat content is often associated with crumpled grain characteristics.
Research shows that 60% of the fatty acids in pea seeds are unsaturated fatty acids
(Zong 2002).

Dry pea seeds are rich in vitamins B1, B2, and niacin (Zong 2002). There is a
big difference between different test results. In addition to genetic and growth envi-
ronmental conditions and other factors, the operation of the test has a considerable
impact on the final test results, such as the heating process, air oxidation, filtration
loss and so on can destroy or lose part of the vitamin (Zong 2002). The total content
of mineral elements in dry pea seeds is about 2.5%, which is a high-quality mineral
nutrient source of potassium, iron, and phosphorus (Table 6.5). The edible part of
green pea was up to 100%, and the edible part of the tender pod was 90–95%. Green
pea and pod pea pods are not only rich in protein, carbohydrate, fat and other nutri-
ents‚ but also rich in vitamins and mineral nutrients, and is a high-quality vegetable.
Green peas and pod peas are rich in vitamin C, so they can effectively prevent gum
bleeding, and can prevent colds (Zong 2002).

In addition to rich nutrients, pea also contains trypsin inhibitors, inositol hexaphos-
phate, plant thrombin, saponin, and other anti-nutrition solids, although the content
is very small, the digestion and absorption of pea nutrition has a certain negative
effect. Pea food processing can destroy most of the harmful ingredients and improve
the nutritional value of pea (Zong 2002). In Chinese medicine, pea tasted a little bit
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sweet and has efficacy of antifebrile poison. Fresh pea juice drink can treat diabetes.
Pea grinds besmeared the attacked skin surface of patient, the carbuncle swollen and
haemorrhoids can be treated (Zong 2002).

The potential of biological nitrogen fixation (BNF) of peas can reduce the usage
of fossil energy. The available manure N is taken into account in the future, com-
bined with BNF, which can make sustainable use of arable land. Biological nitrogen
fixation can be increased greatly in agriculture. Intensive use of peas in crop rota-
tions could reduce the use of fertilizer N by 60% compared to current practices in
China. It would reduce the usage of fossil energy, taking into account the energy use
of machines. Nonlegumes can be replaced with legumes like peas in various ways,
which would mean a 60–110 kg/ha decrease in the use of inorganic N compared to
cultivation of cereals (Kankanen 2015). Furthermore, knowledge concerning legume
crops which are able to replace fertilizer N for the following crops in different crop-
ping situations. N fertilization replacement value of the legume crop is estimated
20–30 20 kg ha−1, as the amount of chemical fertilizer that could be reduced after
growth of legumes, without a reduction in the optimal growth of the subsequent
nonlegume crop (Kankanen 2015). In Europe, the production of ammonia (NH3) of
which N fertilizers are almost entirely manufactured, consumes on an average 35.2
GJ t−1 of fossil energy per ton. However, the calculations were based on average 31.8
GJ t−1 of NH3 which is the value for the most effective techniques in current fac-
tories (Kankanen 2015). Based on this, the total energy consumption of fertilizer N
production and transportation is about 39 GJ t−1. Big amount of energy will be saved
when rotations involved pea and other legume crops for sustainable agriculture.

6.2.2 Effects on Global Warming and Climate Change

In recent years, traditional farming patterns have been hit by global climate anoma-
lies. In order to better adapt to the changeable climate, we carried out the research on
pea winter frost resistance. On the one hand, when low-temperature freezing damage
weather occurs in southern winter (for example, in early 2008 and early 2012), tra-
ditional winter sowing peas will suffer from freezing damage, and there is a problem
of “safe wintering”. By selecting winter-hardy materials and locating winter-hardy
genes for winter-hardy breeding of pea, farmers’ loss of freezing damage can be
reduced. On the other hand, warm winter weather appears in some winter years in
northern China (such as early 2001 and early 2007), and the winter pea planting
areas in China show a trend of gradual northward movement, that is, “northward
movement of winter peas” will have a decisive impact on the development of pea
production. “North winter peas” development is the core content of pea winter-hardy
genes for winter-hardy breeding, winter planting area of pea expanded from latitude
33.5° to latitude 37.5°, which can cover the areas such as shandong, hebei, and tian-
jin, with full use of light, height, water, and soil resources under fruit trees or winter
fallow field. So, winter-hardy pea varieties will greatly increase farmers’ income.
In order to better cooperate with the breeding and cultivation techniques of “safe
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overwintering” and “northward migration of winter peas”, it is necessary to select
winter-hardy materials from pea genetic resources for further study on development
of winter-hardy pea varieties. For such kind of reasons, researches on the mechanism
of cold tolerance were conducted.

According to the research experience of other cool-season legumes, such as chick-
peas (Srinivasan et al. 1998; Toker 2005), studies on low-temperature stress of peas
can be started from two growth stages: vegetative stage and flowering and podding
stage. Five years ago, the frost damage in flowering and pod bearing stage of peas
is the only case that has been studied. France launched a winter pea breeding pro-
gram aiming at frost resistance. They tried to link the freeze resistance ability with
the flowering period and found that there was a linear relationship between flower-
ing period starting date and temperature (Lejeune-Hénaut et al. 1999). At the same
time, Lejeune-Hénaut and others found a late-flowering geneHr that was responsible
for the coseparation with a frost resistance quantitative trait locus (QTL) (Lejeune-
Hénaut et al. 2004). The results suggest that late-blooming peasmay bemore resistant
to freezing. However, Eujayl et al. identified a similar antifreeze related gene in lentils
and found that Hr gene and antifreeze related gene were 9.1 cM apart by random
amplified polymorphic DNA (RAPD) molecular marker (Eujayl et al. 1999). Many
other scientists study cold domestication of peas from the perspective of cold physi-
ology. Cold acclimation is closely related to temperature, sowing time, light intensity,
and pea type. It is believed that pea domestication needs at least 2 °C cold treatment
for 2 days, and arabidopsis at least needs 4 °C processing for 2 days (Weiser et al.
1990). Bourion and others found that sowing time associatedwith yield of peas, as the
yield of autumn sowing peas is higher andmore stable than that of spring sowing peas.
Cold acclimation temperature above 0 °C for cold resistance can obviously increase
the tolerant ability to cold temperature in winter. Winter growing forage and grain
types of peas have better cold acclimation effect than that of spring type; the domes-
tication effect was significantly different under different light conditions; at low light
intensity, there was little difference in domestication effect between different types of
peas (Bourion et al. 2003). Voican et al. determined the injury index of freezing injury
to cell membrane, which was used to distinguish different pea varieties (Voican et al.
1995). Through cold domestication, the photosynthetic rate of pea was slowed down,
resulting in short plant size, reduced tissue water content and significantly increased
soluble substances (Margesin et al. 2007). Bourion et al. found that there was a close
relationship between the sugar content in leaves and frost resistance (Bourion et al.
2003). Exogenous glycine, glycine betaine, proline can protect the light system II of
peas from injury (Busheva and Apostolova 1997), and exogenous ABA can increase
the frost tolerance of peas (Welbaum et al. 1997). Dumont et al. measured the sugar
content, cell membrane electrolyte leakage, osmotic pressure, and RuBisCO activity
of Champagne x Terese and its subpopulation containing only Hr sites, compared
and analyzed the detected QTL with protein quantitative loci (PQL), and found that
cottonseed sugar and RuBisCO activity played a major role in cold acclimation of
pea (Dumont et al. 2009).

Pea, as a cold season legume crop, has a certain degree of cold resistance, but
the ordinary varieties are not strong in winter hardy ability, which requires careful
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screening and repeated tests to select varietieswith superiorwinter tolerance (Weight-
man 2005; Stoddard et al. 2006). Pea can tolerate frost at the vegetative stage but
experiences yield loss when freezing stress occurs at the reproductive stage. Cold
tolerance improvement of pea varieties is important for stable yield and expansion
of the winter pea planting area. Under natural low-temperature conditions during
winter in Qingdao, Shandong, China, we evaluated the cold tolerance of 3,672 pea
germplasm accessions in the field and categorized them as displaying high resistance
(214),moderate resistance (835), or susceptibility (2,623). Thehighly andmoderately
resistant genotypes were validated in the following year. We found that genotypes
from the winter production region showed higher cold tolerance than genotypes from
the spring production region. The accessions identified as having high levels of cold
tolerance are recommended as potential genetic resources in cold tolerance breeding
of pea (Zhang et al. 2016).

Frost stress is one of the major abiotic stresses causing seedling death and yield
reduction in winter pea. To improve the frost tolerance of pea, field evaluation of frost
tolerance was conducted on 672 diverse pea accessions that selected from the high
resistance and moderate resistance accessions we identified before, at three locations
in Northern China in three growing seasons from 2013 to 2016 and marker-trait
association analysis of frost tolerance were performed with 267 informative simple
sequence repeat (SSR) markers in this study. Sixteen accessions were identified as
the most winter-hardy for their ability to survive in all nine field experiments with a
mean survival rate of 0.57, ranging from 0.41 to 0.75. Population structure analysis
revealed a structured population of two subpopulations plus some admixtures in
the 672 accessions. Association analysis detected seven markers that repeatedly had
associations with frost tolerance in at least two different environments with two
different statistical models. One of the markers is the functional marker EST1109
(expressed sequence tag 1109) on linkage group (LG) VI which was predicted to
colocalize with a gene involved in the metabolism of glycoproteins in response to
chilling stress and may provide a novel mechanism of frost tolerance in pea. These
winter-hardy germplasms and frost tolerance associatedmarkers will play a vital role
in marker-assisted breeding for winter-hardy pea cultivar (Liu et al. 2017).

In the winter of 2017/2018, we screened and identified another 2,887 new acces-
sions of peas at an experimental station (35°0′14′′N, 117°24′51′′E, 137 m altitude)
in the south boundary of Shandong province. Two hundred forty-six pea resources
with high resistance (survival rate >80%) were obtained, and it was proved that
the above genetic resources could be normally matured before May 30. Millet vari-
eties were sown in June and harvested normally at the beginning of October, which
proved that there was no problem in the connection of seasons and time between
overwintering peas and summer millet. On this basis, the rotation systems of “pea
(winter and spring)-millet (summer and autumn)” and “pea (spring)-millet (summer
and autumn)” were designed and are verifying in the winter of 2018/2019. Once the
above innovation mode is verified successfully, on the basis of further improving and
optimizing the supporting cultivation technology, a sustainable “double reduction”
(reduction of fertilizer and farm chemical) and high-efficient large-scale sustainable
cropping system will be demonstrated to support the healthy and sustainable devel-
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opment of peas and millet industry. This model is complementary to the existing
“wheat (winter and spring)–soybean (summer and autumn)” rotation model and is
conducive to solve the major problems of the combination of arable land use and
cultivation and the sustainable development of crop industry. And our innovation
for “pea (winter and spring)–millet (summer and autumn)” and “pea (spring)–millet
(summer and autumn)” rotation systems allow dry pea, fresh pea, and fresh pods
production, and add high value to the local farmers for peas and millet production,
for increasing farmers’ income and poverty reduction for great significance.

6.2.3 Constrains and Prospects of Pea Breeding

As a food source, peas are well accepted for animal nutrition and for human food
with relatively little processing of the raw ingredient necessary in a wide variety
of cases in human nutrition. Peas and other pulses have been shown to have an
important role in preventing illnesses such as cancer, heart disease, and diabetes.
Peas contain a higher level of protein than cereals and high levels of both soluble
and non-soluble fiber with a low glycaemic index. In developing countries, peas are
an important source of vegetable proteins and constitute the main source of protein
for most populations. As a crop, the role of peas in farm rotation has become even
more important as the pressure to reduce the use of chemical fertilizers and pesticides
and becomes greater in many areas of the developed and developing world. Their
value as a non-cereal crop grown in rotation to reduce the risk of soil-borne diseases
and weeds and the non-reliance on the use of chemical nitrogen fertilizer is a major
advantage. It has nowbeen established that growing legumes, like peas, has an overall
effect on reducing greenhouse gas emissions over the whole farming system, as the
production of nitrous oxide is much lower in the absence of the requirement for
nitrogen fertilizer (Jeuffroy et al. 2013).

Constraints in pea breeding and production due to a range of agro-limitations, like
yield plateauing and susceptibility to pests and diseases, will affect the development
of peas industry. Therefore, in peas breeding, several factors should be taken into
consideration, including varietal performance, yield, quality, resistance to pests and
diseases, pesticide availability, cold tolerance, drought tolerance, demand for human
food and vegetables, demand for animal feed, climate change, cropping systems, food
use and processing development, and breeding technologies. Considering the coming
needs for pea industry in the world, the future breeding objectives of peas should
be described as winter hardy, heat tolerance, herbicide resistance, high yield, better
digest quality, suitable for small-scalemachine sowing andmachine harvesting, BNF
(biotic nitrogen fixation) efficiency, high photosynthetic efficiency, better flavor and
palatability, dual usage both for dry peas and green (fresh) peas, dual usage for forage
grass and for green pods, as well as for market price. The role of biotechnology
in pea breeding can also be applied through maker assistant selection in breeding
programs. This relies on breakthrough in-depth studies on pea genetic resources,
high-density SSR/SNP-based genetic linkage map construction and important traits
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QTLs analysis. There are many research programs in progress that are aiming at
overcoming the main constraints to pea production both in the developed and in
the developing countries of the world. All are aiming primarily at extending the
yield and increasing the quality of the harvested products through plant breeding
and agronomic management and at extending the demand through innovation for
food to meet the growing human population, increasing human health and reducing
the dependence on non-sustainable commodities, as well as food for animal and fish
production. In addition, work is ongoing to exploit peas as a source of pharmaceutical
and nutraceutical products.

Peas have been an important part of the human diet for thousands of years. Despite
the fact that they provide a healthy and sustainable source of protein‚ there has been
only a slight increase in production worldwide, unlike other major crops such as
cereals, rice, maize, and soya, which have had increases of production of 200–800%
over the past 50 years. Future crops must be developed to provide varieties that are
adaptable to a wide range of growing conditions, able to withstand periods of high or
low soil moisture availability as well as cold or high temperature, must be resistant to
commonly found pests and diseases and reduce the risk of variability of production
from year to year. Consumption has been declining slowly in both developing and
developed countries as demand for meat and dairy products grow. However, such
an increase in animal and dairy products as well as a rising demand in farmed fish
is putting a strain on the more traditional sources of plant protein, namely, soya.
The role of peas as a soya substitute is beginning to increase and recent work in the
developed nations has shown the value of peas as soya replacement in rations for
pigs, poultry, fish, and ruminants (Anthony 2017).

This demand is already encouraging a growth in international trade large dry pea
producers such as Canada are supplying product to China, India, and the Far East
at increasing levels. This trend is continuing and a country such as China which
was self-sufficient in dry peas is now a net importer as both the amount and price
of peas continue to rise (FAO 2018). The future for peas as adaptable, sustainable,
environmentally friendly andwith high production potential, togetherwith increasing
demand, is positive.

6.3 Prioritizing Climate-Smart (CS) Agronomic Traits

6.3.1 Flowering Time

Pea is a valuable food capable of meeting the global dietary needs of proteins, vita-
mins, minerals, and carbohydrates. In recent years, its nutritional and health value
is accepted by more and more consumers and producers (FAOSTAT http://faostat3.
fao.org). Among agronomic traits, the flowering time has drawn the attention of
researchers. Stipules are lateral organs of angiospermic plants formed on nodes. The
stipule can perform photosynthesis and provide protection to leaf and branch-bud and

http://faostat3.fao.org
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inflorescence in the axil of leaf. In recent studies in Pisum sativum, stipules are found
to contribute to 30% of plant’s photosynthesis (Kumar et al. 2011a, b). Furthermore,
stipules associated inflorescence in the axil of leaf and leaf are found to determine the
flowering time, and presence of stipules maintains pods and maximizes the harvest
index (Sharma and Kumar 2012). Moreover, the timing of flowering, in particular the
degree to which it is responsive to the environment, is a key factor in the adaptation
of pea to various ecogeographic locations and agricultural practices. The genes and
regulators controlled the transition to flower have been identified in pea (e.g., Weller
et al. 2009). Three genes were well described their effects on flowering time in pea:
HIGH RESPONSE TO PHOTOPERIOD (HR, Weller et al. 2012), LATE FLOW-
ERING (LF, Foucher et al. 2003) and STERILE NODES (SN, Liew et al. 2014). The
HR and SN act in the leaf, while LF acts in the shoot apex in the flowering model. At
the HR locus, the dominant HR allele is known to make long day (LD) a requirement
for flowering. In spring, during short day (SD) conditions, hr allows early flowering
(Weller et al. 2009). The mechanism of HR control of flowering is through HR inter-
action with the circadian clock gene SN (Weller et al. 2012). SN is the pea ortholog
of the LUX ARRHYTHMO (LUX) transcription factor in Arabidopsis (Liew et al.
2014). Under SD, SN has been shown to influence flowering time in pea through
mutations accelerating the transition to flowering (Liew et al. 2014; Murfet 1971).
LF was the first pea flowering time locus to be identified at the molecular level, it
produces a TFL1 homologue that regulates transcription factor activity in the shoot
apex and its expression is strongly correlated with flowering time (Foucher et al.
2003). Furthermore, these three genes produce complex flowering time adaption in
Swedish landrace pea and links genetic diversity of the three genes and growing
season at the site of origin (GSO) and are less clear-cut (Vanhala et al. 2016). Thus,
genes and regulators related to vernalization and photoperiod are affecting flowering
time. Further, three flowering loci, namely, SN, DNE (Day neutral), and HR was
reported controlling multi-flowering trait (Murfet 1990), which along with LF allele
determines the actual floral node number in pea. Murfet (1985) suggested these four
genes (SN, DNE, HR, and LF) were related with late flowering in pea. This indicated
the assumption that multi-flowering genes are very tightly linked with late-flowering
genes may be truly associated. Based on genetic analysis and field investigation,
conversion of multi-flowers per peduncle to multi-pods per peduncle is linked with
genotypes, peduncle diameter (thick), and temperature (around 20 °C) (Devi et al.
2018). Therefore, genotypic background and pea-growing locations are also known
to cause variations in the flowering time.

6.3.2 Root Characters

Plant roots are crucial for water and nutrient and probiotics supply, as well as for
pathogen resistance. Pea root characters, i.e., root length, number of lateral roots, and
root biomass, have been reported to be controlled under polygenic factors. A large
root system (larger number of roots and longer roots) in pea varieties were proved to
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be less susceptible to Aphanomyces euteiches and Fusarium solani (Desgroux et al.
2018;Kraft andBoge2001). Thediversity of genetic determinants of root architecture
in pea natural variability and a recombinant inbred line (RIL) population was studied
using comparative genome-wide-association mapping (Desgroux et al. 2018) and a
QTL approach (Bourion et al. 2010). Eleven of the LA-QTL were detected and
confirmed to control pea root character (Bourion et al. 2010; Desgroux et al. 2018).
One significant locus, mapped to the major QTL Ae-Ps7.6, was associated with both
root character and resistance to Aphanomyces euteiches. In pea, three SNP markers
associated with pleiotropic effects on root character variation were designed either
in the sequence or in the same genomic block as three cloned pea genes, i.e., Le,
which encodes gibberellin 3b-hydroxylase and controls internode length, PsTFL1a
(= DET ) and PsTFL1b both involved in flowering regulation (Weeden and Moffet
2002; Bourion et al. 2010; Desgroux et al. 2018). This indicated the growth potential
of roots could also have been affected by accelerated flowering traits. For example,
PsTFL1a is expressed in roots regardless of the developmental stage and PsTFL1b
is expressed in roots during both vegetative and reproductive stages, but PsTFL1a,
known to induce a reduction in the flowering period, is expressed in the shoot apex
only after the transition to flowering, andPsTFL1bwas never found to be expressed in
flowers (Foucher et al. 2003). These genetic loci associated with both root character
and resistance would be useful for breeding pea types limiting disease development.

6.3.3 Nutrient-Use Efficiency

Pea is grown in many countries and provides important vegetable proteins. As a
grain legume, peas are capable of fixing the vast majority of their own N through
biological nitrogen fixation (BNF). Nitrogen from BNF in agriculture can make a
major contribution to sustainable agriculture, such as soil fertility restoration and
cereal rotation to minimize low quantities of organic and inorganic sources of soils.
Over 80% of nitrogen in pea plants was contributed by BNF, and 25 kg ha−1 of
nitrogen on average to the soil system was added by BNF (Ruisi et al. 2012). In
northwestern China, pea–maize intercropping system is popularized (Chai et al.
2013). This system can enhance agronomic productivity, atmospheric N2 fixation,
and reduce carbon emission (Chai et al. 2013; Hu et al. 2017). In this cropping
system, pea is more competitive than maize (Hu et al. 2016), indicating the potential
for increased N remobilization to grains. Phosphorus (P), an important constituent of
protein and phospholipids, is another key nutrient for increasing productivity of peas
(Rani et al. 2016). Sulfur (S) is essential for synthesis of proteins, vitamins, and sulfur
containing essential amino acids and is also associated with nitrogen metabolism
(Kumar 2011). Kumar (2011) performed a pea field experiment at four levels of P2O5

(0, 20, 40, and 60 kg/ha) and three levels of sulfur (0, 20, and 40 kg/ha), respectively.
As expected, the highest mature green pod yield (73.83 q/ha) was obtained from the
application of 60 kg P2O5. Similarly, the highest mature green pod yield (66.51 q/ha)
was obtained from the application of 40 kg S. This indicated that yield attributing
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traits and yield of pea were improved by the application of phosphorus and sulfur.
Furthermore, a pot experiment suggested peas had maximum uptake of N, P, and S
when the nutrients were combined application of Co, B, and Mo or sole application
of Co (Singh et al. 2015a, b). Thus, nutrients uptake of P and S by pea would be
more efficient when combined with use of micronutrients.

6.3.4 Water Use Efficiency

Producers may achieve high yields and high resource use efficiencies by intercrop-
ping systems (Farahani et al. 1998;Gao et al. 2009). However, intercropping annually
carries considerable water shortages in semiarid areas (Zentner et al. 2002; Lyon and
Peterson 2005). For example, crop/wheat intercropping system was impracticable
because wheat consumes more water than other crops (Sun et al. 2006). Field pea is
a drought-tolerant cash crop and has the potential for intercropping systemswith crop
to obtain both a high productivity and a low water use (Siddique et al. 2001). Thus, a
maize/pea intercropping system is rapidly exploited underwater constraint.Mao et al.
(2012) proved intercropping of maize and pea could enhance water use efficiency
and grain yields compared to growing them as sole crops. When the row arrange-
ment of the intercropping systemwas suitable, themaize and pea intercropping could
save 255 (2010) and 120 mm (2011) irrigation water, respectively, compared to total
630 mm irrigation water generally used in intercrops of maize and wheat (Hu et al.
2010). Furthermore, temperature increases reduced water-use efficiency of all crops
in the rotation system. On a pea–spring wheat–potato (Pe–Sw–Po) rotation system at
the Guyuan Experimental Station in a semiarid region of China during 2000–2005,
with a 1.2 °C temperature increase, water-use efficiency decreased by 7.3%; andwith
a 2.0 °C temperature increase, decreased by 12.5% (Xiao et al. 2007). In semiarid
climates, the previous crop stubble changed the microclimate near the soil surface
and improved growing conditions for the subsequent crop. Averaging across the 4 yr
of field experiments, pea had the highest water-use efficiency and yield from the
tall stubble and lowest from the cultivated stubble treatments (Cutforth et al. 2002).
Therefore, water-use efficiency of pea could benefit from appropriate management
of field trials.

6.3.5 Carbon and Nitrogen Sequestration

Soil organic C and N dynamics caused by cultivation have been of increasing con-
cern in recent years. Carbon and N sequestration are usually stored in plant stems
leaves, roots, and soil (Sherrod et al. 2003). Previous studies suggested that inten-
sive cropping has increased C storage in the soil, combined with one reduced- and
no-till systems (Peterson et al. 1998). Data from an ongoing winter wheat–spring
pea long-term experiment indicated spring plow could maintain soil organic carbon
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(SOC), soil total nitrogen (STN) (Awale et al. 2018). Further, wheat–pea system
could increase SOC, STN, and pea yields under no-till tillage system and disk tillage
and chisel plow system relative to conventional fall plow, but might reduce surface
soil pH and decrease wheat yields (Awale et al. 2018). Furthermore, pea had higher N
content and increased potential C and N mineralization (PNM) than wheat or fallow
(Wang and Sainju 2014). In contrast, spring wheat had increased SOC, particulate
organic C (POC), microbial biomass C (MBC) and N and MBN), MBC, STN, and
microbial biomass N (MBN) than pea or fallow (Wang and Sainju 2014). In pea
plants, C compounds are mainly transported as sucrose in the phloem and delivered
to the root system (Kühn and Grof 2010), whereas N is mainly taken up from the soil
solution and transported in the plant xylem and transferred to plant sinks to build
storage or structural proteins (Witte 2011; Salon andMunier-Jolain 2010). Therefore,
incorporation of pea–nonlegume residues into the soil using conventional tillage can
increase N and C sequestration in the soil.

6.3.6 Greenhouse Gas Emission

Global atmospheric concentrations of the major greenhouse gases (GHG) such as
carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) have been rising since
the beginning of the industrial era (Cristina et al. 2010). The emissions of greenhouse
gases are stemmed from various human activities, farming among them (Janzen et al.
2006). Agriculture has been identified as a significant source of greenhouse gases
(Cole et al. 1997). Globally, agriculture is responsible for > 13% of anthropogenic
GHG emissions (WRI 2014). As such, agriculture may contribute to global and
national efforts toward reducing GHG emissions.

There are large annual exchanges of CO2 between agricultural lands and the
atmosphere, and global net fluxes of CO2 from agricultural lands are estimated to be
only 0.04 Gt CO2 yr−1 (Smith et al. 2007). The fact is that a large amount of GHG
emissions associated with farming activities results mainly from nitrous oxide (N2O)
(Janzen et al. 2006). Nearly two-thirds of the total emissions in agriculture occurred
as N2O, a potent greenhouse gas with 300 times global warming potential (Forster
et al. 2007). Reducing the emissions of GHG would reduce the potential impact on
the global climate. Mitigations of these gases from agricultural ecosystems can be
facilitated by more efficient management of C and N flows (Smith et al. 2007).

Policy makers, producers, and researchers urge to develop effective farming prac-
tices to reduce GHG emissions, while maximizing the potential economic returns
from farming. One of the promising strategies in mitigating GHG emissions from
farming is to adopt diversified cropping systems where cereal, oilseed, and pulses
(i.e., legume) crops are arranged in well-defined crop sequences in crop rotation
systems (Gan et al. 2011). Pea (Pisum sativum L., Fabaceae Lindl.) is one of the
most commonly used grain legumes that may provide a new opportunity to develop
a production system that fulfills both economic and environmental interests. The
study by Chapagain and Riseman (2014) demonstrated that intercropping barley and
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pea is an efficient strategy to achieve higher land productivity, N and C yields, and
higher soil C sequestration than when barley was grown as a monoculture (Chapa-
gain and Riseman 2014). Conservation farming systems that include reduced tillage
or no tillage (NT) vis a vis conventional tillage (CT) is promoted as an agricultural
practice that could increase the soil organic C (SOC) pool, and thus mitigate GHG
emissions (Sanderman et al. 2010). Conventional plow-based farming systems could
accelerate carbon mineralization, and thus reduce SOC content, which is attributed
to disruption of soil aggregates and increased oxidization (Ussiri et al. 2009). Crop
residuemanagement has a crucial impact on theC andN cycles, and thus an increased
potential to enhance the sequestration of C in soils. In a modeling study, Yan et al.
(2007) estimated that practicing no-tillage on 50% of arable lands and by returning
50% of the crop residue to the soils would lead to an annual soil C sequestration
of 32.5 Tg C in China. Yeboah et al. (2016) find that no-tillage and conventional
tillage measures with residue could increase SOC stocks in northwestern China, and
the accumulation of soil organic carbon (SOC), microbial biomass carbon (MBC)
and light fraction organic carbon (LFOC) in no-till with residue retention (NTS)
soils were greater than conventional tillage with straw removed (T) soils in a spring
wheat–field pea crop sequence (Yeboah et al. 2016).

6.3.7 Genome Plasticity

At present, there are not many studies on the plasticity of pea genome, but there
are related studies on the endophytic fungi of legumes, the symbiotic nitrogen-fixing
bacteria of legumes, and the plasticity of leguminous-rhizobial nodules (del Val et al.
2007; MacLean et al. 2007; Burghardt et al. 2017).

Clausen, Keck, and Heisey’s classic work (reviewed by Nu~nez-Farfán and
Schlichting 2001) recognize the importance of genetic variation in plant plastic-
ity. Bradshaw (1965) was one of the first authors to recognize the importance of
genetic variation in plasticity. Subsequently, many authors explored the conceptual
importance of heterozygosity, allelic sensitivity, epistasis, and regulatory genes in
the generation and evolution of plastic reactions (reviewed by Pigliucci 2001). Smith
et al. (1990) provided a molecular model of plasticity by suggesting that repeti-
tive sequences from gene families may exhibit environmentally specific expression,
allowing for environmental sensitivities of key phenotypes. He emphasized that the
causal relationship between environmental perception and receptors, signal trans-
duction pathways, and downstreammolecular responses is a key aspect of any active
adaptive response. These discussions eventually led to debates about the existence of
plasticity genes, their molecular basis, and the choice of targets that lead to adaptive
plasticity (Via 1993; Via and Conner 1995). Legume roots show a remarkable plas-
ticity to adapt their architecture to biotic and abiotic constraints, including symbiotic
interactions.

In the context of legume/rhizobia nodulation, the NCRs are regulators of bacterial
(symbiont) differentiation and viability (Pan and Wang 2017)‚ some of which are
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required for functional symbiosis (Shabab et al. 2016). When host genes necessary
for early signaling between partners are mutated, the nodule transcriptome exhibits
extensive alterations relative to wild-type plants (Larrainzar et al. 2015). Similarly,
when host genes necessary for late nodule development and functional nitrogen
fixation are mutated, nodules arrest at different stages of development and vary
extensively in terms of symbiont and host transcriptomes (Starker et al. 2006; Lang
and Long 2015). Taken together, these data suggest that nodule transcriptomes differ
based on developmental stage and the amount of nitrogen the rhizobia inside are
converting into a usable form. The expression of defense genes in legumes is altered
by rhizobial vaccination (Kouchi et al. 2004; Lohar et al. 2006) and hosts differ
strikingly in the extent to which they induce defense genes in nodules (Burghardt
et al. 2017). Furthermore, differential expression of host genes that alter the bacteroid
environmentmay represent amechanismbywhich the host can control differentiation
and nitrogen fixation in bacteroids (Oono et al. 2011).

6.3.8 Specific Traits for Vegetable Purposes

Pea (Pisum sativum L.) is a cool-season crop, which is among the most consumed
vegetables worldwide, with a registered global production of 15 million tons in 2010
(FAO 2013). Pea is a highly nutritious crop and grown for a variety of usages. For
centuries the crop has been an important raw material for feed and food purposes
in many forms including forage for animal feeding, fresh seeds for canning and
freezing, dry seeds, partly for human consumption, but mostly for animal feeding,
and pods as a fresh vegetable for human consumption (Grant and Cooper 1997).

There are two major types of pea cultivated in the world, namely, vegetable and
grain type. The cultivation of the grain-type pea aims to the production of either dry
seeds consumed by humans, also known as pulses, or animal fodder. However, the
vegetable-type pea cultivated for fresh consumption either as pods or as immature
seeds.

The grain-type pea is generally white and round, and is not as sweet as the
vegetable-type at green stage. The mature dry seed of grain type is widely consumed
as vegetable, dal, and flour in developing countries, and pea, as a protein source, has
a favorable image with additional value in terms of environment, reducing fertilizer
use in agriculture, and food safety (Bovine Spongiform Encephalopathy disease). It
is a safe raw material with no specific problems of mycotoxin, pesticide or fungicide
residues (Bourdillon 1998; Santalla Ferradás et al. 2001). Dry pea is a good source
of proteins, vitamins, and minerals (Martins 2010), and it also has sufficient carbo-
hydrates, total sugar, and starch. Apart from that the grain-type pea also has high
levels of the essential amino acids, lysine, and tryptophan, which are usually low in
cereal grains (Kumari et al. 2015). It also plays a significant role in human health as
many nutrients in dry peas help lower the risk of heart disease, stroke, diabetes, and
various cancers.
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Another type of pea is vegetable pea, which is a popular green shelled vegetable
of the temperate and subtropical areas of the world. The vegetable-type pea is widely
consumed as a fresh vegetable in the growing season, mainly with its pods, shoots,
beans. Farmers harvest fresh green pods for vegetable purpose when the pods are
fully filled (Shanmugasundaram 1991). Immature seeds in green pods are sweet and
green, which are mainly consumed as fresh, frozen or canned form. Pea shoots were
recently presented as a ready-to-eat vegetable. The consumption of pea shoots is
not as common as eating the peas. Pea shoots are recognized as a popular specialty
vegetable in some parts of Asia and Africa that is gaining popularity in the United
States and Europe (Miles and Sonde 2003). The consumption of green leafy vegeta-
bles is recommended due to their high content of vitamins, minerals, and antioxidant
phytochemicals, as well as low content of fat and carbohydrates (Rico et al. 2007).
Pea shoots are harvested in a very early maturation stage when the leaves and ten-
drils are tender, crispy and have an intense pea flavor (Miles and Sonde 2003). This
green leafy vegetable can be eaten raw in salads or cooked with other ingredients.
From a nutritional point of view, legumes are considered important sources of plant
protein, carbohydrates, essential minerals, vitamins, and several other antioxidants
and health-promoting compounds (Souci et al. 2001; Bouchenak andLamri-Senhadji
2013). Pea consumed as vegetables contain more water and less proteins than those
consumed as dry pulses. On the other hand, soluble carbohydrates are higher and
starch content is lower in fresh vegetable pea, which makes them more palatable
than dry pulses. Moreover, vegetable peas are richer sources of antioxidants and
other health-promoting compounds contained mainly or only in fresh plant biomass,
such as carotenoids, phenolics, chlorophyll, vitamin A, and vitamin C (Bhattacharya
and Malleshi 2012). Furthermore, vegetable legumes, which contain much more
water than dry pulses, are short-season crops which can be grown more than once a
year being offered to the market as a fresh food with a limited shelf life.

In conclusion, the grain type mainly provides protein for humans. Vegetable pea
is rich in nutrients, and the consumption of vegetable pea is mainly intended to
provide more balanced nutrition full of healthy compounds rather than to serve as a
primary protein source. Pea consumed as fresh vegetables are indeed short-season
crops with all the benefits on crop rotations, costs of production and overall a more
sustainable production since the required general inputs aremuch lower.Growing pea
to be consumed as fresh vegetables renders a high-quality product when compared
to other vegetables; the product can be much faster prepared than dry pulses fitting
into the modern and more demanding consumption habits of consumers (Ntatsi et al.
2018). There are substantial differences in quality features between legumes used
either as vegetables or as dry pulses. The genetic features involved in the quality of
legumes, which are very complex, are linked to relevant agronomic aspects and any
change might influence the overall adaptation and performance of the crop to biotic
and abiotic factors. Further work will be necessary for Fabaceae to elucidate links
between genetic changes and the respective effects on the crop.
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6.4 Prioritizing CS Stress Tolerance Traits

Pea (Pisum sativum L.) is an important cool-season legume crop that is affected by
various biotic and abiotic stresses during all growth stages (Ali et al. 1993;Wang et al.
2007). Abiotic stresses are referred to as noninfectious disease, which is caused by
adverse environmental conditions such as cold, drought, frost, improper nutrition,
and air pollution, etc. Biotic stresses are those caused by infectious pathogens or
pests. These stresses are major factors limiting the yield and quality of pea.

6.4.1 Cold Tolerance

As one of the abiotic stress factors, low temperatures represent the major constraints
limiting agricultural production in temperate climate (Kosová et al. 2015). Pea is a
cool-season legume which is well-adapted to wide ranges of temperature ranging
from 7 to 30 °C (Shereena and Salim 2006). For spring sowing pea, the increasingly
low temperature at reproductive stage results in the damage of the development of
flowers, pods, and seeds (Shafiq et al. 2012; Siddique et al. 2013). Autumn sowing
in pea can increase the yields (Karkanis et al. 2016), extend growing season (Mikić
et al. 2011), escape terminal heat, and drought stress (Vocanson and Jeuffroy 2008)
and provide an alternative rotational crop. So improved winter hardiness of pea has
become a major trait of interest for breeders (Zhang et al. 2016; Vann et al. 2018).

According to the purpose of the research, different treatments, and methods were
used to screen and evaluate the cold tolerance. Shafiq et al. (2012) discriminate the
frost tolerance among field pea genotypes under a controlled environment, viz. frost
chamber using temperatures as low as 4.8 °C. The adult pea plants were submitted
to winter frost and winter frost damages was evaluated with scores varying from 0 to
5 in the field experiment (Lejeune-Hénaut et al. 2008). The winter hardiness of pea
was determined using the overwintering rate (number of plants after winter divided
by number before winter) (Urbatzka et al. 2012). Mortality and three levels of cold
tolerance scoring were used to screen pea accessions at the natural field (Zhang et al.
2016). In the controlled chamber, at the end of the recovery period, seedlings at the
four-leaf stage and frost damage were evaluated through the extent of yellowing and
necrotic areas on leaves with five levels (Dumont et al. 2009).

With the methods of screening for cold tolerance, some cultivars and germplasm
of pea were assessed and used in many countries (McPhee and Muehlbauer 2007).
Cultivars such asDove and 5174were released for their earlymaturity, high tolerance
to cold and high grain yield in France (Mikić et al. 2011). Three sowing dates and six
winter genotypes were examined on the winter hardiness and productivity (Urbatzka
et al. 2012). Two hundred and fourteen field pea accessions with high resistance to
cold were selected from 3,672 pea germplasm in China (Zhang et al. 2016). Sixteen
accessions were identified as the most winter-hardy for their ability to survive in all
nine field experiments in China from 672 diverse pea accessions (Liu et al. 2017).
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6.4.2 Drought Tolerance

For pea production in dry areas, the most common water shortage occurs either
at the vegetative stage, which mainly affects establishment and survival, or during
grain-filling (terminal drought) that has adverse effects on grain yield and quality.
Identification of cultivars withmore efficient water use and greater drought resistance
is considered as sustainable and economically viable approach (Condon et al. 2004).
According to Petrović et al. (2016), pea cultivars Dukat and Parner showed lower
susceptibility to drought stresses during the period of seed germination (Petrović
et al. 2016). Pea cultivar HR1 was regarded as a wide-adapted genotype, whereas
Desso showed the best adaptation for drought environments (Iglesias-García et al.
2017). P665 has been characterized as tolerant to water stress according to a visual
scale and some drought-related traits (Iglesias-García et al. 2012a), while Messire
has been described as a moderately water stress-tolerant genotype (Iglesias-García
et al. 2012a, b; Castillejo et al. 2016; Iglesias-García et al. 2017). Several wild pea
(Pisum fulvum Sibth. & Smith, Pf) accessions exhibited lower drought susceptibility
indices and high productivity (Naim-Feil et al. 2017).

Long-term drought was more critical to reduce growth and yield than drought at
flowering stage. In other words, long-termwater shortage increased the susceptibility
to drought in peas. Drought stress markedly enhanced the activities of superoxide
dismutase (SOD), catalase (CAT) and peroxidase (POX) but slightly changed the
activity of ascorbate peroxidase (APX) (Karataş et al. 2014). A later study showed
that foliar application of glycine betaine (GB) increased the yield and soluble protein
concentration under drought at vegetative stage, in addition to proline that led to the
maximum increase in nonenzymatic antioxidant defense system under long-term
drought (Osman 2015). GB and proline were reported to enhance the activity of
SOD, APX, and catalase in leaves, while increased SOD activity in seeds under
long-term drought stress. APX activity in seeds under drought decreased by GB
application. The maximum positive effect was for GB under unstressed condition
and drought at vegetative stage, bymaximizingAPXactivity, in addition to enhancing
the production and translocation of assimilation from source to sink. Besides, Arshad
et al. (2008) and Zahir et al. (2008) about simultaneously found that inoculation with
plant growth-promoting rhizobacteria (PGPR) containing 1-aminocyclopropane-1-
carboxylate (ACC) deaminase could be partially or completely eliminating effects
of drought stress on growth, yield, and ripening of pea. Phosphorus application and
elevated CO2 interactively enhance periodic drought tolerance in field-grown pea as
a result of decreased stomatal conductance, deeper rooting, and high Pi availability
for carbon assimilation in leaves in a phosphorus-deficient vertisol (Jin et al. 2014).

QTLs underlying drought tolerance was identified using 98 F7:8 RILs developed
from parental lines P665 and cv. Messire, and 10 QTLs associated with the traits
explaining individually from 9 to 33% of the phenotypic variance depending on the
variable assessed and altogether from 20 to 57%. In addition, a set of reproducible
markers linked to these QTLs (A6, AA175, AC74, AD57, AB141, AB64, Psblox2,
PsAAP2_SNP4, and DipeptIV_SNP1) were identified for selecting the individu-
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als harboring the desired QTLs in pea breeding programs for drought adaptation
(Iglesias-García et al. 2015).

Eleven and seven nodule proteins, encoded by Pisum sativum and Rhizobium
leguminosarum genomes, respectively, were regulated by drought. These 18 pro-
teins were further analyzed and three RNA-binding proteins, three proteins involved
in flavonoid metabolism and two in sulfur metabolism were identified (Irar et al.
2014). COP1, an E3 ubiquitin-ligase, negative regulated of photomorphogenesis-
related factors of Arabidopsis (Arabidopsis thaliana), including long hypocotyl 5
(HY5), phytochrome A (PHYA), phytochrome B (PHYB) and cryptochrome (CRY)
to repress stomatal opening (Osterlund et al. 2000; Smirnova et al. 2012; Jia et al.
2014). Sullivan and Gray (2000) found partial duplication within the pea homolog
of COP1 and gave rise to a created lip1 mutant that displayed short stems along with
open and expanded shoots when grown in darkness (Seyyedi et al. 1999; Stoop-Myer
et al. 1999). Using the lip1mutant, it was very recently demonstrated that COP1 plays
a fundamental role in the regulation of stomatal movements in response to dehydra-
tion and its function was conserved during evolution in pea (Moazzam-Jazi et al.
2018).

6.4.3 Salinity Tolerance

Soil salinization is a major limiting factor for sustainable agriculture. It gradually
disrupts homeostasis in plantwater potential and iondistribution at cellular, aswell as,
whole plant level, and strongly influences biological molecules, causing the arrest of
growth and even death of the plant (Munns andTester 2008).According to an estimate
of FAO, salinity limits the production of nearly 34 million ha (11% of irrigated area)
of the world’s land (FAO 2012). Peas are relatively more salt sensitive to salinity than
other legumes (Duzdemir et al. 2009). Severe salinity (solution electrical conductivity
of 24.9 dS m−1) limits the production and growth of pea globally even resulting in
death (Steppuhn et al. 2001; Najafi et al. 2007).

Many ions present in the soil solution, particularly chloride and sodium ions
resulting in soil salinity in different plant parts were revealed. It was indicated that
these ions impair plant survival by disturbing several physiological and biochemi-
cal mechanisms such as photosynthetic rate (Hayat et al. 2010), transpiration rate
(Cambrolle et al. 2011), stomatal conductance (Perez-Perez et al. 2009), water-use
efficiency (Grewal 2010), content of sugars (Noreen and Ashraf 2009), content of
osmolytes proteins and water relations. At present, germination, emergence, plant
fresh/dry biomass and accumulation of leaf inorganic osmolytes (Na+, K+, Ca2+,
K+/Na+, Ca2+/Na+) are significant screening criteria for salt tolerance in pea geno-
types (Shahid et al. 2012).

Different approaches are tested to improve physiological processes and enhance
crop yield under salt environment, and seed priming with plant growth regulators
(PGR), such as ivin, kinetin, 6-BAP, fusicoccin, ethylen, salicylic acid, methyl-
jasmonate, makes a seed and seedling more resistant to salt exposure for maize,
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barely, corn, sunflower sorgo and sweet sorghum (Lutsenko et al. 2005; Kaya et al.
2006; Patanè et al. 2009; Carvalho et al. 2011; Ribchenko and Palladina 2012; Ehab
2016). In respect of pea, growth regulator Biolan applied for seeds priming pro-
moted water uptake by seeds and germination, restored K/Na ratio and then slight
alleviated the total salt inhibitory effects (Dmytruk et al. 2016). The growth regulator
5-aminolevulinic acid (ALA) improved the photosynthetic pigments, biosynthesis,
activities of antioxidant enzymes, and expression of stress-related genes in the pea
germplasm Nain Ordinaire and Elatius 3 (El-Esawi et al. 2018). Husen et al. (2016)
investigated that foliar application of indole acetic acid (IAA) significantly reduced
the loss caused by salinity stress by enhancing capacity to withstand the salt stress
in pea plants. Ahmad et al. (2009, 2010) found that under saline conditions, the
production of ROS was increased, and ROS-mediated membrane damage has been
regarded as a major cause of the cellular toxicity by salinity in peas (Ahmad et al.
2009, 2010). Ali et al. (2015) observed that salt-tolerant plant growth-promoting
rhizobacteria (PGPR) improved salt stress tolerance of transgenic pea plants over-
expressing the Na+/H+ gene.

Some interesting landraces were identified as more salt-tolerant and could be used
in breeding programs to improve the salinity tolerance in field pea crops. Cerda et al.
(1982) noted that the cultivar SP-290 was classified as moderately salt-sensitive and
Durana cultivar asmoderately salt-tolerant. Francois andMaas (1994) rated pea crops
as moderately salt-sensitive. Upon screening of pea (Pisum sativum L.) genotypes
for salt tolerance based on early growth stage attributes and leaf inorganic osmolytes.
Shahid et al. (2012) categorized the pea varieties Samarina Zard, Climax, 9800-5,
9800-10 and 2001-55 as the most highly salt-tolerant genotypes. Seven hundred
eighty globally distributed Pisum sativum accessions originating from China and
Greece were found to exhibit significant variation in response to applied NaCl, based
on plant symptoms (Leonforte et al. 2013a). Lines with relatively higher tolerance as
compared to commercial varieties grown inAustralia weremost frequently identified
within landraces originating from the central, eastern and southern provinces of
China. Themost tolerant accession identified was an unadapted landrace “ATC1836”
originating from Greece.

The genetics of plant salinity tolerance is complex and governed by multiple
genes with small effects (Arraouadi et al. 2012; Leonforte et al. 2013b), and is
highly affected by environmental conditions. However, with molecular markers, the
genetic analysis of quantitative inheritance of salinity tolerance is possible (Koyama
et al. 2001), and Leonforte et al. (2013b) have identified molecular markers for two
salinity tolerance QTLs on linkage groups Ps III and Ps VII, explaining 12% and
19% of phenotypic variance for salt index score, and 12% and 17% for the symptom
score, respectively, from the moderately tolerant field pea cultivar Parafield.

An increased relative abundance of 14-3-3-like proteins and alcohol dehydroge-
nase has been found in salt-stressed grass pea leaves (Chattopadhyay et al. 2011;
Parihar et al. 2015). In addition, an increased relative abundance of adenylate kinase
ADK involved in ATP biosynthesis and nucleoside diphosphate kinase 1 (NDPK1)
involved in interconversionbetweenATPandCTP,GTP, andUTPhavebeenobserved
in salt-tolerant pea (Kav et al. 2004; Parihar et al. 2015).
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6.4.4 Disease Resistance

Pea disease caused by pathogens includes fungi, bacteria, viruses and nematodes
(Kraft and Pfleger 2001). Based on tissue and organic distribution, the diseases were
classified into foliar, stem or vascular, root, and seed diseases (Rubiales et al. 2015).
Foliar diseases were caused by biotrophic and necrotrophic pathogens. To date, there
are three foliar diseases, rusts, powdery mildew, and downy mildews, caused by
biotrophic pathogens, which are major limiting factors in legume crops production
including peas (Kraft and Pfleger 2001; Biddle and Cattlin 2007; Wang et al. 2007).
Long-distance aerial dispersal is an important survival strategy for these biotrophic
pathogens.

Pea rust has been reported to be caused by Uromyces viciae-fabae, particularly
in subtropical areas (Kushwaha et al. 2006), whereas in cooler regions U. pisi is
predominant (Barilli et al. 2009a, b).Uromyces viciae-fabae also causes rusts of other
legumes such as faba bean and lentil (Rubiales et al. 2015). Pea powdery mildew,
caused by the fungus, Erysiphe pisi DC, is a major disease worldwide, which can
considerably limit global pea production (Smith et al. 1996). E. pisi can cause yield
losses of up to 80% under heavy infection pressure in susceptible cultivars (Smith
et al. 1996; Ghafoor and McPhee 2012). Recently, E. baeumleri and E. trifolii have
also been reported to cause powdery mildew and induce similar symptoms on pea
(Ondřej et al. 2005; Attanayake et al. 2010). Downy mildew of pea, caused by the
pathogenPeronospora viciae f. sp. pisi, is awidespread disease, but it ismost frequent
and severe in cool, moist, maritime climates (Kraft and Pfleger 2001).

Ascochyta blight caused by necrotrophic fungi is one of the most important dis-
eases affecting field peas. The disease occurs in almost all pea-growing regions of
the world and can cause significant crop losses when conditions are favorable for an
epidemic. Ascochyta blight is incited by different pathogens in the various legumes.
In pea, the disease of Ascochyta blight is caused by a complex of fungal species that
includes Ascochyta pisi, Didymella pinodes, and Phoma medicaginis var. pinodella
(Tivoli et al. 2006; Bretag et al. 2006; Khan et al. 2013). Phoma koolunga and P.
glomerata have also been reported to be part of this complex in pea in Australia
(Davidson et al. 2009). Of the Ascochyta complex in pea, D. pinodes is the most
prevalent and damaging (Tivoli and Banniza 2007).

Stem or vascular wilt, and root or foot rot are usually caused by soil-borne
pathogens including fungi and oomycetes. Epidemic of these diseases are highly
dependent on environmental conditions. Fusarium wilt is a vascular disease caused
by the ascomycete Fusarium oxysporum f. sp. pisi (Kraft 1994), which is a major
constraint in the production of pea in most growing areas. Vascular wilt in pea is
mainly caused by F. oxysporum f.sp. pisi. Apart from Fusarium wilt, vascular wilt
disease has also been induced by Verticillium dalhiae in pea that results in similar
wilt symptoms (Isaac and Rogers 1974).

Fusarium root rot of pea caused by Fusarium solani f. sp. pisi is a trouble-
some problem in all pea-producing areas. Fusarium root rot is distinct from Fusar-
ium wilt and can occur in conjunction with other root diseases of pea such as
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Aphanomyces, Rhizoctinia, or Pythium root rot (Kraft and Pfleger 2001; Wang et al.
2007). Aphanomyces root rot caused by the oomyceteAphanomyces euteiches is also
an important threat to legumes and is one of the major constraints of pea production
in North America and Europe (Gaulin et al. 2007). Like most soil-borne pathogens,
A. euteiches has a very wide host range and it is able to cause disease to many legume
crops including common bean, vetch, lentil, faba bean, alfalfa, and red clover (Tri-
folium pratense) (Levenfors et al. 2003). Among the different root rot pathogens, F.
solani and related species are a major threat to most legumes including pea.

In pea, there are two destructive foliar diseases caused by bacteria including
bacterial leaf blight and brown spot, induced by Pseudomonas syringae pv. pisi and
P. syringaepv. syringae, respectively (Kraft andPfleger 2001). Interestingly, different
pathovars of P. syringae can cause different diseases on the same host. Disease is
more severe under conditions of high temperature and rainfall. P. syringae pv. pisi
is a seed-borne pathogen. Infected seed, produced on infected plants, serves as a
particularly important inoculum source and seed is the main pathway by which the
bacterium is introduced into new production areas (Wang et al. 2007). P. syringae
pv. syringae is less important on pea than P. syringae pv. pisi, which can be found
more commonly in pea planted in the autumn or winter or under overhead irrigation
(Biddle and Cattlin 2007).

In pea, the most important virus diseases of pea are caused by a few viruses,
including Alfalfa Mosaic Virus, Pea Enation Mosaic Virus, Bean Leaf Roll Virus,
Pea Streak Virus, Pea Seed-borne Mosaic Virus, Bean Yellow Mosaic Virus, and
Broad Bean Wilt Virus (Kraft and Pfleger 2001; Biddle and Cattlin 2007; Wang
et al. 2007). Viruses may cause different symptoms on different host species or
host cultivars, whereas different viruses may cause the same or similar symptoms
on the same host plants. Virus diseases cause serious losses in yield and quality
of cultivated plants worldwide. Because aphids can transmit the viruses, epidemics
of virus diseases always coincide with aphid epidemics. Thus, these losses caused
by viruses can be reduced by monitoring aphid populations or controlling aphid
epidemics (Rubiales et al. 2015).

Several parasitic nematode species infect most important legume crops including
pea. Among these species, the cyst and root-knot nematodes are the most important
worldwide (Rubiales et al. 2015). Pea cyst nematode (Heterodera goettingiana) is
a major parasite of pea and is a soil-borne pest. Soil-borne population of cysts can
remain viable for up to 20 years.

Root-knot nematodes (Meloidogyne incognita) are also important nematodes of
pea, which can infect nearly all legume and vegetable crops. Damage caused by
nematodes is often associated with root infection by pathogens, such as Phythium
spp. and F. solani. Thus, it is important to control root rot infection in the field (Kraft
and Pfleger 2001; Biddle and Cattlin 2007; Wang et al. 2007).
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6.4.5 Insect Resistance

Insects are important pests of legumes throughout the world. A major class of insect
pests is chewing insects of which in the case of legumes the most important tend
to be storage insect pests bruchid beetles (Keneni et al. 2011). In pea, the pea seed
beetle, pea weevil (Bruchus pisorum L.), is the most important insect pest of dry
pea, which is widely distributed throughout the areas of the world where dry pea is
grown. Damage is done by the larvae, which consume the interior of seed in storage
period. However, all infestations originate in the field because only developing peas
can be successfully attacked. Seeds damaged by pea seed beetle pea weevil, suffer
from poor germination and are unacceptable to the food industry, which affect human
consumption or seedmarkets (Kraft and Pfleger 2001; Biddle andCattlin 2007;Wang
et al. 2007).

Another important class of pests is sap-sucking insects. In pea, sap-sucking insect
pests, pea aphid is a major pest in all temperate areas of world where peas or other
legumes are grown. Aphids can cause serious losses to peas when populations col-
onize the growing points. In many cases, these aphids cause damage both by direct
feeding and through virus transmission accelerating virus disease.

In addition, there are also several important insect pests of pea, including pea
thrip (Kakothrips pisivorus), pea leafminer (Liriomyza Huidobrensis and L. sativae
Blanchard), Chromatomyia horticola and other worms, etc.

6.5 Biological Nitrogen Fixation and Soil Resources as CS
Traits

6.5.1 Rhizobium for Nodulation

Rhizobia are a kind of gram-negative bacteria widely distributed in soil. They can
infect legumes to form root nodules, fix the molecular nitrogen in the air to form
ammonia and provide nitrogen nutrition for plants. The amount of annual biological
nitrogen fixation is 1.75 × 108 t in the world (Shen and Jing 2003) and is 4.37
times the world industrial nitrogen fertilizer output. Legumes in symbiosis with soil
rhizobia are reported to fix 65% of nitrogen each year in agricultural production
systems (Dénarié and Roche 1991; Zabran et al. 1999; Chen et al. 2002; Herridge
et al. 2008). It is the most powerful biological nitrogen fixation system.

Nitrogen fixation is the process by which certain plants, including legumes, take
nitrogen gas from the atmosphere; incorporate the molecules into their tissue, and
subsequently into the ground, thus improving their own growth as well as soil health
and overall productivity of the farming systems.

Symbiotic nitrogen fixation (SNF) is, therefore, a natural process of significant
importance in world agriculture. The N2 fixed by the legume crops represents a
renewable source of nitrogen for agriculture soils.



6 Climate-Smart Pea 291

Legume crops differ in biological nitrogen fixation (BNF) potential in the field,
which is greatest for soybean followed by faba bean, pea, chickpea, lentil, and com-
mon bean (Herridge et al. 2008). As a good nitrogen-fixing crop, pea in symbiosis
with rhizobia can fix about 75 kg of nitrogen per hectare, equivalent to 375 kg of
ammonium sulfate or 225 kg of urea (Zheng et al. 1998).

6.5.2 Characterization for Rhizobium

The role of host plant–rhizobium symbiosis system in ecological agriculture can be
expressed as follows: at normal temperature and pressure, nitrogen in the air can
be fixed as ammonia, which meets all their own nitrogen requirements. In addition,
the roots of host plants contain 30–35% of their total nitrogen, which can be left
for later crop use. The host plant–rhizobium symbiosis can provide 30–60% of the
nitrogen needed for the seasonal growth of other plants mixedwith it (Chen and Chen
2016). The secretion of rhizobia has the function of dissolving phosphorus, calcium,
magnesium, and other minerals (Alikhani et al. 2006). Some rhizobium bacteria
can produce such progesterone as IAA, nodulation factor (LCO), and promote the
growth of plants such as grasses and strawberries (Stokkermans and Peters 1994;
Flores-Félix et al. 2015). Rhizobia inoculated with legumes and intercropping with
other crops can enhance disease resistance of crops and reduce the use of pesticides
(Yang et al. 2009).

In Brazil, little or no nitrogen fertilizer is applied on 23 million ha of soybeans,
which are successfully reliant on both applied rhizobia inoculum and other nitrogen-
fixing organisms (PGRB) such asAzospirilla, for up 80%of the crop nitrogen require-
ments to 300 kg/ha, with very large savings in crop input costs (Herridge et al. 2008).
BNF benefits for grain yield have been demonstrated in Vietnamwith rhizobial inoc-
ulation across a variety of legume crops (Herridge 2002). Rotation benefits for fol-
lowing wheat crops have been shown in Australia from BNF in chickpea and in faba
bean crops (David and Hari 2009). These ranged from 10 to 40% increase in wheat
grain yield with up to 40 kg/ha of additional nitrogen available from BNF.

The levels of indigenous rhizobia in the soils of China can be built up by initial
cultivation of legumes in the absence of nitrogen fertilizer, to provide satisfactory
levels of rhizobia inoculum for subsequent legume crops (Peoples et al. 1992).

6.5.3 Interaction Between Pea and Its Anchored Rhizobium

Studies have shown that the symbiotic nitrogen fixation of host plant–rhizobium sys-
tem is a very complex interaction process. Vincent (1982) proposed that the process
of symbiosis is influenced by three factors: rhizobium genome, plant genome, and
environmental factors. Chen et al. (2004) also pointed out that the establishment of
symbiosis between rhizobia and host plant was the result of the interaction between
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rhizobia, plants, and environment. Even though the relationship among legume vari-
eties was very similar, there were significant differences between different varieties
and different rhizobia (Gibson and Newton 1981).

The symbiotic system of rhizobia and legumes relies on a series of signals
exchanged and responded at the molecular level. The nodulation gene of rhizobia,
induced by special compound such as flavonoids and exotic brass secreted from the
roots of legumes, is responsible for the synthesis and secretion of lipochitin oligosac-
charide of nodulation factor. Conversely, nodulation factor can induce plant root hair
curl and the formation of Nodules primordium root oncogen. Subsequently, rhizobia
infected plants. The signals of the symbiotic system continue to exchange tomaintain
the normal growth of root nodules and carry out the nitrogen fixation reaction (Long
1989; Brewin et al. 1991; Christoph and Bisseling 1997).

6.5.4 Interaction Between Rhizobium and Soil

Soil is the main limiting factor that restricts the growth and symbiotic nitrogen
fixation activity of host plants and rhizobia. In the rhizobia-host plant’s symbiosis
system, nitrogen fixation is significantly correlated with host plants. Therefore, in
the presence of factors that limit the viability of host plants, such as soil salinity, soil
pH, nutrient stress, soil temperature, soil moisture, indigenous rhizobia, etc. (Peoples
et al. 1995;Walsh 1995), the competitive persistent strain would be unable to express
all its nitrogen fixation capacity (Zahran 1999).

Soil salinity limits the internal processes of the symbiotic system. Under the
presence of 170 mM NaCl, the root hairs of soybean showed curvature or deforma-
tion. Under the condition of 210 mM NaCl, nodulation formation was completely
inhibited (Tu 1981). The infection rate of rhizobia was significantly reduced when
soil moisture decreased from 5.5 to 3.5% (Worrall and Roughley 1976). Sellstedt
et al. (1993) showed that nitrogen from nitrogen fixation reduced by about 26%
under water stress by acetylene reduction method. Soil temperature affects nodules
infection, nodules structure and nodules function (Roughley 1970). The optimum
temperature is 28–31 °C for growing of most rhizobia. At 37 °C, many strains can-
not grow (Piha and Munns 1987). The nitrogenase activity of rhizobia will be at a
full stop in soil temperature of 8 °C. At soil temperature of 21 °C, the number of
nodule reaches the maximum (Rice and Olsen 1988).

Soil pH in the neutral range optimizes the availability of all nutrients. In acidic
pH soils, the availability of nutrients such as Ca, Mg, and P becomes limiting; on the
other hand in soils with pH in the alkaline range the toxicity of sodium is likely to be
stressful that affects nodulation andnitrogenfixation.Thus soil pH is an important soil
characteristic that indicates the availability of plant nutrients (Dwivedi et al. 2015).
Moreover, soil pH also directly influences nodulation and SNF through its effect on
the numbers of naturally occurring rhizobium in noncultivated soils (Brockwell et al.
1991).
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Slattery and coworkers (Slattery et al. 2004) have shown that there were differ-
ences in the effect of nodule inoculation on rhizobia among different types of soil.
Compared with sandy soil, the survival rate of rhizobia in loam is higher (Li et al.
1997). Indigenous rhizobia with low nitrogen fixation efficiency and strong compet-
itiveness widely exist in soil, which is easy to form a root nodule with low nitrogen
fixation efficiency. Therefore, it can affect the percentage of inoculate rhizobia and
reduce effective nitrogen fixation. In fact, soil microbial load is limited under certain
soil conditions (Ding 1992). Therefore, in order to inoculate successfully, it is nec-
essary to screen the strains with stronger competitive nodulation ability than local
indigenous bacteria.

In addition, in order to reduce agricultural economic losses, large quantities of
pesticides are applied to soil. Herbicides, fungicides, and other pesticides all have
damaging effects and cause limitations on nitrogen fixation.

6.5.5 Optimized Operation for Rhizobium Fertilization

Mineral nutrition of the host plant can affect SNF via host plant growth and devel-
opment as well as through the process of nodule development and function as these
processes rest on the symbiosis between the rhizobium and the legume. The essential
mineral nutrients required for legume SNF are those required for a normal establish-
ment and functioning of the symbiosis. They are carbon (C), hydrogen (H), oxygen
(O), nitrogen (N), phosphorus (P), potassium (K), sulfur (S), calcium (Ca), magne-
sium (Mg), iron (Fe), zinc (Zn), manganese (Mn), copper (Cu), boron (B), molyb-
denum (Mo), chlorine (Cl), nickel (Ni), and cobalt (Co). Each essential nutrient
performs specific physiological and biochemical roles and is required in optimum
concentration in themedium for the establishment and function of symbiosis between
the legume host and the rhizobium. The role of mineral nutrients on SNF has been
reviewed elsewhere (O’Hara et al. 1988; Zahran 1999; O’Hara 2001; Weisany et al.
2013).

A review of the published literature on the effects of starter N application on SNF
by legumes indicates mixed results relative to the basal application of small amount
of mineral N. However, it is widely accepted that in high fertility soils, especially
those rich in organic matter, the application of starter N is not necessary; and at times
it can reduce nodulation and SNF in crops such as soybean (Hungria et al. 2006) and
bean (Vargas et al. 2000). On the other hand, in soils of low to very low in fertility
and organic matter, the application of starter N at rate of 20–30 kg ha−1 has generally
been reported to be beneficial to the growth and yield of several legumes (Sogut et al.
2013).

It has long been established that nitrates in the soil inhibit root infection, nodule
development, and nitrogenase activity. Likewise, adequate nodulation is necessary
for maximizing SNF by a legume (Sanginga et al. 1996). Moreover, poor and scanty
nodulation is generally not able to satisfy the N needs of the plants, and they rely on
soil N to grow and produce (Zahran 1999).
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Among themajor nutrients, phosphorus is essential for both nodulation andN2 fix-
ation. Indeed, nodules are strong sinks for phosphorus; as a consequence, symbiotic
nitrogen-fixing plants require more phosphorus than those supplied with mineral fer-
tilizers. The mode of nitrogen nutrition of legumes affects their phosphorus require-
ment (Cassman et al. 1981a, b). For achieving the potential of SNF by legumes, an
adequate supply of phosphorus is a prerequisite because some legumes do not get
established in conditions of insufficient soil P (Sahrawat et al. 2001). Mycorrhizal
infection of roots of legumes stimulates both nodulation and nitrogen fixation under
low phosphorus soil conditions (Redecker et al. 1997).

In addition, to optimize operation for rhizobium fertilization, the following points
must be noted: Different rhizobia were selected for different legume species. The
most efficient rhizobium was selected for different plant varieties. Rhizobia adapted
to local soil environment were selected in different ecological zones (Chen and Chen
2016).

6.6 Genetic Resources of CS Genes

6.6.1 Primary Gene Pool

Based on the current accepted version of Pisum taxonomic classification (Smýkal
et al. 2011), the primary gene pool consists ofPisum sativum subsp. sativum (includes
var. sativum and var. arvense) and P. sativum subsp. elatius (includes var. elatius,
var. brevipedunculatum and var. pumilio). Because of cross compatibility and abun-
dant genetic diversity, the primary gene pool is the main resources of climate-smart
genes against biotic and abiotic stresses. Resistance sources have been identified for
powdery mildew (Ghafoor and McPhee 2012; Sun et al. 2016a, b), Ascochyta blight
(Khan et al. 2013; Tran et al. 2014a, b), rust (Barilli et al. 2014), Aphanomyces root
rot (Malvick and Percich 1999;Wu et al. 2018a, b), Fusarium root rot (Grünwald et al.
2003; Bodah et al. 2016), Fusariumwilt (McPhee et al. 1999; Bani et al. 2012), white
mold (Porter et al. 2009; Porter 2012), bacterial blight (Hollaway et al. 2007; Martín-
Sanz et al. 2012; Rodda et al. 2015), pea cyst nematode (Vito and Perrino,1978), some
diseases caused by viruses (Kraft and Pfleger 2001; Congdon et al. 2016), broomrape
(Rubiales et al. 2005, 2009), pea weevil (Pesho et al. 1977; Teshome et al. 2015a,
b; Aznar-Fernández et al. 2018a), and pea aphid (Aznar-Fernández and Rubiales
2018b). Some germplasms tolerant to salt, drought, cold, frost have been screened
as well (Sánchez et al. 1998; Okçu et al. 2005; Shahid et al. 2012; Humplík et al.
2015; Liu et al. 2017).

Many resistance genes and QTLs have been reported in traditional and primitive
landraces of P. sativum against major diseases and pests. Since the first powdery
mildew resistance gene er1 was discovered in the pea landrace Huancabamba by
Harland in 1948, the gene has been widely used in pea breeding in the world. The
gene er1 is recessive and can provide stable and durable powdery mildew resistance
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(Tiwari et al. 1997). Humphry et al. (2011) indicate that resistance provided by er1 is
due to a loss of function of PsMLO1, aMLO gene. Based on homologous sequence
analysis of PsMLO1 and molecular mapping, so far 10 natural allelic variations at
er1 locus have been identified in the world P. sativum germplasm collections, and
functional markers cosegregatedwith these er1 alleles are available (Sun et al. 2016a,
b; Ma et al. 2017a, b). Another recessive powdery mildew resistance gene, er2, also
has been identified in pea germplasms SVP952 and JI2480 (Tiwari et al. 1997).
Molecular markers linked to er2 have been detected (Katoch et al. 2010). However,
since expression of er2 is strongly influenced by temperature and leaf age, and its
effective resistance to powdery mildew was specific to particular geographic regions
(Fondevilla et al. 2006), its application in pea breeding is limited.

Ascochyta blight complex caused by several fungal pathogens is a destructive
disease in pea worldwide (Khan et al. 2013). Partial or incomplete resistance to the
disease complex has been identified in P. sativum (Tivoli et al. 2006; Zhang et al.
2007). To date, a number of resistance QTLs to Ascochyta pisi orDidymella pinodes
have been detected on all the seven linkage groups of pea (Timmerman-Vaughan
et al. 2002; Tar’an et al. 2003; Timmerman-Vaughan et al. 2004; Prioul et al. 2004;
Fondevilla et al. 2008; Carrillo et al. 2014; Timmerman-Vaughan et al. 2016; Gali
and Shunmugam 2018). Some QTLs might be common for resistance to Ascochyta
blight complex in the different populations. Further, candidate gene approaches have
revealed the colocalization of QTLs for resistance to Ascochyta blight and resistance
gene analogs, defense-related genes (Prioul-Gervais et al. 2007; Carrillo et al. 2014;
Timmerman-Vaughan et al. 2016). Recently, Jha et al. (2015) genotyped diverse
P. sativum accessions using 15 single nucleotide polymorphisms (SNPs) within
candidate genes associated with reaction to Ascochyta blight and found that SNP
loci PsDof1p308 and RGA-G3Ap103 had significant associations with Ascochyta
blight scores.

Pea rust, caused byUromyces fabae (Syn.Uromyces viciae-fabae) or byUromyces
pisi. U. fabae, leads to rust in tropical and subtropical regions, while U. pisi is
epidemic in temperate regions (Barilli et al. 2009a). A few P. sativum germplasms
were reported to have partial resistance to U. pisi (Barilli et al. 2009b), but the
characteristic for resistance to U. pisi has not been determined. Many efforts have
been made to identify sources of resistance in pea against U. fabae, and immune or
partially resistant germplasms have been identified (Barilli et al. 2014). Complete
or partial resistance to U. fabae has been reported in different studies (Katiyar and
Ram 1987; Chand et al. 2006). Vijayalakshmi et al. (2005) found a single partially
dominant gene Ruf and two or QTLs conferring resistance to U. fabae in the pea
cross FC 1 × HUVP 1, and identified two flanking random amplified polymorphic
DNA (RADP) markers linked to the gene Ruf. Rai et al. (2011) molecularly mapped
one major (Qruf ) and one minor (Qruf1) QTL for rust resistance on LGVII in RILs
derived from the cross HUVP 1 × FC 1, and simple sequence repeat (SSR) markers
flanking Qruf and Qruf1, respectively, were identified. Recently, Rai et al. (2016)
further revealed that rust resistance was conditioned by four QTLs, two major (Qruf
on LGVII,Qruf2 on LG I), and two minor (Qruf1 on LGVII andQruf3 on LGVI) in
the same RILs, and the minor QTL Qruf3 was contributed by the susceptible parent
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HUVP 1. Singh et al. (2015a, b) and Upadhyay et al. (2017) demonstrated that SSR
markers flankingQruf andQruf1were effective in marker-assisted selection (MAS)
of pea rust resistance.

Resistance to Fusarium root rot caused by Fusarium solani f. sp. pisi is inherited
as a quantitative trait regulated by more than one gene (Grünwald et al. 2003). Nine
QTLs have been identified for this pathogen (Weeden and Porter 2008; Feng et al.
2011; Coyne et al. 2015), and the SSR markers closely linked to the QTLs are
available for MAS to develop resistance cultivars. Fusarium wilt of pea is caused by
race-specific Fusarium oxysporum f. sp. pisi, so far four races of the pathogen, race
1, 2, 5 and 6, were described in the world (Haglund and Kraft 1979; Bani et al. 2012),
Genetic resistance to the four races are conferred by independent single dominant
genes (Kraft and Pfleger 2001). Up to now, three Fusarium wilt resistance genes,
Fw, Fnw, and Fwf, have been identified. Fw for resistance to race 1 has been placed
on LG III, three user-friendly markers and one functional codominant marker linked
to the Fw gene have been developed for MAS (Kwon et al. 2013; Jain et al. 2015).
Fnw gene conditioning resistance to race 2 has located the gene on LG IV between
SSR markers AC22_185 and AD171_197 using an RIL population, meanwhile two
minor resisatnce loci, Fnw 3.1 and Fnw 3.2 also were detected on LG III in the
same RIL population, which revealed that additional genetic factors is associated
with resistance to race 2 (McPhee et al. 2012). The gene Fwf conferring resistance
to race 5 has been mapped on LG II, and the locus coding the plastid isozyme of
aspartate aminotransferase (Aatp) was found to be linked to Fwf at a distance of
9.1 cM (Coyne et al. 2000).

Aphanomyces root rot, caused by Aphanomyces euteiches Drechs., is one of the
major limitations to pea production worldwide (Kraft and Pfleger 2001). Genetic
resistance is the most promising means to control the disease. Great efforts have
been made to identify resources resistant to Aphanomyces root rot, and a number
of P. sativum germplasms with high levels of partial resistance to Aphanomyces
root rot have been identified and used for breeding (Malvick and Percich 1999;
Wicker et al. 2003). Hamon et al. (2013) identified 27 meta-QTLs associated with
resistance to A. euteiches in four resistant sources by a comprehensive meta-QTL
mapping program, and revealed seven main genomic regions with high position
consistency over locations, years, isolates and populations (Pilet-Nayel et al. 2002,
2005; Hamon et al. 2011). The seven main QTLs, Ae-Ps1.2, Ae-Ps2.2, Ae-Ps3.1,
Ae-Ps4.1, Ae-Ps4.5, Ae-Ps5.1, and Ae-Ps7.6, were located on six of the seven pea
linkage groups of a consensus map, and linked SSR markers were available (Hamon
et al. 2013). Further, the seven main resistance QTLs were evaluated to be effective
in different pea genetic backgrounds (Lavaud et al. 2015, 2016). Desgroux et al.
(2016a, b), validated six QTLs, Ae-Ps1.2, Ae-Ps2.2, Ae-Ps3.1, Ae-Ps4.1, Ae-Ps4.5,
and Ae-Ps7.6, and detected novel resistance loci in a pea-Aphanomyces collection
of 175 pea lines using genome-wide association analysis.

Chang et al. (2018) combined GWAS and RNA-Seq to identify white mold resis-
tance in pea and found a transcript encoding a glutathione S-transferase associated
with resistance variant for both lesion and nodal resistance.
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Bacterial blight, caused byPseudomonas syringaepv. syringae andP. syringaepv.
pisi, has been reported inmost of the pea-growing areas worldwide. Eight pathogenic
races of P. syringae pv. pisi have been described (Taylor et al. 1989; Martín-Sanz
et al. 2011). Resistance to P. syringae pv. pisi in pea is conferred by specific single
dominant genes, while inheritance of resistance to P. syringae pv. syringae in pea is
quantitative (Fondevilla et al. 2012). To P. syringae pv. pisi, five dominant resistance
genes, Ppi1for races 1, Ppi2 for races 2, Ppi3 for races 3, Ppi4 for races 4 and Ppi8
for races 4 and 8, respectively, were identified (Hunter et al. 2001; Martín-Sanz et al.
2016). Ppi1 was mapped on LG VI; Ppi2 was located LG VII; Ppi3 and Ppi4 was
mapped on LG II; Ppi8 was located LG III. Eight QTLs associated with resistance to
P. syringae pv. syringae have been detected in three RIL populations, and placed on
LG II, III, VI, and VII (Fondevilla et al. 2012; Sudheesh et al. 2015a, b). Sudheesh
et al. (2015a, b) identified a single common genomic region associated with P.
syringae pv. pisi resistance on LG III in the same mapping populations as well.

Crenate broomrape (Orobanche crenata) is the major constraint for pea cultiva-
tion in the Mediterranean Basin and Middle East. Four QTLs associated with field
broomrape resistance have been identified in wild pea (Fondevilla et al. 2010).

Four recessive resistance genes, sbm-1, sbm-2, sbm-3 and sbm-4, to Pea Seed-
borne Mosaic Virus (PSbMV) have been reported in pea (Provvidenti and Hampton
1991). The gene sbm-1 is a mutant allele of eukaryotic translation initiation factor 4E
(eIF4E) on LGVI, while sbm-2 closely links with the isoform of eIF4E (eIF(iso)4E)
on LG II (Gao et al. 2004). The genes sbm-3 and sbm-4 map close to sbm-1 on LG
VI. Nine alleles of eIF4E were identified to confer resistance to PSbMV (Konečná
et al. 2014). The specific molecular markers for the gene sbm-1 (eIF4E allele) were
available for marker-assisted pea breeding (Smýkal et al. 2010). Resistance genes in
pea to other potyviruses also have been reported to be recessive and closely linked
and clustered with sbm-2 on LG II and sbm-1 on LGVI (Provvidenti andMuehlbauer
1990). The genes on LG II include bcm, cyv1,mo, and pmv, confer resistance to Bean
Common Mosaic Virus (BCMV), Clover yellow vein virus (ClYVV), Bean Yellow
Mosaic Virus (BYMV), and PeaMosaic Virus (PMV), respectively. The genes on LG
VI are cyv2 and wlv which mediate resistance to ClYVV and BYMV, respectively.
The cyv2 and wlv correspond to the same sbm-1 allele of eIF4E (Gao et al. 2004;
Andrade et al. 2009). Resistance to Pea Enation Mosaic Virus (PEMV) is controlled
by a single dominant gene En which was mapped on LG III (Marx et al. 1985). Two
sequence tagged site markers CNGC and tRNAMet2 linked to En have been devel-
oped for efficient selection of PEMV resistance in pea (Jain et al. 2013). Resistance
to Bean Leaf Roll Virus (BLRV) is inherited as a single recessive gene, designated
lr (Drijfhout 1968). Another recessive gene, lrv confers tolerance to BLRV in pea
(Baggett and Hampton 1991).

Tolerance QTLs for abiotic stresses have been reported in pea. Leonforte et al.
(2013a, b) identified several salinity tolerance QTLs and candidate genes on LG III
and VII. Iglesias-García et al. (2015) identified 10 QTLs associated with drought
which explained individually from 9 to 33% of the phenotypic variance depending
on the variable assessed and altogether from 20 to 57%. Javid et al. (2017) detected a
QTL associated with metribuzin tolerance located on LG IV accounting for 12–21%
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of phenotypic variance. Liu et al. (2017) detected sevenmarkers repeatedly associated
with frost tolerance in at least two different environments by marker-trait association
analysis on 672 worldwide pea collections. Genetic markers closely flanking these
stress tolerance QTLs are suitable for implementation in pea breeding programs.

6.6.2 Secondary Gene Pool

The secondary gene pool of pea consists of Pisum fulvum, and P. abyssinicum.
P. fulvum, a wild relative of pea, is an important source to improve the genetic
resistance of pea against biotic and abiotic stresses. P. fulvum has been shown to
be resistant to major pea fungal pathogens such as Erysiphe pisi (Fondevilla et al.
2007a, b), Uromyces pisi (Barilli et al. 2009b), Mycosphaerella pinodes (Gurung
et al. 2002; Fondevilla et al. 2005; Jha et al. 2012). Recently, Jha et al. (2016)
identified nine resistance QTLs for Ascochyta blight in an RIL population derived
from interspecific cross between the resistant P. fulvum accession P651 and the
susceptible P. sativum cultivar Alfetta. A high-density integrated DArTseq SNP-
based genetic map of P. fulvum was constructed and three rust resistance QTLs
UpDSII, UpDSIV and UpDSIV.2 were located in the LGs II and IV, respectively,
(Barilli et al. 2018). A pea rust resistanceQTL explaining 63%of the total phenotypic
variance was located on LG III, and sequenced tag site (STS) markers flanking this
QTLwere developed forMAS for rust resistance (Barilli et al. 2010).Anewdominant
gene for resistance to powdery mildew, Er3, has been identified in a P. fulvum line
P660-4 selected from the ICARDA accession IFPI3261 originating from Idlib, Syria
(Fondevilla et al. 2007a).

P. fulvum accessions have been found to be valuable sources of resistance to the
pea weevil (Hardie et al. 1995; Clement et al. 2002; Aznar-Fernández et al. 2018a).
Pea weevil resistance from P. fulvum has been introgressed into cultivated field pea
through backcrossing (Aryamanesh et al. 2012). The genome regions controlling
cotyledon, pod wall/seed coat and pod wall resistance to pea weevil from P. ful-
vum were identified through QTL mapping, and the QTL markers to probe Pisum
germplasm for peaweevil resistance geneswere developed (Aryamanesh et al. 2014).

Incomplete levels of resistance to crenate broomrape (Orobanche crenata) are
available in P. fulvum (Pérez-de-Luque et al. 2005; Rubiales et al. 2009), which
should provide diversified alleles for resistance breeding in pea.

In addition,P. fulvum could represent a gene poolwhich could be used for improv-
ing salt and drought tolerance in field pea (Miljus-Djukic et al. 2013; Naim-Feil et al.
2017).

Pisum abyssinicum has a much more restricted distribution in the highlands of
Ethiopia and Yemen. Although genetic diversity within P. abyssinicum is extremely
limited (Weeden 2018), several surveys have shown that P. abyssinicum accessions
could be a valuable source for resistance to somemajor pea disease pathogens such as
the nematode Heterodera goettingiana (Vito and Perrino 1978), Fusarium wilt race
2 (McPhee et al. 1999), Pseudomonas syringae pv. pisi causing pea bacterial blight
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(Elvira-Recuenco et al. 2003; Martín-Sanz et al. 2012; Rodda et al. 2015), Erysiphe
pisi (Fondevilla et al. 2007b) and Orobanche cernata (broomrape) (Rubiales et al.
2009). Resistance to pea bacterial blight in P. abyssinicum was race-nonspecific to
all races of P. syringae pv. pisi, more likely a major recessive gene together with
a number of modifiers (Elvira-Recuenco et al. 2003; Hollaway et al. 2007). Due to
lack of specific resistance to race 6, the race-nonspecific resistance in P. abyssinicum
and its recessive characteristic offer the possibility to achieve a durable resistance to
pea bacterial blight.

6.6.3 Tertiary Gene Pool

Vavilovia formosa (Stev.) Fed. belongs to the tribe Fabeae and is a scientifically valu-
able common ancestor of the plant tribe Fabeae (Mikić 2014). Vavilovia has a close
phylogenetic relationship with pea, so it is considered to be the tertiary gene pool
of pea (Smýkal et al. 2011). Vavilovia is a diploid species with the same number
of chromosomes as pea, 2n = 14. Golubev (1990) indicated that it was possible
for producing hybrids between Vavilovia and pea, but no further researches have
been done after Golubev’s work. Recently, Ochatt et al. (2016) developed a range of
biotechnology approaches for in vitro propagation of Vavilovia which will be useful
for accelerating taxonomical and breeding researches. So far, the agronomic impor-
tance of Vavilovia have not been evaluated, but a hypothetical gene for perenniality
in Vavilovia could be valuable for its cultivated relatives, specifically pea (Mikić
et al. 2010).

Lathyrus sativus L., known as the grasspea, is a close relative of pea and Vav-
ilovia, so it might be considered to be a tertiary gene pool of pea (Smýkal et al.
2011). Although intergenric hybridization between Pisum and Lathyrus is incom-
patible, electrical and chemical fusion of protoplasts between pea and L. sativus
has achieved (Durieu and Ochatt 2000). L. sativus has been reported to be resistant
sources to several fungal pathogens of pea, such asMycosphaerella pinodes,Erysiphe
pisi, Uromyces pisi, U. viciae-fabae. Genetic analysis of an accession ATC80878
resistant to Ascochyta blight suggested the resistance may be controlled by two inde-
pendently segregating genes, operating in a complementary epistatic manner (Skiba
et al. 2004). Vaz Patto andRubiales (2009) indicated a collection of Iberian-cultivated
L. sativus germplasm had different resistant levels to powdery mildew caused by E.
pisi, accessions with reduced disease severity despite being of a high infection type
were identified. Vaz Patto and Rubiales (2009) identified a germplasm collection of
L. sativus that were highly resistant to pea rust pathogen U. viciae-fabae, and had
partial resistant to U. pisi.
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6.6.4 Artificially Induced/Incorporated Traits/Genes

Induced mutations for improving characters such as disease resistance via chemical
mutagens and physical irradiation have been applied in pea. Pereira et al. (2010)
induced two powdery mildew resistant mutants, er1mut1 and er1mut2, in pea using
ethylnitrosourea mutagenesis which affected the same locus er1 identified in natu-
ral powdery mildew resistance sources. Mutant er1mut2 was found to carry a new
mutation site in er1 locus and the powdery mildew resistance allele was designed as
er1–10 (Santo et al. 2013; Ma et al. 2017a, b). A STS marker and a KASPar marker
cosegregated with er1–10 were developed for MAS as well (Santo et al. 2013; Ma
et al. 2017a, b). A novel er1 resistance allele, er1–5, was obtained by diethyl sul-
fate mutagenesis in pea and codominant cleaved amplified polymorphic sequence
(CAPS) marker and HRM-based marker suitable for MAS were developed on the
mutation site (Pavan et al. 2011, 2013). Sharma et al. (2010) used ethyl methane
sulfonate (0.2 and 0.3%) or γ-rays (5–22.5 kR) mutagenized two Fusarium wilt-
susceptible pea genotypes and obtained 25 mutants exhibiting complete or enhanced
Fusarium wilt resistance.

Genetic resources carrying important climate-smart genes have been created
through genetic engineering in pea. The∞-amylase inhibitor in bean seed is toxic to
cowpea weevil, Callosobruchus maculatus (Huesing et al. 1991). The gene encod-
ing αAI-1 has been transferred by genetic engineering into pea to protect against
some bruchids. Shade et al. (1994) found that transgenic pea seeds expressing the α-
amylase inhibitor of the common bean were sufficient to provide complete resistance
to bruchid beetles,C. chinensis andC.maculatus. Schroeder et al. (1995) transferred
∞-amylase inhibitor (a-AI) gene into pea and obtained transgenic peas resistant to
pea weevil, and under field conditions, the bean gene in the transgenic peas provided
complete protection from pea weevil (Bruchus pisorum) (Morton et al. 2000).

Jones et al. (1998) generated transgenic pea lines carrying PSbMV replicase (NIb)
sequences that exhibited resistance toPSbMV.Transformedpea lines expressing viral
coat protein (CP) resistant to Pea Enation Mosaic Virus and Alfalfa Mosaic Virus
were created (Chowrira et al. 1998; Timmerman-Vaughan et al. 2001). Transgenic
peas expressing a proteinase inhibitor (Na-PI) from Nicotiana alata increased resis-
tance toHelicoverpa armigera (Charity et al. 1999). Transgenic pea plants harboring
salt stress-tolerant gene (AtNHX1) from Arabidopsis thaliana enhanced salt stress
tolerance and frost tolerance (Ali et al. 2018).
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6.7 Glimpses on Classical Genetics and Traditional
Breeding for CS Traits

6.7.1 Classical Mapping Efforts

In the last four decades, there were many studies of classical genetic linkage map in
pea. Different kind of mutants with morphological traits were collected and studied.
In 2002, Ellis and Poyser summarized the previous work (Blixt 1972; Weeden et al.
1993, 1998; Rozov et al. 1999) and constructed an integrated linkage map with 105
markers and 7 groups.

Cited from Ellis and Poyser (2002)

6.7.2 Limitations of Classical Endeavors and Utility
of Molecular Mapping

The classical genetic linkage map has limited morphologic markers and the density
of number is not enough to undertake gene cloning. Moreover, the morphologic
difference between two parents is very limited. As a result, molecular genetic linkage
map was constructed with AFLP, RAPD, SSR and SNPmarkers. In 2014, the genetic
linkage map based on the Chinese varieties were constructed including 157 SSR
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markers, 11 linkage groups and covering 1518 cM in total length (Sun et al. 2014).
Moreover, another 33 polymorphic SSR markers were added to the genetic linkage
map of the same population (Yang et al. 2015).

6.7.3 Breeding Objectives: Positive and Negative Selection

There were many breeding objectives in the world for pea breeding. Resistance and
tolerance for biotic stress and abiotic stress are very important breeding objectives,
respectively. Winter pea is traditionally sown in autumn in the South and Centre
China (south of north latitude 33°). In recent years, more and more northern areas
plant winter pea in autumn. However, severe cold weather has affected the historical
pea-producing area in recent years, leading to great yield fluctuation. Thus, cold-
tolerant varieties are very important in the safe production of winter pea (Zhang
et al. 2017). From 2009 to 2011, Institute of Crop Science, Chinese Academy of
Agricultural Sciences and Qingdao Academy of Agricultural Sciences cooperated
and finished 3677 pea accessions evaluation for cold tolerance in the field during
winter in Qingdao. Moreover, the cold-tolerant breeding was carried out based on
cold-tolerant germplasm. As a result, Kewan No. 8 was released in North China.
This variety was semi-leafless, white flowers, double inflorescence and tolerant to
cold stress and resistant to powdery mildew. In Europe, the development of winter
field pea varieties, particularly the improvement of winter hardiness, the fitting of
flowering time to avoid flower initiation during frost at the end of winter, and also
seed filling during drought and heat at the beginning of summer, and Ascochyta
blight resistance (Lejeune-Hénaut et al. 2008). In USA, the winter-pea variety were
bred and near infrared reflectance spectroscopy (NIRS) was used to analyze the
breeding trait (Saha et al. 2018). In South China, the weather is warm and humid.
Improving resistance to multiple disease resistances and keeping high yield are the
most important local breeding targets. Yunwan No. 17 and Yunwan No. 37, which
were bred by Institute of Grain Crops, Yunnan Academy of Agricultural Sciences
(IGC-YAAS), were both high resistant to powdery mildew (Communication to Prof.
Yuhua He).

6.7.4 Achievements of Traditional Breeding

Following the classical breeding method, pea breeders have made much progress in
yield, quality, stress and resistance breeding in the world. As we known, 30 years
ago, landrace in rainfed areas dominated the dry pea production in China. Until now,
a total of 45 varieties have been bred and released from nine public institutes. 34 of
them were used as dry peas and 11 were vegetable peas. For dry pea varieties, 26
were normal leaf types and 8 were semi-leafless types. Among vegetable varieties,
six were snow peas, three were snap peas, and two were tendrill-free vegetable pea
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(Thomas et al. 2015). For example, Kewan No. 1 bred by Ms. Ling Li and Dr. Zong
was high yield with the average number about 3182 kg per hectare. It is resistant to
PSbMV, downy mildew and lodging. Yunwan No. 1 was bred by Institute of Grain
Crops, Yunnan Academy of Agricultural Sciences (IGC-YAAS). This variety was
high yield with the average number about 3020 kg/ha in the field and it is moderate
resistant to powdery mildew. For vegetable variety, Shijiadacaiwan No. 1 was the
first snow pea variety in China, which was sweet and of good quality with improved
tolerance to frost and lodging (Cheng and Wang 2009; Li et al. 2017).

6.7.5 Limitations of Traditional Breeding and Rationale
for Molecular Breeding

Traditional breeding approaches are vital for producing novel genetic variants,
hybridization between contrasting parental lines andmutation. In traditional breeding
program, various methods such as pedigree method, backcrossing, recurrent selec-
tion and mutation breeding are used. However, the traditional breeding has apparent
weakness, such as long breeding cycle, low selection efficiency and difficulty in dis-
tant crossing. Meanwhile it is difficult to pyramid many useful genes into a single
elite breeding line, and follow up them in subsequent breeding programs.

Molecular breeding, containing genomic-assisted breeding, marker-assisted
breeding, and genetic engineering has experienced significant innovations and
advances during the past three decades (Xu et al. 2012; Poland 2018). Breeding
by design and genome editing have received great attention as designing a desir-
able plant based on marker and associated gene information becomes increasingly
possible (Chen et al. 2018; Scheben and Edwards 2018).

6.8 Genetic Diversity Analysis

6.8.1 Phenotype-Based Diversity Analysis

There have beenmanyprevious studies on phenotype-based diversity analysis to eval-
uate pea genetic resources, providing important data for screening elite and excellent
genotypes such as high yield, high quality, stress resistance, and disease resistance. In
the year 2005, analysis of 148 Ethiopian P. sativum genotypes for 12 agronomically
important traits detected significant differences in all traits studied, except for the
number of seeds per pod. Based on these traits, clusters of genotypes were formed but
there was no obvious relationship between agronomic clusters and geographic origin
(Keneni et al. 2005). In the year 2011, 624 pea genotypes sampled from a world col-
lection of various geographical origins were evaluated based on 20 morphological
traits, and a large genetic variation among geographic origin based groups of genetic
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resources was revealed by comparison of mean value, CV, genetic diversity index
of their 20 morphological traits (He and Zong 2011). Two gene pools, a Chinese
gene pool and an oversea gene pool were detected and defined by three-dimensional
PCA graph method. Genetic distance based UPGMA clustering analysis provided
the same results for support (He and Zong 2011). Cold tolerance improvement of
pea varieties is important for stable yield and expansion of the winter pea planting
area. Under natural low-temperature conditions duringwinter inQingdao, Shandong,
China, recently, 3,672 pea germplasm accessions were evaluated for cold tolerance
in the field and categorized as displaying high resistance (214 accessions), moder-
ate resistance (835 accessions), or susceptibility (2623 accessions). The highly and
moderately resistant genotypes were validated in the following year; the genotypes
from the winter production region showed higher cold tolerance than genotypes from
the spring production region; the accessions identified as having high levels of cold
tolerance are recommended as potential genetic resources in cold tolerance breeding
of pea (Zhang et al. 2016).

In addition, some studies combined morphological and molecular markers for
correlation analysis and screening of molecular markers related to important agro-
nomic traits and stress resistance characteristics, laying an important foundation for
peamolecular assisted breeding. In 2008, 25 varieties of pea (Pisum sativum L.) were
selected from the list of recommended varieties for cultivation in the Czech Repub-
lic, and made both a standard classification by 12 morphological descriptors and a
classification by biochemical-molecular markers. The results showed that molecular
identification could be used to assess distinctness and complement morphological
assessment (Smýkal et al. 2008a). In year 2010, 30 genotypes and 10 commercial
varieties of pea from Turkey were analyzed by UPOV (the International Union for
the Protection of New Varieties of Plants) phenotypic criteria and 10 SSR primer
pairs, and the UPGMA dendrogram revealed genetic relatedness of tested genotypes
(Sarıkamış et al. 2010). More recently, in year 2017, genetic structure, diversity, and
inter-relationships in a worldwide collection of 151 pea accessions were analyzed
using 21 morphological descriptors and 20 simple sequence repeat (SSR) primers
(Rana et al. 2017); genetic relationships inferred from a neighbor-joining tree sep-
arated accessions into three groups; Bayesian model-based STRUCTURE analysis
detected three gene pools for the analyzed pea germplasm and showed these three
gene pools coexisted in accessions belonging to different geographic regions indicat-
ing frequent transference and exchange of pea germplasm during its domestication
history (Rana et al. 2017).

6.8.2 Genotype-Based Diversity Analysis Using Molecular
Markers

Many molecular marker-based studies have been conducted on Pisum germplasm
collections to investigate genetic and trait diversities. Molecular variation in the John
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Innes Centre P. sativum core collection was assessed by comparing Ty1-copia retro-
transposable element sequences in 1998 (Ellis et al. 1998), and Pearce et al. (2000)
went on to further characterize the Ty1-copia retrotransposable element sequences
in pea in 2000. The usefulness of the Ty1-copia sequence was proposed due to being
structurally conserved but having high insertion site polymorphism. Diversity among
accessions within the John Innes Pisum core collection (Matthews et al. 1995) was
assessed by examining differences in the insertional sequence of the PDR1 ele-
ment. Using sequence-specific amplification polymorphism (SSAP) within various
retrotransposon element variable regions, a detailed Pisum phylogeny was devel-
oped (Pearce et al. 2000). In 2012, characterization of genetic diversity among 4,538
Pisum accessions held in seven European Genebanks has identified sources of novel
genetic variation, and both reinforces and refines previous interpretations of the
overall structure of genetic diversity in Pisum. Molecular marker analysis was based
upon the presence/absence of polymorphism of retrotransposon insertions scored by
a high-throughput microarray and SSAP approaches. The diversity of Pisum con-
stitutes a broad continuum, with graded differentiation into sub-populations which
display various degrees of distinctness. The most distinct genetic groups correspond
to the named taxa. The cultivars and landraces of Pisum sativum can be divided into
two broad types, one of which is strongly enriched for modern cultivars (Jing et al.
2012). In 2000, 45 Pisum sativum cultivars were analyzed by the combination of
six enzyme systems (acid phosphatase, amylase, esterase, leucine aminopeptidase,
shikimate dehydrogenase and phosphoglucomutase) with two electrophoretic tech-
niques (NATIVE-PAGE, isoelectric focusing) through isozyme electrophoresis with
the objective to find protein markers for exact and reproducible discrimination of
individual genotypes, by use of seed and leaf tissue enabled to identify all 45 stud-
ied cultivars; critical factors which may affect utilization of isozyme electrophoresis
for commercial applications in pea breeding and seed production and testing are
discussed (Zdeněk and Miroslav 2000).

In 2004, protein and PCR-based molecular markers were employed to assess
genetic diversity among 148 Pisum accessions that represented both primitive and
modern cultivated forms (Baranger et al. 2004). Cluster analysis enabled discrimi-
nation of pea types corresponding to end use such as fodder, food and animal feed,
and separated the wild and primitive forms. More specifically, the spring-sown feed
types were clearly differentiated from the winter-sown feed types (Baranger et al.
2004). They also reported that released cultivars and breeding lines contained far less
diversity than the rest of the collection that represented the wider Pisum genepool
(Baranger et al. 2004). In 2007, a diversity study among 24 elite Indian P. sativum
genotypes using 60 random amplified polymorphic DNA (RAPD)markers separated
groups corresponding to tall and dwarf type varieties, and the similarity detected
between pairs of accessions ranged from 60 to 87% (Choudhury et al. 2007). In
2014, a set of 83 pea accessionswithmaximum ecological and geographical diversity
(including those from the centres of origin of the species) obtained from the Vavilov
Research Institute (VIR) collection including representatives of three subspecies,
was studied using the amplified fragment length polymorphism (AFLP) method and
a number of their morphological and biological characteristics were evaluated. The
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affiliation of the samples to the certain subspecies was not confirmed by the obtained
data, and the ecogeographic differentiation of the samples was not reflected by the
data. Factor analysis allowed to identify the sample groups of European and Asian
origin and the intermediate nature of most of the samples from the studied set of
pea accessions (Dyachenko et al. 2014). According to an initial study, PCR-based
microsatellite markers were generally found to be more informative for assessing
genetic relationships within Pisum than restriction fragment length polymorphism
(RFLP) type markers (Lu et al. 1996).

In the year 2009, 21 SSR markers were applied to compare 1,243 cultivated pea
genetic accessions from China with that of 774 accessions from the rest of world and
103 wild pea genotypes. It was found that there were significant differences between
Chinese and world pea gene banks; and the core germplasm of Chinese pea was
constructed (Zong et al. 2009a, b). In the year 2014, 96 pea cultivars widely grown
or used in breeding programs in the USA and Canada were analyzed for genetic
diversity using 31 microsatellite or simple sequence repeat (SSR) and 11 novel EST-
derived genicmarkers. Genetic diversity was assessed through unweighted neighbor-
joining method, and 96 varieties were grouped into three main clusters based on the
dissimilarity matrix; four subpopulations were determined through STRUCTURE
analysis with no significant geographic separation of the subpopulations (Jain et al.
2014). A recent study in 2017 using 30 SSR markers for comparison of 295 Chinese
genetic resources and 305 world pea genetic resources, the genetic diversity and
population genetic structure of germplasm resources revealed the similar conclusion;
it also found that Chinese peas genetic resources can be divided into two groups, the
significant difference existed between genetic resources from spring sowing area and
from winter sowing area (Wu et al. 2017). In 2015, 46 accessions, of which 43 were
fromEthiopia, were subjected to genetic diversity analysis using 15 newly developed
EST-SSRmarkers developed from publicly available ESTs; a total of 37 alleles were
detected across all accessions, and high levels of genetic variation were detected in
field pea accessions from Ethiopia using these markers (Teshome et al. 2015a, b).

To evaluate the genetic diversity and the scale of linkage disequilibrium (LD)
decay in pea, a collection of 917 accessions were genotyped in 2017, gathering
elite cultivars, landraces, and wild relatives using an array of about 13,000 SNPs
(single nucleotide polymorphisms). Genetic diversity is broadly distributed across
three groups corresponding to wild/landraces peas, winter types, and spring types.
At a finer subdivision level, genetic groups relate to local breeding programs and
type usage. LD decreases steeply as genetic distance increases. When considering
subsets of the data, LD values can be higher, even if the steep decay remains. It is
revealed that the genomic regions exhibiting high level of differentiation between
wild/landraces, winter, and spring pea, respectively. Two regions on linkage groups 5
and 6 containing 33 SNPs exhibit stronger differentiation between winter and spring
peas thanwould be expected under neutrality. Interestingly,QTL for resistance to cold
acclimation and frost resistance have been identified in the same regions (Mathieu
et al. 2017).
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6.8.3 Relationship with Other Cultivated Species and Wild
Relatives

In 2009, 197 Pisum accessions from 62 counties of five continents were employed
for SSR analysis using 21 polymorphic primer pairs in this study. Except for cul-
tivated field pea Pisum sativum subsp. sativum var. sativum (94 genotypes), it also
included wild relative genotypes that were classified as P. fulvum, P. sativum subsp.
abyssinicum, P. sativum subsp. asiaticum, P. sativum subsp. transcaucasicum, P.
sativum subsp. elatius var. elatius, P. sativum subsp. elatius var. pumilio and P.
sativum subsp. sativum var. arvense (103 genotypes). SSR alleles were uniformly
distributed among botanical taxon units under pisum genus, but significant differ-
ence appeared inmost pairwise comparisons for genetic diversity between taxon units
based groups of genetic resources. Genetic diversity level of wild species P. fulvum
was much lower than the cultivated species P. sativum. Under species P. sativum, P.
sativum ssp. sativum var. sativum and P. sativum ssp. asiaticum were the highest in
gentic diversity, followed by P. sativum ssp. elatius var. elatius and P. sativum ssp.
transcaucasicum, P. sativum ssp. elatius var. pumilio, P. sativum ssp. sativum var.
arvense and P. sativum ssp. abyssinicum were the lowest. Four gene pool clusters
were detected underPisum genus by using PCA analysis. Gene pool “fulvum”mainly
consisted of wild species Pisum fulvum, gene pool “abyssinicum” mainly consisted
of P. sativum ssp. abyssinicum, and gene pool “arvense” mainly consisted of P.
sativum ssp. sativum var. arvense. While gene pool “sativum” were composed by
five botanical taxon units, they are P. sativum ssp. asiaticum, P. sativum ssp. elatius
var. elatius, P. sativum ssp. transcaucasicum, P. sativum ssp. elatius var. pumilio
and P. sativum ssp. sativum var. sativum. “sativum” gene pool constructed the pri-
mary gene pool of cultivated genetic resources; “fulvum” gene pool, “abyssinicum”
gene pool and “arvense” gene pool together constructed the secondary gene pool of
cultivated genetic resources. Pairwise Nei78 genetic distance among botanical taxon
based groups of pea genetic resources ranged from 7.531 to 35.956, three large clus-
ter groups were identified based on the UPGMA dendrogram. Group I equals to
“sativum” and “arvense” gene pools, Group II equals to “abyssinicum” gene pool,
andGroup III equals to “fulvum” gene pool. TheUPGMAclustering results generally
support the PCA clustering results (Zong et al. 2009).

In 2015, the 372 pea accessions, including landraces and cultivars of garden, field
or fodder peas as well as wild peas, were characterized at the molecular level using
newly developed SNP markers, as well as SSR markers and RBIP (Retrotransposon
Based Insertion Polymorphism) markers. The three types of markers were used to
describe the structure of the collection and revealed different pictures of the genetic
diversity among the collection. SSR showed the fastest rate of evolution and RBIP
the slowest rate of evolution, pointing to their contrasted mode of evolution (Burstin
et al. 2015).



308 X. Zong et al.

6.8.4 Relationship with Geographical Distribution

In 2008, a set of 731 pea accessions from 67 countries except China were analyzed
using 21 SSR primer pairs, 109 polymorphic bands were amplified, SSR alleles were
not uniformly distributed among continents, and the number of effective alleles and
Shannon’s information index (I) were much varied among continental based groups
of genetic resources. Significant difference appeared in the pairwise comparisons
for genetic diversity between continental based groups of genetic resources. Asia
group had the highest level of genetic diversity (I = 1.1753), followed by Europe
(I = 1.1387), USSR (I = 1.0285), America (I = 1.0196), Africa (I = 0.9254), and
Oceania (I = 0.8608) groups. Two large cluster groups and four cluster subgroups
were identified based on the dendrogram of pairwise Nei78 genetic distance. The
clustering results of genetic resources revealed geographically broad correlation to
their genetic diversity. Three types of population structure within 731 pea accessions
were inferred by Structure analysis, which also broadly correlated to their geographic
origins (Zong et al. 2008a). In a parallel study, 1221 pea (Pisum sativum L.) landraces
from 19 provinces in spring and winter sowing areas in China were employed for
SSR analysis. One hundred and four polymorphic bands were detected by using 21
SSR primer pairs, of which, 62.52% were effective alleles for diversity. SSR alleles
were uniformly distributed in the landraces among provinces, while the number of
effective alleles and Shannon’s information index (I) varied much among provincial
based groups of genetic resources. Significant difference appeared in the majority
of pairwise comparisons for genetic diversity between provincial based groups of
genetic resources. Inner Mongolia possessed the highest level of genetic diversity (I
= 1.066), followed by Gansu (I = 1.041), Sichuan (I = 1.026), Yunnan (I = 1.017)
and Tibet (I= 0.996); Liaoning was the lowest (I= 0.515) in genetic diversity. Three
gene pools were detected in Chinese pea landraces, which were polarized during its
adaptation and cultivation in thousands years. Gene Pool I mainly consisted of the
pea landraces from Inner Mongolia and Shaanxi provinces, Gene Pool II mainly
consisted of the pea landraces from Henan province, and Gene Pool III mainly
consisted of the pea landraces from other provinces except Shaanxi, Inner Mongolia,
and Henan. Pairwise Nei78 genetic distance among provincial based groups of pea
landraces ranged from5.159 to 27.586, two large cluster groups and eight cluster sub-
groupswere identified based on the dendrogram interactingwith the three gene pools.
The clustering results of Chinese landraces revealed ecologically and geographically
close correlation to their genetic diversity (Zong et al. 2008b).

6.9 Association Mapping Studies

Compared to QTL analysis, association mapping has several advantages. It uses a
broader genetic resource and there is no need to develop RIL/F2 populations. The
resolution of association mapping is much higher than QTL mapping.
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There was some work of association mapping for peas and the most of them
were genome-wide association studies. Two hundred eighty-five USDA core col-
lections and 137 DNA markers including SSR, RAPD and SCAR were used for
association mapping study. Kwon and colleagues discovered three subgroups of the
USDA Pisum core collection and 10markers associated with seedmicronutrients, 11
markers associated with disease/pest resistance, 42 markers associated with morpho-
logical/agronomic characters, 4 markers associated with phenology and 10 markers
associated with production, respectively (Kwon et al. 2012; Smýkal and Konečná
2014). In 2015, 384 accessions of USDA pea collection, including 330 landraces and
cultivars, 28 P. sativum subsp. elatius var. elatius, 16 P. sativum subsp. sativum var.
arvense, 4 P. sativum subsp. elatius var. pumilio, 3 P. abyssinicum, 2 P. fulvum, and 1
P. sativum subsp. transcaucasicum, were genotyped with 256 SNP markers and phe-
notyped with 25 valuable traits. As a result, 71 significant marker–trait associations
were validated (Cheng et al. 2015). A panel of 94 accessions, including 92 cultivars
and breeding lines, one P. fulvum and one P. sativum subsp. elatius, were genotyped
with 1,233 EST-based SNP markers and phenotyped with iron, zinc and selenium
concentrations in seeds of pea. 9 SNP markers were significantly associated with
iron, 2 SNP markers with zinc concentration in seeds, and no marker was associated
with seed Se concentration (Diapari et al. 2015).

In the field of frost tolerance study of pea, association analysis of frost tolerance
was performed with 267 SSR markers and 672 diverse pea accessions at three loca-
tions for three years. As a result, seven SSR markers were found to be associated
with frost tolerance in at least two different environments with two different statisti-
cal models (Liu et al. 2017). Target gene-based association studies were very scarce.
A panel of 92 diverse pea lines and 25 candidate genes in the pea starch metabolic
pathway affects starch structure and percent amylose were used and associations
were found for polymorphisms in seven candidate genes plus Mendel’s r locus (Car-
penter et al. 2017). Mapping a nucleotide sequence with a specific trait offers an
opportunity for pea breeders to exploit the genetic variation present in germplasm
resources and apply marker-assisted breeding in the future.

6.10 Molecular Mapping of CS Genes and QTLs

As a significant legume crop, there was a long history of molecular mapping studies
in pea (Gilpin et al. 1997; Laucou et al. 1998; Ellis and Poyser 2002; Loridon et al.
2005; Deulvot et al. 2010). Different types of molecular markers were used: RFLP,
RAPD, SSR, STS, and SNP. Genetic maps of pea were built from different kind of
populations, such as RILs (Boutte et al. 2016;Ma et al. 2017a, b), and F2 derived from
the cross (Sun et al. 2014; Yang et al. 2015). Moreover, the “consensus” molecular
marker pea maps were constructed by the pea research community (Loridon et al.
2005; Tayeh et al. 2015a, b, c). According to full length de novo assembly of RNA-
seq data, the GenoPea 13.2 K SNP Array was newly developed and 12 pea RIL
populations were genotyped using the GenoPea 13.2 K SNP Array. Then, individual
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and consensus genetic maps were built. In all, this was a vital tool for QTL mapping
and marker-assistant breeding (Alves-Carvalho et al. 2015; Tayeh et al. 2015a).

Because of lack of reference genome, mapping of simply-inherited traits was very
difficult in pea. However, there were still some advances in this field. Cross-species
identification was a very important method for gene discovery in pea. SGR gene
homologs were identified in pea and other plant species, mutations of which partially
disable plant senescence. The biochemical characterization and map location of this
gene in pea indicated that it was the same locus that determined yellow (I) and green
(i) cotyledon color, as originally described by Mendel (Armstead et al. 2007; Sato
et al.2007). The genetic map of pea was aligned to genomic sequences ofMedicago
using the sequences of cDNA probes known to flank the A locus which encodes a
bHLH transcription factor (Hellens et al. 2010). LeLe plants are tall and lele plants
are dwarf, and this difference was due to internode length. Then, subsequent studies
found that Le locus encodes a GA 3-oxidase (EC 1.14.11.15) (Lester et al. 1997;
Martin et al. 1997). The wrinkled phenotype to be characterized corresponded to a
mutation in a gene encoding a biosynthetic enzyme (EC 2.4.1.18) (Bhattacharyya
et al. 1990). Lf was the first locus controlling flowering in pea to be identified through
a candidate gene approach as a homolog of the Arabidopsis inflorescence identity
gene TFL1 (Foucher et al. 2003). Then there was another locus with the phenotype
late-flowering, photoperiod-insensitive that has been identified, and the pea LATE
BLOOMER1 (LATE1) gene was an ortholog of ArabidopsisGIGANTEA (Hecht et al.
2007).

A lot ofQTLmapping studies focused on biotic stresses and abiotic stresses. How-
ever, these results have been summarized in the Section on Prioritizing CS Stress
Tolerance Traits. For both in the F2 population and RIL population, only one com-
mon genomic region was identified as containing seed weight QTLs (Timmerman-
Vaughan et al. 1996). In 2004, the map, consisting of 204 different types of markers,
was used for interval mapping of QTLs controlling seed number, pod number, 1000-
seed weight, 1000-yield, and seed protein content (Irzykowska and Wolko 2004).

Seed weight QTLs are associated with nine genomic regions, and seed num-
ber QTL have been detected in association with nine genomic regions. Seed yield
QTLs are associated with genomic regions on LG III, IV (two QTLs), and VII (two
QTLs), Harvest index QTLs were detected in association with markers on LG I, II,
III, and IIIa (Timmerman-Vaughan et al. 2005). New loci with alleles coming from
the protein-rich Wt11238 line, positive for yield components, were identified in two
populations under multi-environment (Krajewski et al. 2012). In 2017, using geno-
typing by sequencing (GBS) genotype technology, 46 seed mineral concentration
QTLs, 37 seed mineral content QTLs, and 6 seed weight QTLs were discovered
(Ma et al. 2017a, b). Available individual and consensus genetic maps constructed
for biparental populations and quantitative trait loci positioned on these maps in pea
were summarized in Table 6.6.
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6.11 Marker-Assisted Breeding for CS Traits

This sectionmainly dealswith the application ofmarker-assisted breeding for genetic
improvement of pea. First, the germplasm characterization and distinctness, unifor-
mity and stability (DUS) for a new variety were discussed. Second, it describes
about the research progress of marker-assisted gene introgression and gene pyramid-
ing. Third, the limitations and prospects of MAS and marker-assisted backcrossing
breeding (MABCB) were then reviewed at the end.

6.11.1 Germplasm Characterization and DUS

To ensure the agricultural sustainability and food security, one main task for plant
breeders is developing elite varieties with the feature of high productivity and more
tolerance to biotic and abiotic stresses, which depends on the abundant genetic diver-
sity in the germplasm maintained in gene banks (Johal et al. 2008; McCouch et al.
2013; Byrne et al. 2018). Germplasm resources are carriers of biological genetic
information with actual or potential use value, which is regarded as the material
basis for crop genetic improvement (Li et al. 2015; Liu et al. 2018). It is important
to characterize germplasm comprehensively and accurately that mainly lies in the
following aspects: (1) providing theoretical guidance for the effective collection and
protection of crop germplasm; (2) helping to clarify the origin and evolution of crops;
(3) laying foundation for the discovery of excellent germplasm and alleles (Tanksley
and McCouch 1997; Li et al. 2015; Liu et al. 2018). Therefore, germplasm charac-
terization can result in a better understanding and utilization of germplasm resources
(Upadhyaya et al. 2006).

Pea is one of annual cool-season legumes with important economic value and eco-
logical advantages, which was domesticated byNeolithic farmers about 10,000 years
ago (Zohary and Hopf 2000; Smýkal et al. 2011, 2015). To improve the utilization
of pea germplasm with the goal of production and adaptation improvement, previ-
ous studies on germplasm evaluation of pea have been reported extensively. Some
studies have used morphological and agronomic traits to evaluate pea germplasm
resources, providing important information for screening for superior germplasm
resources such as high yield, high quality, stress resistance, and disease resistance
(Ali et al. 2007; Sardana et al. 2007; Smýkal et al. 2008a, b; Sarikamis et al. 2010;
Handerson et al. 2014). Other studies combined with morphological and molecular
markers to screen markers associated with important agronomic and abiotic stress
resistance traits have laid an important foundation for pea marker-assisted breeding
(Kwon et al. 2012; Cheng et al. 2015; Diapari et al. 2015; Liu et al. 2017). There are
also a large number of studies using different molecular markers to detect the genetic
diversity and population genetic structure of pea germplasm from different sources.
Rich genetic diversity and obvious genetic structure were found in pea germplasm
and its closely related wild species, and some core collections of pea germplasm have
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been constructed (Jing et al. 2012; Smýkal et al. 2008a, b; Zong et al. 2009a, b; Jain
et al. 2014; Burstin et al. 2015; Teshome et al. 2015a, b). All the above researches
have provided an important theoretical basis for the conservation and utilization of
pea germplasm resources.

Crop genetic improvement is a process in which human’s directional reform crop
target traits purposefully and systematically; the process is called breeding and the
resulting products are called varieties (Zhang et al. 2017). To grant a plant breeders’
right as well as the protection of new plant varieties, UPOV (International Union
for the Protection of New Varieties of Plants) has developed a detailed identifica-
tion guidelines of distinctness, uniformity and stability (DUS) for new plant variety,
referred to as DUS test (Smýkal et al. 2008a; Furones-Pérez and Fernández-López
2009). Distinctness is determined by comparing the test variety with reference vari-
eties and demonstrating clear differences between them. Uniformity refers to the
intra-cultivar homogeneity and the analysis of the mutation rate of the entire com-
munity. Stability refers to no significant temporal or spatial variation after repeating
test (Furones-Pérez and Fernández-López 2009).

Traditionally, DUS tests are mainly based on the evaluation of morphological and
physiological characters called descriptors obtained by growing multiple varieties
side by side under the same growth conditions (Kwon et al. 2005; Furones-Pérez
and Fernández-López 2009). It is generally necessary to repeat observations for
2–3 years before finally making a reasonable and objective evaluation. However, tra-
ditional method of DUS test is considered time-consuming and expensive and often
subjective (Kwon et al. 2005). In addition, the number of morphological traits is lim-
ited and most of them are multigenic or quantitative those are easily influenced by
environmental factors (Kwon et al. 2005; Smýkal et al. 2008a).With the development
of molecular markers, they are introduced as characters in distinctness assessment
for the following advantages: (1) abundant markers to be used as characters; (2) easy
to be observe and score; (3) avoid genotype-environment interaction; (4) free from
being affected by growth stage, season, location, and agronomic practice (Kwon
et al. 2002, 2005; Smýkal et al. 2008a). Among the molecular markers, SSR mark-
ers have been identified as the most widely used marker system for plant variety
characterization due to the feature of highly polymorphic, reproducible, codomi-
nant, and multi-allelic types of variation (Kwon et al. 2002, 2005; Smýkal et al.
2008a). A study on variety discrimination in pea utilized morphological descriptors
and biochemical-molecular markers to make classification of 25 varieties of pea, and
the results showed that molecular identification could be used to assess distinctness
and complement morphology-based DUS procedure (Smýkal et al. 2008a).
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6.11.2 Marker-Assisted Gene Introgression and Gene
Pyramiding

Over the past decades, plant breeding has played a vital role and made remarkable
progress in improving crop yields and food security, which has been benefited from
the development of biotechnology (Tester and Langridge 2010). Marker-assisted
selection (MAS) involves using variation of molecular markers associated with the
desired trait to assist selection in plant breeding, providing an important alternative
to phenotypic selection for the advantages of more reliable, more convenient as well
as less labor and time-consuming (Collard and Mackill 2008; Moose and Mumm
2008; Tester and Langridge 2010). Marker-assisted gene introgression is a method
of introducing a favorable gene with the aid of linked marker from a donor vari-
ety to a recipient variety (i.e., elite cultivar) while maintaining the original genetic
background of the recipient variety as much as possible (Visscher et al. 1996). Gene
pyramiding is the process of combining several genes (i.e.,multiple disease resistance
genes) together into a single genotype and the efficiency can be greatly facilitated
by means of MAS (Collard and Mackill 2008).

The implementation of all the above methods is inseparable from the gene dis-
covery of important traits and the development of reliable markers. QTL mapping
and association mapping are two commonly used methods in MAS (Fig. 6.1). QTL
mapping depending on genetic linkage maps based on molecular markers developed
with segregating population has been used to identify QTLs for many years and laid a
solid foundation for MAS (Tanksley 1993; Tanksley and McCouch 1997; Morgante
and Salamini 2003). On the other hand, association mapping, utilizing a broader
gene pool including germplasm or natural population, identifies functional polymor-
phisms by examining the marker-trait associations, which has emerged as an alterna-
tive approach to traditional QTL mapping (Zhu et al. 2008; Rafalski 2010; Hamblin
et al. 2011). There are several advantages of association mapping over traditional
QTL mapping: (1) more diverse genetic variations for marker-trait correlations, (2)
higher resolution mapping due to more recombination events, (3) available to take
advantage of previous phenotyping data, and (4) less time, labor and cost for no
need to develop biparental populations (Abdurakhmonov and Abdukarimov 2008;
Hamblin et al. 2011).

In pea, a number of studies have been made using QTL mapping with different
molecular markers for the localization of genetic loci related to important agronomic
traits as well as biotic and abiotic stress resistance (Rubiales et al. 2015; Jacob
et al. 2016). For agronomic traits, several studies of QTL mapping based on genetic
linkage maps have found and located some important QTLs controlling different
traits, such as stem length and number of nodes (Irzykowska et al. 2002), seed weight
(Timmerman-Vaughan et al. 1996), seed yield and seed protein content (Tar’an et al.
2004; Timmerman-Vaughan et al. 2005); seed mineral concentrations and contents
(Ma et al. 2017a, b). Due to the yield reduction caused by diseases and pests, great
efforts have been made on QTL mapping of biotic resistance in pea and substantial
researches have been reported on QTLs or genes responsible for disease resistance
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Fig. 6.1 ‘Pipline’ of Marker-assisted selection

to Aphanomyces root rot (Pilet-Nayel et al. 2002), Ascochyta blight (Timmerman-
Vaughan et al. 2002; Prioul et al. 2004; Fondevilla et al. 2008; Timmerman-Vaughan
et al. 2016; Jha et al. 2017), powdery mildew (Katoch et al. 2010; Sun et al. 2016a,
b), pea rust (Rai et al. 2011; Barilli et al. 2018) as well as pest resistance to pea weevil
(Aryamanesh et al. 2014). In addition, some other studies identified QTLs related
to salinity tolerance (Leonforte et al. 2013a, b) and freezing tolerance (Tayeh et al.
2013). A good example of MAS in pea is the development of resistance to powdery
mildew in pea breeding. Since 1969, three genes (er1, er2, and Er3) were reported to
be conferring resistance to powdery mildew, caused by Erysiphe pisi in pea and its
wild relative Pisum fulvum. Moreover, various DNA markers linked to er1, er2, and
Er3 have been developed and used in breeding programs of pea (Ghafoor andMcPhee
2012). Recently, several novel er1 alleles were found in Chinese pea germplasm and
cosegregating functional markers were detected and validated (Sun et al. 2016a, b).
All the above researches provide powerful tools for breeding cultivars resistance to
powdery mildew in pea via MAS.

With the advances of genomic technology, association mapping studies in pea
combined with morphological and molecular markers to screen markers associated
with important agronomic and stress resistance traits have also laid an important
foundation for pea marker-assisted breeding (Kwon et al. 2012; Cheng et al. 2015;
Diapari et al. 2015; Desgroux et al. 2016a, b, 2018; Carpenter et al. 2017; Jiang et al.
2017; Liu et al. 2017). In an early study, genome-wide association using various
DNA markers including SSR, RAPD, and SCAR with USDA pea core collection
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and certain markers were identified to be associated with eight mineral nutrient con-
centrations in seed and other important phenotypic traits (Kwon et al. 2012). After
that, several genome-wide associationmapping studies using SNPmarkers identified
significant associations with different traits including morphological traits related to
flower color, seed surface, and seed coat color; traits related to reproductive devel-
opment containing the onset of flowering, pod development, number of reproductive
nodes; mineral nutrient concentrations in seed including calcium, magnesium, iron,
zinc and selenium; root system architecture traits; disease resistance such as Fusar-
ium wilt, Aphanomyces euteiches (Cheng et al. 2015; Diapari et al. 2015; Desgroux
et al. 2016a, b, 2018; Jiang et al. 2017). In terms of abiotic stresses, a recent study of
marker-trait association analysis of frost tolerance was performed on 672 worldwide
pea collections with 267 informative SSRmarkers and sevenmarkers associatedwith
frost tolerance were repeatedly detected based on the multiyear and multilocation
phenotypic data in field trails (Liu et al. 2017). Except for genome-wide association
mapping, candidate gene association mapping of starch chain length distribution and
amylose content were conducted on 92 diverse pea lines using partial sequences of
25 candidate genes, and polymorphisms in seven candidate genes were found to be
associated with the amylopectin chain length distribution and percent amylose (Car-
penter et al. 2017). The above results of association mapping will play a vital role in
the marker-assisted breeding of pea.

6.11.3 Limitations and Prospects of MAS

There is a general consideration that MAS can greatly increase the efficiency and
effectiveness in plant breeding compared to the traditional phenotypic selection with
the following advantages: (1) time saving through molecular tests without temporal
and spatial constraints; (2) more precision for free from the environmental effects
in field trials; (3) more cost-effective for selection of genotypes at seedling stage; 4)
more efficient by means of gene pyramiding; (4) traits with low heritability or not
feasible for phenotypic selection can be selected; (5) selecting for single plant based
on the genotype (Collard et al. 2005; Collard and Mackill 2008; Gupta et al. 2010).
However, despite the great success of marker-assisted breeding inmajor cereal crops,
the progress of applying MAS in legume crops breeding has been slow and limited
to a few legume crops such as chickpea and common bean (Kumar et al. 2011a, b;
Jacob et al. 2016). The limitations ofMAS in peamainly lies in the following aspects:
(1) lack of sufficient genetic analysis and genomic data, which is a major constraint
to develop reliable and user-friendly marker closely linked to traits of interest; (2)
markers associated with a trait must be validated before using in different genetic
backgrounds; (3) “knowledge and application gap” between the molecular biologists
and plant breeder, hindering the wide use of MAS in breeding program (Collard
and Mackill 2008; Kumar et al. 2011a, b; Jacob et al. 2016). However, with the
development of sequencing technology and the emergence of new biotechnological
tools such as GBS and GWAS, the accumulation of genetic analysis and genomic
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data of pea and other legume crops will greatly promote the marker development and
gene discovery, which will encourage the more widespread use of MAS in pea and
other legume crops (Collard and Mackill 2008; Kumar et al. 2011a, b; Jacob et al.
2016).

6.12 Genomics-Aided Breeding for CS Traits

Although the complete reference genome sequence of pea has not been published
yet till now, with the advent of modern genotyping technologies and approaches,
more and more genomic resources and tools including transcriptome, genotyping
and mapping were developed in pea, which will pave the way for genomics-aided
breeding in pea (Smýkal et al. 2012; Tayeh et al. 2015b).

6.12.1 Structural and Functional Genomic Resources
Developed

The advances of next-generation sequencing and new bioinformatics methods make
it possible to generate transcriptome resources for nonmodel species such as pea
without a sequenced genome (Trapnell et al. 2010; Franssen et al. 2011b; Grabherr
et al. 2011). As mentioned in the previous section, reliable and user-friendly markers
are the primary prerequisites in the strategy ofMAS. To realize such target, numerous
SSR and SNP markers have been developed by means of high-throughput transcrip-
tome sequencing in pea recently (Kaur et al. 2012; Duarte et al. 2014; Sindhu et al.
2014; Alves-Carvalho et al. 2015; Yang et al. 2015), which are useful in the genetic
diversity assessment, geneticmapping,marker-trait association analysis and so on. In
addition, several gene or transcript-based SNP datasets has been successfully used
to design SNP arrays with marker density ranging from 384 to 15,000 based on
different platforms including Illumina GoldenGate (Deulvot et al. 2010; Leonforte
et al. 2013a, b; Duarte et al. 2014; Sindhu et al. 2014), Illumina Infinium (Tayeh
et al. 2015a) and Sequenom MassARRAY (Cheng et al. 2015) for high-throughput
genotyping, which provide powerful tools to gene discovery, high-density genetic
mapping and genome-wide association studies (GWAS) (Tayeh et al. 2015b). Except
for transcriptome sequencing, alternative sequencing technology such as genotyping
by sequencing (GBS) and the diversity arrays technology sequencing (DArTseq)
have been also utilized in pea and its wild species to identify genome-wide SNP
markers and construct high-density genetic linkage maps (Ma et al. 2017a, b; Barilli
et al. 2018).

High-density genetic linkage maps are important tools for functional gene local-
ization, map-based gene cloning, comparative genomics research, assisting de novo
genome assembly and marker-assisted breeding (Semagn et al. 2006). There is a
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long history on genetic linkage mapping in pea using different markers including
isozymes (Weeden and Marx 1987), RFLP (Ellis et al. 1992), AFLP (Vos et al.
1995), RAPD (Laucou et al. 1998), SSR (Loridon et al. 2005), EST-SSR (DeCaire
et al. 2012; Mishra et al. 2012) and SNP (Aubert et al. 2006; Deulvot et al. 2010;
Leonforte et al. 2013a, b) with different populations. With the development of next-
generation sequencing technology, high-throughput development of genomic SSR
markers, EST-SSR markers, and SNP markers based on transcriptome sequencing
and simplified genome sequencing laid an important foundation for the construction
of high-density genetic linkage maps and functional gene mapping (Duarte et al.
2014; Sindhu et al. 2014; Sun et al. 2014; Tayeh et al. 2015a; Boutte et al. 2016; Ma
et al. 2017a, b). In addition to conduct genetic mapping of individual population, a
consensus genetic linkage map with a higher density and more completed genome
coverage can be obtained by integrating information frommultiple mapping popula-
tions (Sudheesh et al. 2015a, b; Tayeh et al. 2015a). Until now, more than 52 genetic
linkage maps containing 8,503 markers at most are available in pea, all of which
have provided powerful tools in gene discovery related to important traits in pea and
played a vital role in molecular breeding of pea (Tayeh et al. 2015b).

6.12.2 Details of Genome Sequencing

In the development of pea genome sequencing, two recent studies have provided
good examples and reference for others using transcriptome (Alves-Carvalho et al.
2015) and whole genome sequencing, respectively (Tayeh et al. 2015a). The details
are as follows.

In spite of the lack of full genome sequence, gene atlas of pea has been recently
produced as a reference for the pea exome (Alves-Carvalho et al. 2015). In the study,
20 cDNA libraries of the pea cultivar “Cameor” from various plant tissues at diverse
developmental stages under distinct nitrogen conditions were sequenced, which gen-
erated more than one billion reads about 100 Gb data. After a specific strategy of
de novo assembly and redundancy reduction, 46,099 contigs were identified with
N50 length of 1,667 nt, constituting a unigene set representing a comprehensive
full-length gene catalog of pea. The unigene set provides a powerful functional tool
for pea orthologous gene searching, transcript expression patterns determination,
uncharacterized gene identification, gene ontology pathways, comparison between
tissues, which will undoubtedly promote the SNP and gene discovery and the devel-
opment of transcriptome and proteome in pea.

Except for transcriptome sequencing, whole genome sequencing was also utilized
to develop two important genomic resources in pea (Tayeh et al. 2015a). In combi-
nation of a gene space assembly generated by RNA-seq and 23.9X whole genome
sequences of the same genotype Cameor as well as whole genome sequences of
15 other genotypes within the Pisum genus (sequencing depths ranging from 4.4 to
8.1), a total of 2,48,617 nonredundant SNPs for all the above genotypes compared
to Cameor were identified with a range of 18,997 to 59,243 robust SNPs per acces-
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sion. After a series of filtered procedures, a final set of 13,024 SNPs were selected
to develop the GenoPea 13.2 K SNP array, which was then used to genotype 1,384
individuals from 12 RIL populations. A high-density and high-resolution consensus
genetic linkage map was obtained containing 15,079 markers distributed in seven
likage groups and covering a length of 794.9 cM with an average marker density of
0.24 cM. The GenoPea 13.2 K SNP array and the high-density genetic linkage maps
of pea have provided powerful genomic tools and laid an important foundation for
the genomic-aided breeding in pea.

6.12.3 Gene Annotation

Genome annotation includes structural annotation (identifying gene and their
intron–exon structures) and functional gene annotation (attaching biological infor-
mation such as gene ontology to gene) (Yandell and Ence 2012). Gene annotation has
been performed in several transcriptome analysis studies for pea and various results
were obtained due to the differences of sequencing materials, annotation strategies
and reference databases. An early study of pea transcriptome resulted in 3,24,428
and 81,449 unigenes with different assembly strategies, respectively (Franssen et al.
2011a). In another study, a total of 11,737 and 22,295 unigenes were obtained by
comparing all the consensus sequences of pea to Medicago coding sequences and
the NCBI nonredundant (nr) database of GenBank, respectively (Kaur et al. 2012).
After that, transcriptome sequencing of eight pea genotypes generated 68 K unigene
set, of which 41 K unigenes were annotated by homology search against the model
speciesMedicago truncatula (Duarte et al. 2014).Recently, comprehensive transcrip-
tome analysis in pea with 20 cDNA libraries from various plant tissues at diverse
developmental stages under distinct nitrogen conditions identified 46,099 unigenes
classified into a low-copy-number unigene set (40,204) and a high-copy-number uni-
gene set (5,704) as well as organelle set (191). In addition, Gene Ontologies (GO)
functional annotation revealed a different functional constitution of the low-copy-
number and the high-copy-number unigene set (Alves-Carvalho et al. 2015). With
the accumulation of genomic data and the increasing availability of public databases,
gene annotation has been greatly improved for functional genomic research. A com-
parative transcriptomic study on the seed development of vegetable and grain pea
identified various number of unigenes by combining five public databases includ-
ing NCBI nonredundant (nr), Swiss-prot, Pfam, Kyoto Encyclopedia of Genes and
Genomes (KEGG) andClusters ofOrthologousGroups of proteins (COG) databases.
In addition, the functional annotation of the unigenes was further conducted using
GO assignments, COG classifications and KEGG pathway distribution (Liu et al.
2015). All the above-annotated unigenes provide valuable resources for genetic and
functional genomic research in pea.
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6.12.4 Impact of Genomics Research on Germplasm
Characterization and Gene Discovery

Plant genomic resources have shown great value in the improvement of crops, includ-
ing exploitation of genetic variation, understanding molecular genetic basis of com-
plex traits and increasing the efficiency of crop breeding (Bevan et al. 2017). Unlike
themajor cereals andmodel legumes, the deployment of genomics tool and technolo-
gies in pea is in the initial stage but with great potential. Except for transcriptome
sequencing, new technology of NGS-based GBS and DArTseq promising marker
discovery as well as high-throughput genotyping without a reference genome have
also been successfully utilized in pea, which provides alternative SNP detection
methods with low-cost investments for pea (Ma et al. 2017a, b; Barilli et al. 2018). In
addition, large-scale genome-wide molecular markers have been developed and used
to establish high-throughput genotyping platforms such as SNP array in pea, making
it possible for genotyping large populations more precise, rapid and cost-effective
in pea (Tayeh et al. 2015a; Varshney et al. 2017). Furthermore, the availability of
large-scalemarkers and newgenotyping platform further facilitate the construction of
high-density and high-resolution genetic linkagemap of pea, whichwill undoubtedly
improve the precision and efficiency of gene discovery in pea (Tayeh et al. 2015a, b).
All these genomic advances in pea will play a vital role in the exploitation of genetic
variation of germplasm and accelerating the gene discovery of complex traits and
will further improve the genetic gain of genomics-aided breeding (Varshney et al.
2017).

6.12.5 Application of Structural and Functional Genomics
in Genomics-Assisted Breeding

Genomic selection (GS) has emerged as one of effective genomics-aided breeding
approaches with less time and cost as well as high accuracy in parallel with the
advances of sequencing technology (Tayeh et al. 2015c). GS help breeders to select
the superior lines according to the genomic-estimated breeding values (GEBV) of
a testing population with only genotyping data based on a prediction model built in
combination of phenotyping and genotyping data of a training population (Crossa
et al. 2017; Varshney et al. 2017). Examples of GS application in pea have been
described below. In one case of pea, a limited number of 331 SNP markers were
used to predict phenotypes including the date of flowering (BegFlo), the number
of seeds per plant (Nseed) and thousand seed weight (TSW) for 372 accessions of
diverse pea collection. Different statistical methods were tested in the study taking
into account of population structure of the collection and results showed that TSWcan
be reliably predicted (Burstin et al. 2015). In another study, high-density genotyping
was conducted on a 339 pea collection utilizing the GenoPea 13.2 K SNP Array for
genomic prediction of phenotypes—TSW, NSeed and BegFlo, and results showed
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that prediction quality was best for BegFlo followed by TSW. In addition, factors
influenced the prediction accuracy has been also investigated, and large effect was
found in the size and composition of the training population but limited for the
statistical method and marker density (Tayeh et al. 2015c). Results of these studies
have laid an important foundation for the GS application in pea.

6.13 Brief Account on Social, Political and Regulatory
Issues

6.13.1 Concerns and Compliances

With the completion of whole-genome sequencing of more and more species, the
application of genomic editing technology in agriculture will be more and more
extensive and has already produced huge economic, social and environmental ben-
efits. Pea genome editing breeding technology is no exception. In 2014, Nature
Methods ranked gene editing as one of the ten most influential research methods in
biology in the past decade. The regulation of gene editing breeding (including peas)
lags behind the development of technology. Gene editing breeding for peas may be
just a tool or a means, with no inherent special risks and no new risks compared
to conventional breeding techniques. However, due to missing target effect, it also
has some risks. Therefore, a new subject of how to evaluate and supervise safety is
put forward. Meanwhile, advanced genetic engineering raises a worldwide regula-
tory issue by creating indistinct boundaries in genetically modified organism (GMO)
regulations because without introducing new genetic material, genome editing can
be used to make modifications similar to naturally occurring mutations.

6.13.2 Patent and IPR Issues

In the big data and intelligent service system of intellectual property in China under
the state intellectual property office, there will be 4,152 patent documents for inquir-
ing the keyword “pea”. From the perspective of patent type, there are 3,326 invention
applications, 433 invention authorization applications, 221 designs, and 129 utility
models, as well as 18 Taiwan inventions and 25 others. Judging from the current
status of rights, there are 1,777 cases under review, 1,606 cases without power, 736
cases with power, and 8 others. From the year of application, there were 686 pieces
in 2014, 660 pieces in 2015, 787 pieces in 2016, 461 pieces in 2017, 127 pieces
in 2018 and 1,398 pieces in other years. In terms of patent type, pea planting and
processing technology is the main technology. For example, Tianmen Xinmanyuan
Modern Agriculture Development Co., LTD. applied for a pea cultivation method,
Qingdao Shoutai Agricultural Science and Technology Co., LTD. applied for the pro-
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duction process of fried crispy pea food, Shandong Jianyuan Biological Engineering
Co., LTD. applied for an improved pea separation protein preparation process and
Liuzhou Liunan Mingda Pigeon Breeding Association applied for a pigeon feed and
its preparation method and other 30 related feed processing technology patents. In
the system, 145 pieces of software copyright related with “pea” as the keyword, and
561 pieces of related copyright works.

6.13.3 Disclosure of Sources of GRs, Access and Benefit
Sharing

As an important grain, vegetable and forage multipurpose crop, pea plays an increas-
ingly important role in the improvement of people’s living standard and the sustain-
able development of national economy and agriculture. But at present, the cultivated
area of pea is decreasing, and its economic benefit, yield, and product quality are
not high. One of the main reasons is the development, improvement and variety
management of pea germplasm resources. The strict examination and scientific pop-
ularization of breeding varieties can guarantee the resources of pea varieties to better
serve the development of pea production.

Local variety resources in China are divided into three gene pools: gene pool I
mainly consists of spring sowing area of Inner Mongolia, Shaanxi resources; gene
pool II mainly consists of autumn sowing area’s northernmost resources in Henan;
in addition, gene pool III is mainly composed of the province of Anhui, Guizhou,
Yunnan, Hubei, Sichuan, Guangxi, Qinghai, Shanxi, Gansu, Guangdong, Hunan, and
Liaoning, Shanghai, Beijing and Xinjiang’s resources.

The evaluation of agronomic characters of Chinese pea germplasm resources
mainly includes the following two aspects. One is the growth period, plant morphol-
ogy, yield characteristics, and other indicators of nutritional quality identification
including protein content, fat content, amylopectin, and amylopectin content. The
post-qualification germplasm resource can be direct as a cultivation variety in a spe-
cific area, such as No. 23 in Zhangye in Gansu province andNo. 4 in Taizhong county
of Fujian province, which has been a local main crop variety once with its obvious
stimulation effect.

6.13.4 Famers’ Rights

Farmers have less say in the application of gene editing technology in peas, so it is
often up to the government authorities to decide the application scope of gene editing
technology, while farmers’ rights are less protected. In the application of pea gene
editing technology, farmers should have the right to decide whether to plant gene
editing varieties or non-gene editing varieties.
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6.13.5 Traditional Knowledge

Pea (Pisum sativum L.), is a leguminous climbing herb, 0.5–2 m high. The whole
plant is green, smooth and hairless, and is creamy. Leaves consists of 4–6 leaflets,
stipules heart-shaped, lower teeth with fine teeth. The leaflets are ovoid, and the
flowers are solitary or severally arranged as racemes. Calyx campanulate, lobulate
lanceolate. Corollas vary in color and vary from breed to breed, but are mostly white
and purple. The ovary is glabrous and the style is flat. The pods are swollen and
oblong. The seeds are round, turquoise, and turn yellow when dry. Flowering period
lasts from June to July, while fruiting period from July to September.

The peas are native to the Mediterranean and Central Asia and are one of the
world’s most important cultivated crops. Seeds, tender pods and tender seedlings
can be eaten. The seeds contain starch, oil and fat, which can be used for medicinal
purposes, and have strong, diuretic and antidiarrheal effects. Stems and leaves can
cool off the heat and make green manure, feed or fuel.

6.13.6 Treaties and Conventions

The research and application of gene editing technology in China is still in a rel-
atively disordered state. Although the country has invested a lot of money in gene
editing research and development, relevant supervision, management and laws and
regulations are relatively weak, and there are no treaties or conventions specifically
for pea gene editing. To fill these gaps, Chinese authorities and scientists will also
need towork together to formulate rules to clarify the scope and scope of gene editing
techniques.

6.13.7 Participatory Breeding

Participatory breeding of peas is amethod bywhich researchers of pea breedingwork
with farmers to improve or breed varieties.Many of the researches on peas are carried
out in farmers’ fields, with the aim of ensuring that the research being carried out
actually meets farmers’ needs. Farmers who have been on the front line of production
for a long time know most about their ecological environment, regional climate,
production habits and requirements for products. Therefore, farmers participating in
pea breeding can make non-centralized selection in farmers’ fields to avoid the risk
of weeding out useful strains of peas, which is a very effectivemethod to successfully
introduce crops into specific natural and socioeconomic environments.
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6.14 Future Perspectives

6.14.1 Potential for Expansion of Productivity

According to the latest statistics of FAO (FAO 2018), in 2016, 95 countries in the
world produced dry peas (Fig. 6.2), with a cultivated area of 6.396 million ha and a
total output of 14.36 million tons. Fresh peas are produced in 82 countries (Fig. 6.3),
covering an area of 2.589 million ha and a total yield of 19.052 million tons. The dry
peas harvesting area in the top five countries were Canada (1.697 million ha), India
(1.100 million ha), the Russian federation (1.040 million ha), China (0.834 million
ha), the United States (0.402 million ha), which covered 66% of world total; The dry
peas productivity of the topfive countries areCanada (4.611million tons), theRussian
federation (2.199 million tons), China (1.194 million tons), India (1.02 million tons)
and the United States (0.782 million tons), which covered 68% of world total. The
harvesting area of fresh peas in the top five countries were China (1.523 million ha),
India (0.497 million ha), the United States (57,600 ha), France (35,667 ha), Britain
(35,533 ha), which covered 83% of world total; The Fresh peas productivity in the
top five countries were China (12.208 million tons), India (4.814 million tons), the
United States (312,000 tons), France (233,000 tons) and Egypt (194,000 tons), which
covered 89% of world total. In 2016, the harvesting area of pea in the world totaled
8.985 million ha, while China shared 2.357 million ha, accounting for 26.2% of the
global total; Canada shared 1.769 million ha, accounting for 19.7% of the global
total. The top two producer, China and Canada, covered 45.9% harvesting area of
the world total. China, Canada, India, Rasia, USA, are the major producer of dry and
fresh peas in the world.

The global total harvesting area of dry and fresh peas kept relatively stable during
the past 55 years from 1961 (Fig. 6.4), however the dry pea area decreased continu-
ously in the past 55 years, while the area of fresh peas increased sharply year by year
from 1990, according to FAO statistics (FAO 2018). The contribution to the global
increase of fresh pea production largely relied on the expansion of fresh productivity
in developing countries, especially in China (Fig. 6.5) and India.

The demand for fresh peaswill bemarkedly increased alongwith the improvement
of living standard of the people and awareness for the healthy food in both developing
and developed countries. This resulted in low benefits from dry pea production of
peas in developing countries and decreased the sowing area and total production of
dry pea. At the same time, the need for vegetable pea consumption, as well as better
benefits from vegetable peas, caused sharp increase of fresh pea production globally,
which also benefits the cropping system by reducing cropping duration as vegetable.
In the future cropping systems that including peas, the dry pea production will keep
stable to low rate decreasing, and the vegetable pea production will be increasing
quickly. So that, the breeding researches on genetic resources and genetic studies to
support vegetable pea production, will be strengthened.
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Fig. 6.2 Major producers of dry peas in kha and shares in percentage in 2016

Fig. 6.3 Major producers of fresh peas in kha and shares in percentage in 2016
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Fig. 6.4 The global harvesting area of dry and fresh peas

Fig. 6.5 The harvesting area of dry and fresh peas in China
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6.14.2 Potential for Expansion into Nontraditional Areas

Pea has adapted to a wide range of climates and altitudes. It is commonly recognized
as consisting of spring, Mediterranean, and winter types (Stoddard et al. 2006).
Both winter and spring types are grown in many countries. Winter pea has higher
yield potential than spring pea owing to its longer growth period, higher efficiency
of radiation use in early spring, and escape from drought stress at harvest stage
(Stoddard et al. 2006; Urbatzka et al. 2011). Winter pea is conventionally sown in
autumn in the area south of 33° north latitude. In recent years, the northern boundary
of winter pea has been moved northward in China and other countries to achieve
yield increases by enlargement of the winter pea region (Zhang et al. 2016). The
sowing area of vegetable peas has expanded to orchard in both winter and spring
sowing season when fruit trees are in their dormancy period.

Rotation, intercropping, and mixed cropping involving peas are normal cropping
systems inmany developing countries. Distributed inwinter sowing area like Sichuan
and Yunnan provinces in China, with warm seasons, natural water resources, and a
high multi-crop index, can be more potential for peas in nontraditional areas (Li et al.
2017). Average winter temperature is 9–14 °C, which is ideal for pea, one of the main
winter crops. The following is a common rotation system involving peas. The first
year: peas—early rice—late rice; the second year: barley (wheat)—early rice—late
rice; the third year: canola—early rice—late rice.

Anewcropping systemof three-dimensional agriculture has been developed along
the southeastern coast of China, such as in Jiangsu, Shanghai, Zhejiang, and cotton-
producing areas ofAnhui andHenan, which have a new comprehensive configuration
cropping system of “early-late”, “tall–short” and “legume–nonleguminous crops”,
such as peas intercropping with vegetables, maize, wheat, or cotton (Li et al. 2017).
Moreover, to make full use of natural resources in spring sowing area of peas, inter-
cropping system is very common in these areas. Peas may be intercropped with
maize, potato, sunflower, wheat, and canola in many countries. In rainfed cropping
systems, a creative “winter pea-summer millet” rotation system has been established
in China, to emphasize N fixation and on expanding use of BNF in new farming
system (Li et al. 2017). Soil quality, fertility and the quantity of arable soil have
declined significantly, in part due to long-term use of chemical fertilizers affecting
pH (acidic soils are hostile to the majority of legumes) and cation exchange pro-
files, plus pesticide-related declines in soil-renewing earthworms (Liu and Diamond
2005). It is time to change the situation of overdependence on chemical fertilizer
and cereal monocropping by introduction of cool-season legume crops, like peas,
in nontraditional areas in the world. As cool-season legume crop, peas will become
more important for its BNF nitrogen contribution to intercropping and rotation with
cereals and other crops in the future (Jensen and Hauggaard-Nielsen 2003).
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Chapter 7
Genomics-Aided Breeding
for Climate-Smart Traits in Faba Bean

Ahmed Sallam and Sami Ul-Allah

Abstract Faba bean (Vicia faba L.) is an important pulse crop, which provides
useful source of protein for human and animal consumption. The faba bean culti-
vation area around world has been slightly decreased due to the lack of cultivars
adaptable to various biotic and abiotic stresses effects of which tend to gradually
increase as consequences of climate change. Breeding for improved faba bean with
biotic and abiotic stress tolerance will maintain and increase the cultivation area of
faba bean by producing new cultivars having high tolerance to these stresses com-
bined with high yield. Climate-smart traits (CSTs) can be used to evaluate faba bean
genotypes for stress tolerance and to select the true promising genotypes for target
traits. Moreover, the advances in genetic research in faba bean should be exploited
in accelerating breeding programs to genetically improve CSTs. Unfortunately, the
progress of molecular breeding research is slow due to the complexity of faba bean
genome and few studies, compared to those reported in other important crops (e.g.,
wheat, maize, etc.), have been conducted to detect quantitative trait loci (QTLs) con-
trolling CSTs. This chapter sheds light on the recent breeding research for CSTs in
faba bean. The most important QTLs controlling CSTs detected by QTL mapping
and genome-wide association study (GWAS) methods and promising validated QTL
have been discussed. Moreover, an overview in faba bean genome sequencing and
gene annotation for candidate genes controlling CSTs has been presented.
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7.1 Introduction

Faba bean is one of the most important legume crops and it ranks fourth after dry
beans, dry peas, and chickpeas (Toker et al. 2007). The main producers of faba
bean are China, Ethiopia, Australia, France, Egypt, Morocco, Sudan, and the UK.
According to FAO (2017), the global acreage of faba bean decreased from 3.7 to 2.1
million ha during the last 34 years from 1980 to 2014. Faba bean is mainly used for
food due to its high protein content in theMiddle East and North Africa. On the other
hand, it is used for feeding animals in Europe (Link et al. 2010; Sallam 2014). In
the agricultural sector, faba bean plays a vital role in maintaining soil fertility by its
ability to fix nitrogen in the soil. So, it significantly contributes to the sustainability
of agriculture systems (Karkanis et al. 2018).

Like other crops, various biotic and abiotic stresses affect faba bean production
and productivity. The major biotic factors affecting faba bean yield are aphids, rust,
chocolate spot, aphids, leaf miners, and ascochyta blight. The major abiotic factors,
on the other hand, are frost damage (for winter faba bean) during both flowering
and podding stages, and drought stress or waterlogging at maturity (Redden et al.
2014). The severity of effects of these stresses is expected to increase due to climate
change. Breeding research can improve the target traits in faba bean; however, it
takes a lot of time and efforts to achieve the goals. Advances in molecular genetics
and genomics, especially DNA sequencing methods, can pave the way for improving
the target traits effectively in combination with breeding research. In the breeding
program of faba bean, improving grain yield, climate-smart traits (CSTs) including
tolerance or resistance to various abiotic and biotic stresses, adaption towide range of
environments, plant growth, and quality of seeds are the main objectives of faba bean
breeding for dealing with the serious problem of climate change. Developing and
studying new climate-smart traits will help research to produce faba bean cultivars
having a capability to survive if they are exposed to biotic and abiotic stresses.

Faba bean is a diploid plant with 2n = 2x = 12 chromosomes and has one of the
largest genomes among crops (~13,000 Mb), more or less similar to the hexaploid
genome of wheat (Ammar et al. 2017). This could complicate the development
of physical and genetic maps, as well as map-based cloning (Ellwood et al. 2008).
Recently, many researchers have brought about a massive progress in detecting some
important quantitative trait loci (QTLs) associated with CSTs due to the advances
in DNA technology. However, more efforts should be paid in the genomics and
genetics research of faba bean to improve and understand the inheritance of the
important traits.
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7.2 Advances in Breeding for Climate-Smart Traits (CSTs)
in Faba Bean

Thekeypoint for breedingofCSTs is to have agoodphenotyping,which is considered
a very important method to genetically improve CSTs. Genetic data produced by
DNA markers should be linked with carefully measured phenotypes to maximize
the benefits of using marker-assisted selection. Phenotypes should be repeated over
replications or/and locations or/and years and good heritability estimates should be
obtained before using CSTs in breeding and genetics programs. In the agricultural
research, biotic and abiotic stresses are main problems that limit yield and quality
of crops. Because yield is controlled by a very complex network of genes, therefore,
improvement of yield-associated traits might be more fruitful but for that purpose
complete knowledge of correction among yield-associated traits is very important.
Producing cultivars having more tolerance to biotic and abiotic stresses should be
combined with breeding for high yield. Famers need to have high yielding cultivars
in addition to resistance to various biotic and abiotic stresses.

CSTs associated with biotic stresses such asOrobanche crenata, ascochyta blight,
leaf rust, etc. are assessed using visual scoring (VS) of the symptoms of the diseases.
The resistance to ascochyta blight and chocolate spot (Botrytis fabae) can be scored
using disease severity based on a visual evaluation of the percentage of symptoms in
leaf area and infection type scale (from 1 to 5) (Díaz-Ruiz et al. 2009; Atienza et al.
2016; Ocaña-Moral et al. 2017; Beyene et al. 2018). The resistance to Orobanche
crenata is assessed using simple regression method (Román et al. 2002; Díaz-Ruiz
et al. 2010; Ocaña-Moral et al. 2017). Disease development (VS from 1 to 9) and
pustule size (VS from 1 to 5) were suggested to evaluate the resistance to leaf rust
(Herath et al. 2001).

The CSTs associated with abiotic stresses (such as drought, heat, frost, etc.) are
more than those reported in biotic stresses. The list of most CSTs recently reported
in abiotic stress studies is illustrated in Fig. 7.1. Unlike phenotyping of biotic stress
resistance, each abiotic stress tolerance can be assessed using many traits which
are used to separate and discriminate between susceptible and tolerant genotypes.
For frost tolerance, previous studies focused on scoring loss of leaf turgidity, dry
and fresh matter, and cell membrane stability (Herzog 1987, 1988; Arbaoui and
Link 2007). Recently, new CSTs associated with frost tolerance were reported. For
example, regrowth after frost is a very important trait that reflects the ability of plants
to produce new shoots after exposing faba bean plants to frost stress (Sallam et al.
2015). Moreover, a high genetic variation was found among the tolerant genotypes
for this trait which makes selection to the most tolerant genotypes useful. Days
to recovery after frost (“disposition to survive”) was developed by Roth and Link
(2010) and used in the study of Sallam et al. (2015). Root traits including root frost
susceptibility (RFS), root fresh matter, and root dry matter were scored after frost in
a set of 200 genotypes by Sallam and Moursi (2016).
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CSTs associated with heat tolerance such as leaf area, leaf fresh weight, leaf
dry weight, leaf water content, pollen damage, and floral development stages were
reported (Siddiqui et al. 2015; Bishop et al. 2016). Moreover, response of flowering
time to high temperature in faba bean was studied by Catt et al. (2017). Drought
tolerance in faba bean was assessed also using the traditional CSTs such as leaf
wilting, dry matter, fresh matter, and relative water content. Ali (2015) cut the plant
of faba bean after drought treatment and re-irrigated the plants to test their ability to
regrowth after drought period. Moreover, he used thermo-imaging shots to evaluate
leaf temperature depression during drought stress. Root and shoots characteristics,
final germination percentage, stomatal frequency, stomatal conductance, and nutrient
uptake are CSTs associated with salt and drought stress tolerance (Gaballah and
Gomaa 2004; Katerji et al. 2005; Abdelhamid et al. 2010; Khazaei et al. 2014).

Most of the aforementioned CSTs were scored under greenhouses and controlled
conditions. Yield traits could also be good indicators as CSTs associated with abiotic
stress tolerance. For example, reduction in yield or seed yield due to stress can be
calculated from values under favorable and stress conditions. CSTs in both field
and controlled conditions should be considered to improve biotic and abiotic stress
tolerance in faba bean. Such information gained from both types of experiments is
very useful to develop new cultivars having a combination of high tolerance to biotic
or/and abiotic stresses and high yield. For example, days to regrowth after frost
(“disposition to survive”) were tested under controlled condition (artificial frost)
in a set of 200 highly diverse genotypes at seeding stage, and it was significantly
correlated with winter survival rate which was scored on the same genotypes under
field conditions after natural frost (r = 0.53**) (Sallam et al. 2016b). They reported
that such correlations could be useful for improving frost tolerance in faba bean.

More importantly, understanding physiological changes in response to abiotic
and biotic stress tolerance are useful in producing cultivars having more tolerance to
these stresses. For example, leaf fatty acid composition and its correlation with frost
tolerance were investigated by Arbaoui and Link (2007), Sallam (2014), and Sallam
et al. (2015). These studies reported that the accumulation of unsaturated fatty acid
in faba bean leave is associated with increased frost tolerance in faba bean. Proline
accumulation increases the tolerance to drought, heat, and salt (El Fouly et al. 2001;
Gaballah and Gomaa 2004; Ali 2015; Siddiqui et al. 2015). Therefore, it is highly
recommended to consider the analysis of physiological traits in combination with
scoring CSTs.

Selection of the promising genotypes is the most important step in the breeding
programs to improve biotic and abiotic stress tolerance. Most of the earlier stud-
ies focused on screening faba bean genotypes for one or two traits to distinguish
the tolerant genotypes from susceptible ones to specific stress. However, studying a
single trait could be useless to select the promising tolerant genotypes for biotic or
abiotic stress. Most of the CSTs associated with biotic or abiotic stress tolerance are
complex and controlled by polygenes. Therefore, it is important to screen the same
set of genotypes to many CSTs associated with a specific biotic or abiotic stress.
This will undoubtedly help in selecting the real tolerant genotypes to be included
in breeding programs. For instance, five CSTs (scored on shoots and roots) associ-
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Fig. 7.2 Phenotypic variation in root frost susceptibility (RFS) as described by Sallam and Moursi
(2016). RFS was visually scored with a scale extended from 1 (no frost symptoms) to 9 (dead roots)

ated with frost tolerance, fatty acid compositions (seven fatty acids), and changes
in relative water content (before and after frost) were scored in a set of 200 highly
homozygous faba bean lines (Sallam et al. 2015). The authors selected the most 20
tolerant genotypes for each CST (five). A group of 12 genotypes were found to be
superior in more than one trait. Interestingly, two genotypes were among the best
20 frost-tolerant genotypes desirable with regard to in all CSTs. In addition to the
previous point, regrowth (REG) after frost was among the five traits. The tolerant
genotypes selected based on REG had genetic differences in root frost sensitivity
(Sallam and Moursi 2016). They reported significant differences in root frost sen-
sitivity among the surviving genotypes after frost (Fig. 7.2). Although genotypes A
and B did survive after frost test and they were considered as tolerant genotypes,
based on regrowth after frost, they did differ in root frost susceptibility (RFS) traits.
Genotype A was highly promising to continue regrowing as its roots seemed very
healthy as compared to genotype B. Therefore, it was so important to consider more
CSTs to select precisely the most promising frost-tolerant genotypes.

The CSTs scored to address the genetic variation in winter hardiness were over-
wintering, winter survival rate, plant development after frost, and leaf frost suscep-
tibility (Arbaoui et al. 2008a; Sallam et al. 2016b). Based on CSTs associated with
frost-tolerant, winter hardiness, and seed yield (after frost), Sallam et al. (2016b)
and Sallam and Moursi (2016) were able to select the most promising genotypes in
winter faba bean in a combination with high yield.

With regard to drought tolerance, 58 faba bean genotypes were screened for seven
CSTs and two physiological traits by Ali (2015) who found two promising drought-
tolerant genotypes (S062 and S252) which can be used to improve drought tolerance
in winter faba bean. A selection index developed by Baker (1986) provides also an
effective tool to improve a group of CSTs in breeding program. It includes the most
promising CSTs which have strong phenotypic and genotypic correlations and high
heritability estimates. A set of fiveCSTs associatedwith frost tolerancewere grouped
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in on selection index and named as frost tolerance index (FTI) (Sallam et al. 2015),
and it was also used in selecting the most frost-tolerant genotypes with high values
of FTI. Selection of index including more than one traits was also used in selection
of the most drought-tolerant genotypes in wheat (Sallam et al. 2018).

Information from different types of CSTs associated with stress tolerance, phys-
iological traits, and yield traits (that can be used as a good indicator to the effect of
stress) should be combined to improve faba bean production and productivity under
various stresses (Fig. 7.1).

7.3 Recent Advances in QTL Mapping and GWAS
for Improving Climate-Smart Traits

Faba bean breeding programs deal with improvement in seed yield, toler-
ance/resistance to abiotic andbiotic stresses, and acclimatization to the target environ-
ment, appropriate plant growth habit, phenology, seed quality, and crop management
especially in climate change scenario. It takes several years to accomplish abovemen-
tioned objectives through a conventional breeding program. However, genomic tools
and plantmolecular breeding techniques could accelerate the faba bean breeding pro-
cess to achieve the required objectives (Gnanasambandam et al. 2012). Therefore, it
is very important to understand the genetics and genomic of the faba bean.

DNA molecular markers allow the detection of quantitative traits by mapping
QTLs. QTL mapping requires a segregating population which is derived from the
cross between two different parents in terms of the traits of interest. The QTL can be
detected if the target gene is contrasting. Therefore, the choice of the parental lines is
very important as the trait of interest should have a segregation pattern in the progeny.
The QTLs for CSTs related to biotic and abiotic stress tolerance were detected in
many earlier studies using different types of molecular markers. The list of important
QTLs associated with CSTs is presented in Table 7.1. QTL mapping depends on the
number and the type of DNA markers that are used to construct the genetic maps. In
early studies, random amplified polymorphic DNA (RAPD) and restriction fragment
length polymorphism (RFLP) markers were used to construct useful genetic linkage
maps of faba beans using early segregating generations, i.e., F2 populations (Torres
et al. 1993). Afterward, simple sequence repeats (SSRs) were used to construct
the linkage maps (Požárková et al. 2002). These markers were used to map gene
loci related to complex traits such as pod length, flowering time, seeds/pod and
ovules/pod (Cruz-Izquierdo et al. 2012), biotic stresses such as Ascochyta blight,
crenate broomrape (Orobanche crenata Forsk) and rust resistance (Patto et al. 1999;
Román et al. 2002, 2003; Avila et al. 2004; Díaz-Ruiz et al. 2009; Sillero et al.
2010). With regard to abiotic stresses, expressed sequence-tagged sites (ESTs) have
been identified for drought avoidance in Medicago truncatula, chickpea, and pea
(Jayashree et al. 2005; Buhariwalla et al. 2005). The highest number of DNAmarkers
used in mapping CSTs of faba bean was 687 single-nucleotide polymorphism (SNP)
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Table 7.1 List of the recent and most important QTL mapping and GWAS studies on biotic and
abiotic stress tolerance in faba bean

Trait Number
of QTL

Population Method R2 References

Frost tolerance 16 Biparental QTL
mapping

3.36–11.49% Arbaoui
et al. (2008b)

71 Diverse GWAS 9.7–35.9% Sallam and
Martsch
(2015)

17 Biparental QTL
mapping

11.8–29.41% Sallam et al.
(2016a)

25 Diverse GWAS 3.74–11.89% Sallam et al.
(2016a)

Winter hardiness
and yield traits

25 Diverse GWAS 3.97–9.27% Sallam et al.
(2016b)

Drought tolerance
and its related
traits

15 Biparental QTL
mapping

5.7–9.3% Khazaei
et al. (2014)

13 Diverse GWAS 6.60–14.66% Ali et al.
(2016)

Heat tolerance
and photoperiod
(flowering time)

8 Biparental QTL
mapping

8.6–24.1% Catt et al.
(2017)

Orobanche
crenata

7 Biparental QTL
mapping

22–33% Gutiérrez
et al. (2013)

3 Biparental QTL
mapping

11.5–35% Román et al.
(2002)

4 Biparental QTL
mapping

17–34% Ocaña-
Moral et al.
(2017)

3 Biparental QTL
mapping

11–43% Díaz-Ruiz
et al. (2010)

Ascochyta blight 2 Biparental QTL
mapping

21.0–25.2% Román et al.
(2003)

6 Biparental QTL
mapping

6.3–36.1%
for C099-01
8.8–44.7%
for LO98-01

Avila et al.
(2004)

10 Biparental QTL
mapping

9.8–15.9% Atienza et al.
(2016)

9 Biparental QTL
mapping

10.6–21.4% Ocaña-
Moral et al.
(2017)

Rust 5 Biparental QTL
mapping

– Avila et al.
(2003)
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markers (Webb et al. 2015). This number is considered very low compared to the
number of markers that were mapped for other crops such as wheat, barley, etc.
The small number of markers used for genetic maps construction in faba bean is
due to the complexity of its genome size which hindered the progress of genetic
improvement for CSTs. Although many genetic maps and QTLmapping works were
performed to detect genomic regions controlling CSTs, the faba bean consensus map
(FBCM) developed by Webb et al. (2015) is one of the most important genetic maps
for identifying QTLs and candidate genes for CSTs. The FBCM was developed
using kompetitive allele-specific PCR (KASP) method which is an uniplex SNP
genotyping platform. Recently, SNP markers are extensively used instead of other
DNA molecular markers (e.g. SSR, AFLP, RFLP, etc.) in crops especially those that
have been fully sequenced. Compared to other DNA markers, KASP genotyping
provides many features and advantages (Semagn et al. 2013). Another important
feature of the FBCM was that the SNPs that used its genetic map were derived
from Medicago truncatula, a legume model that has been fully sequenced. Many
genetic maps in faba bean were constructed for QTL mapping using SNPs mapped
in the FBCM to detect genomic regions associated with drought and frost tolerance
(Khazaei et al. 2014; Ali et al. 2016; Sallam et al. 2016a, b). The list of QTLs
associated with important CSTs controlling abiotic and/or biotic stress tolerance and
mapped, in different studies, in FBCM is illustrated in Fig. 7.3 and listed in Table
7.3 . All SNPs controlling CSTs in FBCMwere found to be distributed on all the six
chromosomes. Many SNPs were associated with more than one CST that could be
related to the same or different stress tolerances. Chromosome 2 is themost important
chromosome carrying important QTLs controlling stomatal traits, frost tolerance and
winter hardiness, and yield traits (scored under frost stress) (Khazaei et al. 2014).

GWASwas extensively used in the last 10 years to identify alleles associated with
target traits in crops. The GWAS has many advantages over QTL mapping including
higher resolution in localizing QTLs controlling traits of interest and more precisely
identifying more superior alleles. Unlike QTL mapping, GWAS uses diverse and
important genotypes in which the target genes should be well segregating (Tian et al.
2011). Most importantly, GWAS can detect usual polymorphisms in a gene that are
accountable to the difference between two individuals regarding a phenotypic trait
(Palaisa et al. 2003). GWAS has expanded because of the significant advances in
DNA sequencing technologies which allow identifying a large number of molecular
markers such as SNPs. For example, recent studies inmaize usedGWAS to dissect the
quantitative genetic nature of leaf blight resistance and other traits using ~1.6 million
SNPs (Kump et al. 2011). However, the complexity of faba bean genome hindered
producing such a large number of SNPs. In faba bean, the highest number of markers
used in GWAS was 1,322 polymorphic markers consisting of 175 SNPs and 1,147
AFLPs (amplified fragment length polymorphisms) to identifyQTLs for reproductive
features and vicine–convicine (Puspitasari 2017). The same set of markers was used
in GWAS for CSTs (Ali et al. 2016).
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Fig. 7.3 The most important QTL controlling CSTs associated with biotic and abiotic stress toler-
ance on faba bean consensus map developed byWebb et al. (2015). (1) Sallam and Martsch (2015),
(2) Sallam et al. (2016a), (3) Khazaei et al. (2014), (4) Sallam et al. (2016b), (5) Ocaña-Moral et al.
(2017). Distances are in centimorgan. The list of SNP names is presented in Table 7.3

7.3.1 QTLs Controlling CSTs in Faba Bean

7.3.1.1 Frost Tolerance and Winter Hardiness

Frost stress is a serious problem for winter faba bean. In central and north Europe,
faba bean is mainly planted as a spring crop due to insufficient winter hardiness of the
germplasm in use (Arbaoui et al. 2008b; Sallam 2014). Growing winter beans have
many features compared to the spring types, including higher yield, excellent use
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Fig. 7.3 (continued)

of soil moisture, higher tolerance to drought, and some pests (Maqbool et al. 2009).
However, the insufficient winter hardiness of faba bean genotypes exposes faba bean
to kill due to low freezing temperature in winter (Arbaoui and Link 2007). Therefore,
faba bean in cool-temperate regions is often sown as a spring crop. Hence, improv-
ing frost tolerance in winter faba bean is crucially needed. The freezing temperature
causes a nucleation of the intracellular fluid and affects the plasma membrane (Maq-
bool et al. 2009). The damage can be extended to cause dehydration of cells due
to the freezing of extracellular spaces (Andrews 1996). Moreover, susceptibility to
pathogen (e.g., bacterial blight) is possible to increase as a consequence of frost
stress. Assessing CSTs can be a useful tool for improving frost tolerance in faba
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bean. Few studies focused on detecting QTLs for CSTs that are associated with frost
tolerance (Table 7.1).

ForQTLmapping studies, loss of leaf turgidity and loss of leaf colorwere assessed
as area under symptom progress curve (AUSPC) in a set of 101 recombinant inbred
lines (RILs) derived from a cross between two frost-tolerant parents (Arbaoui et al.
2008b). A genetic map was constructed using 131 RAPD markers. Five QTLs con-
trolling AUSPC measured on genotypes exposed to freezing temperature without
hardening (three QTLs) and with hardening (two QTLs) phases were found and
mapped. The QTLs found for hardening AUSPC had low R2 (phenotypic variance
explained by QTLs). QTLs controlling fatty acid composition (FAC) associated (7
QTLs) with frost-tolerant were also reported in the same study. The same RIL pop-
ulation was genotyped using 189 SNP KASP markers derived from FBCM (Webb
et al. 2015) by Sallam et al. (2016a, b). A new genetic map was constructed with a set
of 117 SNPs and QTL mapping analysis was performed using the same traits scored
in Arbaoui et al. (2008b). The new genetic map-based SNPs revealed five QTLs
controlling AUSPC after hardening and 12 QTLs for FAC. The R2 of AUSPC (hard-
ening) ranged from 13.15 to 18.79% which was much higher than those reported in
Arbaoui et al. (2008b). Out of the 12 QTLs controlling FAC, 11 had an R2 ranging
from 12.07 to 29.41%. Although the lower number of SNPs mapped compared to
Arbaoui et al. (2008a, b), the number of detected QTLs and their R2 were much
higher in the study of Sallam et al. (2016a, b). This result indicated the power of
SNPs markers in detecting QTLs responsible for target traits with a high mapping
resolution. Unfortunately, only these two studies reported some important QTLs
controlling frost tolerance in faba bean using QTL mapping approach.

The first GWAS on frost tolerance in winter faba bean was conducted by Sallam
and Martsch (2015). It was performed on a set of 189 highly diverse genotypes from
Goettingen Winter Bean Population (GWBP) developed by Gasim et al. (2004). A
total of 11 CSTs associated with frost tolerance was scored on GWBP at seedling
stage (Table 7.1) (Sallam 2014; Sallam et al. 2015; Sallam and Martsch 2015).
The GWAS was done using 156 SNP markers from FBCM. More importantly, they
reported a set of 13 SNP markers that have a significant association with at least two
CSTs. Out of the 13 SNPs, two SNP markers Vf_Mt3g086600 and Vf_Mt1g105040
had a significant association with seven CSTs associated with frost tolerance. The
association mapping revealed 74 QTLs controlling CSTs associated with frost toler-
ance (Sallam and Martsch 2015).

Frost tolerance is a basic component of winter hardiness (Rizza et al. 1994). Win-
ter hardiness in faba bean needs a lot of improvement. Three main characters are
considered very important to address the winter hardiness of a genotype including
(1) frost tolerance degree, (2) resistance to biotic stresses, and (3) resistance to other
abiotic stresses (Arbaoui and Link 2007). Unfortunately, there is no QTL mapping
study in faba bean for mapping QTLs controlling winter hardiness. Genomewide
association study (GWAS) was also performed on GWBP which was tested at the
Experimental Field Station of Goettingen University under natural frost stress (Sal-
lam et al. 2016b). Three CSTs associated with winter hardiness were scored, viz.,
leaf frost susceptibly, survival rate, and plant development after frost. Only one QTL
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controlling winter survival was detected in this study. Interestingly, the SNP marker
(Vf_Mt3 g086600) linked to thisQTLwas reported before as it controlled sevenCSTs
associated with frost tolerance (Sallam and Martsch 2015). Strong correlation was
established between frost tolerance at seedling stage and winter hardiness in GWBP
(Sallam et al. 2016b). Notably, all CSTs associated with frost tolerance reported so
far had high board-sense heritability estimates. Moreover, the CSTs associated, and
scored onGWBP,with frost tolerance andwinter hardiness had strong and significant
correlation with grain yield (g per 2-m2). This result was very promising to improve
CSTs related to frost tolerance and winter hardiness through breeding programs.

Climate-smart traits associated with frost tolerance and winter hardiness were
used to identify and select the most tolerant genotypes having a combination
of frost tolerance, winter hardiness, and yield. Based on regrowth after frost stress
in a frost growth chamber (three nights of freezing temperatures of −16, −18, and
−20 °C), the 10 most frost-tolerant and 10 frost susceptible genotypes from GWBP
were selected and tested for their winter hardiness and yield attributes (Sallam et al.
2017). On average, the tolerant group had higher winter survival rate and less leaf
frost susceptibility compared to the susceptible group. A high genetic distance (GD)
was found among genotypes in the tolerant group (GD > 0.50), indicating that these
genotypes may have different frost genes controlling CSTs associated with frost
tolerance.

7.3.1.2 Drought Tolerance

In the world, 40% of lands have a dry environment (United Nations 2011). Faba
bean is relatively more sensitive to drought among legume crops (Dai 2013). In most
production areas, faba bean depends on rainfall and soil moisture for its growth in
the field. Therefore, producing drought-tolerant genotypes is an urgent mission to
improve faba bean yield and production in drylands (Stoddard et al. 2006). Drought
stress can be assessed in field and under controlled conditions. However, evaluating
drought tolerance in field is more costly due to more space, labor, and management
requirements compared to drought experiments under controlled conditions. Very
little information on genes and genomic regions controlling CSTs associated with
drought tolerance is available in faba bean.

QTLs controlling stomatal morphology and function, and seed weight under nor-
mal conditions were identified in faba bean (Khazaei et al. 2014). Moreover, they
detected QTLs controlling canopy temperature under drought stress. The QTL map-
ping was performed in a mapping population of 211 F5 recombinant inbred lines
(RILs) using 188 SNPs from FBCM. The study revealed 15 minor QTLs for six
CSTs that may have an association with drought tolerance. Interestingly, a QTL
cluster including eight QTLs was found in LG04, indicating an important genomic
region that may include important genes for CSTs.
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Drought tolerance in faba bean was studied also in GWBP and GWAS analyses
performed to detect alleles associated with CSTs (Ali et al. 2016). The GWAS was
performed using 1,322 SNP and AFLP markers. A total of 13 QTLs controlling
glycine betaine, soluble sugar content, leaf chlorophyll content, and proline content
under drought stress were detected. Two AFLP markers controlling soluble sugar
content had high R2 values of 14.66 and 14.49%.

7.3.1.3 Heat Tolerance

With climate change, increase in temperature is the most alarming threat to agri-
culture which in one way may somewhat increase the growth of crops due to CO2

elevation, but on the other hand it can harshly affect heat-sensitive crops like faba
bean. Bishop et al. (2016) concluded from his 2-year experiment that with climate
change heat stress will have negative impact on yield of faba bean due to sensitivity
of floral parts to heat stress which results in less seed formation. Heat stress affects
plant growth and development by influencing different physiological and biochem-
ical processes. Tolerant genotypes tend to maintain physiological and biochemical
processes (Siddiqui et al. 2015) and thus maintain growth and yield under heat stress
conditions.

Breeders used various techniques to identify heat tolerance genes in germplasm
or related species. Researchers investigated morphological, physiological, and enzy-
matic and genetic response of the crop plants to assess heat stress tolerance. Alter-
ations in photosynthetic systems have been considered a reliable indication of heat
stress tolerance/susceptibility in faba beans (McDonald and Paulsen 1997). Sid-
diqui et al. (2015) reported genotypes with better osmotic adjustments and ability
to accumulate more proline with increased activities of antioxidant enzymes and
protect themselves from free radicals and thus maintain growth and development.
Similarly, Siddiqui et al. (2016) reported that application of magnesium in faba beans
improves enzymatic activities, improves accumulation of organic solutes like proline
and glycine betaine, and decreases DNA damage and H2O2 concentrations which
maintain plant growth and yield even in stress conditions.

Molecular response of plant to heat stress is mostly assessed by the gene expres-
sion in the form of heat shock proteins (HSPs). These proteins are located in different
cellular parts like endoplasmic reticulum, mitochondria, chloroplast, cytoplasm, etc.
(Singh and Grover 2010). These heat shock proteins are responsible for regulating
different physiological and biochemical processes during heat stress and ensure pro-
tection of cell homeostasis (Kotak et al. 2007; Haslbeck and Vierling 2015; Wang
et al. 2015). Regulation of plant processes through production of heat stress proteins,
in stress conditions, has also been reported in faba bean (Kumar et al. 2015, 2016).
Kumar et al. (2016) reported accumulation of ClpB/Hsp100 protein which induces
heat stress tolerance. Kumar et al. (2015) identified and characterized a small heat
shock protein 17.9-CII gene from faba bean which was associated with pollen via-
bility under heat stress conditions. Siddiqui et al. (2015) characterized ten genotypes
of faba bean and reported physiological and biochemical differences among them in
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response to heat stress, and they identified a genotype C5 resistant to heat stress due
to having more relative water contents and accumulation of proline contents with
improved enzymatic activities.

In the climate change scenario, with reference to heat stress, identification of
genes responsible for the abovementioned physiological, biochemical, andmolecular
traits is crucial. Genotypes having these heat stress adoptive traits will be successful
in heated climate. It is need of the time to breed the faba bean genotypes with
modern genomic tools for adaptation in the climate change scenario. Serval QTLs
and molecular markers have been identified associated with heat tolerance traits
in faba bean. Marker-assisted breeding along with validation of genes associated
with markers is the best way to introduce genes for heat stress tolerance in modern
cultivars. Markers associated with heat stress tolerance genes have been identified
in various crops (Kidokoro et al. 2015; Zhu 2016; Ohama et al. 2017). But still
heat-responsive genes specific to faba bean have not been reported in literature.
The best strategy to identify stress-responsive genes may be screening of faba bean
germplasm and its wild relatives in heat stress environments. Following development
of a population from the cross of susceptible and tolerant genotypes, QTLs may be
identified to develop markers associated with heat stress tolerance. Once markers
have been detected, these can be used to identify heat-tolerant genotypes to introduce
in hot climatic regions.

In addition, heat stress tolerance is a quantitative trait and involves many genes;
therefore, it should be manipulated using combination of genetic, physiological, and
morphological traits, instead of selecting for one gene. In future, different genes
responsible for somatic and reproductive physiology should be combined to develop
heat-tolerant genotypes adaptive to broad climatic conditions in the climate change
scenario.

For QTL controlling heat tolerance in faba bean, a biparental population (Icarus×
Ascot) was used to evaluate flowering time under high temperatures and different
photoperiods (Catt et al. 2017). Under high temperature (HT), they reported five
QTLs for days to flowering with R2 ranging from 8.6 to 16.5% and four QTLs for
node of the first flower with R2 ranging from 11.1 to 24.1%. Unfortunately, there is
not any GWAS for heat tolerance in faba bean.

7.3.1.4 Salt Stress Tolerance

Salinity stress is an important abiotic stress and a threat in the climate change scenario.
Due to waterlogging or uprise of water table, salt accumulates in root zone of the
crop and hinders in nutrient uptake. Salinity stress limits crop growth, water uptake,
uptake of mineral nutrients and cause oxidative stress, and hamper smooth process
of biochemical reactions (Carillo et al. 2011). All these factors limit crop from
germination till maturity and result in lower yields.

Salt stress affects faba bean in many ways. Delgado et al. (1994) reported that salt
stress reduces nitrogen fixation of faba beans by inhibiting acetylene reduction activ-
ity, leghemoglobin contents, and respirations of bacteroides which lead to reduced
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growth and production. Tavakkoli et al. (2010) reported that accumulation of NaCl
in plant tissue reduced growth of crop but effects of Na+ and Cl− are not same.
Furthermore, they reported that Cl− cause chlorophyll degradation, which results in
inefficient photosynthesis and the quantum yield, whereas Na+ interferes with K+

ions andCa++ ions and results in disturbed stomatal regulation that leads to inefficient
transpiration and photosynthesis and thus reduced yield. Salinity stress imbalances
the plant water relations which result in lower osmotic potential and chlorophyll
content, photosynthetic efficiency, stomatal conductance, and transpiration rate. But
genotypes differ in their response to the salt stress (Abdul Qados 2011; Taïbi et al.
2016). The concentration of Na+ Cl−, soluble carbohydrates, total phenolic, proline
and free amino acids, and activities of antioxidant enzymes increased in plant leaves
in response to salinity stress (Dawood et al. 2014).

These biochemical and physical changes are due to molecular response of plant
to the salinity. Tolerant plants can detoxify the toxic-free radicals by different proce-
dures. The ability of a plant to tolerate external harsh environment like soil salinity
can be assessed by multiple biochemical means. Ismail et al. (2016) reported super-
oxide dismutase (SOD) activity as a key antioxidant enzyme for adaptation of a plant
in saline condition. In salt-tolerant plants, salt stress induces higher SOD production
which in return produce H2O2 to protect themselves from adverse effects of salinity
(Bose et al. 2014). In salt-tolerant plants, proline is accumulated in plant parts and
increases the activity of antioxidant enzymes which regulate photosynthesis, plant
growth, and homeostasis (Ben Ahmed et al. 2010). Gene regulations mechanisms
have also been identified for salt stress tolerance. Johnson et al. (2002) reported
downregulation of bZIP gene expression in salt-tolerant wheat genotypes. Similarly,
Nakashima et al. (2007) reported upregulation ofNAC gene in salt-tolerant genotypes
of wheat and rice. OsNAC5 and ZFP179 transcription factors have been reported to
play a role in accumulation of osmoprotectants like proline, sugar, etc. which play
a role in adaptation of crop plant in saline soils (Song et al. 2011). Quantitative
proteomics is an emerging technique to assess the adaptation of plants to abiotic
stress. More than two thousand proteins have been identified which are upregulated
or downregulatedwith salinity stress (Zhang et al. 2011). Understanding of all above-
mentioned mechanisms is necessary to breed faba bean genotypes for salinity stress
tolerance in the climate change scenario.

Various efforts have been made to identify and breed faba bean genotypes for
salinity stress tolerance. It is well known that salt tolerance in faba bean is related
to the ability of the genotypes to accumulate osmotic solutes, and has antioxidant
enzymatic activities to keep higher K+/N+ ratio (Tavakkoli et al. 2010; Hanafy et al.
2013). Del Pilar Cordovilla et al. (1995) reported slow growth rate of salt-tolerant
genotypes and suggested nitrogen fixation as an unreliable criterion for selection of
faba bean under salinity stress because enzymes responsible for nitrogen fixation
were found sensitive to salinity stress. Hanafy et al. (2013) suggested transformation
of faba bean genotypes with PR10a gene from potato as transgenic faba bean from
this gene showed enhanced tolerance to salt stress and osmotic stress.
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Like other abiotic stresses, salt tolerance is also a multigenic trait and involves
many complex processes from biochemical and physiological processes to symbiotic
relationship of nitrogen-fixing bacteria. But still this is a neglected crop in terms of
use of modern genomic tools for improvement in salinity tolerance. Neither QTL
mapping nor GWAS was reported earlier for salt tolerance in faba bean. Cultivated
and wild germplasm must be screened out to identify tolerant genotypes to use in
breedingprograms.Molecularmarkers and transgenic techniques should be exploited
to develop salt stress-tolerant faba bean genotypes for the changing climates.

7.3.1.5 Disease Resistance

Biotic stress represents a significant constraint to faba bean production. The main
biotic stresses in faba bean are foliar disease (such as ascochyta blight, chocolate spot,
rust, gall diseases), insects, viruses, pests, and parasitic weeds. Very little information
on genes controlling CSTs associated with biotic stress tolerance is available in faba
bean.

Broomrape (Orobanche crenata Forsk), a root parasite, has highly devastating
effects on faba bean crop in the Mediterranean region. Resistance/tolerance against
broomrape is not an easy trait to assess due to polygenetic nature and environmental
influence (Rubiales et al. 2006). This has made selection for the resistance tough and
hasmired the breeding process (Gutiérrez et al. 2013). An F2 population of 196 geno-
types derived from the cross between a susceptible and a resistant parent was used to
construct a genetic map (121 markers) and detect QTLs associated with O. crenata
resistance using microsatellites, RAPDs, seed protein genes, and isozymes (Román
et al. 2002). Theymapped threeQTLs for broomrape resistancewith R2 ranging from
11.2 to 35%. Useful simple sequence repeat (SSR) markers for studies focusing on
resistance to Orobanche crenata were developed by Zeid et al. (2009) based on 10
tolerant and 10 susceptible genotypes. The most promising SSR loci were originally
developed from Giza 402, a resistant cultivar. The SSR loci described in Zeid et al.
(2009) could be applicable to QTL mapping studies that focus on resistance to O.
crenata. These SSR loci were used along with random amplified polymorphic DNA
(RAPD) primers in constructing a genetic map including 171 markers (SSRs and
RAPDs) by Gutiérrez et al. (2013). They reported seven QTLs controlling O. cre-
nata resistance in a population of 119 F7-8 recombinant inbred lines derived from the
cross 29H×Vf136. The seven QTLs had an R2 ranging from 22 to 33%which could
be used for marker-assisted breeding to improve broomrape resistance in faba bean.
Three genomic regions associated with resistance to broomrape were identified in an
F2 population derived from a cross between VF6 and VF136. The R2 ranged from
0.11 to 0.43% (Díaz-Ruiz et al. 2010). Recently, four QTLs controlling broomrape
resistance were detected by Ocaña-Moral et al. (2017) in a recombinant inbred line
population of 119 F7:9 with R2 extending from 17 to 34%.
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Ascochyta blight is a serious fungal disease in faba bean that is caused by
Ascochyta fabae (A. fabae) Speg. It can cause a huge reduction in yield with a
range extending from 35 to 90% in susceptible genotypes when the environmental
conditions are suitable for disease spread (Hanounik 1980). A set of 196 F2 individ-
uals were examined for A. fabae resistance by Román et al. (2003). They detected
two QTLs controlling resistance to A. fabae. The two QTLs jointly contributed an R2

of 46%. Six QTLs controlling A. fabae resistance were detected using a linkage map
constructed from an F2 population derived from a cross between 29H (resistant) and
VF136 (susceptible) (Avila et al. 2004). The population was tested for the resistance
to two pathogenically distinct Ascochyta races (CO99-01 and LO98-01). The R2 for
resistance to CO99-01 race ranged from 6.6 to 36.1%, while it ranged from 8.8 to
44.7 for the resistance to LO98-01 race. A recombinant inbred line population (119
F7:8) from the same cross (29H×VF136) was used to identify QTLs associated with
A. faba resistance. They reported 10 QTLs controlling A. faba resistance with R2

extending from 9.8 to 14%. Recently, Ocaña-Moral et al. (2017) used an advanced
generation (119 F7:9) from the same cross (29H × VF136). The QTL mapping was
performed using 92 SNPs which were combined with a previous data set of Gutiérrez
et al. (2013) and Atienza et al. (2016). Eight QTLs were found to be associated with
A. faba resistance with R2 ranging from 10.6 to 21.4%.

Rust in faba bean is incited byUromyces viciae-fabae (Pers.) J. Schröt which can
be prevalent in all areas where bean are grown reducing faba bean yield significantly.
Avila et al. (2003) identified three QTLs controlling rust resistance. Unfortunately,
there is no other study on the CSTs associated with rust resistance in faba bean. There
is no genomewide association study for CSTs associated with disease resistance in
faba bean.

7.3.2 QTL Validation for CSTs in Faba Bean

Marker-assisted selection (MAS) is one of the useful tools for developing newverities
in shorter time compared to classical plant breeding methods. It includes a combi-
nation of traditional genetics and molecular biology. Validating QTLs associated
with CSTs reported in previous studies is an essential step in MAS to genetically
improve target traits. The first reported QTLs are normally considered as putative
QTLs. These QTLs need to be validated before using them in MAS. In faba bean,
very few studies have been conducted as validation studies for previously reported
QTLs that are associated with CSTs. The list of validated QTLs for CST is presented
in Table 7.2.

There are different ways by which QTL scan be validated. First, a QTL can be
validated if the same QTL can still be detected in the same genetic background
when grown in other locations or/and years (Landi et al. 2005). For example, for
biotic stress tolerance, some QTLs controlling resistance to Ascochyta fabae has
been identified in faba bean for the same populations (Díaz-Ruiz et al. 2009). They
detected QTLs for resistance to A. fabae in F2 and validated them in F3 and F6 in the
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Table 7.2 List of the most validated QTL for CST associated with biotic and abiotic stress toler-
ances

Trait Putative markers
associated with QTL

Type of tested
population

Population of
validation

Frost tolerance F15-476, I10-661, and
E20-1556

BPP (Arbaoui et al.
2008b)

Diverse, frost
tolerance (Sallam and
Martsch 2016)

VF_Mt5g026780,
VF_Mt3g086600,
VF_Mt4g127690,
VF_Mt4g125100, and
VF_Mt2g027240

BPP (Sallam et al.
2016a)

Diverse
1. Frost tolerance

(Sallam et al.
2016a)

2. Winter hardiness)

Flowering time Vf-Mt1g056180
Vf-Mt7 g084010

Diverse, winter
hardiness (Sallam
et al. 2016a)

BPP, heat tolerance
(Catt et al. 2017).

Broomrape
(Orobanche
crenata Forsk.)

Oc2, Oc3, Oc4, Oc5 BPP, F2 population
(Vf6 × Vf136)
(Román et al. 2002)

BPP, F6 RILs (Vf6 ×
Vf136) (Díaz-Ruiz
et al. 2010)

Oc7 BPP, F7-8 RILS
population (29H ×
Vf136) (Gutiérrez
et al. 2013;
Ocaña-Moral et al.
2017)

Same population in the
three seasons at
Córdoba, Spain.
(Gutiérrez et al. 2013;
Ocaña-Moral et al.
2017)

Ascochyta blight Af1 and Af2 BPP, two different F2
population
− 29H × Vf136.
(Avila et al. 2004)
− Vf6 × Vf136.
(Román et al. 2003)

BPP, F6 RILs (Vf6 ×
Vf136). (Díaz-Ruiz
et al. 2009)

population derived from the same cross. QTLs controlling resistance to Orobanche
crenata were valued across environments and generations (Díaz-Ruiz et al. 2010).
These studies validated the QTLs using QTL mapping methods.

Second, validation is done in a population with a different genetic background
(e.g., backcross, multiparent advanced generation intercross, recombinant inbred
lines). QTL for a trait associated with biotic or abiotic stress tolerance could also be
validated in a different genetic background with the same stress tolerance (Sallam
et al. 2016a, 2017). Sallam and Martsch (2016) validated QTLs associated with
increased frost tolerance that was previously published by Arbaoui et al. (2008b).
These QTLs were first detected by RAPD markers in a biparental population (BPP).
In the validation study, the same markers were tested for their association to frost
tolerance inGWBP (a diverse population). As a result, a set of threeQTLswere found
to be associated with frost tolerance and fatty acid composition after hardening in the
diverse population. Recently, some studies used the features of QTL mapping and
GWAS to identify and validateQTLs controllingCSTs. Sallam et al. (2016a) reported
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the first study in faba bean of usingQTLmapping andGWASon two different genetic
background populations (biparental and diverse population) to identify and validate
QTLs controlling frost tolerance in faba bean. They genotyped the two populations
with the same KASP markers that were mapped previously in the FBCM. Hence,
significant markers associated with frost tolerance can be easily found and validated.
They found five significant KASP markers associated with frost tolerance and fatty
acid composition in both populations. These five KSAP markers were found also to
be significantly associated with winter hardiness and yield traits in a study of Sallam
et al. (2016a). Out of these five SNP markers, one marker (VF_Mt3g086600) was
found to be associated with increased frost tolerance (10 frost tolerance traits), winter
hardiness, and seed yield (after frost stress).

Third, some DNA markers were found to be associated with a CST trait under
different conditions. For example, two SNP markers (Vf-Mt1g056180 and Vf-Mt7
g084010) were associated with days to flowering under winter hardiness conditions
(Sallam et al. 2016b). The sameSNPswere reported as they associatedwith flowering
time under high temperature (Catt et al. 2017).

ValidatingQTLs in different genetic backgrounds such as in biparental and diverse
populations is more efficient than using the same population in different generations
and/or locations and/or years. The diverse populations include genotypes whichmost
likely are genetically dissimilar compared to biparental population. This offers more
support for the true association between the marker and trait. Hence, these validated
QTLs in narrow and broad genetic backgrounds could be used for further populations.
Many QTLs detected in a biparental population are specific for that population, and
they may not be detectable in other populations. Therefore, using different genetic
backgrounds in detectingQTLs by two different statisticalmethods givesmore power
for QTL detection and it is very useful for a long-use inMAS to improve target traits.

7.4 Details of Faba Bean Genome Sequencing

Faba bean is diploid and has six somatic chromosomes pairs (2n = 2x = 12). As
discussed earlier, genetic maps in faba bean included a few DNA markers compared
to other crops. The advances in next-generation sequencing have improved a little
bit the genetic maps by including more DNA markers. However, the complexity
of faba bean genome acts as an obstacle for constructing a high-density genetic
map as it was achieved in wheat and barley, etc. Expressed sequence tags (EST)
(Yang et al. 2012) and genome survey sequences (GSS) (Gong et al. 2010) are large-
scale sequence resources which could be useful in maker development, especially
SSR and SNP markers, with a significant improvement of genetic map resolution.
Expanding the sequence information in faba bean will accelerate the transition to
genomic selection for CSTs (Meuwissen et al. 2001). Basically, a reference whole-
genome sequence is used in conjunction with sequencing of selected genotypes in
training populations (Braich et al. 2017). The large genome of faba bean is a big
challenge for having a whole-genome sequence assembly because it contains a lot
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of repetitive DNA sequences (Moreton et al. 2016). Transcript sequencing could be
an alternative approach through the use of RNA-seq technology as it is one of the
second-generationDNAsequencingmethodswhich have been recently used in crops.
The transcript sequencing results shed light on the gene regulation, the isolation of
gene, the magnitude of gene expression, and the annotation of gene (Moreton et al.
2016). Importantly, it allows understanding the comparative genomics that are very
useful in transferring genes of target traits (Garg and Jain 2013).

Ray and Georges (2010) prepared an expressed sequence tag (EST) library in
faba bean from a developing embryo of two garden varieties, i.e., Windsor Broad
and Exhibition Long. This library has been used for identifying SSR markers and
sequencing different tissues of these two cultivars (Windsor Broad and Exhibition
Long). The sequencing resulted in identifying 18,000 genes (Kaur et al. 2012).More-
over, many QTLs controlling ascochyta blight resistance were detected from this
library. The EST libraries allow synteny study between species with large genome
(e.g., faba bean) to more established genomes (e.g., lentil,M. truncatula, etc.) (Ray
et al. 2015). EST libraries were developed from tissue of root and shoots of three faba
bean cultivars having differences in vicine contents (VC) to locate DNAmarkers and
genes associated with low VC (Ray et al. 2015). Generated variants among the three
cultivars were compared, and candidate markers for lowVCwere identified. Further-
more, many genes controlling phytate pathways, the proanthocyanidin pathway, and
the raffinose family oligosaccharides (RFOs) synthetic pathway were analyzed. The
sequence data and variant identification can be used for further faba bean genomic
studies to understand the biochemical pathways (Ray et al. 2015).

A good reference to transcriptome assembly will undoubtedly improve the appli-
cation of MAS and genomic selection for CSTs in breeding programs. This offers
a good advantage especially if the crop does not have a whole-genome assembly
such as faba bean (Ray et al. 2015). Recently, comprehensive transcriptome assem-
blies were accomplished from two different faba bean cultivars (Doza and Farah)
using RNA-Seq technology (Braich et al. 2017). The two genotypes present varia-
tion in growth habit, disease resistance, and adaptation characteristics which are good
examples to detect possible genes controlling these traits. The number of unigenes
generated from the transcriptome analysis was compared to those in chickpea, lentil,
andM. truncatula. As expected, the highest match was found between faba bean and
M. truncatula. Interestingly, these transcriptome assemblies had a high proportion of
transcripts fromWebb et al. (2015) with a 95.5% and about 98% of contigs and 78%
singletons from Kaur et al. (2012), indicating the usefulness of using these assem-
blies for further genetic studies on faba bean crop. The transcriptomes derived from
Doza and Farah can be used for generating a lot of SNPs for not only between these
two cultivars but also for other related genotypes. Bearing that in mind the highest
number of markers used for GWAS in faba bean was 1,322 (AFLPs and SNPs). The
high number of SNPs, disturbed on all the six chromosome pairs, will be suitable for
genetic diversity studies and GWASwhich are very important to identify alleles con-
trolling target traits (e.g., CSTs). More importantly, the transcriptomes generated by
RNA-seq technology can be used for genotyping-by-sequencing (GBS) as reported
(He et al. 2014). Using the unigenes detected in Braich et al. (2017), an alignment
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to a high-quality reference assembly can be utilized to generate a lot of markers that
can be used to genetically improve target traits in faba bean.

7.5 Gene Annotation for CSTs in Faba Bean

Gene annotation is an important step in molecular breeding to identify the possible
locations of genes and coding genomic regions controlling target traits (e.g., CSTs).
Three important information can be obtained from gene annotation of target marker
including (1) identifying genomic regions that do not code for proteins, (2) predicting
genes in the genome, and (3) understanding biological information on the function of
annotated gene (Stein 2001). Gene annotation can be easily done in many crops for
which genomes are sequenced (e.g., wheat, barley, arabidopsis, etc.). However, the
situation for faba bean is still difficult and complicated due to its large genome size.
Looking for a model plant could be an alternative way by which gene annotation in
faba bean can be facilitated. Recently, some studies suggested that research onmodel
legumes such asMedicago truncatula could lead to new avenues for enhancing faba
bean breeding efforts (Duc 2004; Ellwood et al. 2008; Braich et al. 2017).

Studying a model species will help us to better understand many important bio-
logical processes such as plant development (Rispail et al. 2010; Cruz-Izquierdo
et al. 2012), response of plants to abiotic and biotic stresses (Jones and Dangl 2006;
Swindell et al. 2007), and the physiological adaptations of the plants to threatening
stresses. In legumes,Medicago truncatula is a model plant as it has a small genome
(M. truncatula around 500Mb;Gnanasambandam et al. 2012) and therefore, it is use-
ful for the researchers. This small genome size is very suitable to conduct genetic and
genomic research than large genomes species such as Vicia faba (around 13,000Mb,
Ellwood et al. 2008). Candidate genes, especially those that contribute to stress tol-
erance and quality traits, identified by gene annotation may be useful in developing
tolerant/resistant transgenic lines (Rispail et al. 2010). Therefore,M. truncatula seed
represents a suitable model for identification of CSTs associated genes. Burstin et al.
(2007) reported that faba bean has homologous loci for biotic and abiotic stresses and
identification of genes for the abiotic stress mechanism may also select biotic stress
tolerance (Rispail et al. 2010).Mapping of important QTLs associatedwith increased
frost tolerance traits by Avia et al. (2013) inM. truncatulamay lead to identification
of genes resistance to frost stress. A high-level match was observed between faba
bean sequence annotations and sequences from chickpea andM. truncatula (Braich
et al. 2017).

The FBCM developed by Webb et al. (2015) consisted of 845 SNPs that can be
annotated fromM. truncatula. The map has six linkage groups which are presumed
to correspond to the six V. faba chromosomes. This map is the first genetic map for
which all SNP markers were derived from M. truncatula. The name of each SNP
marker includes the chromosome number in M. truncatula and the position of that
SNP on the respective chromosome. For example, Vf_Mt5g026780marker; Vf refers
to vicia faba, Mt refers to M. truncatula, 5 refers to the number of chromosome in
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which this SNP was located inM. truncatula, and 26780 the position of that SNP on
the chromosome. The steps of gene annotation of this SNPs are described as follow:

1. Go to LegumeIP website:
https://plantgrn.noble.org/LegumeIP/

2. Click on “Gene”, then select “Search Gene by keyword”.
3. Change the SNP name. For example, Vf_Mt5g026780 should be changed to

Medtr5g026780.
4. Submit.

The FBCM was successfully used to identify gene annotation for important QTLs
controlling CSTs associated with frost tolerance and winter hardiness (Sallam et al.
2016a, b) and drought tolerance (Khazaei et al. 2014) in faba bean. Out of 20 SNP
markers identified using GWAS for yield traits under winter hardiness conditions, 15
annotated genes were identified for seed yield, thousand-seed weight, plant height,
and flowering time (Sallam et al. 2016b). Out of five important QTLs associated
with frost tolerance, four candidate genes for these QTLs were identified and their
biological functions were linked to frost stress. Interestingly, one important SNP
marker VF_Mt3g086600 was found to be associated with increased frost tolerance
(11 CSTs), winter hardiness, and seed yield (Sallam et al. 2016a, c). The gene anno-
tation of that marker was encoded to a hypothetical protein. This marker could be
very important in improving frost tolerance and winter hardiness throughMAS. This
information is useful and it should take the attention of faba bean geneticists to work
further on that gene to better understand its biological function in frost tolerance and
winter hardiness (Sallam et al. 2016a). Khazaei et al. (2014) found 12 QTLs control-
ling CSTs associated with drought tolerance. They annotated eight genes controlling
CSTs in faba bean.

7.6 Conclusion

Climate change has started to affect the agricultural crops by the increasing degree of
effects from biotic and abiotic stresses singly or in combination. Faba bean is one of
the important crops that large humanpopulations in the poor and developing countries
depend upon as a valuable source of food. Climate-smart trait (CST), recommended
by Prof. C. Kole, is a new term for a measurable trait that has a direct association with
biotic or/and abiotic stress tolerance. The recent interest of researchers is to improve
CSTs through breeding and genetics programs. In faba bean, CSTs were reported
for biotic and abiotic stress tolerance. However, little breeding research has been
done for improving CSTs in faba bean. In order to genetically improve CSTs in faba
bean, geneticmapswith high-densitymarkers are urgently needed to target important
QTLs associated with CSTs. Generally, QTL studies are very few compared to the
other important crops (e.g., wheat, barley, maize, etc.). For example, there are huge
number of unidentified QTL for CSTs controlling heat and salt tolerance in faba
bean. Although some QTLs were reported for frost and drought, they are too few

https://plantgrn.noble.org/LegumeIP/
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to dissect the genetics of these stresses. For biotic stress tolerance, there is no QTL
study for some diseases such as chocolate spot and Fusarium root rot except only one
study on rust disease (with RAPD which is not a reliable marker type as compared
to codominant gene-specific markers such as SNP and SSR). The advancement in
DNA sequencing has improved the understanding of molecular genetics in faba bean
to some extent. Using the faba Bean Consensus Map (FBCB) developed by Webb
et al. (2015) could be the best option to continue QTL studies by using SNPmarkers.
The feature of GWAS should be exploited in faba bean research to detect alleles
for important CSTs. The KASP markers in FBCM can be used to genotype diverse
populations to conduct GWAS. Faba bean researchers should pay more attention
to the research gaps especially those related to QTL studies for abiotic and biotic
stresses.

Appendix

Table 7.3 List of important SNP markers that controlling different biotic and abiotic stress toler-
ance

SNP Chromosome Position (cM) phenotype (reference)

Vf_Mt2g027240_001 1 41 Frost tolerance (1)

Vf_Mt2g027240_001 1 41 Frost tolerance (1)

Vf_Mt2g027240_001 1 41 Frost tolerance (1)

Vf_Mt2g027240_001 1 41 Frost tolerance (1)

Vf_Mt2g027240_001 1 41 Frost tolerance (2)

Vf_Mt2g027240_001 1 41 Frost tolerance (2)

Vf_Mt2g027240_001 1 41 Frost tolerance (2)

Vf_Mt2g027240_001 1 41 Fatty acid composition (2)

Vf_Mt5g015280_001 1 94 Frost tolerance (1)

Vf_Mt5g015280_001 1 94 Frost tolerance (1)

Vf_Mt5g015280_001 1 94 Frost tolerance (1)

Vf_Mt5g015280_001 1 94 Frost tolerance (2)

Vf_Mt5g015280_001 1 94 Frost tolerance (2)

19a15_3 1 116 Frost tolerance (2)

19a15_3 1 116 Frost tolerance (2)

19a15_3 1 116 Fatty acid composition (2)

Vf_Mt5g026780_001 1 119 Frost tolerance (1)

Vf_Mt5g026780_001 1 119 Frost tolerance (1)

Vf_Mt5g026780_001 1 119 Frost tolerance (2)

(continued)
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Table 7.3 (continued)

SNP Chromosome Position (cM) phenotype (reference)

Vf_Mt5g026780_001 1 119 Frost tolerance (2)

Vf_Mt5g026780_001 1 119 Winter hardiness SY (4)

Vf_Mt5g026780_001 1 119 Winter hardiness Ph (4)

Vf_Mt5g046030_001 1 124 Frost tolerance (1)

Vf_Mt5g046030_001 1 124 Frost tolerance (1)

Vf_Mt5g046030_001 1 124 Frost tolerance (1)

Vf_Mt5g046030_001 1 124 Frost tolerance (1)

Vf_Mt5g046030_001 1 124 Frost tolerance (1)

Vf_Mt5g046030_001 1 124 Frost tolerance (1)

Vf_Mt5g046030_001 1 124 Frost tolerance (2)

Vf_Mt5g046030_001 1 124 Fatty acid composition (2)

Vf_Mt5g046030_001 1 124 Winter hardiness SY (4)

Vf_Mt5g044980_001 1 127 Frost tolerance (2)

Vf_Mt5g044980_001 1 127 Fatty acid composition (2)

Vf_Mt5g037120_001 1 142 Frost tolerance (2)

Vf_Mt5g037120_001 1 142 Fatty acid composition (2)

Vf_Mt5g033880_001 1 154 Frost tolerance (2)

Vf_Mt5g033880_001 1 154 Fatty acid composition (2)

Vf_Mt5g005120_001 1 168 Fatty acid composition (2)

Vf_Mt5g098060_001 1 171 Fatty acid composition (2)

Vf_Mt2g086880_001 1 359 Frost tolerance (1)

Vf_Mt2g086880_001 1 359 Frost tolerance (1)

Vf_Mt2g086880_001 1 359 Frost tolerance (1)

Vf_Mt2g086880_001 1 359 Frost tolerance (1)

Vf_Mt2g086880_001 1 359 Frost tolerance (2)

Vf_Mt2g086880_001 1 359 Frost tolerance (2)

Vf_Mt2g086880_001 1 359 Fatty acid composition (1)

Vf_Mt4g007030_001 2 4 Frost tolerance (1)

Vf_Mt4g007030_001 2 4 Frost tolerance (1)

Vf_Mt4g007030_001 2 4 Frost tolerance (1)

Vf_Mt4g007030_001 2 4 Frost tolerance (2)

Vf_Mt4g007030_001 2 4 Frost tolerance (2)

Vf_Mt4g014710_001 2 9 Frost tolerance (1)

Vf_Mt4g014430_001 2 14 stomatal traits (3)

Vf_Mt4g014430_001 2 14 stomatal traits (3)

Vf_Mt4g025120_001* 2 27 Winter hardiness SY (4)

(continued)
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Table 7.3 (continued)

SNP Chromosome Position (cM) phenotype (reference)

Vf_Mt4g035200_001 2 37 stomatal traits (3)

Vf_Mt4g035200_001 2 37 stomatal traits (3)

Vf_Mt4g035200_001 2 37 stomatal traits (3)

Vf_Mt4g035200_001 2 37 stomatal traits (3)

Vf_Mt4g035200_001 2 37 stomatal traits (3)

Vf_Mt4g035200_001 2 37 stomatal traits (3)

Vf_Mt4g035200_001 2 37 stomatal traits (3)

Vf_Mt4g035200_001 2 37 stomatal traits (3)

Vf_Mt3g117120_001 2 42 stomatal traits (3)

Vf_Mt3g117120_001 2 42 stomatal traits (3)

Vf_Mt3g117120_001 2 42 stomatal traits (3)

Vf_Mt3g117120_001 2 42 stomatal traits (3)

Vf_Mt3g117120_001 2 42 stomatal traits (3)

Vf_Mt3g117120_001 2 42 stomatal traits (3)

Vf_Mt3g117120_001 2 42 stomatal traits (3)

Vf_Mt3g117120_001 2 42 stomatal traits (3)

Vf_Mt3g117120_001 2 42 Winter hardiness SY (4)

Vf_Mt3g116080_001 2 48 stomatal traits (3)

Vf_Mt3g116080_001 2 48 stomatal traits (3)

Vf_Mt3g116080_001 2 48 stomatal traits (3)

Vf_Mt3g116080_001 2 48 stomatal traits (3)

Vf_Mt3g116080_001 2 48 stomatal traits (3)

Vf_Mt3g116080_001 2 48 stomatal traits (3)

Vf_Mt3g116080_001 2 48 stomatal traits (3)

Vf_Mt3g116080_001 2 48 stomatal traits (3)

Vf_Mt3g115870_001 2 49 stomatal traits (3)

Vf_Mt3g115870_001 2 49 stomatal traits (3)

Vf_Mt3g115870_001 2 49 stomatal traits (3)

Vf_Mt3g115870_001 2 49 stomatal traits (3)

Vf_Mt3g115870_001 2 49 stomatal traits (3)

Vf_Mt3g115870_001 2 49 stomatal traits (3)

Vf_Mt3g115870_001 2 49 stomatal traits (3)

Vf_Mt3g115870_001 2 49 stomatal traits (3)

Vf_Mt3g114780_001 2 50 Fatty acid composition (1)

Vf_Mt3g114780_001 2 50 stomatal traits (3)

(continued)
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Table 7.3 (continued)

SNP Chromosome Position (cM) phenotype (reference)

Vf_Mt3g114780_001 2 50 stomatal traits (3)

Vf_Mt3g114780_001 2 50 stomatal traits (3)

Vf_Mt3g114780_001 2 50 stomatal traits (3)

Vf_Mt3g114780_001 2 50 stomatal traits (3)

Vf_Mt3g114780_001 2 50 stomatal traits (3)

Vf_Mt3g114780_001 2 50 stomatal traits (3)

Vf_Mt3g114780_001 2 50 stomatal traits (3)

Vf_Mt5g024090_001 2 62 stomatal traits (3)

Vf_Mt5g024090_001 2 62 stomatal traits (3)

Vf_Mt3g110600_001 2 64 Frost tolerance (1)

Vf_Mt3g102180_001 2 91 stomatal traits (3)

Vf_Mt3g100500_001 2 97 stomatal traits (3)

Vf_Mt3g100500_001 2 97 stomatal traits (3)

Vf_Mt3g099130_001 2 98 stomatal traits (3)

Vf_Mt3g098530_001 2 102 stomatal traits (3)

Vf_Mt3g087760_001 2 118 Frost tolerance (1)

Vf_Mt3g090670_001 2 122 Fatty acid composition (1)

Vf_Mt3g090670_001 2 122 Winter hardiness SY (4)

Vf_Mt3g087150_001 2 126 Fatty acid composition (2)

Vf_Mt3g086600_001 2 128 Frost tolerance (1)

Vf_Mt3g086600_001 2 128 Frost tolerance (1)

Vf_Mt3g086600_001 2 128 Frost tolerance (1)

Vf_Mt3g086600_001 2 128 Frost tolerance (1)

Vf_Mt3g086600_001 2 128 Frost tolerance (1)

Vf_Mt3g086600_001 2 128 Frost tolerance (1)

Vf_Mt3g086600_001 2 128 Frost tolerance (1)

Vf_Mt3g086600_001 2 128 Frost tolerance (2)

Vf_Mt3g086600_001 2 128 Frost tolerance (2)

Vf_Mt3g086600_001 2 128 Frost tolerance (2)

Vf_Mt3g086600_001 2 128 Fatty acid composition (2)

Vf_Mt3g086600_001 2 128 Winter hardiness (4)

Vf_Mt3g086600_001 2 128 Winter hardiness SY (4)

Vf_Mt3g084090_001 2 138 Fatty acid composition (2)

Vf_Mt2g014220_001 2 146 Frost tolerance (1)

Vf_Mt3g062540_001 2 147 stomatal traits (3)

Vf_Mt3g062540_001 2 147 stomatal traits (3)

(continued)
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Table 7.3 (continued)

SNP Chromosome Position (cM) phenotype (reference)

Vf_Mt3g077670_001 2 148 Fatty acid composition (2)

Vf_Mt3g076650_001 2 151 Fatty acid composition (1)

Vf_Mt3g076650_001 2 151 stomatal traits (3)

Vf_Mt3g076650_001 2 151 stomatal traits (3)

Vf_Mt3g076660_001 2 151 Winter hardiness SY (4)

Vf_Mt3g076590_001 2 152 Fatty acid composition (2)

Vf_Mt3g072080_001 2 163 stomatal traits (3)

Vf_Mt3g072080_001 2 163 stomatal traits (3)

RBPC_0SNP 2 169 Fatty acid composition (1)

Vf_Mt3g061590_001 2 187 Fatty acid composition (1)

Vf_Mt3g061590_001 2 187 Fatty acid composition (1)

Vf_Mt3g061590_001 2 187 Fatty acid composition (1)

Vf_Mt5g075540_001 2 205 Frost tolerance (1)

Vf_Mt5g075540_001 2 205 Frost tolerance (1)

Vf_Mt5g075540_001 2 205 Frost tolerance (1)

Vf_Mt5g075540_001 2 205 Frost tolerance (1)

Vf_Mt5g075540_001 2 205 Frost tolerance (2)

Vf_Mt5g075540_001 2 205 Fatty acid composition (2)

Vf_Mt5g075540_001 2 205 Fatty acid composition (1)

Vf_Mt5g075540_001 2 205 Drought tolerance (3)

Vf_Mt3g026020_001 2 214 Drought tolerance (3)

Vf_Mt3g010290_001 2 231 Winter hardiness DTF (4)

Vf_Mt1g056180_001 3 35 Frost tolerance (1)

Vf_Mt1g056180_001 3 35 Frost tolerance (1)

Vf_Mt1g056180_001 3 35 Frost tolerance (1)

Vf_Mt1g056180_001 3 35 Frost tolerance (2)

Vf_Mt1g056180_001 3 35 Frost tolerance (2)

Vf_Mt1g056180_001 3 35 Winter hardiness SY (4)

Vf_Mt1g056180_001 3 35 Winter hardiness DTF (4)

Vf_Mt1g056180_001 3 35 Heat stress DTF (5)

GLPSNP 3 78 Winter hardiness SY (4)

Vf_Mt1g105040_001 3 136 Frost tolerance (1)

Vf_Mt1g105040_001 3 136 Frost tolerance (1)

Vf_Mt1g105040_001 3 136 Frost tolerance (1)

Vf_Mt1g105040_001 3 136 Frost tolerance (1)

(continued)
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Table 7.3 (continued)

SNP Chromosome Position (cM) phenotype (reference)

Vf_Mt1g105040_001 3 136 Frost tolerance (1)

Vf_Mt1g105040_001 3 136 Frost tolerance (1)

Vf_Mt1g105040_001 3 136 Frost tolerance (1)

Vf_Mt1g105040_001 3 136 Frost tolerance (2)

Vf_Mt1g105040_001 3 136 Frost tolerance (2)

Vf_Mt1g105040_001 3 136 Winter hardiness SY (4)

Vf_Mt3g117800_001 4 3 Fatty acid composition (1)

Vf_Mt3g117800_001 4 3 Fatty acid composition (2)

Vf_Mt3g118320_001 4 3 Winter hardiness SY (4)

Vf_Mt4g127690_001 4 20 Frost tolerance (1)

Vf_Mt4g127690_001 4 20 Frost tolerance (1)

Vf_Mt4g127690_001 4 20 Fatty acid composition (1)

Vf_Mt4g127690_001 4 20 Fatty acid composition (1)

Vf_Mt4g127690_001 4 20 Fatty acid composition (2)

Vf_Mt4g127690_001 4 20 Winter hardiness DTF (4)

Vf_Mt4g125100_001 4 30 Fatty acid composition (1)

Vf_Mt4g118420_001 4 46 Fatty acid composition (2)

Vf_Mt4g114900_001 4 56 Fatty acid composition (2)

Vf_Mt4g114900_001 4 56 Fatty acid composition (2)

Vf_Mt4g114900_001 4 56 Fatty acid composition (2)

Vf_Mt4g113270_001 4 63 Fatty acid composition (2)

Vf_Mt4g113270_001 4 63 Fatty acid composition (2)

Vf_Mt4g113270_001 4 63 Fatty acid composition (2)

Vf_Mt4g101130_001 4 84 Frost tolerance (1)

Vf_Mt4g101130_001 4 84 Frost tolerance (2)

Vf_Mt4g100760_001 4 86 Frost tolerance (1)

GLIP253SNP 4 129 Winter hardiness DTF (4)

Vf_Mt8g020800_001 4 142 stomatal traits (3)

Vf_Mt8g020800_001 4 142 stomatal traits (3)

Vf_Mt8g022290_001 4 146 Fatty acid composition (2)

CNGC4 4 159 stomatal traits (3)

CNGC4 4 159 stomatal traits (3)

Vf_Mt7g038120_001 4 163 stomatal traits (3)

Vf_Mt7g038120_001 4 163 stomatal traits (3)

Vf_Mt8g039690_001 4 176 Fatty acid composition (2)

Vf_Mt7g051360_001 5 34 Fatty acid composition (1)

Vf_Mt7g051360_001 5 34 Winter hardiness DTF (4)

(continued)



388 A. Sallam and S. Ul-Allah

Table 7.3 (continued)

SNP Chromosome Position (cM) phenotype (reference)

Vf_Mt7g080890_001 5 35 Winter hardiness DTF (4)

Vf_Mt7g078800_001 5 57 Winter hardiness SY (4)

Vf_Mt7g084010_001 5 67 Proline (1)

Vf_Mt7g084010_001 5 67 Fatty acid composition (2)

Vf_Mt7g084010_001 5 67 Fatty acid composition (2)

Vf_Mt7g084010_001 5 67 Fatty acid composition (2)

Vf_Mt7g084010_001 5 67 Heat stress DTF (5)

Vf_Mt7g090890_001 5 73 Proline (1)

Vf_Mt7g090930_001 5 73 Fatty acid composition (2)

Vf_Mt7g090930_001 5 73 Fatty acid composition (2)

Vf_Mt7g090930_001 5 73 Fatty acid composition (2)

Vf_Mt7g090930_001 5 73 Heat stress DTF (5)

Vf_Mt7g098440_001 5 92 Orbanche crenatana
resistance (5)

Vf_Mt7g112640_001 5 141 Winter hardiness Ph (4)

Vf_Mt7g118320_001 5 152 Winter hardiness DTF (4)

Vf_Mt8g101390_001 6 22 Proline (1)

Vf_Mt8g100120_001 6 39 Proline (1)

Vf_Mt8g086470_001 6 65 Fatty acid composition (1)

GLIP265SNP 6 66 Frost tolerance (1)

GLIP081SNP 6 68 Frost tolerance (2)

Vf_Mt4g085900_001 6 75 Fatty acid composition (1)

Vf_Mt4g087540_001 6 81 Fatty acid composition (2)

Vf_Mt4g088010_001 6 81 Fatty acid composition (2)

HYPTE3SNP 6 128 Fatty acid composition (1)

Vf_Mt4g053880_001 6 163 Winter hardiness TKW (4)

The SNPs were mapped in FBCM (Webb et al. 2015)
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Chapter 8
Bambara Groundnut (Vigna Subterranea
(L) Verdc)—A Climate Smart Crop
for Food and Nutrition Security

Sean Mayes, Wai Kuan Ho, Hui Hui Chai, Bo Song, Yue Chang
and Festo Massawe

Abstract Bambara groundnut (Vigna subterranea (L) Verdc.) is an underutilized
legume native to sub-Saharan Africa, where it is grown at low levels bymany farmers
as a component of household food and nutritional security. It is generally regarded as
drought tolerant and fills the same agroecological niche as peanut (Arachis hypogaea
L). Molecular research in this crop really began only in the early 2000s but has
gathered pace and the recent publication of the first genome draft as part of theAOCC
drive to sequence 101 African crop species marks an important milestone towards
the application of genome-enabled breeding. This crop has potential to contribute
to the climate-smart agriculture of the future. The current article traces the progress
made in recent years and highlights the challenges that still remain.

Keywords Bambara groundnut · Vigna subterranea (L) Verdc · Drought
tolerance · Genetic analysis · Crop breeding · Nitrogen fixation, yield modeling

8.1 Introduction

Bambara groundnut [Vigna subterranea (L)Verdc] is aminor tropicalAfrican legume
which is cultivated at low levels throughout sub-Saharan Africa (Dalziel 1937; Doku
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and Karikari 1971; Duke 1981; Azam-Ali et al. 2001; Effa and Uko 2017; Feldman
et al. 2019). It is a close relative of cowpea (V. unguiculata), but morphologically it
is similar to peanut (groundnut; Arachis hypogaea L.) and has been partly displaced
by the introduction of this South American cash crop species (Azam-Ali et al. 2001).
Bambara groundnut is well adapted for growing in low-input agriculture on marginal
land and on poor, free draining, soils. It is traditionally used as part of household
food and nutritional security, while providing some additional income (Berchie et al.
2010; Abu and Buah 2011; Hillocks et al. 2012; Adzawla et al. 2016a, b; Olayide
et al. 2018; Feldman et al. 2019).

8.1.1 Economic Importance of Bambara Groundnut

The crop has been adapted to a wide range of environmental conditions from semi-
arid regions with unimodal rains, as found in Namibia, through to humid tropical
conditions in the island of Java, Indonesia. As such, it has potential to be a far more
widely employed crop for future climates, as predicted under climate change. How-
ever, photoperiod requirement for pod-filling can be a critical limitation for some
origins (Linnemann 1993; Linnemann and Craufurd 1994; Linnemann et al. 1995;
Brink 1997, 1998, 1999; Brink et al. 2000; Jørgensen et al. 2009; Berchie et al. 2013;
Kendabie et al. 2016).

As a legume, it is able to fix atmospheric nitrogen (Dakora 1998; Sprent et al.
2010; Dakora et al. 2015) with a range of rhizobia (e.g., fixation in central Peninsula
Malaysia, presumably using cowpea (Vigna spp) rhizobial strains; Musa et al. 2016).

Typical grain composition is quite similar to chickpea, with between 18 and 24%
protein and 6% oil, with the remainder largely starches (Minka and Bruneteau 2000;
Amarteifio et al. 2010; Atoyebi et al. 2018; Azman Halimi et al. 2019). Amino acid
composition is reported to be favorable compared to other legumes and like other
legumes, it can act as a nutritional complement to a diet based on cereals (Brough
et al. 1992; Yetunde et al. 2009; Okpuzor et al. 2010; Uvere et al. 2010; Baptista
et al. 2017). Consumer preferences vary from country to country, with Bambara
groundnut being used in stews, in tempeh, as a flour supplement, as a milk for
infants or eaten fresh after boiling in the pods (Mubaiwa et al. 2018). In Indonesia,
it is processed into a value-added snack, ‘Kacang Bogor’ (‘Bogor nut’) similar to
dry roasted peanuts (Endah Sri Redjeki, Pers Comm.). As with all foods, there is the
potential for allergenicity to be present and some cross reactivity has been shown to
human sera samples (Astutia et al. 2016). In some countries, there are also strong
cultural components to preference (Hillocks et al. 2012; Feldman et al. 2019).

8.1.2 Effects of Global Warming and Climate Change

As a nitrogen fixing legume component of low-input agriculture, Bambara groundnut
and similar crops can be seen as being ‘climate friendly’ and are often resilient to
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environmental stresses, having been grown under low-input agricultural systems for
long periods of time (Tadele 2018). Bambara groundnut grows on poor and acidic
soils, e.g., on low pH 4.2 and highlymineralized soils after three rounds of oil palm in
Malaysia (Musa et al. 2016) and fills the niche for companion and rotation cropping
with cereals.

Crop modeling work (Azam-Ali 1998; http://www.fao.org/land-water/databases-
and-software/aquacrop/;Karunaratne et al. 2010, 2011, 2015) has explored the poten-
tial water productivity and yield for Bambara groundnut under climate change sce-
narios and it has been predicted that reductions in rainfall over the next 80 years
in western South Africa will lead to increased water productivity and yield (Mab-
haudhi and Modi 2013; Mabhaudhi et al. 2013, 2018). In Malaysia initial modeling
suggests that it could be grown far more extensively and yields may even increase
under the current climate change scenarios for certain regions (www.cropbase.org).
In both cases, the modeling is using landrace parameters, rather than advanced lines
or cultivars, which do not yet exist.

The major characteristic that suits Bambara groundnut for future climates is its
ability (in some landraces) to withstand quite long periods of intermittent drought,
with such conditions predicted to become more common in the future. It is likely
that all three mechanisms of drought resistance (escape, avoidance, tolerance)
are employed in the different agroecologies where adapted germplasm is found
(Collinson et al. 1997; Mwale et al. 2007; Berchie et al. 2012; Al-Shareef et al.
2014; Chibarabada et al. 2015; Muhammad et al. 2015; Berchie et al. 2016; Chai
et al. 2016; Mabhaudhi et al. 2018).

8.1.3 Limitations of Traditional Breeding

In essence, Bambara groundnut is still almost exclusively grown as landraces—mixes
of inbred, but heterogeneous, lines (as determined by marker analysis; see below)
which have been adapted to the conditions of the local environment in which they
have been repeatedly grown. It is expected that the overall genetic composition
will potentially change with every growth cycle as lines within the landrace are
differentially selected by annualweather conditions. There is no question that farmers
have been selecting these landraces by eye for hundreds, if not thousands, of years,
but there has been little ‘controlled cross’ breeding in this species until recent decades
(Massawe et al. 2003c; Suwanprasert et al. 2006). The flowers, which are very small,
do produce nectar and it has been observed that ants often visit the flowers (Doku and
Karikari 1971). However, the genetic evidence is that this rarely leads to detectable
cross-pollination events in this cleistogamous species (see below).

A number of groups in Africa and Southeast Asia have been actively involved in
line selection, leading to the registration of a limited number of ‘varieties’ such as
‘Mana’ and ‘Kazuma’ in Zimbabwe in 2004. One plant of Kazuma forms the basis
for the recently produced draft genome sequence (Chang et al. 2018). However, even
these ‘released’ varieties can still retain significant heterogeneity within the seed

http://www.fao.org/land-water/databases-and-software/aquacrop/
http://www.cropbase.org
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bulks (Ho et al. 2016). Additionally, ‘Nalbam3’, ‘Nalbam4’, ‘Nalbam6’ and ‘Myao’
were registered in Tanzania in 2014 and ‘Songkhla’ in Thailand around 2010. More
recent efforts at line selection are likely to lead to registered varieties in a number of
countries and regions. Successful controlled cross-pollination has been reported from
UK, Thailand andMalaysia (Massawe et al. 2003c; Suwanprasert et al. 2006; https://
www.youtube.com/watch?reload=9&v=usPlhsGhN3M; Kendabie et al. 2016) and
there is a ‘community-research institute’ project for producing crosses for selection
by farmers underway at the Bogor Agricultural University (BAU), Indonesia (Plant
Breeders Without Borders; http://pbwob.org/). Such efforts will advance breeding in
this species from what is currently a very low base.

One consideration before advocating crossing, pedigree breeding and selection
is the nature of landraces (Zeven 1998) with the genetic heterogeneity potentially
providing a degree of environmental buffering (Massawe et al. 2005). For some forms
of low-input agriculture, landraces may be more resilient than pure lines and the
possibility of constructing ‘artificial landraces’ needs further exploration Massawe
et al. 2005).

8.2 Prioritizing Climate-Smart (CS) Traits

8.2.1 Flowering Time and Pod-Filling

Flowering times (and maturity dates) vary between landraces and genotypes and are
key components of crop phenology; important to fit this minor crop into the annual
cycle with major crops. Some landraces/genotypes are clearly early (e.g. S19-3 from
Namibia; around 110 days in Nottingham tropical glasshouses or late maturity, e.g.
Gresik, from Indonesia; around 150 days in Nottingham tropical glasshouses; see
comment above).

In many other crops, the duration of flowering and seed set are important deter-
minants of carbon sink construction and, thus, harvest index and yield (Slafer et al.
2006; Song et al. 2010; Botwright et al. 2015). There is no obvious stem storage
tissue in Bambara groundnut for late filling of carbon sinks, as exists in the form of
stem fructan reserves in some wheats, and it is currently assumed that pod-filling
occurs from carbon dioxide fixed during the same phenological stage. In Bambara
groundnut, the situation is also complicated by landraces/genotypes being variable
for the level of determinacy present. Progress in other legumes has identified likely
candidate genes for testing/diagnostics in Bambara groundnut (Repinski et al. 2012;
Kwak et al. 2012; Mir et al. 2014). S19-3 is a strongly determinant genotype, while
others, such as Ankpa4 can be indeterminate, particularly under long photoperiods
and can lead to synchronous or asynchronous maturity and pod production, respec-
tively (P. Kendabie, Pers Comm.)

Photoperiod, however, in Bambara groundnut is a far more important trait than in
other legumes. Flowering date can be effected by photoperiod (Linnemann 1993),

https://www.youtube.com/watch?reload=9&amp;v=usPlhsGhN3M
http://pbwob.org/
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but the effects are limited. However, pod-filling can be very strongly effected, with
some genotypes, such as Ankpa4, not filling any pods under 16 h (Linnemann 1993;
Linnemann and Craufurd 1994; Kendabie et al. 2015; Kendabie, unpublished data),
with fertilized zygotes eventually degenerating. This has led to the characterization of
different genotypes into classes, from quantitative long days through to qualitative
short-day requirements. It has also been suggested to be one of the reasons that
yields can be erratic in this species, with rainfall patterns shifting in recent centuries
so that planting is no longer optimal to give the required photoperiod at pod-filling.
Clearly, given the predictions for major changes in patterns of rain fall due to climate
change, this trait needs to be fully understood to ensure that the potential of Bambara
groundnut as a climate-smart crop can be realized.

Indeed, a good understanding and manipulation of photoperiod requirements for
flowering in soybean has been one of the key steps for the current extensive use of
this crop around the world (Raper and Thomas 1978; Summerfield et al. 1991, 1993,
1998)—it is likely to be an even more important trait for Bambara groundnut.

8.2.2 Root Characters

As noted, Bambara groundnut is found in many countries of sub-Saharan Africa and
has adapted to a wide range of growing conditions. Limited work has been done on
this crop for root morphology, largely due to the difficulty of direct root assessment,
although raised soil beds (Nautiyal et al. 2017) and root columns (Mwale et al. 2007)
have been used in initial attempts. In the future, understanding how the above ground
and below ground components interact is amajor challenge in all crops and new tech-
nologies (such as X-ray Micro-CT and NMR; e.g., https://www.nottingham.ac.uk/
hiddenhalf/crop/crop-roots.aspx) are likely to begin elucidating root behavior with-
out the need to remove the soil or disrupt structure. Alongside ‘shovelomics’ (Trachse
et al. 2011) and other quick or early stage phenotyping methods, joint analysis above
and below ground are likely to be a major focus in the coming years. Studies on root
front velocity have shown that landraces adapted to limited soil moisture reserves
can produce long tap-roots (such as S19-3; Mwale et al. 2007). Moreover, in this
species, morphology overall appears to be very dependent on internode length, with
the presence of a strong tap-root dependent on soil conditions and how bunched the
above ground morphology is. Indeed, the same QTL location has been seen in both a
wild/domesticated cross and also in a domesticated/domesticated crosses, suggesting
extensive allelic variation for a single gene or a cluster of genes related to this trait
(Basu et al. 2007a, b Mayes unpublished data; Fig. 8.3).

8.2.3 Heat Tolerance

There have been very few studies published on heat tolerance in Bambara groundnut
partly because it is difficult to uncouple drought and heat stress experimentally (Sesay

https://www.nottingham.ac.uk/hiddenhalf/crop/crop-roots.aspx
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et al. 2013; Soni et al. 2015), although several experimental methods have been used
in other legumes (Srinivasan et al. 1996; Talwar et al. 1999; 2002). Transpirational
loss of water is an important mechanism to reduce leaf temperature and drought
can often lead to reduced transpiration and an increase in leaf temperature. This is
being investigated in a number of crop species as a surrogate for root depth/spread. A
number of Bambara groundnut accessions come from growing countries where the
crop would regularly endure high temperatures during the growing season. However,
the effects of heat stress are dependent (as are those of drought) on the phenological
stage at which the stress acts and a better definition of growth stages in Bambara
groundnut is needed (Dhanaraj 2018). For many crops, the most sensitive stage is
pollen development. For a determinant crop, where there is an irreversible switch
underway from flowering to sink filling, heat-based pollen sterility can lead to sig-
nificant yield losses, due to lack of pollination. For some crops, it may be possible
to reinitiate flowering (‘reflush’) or, for indeterminant crops, flowering overlaps sig-
nificantly with sink filling and seed set, so that there can be a clear recovery from the
stress and continued flowering and fruit-set, even if yield is reduced. Initial experi-
ments involving a controlled heat shock (36 °C over 3 days in controlled environment
rooms) to seven genotypes of Bambara groundnut suggests that while there are dif-
ferences in the genotype response, most of the genotypes are able to recover fertility,
reflush and set new pods, albeit with a delay in maturity (Dhanaraj 2018). The ability
to reflush (whether or not reversing the phenological stage) may be an important
component of the resilience seen in Bambara groundnut and the ability to produce
some yield under many circumstances. Optimizing this for the typical growing envi-
ronment (if one exists, given climate volatility) could be an important step towards
security of production (Mayes et al. 2011). However, as mentioned, very limited
literature currently exists in this crop on the sole effects of heat.

In an attempt to produce quantitative and comparative data on the potential value
of drought tolerant legumes, the Kirkhouse Trust has developed the ‘Stress Toler-
ant Orphan Legumes project (STOL; https://www.kirkhousetrust.org/stolprojects)
which aims to identify the optimal niches of a range of potential legume crops in
Africa.

8.2.4 Cold Tolerance

Cold tolerance is a problem in a few countries, generally away from the equator. In
arid environments, while day temperatures can be high, night temperatures can be
low (and certainly below the permissive temperature for growth). That there is genetic
variation for response to low temperatures was demonstrated by an experiment where
the temperature was lowered from 28 °C down to 18 °C in a series of steps, while
leaf RNA was extracted for a cross-species microarray experiment (Bonthala et al.
2016). This identified a number of ‘modules’ of gene expression during cold stress
of two genotypes of Bambara groundnut, while also identifying differences between
genotypes.

https://www.kirkhousetrust.org/stolprojects


8 Bambara Groundnut for a Healthy and Food Secure Future 403

8.2.5 Drought Tolerance

Drought resistance is themajor climate change trait associatedwithBambara ground-
nut, as mentioned above and there has been extensive work to begin to understand the
basis for this trait, both under controlled conditions and in the field (Collinson et al.
1997;Mwale et al. 2007; Jørgensen et al. 2010; Berchie et al. 2012; Sesay et al. 2013;
Al-Shareef et al. 2014; Chibarabada et al. 2015;Muhammad et al. 2015; Berchie et al.
2016; Chai et al. 2016; Nautiyal et al. 2017;Mabhaudhi et al. 2018). However, differ-
ent lines and landraces may have been adapted to drought at different phenological
stages and it seems likely that all three resistance mechanisms (escape, avoidance,
tolerance) are present within the germplasm available, with directed breeding poten-
tially allowing the selection of more hardy lines for some of the most stressful
conditions, particularly in/below the African Sahel region. The trait is covered in
more detail in Mayes et al. (in revision for Planta).

8.2.6 Flooding and Submergence Tolerance

Generally speaking, flooding and submergence tolerance tend to be the greatest
weakness in many legumes and Bambara groundnut is no exception. In experiments
in Indonesia, there was some observational evidence for a differential response to
flooding, with DodR potentially being better able to withstand the stress (E. Sri
Redjeki, Pers Comm), but generally Bambara groundnut must be planted on free
draining soils with very limited periods of waterlogging.

As a better understanding of how the plant perceives stress is gained, it may be
possible that options will arise to manipulate this system to help stabilize the plants
under waterlogging for longer periods of time. Sub-1 exploited in rice (Ismail et al.
2013) is an example where greater stress resilience to intermittent waterlogging can
be achieved and more generally, genes with the N-end rule pathway may provide
opportunities tomanipulate plant responses to short term stress, improving adaptation
to submergence (Graciet andWellmer 2010;Gibbs et al. 2012;Mendiondo et al. 2016;
Vicente et al. 2018).

8.2.7 Salinity Tolerance

At this point in time, relatively little is known about the variability within this species
to salt stress and salinity in general. In many ways, salinity mimics drought stress,
so it might be expected that a drought tolerant species would also display some
components of salinity tolerance, but as far as we are aware there has been no formal
work to date. The current development of an Association Panel between CFF and
IITA should provide a better resource for such studies (see below).
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8.2.8 Disease Resistance

Bambara groundnut is often cited as being ‘relatively disease and pest free’, although
there are clearly issues withCercospora canescens in Southeast Asia and with Fusar-
ium wilt in Zimbabwe (Obagwu 2003; Wakhungu et al. 2017) especially. Recent
molecular analysis of diseased tissues in Malaysia indicated the presence of Fusar-
ium equiseti and Lasiodiplodia theobromae samples from the Balau Estate, although
further investigation is needed to determine whether these are the pathogenic causes
of symptoms or merely opportunistic colonizers.

Mkandawire (2007) summarized pest and disease issues which had been observed
in sub-Saharan Africa and these includeCerscospora canescens (leaf spot), powdery
mildew (Erysiphe sp.), Phyllosticta voandzeia leaf spot, wilt (Fusarium sp.), leaf
blotch (Phomopsis sp. and Sclerorotium rolfsii) and reports of viral (aphid borne dis-
eases) such as chlorotic and green rosette viruses. Alongwithmore common general-
ist viruses also exist potential problems with nematodes, particularlyMeloidogynae
javanica (Mkandawire 2007).

If Bambara groundnut is to become more widely grown or geographically spread,
then an active program of disease identification and resistance breeding is needed.
However, most studies of disease to date suggest that there is genetic variation avail-
able to tackle these targets within species.

8.2.9 Insect Resistance

As with many bean crops, bruchids are a problem and can often lead to damage
in the field and significant damage in storage (Srinives et al. 2007) if conditions
for emergence are right. Bambara groundnut is reported to support the life cycle of
the two main species; Callosobruchus maculatus and C. chinensis. Differences in
resistance to C. maculatus (F.) between Nigerian accessions of Bambara groundnut
(Ajayi and Lale 2001; Echezona et al. 2013) have been reported, with the possibility
that testa coat color could be a component of the response. Kosini et al. (2017)
also report extensive variation for bruchid resistance in material from Cameroons.
Together with reports of bruchid resistance in other species (e.g., cowpea (Vigna
unguiculata) and V. radiata; Miesho et al. 2018; Chotechung et al. 2016) as well as
wild relatives (Srinives et al. 2007) it should be possible to breed for better tolerance
to this major pest within Bambara groundnut.

8.2.10 Resource Use Efficiency

Resource use efficiency has been investigated at a number of levels, but with a major
focus ondrought tolerance and specifically in termsofwater productivity (Mabhaudhi
and Modi 2013; Mabhaudhi et al. 2013, 2018). Research into drought tolerance has
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been discussed above. One surrogate for integrated stomatal transpiration has been
tested in a controlled cross experiment. CID (Farquhar et al. 1989; Condon et al.
2004) measures the relative abundance of the 12C and C13 molecules of carbon
dioxide. 13C is naturally discriminated against by photosynthetic enzymes so when
the ratio of 13C/12C rises, it suggests that the stomata have been closed. Chai et al.
(2016, 2017) reported two QTLs at different locations for CID in drought conditions,
but not irrigated conditions. However, CID is not a simple surrogate for water use
efficiency as different water use strategies may be needed in different environments,
which would lead to different desirable CID values. CID has been used in wheat
to breed the variety ‘Drysdale’ in Australia and recent modeling using genetically
similar wheat cultivars in Australia (Dysdale and Hertzog) suggest selection for high
transpiration efficiency could also be an advantage under climate change predictions
for Australia (Christy et al. 2018).

8.3 Genetic Resources of Climate-Smart Genes

8.3.1 Primary Gene Pool

Bambara groundnut (Vigna subterranea (L) Verdc.) has been classified into two
forms; spp. subterranea and spontanea. V. subterranea spp. spontanea is considered
to be the ancestral type (Pasquet and Fotso 1997; Pasquet et al. 1999; Pasquet 2004)
although Basu and others have shown through crossing an extreme spreading spon-
tanea to a domesticated subterranea that the number of controlling gene changes
between the morphological types is probably limited to 2–3 (Basu et al. 2007a, b)
V. subterranea spp. spontanea has been identified in collections in Northern Nige-
ria, through to the Cameroons, around the Jos Plateau (Dalziel 1937; Hepper 1963;
Temegne et al. 2018). However, the limited genetic differences (initially investi-
gated by Pasquet using isozymes; Pasquet et al. 1999) and the existence of a clear
genetic differentiation betweenWest African and South&Eastern African accessions
(Olukolu et al. 2012; Somta et al. 2011; Molosiwa et al. 2015) perhaps opens up the
possibility of two centers of domestication (Aliyu et al. 2016) or even that some spon-
tanea types are revertants from domesticated types. Overall, given that the spreading
habit has been shown to be a dominant trait (Basu et al. 2007a), it is difficult to dis-
tinguish between the revertant theory and the idea that V. subterranea spp. spontanea
is the undomesticated form.

The major collection of the ex situ germplasm is held in the IITA (www.iita.org)
by the Genetic Resources Center, with 1890 accessions from 28 sub-Saharan African
countries. These accessions are derived from a wide range of environmental growing
conditions, with local adaptation. This material could form the basis of a breeding
response to climate change over the next 30–40 years.

http://www.iita.org
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8.3.2 Secondary Gene Pool

The closest relative of Bambara groundnut is cowpea, which is also an important
legume in sub-Saharan Africa. Begemann reported successful crossing of Bambara
groundnut with cowpea, but this has yet to be repeated by other groups (Begemann
1988). The recent release of a good quality draft genome sequence for cowpea will
directly benefit work in Bambara groundnut and a series of comparative mapping
efforts within Vigna have helped to clarify the relationships between the species
within the genus (Ho et al. 2017; Chang et al. 2018), potentially allowing cross-
species localization of candidate genes.

8.3.3 Closely Related Vigna

Vigna represent an important class of legumes and have been particularly used in
Asia, with mung bean, azuki bean and others part of many local diets. However,
there is no evidence to suggest sexual compatibility between the different Vigna
species, although cell fusion and genetic transformation techniques might both be
applied. In addition, elucidation of trait controlling genes in other Vigna species may
allow such genes to be introduced into Bambara groundnut through gene editing
approaches in the future. At this point of time, there is relatively little information
available on attempts at genetic modification in Bambara groundnut, with the report
by Karmeswaree Govinthan Naiken-O Lochlainn (http://eprints.nottingham.ac.uk/
14279/1/555429.pdf) being the only attempts at extensive tissue culture work that
we are aware of.

8.3.4 Artificially Induced/Incorporated Traits/Genes

A number of initial attempts at developing mutagenized populations have been
undertaken in India (Bharatkumar et al. 2015; Chandra et al. 2017) and Africa (O.
Molosiwa, pers comm) and further efforts are underway in Namibia.

To date, the number of lines stabilized has been too few to have a good chance
of obtaining desired mutants—although note that the Indian group report a line with
27% protein—and a more systematic community effort is needed to establish these
resources.

http://eprints.nottingham.ac.uk/14279/1/555429.pdf


8 Bambara Groundnut for a Healthy and Food Secure Future 407

8.4 Glimpses on Classical Genetics and Traditional
Breeding for CS Traits

8.4.1 Classical Mapping Efforts

As already mentioned, pedigree and controlled cross breeding is only now beginning
to be established, although quite extensive diversity analysis has used morpholog-
ical and trait descriptors, together with some initial isozyme work focused on the
relationship between subterranea and spontanea (see below).

8.4.2 Limitations of Classical Endeavors and Utility
of Molecular Mapping

Awide range ofmolecularmarkers have been applied to Bambara groundnut. RAPD,
AFLP and their variants have been used to investigate population structure (Massawe
et al. 2003a, b; Fatimah et al. 2018) and to contribute to initial genetic mapping
work (Massawe et al. 2003b). Codominant markers, such as SSR markers have
been characterized cross-species as well as developed within species (Basu et al.
2007c; Somta et al. 2011;Molosiwa et al. 2015), initially throughhybridization-based
repeat capture techniques. With the advent of NGS larger SSR markers sets have
been designed and tested (e.g., from 454 Titanium reagent on hybridization captured
amplicons).More recently, the availability of de novo transcriptomedata forBambara
groundnut hasmade very large numbers of SSRs possible (Chapman 2015;Molosiwa
et al. 2015). The recent announcement and publication of the AOCC sponsored,
Illumina sequencing-based, genome draft has produced a significant resource (Chang
et al. 2018). When the first 100 resequenced lines data are released, it should be
possible to choose SSRs in silico which distinguish specific lines.

In addition to the higher throughput achieved in SSR development, NGS has
also permitted the development of GBS approaches, with over 500 diversity lines
characterized by DArT Seq (S. Mayes Pers. comm.) as part of an ITPGRFA project
led by CFF, working with IITA (Nigeria), CSIR (Ghana) and BAU (Indonesia).

Over 1,000 lines from a range of controlled crosses have also been genotyped
with DArT Seq for map construction and trait dissection. Once the 100 re-sequenced
lines data is released, then the development of a dedicated SNP chip will be possible.
Initial testing of four Bambara groundnut genomic samples on the dedicated cow-
pea chip (iSelect Cowpea Consortium Array; 51,128 SNPs) (Timothy Close pers.
comm.) suggested good technical replication (i.e., sequence similarity), but very
limited polymorphism, with polymorphism having presumably arisen since diver-
gence of the two species, as might be expected. A dedicated Bambara groundnut
chip would allow the current density of markers (by GBS; approximately 5000 good
quality markers) to be increased at least 10-, if not 100-fold.
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8.4.3 Breeding Objectives

Some breeding objectives in this species are common with most crop species, such
as disease resistance, improved yield, optimized nitrogen fixation and high harvest
index, alongside stress tolerance under low-input agricultural systems. However,
with the recent development of controlled crossing techniques it now becomes pos-
sible to take a more structured approach to genetic improvement, using the available
germplasm and an understanding of its genetic structure (e.g., Massawe et al. 2005;
Aliyu et al. 2015, 2016).

8.5 Diversity Analysis

8.5.1 Phenotype-Based Diversity Analysis

In the absence of molecular markers, phenotype has been the basis for characteriza-
tion of germplasm collections. In Bambara groundnut there is a range of traits which
can be assessed, with perhaps the most adopted one being seed coat color, which
is highly polymorphic in this species. Phenology and morphology have also been
widely used to differentiate landrace material into groups and quantitative selection
traits or seed compositional traits are also of value (Gonné et al. 2013; Karikari 2004;
Ouedraogo et al. 2008; Ntundu et al. 2006; Nofita et al. 2015; Atoyebi et al. 2017;
Unigwe et al. 2016; Ofori 1996; Ofori et al. 2001; Shegro et al. 2013; Mohammed
et al. 2016).

8.5.2 Genotype-Based Diversity Analyses

While phenotypic trait analysis is perhaps the most relevant in terms of selection,
the number of traits available can be limited (particularly simply inherited traits) and
many are a reflection of the results of farmers’ selection. The advent of molecular
markers, initially isozymes (Odeigah and Osanyinpeju 1998; Pasquet et al. 1999)
and more recently using DNA based techniques, such as RAPD (Massawe et al.
2003a; Fatimah et al. 2018) and AFLP (Massawe et al. 2003b) has allowed a more
trait-independent assessment of genetic diversity. The development of SSR-based
markers (Basu et al. 2007c; Somta et al. 2011; Aliyu and Massawe 2013; Chap-
man 2015; Molosiwa et al. 2015; Odongo et al. 2015), facilitated by next-generation
sequencing of repeat enriched libraries or transcriptomes has permitted the develop-
ment of codominant and highly polymorphic markers in this species, as well as the
transfer of a number ofmarkers from related species.More recently,NGShas allowed
the application of GBS approaches and allowed the identification of large numbers
of SNP markers for diversity analysis, with DArT Arrays and then DArT Seq being
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employed extensively for genetic diversity and genetic mapping exercises (Olukolu
et al. 2012; Ho et al. 2017), with datasets able to be combined from different DArT
Seq runs. As the genome sequence (Chang et al. 2018) becomes available and more
developed, it should be possible to assign markers to specific loci within the assem-
bly, allowing a better understanding of marker distribution for GBS. The approach
of using the sequence tag attached to each marker (up to 64 bp) has already allowed
extensive cross-species comparison between linkage order in Bambara groundnut
and physical order in related legumes which already have good genome sequences
(Ho et al. 2017) and the initial development of genotyped lines for an association
panel of around 400 genotyped lines, through an ITPGRFA Round 3, Window 3
(Pr26) project. The diversity data for this has already been generated and an initial
analysis completed (WK Ho, unpublished data).

Thework ofMolosiwa et al. (2015) andmore recentwork have allowed a comparative
analysis between a range of the same genotypic lines using SSR and DArT Seq
markers (WKHo, unpublished data). Perhaps, as would be expected, the SSRmarker
being multiallelic and also evolving at a far higher rate than single point mutations
shows a greater depth of diversity than SNPs. However, in both cases the molecular
divergence between geographical groups is clear and was also evident from the early
use of theDArTArray technique (Stadler et al. 2007; Stadler 2008;Mayes et al. 2009).
In addition to genotype-based analysis, initial work by Santos (2018) suggests that
there is a significant linguistic association between different landraces, which could
be the consequence of migration patterns from West Africa.

8.5.3 Relationship with Other Cultivated Species and Wild
Relatives

Ho et al. (2017) presents an analysis using the sequence tag of DArT Seq based
genetic maps to align the genetic order in Bambara groundnut to the physical order in
other related legumes species. Overall, this confirms the taxonomical relationships
expected, but does also identify which related legume is likely to have the best
chromosome model for each of the 11 chromosomes of Bambara groundnut.

8.5.4 Relationship with Geographical Distribution

As mentioned above, there is a clear geographical differentiation between Regions,
althoughwhether this represents a transfer of domesticatedmaterial fromWestAfrica
where there is almost certainly a center of domestication or the existence of a sec-
ondary center of domestication is in Southern/Eastern Africa unclear. There is also
some evidence for a linguist association, but larger dataset needs to be analyzed
(Santos 2018).
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8.5.5 Extent of Genetic Diversity

DespiteBambara groundnut being a highly cleistogamous species [(average observed
heterozygosity (Ho) across over 500 genotype lines was 1.8%)], there appears to be
a strong geographical signal in the datasets, suggesting a long-term adaptation and
change within specific regions, alongside potential founder effects (see Figs. 8.1 and
8.2). Moreover, the very wide range of environmental conditions to which Bambara
groundnut has adapted (from sub-Sahelian and Namib Desert conditions through to
West Java in Indonesia) suggests significant trait variability. For pests and diseases,
initial screens have also reported the potential to address a wide range of problems
through screening of existing germplasm. The fact that the vast majority of the
growing material is still in the form of landraces is also encouraging in terms of
developing elite lines through breeding and even artificial landraces. There seem to be
few problems with developing crosses between V. subterranea spp. subterranea and
V. subterranea spp. spontanea, so there is the ability to reach back into the supposed
ancestral material for new genes. However, it is still unclear whether V. subterranea
spp. spontanea represents a distinct species or in some casesmay represent a revertant
type andwhile Figs. 8.1 and8.2 suggests a single center of origin, followedby founder
effects in South and East Africa and then again in Southeast Asia, this still needs to
be formally tested.

8.6 Association Mapping Studies

Until recently, two factors have delayed the development of this approach. The first
of these is the lack of distinct genotype lines which are (largely) homozygous. The
initial development of SSRmarkers (Basu et al. 2007c) allowed an accurate estimate
of heterozygosity of individuals within a landrace. This led to the conclusion that a
landrace consists of a number of highly inbred lines (>98%), but with heterogeneity
between lines of the landrace. This enabled the ‘single plant descent’ approach, with
seed from a single plant being used to establish a highly inbred line (although not
completely inbred line) representing the landrace. The second requirement was the
development of high-density marker coverage of the genome. While 100 SSR mark-
ers have been developed in species (Molosiwa et al. 2015), alongside DArT Array
markers (Stadler 2008) and also transferred SSRs from related species (Somta et al.
2011), it was with the advent of DArT SeqGBS based onNGS that sufficient markers
became available to begin testing this approach. With funding from ITPGRFA, CFF
and IITA are currently developing the first association panel, with genotyping by
DArT Seq complete and the first rounds of phenotyping and multiplying underway.
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Fig. 8.1 4398 SNP loci derived from DArT Seq analysis used to construct a Neighbor Joining
dendrogram from 368 individuals forming part of the Association Panel under construction. The
last three digits of the selected sample codes represent country of origin. Named accession represent
examples across the tested germplasm. Figure generated in TASSEL 5.2.51
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Fig. 8.2 4398 SNP loci derived fromDArTSeq analysis and analyzed through principle component
analysis. The 368 individuals form part of the Association Panel under construction. Both axes
account for a cumulative 44.4% of the observed molecular variation. Figure generated in TASSEL
5.2.51

8.7 Molecular Mapping of Climate-Smart Genes and QTLs

The first mapping effort in Bambara groundnut was based largely on AFLP markers
in two small crosses. These were between a cultivated type (DipC; V. subterranea
spp. subterranea) and a wild type (VSSP11; V. subterranea spp. spontanea) and also
between two domesticated landraces (DipC and Tiga Nicuru). Both were reported in
Basu et al. (2007a, b).

The DipC x Tiga Nicuru cross and the parental lines have been used extensively
for different analyses and combinations of marker types (Chai et al. 2016—trait anal-
ysis; Ahmad et al. 2016—DarT Array and SSR; Chai et al. 2017—gene expression
markers; Ho et al. 2017—DarT Seq integration; Khan et al. 2017—drought tolerance
in the parents—Xspecies microarray). A further range of F1 and segregating popula-
tions have been developed withmanuscripts submitted or in preparation. A concerted
effort is now underway at UNM and CFF to develop these populations through to
inbred lines and once completed, these will be made available to the community.

The standard approach adopted now (Ho et al. 2017; Fig. 8.3) is to reanalyze
previous DArT Seq datasets to identify common markers between different maps
and allow a common framework to be generated with each additional map, including
integration to the cowpea physical map. This will facilitate integration of trait infor-
mation and also the comparison of trait loci across germplasm. When the genome
sequence is complete as pseudomolecules, it should be possible to evaluate genetic
order between different germplasm sources and the extent of large-scale rearrange-
ments, which will assist in interpreting G x G effects in crosses.
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Fig. 8.3 Integration through commonmarker tags fromDArT Seq of two genetic maps in Bambara
groundnut; IITA686 xAnkpa4 (n= 263) and IITAxLunT (n= 184). Both populationsweremapped
at the F2 level

8.7.1 Mapping of Simply Inherited Climate-Smart Traits

The main (relatively) simply inherited traits in Bambara groundnut relate to testa
color (mapping in progress; P Kendabie, unpublished data) and photoperiod require-
ment (from the strong Ankpa-4 allele; Kendabie et al. 2016). Other traits may be
identified and mapped in the future (e.g., red pod and petiole color in genotypes such
as DodR), but most traits of importance appear to be quantitative in the domesticated
lines.

8.7.2 Mapping of Quantitative Trait Loci (QTLs) Underlying
Climate-Smart Traits

Chai et al. (2017) carried out a comparative QTL analysis on a small F5 population
of DipC x Tiga Nicuru (n = 73) with either a drought treatment or continued irri-
gation. Some of the QTLs identified appear intrinsic to the cross (occurring in both
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treatments, drought vs irrigated) e.g., peduncle length (see Fig. 8.4); Irrigated LOD
= 8.93 explaining 41% trait variation, at the same location as in drought treatment;
LOD = 10.83, explaining 54% trait variation. While CID (see above) identified a
number of QTLs which differed between treatments.

The best opportunities at this stage for identification of the causative genes in
species are from the strong photoperiod requirement for pod-filling allele in Ankpa4
and for testa color genes. The development of an association panel will help to
investigate these further. A number of common traits, such as testa color, bruchid
resistance, determinacy, and others have been reported in related species and a cross-
species locational approach would be possible to investigate whether variation exists
at these loci. Again, much of this would be of value with the existence of the asso-
ciation panel, which would also allow within species analysis.

Fig. 8.4 Common mapping of the internode length (IN) and peduncle length (PEL) traits in three
mapping populations (before integration and linkage group harmonization in Ho et al. (2017).
aMolecular map of a linkage group from DipC x Tiga Nicuru (n= 73) at F2; DArT Array markers
and SSRs b from DipC x Tiga Nicuru at F3; DArT Array, SSR and DArT Seq markers c from DipC
x Tiga Nicuru at F5; GEMs based on leaf RNA hybridized to an Affymetrix soybean microarray
(Basu et al. 2007a, b; Ahmad et al. 2016; Chai et al. 2016, 2017; Ho et al. 2017)



8 Bambara Groundnut for a Healthy and Food Secure Future 415

8.8 Genomics-Aided Breeding for Climate-Smart Traits

8.8.1 Structural and Functional Genomic Resources

At the moment, there are around 100 SSR markers available, a fully developed (and
openly available) Bambara groundnut DArT Seq system established as a service
provider, a limited amount of XSpecies microarray data and a small amount of RNA-
seq data from a number of sources (Chapman 2015; https://doi.org/10.5061/dryad.
k9h76; Bonthala et al. 2016; Bonthala 2018 (Geo database acc: GSE75982); Chang
et al. 2018; (https://db.cngb.org/cnsa; accession number CNP0000096); CFF—Khan
et al. paper in preparation).

Transcriptomic analysis has taken two major routes so far; Cross-species
hybridization to Affymetrix chips and in species RNAseq.

Bonthala et al. (2016) used an experimental analysis of the effects of progressive
cold on the growth of two genotypes of Bambara groundnut (S19-3 and Uniswa
Red) derived from different environments. Previous work (S. Noah. Pers comm) had
demonstrated that UniSwaRed ceased root growth at higher temperatures than S19-3
and RNAwas extracted at three temperatures to evaluate cold effects on transcription
using a cross-species hybridization to the soybean chip. Co-expression analysis was
used to identify key modules for the response. Chai et al. (2016, 2017) used leaf
RNA from a small controlled cross to generate cross-species information from the
Affymetrix GeneChip, allowing evaluation of the population response to imposed
drought compared to continued irrigation. This permitted both QTL analysis and
map construction using GEMs.

Khan et al. (2017) evaluated the transcription response to drought in two con-
trasting parental genotypes using a cross-species approach and identified a number
of potential candidate genes indicative of a differential response in the two lines.

Initial transcriptomes have been provided for hyacinth bean (Lablab pur-
pureus (L.) Sweet), grasspea (Lathyrus sativus L.), winged bean (Psophocarpus
tetragonolobus (L.) DC.), and Bambara groundnut (Vigna subterranea (L.) Verdc.)
by Chapman (2015) with an analysis of commonalities.

8.8.2 Details of Genome Sequencing

The genome draft sequence for Bambara groundnut (Kazuma, single plant) was
produced as part of the AOCC effort to sequence 101 underutilized nutritious African
crop genomes (www.africanorphancrops.org) and the details for Bambara groundnut
can be found alongside those for Lablab purpureus, Faidherbia albida, Sclerocarya
birrea, and Moringa oleifera in Chang et al. (2018) and at https://db.cngb.org/cnsa;
accession number CNP0000096. http://gigadb.org/dataset/101055.

https://www.ncbi.nlm.nih.gov/bioproject?LinkName=biosample_bioproject&
from_uid=9356032; Accession: PRJNA474418.

https://doi.org/10.5061/dryad.k9h76
https://db.cngb.org/cnsa
http://www.africanorphancrops.org
https://db.cngb.org/cnsa
http://gigadb.org/dataset/101055
https://www.ncbi.nlm.nih.gov/bioproject%3fLinkName%3dbiosample_bioproject%26from_uid%3d9356032
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The basic approach was to carryout deep Illumina PE sequencing to high depth
for each species and to produce a further 100 genotype sequences at approximately
×10 depth. So far, 67 additional genomes have been sequenced by the World Agro-
forestry Centre (ICRAF) (www.icraf.org; P. Hendre, pers. comm.). The genotypes
came from a community call for lines to sequence through the Bambara Network
(www.bambaragroundnut.org). As well as DNA sequencing, a limited number of
tissues were RNA sequenced and used along with available data to help with the
genome annotation. Detailed methods are given in Chang et al. (2018).

Overall, the results suggest good coverage and assembly of coding regions, with a
BUSCO of 92.1, an N50 of 19,154 and 640,666 bp for contigs and scaffolds, respec-
tively. From this, 31,701 genes were predicted with average gene size of 3,287 bp and
coding size of 1,163 bp, with five exons. Of the predicted coding regions, 70.95%
were identified by SwissPro matches, 69.83% by KEGG, 34.1% by COG and com-
bined with other methods, this left a total of 633 putative genes unidentified.

Repeat classes identified within Bambara groundnut (bearing in mind that this is
a short read dataset) were LTRs (105,828,735, representing 19.77% of the genome),
with a major contribution by other DNA repeat types (38,294,871, representing
7.15% of the genome). LINES, satellites and simple repeats all represented minor
components of the genome (<0.25%) and SINES were not detected. Other repeat
types accounted for a further 11.94% of the genome, so that 38.35% of the genome
is composed of recognized repeat sequences. This is reasonably consistent with the
relatively small genome size of this legume, with an estimate 1C value of 880 MB
(data.kew.org/cvalues/).

While this is an excellent starting point, the use of Illumina sequencing only is
likely to mean that the assembly focuses on the genic regions. Some initial work to
use the existing DArT Seq genetic map data to assign scaffolds to linkage groups has
been done (Y. Chang and W. K. Ho, unpublished) but further work is needed with
long read NGS to convert this assembly into pseudomolecules. This will hopefully
happen in 2019. With the release and completion of the additional low-level (×
10) sequencing of genotypes, it should become possible to generate a sequence
based association panel and construct a SNP-based genotyping array, to allow very
high density exploration of LD patterns and trait inheritance, alongside a thorough
exploration of the germplasm available and to implement genome-enabled breeding
work.

8.9 An Account on Social, Political and Regulatory Issues

Bambara groundnut falls under the Vigna ssp entry in Annex 1 of the ITPGRFA
(www.fao.org/plant-treaty), so germplasm is available under the conditions of the
Treaty and by signing of an SMTA. As such this is a relatively simple crop to access
germplasm.

Clearly, working closely with the end users (whether they be small farmers or
small businesses) to focus breeding programs on desirable traits and ensuring that any

http://www.icraf.org
http://www.bambaragroundnut.org
http://data.kew.org/cvalues/
http://www.fao.org/plant-treaty
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products are likely to be accepted is critical. This requires participatory approaches
and also a good understanding of why people still grow Bambara groundnut (where
they do).

8.10 Future Perspectives

Bambara groundnut is currently quite widely spread and grown at low levels through-
out sub-Saharan Africa. Modeling suggests that this can become more widely spread
and that climate change may lead to further use of it. As a legume, it is an important
part of low-input farming contributing N to companion crops and also providing a
relatively protein rich alternative to meat. However, there are clearly a wide range
of challenges which need to be addressed through breeding, although it is encourag-
ing that the necessary genetic variation is present in the germplasm for many traits.
The other issues will relate to scaling-up production and the development of further
value-added products, supply chains and markets which will underpin the expansion
of this crop (Hillocks et al. 2012; Feldman et al. 2019). Mechanization will be a
key requirement for large-scale production, for planting, harvesting and processing
and large-scale innovation can hopefully be modified for household or village scale
mechanization, as Bambara groundnut is seen as being a labor-intensive crop.
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Chapter 9
Grass Pea: Remodeling an Ancient
Insurance Crop for Climate Resilience

Abhimanyu Sarkar, Peter M. F. Emmrich, Ashutosh Sarker, Xuxiao Zong,
Cathie Martin and Trevor L. Wang

Abstract Grass pea (Lathyrus sativus) is a hardy legume grown for food, feed, and
fodder. It is an ancient crop which has been cultivated for more than 8000 years
because of its tolerance of drought, flooding, salinity, and poor soils, its ability to fix
nitrogen, and its seeds with high levels of protein. These traits make it an outstand-
ing crop for ensuring nutritional security (particularly for protein) for resource-poor
farmers, especially in the face of impending changes in climate. However, the pres-
ence of β-N-oxalyl-L-α,β-diaminopropionic acid (β-ODAP or ODAP), a neurotoxin
present in the seeds and vegetative tissues of grass pea, has limited its breeding and
modern-day cultivation. β-ODAP causes lathyrism, a paralysis of the lower limbs
that occurs in epidemics in undernourished communities. This has resulted in grass
pea being an “orphan crop” whose potential has not been fully realized due to lack
of markets and research funding. The recent emphasis on climate smart crops has
refocused attention on this very promising crop. Genomic resources and low-ODAP
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lines are being developed, and it is hoped that these will soon allow grass pea to reach
its full potential as a resilient protein crop for food and nutritional security through
sustainable agriculture in the face of climate change.

Keywords Lathyrus · Protein · Climate smart · Food security · Nutrition ·
Genetic maps · β-ODAP

9.1 Challenges, Priorities, and Prospects of Recent Plant
Breeding

9.1.1 Food, Nutrition, Energy and Environmental Security
(FNEES)

Food security is defined by the Food and Agriculture Organization (FAO) of the
United Nations (UN) and the World Health Organisation (WHO) (https://www.
wfp.org/node/359289) as the state of having reliable access to a sufficient quan-
tity of affordable, nutritious food. This is a global aspiration as defined in the
Sustainable Development Goals (SDG) of the United Nations (https://www.un.
org/sustainabledevelopment/sustainable-development-goals/). In many developing
countries, meat, dairy, and fish are expensive and out of the reach of the poor.
These populations therefore depend on plant foods to cover their protein needs.
Protein and energy deficiencies, in both quantity and quality, are often the cause of
widespreadmalnutrition. In the developing world, around 30% of the populations are
currently undernourished according to the United States Department of Agriculture’s
(USDA) 2014–2024 International Food SecurityAssessment (http://farmpolicy.com/
wp-content/uploads/2014/06/gfa25_final-0626.pdf). In addition, Low and Medium
Income Countries (LMICs) regularly suffer from drought. Ethiopia, for example, is
currently suffering from its worst drought in decades, with more than 10 million
people needing food aid. Many of the regions cultivating legumes as sources of plant
proteins rely on rainfed crop growth with limited access to resources or fertilizers,
so the requirement for resilient legume crops in such areas is paramount.

Pulses are the ideal crops to address food, nutrition, energy, and environment
(FNEE) security (Kole 2017). Pulses are a hugely important component of sustainable
food production systems aimed at increasing food and nutritional security. Protein
obtained from pulses is significantly less expensive and is markedlymore sustainable
than animal protein, requiring substantially lower inputs, especially of water. Pulses
are crucial components of multiple cropping systems, namely intercropping, crop
rotation and agroforestry. These cropping systems have substantially greater species
diversity than monocrop systems, which translates into not only a more efficient
use of resources, such as light, water, and nutrients but also into higher outputs as
yields are increased, alongside lower risk of overall crop failure. Inmultiple cropping

https://www.wfp.org/node/359289
https://www.un.org/sustainabledevelopment/sustainable-development-goals/
http://farmpolicy.com/wp-content/uploads/2014/06/gfa25_final-0626.pdf
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systems, nutrient recycling and soil formation are improved through the ability of
pulse crops to fix nitrogen and release phosphorous.

In recognition of the importance of legumes worldwide for food, nutrition, energy
and environment security, the United Nations declared 2016 the International Year
of Pulses, to promote grain legume production, consumption, and value chain devel-
opment and to improve global food security, health and agricultural sustainability.

Pulse crops are of particular importance in India because of the high proportion
of vegetarians, variously estimated as between 20 and 42% of the population. There
are as many as 500 million people in India solely dependent on nonanimal pro-
tein sources. India is the world’s largest producer of pulses but still needs to import
considerable amounts of these crops every year because productivity levels do not
match those achieved in other parts of the world. For example, India’s pulse produc-
tion was around 17.5 million tons in 2015, representing a shortfall of 20% compared
to a requirement of at least 22 million tons. The area of pulse production in India
is around 22–23 million hectares with little change since 1990–1991 (Singh et al.
2015).

One strategy to address food insecurity (and particularly protein insecurity) in
LMICs is by providing resources to improve locally accepted pulse crops, such as
grass pea (Lathyrus sativus L.). Grass pea is a robust crop that can be used as a
primary source of protein for animal and human consumption. Grass pea has been
cultivated for thousands of years because of its remarkable ability to tolerate drought,
excess precipitation and flooding (Campbell et al. 1994; Malek 1998; Girma and
Korbu 2012) and it also requires lower inputs than other crops for its cultivation. It
has a penetrating root system and can be cultivated in very poor to heavy clay soil
(Campbell et al. 1994). As a legume, grass pea has the ability to fix atmospheric
nitrogen (Campbell et al. 1994; Dixit et al. 2016) and these qualities make it an
attractive crop for adverse agricultural conditions (Ahlawat et al. 1981; Campbell
et al. 1994; Joshi 1998). It can be cultivated both in poor soils and in environments
prone to flooding or drought. For these reasons, it is often used as an insurance crop
since it continues to yield when all other crops fail.

No plant can survive entirely without water, but physiological and morphological
adaptations allow grass pea to:

(1) avoid drought bymeans of early flowering and a fast life cycle and by restricting
vegetative growth under water stress to free up resources to complete grain
filling, and to

(2) avoid and tolerate dehydration by accessing water deeper in the soil and osmot-
ically adjusting to maintain turgor. Its penetrating root system allows the plant
to be cultivated on poor and heavy soils with minimal management. Grass pea
has a high nutritional value due to its high protein content of around 30% of
dry seed mass and an amino acid profile high in lysine (Fikre et al. 2008). This
makes it an ideal complement to drought tolerant cereals, e.g., sorghum, mil-
lets, which are low in lysine but relatively high in sulfur-containing amino acids
(methionine and cysteine), which are low in grass pea and other legumes.
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Grass pea currently is disadvantaged, however, by being a poorly researched
orphan crop with very few genetic resources. This neglect may be because it con-
tains a toxin, β-N-oxalyl-L-α,β-diaminopropionic acid (β-ODAP or ODAP) associ-
ated with an irreversible, neurodegenerative disorder, neurolathyrism, in human and
domestic animals (Patto and Rubiales 2014; Dixit et al. 2016). The reason behind
lathyrism is due to the presence of antinutritive factor β-ODAP, which has neuro-
toxic properties (Rao et al. 1964; Xu et al. 2017; Getahun et al. 2003). Grass pea
can be safely consumed as part of a normal diet, but if consumed excessively (>40%
of caloric intake for several months) during times of malnourishment, it may cause
neurolathyrism, marked by permanent paralysis of the legs following the death of
motor neurones. The production of the toxin is highly dependent on environmental
conditions and increases under a number of stress conditions, including drought.
This raises the risk of neurolathyrism, as such conditions are likely to coincide with
malnutrition and with grass pea forming a relatively larger part of people’s diets.

9.1.2 Effects of Global Warming and Climate Change

Many of the regions of the world cultivating pulse crops rely on rainfed growth,
and farmers are typically already resource-poor with limited access to irrigation
infrastructure, making their crops highly vulnerable to heat and drought stress that
can cause up to 50% yield losses (Singh et al. 2015). Cool season legumes are
especially vulnerable to terminal drought due to shortening springs and drought
conditions that are occurring earlier in the season. This situation is likely only to
worsen in the future because of climate change and is one of the most important
factors limiting the production of cool season legumes. The requirement for more
resilient, climate smart pulse crops is therefore paramount.

Grass pea meets these requirements well because of its tolerance of both drought
andflooding, thought to result principally from its large andpenetrating root structure,
allowing it to use deeper lying water in times of drought compared to close relatives
like pea (Pisum sativum) or other pulses like chickpea (Cicer arietinum), and to
explore deeper, more aerated soils in times of waterlogging (Fig. 9.1). The resilience
of grass pea and its replenishment of nitrogen in soils as a legume crop, means
that it is also well suited for development as a forage crop using varieties suited to
interplanting (for example with rice or with finger millet) for improved agricultural
sustainability, especially in LMICs in the face of climate change.

9.1.3 Limitations of Traditional Breeding

Traditional breeding relies heavily on germplasm diversity whether natural or
induced. Currently, the genetic and genomic resources for the improvement of grass
pea are poorwith non-standardizedmethods of germplasmcuration, dispersed collec-
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Fig. 9.1 A field of grass pea growing in Oromia region of Ethiopia illustrating the resilience of
grass pea. The field was originally sown with chickpea, but none germinated after 3 weeks without
rain. The field was resownwith grass pea and the image was captured after a further 7 weeks without
rain. The inset shows one of very few rogue chickpea plants that eventually germinated

tions, and even one collection at the Conservatoire Botanique National des Pyrénées
et de Midi Pyrénées (CNB PMP) in the Pyrenees in danger of being lost as a result
of lack of financial resources (see Sect. 9.3.1). This hinders significantly the use of
such resources for breeding and grass pea improvement.

The most important single trait to be addressed for grass pea is the content of the
toxin, β-ODAP. Its removal is vital to any improvement in the crop, and a number
of varieties with β-ODAP contents of seed of <0.1% have been released, such as
Wasi, developed by Dr. Ali Abd El-Moneim at the International Center for Agri-
culture Research in the Dry Areas (ICARDA), and Mahateora, promoted by India’s
National Food Security Mission and OCP Foundation projects (https://www.icarda.
org/crop/grasspeas). For further rapid progress in grass pea breeding, conservation
and maintenance of germplasm collections that ensure its return to active research
are needed urgently.

The identification of new markers that can be used in breeding programs utilizing
globally diverse germplasm, must also be a priority. In addition, facilitated access
to the variation available in the ICARDA collection of ~4000 grass pea accessions,
through an ecoTILLING platform (see Sect. 9.9.1) or sequencing of the core collec-
tion of accessions, would greatly augment the ability to develop this under-resourced
orphan crop for both food and fodder applications.

https://www.icarda.org/crop/grasspeas
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New lower β-ODAP traits, with levels that remain low in stressful environments
together with climate smart traits that can improve the resilience of grass pea pro-
ductivity and nutritional quality, are important targets for future breeding programs.

9.2 Prioritizing Climate Smart Traits

Arguably, grass pea is already climate smart. Its resilience to adverse conditions
means that it is likely to survive and produce a crop even when the temperatures rise
as predicted and climatic conditions become more extreme. One would also expect
that it could be brought into more widespread use under such conditions and become
a staple legume in, for example, Northern Europe. Even if it were not a crop already, it
is also a useful model for obtaining climate smart genes because of its resilience. The
barrier to such acceptance is, of course, its toxicity and hence we would include this
as a crop-specific climate smart target for grass pea (see Sect. 9.2.14). Examination
of its inherent climate smart traits for transfer into other less climate smart crops will
become much more feasible once the appropriate genomic tools are fully in place
(see Sects. 9.8, 9.9, 9.10 and 9.11). Many of these features of grass pea were outlined
by Campbell (1997).

9.2.1 Flowering Time

Flowering time is a crucial trait in domestication and a major determinant of time
to maturity. The optimal flowering time for a crop depends on the geographical
and agronomic environment, including factors like sowing time, day length, rainfall
patterns, and crop rotations, so differential tuning may be necessary for different
regions. There is an impetus to grow short duration varieties that mature quickly
and are photoperiod insensitive to fit into a shortened growing season due to climate
change. Much flowering time research on grass pea’s close relative garden pea has
been carried out over the last 50 years by researchers at the University of Tasmania
(Weller and Ortega 2015). They have identified many of the genes important for
modifying the trait in legumes. Altering the expression of these genes in combination
may help to develop varieties suitable to different environments. Target genes include
Late Flowering (LF), Early Flowering 1 (ELF1), High Response to Photoperiod
(HR), and Short Vegetative Phase (SVP).

9.2.2 Root Characters

Grass pea has a “hardy and penetrating root system” (Campbell et al. 1994), so it has
been hypothesized that this is the basis for its drought and flood tolerance (Campbell
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Fig. 9.2 Comparison of roots of a grass pea and b pea of plants of the same age. Scale bars show
20 cm

1997) (Fig. 9.2). Deeper tap roots generally translate into better adaptability to water
scarcity while the growth of lateral roots near the surface helps the plant to better
mobilize phosphorus, a key limiting nutrient for legume productivity. A comparison
of six food legume species (Wahiduzzaman et al. 1996) indicated that drought tol-
erance in legumes appears to be associated with larger, often deeper, root systems.
Understanding the characters that underline this property of grass pea would make
it a useful model system for other crops and potential donor of genes for drought
tolerance.

9.2.3 Heat Tolerance

Although tolerant to heat, grass pea is a cool season legume and therefore is not
immune to the effect of high temperature. High temperature (>30 °C) during flower-
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ing reduces pollen viability, increases flower drop and reduces seed set/pod filling,
thereby limiting grain yield. An indirect effect of heat is terminal drought result-
ing from field moisture loss. The effects of rising temperatures have been explored
recently for legumes (Sita et al. 2017). Selection for heat tolerant varieties is one
option, but the trait is often associated with multiple factors and so tolerance may be
difficult to achieve (Sita et al. 2017). One target gene (OsSIZ, a homolog of AtSIZ1,
encoding the E3 ligase, SUMO) has been identified in rice. When OsSIZ was overex-
pressed in bent grass or cotton, it led to increased growth under drought and thermal
stresses (Mishra et al. 2017). The same article cites several other target genes that
may be of use for heat tolerance, such as the heat shock protein of cotton, GhHSP26.

9.2.4 Cold Tolerance

Cold tolerance assumes importance if there is frost and extreme cold during the
growing season because grass pea is grown as a cool season legume in the Indian
subcontinent, whereas it is grown as a spring-sown summer crop in Europe. Cold
tolerance permits the range of grass pea to be moved northwards and for it to be
adopted as a winter cover crop. There is a gene, SCOF-1 encoding a C2H2 zinc
finger protein in soybean that is inducible by cold but not by other abiotic stresses,
and so may be a useful target. When SCOF-1 was overexpressed in sweet potato
responses to low-temperature stress were efficiently modulated (Kim et al. 2011).
Yang et al. (2010) have shown thatCRLK-1, a calcium/calmodulin-regulatedmember
of the receptor-like kinase family, confers cold tolerance in Arabidopsis. In an exten-
sive search for rice cold tolerance quantitative trait loci (QTLs), Xiao et al. (2018)
found a single-nucleotide polymorphism (SNP), SNP2G, in LOC-Os10g34840 was
responsible for conferring cold tolerance at the seedling stage in rice. Equivalents
of all these genes could be potential targets for improving the range of grass pea
cultivation.

9.2.5 Drought Tolerance

Grass pea is substantially drought tolerant. Genes have been identified in model
systems that could be investigated to determine whether they underpin this capacity.
If not, they could be used to enhance grass pea’s capabilities. Examples could be
knocking out SPL8 (see below), overexpression of SUMO (see above) and using
HARDY (Karaba et al. 2007), all of which affect tolerance to several abiotic stresses.
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9.2.6 Flooding and Submergence Tolerance

Grass pea is also flooding tolerant and this characteristic could be understood and
modified by examining the expression of genes identified in other species (Bailey-
Serres and Voesenek 2008) for example from rice Sub1A and other low-oxygen
response ERF transcription factors (Singh et al. 2017).

9.2.7 Salinity Tolerance

Potential targets for salinity tolerance are covered above. Other crops, such as sweet
sorghum, that are highly tolerant to salinity may also yield gene targets in the future
(Ding et al. 2018a, b).

9.2.8 Disease Resistance

Resistance to diseases has been examined extensively in legumes including grass
pea (Rubiales et al. 2015). Some genes have been identified, e.g., PsMLO1 for sus-
ceptibility to powdery mildew. Powdery mildew is an agriculturally relevant disease
affecting many crops including grass pea. Recessive loss-of-function mutants of pea
at the er1 locus have been identified as MLO1 alleles and confer durable broad-
spectrum resistance in pea and other crops (Humphry et al. 2011). MLO1 mutations
in grass pea could confer resistance to this disease.

9.2.9 Insect Resistance

Rubiales et al. (2015) have reviewed this subject in legumes. Trichomes have been
identified as conferring some resistance to insects and their density can be enhanced
by overexpressing MIXTA-like genes (MYB transcription factors) and may increase
resistance to insect pests (Dubos et al. 2010; Plett et al. 2010).

9.2.10 Nutrient Use/Acquisition Efficiency

The nutrient use response of legumes to potential changes in climate has been
reviewed (García-Hernández et al. 2010). Phosphorus is a key limiting nutrient for
legume productivity and several potential target genes have been identified that might
improve phosphorus use efficiency, especially the SPX family ofwhich there aremul-
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tiple genes in legumes (Liu et al. 2018) thus making them a climate smart target for
grass pea. The expression of these genes increases under low phosphate conditions
and in soybean they interact with MYB-like (GARP) transcription factors as part
of the phosphorus signaling network (Zhang et al. 2016). Other potential targets
involved in phosphorus signaling would be gene equivalent to rice PHO2 (encoding
a phosphatase) and PHR2 (regulator of the phosphate starvation response).

9.2.11 Water Use Efficiency

This trait is linked to drought, flooding, submergence, and salinity tolerance, whereby
some genes (Karaba et al. 2007) influence all four traits and thus become obvi-
ous climate smart targets for manipulation. An additional recently described target
(Glowacka et al. 2018) for use in grass pea could be the Photosystem II Subunit S
(PsbS) gene. The gene from N. benthamiana, when overexpressed in tobacco plants,
affected a chloroplast-derived signal for stomatal opening in response to light leading
to a 25% reduction in water loss per CO2 assimilated under field conditions. If grass
pea shows normal expression levels of this gene in field drought conditions and thus
uses a different mechanism to survive drought, PsbS could be used to enhance its
water use efficiency.

9.2.12 Carbon Sequestration and Greenhouse Gas Emission

Legumes play important roles in carbon sequestration in soils and in limiting green-
house gas emission (Abberton et al. 2010). Their cultivation limits the need for
artificial fertilizer production and use, and hence the generation of large amounts
of carbon dioxide during the manufacturing process. Legumes also improve the soil
composition and structure and augment the activities of microbial communities for
the subsequent crops (Kumar et al. 2018). The climate smart target here is not so
much in the modification of grass pea, but in increasing its utilization, especially in
rotations, or transferring its natural ability to fix atmospheric nitrogen to other plants
such as cereals thus reducing carbon loss from soils.

9.2.13 Genome Plasticity

Crop legumes including grass pea have large genomes with potentially mobile ele-
ments andmany repetitive sequences that have contributed to genome rearrangements
and new phenotypes. The estimated size of the genome of grass pea is 8.12 Gbp, of
which a large proportion is repetitive elements including retrotransposons. Induction
of movement of retro elements by genome shock, such as occurs during interspecific
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Fig. 9.3 Gracias á la
almorta: Starving figures
collecting grain (grass pea)
during the siege of Madrid;
from an unbound album of
first edition impressions by
Francisco de Goya. While
the image acknowledges the
nutritional value of grass
pea, the figure at the front is
prostrate, probably as a
result of neurolathyrism
(https://en.wikipedia.org/
wiki/Lathyrism)

hybridization could give rise to rapid genome remodeling. Such events allow organ-
isms to adapt to large-scale changes in the environment and provide new variation
for breeding (McClintock 1984).

9.2.14 Other Crop-Specific Traits

The orphan crop status of grass pea means the improvement in its agronomic char-
acteristics lags behind most established crops. It is in much need of improvements
geared mainly towards the structure of the individual plants as they relate to the
canopy and towards seed quality traits. Fortunately, for most traits, there are ample
examples to target from other legumes and especially from its close relative garden
pea (for recent reviews see Tayeh et al. 2015; Patto et al. 2015).

As mentioned above, the first target for grass pea would be to decrease or elim-
inate the toxin. β-ODAP is a compound produced by grass pea that can cause a
paralytic condition called neurolathyrism (Fig. 9.3) if consumed excessively over
a long period of malnourishment. Research at the John Innes Centre has identified
enzymes encoded by genes LsAAE3 and LsBOS, involved in the biosynthesis of this
toxin. Another has been identified by other researchers (LsCAS; Xu et al. 2017).
Disruption of the genes encoding these enzymes could reduce or eliminate β-ODAP
biosynthesis in the plant, thus improving the safety of food prepared from this crop.

Methionine is an essential amino acid found in low concentrations in legume seeds
that are otherwise high in protein. Enhancing sulfur-rich amino acid content would
improve the nutritional quality of grass pea and has been a target in legumes for
many years (Casey and Davies 1993). In addition, methionine is also known to be a
protective factor preventing neurolathyrism (Getahun et al. 2003). Thus, enhancing
methionine content would be a complementary route to reducing the risk of this

https://en.wikipedia.org/wiki/Lathyrism
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disease, in addition to reducing β-ODAP content. Unfortunately, there is no direct
route to this character and it relies currently onmodifying the ratio of storage proteins
using transgenesis (Patto et al. 2015).

Modifying other storage product components of the seeds could also be beneficial.
Obvious targets are trypsin inhibitors since they are major antinutritional factors in
legumes, reducing the digestibility and bioavailability of proteins. Reduction of the
expression of the genes (TI1, TI2) encoding trypsin inhibitors could enhance the
nutritional value of grass pea, especially as a feed and for food processing methods
involving minimal cooking. Mutants for the two trypsin inhibitor genes have been
identified in garden pea that exhibit lower trypsin inhibitor activity (Clemente et al.
2015). Similar mutations could be sought in the homologous genes in grass pea.

Although not a high priority, but nevertheless desirable, altering the starch com-
position in grass pea may be helpful nutritionally (Patto et al. 2015) and provide
increased consumer acceptability. Starch biosynthesis in pea has been studied exten-
sively (Wang et al. 1998) and numerous mutations have been identified. STARCH
BRANCHING ENZYME 1 (SBE1; Bhattacharyya et al. 1993) has been identified as
the enzyme responsible for the wrinkled phenotype tracked by Gregor Mendel in his
seminal experiments on pea (Mendel 1865). This enzyme is involved in starch syn-
thesis in legume seeds andmutations in the encoding gene give rise to high seed sugar
content as well as wrinkled seed coats. High sugar content is a customer-preferred
trait in grass pea, while the wrinkled seed coats represent an easily trackable phe-
notype for the identification of improved varieties Other genes are also known to
modify the starch content, digestibility, and composition (Bogracheva et al. 1999)
and could also be targeted in grass pea.

For seed traits, increasing seed size would be advantageous for human and animal
consumption. Seed size is an important yield-related trait that is also relevant to
customer preference. BIG SEEDS 1 (BS1; Ge et al. 2016) is a negative controller of
plant cell proliferation and knockouts and knockdowns of this gene are associated
with increased plant organ size and yield.

Plant structure is often modified in crop plants. In legumes, leaf architecture is
regulated by a series of genes (Gourlay et al. 2000), but the most useful in the devel-
opment of the pea crop was afila (Goldenberg 1965), the so-called semi-leafless
character. An afila mutant showing leaflets converted to tendrils was incorporated
into the pea breeding program at the John Innes Centre in the 1980s (Snoad 1981), its
advantage being that the plants remain more erect because of the support each gives
to the other through the enhanced number of tendrils. It also enhances light capture
by the lower leaves and stipules on the plant. Grass pea similarly collapses as the
grain load develops and this increases the risk of disease and loss of yield. Increasing
yield can also be achieved via other features of plant architecture. Stem branching
determines the number of tillers produced by a plant and is a major determinant
of biomass production. Several branching genes have been identified in legumes
including the ramosus genes in pea (Ligerot et al. 2017) that are involved in auxin-
strigolactone interactions and SQUAMOSA PROMOTER BINDING PROTEIN-LIKE
8 (SPL8; Gou et al. 2018) in alfalfa. Knocking out SPL8, a suppressor of branching,
greatly increases branching and biomass in alfalfa, while also enhancing resprouting
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after harvest and tolerance to drought and salinity. There is evidence for the conser-
vation of the control of branching, so it is likely a similar impact could be achieved
in grass pea to enhance its value as a forage crop. Modification to plant architecture,
therefore, would be advantageous in grass pea.

In addition, an indirect response to plant architecture would be tomodify (reduced
or enhanced) shade-avoidance response via phytochrome genes (PHYA, PHYB,
PHYC, PHYD, PHYE). While shade-avoidance responses are an important trait for
plants to outcompete others in a natural environment, it has been hypothesized that
a reduced shade response could enhance yield in a monoculture setting. Conversely,
an enhanced shade response may increase biomass production, making the mutated
plants more suitable for fodder production (Carriedo et al. 2016).

9.3 Genetic Resources of Climate Smart Genes

9.3.1 Primary and Secondary Gene Pools

As mentioned, grass pea has inherent climate smart traits that have not been well
exploited. The diversity in Lathyrus is large—there are estimated to be up to 187
species in the genus (Allkin et al. 1986), although 160 ismore often quoted (Patto and
Rubiales 2014)—but little use has been made of the collections to leverage climate
smart genes in breeding programs and few interspecific hybridizations have been
carried out to determine the gene pool composition accurately (see Sects. 9.3.2 and
9.5.3 for more details).

The ICARDA holds the main collection of Lathyrus germplasm, with nearly 4200
accessions at its research centre in Morocco. There are also large collections at CBN
PMP (about 4000 accessions) and the National Bureau of Plant Genetic Resources
(NBPGR), India (about 2600 accessions), although these collections are not readily
accessible. The large collection from the CBNPMP originates from theUniversité de
Pau, France, but has ceased active distribution and is not being regularly regenerated
(personal communication, Jocelyne Cambecèdes, CBN PMP, France) which may
place some grass pea diversity at risk. There are also other smaller collections around
the globe (Patto and Rubiales 2014; see below) (Table 9.1).

The Genesys (www.genesys-pgr.org) database supported by the Crop Diversity
Endowment Fund (www.croptrust.org/our-mission/crop-diversity-endowment-
fund/) contains 6580 accessions under the name of grass pea. Many accessions
(around half) of these are not L. sativus, but cover ca. 80 other species, L. aphaca
(yellow pea or yellow vetchling) being the next largest group with more than 500
accessions.About half theL. sativus collection is available for distribution. Themajor
L. sativus collection is held at ICARDA (2715 accessions) with USDA’s Agricultural
Research Service (ARS) centre at Pullman, Washington, USA next (337). ICARDA
holds the largest collection of species accessions (around 1900) with Kew, London,
UK holding around 1100. Accessions have been obtained from the Balkans, Central

http://www.genesys-pgr.org
http://www.croptrust.org/our-mission/crop-diversity-endowment-fund/
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Table 9.1 Grass pea accessions in the Genesys collection by country and holding institute (Data
accessed through GENESYS Global Portal on Plant Genetic Resources, https://www.genesys-pgr.
org, 2018-11-25)

Country Holding institute No. of
accessions

Syria
UK
USA

ICARDA
Royal Botanic Gardens Kew
ARS-GRIN Pullman, ARS Ft Collins, Boyce Thompson
Arboretum, Arizona, ARS National Arboretum, Washington D.C.

4184
1115
949

China
Ethiopia
Greece
Italy
Spain

National Genebank, Beijing
ILRI
Agricultural Research Center of Macedonia & Thrace
Universitá degli studi Perugia, CRA-Centro di Ricerca per
l’Orticoltura,
Centro Nacional de Recursos Fitogenéticos,
Universidad Politécnica de Madrid, Centro de Conservación de la
Biodiversidad Agrícola de Tenerife

704
155
47
42
34

Portugal
Azerbaijan
Russia
Slovenia
Taiwan,
China
Poland

Universidade da Madeira,
Genetic Resources Institute
N.I. Vavilov Research Institute of Plant Industry
Agricultural Institute of Slovenia
World Vegetable Center
Plant Breeding and Acclimatization Institute

22
14
8
4
4
2

Asia, Europe, Near and Middle East, North and South America, Indian subconti-
nent (although not India), Mediterranean regions, UK. India and China are not well
represented in the collection although they are areas where grass pea is cultivated.
More than 2000 accessions in the collection are wild species as opposed to cultivars,
landraces or breeding material and many (1664) are not classified. Table 9.1 shows
the accession origins by country.

There have been numerous studies of Lathyrus diversity based on limited (e.g.,
Yang et al. 2014), often country-specific collections (e.g., Lioi et al. 2011). The latest
study used a greater range and employed simple sequence repeats (Wang et al. 2015)
but relied less on the main collections. The analysis used 17 species relatives, but
only 15 of the total 266 wild and cultivated L. sativus accessions were from the
ICARDA collection. Of the remaining, 20 were from China, 98 from the remainder
of Asia and 33 from Africa and were sourced from the Institute of Crop Science,
Beijing, China and theVavilov Research Institute in St Petersburg, Russia. This study
separated the accessions into three distinct groups—the species, the Africa/European
and the Asian. It was also able to separate annual (including L. sativus) and perennial
species. This emphasizes the need to open up global grass pea diversity and make
all collections available for breeding purposes to improve the crop. If this does not
happen, some unique and potentially useful sources of climate smart traits may be
lost.

https://www.genesys-pgr.org


9 Grass Pea: Remodeling an Ancient Insurance Crop … 439

9.3.2 Tertiary Gene Pool

There is a history of attempting to introduce genes by interspecific hybridization
between Lathyrus spp. This occurred most notably in the ornamental L. odoratus to
generate novel flower coloration, but there is potential for some useful trait transfers
into L. sativus, such as disease resistance (Gurung and Pang 2013) if crosses can
be successful. There have been relatively few examples of attempting to rescue
embryos from interspecies crosses. One example where numerous attempts were
made to cross L. sativus with a range of Lathyrus spp. was the study undertaken by
Addis andNarayan (2000). CrosseswithL. pseudo-cicerawere themost successful in
generating viable F1 seeds and embryo rescues with L. cicera created some calli with
buds. There does not appear to be any more recent studies which are not surprising
given the transformation and gene editing approaches now dominant in research.
These are likely to lead to more wide adoption of useful traits from related genera,
as mentioned in the previous section.

9.3.3 Artificially Induced Mutations

Both chemicalmutagens andgamma irradiation have beenused to generate additional
variation in grass pea. Most mutagenesis programs (Talukdar 2009b; Rybiński 2003;
Rybinski et al. 2006) have focused on morphological or seed traits and growth habit
(e.g., branching pattern). Some useful modified traits such as dwarfism (Talukdar
2009a) and others have been found. In their review of attempts on crop improvement
focussed on research in India, Dixit and colleagues (2016) reported onmany of them,
but there have been no reported attempts to include the mutants from these programs
into the grass pea crop. Early attempts to isolate low-ODAP lines—a major target
of breeding programs—in grass pea (Nerkar 1972) were unsuccessful, however,
small populations were used and not targeted directly at the toxin, i.e., by screening
for ODAP. In a recent study, Emmrich (2017) developed a high throughput assay for
ODAP that allowed him to screen tens of thousands of plants directly for their ODAP
content. He found a range of mutants, some of which had lower β-ODAP contents
in their seeds than lines already in agricultural use.

In the genomics era, however, once they are identified, it should be relatively easy
to isolate induced mutants for climate smart traits using mutagenized populations
followed by conventional TILLING or TILLING-by-sequencing (see Sect. 9.9.1).
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9.4 Classical Genetics and Traditional Breeding

9.4.1 Basic Botanical, Cytological Information, Genetics
of Key Traits, and Traditional Breeding

Grass pea is a diploid (2n = 2x = 14 chromosomes) that shows some degree of
variation inkaryotype (Barpete et al. 2012).There are sharpvariations in chromosome
size, centromere location, size and location of secondary constrictions, despite the
identical haploid number of seven chromosomes (Battistin and Fernandez 1994).
Aneuploid and polyploid plants have also been reported in Lathyrus species that
showed the same basic chromosome number (Talukdar and Biswas 2008).

The genus Lathyrus consists of 187 species (Allkin et al. 1986). The floral biology
is such that it favors self-pollination. The flowers are bright blue, reddish purple, red
pink or white, axillary, and solitary. They bear diadelphous (9 + 1) stamens, the 9
fused nearly 1.5 cm long including their tube with the 10th, a 9-mm long vexillary
stamen, free and winged at base (Campbell 1997). Seeds are 4–7 mm in diameter,
angled and wedge shaped, colored white, gray-brown, gray-white, yellow-white,
yellow-brown, pink, red, purple, and black as well as spotted and mottled forms.
Seed germination is hypogeal, the epicotyl being purplish-green. Plant height varies
between 15 and 172 cm and growth habit ranges from prostrate to erect.

An initial study on genetic control of ODAP content revealed a simple Mendelian
inheritance (Nerkar 1972). However, an in-depth study indicated that ODAP content
is quantitatively inherited with pronounced influence of environment (Tiwari and
Campbell 1996). They also reported a digenic inheritance of flower color (a 13:3)
with inhibiting gene interactions. They postulated the symbol LB for blue flower
color (dominant) and LW for white flower color. Most of the reported work on
genetic enhancement of grasspea has been on the reduction of ODAP content in seed
besides its yield improvement. Conventional breeding approach has been employed
to develop low-ODAP/ODAP-free grasspea varieties for various edapho-climatic
conditions. Besides, tissue culture, mutation breeding approaches contributed to
development of low-ODAP varieties with desirable seed yield (see Sect. 9.4.4).

9.4.2 Limitations of Classical Endeavors and Utility
of Molecular Mapping

Genomic data about grass pea is essential for planning of breeding activities as well
as for acceptance of new hereditary variation in available germplasm (Hao et al.
2017). There are few reports available on the development of grass pea genomic
resources; this may be due to its large genome size (8.12 Gbp) and the limited
characterization of available germplasm (Bennett andLeitch 2012; Sarkar et al. 2019;
manuscript under preparation). However, until recently, a grass pea reference genome
sequence was not available (Hao et al. 2017). There are a few studies available on
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molecular markers, Inter Simple Sequence Repeats (ISSR), Sequence-tagged Sites
(STS), RandomAmplified Polymorphic DNA (RAPD), Amplified Fragment Length
Polymorphism (AFLP), and Restriction Fragment Length Polymorphism (RFLP)
that could be used in molecular breeding and phylogenetic studies (Almeida et al.
2014a, b; Hao et al. 2017). Recently, 200–300 Expressed Sequence Tag Simple
Sequence Repeats (EST-SSR) primer pairs were identified by Sun et al. (2012) and
Almeida et al. (2014a, b).However, novel traitswith closely linkedmolecularmarkers
are scarce and this limits breeding efficiency.

9.4.3 Breeding Objectives: Positive and Negative Selection

Grass pea is an under-researched but nutritionally important crop for humans and
animals. Themajor breeding efforts are devoted to developing high seed and biomass
yields with low-ODAP (<0.1%) content and the ability to withstand harsh environ-
ments. However, soil nutrient status and environmental factors like drought limit
expression of traits at the field level and contribute to negative selection. For exam-
ple, the same genotype may show variable ODAP content in drought compared to
available soil moisture during stages of flowering to pod setting; saline soil causes
low-ODAP content in seeds. Although grass pea is a self-pollinated crop, outcrossing
by bees (Rahman et al. 1995; Chowdhury and Slinkard 1997) contributes to genetic
contamination, thus affecting breeding objectives. Major efforts in breeding have
been underway in Nepal, Bangladesh, India, Pakistan, Ethiopia, Turkey, and Russia
over the last few decades (Kumar et al. 2011; Sarker et al. 2017).

9.4.4 Classical Breeding Achievements

Major grass pea breeding programs are being carried out in India, Bangladesh, Nepal,
Ethiopia, and the ICARDA following intra- and interspecific crosses and tissue cul-
ture with the major objectives mentioned above. From these endeavors, 0.04–0.1%
ODAPcontent varieties have been released globally for commercial cultivation (Dixit
et al. 2016; Sarker et al. 2017). Seed yields up to 2.9 tons/ha and residues of up 5.2
tons/ha together with resistance to downy and powdery mildew and tolerance to
drought have been reported. Globally released varieties include: BARI Khesari-1,
BARI Khesari-2, BARI Khesari-3, BARI Khesari-4, BARI Khesari-5 and BINA
Khesari-1 in Bangladesh; Ratan, Prateek, Mahateora, and Nirmal in India; Wasie in
Ethiopia; CLIMA pink, 19A, 20B in Nepal; Ceora and Chalus in Australia; Ali Bar
in Kazakhstan; LS 8246 and AC-Greenfix in Canada; Derek and Krab 9 in Poland;
Strandja in Bulgaria, and Gurbuz-1 in Turkey. Many of these varieties have been
developed using ICARDA-supplied genetic materials. ICARDA continues to share
improved germplasm with national programs based on their requirements.
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9.4.5 Limitations of Traditional Breeding and Rationale
for Molecular Breeding

Manyquantitative traits, andmore specificallyODAPcontent, are influenced by envi-
ronmental and edaphic factors. Moreover, a significant amount of cross-pollination
occurs due to bees, and crossing needs to be done under controlled conditions that
require extra costs and effort. Thus, precise phenotyping has become critical for key
traits. In this context, identification of closely linked markers for major genes and
QTLs with novel traits and their use in marker-aided selection will enhance breeding
efficiency.

Recently, grass pea has received more attention for cultivation in problematic
soils and in new niches like rice-fallow lands in South Asia. Moreover, low-income
consumers prefer grass pea due to its low price compared to other legumes available
in the market. Thus, grass pea is essential for human nutritional security and its
residues and green fodder are important for animal feed.

9.5 Brief on Diversity Analysis

9.5.1 Phenotype-Based Diversity

Globally, grass pea is predominantly grown in India, Nepal, Bangladesh, Pakistan,
China, and Ethiopia and to a lesser extent in the Middle East, Ghana, Canada, Aus-
tralia, Sudan, Niger, Ivory, Coast, Mauritania, France, and Spain. Enormous diver-
sity exists among landraces with respect to morphological and agronomic traits:
flower color (blue, pink, red, white), flower initiation (34–62 days), 50% flowering
(63–103 days), duration of flowering (15–26 day), days to maturity (97–156 days),
seed size (7.21–17.6 gm/100-seeds), shape (wrinkled, round), seed coat color (ash,
gray, cream), seed yield (863–3100 kg/ha), and ODAP content (0.04–2.6%). Con-
siderable variation in economic traits has encouraged breeders to improve the crop
through genetic selection.

9.5.2 Genotype-Based Diversity Analysis Employing
Molecular Markers

To identify variation in germplasm phenotypically and/or genotypically, molecular
markers play an important role. Although several molecular markers (ISSR, STS,
RAPD, AFLP and RFLP, EST-SSR) have been identified by various laboratories
(Almeida et al. 2014a, b; Hao et al. 2017), their systematic application is yet to be
achieved. As an under-researched crop, grass pea has received very little attention.
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9.5.3 Relationship with Other Cultivated Species and Wild
Relatives

Harlan and de Wet’s (1971) gene pool concept using crossability information for L.
sativus was applied to elucidate its gene pools. The cultivated and wild races of L.
sativus are included in the primary gene pool (GP1). Townsend and Guest (1974)
suggested that the primary gene pool is not adequately differentiated in terms of
morphological traits, as there are no clear-cut discontinuities between the cultivated
and wild forms of grass pea. Although Smartt (1984) concluded that the white flow-
ered and white-seeded grass pea varieties were the most highly selected, others have
suggested the blue flowered, small speckled seeded forms are primitive. Therefore,
white flower and white-seeded varieties are in GP1A and blue flowered, small seeded
forms are in GP1B. If L. sativus wild and cultivated races form the primary gene
pool, then the secondary gene pool (GP2) includes up to ten other species that can
cross, but with some difficulty, with grass pea. Heywood et al. (2007) defined GP2 to
include L. chrysanthus, L. gorgoni, L. marmoratus and L. pseudo-cicera, with which
L. sativus can cross to produce ovules, and possibly more remotely L. amphicarpos,
L. blepharicarpus, L. chloranthus, L. cicera, L. hierosolymitanus and L. hirsutus,
with which L. sativus can cross and form pods. The tertiary gene pool includes
species that can cross with the original crop species only with the use of specialized
techniques such as embryo rescue and culture (see Sect. 9.3.2) or the use of bridging
species and the remaining species of the genus can be considered in the tertiary gene
pool (GP3), although many have yet to be examined.

9.5.4 Future Aspects for Research

In any future development of grass pea as a safe crop for human consumption, zero
or a very low level (<0.1%) ODAP content will be essential. A comprehensive char-
acterization of all available genetic resources available in international and national
gene banks needs to be undertaken. The genetic control of economic traits needs to
be elucidated and a dense linkage map along with genomic information for Lathyrus
species needs to be developed. Research on inter-relationships between different
Lathyrus species using genetic, cytogenetic techniques, interspecific hybridization,
and molecular approaches needs to be undertaken. On the applied and adaptive
research side, low-toxin and high yielding varieties with resistance to various biotic
and abiotic stresses need to be developed and delivered to farmers.
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9.6 Association Mapping

In establishing geneticmaps, specific populations are usually created between parents
differing for a particular trait. Such populations are frequently used for QTL analysis
(see Sect. 9.7). In this instance, only two alleles will be segregating for a character.
Association mapping (or linkage disequilibrium), however, relies on a collection of
individual plants often from germplasm collections where several alleles at a number
of loci can be associated with a trait. The lack of integrated genetic maps with geno-
typing data generated from the grass pea collections (see Sect. 9.3) means linkage
disequilibrium patterns across the genome cannot be investigated. This is a prereq-
uisite for association mapping as has been applied to other legumes. For example,
this has been implemented in Phaseolus vulgaris for bacterial blight resistance (Shi
et al. 2011) and plant architecture lodging and productivity (Resende et al. 2018),
in Vigna unguiculata, where association mapping was combined with conventional
biparental QTL analysis, for the stay-green phenomenon (Muchero et al. 2013) and
in Medicago sativa for forage traits (Biazzi et al. 2017).

One would anticipate that once grass pea genomic tools catch up with other
legumes and, as proposed by Patto and Rubiales (2014), high-throughput germplasm
screens become feasible, the potential of association mapping will be harnessed to
accelerate breeding of grass pea (Almeida et al. 2015). One recent attempt, looking
at phenolic compounds in grass pea, has been reported briefly by Patto et al. (2018)
recently using 100 accessions and Diversity Arrays Technology Sequencing (DArT-
seq) based SNPmarkers. Theymeasured a range of 46–102mggallic acid equivalents
across their genotypes and found one significant marker-trait association for total
phenolic content. Unfortunately, since there is no genome sequence available for
grass pea, they could not associate the markers with a chromosome position.

9.7 Brief Account of Molecular Mapping of Climate Smart
Genes and QTLs

Given the exceptionally large size (1C = 8215 Mb; http://data.kew.org/cvalues/) of
the grass pea genome and its restricted cultivation on marginal lands coupled with
a small size of the associated research community, grass pea is characterized by a
dearth of molecular tools and technologies. Mapping efforts were nonexistent until
1999when theworld first published genetic linkagemap in Lathyruswas constructed
from 100 F2 individuals (derived from a single F1 plant), assigned 71 RAPDs, three
isozymes and one morphological marker to 14 linkage groups spanning 898 centi-
Morgans (cM) (Chowdhury and Slinkard 1999; Fig. 9.4). In 2004, another reported
Lathyrus genetic linkage map was established from a population of 92 backcrossed
individuals based on 47RAPD, 7 EST-SSR, 13 STS/CleavedAmplified Polymorphic
Sequence (CAPS) markers, with genetic distance of 803.1 cM (Skiba et al. 2004).
In 2018, the world first genetic linkage map of a widely used wild grass pea relative

http://data.kew.org/cvalues/
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“red pea” (L. cicera) was constructed based on 189 SNP, 113 EST-derived Simple
Sequence Repeats (E-SSR), and 5 Intron Targeted Amplified Polymorphism (ITAP)
markers in a 103 F5 Recombinant Inbred Lines (RIL) population derived by single
seed descent from a cross between the two previously described L. cicera genotypes,
BGE008277 and BGE023542. The resultant map covered a total of 724.2 cM, with
an average density of one marker every 2.4 cM, organized in 9 linkage groups, seven
longer than 40 cM and 2 shorter groups (Santos et al. 2018).

RAPD markers were first developed and used for genetic linkage map construc-
tion of grass pea in 1999 (Chowdhury and Slinkard 1999) followed by work on
construction of another grass pea linkage map (work using combinations of RAPD,
EST-SSR, STS/CAPS markers; Skiba et al. 2004). More recently, SNP and E-SSR
markers were developed and used for the establishment of the genetic linkage map of
L. cicera (Santos et al. 2018). RAPDmarkers were also used for comparative genetic
diversity studies of grass pea in 2001 (Chtourou-Ghorbel et al. 2001), for analysis
of genetic diversity among selected grass pea genotypes in 2007 (Barik et al. 2007)
and for genetic variation among different accessions of grass pea in 2012 (Nosrati
et al. 2012). Then, RFLP markers were applied for genetic diversity studies in 2001
(Chtourou-Ghorbel et al. 2001), and AFLP markers were used for genetic varia-
tion characterizing a grass pea collection in 2007 (Tavoletti and Iommarini 2007).
Moreover, CAPS and derived-CAPS (dCAPS) were also designed by sequencing the
monomorphic simple sequence repeats (SSR) fragments and examined for segrega-
tion RIL population in L. cicera (Almeida et al. 2014a, b).

The first nine polymorphic EST-SSRmarkers for L. sativuswere selected from the
24 Medicago truncatula specific markers after comparative analysis in three legume
species, and four of them were then employed to investigate the population structure
and gene flow across 240 grass pea individuals belonging to seven diverse regions of
Ethiopia in 2005 (Gutierrez et al. 2005). In another attempt in 2011, the transferability
of seven EST-SSRs developed from the ESTs ofM. truncatulawere also tested across
19 accessions belonging to 11 different genera including one accession of L. sativus
(EC539028) (Chandra 2011). The first set of simple sequence repeat (SSR) marker
comprising 20 SSRs in Lathyrus was developed using in silico survey of European
Molecular Biology Laboratory (EMBL) database in year 2011 (Lioi et al. 2011).
SSR and EST-SSR markers for grass pea have been developed and published and
only 17 of them were size polymorphic (Ponnaiah et al. 2011). Another researcher
group developed a set of SSR markers derived from ESTs and 19 EST-SSR primer
pairs were designed, the EST-SSR markers were mined in silico from a L. sativus
Expressed Sequence Tag (EST) database (Shiferaw et al. 2012).

Following the work of Shiferaw et al. (2012), EST sequences within the public
domain databases were screened, and 44 novel polymorphic and 117 monomorphic
EST-SSR markers for L. sativus were identified and characterized for size polymor-
phism on 24 genotypes originating from around the world (Sun et al. 2012). In 2014,
using the 454 FLX Titanium pyrosequencing technique, 651,827 simple sequence
repeat (SSR) loci were identified and 50,144 nonredundant primer pairs were suc-
cessfully designed, of which 288 were randomly selected for validation among 23
L. sativus and one L. cicera accessions of diverse provenance. Seventy-four were
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Fig. 9.4 The world’s first genetic linkage map of grass pea (Lathyrus sativus) (Chowdhury and
Slinkard 1999) based on F2 population assigned 69 markers (one morphological, three isozyme and
65 RAPD) to 14 linkage groups comprising 898 cM with average distance of 17 ± 2 cM between
two adjacent markers
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found to be polymorphic, 70 monomorphic, and 144 with no polymerase chain reac-
tion (PCR) product (Yang et al. 2014). More recently, (Hao et al. 2017) 570 million
quality-filtered and trimmed cDNA sequence reads with total length of over 82 bil-
lion bp were obtained using an Illumina NextSeqTM 500 platform. Approximately
two million contigs and 142,053 transcripts were assembled from RNA-Seq data,
which resulted in 27,431 unigenes with an average length of 1250 bp and maximum
length of 48,515 bp. Among these unigenes, 3204 EST-SSR primers were designed,
284 of which were randomly chosen for validation. Of these validated unigenes,
87 (30.6%) EST-SSR primers produced polymorphic amplicons among 43 grass
pea accessions selected from different geographical locations. Meanwhile, 146,406
SNPs were screened and 50 SNP loci were randomly chosen for the kompetitive
allele-specific PCR (KASP) validation. Over 80% (42) SNP loci were successfully
transformed to KASP markers.

During the past few years, experimental populations derived from two genetically
diverse parents have been created in Lathyrus including F2 (Chowdhury and Slinkard
1999), backcrossed (Skiba et al. 2004), and RIL (Santos et al. 2018) populations
established in different research groups around theworld (Bohra et al. 2014). Linkage
analysis, segregation, and recombination frequency analysis in F2-like individuals
has led to the identification of some linked isozyme loci (Gutierrez et al. 2001).

For the world first published genetic linkage map in Lathyrus (Chowdhury and
Slinkard 1999), MAPMAKER (Lander et al. 1987) was used to detect linkage and
construct linkage maps. In case of construction of a linkage map based on a L.
sativus backcross population and preliminary investigation of QTLs associated with
resistance to ascochyta blight (Skiba et al. 2004), MapManager QTX (Manly et al.
2001) was applied. For the first genetic linkage map of Lathyrus cicera based on
RNA sequencing-derived markers, JoinMap 4.0 software (Van Ooijen 2006) was
used for linkage analysis and segregation distortion tests (Santos et al. 2018).

The estimated numbers of linkage groups differ from the chromosome number of
grass pea (7) 14 (Chowdhury and Slinkard 1999), 9 (Skiba et al. 2004), and 9 (Santos
et al. 2018).

QTLs for stem resistance to ascochyta blight in L. sativus at the seedling stage has
been detected (Skiba et al. 2004) while the L. cicera transcriptome has been analyzed
in response to rust (Uromyces pisi) infection (Santos et al. 2018). No reports on map-
ping the inheritance of the most important trait—β-ODAP or ODAP content—have
yet been published.

Another preliminary genetic linkage map with a total of 64 markers mapped on
a backcross population, included 47 RAPD, seven sequence-tagged microsatellite
sites and 13 STS/CAPS markers (Fig. 9.5). QTLs associated with ascochyta blight
resistance were detected using single-point analysis and simple and composite inter-
val mapping. The backcross population was evaluated for stem rust resistance in
temperature-controlled growth room trials. One significant QTL, QTL1, was located
on linkage group 1 and explained 12% of the phenotypic variation in the backcross
population. A second suggestive QTL, QTL2, was detected on linkage group 2 and
accounted for 9% of the trait variation (Skiba et al. 2004).



448 A. Sarkar et al.

Fig. 9.5 A genetic linkage map of grass pea (Lathyrus sativus) (Skiba et al. 2004). This version
still has more linkage groups than there are chromosomes

Based on a F5 RIL population with 103 individuals, the world first genetic
linkage map of red pea (Lathyrus cicera) successfully anchored 307 polymorphic
loci, namely, 189 SNPs, 113 E-SSRs and 5 ITAPs (Fig. 9.6). Markers with distorted
segregation ratios are marked with asterisks for their significance levels (* = 0.05,
** = 0.01 and *** = 0.005).

Other functional genomics resources such as expressed sequence tags (ESTs)
amount to only a small number (178) available at the National Center for Biotechnol-
ogy Information (NCBI) GeneBank for cultivated species of grass pea (L. sativus).
There are no ESTs for wild relatives of grass pea at NCBI (L. cicera, L. ochrus
and L. tingitanus). However, comparatively higher numbers of ESTs (8702) have
been reported for the grass pea relative L. odoratus (http://www.ncbi.nlm.nih.gov/
genbank/dbest/dbest_summary/).

Single-point analysis, simple interval mapping and composite interval mapping
have been performed usingMapManager QTX (Bohra et al. 2014) for QTLmapping
of stem resistance to ascochyta blight at the seedling stage of grass pea (Skiba et al.
2004). To detect significant interactions between any QTLs detected, a general linear
model (GLM) analysis has been conducted using Minitab (Minitab, State College,
Penn., USA), release 11.2 (Skiba et al. 2004).

http://www.ncbi.nlm.nih.gov/genbank/dbest/dbest_summary/
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Fig. 9.6 A genetic linkage map of red pea (Lathyrus cicera) (Santos et al. 2018)

The only reference to climate smart QTLs of grass pea was on ascochyta blight
resistance. Three markers (Cf-9, B04_1100, M16_500) were identified as being
associated with ascochyta blight resistance, at an likelihood ratio statistics (LRS)
threshold of 9.22 by single-point analysis, calculated from the log of the odds ratio
(LOD). Thesemarkers were located in a single, continuous region on linkage group 1
(Fig. 9.4). Two additionalmarkers, positioned together on linkage group 2,P10_1200
andB07_700, fell short of the LRS threshold; however, the P-values were <0.05, sug-
gesting that these twomarkers may be significantly associated with a QTL (Fig. 9.5).

Simple interval mapping detected one region significantly associated with resis-
tance on linkage group 1 (QTL1), composed of the same three markers identified
in the single-point analysis (Fig. 9.4), with the highest LRS value detected 3 cM
away from marker M16_500 (LRS = 11.4) (Skiba et al. 2004). QTL1 accounted for
11% of the phenotypic variance observed in the backcross population, and a second
potential QTL was detected on linkage group 2 (QTL2), approximately 10 cM from
marker P10_1200, which accounted for up to 8% of the phenotypic variation (Skiba
et al. 2004), although this region fell below the LRS threshold of significance using
interval mapping (LRS = 8.3, LOD = 1.8, Fig. 9.5). Composite interval mapping
of linkage group 1, where the effects of marker P10_1200 (QTL2) were controlled,
increased the LRS values for markers Cf-9, B04_1100, and M16_500 (Skiba et al.
2004). The permutation test set a significant LRS value of 11.6, which these markers
exceeded; this supported the possibility that a QTL may lie within this region on
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linkage group 1. Composite interval mapping of linkage group 2, where the effect
of the major QTL located near Cf-9, B04_1100 and M16_500 on linkage group 1
(QTL1) was controlled also increased the LRS value for marker P10_1200 to 10.6
(Skiba et al. 2004). However, following permutation tests, this QTL was determined
to be just below the significant LRS threshold of 12.1, therefore labeling this only as
a ‘suggestive’ QTL by MapManager QTX (Skiba et al. 2004).

9.8 Genomics-Aided Breeding for Climate Smart Traits

9.8.1 Structural and Functional Genomic Resources

The presence of β-ODAP led to the banning of grass pea cultivation and sale in
India in the early 1960s. This in turn adversely impacted the funding for grass pea
research, resulting in few genomic resources being developed before the turn of
the century. The first detailed genetic maps of grass pea (Chowdhury and Slinkard
1999) have been mentioned. In the last few years, more genomic resources have
been created. About 50 SSR markers were identified by a computational search of
the EST databases at EMBL andNCBI (Ponnaiah et al. 2011; Sun et al. 2012). About
seven polymorphic genomic sequence based SSRmarkers have been created from an
enriched genomic library (Lioi and Galasso 2013) by affinity capture of restriction
fragments to biotinylated microsatellite oligonucleotides, whereas a larger set of 74
validated SSR markers was developed by Yang et al. (2014).

Transcriptome sequencing of an Indian grass pea line, (Rewa 2; Chapman 2015)
identified about 1106 potential SSR markers and also resulted in the development
of a set of 12 validated, PCR-based conserved orthologous set (COS) markers (Ful-
ton et al. 2002) for the legume family. A large RNA sequencing (RNAseq) dataset
from African and European grass pea accessions has recently been used to develop
over 87 validated polymorphic EST SSR markers and 42 KASP markers that were
successfully tested on a global collection of 43 different accessions (Hao et al. 2017).

9.8.2 Details of Genome Sequencing

Recently, the sequencing of the genome of a European grass pea accession (LS007)
has been completed (Sarkar et al. 2019; manuscript under preparation). Genomic
DNA from etiolated seedlings was initially used to make amplification free libraries
and sequenced using the Illumina HiSeq platform. The sequences were assembled
using Discovar. Following this, Long Mate pair (LMP) libraries with 2, 5, 8, and 14
kbp average insert sizesweremade and sequenced using the IlluminaHiSeq platform.
The draft genome assembly is about 8.12 Gbp in size, with an N50 of about 59.7 kbp
(Table 9.2).
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Table 9.2 Grass pea draft
genome assembly statistics

Mean scaffold length 12,120

Median scaffold length 1856

Minimum scaffold length 1000

Maximum scaffold length 1,110,364

N50 (length) 4,059,609,658

N50 (value) 59,728

L50 31,600

Total length 8,119,118,376

Total sequences 669,893

Table 9.3 Grass pea gene
model summary statistics

All High
confidence

Low
confidence

Gene count 87,222 33,819 53,403

Total
transcripts

90,253 35,500 54,753

Total exons 307,706 172,558 135,148

9.8.3 Gene Annotation

RNA-Seq data from multiple samples/tissues of three different grass pea genotypes
(the high ODAP European line LS007, the high ODAP Indian line LSWT11, and the
low ODAP Indian variety Mahateora) were utilized for the annotation (Sarkar et al.
2019; manuscript under preparation). Protein-coding genes were predicted using
AUGUSTUS (Stanke et al. 2006) by means of a Generalized Hidden Markov Model
(GHMM) that takes both intrinsic and extrinsic information into account. Protein
sequences fromnineplant species (Cicer arietinum, Cucumis sativus, Fragaria vesca,
Glycine max, Malus domestica, Medicago truncatula, Prunus persica, Phaseolus
vulgaris, Trifolium pratense) were aligned to the draft genome. Predicted genes
were checked against the RNAseq data for expression estimation and the predicted
proteins were annotated. A total of 33,819 high confidence genes were identified in
the draft genome (Table 9.3).

9.8.4 Impact on Germplasm Characterization and Gene
Discovery

EST-based SSR markers have been used to understand the genetic diversity present
in Ethiopian grass pea germplasm (Shiferaw et al. 2012). In another study, 30 SSR
loci were employed to assess the genetic diversity and population structure of 283
lines from wild and domesticated Lathyrus spp. populations from Africa, Europe,
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Asia and ICARDA (Wang et al. 2014). The recent identification and validation of a
set of 12 PCR-based conserved orthologous set (COS) markers (Fulton et al. 2002)
for the legume family (Chapman 2015), as well as the availability of the SSR, RNA
seq, and draft genome data should allow for the rapid and facile characterization
of germplasm diversity and enhance gene discovery efforts in grass pea. The John
Innes Centre’s efforts towards the elucidation of the β-ODAP biosynthesis pathway,
as well as other agronomically important traits has been particularly aided by the
availability of the RNA-seq and draft genome data.

9.8.5 Application of Structural and Functional Genomics
in Genomics-Assisted Breeding

The deepSuperSAGE (Matsumura et al. 2012) analysis of the transcriptomes of
Ascochyta lathyri infected and uninfected grass pea resulted in the identification
of 14,387 UniTags, of which 738 were significantly differentially expressed in the
infected and uninfected plants (Almeida et al. 2015). There was a clear upregulation
of the ethylene pathway defense genes, with other genes potentially involved also
identified as targets for breeding Ascochyta blight resistance.

9.9 Recent Concepts and Strategies Developed

9.9.1 TILLING

TILLING or Targeting Induced Local Lesions in Genomes is a strategy to identify
mutations in genes of interest in a targeted manner from a population that has been
subjected to mutagenesis, usually by using the chemical ethyl methane sulphonate
(EMS) that generates mainly point mutations and sometimes physical mutagens
such as gamma rays or fast neutrons that generate deletions of varying sizes and
require slightly different technologies to identify mutants. The original concept was
developed byMcCallum et al. (2000) using Arabidopsis and refined by Colbert et al.
(2001) for high throughput using DNA sequencers. Since then it has been adopted
for use on many species, both plants, and animals, and on several different platforms
culminating in in silico TILLING (Wang et al. 2012) (Fig. 9.7). A variant of the
approach, called EcoTILLING (Comai et al. 2004), allows assessment of diversity
in germplasm collections.

TILLING is particularly applicable to organisms that lack genomic resources,
are not amenable to efficient transformation or where it is not desirable to mutate
by transgenesis. Grass pea falls into all these categories and hence the John
Innes Centre has had created by BenchBio Pvt. Ltd. (www.benchbio.com) EMS-
mutagenized populations in two grass pea varieties. One has been screened using

http://www.benchbio.com
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Fig. 9.7 RevGenUK’s TILLING process including an optional forward genetic screen. Pure seed is
treated with EMS (1) to induce mutations. The seeds are germinated and grown to create M1 plants
(2) that are selfed and seed harvested as individuals to obtain M2 seed. The M2 seed is catalogued,
resown as families (12 seed usually) and the plants screened for segregating phenotypes (3) and
seed harvested and stored appropriately from one fertile plant of each family. This plant is used
to collect leaves for DNA extraction (4) and the DNA stored in 96-well microtitre plates. Siblings
can be screened for a variety of phenotypes by eye or by high-throughput (bio)chemical screens.
Seeds from sibling plants bearing useful phenotypes can also be also stored (3). Individual DNAs
are pooled (5) in microtitre plates and the pools (usually 8-fold) used for PCR amplification using
gene specific primers. Products are melted, cooled and the annealed products cut (6) with CEL1
enzyme that preferentially cleaves at sites of heteroduplex mismatches between annealed wild-
type and mutant DNA. The products are purified and separated by capillary electrophoresis on an
Agilent Fragment Analyzer™ (7) that generates a false gel-like image to help detect themismatched
products (8). Pools containingmutant DNA are identified by eye and PCR products from individuals
sequenced to identify the mutant plant (9). Image updated from Wang et al. (2012)
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a new high-throughput method (Emmrich 2017) for low-ODAP mutants, (see
Sect. 9.2), whereas the other, based on a line whose genome has been sequenced, is
currently being developed by RevGenUK (a John Innes Centre service) for TILL-
ING (www.jic.ac.uk/research-impact/scientific-facilities/genomic-services/reverse-
genetics/), using its current process as shown in Fig. 9.7. A further collection of
germplasm is being selected in collaboration with ICARDA to provide an ecoTILL-
ING platform for grass pea.

9.9.2 Gene Editing

In contrast to the random nature of the mutations in a TILLING population, gene
editing technologies offer targeted approaches to induce changes in the gene(s) of
interest. Various technologies have been developed to accomplish this, including
Meganucleases, Zinc finger nucleases (ZFN), Transcription activator-like effector
nucleases (TALEN) and the clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 gene editing system (reviewed by Gaj et al. 2013; Puchta 2016;
Songstad et al. 2017). All these approaches depend on a system of directing a DNA
editing enzyme to a genomic sequence in a targeted, sequence-specific manner. One
of the current drawbacks to these systems in plants is that they depend on achieving
transgenesis to deliver the gene editing system to the target cells. This also constrains
their usage from a regulatory viewpoint, as currently in Europe these systems are
considered to be transgenic (EuropeanCourt of JusticeRulingECLI:EU:C:2018:583,
2018). No reports of gene editing have been published yet in grass pea, chiefly due
to difficulties of achieving tissue culture and transformation easily in this species.

9.10 Brief on Genetic Engineering for Climate Smart Traits

9.10.1 Target Traits and Alien Genes—Physiological
and Reproductive Traits—Biotic and Abiotic Stress
Resistance

Grass pea, evenmore than other grain legumes, suffers a large yield gap betweenwhat
is theoretically achievable compared to what resource constrained farmers in devel-
oping countries usually achieve. Decades of under-resourcing grass pea research
have resulted in few agronomically improved cultivars. In the context of grass pea
agriculture in the Indian subcontinent, where a major proportion of the global pro-
duction of grass pea takes place, farmers face many challenges. Grass pea is usually
grown as a cool season legume there (Dixit et al. 2016; Kumar et al. 2011). Yield con-
straints include phosphorus deficiency, terminal drought and heat, as well as diseases
(downy and powdery mildew, root rot, etc.) and insect pests (aphids, bruchids, pod
borer). Tolerance to these biotic and abiotic stresses could contribute substantially

http://www.jic.ac.uk/research-impact/scientific-facilities/genomic-services/reverse-genetics/
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to yield stability. In these regions, the impetus is to develop short duration, heat,
and photo-insensitive varieties that can resist diseases and escape terminal drought.
Development of high biomass varieties would help in adapting this crop as a useful
forage crop, especially for small ruminants such as sheep and goats. All these need
to be achieved against a background of very low (preferably zero) β-ODAP content
for human and animal health/safety.

9.10.2 Review on Achievements of Transgenics

The earliest report in literature on the successful genetic transformation of grass
pea (Barna and Mehta 1995) relied on a biolistic method of gene transfer of a con-
struct expressing the beta-glucuronidase (GUS) marker, followed by the induction
of somatic embryogenesis. This was preceded by the development of methods for
the regeneration of grass pea in tissue culture from various explants (Roy et al. 1992,
1993). A detailed study on the factors affecting Agrobacterium mediated transgen-
esis of grass pea was published in 2005 (Barik et al. 2005), with a protocol for the
production of transgenic grass pea using standard Agrobacterium mediated transfor-
mation techniques. Finally, the expression of an oxalate-degrading enzyme, oxalate
decarboxylase (FvOXDC) of Flammulina velutipes in transgenic grass pea (Kumar
et al. 2016) led to the reduction in seed ODAP levels and also improved tolerance
of the fungal pathogen Sclerotinia sclerotiorum. While transgenesis in grass pea,
like other legumes, is technically challenging, improvement of transformation rates
through investing further in research will likely result in the development of trans-
genic grass pea carrying constructs for the transgenes/gene silencing or gene editing
of important traits (such as zero ODAP). Recently, methods have been developed
that have improved transformation rates for other legumes such as chickpea (Tan
et al. 2017).

9.10.3 Metabolic Engineering Pathways and Gene Discovery

One of themajor constraints in grass pea production and consumption is the presence
of the neurotoxin β-ODAP in all aerial tissues of the plant, including in the seed.
While the biochemical pathway for its synthesis is fairly well understood (Kuo et al.
1998; Lambein et al. 1999; Yan et al. 2006), the genes responsible for its biosynthesis
have not been well characterized. A metabolomic approach to study the ODAP
biosynthesis pathway revealed genes that are up or downregulated and provided
insights into mechanisms of β-ODAP accumulation and degradation in grass pea (Xu
et al. 2018). Using a bioinformatics approach, a cysteine synthase that is putatively
involved inODAPbiosynthesis in grass pea has been recently identified (Chakraborty
et al. 2018).
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9.10.4 Prospects of Cisgenics

Cisgenics are genetically modified organisms (GMO) that contain genes and regu-
latory sequences from the same species as the GMO. It is possible that such lines
might be subject to lower regulatory hurdles for their release and use, as these GMOs
do not contain any “foreign” genetic sequences. However, given the current regu-
latory ruling by the European Court of Justice (European Court of Justice Ruling
ECLI:EU:C:2018:583, 2018) classifying gene edited organisms as transgenic, any
technology that uses Agrobacterium-mediated transformation is likely to face the
same regulatory hurdles as transgenic genetically modified organisms.

9.11 Brief Account of the Role of Bioinformatics as a Tool

The large size of the grass pea genome (approximately 8.12 Gbp) has limited
research into developing genomic resources. However, several research groups
have used transcriptome sequencing to reduce the complexity of the necessary
assembly. A grass pea root transcriptome was included in the 1000 Plant Genome
project (1KPBLAST Search Portal. [http://www.bioinfodata.org/app/Blast4OneKP/
home]), which despite its name, only focused on transcriptome sequencing. Tran-
scriptomic analyses have also been used to generate sets of SSR and KASP markers
(Yang et al. 2014; Hao et al. 2017; Chapman 2015) study the response of grass pea to
the pea rust pathogen Uromyces pisi and the leaf blight pathogen Ascochyta lathyri
(Almeida et al. 2015) and to identify candidate genes involved in the biosynthesis of
β-ODAP (Emmrich 2017). In another transcriptomic analysis currently conducted
by the John Innes Centre, Earlham Institute and National Institute for Agricultural
Botany, the responses of grass pea, pea, and faba bean to drought stress are being
compared to identify the genetic and physiological mechanisms mediating drought
tolerance in grass pea. This may reveal new ideas about how to breed for increased
drought tolerance in other pulse crops.

9.12 Brief Account on Social, Political and Regulatory
Issues

Concerns about the risk of neurolathyrism have historically led to some jurisdictions
introducing laws against the cultivation and/or sale of grass pea. The first known ban
was implemented in 1671 by Georg the Duke of Wurttemberg in Germany (Cohn
and Streifler 1983). In the twentieth century, bans were introduced in several states of
China and India, after outbreaks of neurolathyrism had followed periods of drought
and famine (Yang and Zhang 2005). Other jurisdictions, such as Nepal, used public
education campaigns to warn consumers of the risk of neurolathyrism and promoted

http://www.bioinfodata.org/app/Blast4OneKP/home
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the use of alternative legume crops (Pandey et al. 2000; Gharti et al. 2014). A notable
exception to this is Ethiopia, where no ban or large-scale discouragement policies
were introduced and grass pea cultivation has increased since 2000 (Haimanot et al.
2005; Girma et al. 2011). While these policies generally led to a reduction of grass
pea cultivation and sale, cultivation for subsistence use has persisted due to the use
of grass pea as an insurance crop. In addition, the low market price of grass pea has
led to the use of grass pea flour as an adulterant for more valuable chickpea flour
(besan) in India (Deshpande and Campbell 1992). However, the introduction of low-
ODAP varieties and the greatly reduced incidence of neurolathyrism thanks to better
nutrition has resulted in restrictions on grass pea gradually being lifted. In 2016, the
Indian Council of Medical Research (ICMR) cleared three low-ODAP varieties of
grass pea, effectively lifting the ban on the sale of grass pea grain (Anand 2016).
While the reintroduction and promotion of grass pea remain politically controversial,
cultivation is now again on the rise in India. The production of pulse crops in India
has increased massively in recent years following the adoption of minimum support
prices for mungbean, pigeon pea, black gram, chickpea, and lentil. Inclusion of
low-ODAP grass pea varieties under this policy would likely result in a production
increase for this crop as well.

9.12.1 Patent and Intellectual Property Rights Issues

Patent issues have not been a significant limitation for grass pea breeding and
development as the vast majority of formal grass pea breeding has been publicly
funded and done by government research agencies, such as the Bangladesh Agricul-
tural Research Institute (BARI) in Bangladesh, Ethiopian Institute of Agricultural
Research (EIAR) in Ethiopia, Indian Institute of Pulses Research (IIPR) in India and
others, or through the international Consultative Group for International Agricultural
Research (CGIAR) system, primarily the ICARDA.Thevarieties resulting from these
breeding efforts are available in public genebanks. The only variety released by a
commercial breeder is AC Greenfix, a green manure developed by Dakota Frontier
Seeds and released in the USA (Rao and Northup 2011). In regions where grass pea
is cultivated as a subsistence food crop, the seed market has traditionally been insuf-
ficient to support commercial seed production. To deliver improved varieties into
the field, it may thus be necessary to engage farmers in the production of certified
seed, as well as subsidizing seed sales. A collaboration between ICARDA and the
Indian Council of Agricultural Research (ICAR) produced 1583 tons of improved
seed between 2010 and 2015, and similar efforts are being conducted by National
Agricultural Research Systems (NARS) in Bangladesh, India, and Ethiopia. Such
initiatives need to be scaled up to produce sufficient improved seed for all farmers.

Across all crops, an average of 80% of seed planted in sub-Saharan Africa origi-
nates from informal seed systems, i.e., farmers saving seed from harvest to sowing
or receiving noncertified farm-produced seed through swaps, gifts, or informal pur-
chases (Byerlee et al. 2007). To date, the expectation that formal seed systems,
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which already exist for some crops, especially maize and cotton would soon sup-
plant informal seed systems in sub-Saharan Africa has not come to pass (Lohr et al.
2015; Louwaars and De Boef 2012). Pulse crops in particular are still primarily
traded through informal seed systems, though this may change if improved varieties
provide farmers with clear economic benefits, as indicated by a survey conducted
in Uganda, Burundi, Rwanda, and the Democratic Republic of Congo (David and
Sperling 1999). This may be difficult to achieve for grass pea, as this crop is primar-
ily cultivated as a food security crop by subsistence farmers and grain markets (both
domestic and international) are limited. The distribution and promotion of improved
grass pea seed at scale raises the risk of eroding existing grass pea diversity in farmer’s
fields. Hence, purposeful collection of grass pea landraces, especially from remote
field sites, and conservation of these materials in local and international gene banks
is necessary before this useful genetic diversity is lost.

9.12.2 Disclosure of Sources of Germplasm Resources,
Access, and Benefit Sharing

The Nagoya protocol on Access and Benefit Sharing, effective as of 2014, was
intended to enhance the sharing of genetic resources across national borders. How-
ever, national policies in some grass pea cultivating countries, most notably India
and Ethiopia, who are both signatories of the protocol, have hindered international
research collaborations to improve grass pea. In part as a result, the largest collections
of grass pea are currently held outside of countries of major cultivation. This includes
the ICARDA collection, which was moved from the Aleppo headquarters to bases in
Morocco and Lebanon due to the Syrian civil war. To rebuild these collections, grass
pea seeds were part of the first ever withdrawal of seeds from the Svalbard seed vault
in 2015. Despite this major disruption, all accessions were saved, and the collection
has now recommenced distribution of seeds.

Asmentioned (see Sect. 9.3.1), a large collection containing over 4000 accessions
of Lathyrus assembled by the Université de Pau has ceased active distribution and is
now held at the CBN PMP.

Smaller collections are held byNARS institutions inmultiple countries cultivating
grass pea including, Ethiopia, Bangladesh, India, Australia, USA, Canada, Russia,
and Pakistan.

Grass pea is nutritionally valuable, especially with regard to high levels of crude
protein, lysine, and homoarginine in the seeds, leading to some authors advocating its
use as a functional food (Rao 2011; Singh and Rao 2013). The neurotoxin β- ODAP,
found in grass pea, is also present in similar concentrations in ginseng species.
In this context, the compound has been investigated for its medicinal properties,
particularly its haemostatic effects due to vasoconstriction (Okuda et al. 1990). The
Chinese company Yunnan Baiyao has patented the use of this compound for the
manufacturing of band-aids to reduce blood flow (Wang et al. 2014). Separately,
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the company Kunming Shenguo Pharmaceutical has applied for a patent to use β-
ODAP for thrombocytopenia (Ding et al. 2018a, b; Lan et al. 2016). Other bioactive
properties of β- ODAP are currently under investigation for the treatment of hypoxia
(Eslavath et al. 2016) and Alzheimer’s disease (Singh and Rao 2013).

9.12.3 Traditional Knowledge

Grass pea has historically been cultivated primarily by smallholders, often for local
consumption. The well-known tolerance of grass pea to extreme weather events and
poor soils has led to the cultivation of the crop inmarginal areas andwith low farming
inputs.

An unusual cropping practice widely used in Bangladesh and India, known as
relay, paira or utera cropping, involves the broadcasting of grass pea into a stand-
ing rice paddy, 2 weeks before the rice harvest. This allows the grass pea seeds to
germinate and grow up rapidly, outcompeting weeds among the rice straw. Utilizing
residual moisture in the paddy, the grass pea crop then grows to maturity during the
dry and cool rabi season from October to March. This overlap of the times of the
crops in the field allows the use of later maturing, higher yielding grass pea vari-
eties (Dixit et al. 2016) Under these conditions, grass pea performs better than other
legume crops (chickpea, lentil or pea) and linseed, which are also used as utera crops.

The potential dangers of neurolathyrism have been known since antiquity, tracing
back to descriptions by Hippocrates, ancient Indian authors and Ibn Sı̄nā (Dastur
and Iyer 1959), globally these are well known in all areas of significant grass pea
cultivation. Many traditional methods of food preparation, including steeping the
seeds in water before boiling and fermentation with the fungal species Rhizopus
oligosporus and Aspergillus oryzae are effective at partially detoxifying grass pea
seeds, but do not result in complete detoxification (Kuo et al. 1995; Padmajaprasad
et al. 1997; Ramachandran et al. 2005; Yigzaw et al. 2004). Detoxification occurs
through both nonenzymatic isomerization of β- ODAP into nontoxic α- ODAP and
leaching of β-ODAP into the water used for boiling, which is then discarded. While
consumers in Ethiopia and India deliberately select food preparation techniques that
reduce toxicity (Butler et al. 1999; Girma et al. 2011), some false beliefs (for example
that the steam fromapot of boiling grass peas or fromdiscarded cookingwater is toxic
andmust not be breathed in) persist. In addition, cookingmethods for preparing grass
pea as a snack food (e.g., roasting dry seeds or salting immature pods) are inefficient
in removing β-ODAP.

9.12.4 Treaties and Conventions

Under the FAO’s International Treaty for Plant Genetic Resources for Food and
Agriculture (IT-PGRFA), a number of plant species and genera are listed as Annex 1
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priority crops. This includes 47 genera of food crops and 29 genera of forage crops.
Grass pea is the only species that appears in both lists, emphasizing its important role
as a multifunctional crop (Visser 2013). Grass pea is also covered under the Nagoya
protocol to facilitate the sharing of genetic resources.

9.12.5 Participatory Breeding

The practices of cultivating grass pea in marginal areas, as part of crop rotations and
for multiple uses (food, feed and green manure) reinforce the necessity of involving
farmers in the breeding process to ensure that newly released varieties meet farmers’
needs under real agricultural conditions (Dixit et al. 2016; Hillocks and Maruthi
2012) Participatory breeding can also serve as a stepping stone to involving farmers
in the production of certified seed and help integrate new varieties into informal seed
systems (Lohr et al. 2015; Louwaars and De Boef 2012; Louwaars et al. 2013). This
approach is already being taken by researchers and breeders in West Bengal, India
(personal communication, Raghunath Sadhukhan), and by ICARDA in the devel-
opment and extension of new grass pea varieties. To ensure that the seed produced
by farmers remains genetically pure and low-ODAP, regular sampling and analysis
should be undertaken by the seed certifying authorities.

9.13 Future Perspectives

9.13.1 Potential for Expansion of Productivity

Grass pea offers great potential for resilient agriculture in regions prone to drought
and/or flooding, including both countries that already cultivate grass pea and those
that do not. In both cases, the application of safe low/zero-ODAP varieties will be
instrumental to achieve widespread acceptance of grass pea as a food crop. Grass pea
acreage have been rising slowly in Ethiopia and Bangladesh, while yields have been
rising more quickly, reaching an average of 1.8 t/ha in Ethiopia in 2016 according to
national agricultural statistics (Bangladesh Bureau of Statistics 2016). However, pro-
duction has been declining in Nepal and India, where grass pea is being increasingly
replaced by lentil and other pulse crops.Amajor factor in this trend is the introduction
of minimum support prices for pulses, which greatly reduce farmer risks.

In the countries that already cultivate grass pea as a significant crop, such as
Ethiopia, India, and Bangladesh (Malek and Gazipur 1999; Fikre et al. 2011), grass
pea is primarily cultivated by smallholder farmers who save seed from harvest to
sow or who buy seed on the informal market (Campbell 1997). This poses the risk
of improved grass pea varieties hybridizing with potentially deleterious landraces
through open pollination. As the grass pea flower is cleistogamous, the great majority
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of seed will be produced by self-fertilization and it is unlikely that spontaneous
outcrossing will result in bulk grain with levels of toxin that could pose a risk to
human health. If improved seed with higher yield or other significant advantages was
present in the market, it would likely suffice to incentivize farmers to buy improved
seed every few cropping cycles to negate this risk.

One way to reduce the risk of high-ODAP grass pea landraces being mistaken
for improved grass pea varieties (due to spontaneous outcrossing, mix-up or inten-
tional mislabelling) would be to introgress easily distinguishable phenotypic traits
into improved varieties. For example, in the development of the low-ODAP variety
Mahateora, a pink-flowered parent (JRL-2) was used to give the improved variety
an obvious and recessive trait for easy identification in the field (Kumar et al. 2011).
Other morphological traits including pod anthocyanin production, seed color and
seed shape could also be used for this purpose. However, stakeholder participation in
the selection of these traits is crucial to ensure the traits used are both acceptable to
farmers and consumers as well as identifiable when compared to genotypes already
cultivated in a given region.

9.13.2 Potential for Expansion into Nontraditional Areas

As climate change increases the frequency and severity of extreme weather events
over the course of this century (Cai et al. 2014; Dai 2013), the need for resilient crops
for food and feed is going to become more pressing. At the same time, rising human
and livestock populations in sub-Saharan Africa are expected to greatly increase
demand for pulses in the region, with one study projecting a 50% rise in consumption
between 2009 and 2030 (Clancey 2009). The same study calls for the improvement
and increased use of new, locally adapted pulse varieties to limit the reliance on food
imports and improve local food security. Grass pea could thus play an important
role in maintaining food security in areas beyond its current range of cultivation.
The unusual ability to withstand both drought and flooding stress makes grass pea
suitable for rainfed agriculture in regions with highly unpredictable weather patterns.
The use of safe low/zero-ODAP varieties is crucial for the introduction of grass pea
to new areas of cultivation as consumers there may not be familiar with the potential
risks and techniques for their mitigation, such as detoxifying cooking methods. The
multiple uses of grass pea also allow multiple avenues for the introduction into new
areas. For example, it may prove easier to advocate grass pea as a green manure or
cover crop or as a source of animal feeds. Conversely, communities that have never
consumed grass pea or have cultivated it historically but do not have a living memory
of neurolathyrismmay be readier to adapt new safe varieties, because the advantages
of grass pea cultivation could be applied without having to overcome deeply held
doubts over the safety of the crop.
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